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Abstract Following the rapid uplift of the Qinghai-
Tibetan Plateau, the reorganization of the major river
drainages in southwest China was primarily caused by river
capture events. However, the impact of these past changes
in drainage patterns on the current distribution and genetic
structure of the endemic flora of this region remains largely
unknown. Here we report a survey of amplified fragment
length polymorphism (AFLP) in Terminalia franchetii, an
endemic shrub or small tree of the deep and dry-hot river
valleys of this region. We surveyed AFLP variation within
and among 21 populations (251 individuals) of T. franch-
etii, distributed disjunctively between northern and south-
ern drainage systems. Using STRUCTURE, principal
coordinates analysis, and genetic distance methods, we
identified two main population genetic groups (I and II)
and four subgroups within the species, as follows: (I) the
Upper Jinshajiang Valley (subgroup Igern)) and the
Honghe drainage area (subgroup Iioum)); (II) the Middle
and Lower Jinshajiang and Yalongjiang Valleys (subgroup
Inortny) and the Nanpanjiang drainage area (subgroup
I soum))- Genetic diversity was lower in group I than in
group II. According to the genetic diversity and genetic
structure results, we suggest that the modern disjunctive
distribution and associated patterns of genetic structure of
T. franchetii result from vicariance caused by several his-
torical drainage capture events, involving the separation of

T. Zhang - H. Sun (X))

Key Laboratory of Biodiversity and Biogeography,
Kunming Institute of Botany, Chinese Academy of Science,
Lanheilu Road 132#, Kunming 650204, Yunnan, China
e-mail: hsun@mail.kib.ac.cn

T. Zhang
Graduate School of Chinese Academy of Sciences,
Beijing 100039, China

the Upper Jinshajiang, Yalongjiang and Daduhe from the
Honghe or Nanpanjiang in southwest China.
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Introduction

The mountains of southwest China are recognized as one of
the world’s biodiversity hotspots (Myers et al. 2000). This
region harbours about 12,000 species of vascular plants, of
which at least 20 genera and 3,500 species are endemic
(Myers et al. 2000; Wang and Zhang 1994; Wilson 1992;
Wu 1988; Ying et al. 1993). Previous studies of plant
phylogeography in this region have focused mainly on taxa
from the plateau areas of the Qinghai-Tibetan Plateau and
adjacent mountain ranges (e.g., the Hengduan Mountains)
(Yuan et al. 2008; Zhang et al. 2007a, 2005). However,
from a phylogeographic perspective, far less attention has
been devoted to the endemic flora of the valleys of the
region, e.g. those of the Jinshajiang River (Upper Yangtze)
and its tributaries (Jialingjiang, Daduhe, Yalongjiang), the
Nanpanjiang (Upper Pearl River) and the Honghe (Red
River) (Figs. 1, 2). Regional examples of such narrowly
distributed and endemic species, often termed “floristic
character species”, include Terminalia franchetii, Zizyphus
yunnanensis, Acanthochlamys bracteata, Andropogon
yunnanensis, Nouelia insignis, Trailliaedoxa gracilis, and
Vitex negundo (Jin 1998, 1999, 2002; Jin et al. 1994; Shui
et al. 2003). Recently, a few studies have used genetic
markers to examine the biogeographic and conservation
biological importance of landscape effects and riverine
barriers in shaping the distribution of genetic diversity
for the endemic flora of this region (Nouelia insignis:
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Fig. 1 Summary of river captures in southwest China (adapted from
Clark et al. 2004). a The drainage pattern prior to the major captures,
when these rivers drained together into the South China Sea through
the ancient Honghe River (as indicated by dashed lines). b The
modern river pattern, after the putative capture and reversal events

Luan et al. 2006; Peng et al. 2003; Vitex negundo: Zhang
et al. 2007b). This region also provides an ideal location for
studies of current genetic structure at the intra-specific
level sculpted by past geological changes in paleo-drainage
systems (Guo et al. 2005; He and Chen 2006; Peng et al.
2006; Riiber et al. 2004). However, no study to date has
used molecular phylogeographic methodologies to explic-
itly address this issue in a plant species endemic to these
river valleys in southwest China.

It has long been recognised that the current drainage
patterns of the major East Asian rivers differ markedly
from paleo-drainage patterns of the region (Brookfield
1998; Clark et al. 2004; Gregory 1925; Gregory and
Gregory 1923; Hallet and Molnar 2001; Metivier et al.
1999; Seeber 1983; Shi et al. 2006). Clark et al. (2004)
suggested that the rivers at the southeast margin of the
Tibetan Plateau [the Jialingjiang, Daduhe, Yalongjiang,
Jinshajiang, Mekong (Lancangjiang), Salween (Nujiang),
Tsangpo-Brahmaputra (Yalu-Tsangpo) and Irrawaddy]
were all once tributaries of a single southward flowing
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system, the paleo-Honghe (Red River), which still drains
southeast into the South China Sea (Fig. la). Subsequent
reorganization into the modern major river catchments was
primarily the result of river capture and reversal events,
associated with the rapid geological uplift of the Tibetan
Plateau, which began about 3.4 Mya (Sun and Zheng
1998). Thus, the paleo-Honghe became a beheaded river
(Clark et al. 2004).

Several molecular phylogenetic studies tentatively
highlight the importance of river capture events in south-
west China and the uplift of the Tibetan Plateau in
understanding the vicariant evolution of many Asian
freshwater fish species (Guo et al. 2005; He and Chen
2006; He et al. 2004; Kottelat 1989; Peng et al. 2004, 2006;
Riiber et al. 2004). In general, the molecular estimates of
divergence times reported in the above studies date major
vicariance events to the late Tertiary or Pleistocene era,
agreeing well with geological time estimates of the sepa-
ration of these river capture events caused by tectonic
uplifts in south-eastern Tibet.

In contrast to what has been learned from the above fish
phylogenies, however, little has yet been inferred from
current plant population genetic structure about historical
river capture events in the region. To the best of our
knowledge, there is only a single study, albeit from another
region (Japan), that has used a plant species (Rhododen-
dron ripense) to investigate the shaping of genetic structure
through past (Pleistocene) geological drainage events
(Kondo et al. 2009). A major complicating factor in
addressing this issue is that, while fish distributions tend to
change directly with changes in catchment patterns, plant
distributions are likely to be influenced to a much lesser
extent in this respect. Nevertheless, the above mentioned
floristic character species of the river valleys of southwest
China are probably highly reliant on the generally dry-hot
climate conditions of these valleys (with average annual
temperatures/precipitation of 18-23°C/500-800 mm), even
though conditions likely vary across their 350-1,600 m
above-sea-level (a.s.l.) altitudes (Jin 1998, 1999, 2002; Jin
et al. 1994). Hence, it is reasonable to assume that such
species tracked the climate (or other environmental con-
ditions) of these valleys even when river capture and
reversal events happened, or at least would have formed
relic populations in separate valleys where similarly suit-
able climates developed. In this study, we used amplified
fragment length polymorphism (AFLP) markers to test
whether a species endemic to the dry-hot river valleys
of southwest China, Terminalia franchettii Gagnep.
(Combretaceae), retained genetic signatures of past
hydrological landscape structures.

Terminalia franchetii is endemic to several valleys in
southwest China (Fig. 2; Jin 1999, 2002; Jin et al. 1994;
Shui et al. 2003). Here, the species occurs on open,
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stony river deposits and cliff ledges (Chen and Turland
2007). It has rather small wind-pollinated flowers, and
small (<0.5 cm) three-winged fruits, and likely adapted
to dispersal by water (Chen and Turland 2007; T.C.
Zhang, unpublished data). As a characteristic distribu-
tional feature, T. franchetii exhibits a disjunctive distri-
bution between the IJinshajiang/Yalongjiang and the
Honghe/Nanpanjiang drainage areas, two drainage sys-
tems that were likely connected via north-to-south river-
flow routes in the geological past, i.e. the Late Pliocene/
Pleistocene (Clark et al. 2004; Shi et al. 2006; Figs. 1, 2).
This leads to the hypothesis that if 7. franchetii tracked
such past river flow routes, this should have left
detectable traces in the extant population genetic struc-
ture of this species, reflecting such former connections.
To test this hypothesis, we used the AFLP method to
explore the phylogeographic history of T. franchetii in
these dry-hot river valleys, with the following specific
questions addressed:

1. What is the phylogeographic structure associated with
the genetic diversity of 7. franchetii?

2. Have past geological changes in drainage systems had
a major role in shaping the disjunctive range of
T. franchetii and its current geographic distribution of
genetic variation?

Materials and methods

Study species

Terminalia franchetii, a small deciduous shrub or tree (up
to ca. 10 m high), is endemic to several valleys in the
Jinshajiang, Yalongjiang, Honghe and Nanpanjiang catch-
ments (Fig. 2; Jin 1999, 2002; Jin et al. 1994; Shui et al.
2003). It has bisexual, apetalous and rather small wind-
pollinated flowers, arranged in spicate inflorescences, and
small three-winged fruits (pseudodrupes) that are dry/
leathery with an aerenchymatous mesocarp (Chen and
Turland 2007; T.C. Zhang, unpublished data).

Population sampling

Extensive field investigations were conducted between
May 2007 and August 2008. A total of 251 T. franchetii
individuals were sampled from 21 populations. Sampling
covered almost the entire distribution of this species in the
dry-hot valleys of the region (Table 1; Fig. 2). Young,
green leaves from nine to 16 individuals were collected
from each population. The individual trees sampled per
population were at least 20 m apart. Vegetative tissues
were stored in tubes with silica gel until DNA extraction.
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Table 1 Locality information for the 21 populations of Terminalia franchetii sampled for AFLP analysis in the dry-hot river valleys of

southwest China

Pop. No. Sampling locality Code Drainage area Lat. (N) Long. (E) Elev. (m) Voucher specimen
1 Tuoding TD Jinshajiang 27.79 99.43 1916 Zhangtc001
2 Hutiaoxia HTX Jinshajiang 27.15 100.06 1830 Zhangtc002
3 Daju DJ Jinshajiang 27.33 100.24 1665 Zhangtc003
4 Jinan JA Jinshajiang 26.81 100.42 1993 Zhangtc004
5 Dadong DD Jinshajiang 27.17 100.42 1639 Zhangtc005
6 Duomei DM Jinshajiang 26.29 100.38 1369 Zhangtc006
7 Renhe RH Jinshajiang 26.51 100.98 1403 Zhangtc007
8 Yanyuan YY Yalongjiang 27.69 101.89 1576 Zhangtc008
9 Miyi MY Yalongjiang 27.16 101.89 1348 Zhangtc009
10 Yanbian YB Yalongjiang 26.66 101.74 1841 Zhangtc0010
11 Luquan LQ Jinshajiang 26.29 102.38 1080 Zhangtc0011
12 Ningnan NN Jinshajiang 27.03 102.87 629 Zhangtc0012
13 Jinyang JY Jinshajiang 27.43 103.14 593 Zhangtc0013
14 Puduhe PDH Jinshajiang 26.18 102.77 1980 Zhangtc0014
15 Jiangchuan JC Nanpanjiang/East Honghe 24.37 102.81 1710 Zhangtc0015
16 Yanshan YS Nanpanjiang/East Honghe 23.8 104.25 1520 Zhangtc0016
17 Dagqiao DQ Nanpanjiang/East Honghe 23.88 102.29 1219 Zhangtc0017
18 Mengzi MZ Honghe 23.38 103.45 1415 Zhangtc0018
19 Eshan ES Honghe 24.19 102.15 1620 Zhangtc0019
20 Shiping SP Honghe 23.58 102.42 950 Zhangtc0020
21 Yuanjiang YJ Honghe 23.52 101.9 968 Zhangtc0021

All voucher specimens have been deposited at the KUN herbarium

DNA extraction and AFLP protocol

Genomic DNA was extracted using a modified cetyltri-
methyl ammonium bromide (CTAB) method (Doyle and
Doyle 1987). The AFLP procedure was carried out
according to the Beckman Coulter protocol, with only
minor modifications, as described by Reisch (2007).
Double digestion of genomic DNA was performed for 2 h
at 37°C in a 20 pL mix, using 2 units (U) of Msel and
10 U of EcoRI. Adapters were then ligated to the DNA,
for 2 h at 37°C, using 2 U of T4 DNA Ligase in a 21 pL
volume. Pre-selective polymerase chain reactions (PCRs)
were run in a reaction volume of 25 pL. Diluted 20x pre-
selective products underwent selective PCR with the
following primer combinations: E-AGG/M-AGT, E-ACC/
M-CTC and E-AGG/M-CTT. These three primer combi-
nations were chosen from 20 primer pairs screened using
eight randomly selected samples. Selective amplifications
were run in a 25 pL. volume. Finally, the PCR products
were added to a mixture of Sample Loading Solution
(Beckman Coulter, Fullerton, California, USA) and CEQ
Size Standard 400 (Beckman Coulter). The fluorescence-
labeled selective amplification products were separated by
capillary gel electrophoresis on an automated sequencer
(CEQ 8000, Beckman Coulter). Raw data were collected
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and analyzed with the aid of CEQ Size Standard 400,
using CEQ 8000 software (Beckman Coulter). Fragments
were sorted into bins created using CEQ 8000 parameter
options: the Y threshold (peak height) for export was 1000
relative fluorescence units (RFU) and the maximum bin
width was two nucleotides (nt). Fragments were then
assigned to bins according to the selection parameters and
checked manually.

Data analysis

In the AFLP data matrix, the presence of a band was
recorded with a score of 1, and its absence with O.
POPGENE version 1.32 (Yeh et al. 1999) was used to
estimate various measures of genetic diversity, including
the percentage of polymorphic bands (PPB), Shannon’s
information index (/), and Nei’s (1973) gene diversity (H)
assuming Hardy—Weinberg equilibrium. These parameters
were calculated at the species level, and separately for
various population groups identified and each single pop-
ulation. Genetic differentiation among populations (Gy)
was estimated based on Nei’s (1978) gene diversity sta-
tistics. The amount of gene flow between these populations
was estimated by N, = 0.25 (1 — G4)/G (Wright 1951,
1969).
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Genetically similar groups of samples with distinctive
allele frequencies were identified by a Markov chain Monte
Carlo (MCMC) Bayesian clustering method in STRUC-
TURE version 2.2 (Pritchard et al. 2000). We used the
‘no-admixture’ model and assumed uncorrelated allele fre-
quencies for the analysis. The number of groups was esti-
mated on the basis of 10,000 iterations, following a burn-in
of 10,000 iterations. Analyses for the predefined value of K
(number of groups) were run 10 times for K < 10 and five
times for 10 < K < 15, to ensure consistent results. The
best estimate of K for the data set is usually selected by
choosing the model that gave both the highest probability
of the data and consistent results after multiple runs. So
two criteria were applied to choose the best value of K for
our data set: the estimated posterior log probability of the
data, L(K), and the stability of assignment patterns across
different runs. Since L(K) continued to grow slightly
with increasing values of K, selecting the value of K that
maximized the probability of fitting the data was not pos-
sible. We therefore calculated another ad hoc quantity,
based on the rate of change in probability (AK) between
successive K values, as proposed by Evanno et al. (2005).

The relationships between individuals were examined
using principal coordinates analysis (PCoA), based on the
Jaccard distance between individuals, using the software
NTSYS-pc 211 (Rohlf 2000). Hierarchical analyses of
molecular variance (AMOVAs) were performed to assess
genetic structure within and between population genetic
groups identified using ARLEQUIN, version 3.0 (Excoffier
et al. 2005), and significance tests were performed on the
basis of 10,000 permutations. To estimate the relationships
among populations, we calculated observed and boot-
strapped (1,000 permutations) data matrices of pairwise F
values between populations using program AFLP-SURV
version 1.0 (Vekemans et al. 2002). These distance
matrices based on pairwise Fy comparisons were then used
as input files for the PHYLIP 3.6 software (Felsenstein 1993).
First, the NEIGHBOR program was run to cluster popula-
tions according to the neighbor-joining (NJ) method based on
the observed distance matrix. Then, the CONSENSE pro-
gram was used to construct a consensus tree, which was
edited in TreeView, version 1.6.6 (Page 1996).

Results

With the three primer combinations used, 317 AFLP
fragments were generated across the 251 Terminalia
franchetii individuals surveyed. Of those fragments, 309
(97.48%) were polymorphic. The highest level of gene
diversity (H), also indicated by Shannon’s Information
index (I), was in population DM (H = 0.165, I = 0.255).
The lowest diversity was recorded in population ES

(H = 0.086, I = 0.133) (Table 2). The genetic diversity
indicators revealed that at the species level H is 0.1679, and
I is 0.2735 (Table 2).

STRUCTURE analysis revealed that the largest increase
in the posterior log probability of the data, L(K), occurred
at K = 2, as seen in the graphical representation of L(K)
over five or 10 runs for each K value (Fig. 3b). Considering
the rate of change between successive runs, the maximum
value of AK was even more clearly associated with K = 2
(Fig. 3c). At K = 2, all runs generally indicated the same
two genetic groups of T. franchetii, but these did not cor-
respond to the two disjunctive distribution ranges of this
species from northern vs. southern drainage systems
(Figs. 2, 3). Group I samples were from the northern Upper
Jinshajiang Valley (TD, HTX, DJ, JA, populations 1-4)
and the southern Honghe drainage area (MZ, ES, SP, Y/,
pops. 18-21). By contrast, Group II samples were from the
northern Middle and Lower Jinshajiang and Yalongjiang
Valleys (DD, DM, RH, YY, MY, YB, LQ, JY, PDH, pops.
5-14) and the southern Nanpanjiang drainage area (JC, YS,
DQ, pops. 15-17; Fig. 2). However, the STRUCTURE
analysis also revealed that when K was increased to 3, the
AK value was still considerably higher (about 20) than
those AK values obtained for K > 4 (Fig. 3c). We note that
STRUCTURE with K = 3 also recovered Group I as a
geographically disjunctive but genetically coherent unit,
however subdivided former Group II into a cluster com-
prising samples from Yalongjiang and Middle Jinshajiang
(pops. 5-10) vs. those from Lower Jinshajiang and
Nanpanjiang/Eastern Honghe (pops. 11-17) (data not
shown).

The individual-based PCoA plot (Fig. 4) mainly subdi-
vided all AFLP phenotypes according to Groups I and II
along the first axis, which explained 11.49% of the total
genetic variance. In addition, mainly along axis 2 (6.73%),
each group was further subdivided into two subgroups
(Fig. 4; see also Fig. 2), hereafter referred to as: subgroup
Inortny (Upper Jinshajiang Valley; pops. 1-4) and subgroup
Isouny (Honghe drainage area; pops.18-21), as well
as subgroup Ipnormy (Middle and Lower Jinshajiang and
Yalongjiang Valleys; pops. 5-14) and subgroup Il oum)
(Nanpanjiang drainage area; pops. 15-17). However, there
was also some intermixing of individuals belonging to
different subgroups in the centre of the PCoA plot (Fig. 4).
By contrast, the population-based NJ network (Fig. 5)
clearly assigned populations to their respective major
groups and subgroups, and also revealed the genetic dis-
tinctness of their population constituents despite geo-
graphic proximity (e.g., populations JA vs. DD, or SP vs.
DQ; see also Fig. 2).

Total genetic diversity was lower in Group I
(H=0.130, I =0.210) than in Group II (H = 0.173,
I = 0.280) (Table 2). At the subgroup level, there was a
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Table 2 Populations of Terminalia franchetii sampled for AFLP analysis

Pop. No Code Drainage area N NP PPB (%) H I Gy Nm

1 TD Jinshajiang 12 143 45.11 0.119 0.187

2 HTX Jinshajiang 12 114 35.96 0.103 0.160

3 DJ Jinshajiang 12 120 37.85 0.104 0.163

4 JA Jinshajiang 12 124 39.12 0.113 0.175
Subgroup Iinorm) Upper Jinshajiang Valley 48 192 60.57 0.123 0.198 0.108 2.066

5 DD Jinshajiang 12 171 53.94 0.160 0.246

6 DM Jinshajiang 12 179 56.47 0.165 0.255

7 RH Jinshajiang 9 143 45.11 0.129 0.201

8 YY Yalongjiang 12 157 49.53 0.147 0.226

9 MY Yalongjiang 12 158 49.84 0.138 0.216

10 YB Yalongjiang 12 173 54.57 0.149 0.233

11 LQ Jinshajiang 12 182 57.41 0.147 0.232

12 NN Jinshajiang 12 167 52.68 0.127 0.203

13 Y Jinshajiang 12 151 47.63 0.132 0.205

14 PDH Jinshajiang 10 136 42.90 0.136 0.207
Subgroup Il norm) Middle-Lower Jinshajiang 115 289 91.17 0.171 0.277 0.166 1.253

and Yalongjiang Valleys

15 IC Nanpanjiang/East Honghe 16 173 54.57 0.138 0.219

16 YS Nanpanjiang/East Honghe 12 141 44.48 0.127 0.196

17 DQ Nanpanjiang/East Honghe 12 172 54.26 0.141 0.221
Subgroup I soutn) Nanpanjiang/East Honghe 40 230 72.56 0.150 0.242 0.099 2.288

drainage area

18 MZ Honghe 12 121 38.17 0.111 0.171

19 ES Honghe 12 92 29.02 0.086 0.133

20 SP Honghe 12 108 34.07 0.097 0.150

21 YJ Honghe 12 99 31.23 0.091 0.140
Subgroup Isoutn) Honghe drainage area 48 165 52.05 0.111 0.177 0.131 1.663
Group I Subgroups Imort) + Iisoutn 96 219 69.09 0.130 0.210 0.209 0.944
Group 11 Subgroups Inortny + isoutn 155 299 94.32 0.173 0.280 0.184 1.108
Total 251 309 97.48 0.168 0.274 0.249 0.754

N sample size, NP number of polymorphic loci, PPB percentage of polymorphic bands, H Nei’s gene diversity, / Shannon’s information index,

G,; estimates of genetic structure at the genetic (sub)group and species-total, N,, gene flow at the genetic (sub)group and species-total

similar result, with subgroups Imorny and Ioum) having
lower values (H = 0.123, 0.111; I =0.198, 0.177,
respectively) than subgroups Ilmerny and Ilgoumy (H =
0.171, 0.150; I =0.277, 0.247, respectively; Table 2).
The species-wide estimate of genetic structure (Gy) was
0.249, indicating that clear genetic differentiation existed
among the populations. Estimates of gene flow between

variance occurred among subgroups Iermy and Isourm), and
8.74% among populations within subgroups. Within Group
II, the variance was 8.03% among subgroups IIorm) and
I(soutm), and 11.87% among populations within subgroups
(Table 3). Overall, the highest percentage of regional dif-
ferentiation occurred between subgroups Ii,orhy and Lsouth),
followed by Groups I and II, and subgroups Iy and

populations based on the G value revealed that the num- ILsouth)-
ber of migrants per generation (N,,) was 0.754 (Table 2).

When applied to the whole dataset, hierarchical
AMOVA (Table 3) confirmed the existence of significant  Discussion

differentiation between Groups I and II, with 14.98% of the
total variance occurring among groups and 15.02% among
populations within groups. So, the highest percentage of
the genetic variance resided within populations (69.99%;
Table 3). Within Group I, taken separately, 19.05% of the
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Broad-scale phylogeographic structure

Collectively, the STRUCTURE, PCoA and NJ analyses of
the present AFLP data clearly distinguish two main groups
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ellipses include individuals from the following areas: subgroup
Inortny: Upper Jinshajiang Valley (pops. 1-4); subgroup Ioum):
Honghe drainage area (pops. 18-21), subgroup Ilorm): Middle and

and four subgroups of Terminalia franchetii within the
study area (Figs. 2, 3, 4, 5). Importantly, the two main
groups (I and 1II), as most clearly identified by

Lower Jinshajiang and Yalongjiang Valleys (pops. 5-14); and
subgroup Iouem): Nanpanjiang/Eastern Honghe drainage area (pops.
15-17). Open symbols and closed symbols correspond to subgroup I
and subgroup II, identified by the program STRUCTURE,
respectively

STRUCTURE (Fig. 3a), did not match the species’
present-day disjunctive distribution between northern and
southern drainage systems (Fig. 2). Instead, subgroup
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Inortny Was genetically closer to subgroup Iioum, rather
than to the geographically adjacent subgroup Iyerm)
immediately to the east. In turn, the latter subgroup was
found to be genetically closer to subgroup Iloum). These
results suggest that subgroups Iorehy and Isoum) probably
once formed a continuous range, as did I norh) and south)s
but with each pair occupying different paleo-drainages.
This broad-scale phylogeographic structure of T. franchetii
is consistent with the paleo-drainage geographical pattern
in this region. Consequently, we conclude that the currently
disjunctive distribution of subgroups Inormy and Igsouth)s

SP ES

Subgroup [ (south)
YJ

MZ
Subgroup 1 (north)

JA

Fig. 5 Neighbor-joining (NJ) network based on pairwise Fy, esti-
mates among populations. Bootstrap values equal to or higher than
45% are shown along branches (1,000 permutations). Population
codes are identified in Table 2

similarly, of subgroups Iy and oy, resulted from
past vicariant events due to shifts in paleo-drainage sys-
tems (see below).

Vicariance pattern between Jinshajiang and Honghe

The results of AFLP marker analyses show that the Upper
Jinshajiang lineages are strongly clustered with the Honghe
lineages (Group I; subgroups I,orn) and Isoum)). This result
has two possible explanations: that the populations spread
between the Jinshajiang Valley and the Honghe area via
long-distance dispersal; or that a vicariance event occurred
sometime in the past. Presently, 7. franchetii mainly grows
in deep river valleys surrounded by very high mountains.
For example, at the local scale, the population sampled at
the highest altitude, TD (1,916 m a.s.l.; Table 1) is over-
topped by the adjacent Mt. Yulongxueshan (5,596 m a.s.l.)
by 3,680 m. Moreover, several mountains located between
the drainage areas of the Jinshajiang and Honghe reach
elevations of >4,000 m (a.s.l.) and probably act as signif-
icant barriers to any potential wind-mediated long-distance
dispersal of the species’ small and three-winged fruits. In
addition, we have observed in field and laboratory experi-
ments that the seed viability of 7. franchetii declines
rapidly (T.C. Zhang, unpublished data). In sum, long-dis-
tance seed dispersal of this species between the Upper
Jinshajiang Valley and the Honghe area seems unlikely.
Hence, the presently disjunctive range of Group I (with
subgroups Iinorny and Igoum)) likely results from a past
vicariant event. The most likely scenario is that
T. franchetii was once more widely distributed between the
Upper Jinshajiang Valley and the Honghe drainage areas,
which shared the same river flowing-route into the South
China Sea (Fig. 1a). It is likely that the rapid geological
uplift of the eastern Tibetan Plateau, which began about
3.4 Mya (Sun and Zheng 1998), caused a massive reor-
ganization of drainage patterns among the eastern plateau

Table 3 Hierarchical analyses of molecular variance (AMOVAs) based on 317 AFLP loci for 21 populations of Terminalia franchetii

Dataset Source of variation df Sum of Variance Percentage of
squares components variation
Whole dataset Among groups I vs. II 1 727.353 5.37545 14.98
Among populations within groups 19 1699.880 5.38946 15.02
Within populations 230 5774.967 25.10855 69.99
Group 1 Among subgroups Iorthy V8- Isouth) 1 304.833 5.32017 19.05
Among populations within subgroups 6 296.792 2.44155 8.74
Within populations 88 1774.667 20.16667 72.21
Group II Among subgroups Inorny VS. Wsoutn) 1 250.015 2.82352 8.03
Among populations within subgroups 11 848.240 4.14732 11.81
Within populations 142 4000.300 28.17113 80.16

All components of molecular variance among (sub)groups and populations were highly significant (P < 0.001)
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rivers through capture and reversal events. This would
have included the river capture of the Upper Jinshajiang
from the paleo-Honghe River, followed by an eastward
re-direction (reversal) of the Upper Jinshajiang into the
Middle and Lower Jinshajiang River, which subsequently
formed a single river (Clark et al. 2004; Figs. 1a, b, 2). We
therefore propose that prior to this river capture event, high
levels of pollen and/or seed flow occurred among popula-
tions of T. tranchetii along the continuous valleys of the
Upper Jinshajiang and paleo-Honghe. However, since this
species is likely adapted to the dry-hot habitat conditions of
these river valleys, the above river capture of the Upper
Jinshajiang may help to explain its modern disjunctive
distribution between the Upper Jinshajiang and the Honghe
Valley, and also the genetic similarity between subgroups
Inorthy and Isoueny. Several molecular phylogenetic studies
in freshwater fish have invoked the same (or similar) river
capture events in southwest China to explain the biogeo-
graphic patterns observed (Guo et al. 2005; He and Chen
2006; He et al. 2004; Kottelat 1989; Peng et al. 2004, 2006;
Riiber et al. 2004).

Vicariance pattern between Yalongjiang and Honghe

Subgroup Imermy (Yalongjiang with Middle and Lower
Jinshajiang) did not form a group with subgroup Igerm)
(Upper Jinshajiang), although populations of these two
subgroups presently occur along the same river system.
Rather, subgroup oy formed a cluster with subgroup
Isouny (Nanpanjiang). This genetic distribution pattern
may reflect the geological history of the Jinshajiang and
Yalongjiang rivers, which originally flowed southwards as
independent tributaries to the paleo-Honghe (Clark et al.
2004; Fig. la). In this paleo-drainage system, the
Jinshajiang and Yalongjiang were not linked as they are
now in the Middle Jinshajiang area. Thus, the genetic
differentiation between subgroups Loy and Ilipern) (see
Figs. 4, 5) is consistent with this paleo-drainage disjunc-
tion. Furthermore, following the paleo-Jinshajiang river
capture, the Upper Jinshajiang then flowed eastwards and
joined with the modern Yalongjiang. Together with this
palaeo-evidence, our results suggest that subgroups Iorm)
and IIorny had geographically separate origins, but then
connected after river capture and reversal. Under this
scenario, the unexpectedly high gene diversity (H) in
populations DD (0.160) and DM (0.165; Table 2), located
at the boundary between these subgroups, may be
explained by modern gene migration.

The question arises of why the Middle and Lower
Jinshajiang and Yalongjiang Valley populations (subgroup
I (northy) are not grouped with the Honghe area populations
(subgroup I(soum)), since historically the paleo-Yalongjiang
was also a tributary of the Honghe (see Fig. 1a). The

solution to this conundrum possibly relates to the
spatio-temporal order of river capture events. Based on
paleo-geological data (Clark et al. 2004) and molecular
biogeographic evidence (see below), the order of river
captures in the north progressed from east to west along the
Jinshajiang. Thus, the Yalongjiang would have been
diverted earlier from the Honghe and into the lower
Yangtze River. Then the Upper Jinshajiang would have
remained connected to the Honghe until its own capture
occurred in the late Pleistocene (Clark et al. 2004; Guo
et al. 2005; He and Chen 2006; Peng et al. 2004, 2006).
Therefore, subgroup ey Would have separated from
subgroup Ioum) earlier than that of subgroup Inorn). This
scenario could explain why the genetic difference between
subgroups orm)y and Igoum) i higher than that between
subgroups Inorn) and Igoum) (see Figs. 4, 5).

Vicariance pattern between Lower Jinshajiang
and Nanpanjiang/Eastern Honghe

With K =3, STRUCTURE suggested a genetic link
between populations from the Lower Jinshajiang (pops.
11-14) and those from the Nanpanjiang/Eastern Honghe
area (pops. 15—17). This genetic group is also supported by
chloroplast DNA sequencing data of T. franchetii (T.C.
Zhang, unpublished data), showing that the populations in
these two areas share one main haplotype that was only
rarely found in other populations.

Similar to the above scenario for Upper Jinshajiang and
Yalongjiang, this genetic link between Lower Jinshajiang
and Nanpanjiang/Eastern Honghe (hereafter termed the
“Z” group) is suggestive of another continuous distribution
of T. franchetii in the past, most likely along the paleo-
Daduhe, a more easterly located tributary to the paleo-
Honghe (Figs. 1a). Today, there are several large mountain
ranges, such as the Wumengshan Mountains (4,247 m
a.s.l.), which act as barriers to modern gene flow between
these two areas. Hence, the presently disjunctive distribu-
tion of the “Z” group likely results from an ancient
vicariance event, such as the separation of the paleo-Daduhe
from the Nanpanjiang/Eastern Honghe by the Lower
Jinshajiang capture (Clark et al. 2004; Fig. 1). Similar to
the boundary populations between subgroups Iorm) and
Hnorthy, population DQ located at the border of the
Nanpanjiang and Honghe areas has spuriously high genetic
diversity (Table 2), which may result from ongoing gene
flow between subgroups Isouihy and oyih).-

Conclusion

Following the rapid and extreme uplift of the Tibetan
Plateau, the reorganization of the major river drainages was
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primarily caused by river capture and reversal events (Clark
et al. 2004). The significant increase in geological and
environmental diversity that accompanied this uplift,
including modified terrain and isolation, promoted rapid
divergence and speciation. Drawing inferences from AFLP
data, we propose that a number of historical vicariance
events account for the distribution and genetic structure of
T. franchetii in dry-hot valleys of southwest China. First,
the capture of the Upper Jinshajiang from the Honghe (by
the Middle Jinshajiang) may explain the genetic link
between subgroups I orny and Isoum). Second, the capture of
the Yalongjiang by the Lower Jinshajiang likely explains
the genetic differentiation between subgroups Iorm) and
I (nortny. Finally, we postulate that a further ancient vicariant
event, sundering the former flow-routes between the
Daduhe/Lower Jinshajiang and Nanpanjiang/East Honghe,
could explain the genetic (AFLP and cpDNA) link between
populations associated with these presently disjunct drain-
age systems (pops. 11-14 vs. 15-17). Against the backdrop
of the known history of drainage rearrangements in these
areas, these scenarios can explain the current disjunct dis-
tribution of 7. franchetii and its modern, broad-scale phy-
logeographic structure. Moreover, our data revealed how
paleo-drainage rearrangements in southwest China can
change a plant species’ distribution from continuous
to fragmented (Upper Jinshajiang vs. Honghe; Lower
Jinshajiang vs. Nanpanjiang/East Honghe), and a disjunc-
tive distribution to a continuous one (Yalongjiang plus
Jinshajiang; Upper Jinshajiang plus Lower Jinshajiang).
Overall, these results provide new insights into the phylo-
geography of plant species endemic to the deep river valleys
of southwest China, and stress the importance of taking into
account paleo-hydrological evidence, in order to gain a
more integrated understanding of how present-day plant
distributions and genetic structures developed in this region.
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