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Intra-specific genetic diversity is a fundamental component of biodiversity, and is key to
species adaptation and persistence. However, significant knowledge gaps still exist in
our understanding of the patterns of genetic diversity and their key determinants. Most
previous investigations mainly utilized single-species and/or a limited number of explanatory
variables; so here we mapped the patterns of plastid genetic diversity within 15 plant
species, and explored the key determinants shaping these patterns using a wide range
of variables. Population-level cpDNA sequence data for 15 plant species from the
Longitudinal Range Gorge Region (LRGR), southwest China, were retrieved from literature
and used to estimate haplotype diversity (Hp) and population pairwise genetic differentiation
(Fs7) indices. Genetic diversity and divergence landscape surfaces were then generated
based on the Hy and Fgr, respectively, to clarify the patterns of genetic structure in the
region. Subsequently, we analyzed the relationships between plastid genetic diversity and
16 explanatory variables (classified as anthropogenic, climatic, and topographic). We found
that the highest genetic diversity occurred in the Yulong Mountain region, with a significant
proportion (~74.81%) of the high diversity land area being located outside of protected
areas. The highest genetic divergence was observed approximately along the 25°N
latitudinal line, with notable peaks in the western and eastern edges of the LRGR. Genetic
diversity (Hp) was weakly but significantly positively correlated with both Latitude (fat) and
Annual Mean Wet Day Frequency (wet), yet significantly negatively correlated with all of
Longitude (long), Annual Mean Cloud Cover Percent (cl/d), Annual Mean Anthropogenic
Flux (ahf), and Human Footprint Index (hfp). A combination of climatic, topographic, and
anthropogenic factors explained a significant proportion (78%) of genetic variation, with
topographic factors (lat and long) being the best predictors. Our analysis identified areas
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of high genetic diversity (genetic diversity “hotspots”) and divergence in the region, and
these should be prioritized for conservation. This study contributes to a better understanding
of the features that shape the distribution of plastid genetic diversity in the LRGR and
thus would inform conservation management efforts in this species-rich, but

vulnerable region.

Keywords: longitudinal range gorge region, Southwest China, genetic diversity, climate, topography, anthropogenic

factors, conservation

INTRODUCTION

Intra-specific genetic variation is a key prerequisite for species
persistence, since it provides the raw material for evolution
to act upon (Frankham et al, 2010). Since this variation is
critical for future adaptation to ecological upheavals, knowledge
of the spatial patterns of genetic variation would be valuable
in developing robust conservation guidelines across taxa and
regions (Escudero et al., 2003), particularly in the context of
global climate change. Research on the delimitation of the
factors that determine within-population genetic variation across
landscapes has therefore been intensified in the recent past
(Fenderson et al.,, 2019; De Kort et al.,, 2021). It is generally
accepted that patterns of genetic diversity in natural populations
are strongly influenced by various ecological factors, including
climatic, geological, and anthropogenic factors (Blanco-Pastor
et al., 2019; Li et al, 2019; Yu et al, 2019). These factors
influence the genetic structure of many plant and animal
communities by promoting genetic bottlenecks, founder events,
gene flow barriers, and by providing dispersal corridors (Ellegren
and Galtier, 2016; Fan et al., 2017; Mairal et al., 2017).

The interplay of topography and climate is known to influence
the patterns of genetic variation (e.g., Li et al., 2019). Geological
processes create high-elevation mountains and deep river valleys
(Badgley et al., 2017), whose interactions with climate factors
ultimately affect the local patterns of intraspecific genetic
variation. For instance, mountain ridges may serve as either
barriers or dispersal corridors to allow for range shifts (Ohsawa
and Ide, 2008; Tian et al., 2018), while along the elevation,
mountains may increase the dissimilarity of microclimatic
conditions along the elevational gradient. Such dissimilarity
facilitates population differentiation through the interaction
of both adaptive (natural selection) and non-adaptive (genetic
drift and gene flow) evolutionary processes across environmental
gradients (Chen et al, 2014; De Villemereuil et al, 2018).
Additionally, the dramatic alteration of natural ecosystems by
humans (FAO, 2018) for agriculture and infrastructural
development (Liu et al, 2017; Yong et al., 2020) has led to
habitat fragmentation, particularly for species inhabiting high-
elevation areas (Feeley and Silman, 2010). Since landscape
heterogeneity can influence gene flow and population
connectivity, the rise in these anthropogenic land alterations
may increasingly isolate certain populations, thus hinder species’
ability to remain in natural areas to persist and adapt in a
rapidly changing environment (Di Marco et al., 2019). Despite
the widely demonstrated effects of climatic, topographic, and
anthropogenic factors on plant genetic structure (e.g., Gao

et al., 2007; Liu et al., 2013; Blanco-Pastor et al.,, 2019; Li
et al, 2019), no previous study has attempted to test the
combined effect, or relative contributions, of these factors.
Southwest China provides a perfect location for testing the
combined effects of these factors on plant genetic structure,
as the region is characterized by heterogeneous landscapes
and a highly variable climate, as well as intensified
anthropogenic activities.

The Longitudinal Range Gorge Region (LRGR) covers a
total area of 410,251.64km* and is located in southwest
China, mostly in Yunnan Province. The region supports a
rich biodiversity, with high levels of species endemicity (Wu,
1987), and is therefore an important part of the biodiversity
hotspot “Mountains of Southwest China” (Mittermeier et al.,
2004), but only ~13.02% of its area has legal protection
(Xu et al, 2017). Additionally, the LRGR is a renowned
natural heritage area, with its northern edge hosting the
Three Parallel Rivers region, which is a UNESCO World
Heritage site in Yunnan Province, China (UNESCO, 2010).
The Three Parallel Rivers region comprises three major rivers
(Yangtze, Mekong, and Salween), generally oriented in the
north-south direction, creating deep longitudinal gorges that
are bounded by high glaciated peaks. This extraordinary
geomorphological feature has been shown to drive genetic
divergence in several plant species (e.g., Li et al., 2011; Liu
et al, 2013; Meng et al, 2015). Based on such genetic
differentiation within populations, Yu et al. (2019) identified
areas with high genetic diversity in the north of LRGR,
though their analysis was focused on the Tibetan Plateau,
and only covered a small part of the LRGR. In addition,
long-term stable climate refugia have been identified in the
Yunnan-Guizhou Plateau and Sichuan Basin (Tang et al.,
2018), areas that overlap with the LRGR. Such long-term
stable refugia could harbor high levels of genetic diversity
(Carnaval et al., 2009). Therefore, these studies underscore
the urgent need to map out such areas and identify the
factors that determine the observed patterns, hence allowing
for more targeted and effective conservation strategies in
the area. However, despite the high value accorded to “genetic
diversity” as the most fundamental of the three levels of
biodiversity (www.cbd.int/convention), its patterns and
determinants remain unexplored in the LRGR.

Although the LRGR is associated with rich biodiversity and
endemism, the ecosystem is known to be highly fragile (Pu
et al,, 2007), especially as a result of the significant spatio-
temporal climatic variations in the region (Zheng et al., 2008;
Fan et al, 2011; Shi et al,, 2015; Duan et al, 2016; Cheng
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et al, 2020). Such ecosystem fragility has frequently been
associated with mountainous areas, as they usually show relatively
higher vulnerability to climate change, particularly warming
(e.g., Thuiller et al.,, 2005; Lenoir et al., 2008). Other anthropogenic
factors also pose a significant threat to ecosystem integrity
and sustainability in Yunnan Province, China (Qiu et al., 2018;
Shrestha et al., 2021). Indeed, the past few decades have seen
an unprecedented escalation of human activities in the LRGR,
particularly Yunnan Province; for instance, to stimulate the
social and economic development in this region, the central
and local governments have initiated infrastructural expansion
projects (e.g., expansion of road and railway networks; Qiu
et al., 2018 and references therein), and these initiatives could
potentially disrupt a wide range of ecosystem services (Liu
et al., 2006a,b; Liang et al., 2014).

The unique landforms of the LRGR, coupled with the
intensified human activities in the region, provide an ideal
opportunity to simultaneously test the relative effects of mountain-
valley vicariance, the associated climatic variations, and
anthropogenic influences on the genetic structure of plant
communities. Although the influence of topographic and climatic
factors on genetic diversity patterns in some parts of the LRGR
(as well as its surroundings) has been explored to a considerable
degree (Gao et al.,, 2007; Li et al.,, 2011; Liu et al, 2013; Luo
et al,, 2017; Fan et al,, 2018; Yu et al.,, 2019), a holistic picture
of the entire LRGR is lacking. For instance, the meta-analyses
by Fan et al. (2018) and Yu et al. (2019) incorporated only
a few topographic variables (longitude, latitude, and altitude)
in their regression analyses and did not consider any climatic
or anthropogenic variables, a fact that may have weakened
the drawn conclusions. Furthermore, most previous studies
(e.g., Gao et al, 2007; Li et al, 2011; Liu et al., 2013; Luo
et al., 2017) were based on single species or taxa, limiting
what can be inferred about the general spatial patterns of
genetic variation. More generally, however, there has been no
empirical determination of the role of anthropogenic effects
in the region, and their interaction with climate and topography,
in altering the distribution of genetic diversity. To bridge these
knowledge gaps, we performed a meta-analysis on 15 plant
species alongside a comprehensive dataset of 16 variables
describing anthropogenic, climatic, or topographic factors.
Though the chloroplast genome is generally more conserved
and slow-evolving, hence generally limiting its use for assessing
intra-population genetic diversity, our study exclusively utilized
intergenic spacers, which have been shown to exhibit a relatively
higher degree of variability (Raubeson et al, 2005). Against
this background, we sought to determine the plant genetic
structure in the LRGR and to test the hypothesis that the
three categories of variables contribute unequally toward
explaining the patterns of genetic structure in the
LRGR. We aimed to (1) map the distribution of plastid genetic
diversity and divergence, and (2) determine the relative
contributions of climatic, topographical, and anthropogenic
factors in shaping the plastid genetic structure of the LRGR. Our
study will shed light on the interplay between geophysical and
anthropogenic forces, and also guide policy decisions on
biodiversity conservation in the region.

MATERIALS AND METHODS

Study Area

The current study was restricted to the Longitudinal Range Gorge
Region (LRGR). According to the boundary defined by Pan et al.
(2012), the LRGR covers an area in southwest China that spans
ca. 10.33 degrees of longitude (106.12-95.79°E) and ca. 9.45 degrees
of latitude (30.60-21.15°N; Figure 1). Based on global 3 arc second
(ca. 90m) SRTM data (Farr et al., 2007), we estimated the average
elevation of the LRGR to be 2369.06m (above mean sea level),
ranging from 76.4 to 6,740m, and a total area of 410,251.64km?
It spans both the subtropical and tropical monsoon climatic zones,
with some parts of the high-elevation LRGR being temperate. Hence,
temperatures vary widely with latitude and elevation, with the area
supporting a diverse altitudinal zonation including tropical rain
forests, subtropical evergreen broadleaf forests, and alpine vegetation.

Collection of Genetic Data

We retrieved published articles on population genetics and
phylogeography from Google Scholar." The literature search was
conducted on 11/01/2019 using the terms “Hengduan Mountains”
OR “southwest China” OR “Longitudinal Range Gorge Region”
OR “Yunnan” OR “Three Parallel Rivers region” AND “plant”
AND “phylogeography” AND “genetic structure” AND “cpDNA”
Among the retrieved articles, for consistency, we only considered
studies that were based on chloroplast DNA (cpDNA) sequence
markers; cpDNA sequences have been widely applied in population
genetics and phylogeographic studies of plant species in the
region; and hence, georeferenced population-level data are more
easily accessible. Previously, c)DNA markers have been successfully
applied to map genetic diversity patterns and clarify determinants
thereof (Fan et al., 2018; Yu et al., 2019). Furthermore, studies
in which the majority of the species range (>65%) fell outside
the LRGR were excluded. Following these filtering steps, a total
of 13 published studies, reporting genetic data for 15 plant
species (Figures 1, 2; Table 1), met the selection criteria. For
each of the populations of the 15 species, we gathered the
geographic co-ordinate (longitude and latitude) from the articles
and extracted their corresponding elevation data using the Extract
Multivalues to Points toolbox in ArcGIS Pro v2.8.2.% The referenced
haplotype sequences were then downloaded from GenBank,’
using the accession numbers provided in the source studies.

Genetic Analyses

Based on the haplotype frequencies for each population and
the mutation information in the haplotype sequences,
we reconstructed the population and species sequence matrices
in Geneious v2020.0.3* using the MAFFT alignment algorithm
(Katoh and Standley, 2013), and where necessary, alignments
were trimmed to be of equal length. To ensure the validity
of our population genetics analyses, only populations with a
sample size of N>5 were retained for downstream analyses.

'https://scholar.google.com/
*https://www.esri.com
*https://www.ncbi.nlm.nih.gov/genbank/
*https://www.geneious.com
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FIGURE 1 | Map of the study area showing the distribution of the 15 species in the Longitudinal Range Gorge Region (LRGR).

FIGURE 2 | Representative individuals of the 15 plant species analyzed in the present study. (A) Allium wallichii; (B) Buddleja crispa; (C) Cyananthus delavayi;

(D) Leucomeris decora; (E) Ligularia tongolensis; (F) Nouelia insignis; (G) Polystichum glaciale; (H) Quercus kerrii; () Q. schottkyana; (J) Ligularia vellerea; (K) Taxus
florinii; (L) Rosa praelucens; (M) R. soulieana; (N) Sophora davidii; and (O) T. wallichiana. Permission to use the photographs was granted by the Germplasm Bank
of Wild Species, Kunming Institute of Botany, Chinese Academy of Sciences.
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TABLE 1 | Details of the 15 plant species selected for analysis in the present study.

Species Family

cpDNA marker(s) Reference

Allium wallichii Amaryllidaceae

Buddleja crispa Buddlejaceae
Cyananthus delavayi Campanulaceae
Leucomeris decora Asteraceae
Ligularia tongolensis Asteraceae

L. vellerea Asteraceae
Nouelia insignis Asteraceae
Polystichum glaciale Dryopteridaceae
Quercus kerrii Fagaceae

Q. schottkyana Fagaceae

Rosa praelucens Rosaceae

R. soulieana Rosaceae
Sophora davidii Fabaceae

Taxus florinii Taxaceae

T. wallichiana Taxaceae

trnL-F, rps16

trnL-F, psbA-trnH

trnH-psbA, psbD-trnT
rpl32-trnL.

trnQ-5"rps16, trnL-rpl32
trnH-psbA and trnL-rpl32
rpl32-trnL.

atpB, rbcL, rpl32-trnL, trmlL-F
pSbA-trnH, ycf1

PSbA-trnH, trnT-trnL, atpl-atoH
trnS-trG, rpl20-rps12, trnS-trfMl
trnT-psbC, rpl20-rps12
PsbA-trnH, rpl32-trlL
trnL-trmF

trnL-trnF

Huang et al., 2014
Yue et al., 2012
Lietal, 2012

Zhao and Gong, 2015
Wang et al., 2011
Yang et al., 2012
Zhao and Gong, 2015
Luo et al., 2018
Jiang et al., 2018
Jiang et al., 2016

Jian et al., 2018

Jian et al., 2015

Fan et al., 2013
Liuetal., 2013

Liu et al., 2013

DnaSP v5.10 (Librado and Rozas, 2009) was used to define
sequence sets, i.e., populations and to generate haplotype files
for each of the 15 species. Subsequently, Arlequin v3.5.2 (Excoffier
and Lischer, 2010) was used to calculate haplotype diversity
Hyp, (Nei, 1987), nucleotide diversity z (Tajima, 1983; Nei, 1987),
and population pairwise genetic differentiation Fgr (Tamura
and Nei, 1993). As we detected a significant correlation (r=0.728;
p<0.01) between Hp, and z, we only used Hy, in the subsequent
analyses, since its calculation is insensitive to sample size,
evolutionary forces, mode of reproduction, and ploidy level
(Nei, 1973).

Spatial Patterns of Plastid Genetic
Diversity and Divergence

The population-level genetic diversity (Hp) and pairwise
divergence (Fsy) values were used to generate genetic diversity
and divergence landscapes using a modification of the Genetic
Landscapes GIS Toolbox (Vandergast et al, 2011), which
we implemented in ArcGIS Pro v2.8.2 with Python scripts.
The landscape surfaces were generated at a resolution of
2.5min (~5km at the equator) based on the inverse distance
weighting (IDW) interpolation method. Ordinarily, the
interpolation method in the Genetic Landscapes Toolbox is
based on the Minimum Bounding Geometry (convex hull
type) for each species distribution point, which invariably
leads to stretching of the boundary beyond the area where
actual geometry exists. To resolve this challenge, we clipped
the individual species landscapes to the boundary of the
study region prior to combining them in the multi-species
landscape, thus generating a multi-species landscape in which
all the 15 species landscapes overlap throughout the study
area. Subsequently, genetic diversity “hotspots” were defined
as regions with standard deviations of genetic diversity >1.5
from the mean (Vandergast et al., 2008). Next, the geographic
coverage of these hotspots was compared with that of protected
areas, based on data obtained from the World Database on
Protected Areas (WDPA),> and validated with available

*https://www.protectedplanet.net/

information on China’s national nature reserves (You et al.,
2018). To confirm whether the observed genetic differentiation
was related to geographic distance, we performed isolation-
by-distance (IBD) analysis for each species by testing correlation
of the Euclidean geodistance with population pairwise genetic
differentiation (Fgr) using Mantel tests in the vegan package
in R (Oksanen et al., 2011).

Variables and Regression Analyses

A total of 66 explanatory variables (2 anthropogenic, 57 climatic,
and 7 topographic variables) were extracted from various
databases at various spatial resolutions (Supplementary Table S1).
To avoid collinearity among the extracted variables within a
given category, we omitted one variable for every pair that
exhibited a high correlation coefficient (r>0.7). After this, a
total of 16 explanatory variables (10 climatic, 4 topographic,
and 2 anthropogenic) were retained for subsequent analysis
(Supplementary Table S2).

The response variable values (Hp) were extracted from the
extrapolated plastid genetic diversity landscape at the same
spatial resolution as the corresponding explanatory variables
(2.5min resolution; Supplementary Table S2). To avoid bias
that would be caused by the uneven number of variables across
the categories, we selected only the two best variables in each
of the climatic and topographic categories using the importance
function within the Random Forest model implemented in
the randomForest R package (Liaw and Wiener, 2002), plus
the sole two in the anthropogenic category. Here, importance
was defined as the degree to which the inclusion of each
predictor decreases the residual model variance. We then carried
out regression analyses on the selected variables with the
corresponding Hy, values based on generalized additive models
(GAM) with integrated smoothness estimation using the “gam”
function in the mgcv R package (Wood, 2017). Subsequently,
the relative contributions of climatic, topographic, and
anthropogenic factors, as well as their overlaps, in explaining
the observed patterns of genetic diversity, were determined
through redundancy analysis (RDA) and variation partitioning
(Borcard, 1992) using the vegan R package.
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RESULTS

Plastid Genetic Diversity and Divergence
Patterns

Population-level genetic diversity indices varied widely, with
nearly half (49.7%) of the populations lacking genetic variation
(i.e., comprising a single detected haplotype), and ~5% showing
maximum haplotype diversity (Hp = 1, meaning every sampled
individual had a different haplotype; Supplementary Table S2).
After interpolation on the LRGR landscape surface, the average
genetic diversity across the 15 species ranged from 0.25 to
0.47 (Figure 3A). Our results indicated that the northern
area of the LRGR generally harbors higher levels of genetic
diversity, with the maximum haplotype diversity residing in
the Yulong Mountain region, near the first major meandering
of the Yangtze River. Relatively lower genetic diversity was
observed toward the eastern edges of the study region
(Figure 3A).

The interpolated genetic divergence (Fsr) ranged from 0.39
to 0.59 and showed high divergence approximately along
the 25°N latitudinal line, with notable peaks at the western
and eastern ends of this line (Figure 3B). Conversely,
relatively low genetic divergence between populations was
observed for populations in the northern and southern
peripheries of the study area. Based on IBD analysis, only
5 of the 15 species showed significantly positive correlation
between geographic and genetic distances, i.e., Leucomeris
decora (r=0.3, p=0.04), Ligularia vellerea (r=0.47, p=0.002),
Quercus kerrii (r=0.19, p=0.01), Rosa soulieana (r=0.39,
p=0.03), and Sophora davidii (r=0.65, p=0.001;
Supplementary Table S3).

Plastid Genetic Diversity Hotspots

Based on the set threshold of 1.5 standard deviations (which
corresponded to an Hp value of 0.38), we identified seven
genetic diversity “hotspots” (labeled A-G in descending order
of size) having a total area of 15,686.81km?* (Figure 4). Of
these, the largest (A) was located in the Yulong Mountain
region and the second largest (B) near Meili Mountains. The
remaining five were much smaller, and of these, hotspot D
was located in Nushan Mountain, whereas the other 4 were
distributed at lower latitudes in the southern LRGR (Figure 4).
We found that about 74.81% of the genetic diversity “hotspots”
land area was located outside of the established protected
areas (Figure 4).

Regression Analyses

The model selection analysis showed that cld/wet and
lat/long were the best-fitting models in the climatic and
topographic categories, respectively, and these were therefore
combined with the two anthropogenic variables hfp and ahf
for the RDA and variation partitioning. The selected
variables showed weakly negative (long, cld, ahf, and hfp)
and weakly positive (lat and wet) correlation with genetic
diversity, though the relationships were significant in all
cases (p<0.001; Figure 5). Despite these general trends,
we noted slight deviations in genetic diversity along the scales
of some explanatory variables. For instance, although
genetic diversity generally increased with increasing lat
(Ryg;>=0.19), there was a marked decrease in genetic diversity
at ~22.5-25° and at 28.5°. A similar trend was observed for
cld and hfp, in which genetic diversity increased slightly
before decreasing.
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c
@
o
=
©
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FIGURE 3 | Multi-species genetic landscapes for (A) genetic diversity based on haplotype diversity (Hp) and (B) population pairwise genetic divergence (Fsr). The
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FIGURE 4 | Location of the protected areas (green) and the seven genetic diversity “hotspots” (A-G; red) identified in the current study in the Longitudinal Range
Gorge Region (LRGR). Areas of overlap between protected areas and “hotspots” are shown in yellow.

In the subsequent RDA, the three categories of variables
explained 78% of the total genetic variation, with topography
alone accounting for the highest proportion (40%) of the
variation. Climatic and anthropogenic factors explained 3 and
1% of the observed genetic variation, respectively (Figure 6).
Notably, the variable combinations of climate/topography and
topography/anthropogenic effects explained 14 and 11% of the
total genetic variation, respectively.

DISCUSSION

Patterns of Plastid Genetic Diversity and
Divergence

We mapped patterns of plastid genetic diversity and
divergence in the LRGR and determined the relative
contributions of climatic, topographical, and anthropogenic
factors in shaping the observed diversity patterns. Our results
indicated that, within the LRGR, the Yulong Mountain region

harbored the highest genetic diversity (Figures 3A, 4). The
Yulong Mountain is located on the southeast edge of the
Hengduan Mountains, a region that is known for its high
species richness (Wu, 1987; Mittermeier et al, 2004) and
glacial refugia (Liu et al, 2013; Jian et al,, 2015). Indeed,
the general distribution of genetic variation in the LRGR
was reflective of the congruence between species and genetic
diversity patterns. In our study, most populations were
concentrated in the vicinity of the Yulong Mountain
(approximately at the intersection of latitude 27°N and longitude
100°E). The high species richness of the northern LRGR is
consistent with the view that orogeny (which was more intense
toward the northern LRGR) was responsible for species
diversification in the Himalaya/Hengduan Mountains region
(Wambulwa et al.,, 2021). The observed congruence in species
and genetic diversity patterns is a well-known phenomenon
(Vellend and Geber, 2005; Vellend et al., 2014) and has been
observed in both plant and animal communities (Fan et al.,
2018; Hu et al., 2021).
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The location of genetic diversity “hotspots” in the northern
LRGR may also be explained by the fact that the Hengduan
Mountains served as glacial refugia for many plant species in
the region (Qiu et al,, 2011 and references therein). Due to long
isolation periods, populations located in refugia would be expected
to harbor relatively high genetic diversity (Abbott et al., 2000;
Hewitt, 2000). Since the distribution range of some of the species
in our study extends northwards to the eastern Himalaya and
Tibetan Plateau (e.g, Wang et al, 2011; Yang et al, 2012; Fan
et al, 2013; Jian et al, 2015; Luo et al, 2018), we argue that
the high genetic diversity areas observed in the current study
represent the glacial refugia for some of the analyzed species
(e.g., Qiu et al, 2011; Wang et al, 2011; Fan et al, 2013; Liu
et al,, 2013; Jian et al, 2015). Although the current study offers
new insights into the distribution of genetic diversity in the region,
a considerable proportion of the populations in our study lacked
genetic variation, and this might have decreased the statistical
power during the generation of genetic diversity landscapes and
the subsequent extraction of the response variable values.

Moreover, the uneven distribution of populations in our
study area might also have biased Fs; estimates. However,
we found that the majority of the species did not show
isolation-by-distance, suggesting the involvement of
environment-driven differentiation in shaping the genetic
structure of the majority of the species. The genetic divergence
landscape in our study indicates the presence of gene flow
barriers along a latitudinal range located approximately
centrally in the LRGR, which is generally consistent with
the findings of Fan et al. (2018), who mapped the genetic
divergence of woody seed plants in subtropical China. Despite
the insights obtained regarding the patterns of genetic diversity
and divergence in the LRGR, our study may have been
limited by the choice of molecular markers (cpDNA). The
conserved nature of the cpDNA genome, coupled with its
complex evolutionary patterns that arise from incomplete
lineage sorting and interspecific introgressions, may decrease
the capacity of cpDNA markers to discriminate disparate
populations of a particular species.
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FIGURE 6 | RDA partitioning results showing the relative contributions of climatic, topographic, and anthropogenic factors (and their combinations) as predictors of

Determinants of Plastid Genetic Variation
in the LRGR

Understanding the forces that shape the genetic structure of
species across a given landscape is a fundamental goal in landscape
genetics. Our analyses indicated that genetic diversity was weakly
but significantly correlated with both latitude and longitude,
tending to increase northwards and westwards (Figure 3A). The
northern parts of the LRGR (located in the Hengduan Mountains),
which harbored high levels of genetic diversity in the present
study, are known for their high topographic heterogeneity. This
heterogeneous landscape creates numerous and diverse within-
population environmental niches that ultimately lead to strong
patterns of isolation-by-environment (IBE; e.g., Liu et al., 2013).
On the flip side, mountain ridges and valleys in such heterogeneous
landscapes may also provide dispersal corridors among populations
(Yu et al, 2017), as supported by the low levels of genetic
divergence within the northern part of the LRGR in the current
study (Figure 3B). The north-to-south latitudinal genetic cline
is consistent with the general topology of the LRGR, ie., the
northern part of the region is characterized by extreme relief
with deep river valleys while the southern part exhibits lower

relief. Our results are also consistent with the idea that downwind
populations are likely to harbor higher genetic diversity, as the
rate of accumulation of genetic variation (caused by higher rates
of net immigration) in such populations is higher than the
variation that is lost due to selection or genetic drift (Kling and
Ackerly, 2021). The South Asia Monsoon (Indian Summer
Monsoon) blows over the LRGR in the general south to north
direction; thus, a latitudinal gradient of genetic diversity would
be expected in this region, although this effect may be limited
to the wind-dispersed species (Q. kerrii and Q. schottkyana).
A similar trend in genetic diversity along a latitudinal gradient
was recently found in subtropical evergreen oaks in southwest
China (Xu et al., 2020). However, a meta-analysis of Tibetan
plant species (Yu et al., 2019) did not find significant relationships
between genetic diversity and either longitude or latitude, whereas
Fan et al. (2018) found a positive correlation between genetic
diversity and longitude in subtropical China. Although these
previous studies do offer a fair axis of comparison with our
results, plant communities in the two regions were subject to
different historical and contemporary processes (e.g., glaciation
patterns, orogeny, and climatic gradients; Qiu et al.,, 2011), and
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hence, are expected to show varying responses. Moreover, the
inconsistencies could be attributed to the marked differences in
spatial scale and the number of species between the two studies.
In a similar scenario, a global-scale study recently found a relatively
higher population genetic differentiation at lower latitudes (tropical/
subtropical regions) as a result of restricted gene flow in these
areas (Gamba and Muchhala, 2020). Though genetic patterns
are often scale-dependent (Cushman and Landguth, 2010; Manel
and Holderegger, 2013), thus rendering comparison of studies
at different scales untenable, the patterns uncovered in the current
study may offer useful insights into the partitioning of genetic
diversity at larger spatial scales (Levy et al., 2014).

Genetic diversity had a weak but significant positive correlation
with annual mean wet day frequency (wet) (Figure 5D). Such
a link between water resources and plant genetic structure has
been noted before (De Kort et al., 2021), though with precipitation
being negatively related to plant genetic diversity (the correlation
again weak but significant). This once again underscores the
influence of spatial scale on the distribution of genetic diversity.
Genetic diversity also had a weak but negative correlation with
annual mean cloud cover percent (cld), thus reinforcing the
link between genetic diversity and water. Although it is somewhat
counterintuitive for wet and cld not to be correlated (they
show discordant relationships with genetic diversity), the finding
is not entirely unexpected, as cloud-precipitation anti-correlations
have been noted particularly for low, optically thin cloud types
(Jin et al., 2018). Nonetheless, our results support previous
findings that climatic factors such as solar radiation, potential
evaporation, and precipitation can affect the genetic structure
of plant species (Bradbury et al.,, 2013; Kitamura et al., 2020).
Although the mechanism by which such climatic factors influence
genetic structure is as yet unclear, selective pressure for loci
associated with photosynthesis and osmotic responses may have
a role (Cruz et al.,, 2019). Our results hint at the importance
of the interplay between energy- and water-related variables
in shaping patterns of genetic diversity (e.g., Ramirez-Valiente
et al.,, 2018; Li et al, 2019; De Kort et al., 2021), though this
aspect may require a more thorough re-examination in the
LRGR. As global warming is expected to cause large variations
in energy and water-related factors, the evolutionary potential
of most plant populations could be at risk owing to the uncertain
effects of these climate changes on genetic variation. For this
reason, more specific research inquiries into the role of climatic
factors on plant genetic variation in the LRGR are urgently needed.

The LRGR is divided latitudinally into two climatic zones (the
southern tropical monsoon and the northern subtropical monsoon
climates), which might account for the relatively high proportion
of genetic variation (14%) that was explained by the combination
of climatic and topographic variables. Moreover, a far higher
proportion (78%) of the observed genetic variation could
be explained by the joint effect of climatic, topographic, and
anthropogenic factors (Figure 6). This finding confirms the
importance of these factors in determining the patterns of genetic
structure in southwest China (e.g., Ju et al, 2018; Yang et al,
2019). Although our data show that topography is the main
determinant of genetic structure in the LRGR, this relationship
can be better understood in the context of climatic factors (e.g.,

Mosca et al,, 2014; Li et al,, 2019). The climatic dissimilarity and
the ensuing IBE patterns in such a heterogeneous landscape
(Bennie et al.,, 2008; Wang and Bradburd, 2014) might offer a
plausible explanation for the considerably strong joint effect of
climate and topography on the distribution of genetic diversity
in the LRGR. The strong climate gradient in the LRGR might
also explain the position of the break in genetic divergence
(Figure 3B). This climatic dissimilarity, in the long run, may
facilitate genetic divergence of populations along the established
environmental gradients through the interaction of adaptive and
non-adaptive mechanisms (Miiller et al., 2017; Ramirez-Valiente
et al,, 2018; Galliart et al,, 2019). Although longitude (long) and
latitude (lat) were the best-fitting models in the topography category,
other variables such as terrain roughness index (¢ri) and elevation
(elev) might have a more practical and direct effect on genetic
diversity patterns (Figure 5). We argue here that long and lat
are simply proxies of these two variables (¢ri and elev).

Besides climate and topography, our analysis also found a
weakly negative (but significant) relationship between the two
anthropogenic variables and genetic diversity, suggesting the role
of human activities in shaping the genetic structure of plant
communities in the LRGR. However, this relationship appears
to be driven partly by the huge sample size as well as other
unknown outliers; thus, more anthropogenic variables may
be required to clarify and validate the relationship. Though our
data indicate a negative effect of human activities on the distribution
of genetic diversity in the LRGR, some recent studies have alluded
to the positive impact of ancient anthropogenic forces on
biodiversity (e.g., Novak et al., 2019; Fajmonova et al,, 2020), a
trend that may also be true for genetic diversity, but more data
are needed to confirm this relationship. A better understanding
of the role of contemporary or recent human activities on the
genetic structure of plant communities in the region would require
characterization of habitats using more direct approaches.
Nevertheless, the upsurge of human activities in the LRGR over
recent decades is likely to exert an unprecedented pressure on
natural ecosystems in the region (Liu et al., 2018), as demonstrated
previously on natural reserves (including forest ecosystems) in
Yunnan Province (Qiu et al., 2018).

Implications for Biodiversity Conservation

In the wake of the current global environmental changes, it is
important to preserve species adaptability and evolutionary
potential, which will be achieved by considering not only species
diversity but also intra-specific genetic diversity in conservation
planning. Our analysis identified seven genetic diversity “hotspots”
that showed an Hp value of >0.38 averaged across the study
LRGR (Figure 4). As a significant proportion (~74.81%) of the
identified “hotspots” land area was located outside of the protected
areas, these “hotspots” should be prioritized in future conservation
interventions, particularly in the context of climate change and
increasing human activity. The larger “hotspots” (A, B, and D)
were located in the northern part of the LRGR, where the relief
is generally higher. The smaller “hotspots” (C, E, E and G)
geographically correspond to the isolated mountains in the southern
part of the LRGR. However, more data from more species may
be required to confirm the presence of the smaller hotspots
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since the southern part of the study area had relatively fewer
representative species/populations. Conservation of the larger
“hotspots” would require less effort since they are located closer
to, and mostly overlap with, the major protected areas. However,
conservation of the smaller “hotspots” may necessitate such
interventions as the establishment of connections among the
hotspots, as well as between the hotspots and the nearest protected
areas, in order to limit gaps in the protected area network
(Schoville et al., 2018). Moreover, establishment of protected areas
close to cities, and corresponding to “hotspots” C, E, F, and G,
would promote eco-tourism and mitigate the negative effects of
urbanization on biodiversity (Conner, 2005; Puppim de Oliveira
etal,, 2011). To ensure sustainability and success in the conservation
of these hotspot areas, it will be important for future investigations
to consider population-level genetic dynamics (e.g., the effect of
life history traits and the potential geophysical barriers on
population-level genetic diversity) in the conservation decision-
making process; conservation interventions should first recognize
that the level of population genetic diversity (particularly in
plants) is often a natural phenomenon that should not necessarily
imply evolutionary capacity (see De Kort et al., 2021).

CONCLUSION

Our results offer substantial insight into the patterns of plastid
genetic structure, as well as the relative roles of climatic, topographic,
and anthropogenic factors play in influencing landscape genetic
patterns of plant populations in the LRGR. We identified areas
that harbor high plastid genetic diversity and demonstrated the
importance of topography as a determinant of genetic variation
in the region. Despite the weak correlation observed between
genetic diversity and anthropogenic variables, an unabated
escalation of human activities in the LRGR might have devastating
impacts on the future evolutionary potential of plant populations.
In light of this new knowledge, relevant authorities should urgently
enact policies that will address land use change, as well as high
human population density, particularly within the identified
genetic diversity “hotspots” Results of the current study, however,
might have been limited by two extraneous factors. First, the
uneven distribution of populations in the study area (most of
the species are more common in the north than in the south)
is likely to have influenced the overall genetic structure to a
considerable degree. Secondly, variations in life form, pollination,
and dispersal modes may have biased the distribution of genetic
variation, as the 15 species are not evenly distributed in the
study area. We recommend that future explorations of this topic
in the region should test the effect of climatic, topographic, and
anthropogenic factors on genetic diversity in light of these
differences in species traits. Moreover, further insights could
be gained from studies that use biparentally inherited markers,
which usually show higher population-level variation, and therefore
allow for more meaningful inferences about the future evolutionary
potential of populations within the region. Future research in
the region may also benefit from genomic data, which provide
more accurate estimations of genetic parameters, thus allow for
more targeted measures during conservation planning.
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