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Abstract | Gaps or wide valleys in mountain systems are of much inter-
est to biogeographers and evolutionary biologists since they shape spe-
cies distributions as well as inter- and intraspecific genetic diversity. The
Western Ghats, a hill range that runs parallel to the west coast of India,
is one of the biodiversity hotspots with the highest level of endemism in
the Indian Subcontinent. This hill range is interrupted by at least three
large valleys or gaps, namely Palghat, Shencottah and Goa Gaps. Here,
we review studies undertaken in the last two decades that have looked
at the role of these gaps in shaping inter and intraspecific genetic diver-
sity in different taxa. Overall, our review suggests that the Palghat gap
appears to be a major barrier for a range of taxonomic groups, followed
by Shencottah and Goa Gaps to a lesser extent. These patterns are con-
sistent with the depth and width of these gaps, as Palghat gap is the
deepest and widest among these gaps. Importantly, all of these diver-
gences across the gaps have occurred long after the formation of these
gaps. Therefore, geology-mediated vicariance can be ruled out. Further-
more, in some groups, the ecology, life-history traits, historical biogeog-
raphy of the taxa in question better explain their distributions.

1 Introduction

Natural discontinuities or gaps in geographical
features, such as gaps in a hill/mountain range,
have long been of interest to naturalists, bio-
geographers and evolutionary biologists. Such
gaps often shape species distributions, with dif-
ferent species or communities on either side
of the gap?**®. Furthermore, gaps have also
been knownto influence intra- and interspecific
genetic diversity>**>%, Topographic disconti-
nuities in mountain ranges often create deep
and wide valleys with different climatic condi-
tions (microclimate), unsuitable habitats (flow-
ing river), causing discontinuation of species’
distribution affecting their genetic diversity as
well as evolutionary history”'. Such barriers can
also limit the range and prevent the dispersal of
organism525’32. For example, the African mon-
tane forest robin shows phylogenetic breaks and

genetic clusters corresponding to topographic
dips separating different montane habitats®. Simi-
larly, Neotropical Buarremon brush-finches also
show phylogenetic patterns corresponding to
major geographical barriers’. Voelker et al.** have
shown that the Congo River acts as a gene flow
barrier for four species of Afrotropical understory
birds. In this regard, the Western Ghats (WG) hill
range is of much interest as it offers a continuous
mountain system with deep and wide topological
discontinuities.

The WG is one of the world’s major biodiver-
sity hot spots. Despite covering less than 6% of the
national land area, this region contains over 30%
of India’s flora and fauna’. With 20 national parks,
68 sanctuaries and two biosphere reserves, Western
Ghats holds the highest coverage of protected areas
(15%) in the mainland of India®. According to the
IUCN report and “Critical Ecosystem Partnership
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Fund (CEPF) Western Ghats Hotspot” website,
approximately 34% of Western Ghats’ biota are
endemic. Different groups’ percent endemicity
is—54% endemicity in plants, 12% endemicity
in mammals, 4% endemicity in birds, 65% ende-
micity in amphibians, 62% in reptiles and 53% in
freshwater fishes®. With the current rate of new
species discovery from this area, these numbers are
only likely to increase in the future.

The WG lies almost parallel to India’s west
coast, extending about 1600 km from Gujarat in
North to Kerala in South®*. There are three signif-
icant geological breaks or gaps in this hill range
(Fig. 1). The widest of them is the Palghat Gap
(PG) at 11° N is about 40 km wide. This gap is
situated in the state of Kerala. The average annual
rainfall is 1838 mm and average annual highest
and lowest temperature are 32.4 °C and 23.2 °C,
respectively'*>, The average elevation of this gap
is approx. 200 m. Although the Palghat Gap’s ori-
gin is controversial, it is believed to have formed
around 500 million years ago (Mya)*®**. The
PG is a dextral shear zone, and its formation has
been attributed to the combined effect of shear-
ing and erosion'!. The Nilgiri and Annamalai
hills form the northern and southern border of
the PG and are composed of massive charnock-
ites and associated granulites, which are erosion
and weathering-resistant. However, the closely
foliated, highly sheared and retrograded gneisses
of the PG suffered much greater erosion than
the surrounding'"'®. The Bharathapuzha River
originates and flows through PG. Another prom-
inent break is south of the PG and is called the
Shencottah Gap (SG) at 9° N, which is the nar-
rowest among these three gaps (7.5 km wide).
SG is situated almost 224 km south of PG. It is
believed to be as older as of the PG****, The aver-
age elevation of this gap is approx. 300 m. The
average annual highest and lowest temperature of
this region are, respectively, 31.1 °C and 23.5 °C.
This region receives an average annual rainfall of
1312 mm”’. The Goa Gap (GG) at 15.8° N situated
in the Northern part of the Western Ghats is the
most recently formed gap (65-80 Mya)'”’, It is
situated ~ 550 km north of PG. The average eleva-
tion of this gap is approx. 600 m. The PG allows
the moisture-laden south-west monsoon wind
into Tamil Nadu in its western part. Overall, the
climatic condition of PG and SG is wet. The cli-
matic condition across GG is intermediate and
drier than the other two gaps*%. Pascal’® noted
that there is a south-north gradient of the dry
period length along the WG mountain range. The
region belonging to the north of GG experiences
an extended dry period (6—7 months) compared
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to the other two gaps (less than 4 months). The
difference in climatic conditions across these
regions (PG, SG in south and GG in north) is
also reflected by the difference in vegetation pat-
terns between these regions®”. The PG and SG
appear to be physical barriers, given their depth
that could potentially restrict the movement of
dispersal limited taxa and high-altitude species
whereas, GG is more of a climatic barrier. GG
does not intersect the WG mountain range as
prominently as PG and SG. However, this valley
is wide but not very deep. Ramachandran et al.**
found a clear wet-dry gradient across GG.

These gaps can be a barrier for dispersal of
organisms in a continuous hill range like the WG,
given that the gap is a wide and of lower elevation
than the adjoining areas or with different climatic
conditions. Among these gaps, the PG has long
been invoked as a major barrier that has shaped
species distributions along the WG. For exam-
ple, there are numerous cases of different species
distributed on either side of the gap'? as well as
many cases of turnover of communities across
the PG and GG™. In the last two decades, many
studies have looked at how these gaps might have
shaped intra- and interspecific genetic variations
across these gaps (review here). These studies fall
into four broad categories, (A) species distrib-
uted across gaps are expected to exhibit genetic
breaks concordant with these gaps due to limited
gene flow (Fig. 2A), (B) sister species distributed
on either side of the gap due to lack of gene flow
among populations across the gap resulting in
speciation (Fig. 2B), (C) sister clades distributed
on either side of the gap in older groups (Fig. 2C)
(D) No/Partial genetic structuring across the gaps.
Here, we review various molecular studies under-
taken in the last two decades to better understand
how gaps in the WG have shaped the distribution
of genetic variation in species to higher taxonomic
level (clades). Taxonomic groups/clades that are
largely endemic to WG are chosen for this review.
Broadly, we try to find answers to three questions:
(1) Which among the four patterns of genetic
diversification (A, B, C, D) is followed by differ-
ent endemic taxa from WG? (2) Do these endemic
species show any spatial concordance of genetic
diversification across these gaps? (3) What are the
timings of divergence for different taxa and are
they congruent across taxa? WG is highly threat-
ened by deforestation and climate change”**®
and identifying biogeographic barriers that are
consistent across species is of particular impor-
tance as it will help us to identify areas of ende-
mism and determine geographic drivers of species

distribution and diversification'.
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Figure 1: Position and elevational profiles of the three major gaps in the Western Ghats mountain range.

Hill range map and elevation profile adapted and modified from -

2 Patterns of Diversification Across
Major Geological Breaks of the Western
Ghats in Various Taxa

2.1 Mammals

The most remarkable example among mam-

mals showing genetic differentiation across the

PG is the Asian Elephant (Elephas maximus).

Vidya et al.®* have sampled all three major popu-

lations of the species in Southern India (Nilgiri,
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Annamalai and Periyar). Six microsatellite loci
and 600 bp of mitochondrial Cytochrome-b
(Cyt-b) gene were PCR amplified and sequenced
from 243 (224 free-ranging and 19 captive sam-
ples) dung samples. The mitochondrial DNA
(mtDNA) dataset indicated an absence of shared
haplotypes between the population north (Nil-
giris) and south (Annamalai, Periyar) of PG. Pair-
wise Fgp and Rgp values for microsatellite data
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Figure 2: Intra- (A) and interspecific (B, C)
genetic variations shaped by a gap in a hill range.

See text for details. Filled bars represent distinct
species and their distributions.

also showed a similar pattern. Both mtDNA and
microsatellite data do not show significant differ-
ences among Annamalai and Periyar populations,
indicating gene flow between them®?. Nilgiri is
situated at the northern part of the PG and both
Annamalai and Periyar are situated at the south-
ern part of the PG.

A study by Kolipakam et al.*® investigating
the population genetic structure of the Bengal
Tiger (Panthera tigris tigris) across the country
has recovered Northern (N) and Southern (S)
Western Ghats populations as two different clus-
ters separated by the PG. They have amplified and
sequenced 11 microsatellite loci for the analysis
from 158 scat samples collected from 34 differ-
ent populations covering the major tiger land-
scapes of the country. Surprisingly, the N-WG
and S-WG populations’ genetic distance is much
greater than S-WG and Terai populations®®. The
authors suggest further investigation of this issue
using the mitochondrial markers. This genetic
differentiation of populations of elephants, tiger
across the PG is interesting given that large mam-
mals are known to be vagile and have good dis-
persal abilities.

The lion-tailed macaque (Macaca silenus)
is a rainforest-dwelling species endemic to the
Western Ghats®’. Ram et al.*’ have used mtDNA
sequence data to examine this endangered
macaque’s genetic diversity and population struc-
ture across its range. The authors have amplified
and sequenced partial tRNA-thr, tRNA-pro, par-
tial HVR I (613 bp) and partial mitochondrial
Cyt-b gene (521 bp) from fresh fecal samples
collected throughout the range of the macaque.
They have recovered two reciprocally monophy-
letic groups corresponding to the populations
north and south of the PG with high branch sup-
port. The average genetic distance between the
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populations is almost double the genetic distance
within populations. According to their analysis,
the two populations diverged around 2.11 Mya.

Another important example comes from a
phylogeographic study of Nilgiri Thar (Nilgiritra-
gus hylocrius) an endangered species endemic to
the Western Ghats*'. Joshi et al.>! based on analy-
sis of mtDNA data (381 bp of mitochondrial Cyt-
b gene fragment) sequenced from fecal samples,
showed populations north and south of the PG
are reciprocally monophyletic. Divergence dat-
ing suggests that these populations have diverged
from each other around 1.46 Mya.

Thus, published work so far on mammals fall
in category A, i.e., these species exhibit genetic
break across the PG. However, these studies
looked at intraspecific genetic variation across the
WG and the number of taxa studied is only four
till date. It would be interesting to study mam-
malian taxa that exhibit high diversity in the WG,
such as giant squirrels, to determine if they con-
form to categories B or C.

2.2 Birds

Birds are one of the well-explored taxa concern-
ing the question being addressed here. Robin
et al.*® have investigated the phylogeographic
patterns across the entire community of mon-
tane birds (species occurring above 1400 m. from
sea level) in the Western Ghats. They have found
that the phylogeographic structures of 10 of the
23 species examined are affected by the PG. Two
of the ten species are affected by both the PG
and SG. The oldest divergence for almost all spe-
cies was across the PG, followed by the SG and
Chaliyar valley. Chaliyar river valley (~12° N) is
another discontinuity in the WG mountain range
separating the Wayanad and Nilgiri mountains. It
is a deep river valley that is almost 2—3 km wide.
The range of divergence times across the PG for
all ten species falls between 6.78 Mya and less
than 1 Mya*. Thus, in birds, too many species
exhibit genetic breaks across the PG (category A).
Nevertheless, in birds, one finds two examples of
category B (see below).

Studies of two endemic genera from the West-
ern Ghats suggest that these gaps have played an
important role in speciation. Robin et al.*” have
sequenced several mitochondrial and nuclear
markers for phylogenetic and species delimita-
tions studies on laughingthrushes and shortwings
of WG. Western Ghats shortwings are threatened
endemic birds, which has undergone major tax-
onomic revision. First, they were placed in the
genus Brachypteryx and were moved to Myiomela
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later. Robin et al.’ have transferred Western
Ghats shortwings into a new genus Sholicola
based on the multi-criteria approach (genetics,
song pattern, morphometrics, plumage). Sholi-
cola has reciprocally monophyletic groups (S.
major at the north and S. albiventris at the south
of PG) that diverged across the PG around 4.33
Mya®’. Furthermore, the clade south of the PG
shows split across the SG around 0.86 Mya. A
study investigating the pattern of songs (spectral
and syntax variables) in shortwings across six
geographically isolated populations has shown
that the difference in song patterns across popu-
lations corroborates the phylogenetic pattern
shown by these populations*”. The highest level
of differentiation is seen across the PG, followed
by the SG. The differences across other smaller
gaps and recently fragmented populations are
much less than those two major gaps*’. A study
of the endemic genus Montecincla shows substan-
tial genetic divergence across both the PG and the
SG. Based on the multi-criteria approach (song,
plumage, morphology, genetic data), the genus
Montecincla is divided into four species®’. M. jer-
doni and M. cachinnans are distributed north of
the PG and M. fairbanki and M. meridionalis to
the south. M. fairbanki and M. meridionalis are
further separated from each other by SG. The
timings of lineage splitting across the gaps are—
4.7 Mya across PG and 0.33 Mya across SG. Since
the SG is much narrower than the PG, genetic
differentiation across this gap is relatively rare.
These two genera, Montecincla and Sholicola, are
two crucial examples showing species-level differ-
entiation across the SG.

However, investigation of phylogeographic
patterns of the entire community of montane
birds from the Western Ghats by Robin et al.*® has
found 14 bird species whose population struc-
tures are not affected by the geographical gaps.
Details of all these species are given in Table 1.

2.3 Squamates

Taxonomic revision and phylogenetic studies
of vine snakes (Genus Ahaetulla) from peninsu-
lar India by Mallik et al.*® have identified several
morphologically cryptic lineages and assigned
them different species based on genetic distance
and geographical isolation. They have used three
mitochondrial markers (cyt-b, 16S and ND4)
along with morphometry and geographic dis-
tribution data for species delimitation. Many
of these species are separated by geological gaps
in the Western Ghats. Like, A. isabellina (line-
age 5, south of PG) and A. malabarica (lineage 6,
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north of PG) are distributed on either side of PG,
respectively. Interestingly A. isabellina is sister to
A. farnsworthi (lineage 4) which is found north of
the PG. A. malabarica is sister to the clade con-
taining A. isabellina and A. farnsworthi. All these
three species form a clade which is sister to A.
borealis (lineage 3, north of PG). Lineage 3 to 6
are all novel species and they fall within the A.
nasuta species complex. A. nasuta (lineage 2, Sri
Lanka) is sister to all the other four Indian spe-
cies. Another clade which is sister to the A. nasuta
species complex contains two species separated
by SG. A. disper (lineage 11) is restricted to the
north of SG while its sister species A. travancorica
(lineage 12) which is also a new species is con-
fined to the south of SG. All these cryptic lineages
are restricted by altitude and their distributional
ranges are separated by geological gaps like PG
and SG. Overall, these patterns conform to cat-
egory B.

Chaitanya et al.® studied the phylogeny of
the endemic Dravidogecko from the Western
Ghats and discovered several new species. They
have sequenced both mitochondrial (ND2) and
nuclear (PDC, RAG1) markers for species delimi-
tation along with morphometry. Their analysis
retrieved three clades, one of which is distributed
between PG and SG (clade A), whereas the other
two are distributed across PG (clade B2) and SG
(clade B1). Thus, the higher-level relationships
between these clades were not shaped by the gaps.
Nevertheless, at shallower nodes, there are two
instances of lineage divergence across gaps, one
across PG and the other across SG. Clade B2 in
their phylogeny contains two sister species, D.
anamallensis (south of PG) and D. septentrionalis
(north of PG). Clade B1 (which is sister to clade
B2) is further divided into a sub-clade containing
D. douglasadamsi and D. smithi, both of them are
restricted to the south of SG. D. meghamalaiensis
is found only in the north of SG and is sister to
the sub-clade containing D. douglasadamsi and D.
smithi. So, we assign Dravidogecko to category B.

2.4 Amphibians
The WG exhibit very high degree of endemism
(65%) for amphibians (IUCN TECHNICAL
EVALUATION WESTERN GHATS (INDIA) ID
No. 1342 Rev). However, very few studies (mostly
in frogs) have investigated the effect of these
geological gaps on the genetic diversity of these
organisms.

Bocxlaer et al.®! investigated the phylogeog-
raphy of the endemic genus Nyctibatrachus using
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Table 1: Studies done on taxa till date and their status concerning the effect of the three major gaps.

Genetic structure of popula-

tions across the gaps Category  Endemic .
of structur- to Western  Date of diver-
Taxa Palghat Shencottah Goa ing Ghats gence (Mya)  References
Mammals 1. Elephas Yes No - A No - Vidya et al %
maximus
2. Panthera Yes No - A No - Kolipakam
tigris tigris et al.?®
3. Macaca Yes No - A Yes PG-2.11 Ram
silenus et al.®
4. Nil- Yes No - A Yes PG- 1.46 Joshi
giritragus etal.?!
hylocrius
Birds 5. lole indica  Yes No - A No - Robin
et al.%®
6. Poma- Yes No - A No - Robin
torhinus et al 4
horsfieldii
7. Eumyias Yes No - A No - Robin
albicaudatus et al
8. Alcippe Yes No - A No - Robin
poioiceph- et al.*®
ala
9.Turdus Yes No - A No - Robin
merula et al.#®
10. Rhopocin- Yes No - A - - Robin
cla atriceps et al ¢
11. Zosterops  Yes Yes - A No - Robin
palpebrosus et al.#®
12. Anthus Yes Yes - A Yes - Robin
nilghiriensis et al
13. Montecin- Yes Yes - B Yes PG-4.7,SG-  Robin
cla 0.33 et al.¥’
14. Sholicola  Yes Yes - B Yes PG- 4.33, SG- Robin
0.86 et al.#’
15. Hypsi- No No - D No - Robin
petes leuco- et al 4
cephalus
16. Ficedula  No No - D Yes - Robin
nigrorufa et al 46
17. Sch- No No - D Yes - Robin
oenicola et al.%®
platyurus
18. Culicicapa No No - D No - Robin
ceylonensis et al.%6
19. Columba No No - D Yes - Robin
elphinstonii et al
20. Zoothera No No - D No - Robin
citrina et al.*®
21. Anthus No No - D No - Robin
rufulus et al
22. Saxicola  No No - D No - Robin
caprata et al 6
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Table 1: (continued)

Role of Geographical Gaps in the Western Ghats

Genetic structure of popula-

tions across the gaps Category  Endemic .
of structur- to Western  Date of diver-
Taxa Palghat Shencottah Goa ing Ghats gence (Mya)  References
23. Pel- No No - D No - Robin
lorneum et al.#®
ruficeps
24. Pycnono- No No - D No - Robin
tus jocosus et al.#®
25. Zoothera  No No - D No - Robin
dauma et al %6
26. Cyornis No No - D Yes - Robin
pallipes et al #®
27. Garrulax  No No - D Yes - Robin
delesserti et al 46
Squamates  28. Ahaetulla  Yes Yes - B No - Mallik
etal >
29. Dravi- Yes Yes - B Yes - Chaitanya
dogecko etal®
Amphibians 30. Nyctiba-  Yes No Yes C Yes PG- 40-50, Bocxlaer
trachus GG-~16 et al.®’
31.Indirana - Yes - A Yes - Nair et al.3
cf beddomi
32. Yes No - C Yes PG- 30 Vijaya-
Raorchestes kumar
etal.®
33. Icthyophis No No No A Yes - Gower
bombay- etal.’®
ensis
Fishes 34. Puntius Yes No - C Yes PG- 59 John
denisonii et al.?®
35. Meso- Yes Yes - B Yes Anoop
noemachei- etal.
lus
36. Bhavania  No Yes - D Yes SG-~5 Sidharthan
etal.!
Centipedes 37. Digitepes No - - D Yes - Joshi and
Karanth??
Crabs 38. Vanni No Yes - D Yes - Klaus
et al.®
Butterfly 39. Mycalesis No No - D - Sekar and
patnia Karanth>®
Plants 40. Eurya Yes - - A No - Bahulikar
nitida etal?
41. Dysoxy-  No No - D Yes - Bodare
lum mala- etal’
baricum
42. Gaultheria Yes = = A No = Apte et al 2
fragrantis-
sima
43. Kingi- Yes - - A Yes - Nair et al.?’
odendron
pinnatum

“~" indicates the effect of that gap has not been tested for the taxa. Details of all categories are given in the Sect.
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both nuclear (tyrosinase) and mitochondrial
(16S, tRNA-leu, ND1) markers. They have recov-
ered two large reciprocally monophyletic groups
distributed on either side of PG that diverged
around 40-50 Mya (Eocene). The northern clade
also contains a divergent group across GG. This
genus corresponds to category C. Furthermore,
the study suggested two dispersal events across
the PG, one dispersal event across the GG (mid-
Miocene~14 Mya) and four dispersal events
across the SG. Their results are consistent with
the gaps’ hierarchy in that more dispersals have
occurred across narrower and shallower SG than
PG.

A study by Vijayakumar et al.*’ investigat-
ing the diversification of bush frogs (genus
Raorchestes) in the Western Ghats is one of the
most comprehensive studies that elucidate the
fine-scale biogeographic patterns across the range
of this endemic genus. A concatenated dataset of
six genes (16S, 125, Cyt-b, ND1, Tyrosinase and
Rhodopsin) was used to build the phylogeny of
bush frogs. They have recovered two deeply diver-
gent clades (30Mya) across the PG. Though a few
of them dispersed across the gap like R. flaviven-
tris, R. marki dispersed from north to south and
R. nerostagona, R. glandulosus dispersed from
south to north. However, compared to other line-
ages, the number of lineages that dispersed across
the gap is significantly less. This example belongs
to category C. This study highlights the role of
elevations, gradients, past climate and geographic
gaps in shaping the diversity within a genus.

An investigation of the population genetic
structure of endemic Indirana cf beddomi frogs by
Nair et al.”® (using 20 microsatellite loci) has dis-
covered a clear genetic structuring of populations
across the SG. The authors have sampled 12 dif-
ferent populations across the distributional range
of the frog. Their study has recovered three dis-
tinct genetic clusters: Anamalai group (pop 1-5),
Periyar group (pop 6-10) and Agasthyamalai
group (pop 11, 12). Anamalai and Periyar groups
are clustered together and both of them are from
north of the SG. Agasthyamalai group is from
south of the SG and formed a separate cluster. So,
this group corresponds to category A.

Long-tailed unstripped caecilian (Icthyophis
bombayensis) is a limbless amphibian species
endemic to the Western Ghats. Taylor described
four different species of Icthyophis from the
Western Ghats in 1960, but the published keys
appeared insufficient for identifying the species®.
There have been significant confusion and con-
troversy regarding Taylor’s four species’ taxo-
nomic validity for a long time. Gower et al.'®
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investigated the genetic structure of Icthyophis
bombayensis populations from the Western Ghats
using mtDNA sequence. They have shown that
all these putative species are genetically homo-
geneous and appear to be a single, widely dis-
tributed species, Icthyophis bombayensis or the
Bombay caecilian. Phylogenetic analyses of the
concatenated dataset (12S and 16S rRNA genes)
recovered two clades corresponding to north
and south of the PG but with meager bootstrap
support (25%). However, the uncorrected p-dis-
tance between the north and south populations
is higher than within populations and AMOVA
analysis suggested significant structuring of pop-
ulations across the PG. Additional molecular data
might resolve this issue. For now, we assign it to
category A.

2.5 Fishes

The example of the most ancient divergence
across the PG comes from the fishes. Phylogeny
of the endemic endangered Red Lined Torpedo
Barbs (Puntius denisonii) of Western Ghats using
mitochondrial Cyt-b and Cytochrome oxidase 1
(Cox1) recovered two separate clades on either
side of the PG with an estimated divergence date
of around 59 Mya®’. Results from this study are
consistent with category C discussed in the intro-
duction. Despite extraordinary diversity and a
high degree of endemism, the number of phylo-
geographic studies of fishes is only a few to date.

Phylogeny of hillstream loach genus Meso-
noemacheilus from the Western Ghats based on
mitochondrial cox1 gene sequence shows sister
lineages distributed on either side of these gaps'.
Species delimitation analysis uncovered multiple
lineages and biogeographic analysis suggests mul-
tiple dispersals and vicariance events associated
with both PG and SG that generated the extant
diversity. The gaps have played a significant role
in the speciation process within this genus as sev-
eral sister species can be found on either side of
these gaps (category B).

Sidharthan et al.”! sequenced the mitochon-
drial Cyt-b and Coxl genes for the phylogeo-
graphic study of the endemic mountain loaches
of genus Bhavania. The authors suggest that
well-connected ancient drainage systems can
give rise to the observed phylogeographic pat-
tern. Species from the south of the PG are nested
within a larger clade composed of species from
the north of the PG>, This pattern is opposite
to that in centipedes of the genus Digitipes®,
see below. Interestingly, only one sub-clade rep-
resenting species below the PG in Bhavania

@ Springer s J. Indian Inst. Sci.lVOL 101:21151-164 April 2021ljournal.iisc.ernet.in



phylogeny shows a split across the SG. This sub-
clade consists of Bhavania australis populations
from Pampa and Achankovil (north of SG) and
Bhavania annandalei populations from Kallada
and Vamanapuram (south of SG). We assign this
example to category D since most of the species
and the larger phylogeny do not show any con-
cordance with the gaps.

2.6 Centipedes

The study of Biogeography of the endemic cen-
tipede genus Digitipes by Joshi and Karanth®?
has shown that the PG did not play a significant
role in the distribution of centipede lineages. A
phylogeny based on 16S rRNA and Coxl gene
sequences shows that species from northern and
central Western Ghats are nested within a larger
species’ clade from southern WG. Nevertheless,
their biogeographical analysis suggested an early
divergence between southern and northern WG
as well as southern and central WG clades fol-
lowed by dispersal across gaps by some lineages.
Based on this overall pattern, we assign it to cat-
egory D. However, Digitipes coonoorensis has two
reciprocally monophyletic groups across the PG
(Nilgiri and southern WG) and these two groups
have diverged around 35 Mya.

2.7 Butterflies

Sekar and Karanth® studied the population
genetic structure of two butterfly species using
the Amplified Fragment Length Polymorphism
(AFLP) technique. They sampled one species
from the sky island system (Heteropsis oculus)
and the other from low-altitude habitat (Mycale-
sis patnia). Heteropsis oculus is distributed only
at the south of PG, but Mycalesis patina is dis-
tributed across the PG***’. For Heteropsis oculus,
they have found significant genetic structuring
of populations corresponding to the sky island
system, but for Mycalesis patnia, no such pattern
was observed. The population of Mycalesis patnia
appears to be genetically uniform throughout its
range in the Western Ghats.

2.8 Crabs

Freshwater crabs are strongly philopatric*’ and
therefore, their relationships are expected to be
influenced by barriers. However, the phylogeny
of montane freshwater crabs from the southern-
most part of Western Ghats based on histone H3
and 16S rRNA gene sequences does not show this
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expected pattern. Instead, the phylogeny suggests
around five independent dispersals into different
parts of WG?. Thus, the higher-level relation-
ships between these lineages were not shaped by
the gaps. This example can be assigned to cat-
egory D based on the overall pattern shown by
the phylogeny. However, one of these lineages
has undergone radiation in the S-WG (between
PG and SG) and consists of sister species dis-
tributed on either side of SG (Vanni travancori-
ana and Vanni deepta). In this particular case, SG
appeared to have caused diversification between
these two species.

2.9 Plants

A phylogeographic study of Kingiodendron pin-
natum, an endemic, threatened species from the
Western Ghats by Nair et al.”’ using trnH-psbA
and trnL-trnF markers have shown that the PG
acts as a biogeographic barrier for this species.
Phylogenetic analysis has recovered two divergent
haplogroups distributed to north and south of
PG with a divergence date of around 14.62 Mya.
The haplogroup from the north of the gap con-
tains 13 haplotypes and the haplogroup from the
south of the gap contains 12 haplotypes.

Bahulikar et al.* investigated the genetic diver-
sity in the populations of Eurya nitida using ISSR
(inter simple sequence repeat) markers. Though
their study was not aimed to test the effect of
these geographic barriers on population distri-
bution, their sampling locations spanned well
across the PG. Their study recovered three clus-
ters, one confined mainly to central WG (Madik-
eri, Talakaveri, Kemangundi) and the other
two restricted to the north (Nilgiri) and south
(Kodaikanal) of PG. Another study by Apte et al.?
investigated the population genetic structure of
Gaultheria fragrantissima and recovered results
similar to Eurya nitida. Populations north of PG
(Nilgiri) are clustered together and those south of
PG (Munnar, Kodaikanal) form another cluster.
From these studies, it is apparent that the PG has
shaped the intraspecific variations (category A) in
these species.

Bodare et al.” investigated the genetic struc-
ture of Dysoxylum malabaricum from the Western
Ghats using both nuclear and chloroplast mark-
ers. They found local population genetic struc-
ture but these patterns did not correspond to the
gaps. The authors suggest that the lack of genetic
structuring across the major gaps could be due to
frugivore (like hornbills)-mediated seed dispersal.
This example belongs to the category D.
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3 Discussion

Our literature survey yielded around 24 pub-
lications spanning 43 different species where
the effect of the major geological barriers has
been tested. The majority of the organisms are
birds (23 out of 43), followed by mammals and
amphibians (4 from each group). At least 21 of
these taxa provide evidence of genetic structur-
ing of populations across the Palghat Gap and
7 across the Shencottah Gap. Only two studies
have tested the Goa Gap’s effect and one of them
(Nyctibatrachus) shows evidence of lineage split-
ting across this gap. Palghat gap acts as a biogeo-
graphic barrier for the four mammals, ten birds,
two amphibians, one reptile, one fish and three
plants. Shencottah gap acts as a biogeographic
barrier for five birds, one amphibian, one reptile
and one fish.

Overall, the PG appears to be a major barrier
for a range of taxonomic groups. Importantly, PG
has shaped intraspecific genetic diversity (cat-
egory A) as well as interspecific diversification
(category B and C). The other two gaps appear
to be less of a barrier for species. If we look at
the timings of divergence across the PG for dif-
ferent organisms, it ranges from as old as 59
Mya between clades to less than 1 Mya in case
of intraspecific variation. All of these diver-
gences across the gaps have occurred long after
the formation of these gaps. Therefore, geology-
mediated vicariance can be ruled out. However,
climatic conditions across this region have never
been consistent, given the complex geological and
climatic history of peninsular India'®. Geological
barriers provide a background on which climatic
conditions can act to influence species’ habitat
and, therefore, their distribution®. Topographic
dips (like PG and SG) can act as a biogeographic
barrier depending on the climate'”. Thus, these
gaps might have served as barriers at different
time periods for different taxa with changing cli-
matic conditions.

In addition to environmental factors, species-
specific attributes, such as life-history traits and
habitat specificity etc., might be an important
predictor of how these gaps might influence dis-
tributions. In this regard, dispersal ability might
be important. For example, volant species such
as birds, particularly generalists, appear to be less
influenced by gaps*®. Genetic structuring across
the gap in large mammals that disperse long dis-
tances, like the Asian Elephant and Bengal Tiger,
is intriguing. Thus, the ecology and species-spe-
cific attributes might be important in governing
their distributions. Furthermore, taxa that are
confined to freshwater streams, such as crabs®®
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and certain fishes®', do not seem to be affected by
these gaps. Also, in some groups, we see contrast-
ing patterns such as south to north diversification
in centipedes and vice versa in loaches. These pat-
terns hint at the role of historical biogeography
of the group as a whole in shaping their distribu-
tion. Thus, to better understand the role of these
gaps in shaping the distribution of intraspecific
genetic variation and interspecific diversification,
one needs to also look into the ecology, life-his-
tory traits, historical biogeography of the taxa in
question.

However, it must be pointed out that there are
several knowledge gaps regarding the role of these
gaps as biogeographic barriers. First, it seems like
the PG has caught the attention of researchers
more compared to the other gaps. Nevertheless, it
can be said that PG is a more prominent barrier
than SG for the groups investigated in this review,
but the number of studies investigating the role
of PG and SG in shaping distributions is much
higher than GG (from Table 1). Second, GG
might be more of a climatic rather than a physical
barrier. North of GG, the climatic conditions are
very different than central and Southern WG in
that this region receives lower rainfall and has a
long dry season which in turn has influenced the
habitat (see Sect. 1). Third, and most importantly,
these studies encapsulate a very small fraction
of endemic diversity of WG. Birds are the only
taxa that are comparatively well explored. Robin
et al.*® have explored the effect of these gaps
(PG, SG and Chaliyar valley but not GG) at the
community level in montane birds. However, no
such study has been done for other groups. WG
has a rich diversity of herpetofauna with a high
degree of endemism (65% in amphibians, 62%
in reptiles). There are only two examples from
squamates and four examples from amphibians.
Understanding the community-level patterns
among herpetofauna is needed to draw a conclu-
sion regarding the effect of these gaps as a barrier
to gene flow. In the case of mammals, the studies
are also biased towards large mammals. Investi-
gating the effect of these gaps in small mammals
like the giant squirrel, rodents (like Rattus satare)
and other endemic mammals will help us to
understand if category A is prevalent among
mammals. There is also a scarcity of studies from
invertebrates (only three examples) and plants.
Testing the effect of these gaps on endemic taran-
tulas (like sub-family Thrigmopoeinae) will be
interesting as these are ancient taxa and occupy a
narrow niche with poor dispersal ability™2.

Thus, for the better understanding of the role
of these gaps as barrier to gene flow and species
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distributions, a wider sampling of taxonomic
groups of species with different life-history traits,
ecology and biogeography is needed.

Publisher’s Note
Springer Nature remains neutral with regard to
jurisdictional claims in published maps and insti-
tutional affiliations.

Author contributions

AB and KPK conceived the paper, AB did the lit-
erature search and wrote the first draft, figures
jointly prepared by AB and KPK, manuscript vet-
ted and modified by KPK.

Declarations

Conflict of interest
The authors declare that they have no conflict of
interest.

Received: 30 March 2021 Accepted: 8 May 2021
Published online: 2 June 2021

References

1. Anoop VK, Dahanukar N, Philip S, Thomas L, Raghavan
R (2018) Phylogeny of the hillstream loach genus Meso-
noemacheilus reveals widespread diversification through
ancient drainage connections in the Western Ghats Biodi-
versity Hotspot. Mol Phylogenet Evol 129(August):77-84.
https://doi.org/10.1016/j.ympev.2018.08.013

2. Apte GS, Bahulikar RA, Kulkarni RS, Lagu MD, Kulkarni
BG, Suresh HS, Rao PSN, Gupta VS (2006) Genetic
diversity analysis in Gaultheria fragrantissima Wall. (Eri-
caceae) from the two biodiversity hotspots in India using
ISSR markers. Curr Sci 91(12):1634—1640

3. ATREE & CEPF (2013) Five year assessment of the
CEPF inverstment in the Western Ghats region of the
Western Ghats and Sri Lanka Biodiversity Hotspot.
December, 124

4. Bahulikar RA, Lagu MD, Kulkarni BG, Pandit SS,
Suresh HS, Rao MKV, Ranjekar PK, Gupta VS (2004)
Genetic diversity among spatially isolated populations
of Eurya nitida Korth. (Theaceae) based on inter-sim-
ple sequence repeats. Curr Sci 86(6):824-831

5. Bodare S, Tsuda Y, Ravikanth G, Shaanker RU, Lascoux
M (2013) Genetic structure and demographic history
of the endangered tree species Dysoxylum malabari-
cum (Meliaceae) in Western Ghats, India: implications
for conservation in a biodiversity hotspot. Ecol Evol
3(10):3233-3248. https://doi.org/10.1002/ece3.669

6. Bowie RCK, Fjeldsa ], Hackett SJ, Bates JM, Crowe
TM (2006) Coalescent models reveal the relative roles

J. Indian Inst. Sci. IVOL 101:21151-164 April 2021 ljournal.iisc.ernet.in

10.

11.

12.

13.

14.

15.

16.

17.

Role of Geographical Gaps in the Western Ghats

of ancestral polymorphism, vicariance, and dispersal
in shaping phylogeographical structure of an African
montane forest robin. Mol Phylogenet Evol 38(1):171—
188. https://doi.org/10.1016/j.ympev.2005.06.001
Cadena CD, Klicka J, Ricklefs RE (2007) Evolutionary dif-
ferentiation in the Neotropical montane region: molecu-
lar phylogenetics and phylogeography of Buarremon
brush-finches (Aves, Emberizidae). Mol Phylogenet Evol
44(3):993-1016.  https://doi.org/10.1016/j.ympev.2006.
12.012

Chaitanya R, Giri VB, Deepak V, Datta-roy A, Murthy
BHCK, Karanth P (2019) Diversification in the moun-
tains: a generic reappraisal of the Western Ghats endemic
gecko genus Dravidogecko Smith, 1933 (Squamata: Gek-
konidae) with descriptions of six new species. Zootaxa
https://doi.org/10.11646/zootaxa.4688.1.1

CLIMATE: SHENCOTTAI, Tamil Nadu, Climate-Data.
org. Web

Cracraft ] (1985) Historical biogeography and patterns of
differentiation within the South American avifauna: areas
of endemism. Ornithol Monogr 6:49-84. https://doi.org/
10.2307/40168278

D’Cruz E, Nair PKR, Prasannakumar V (2000) Palghat
Gap—A Dextral Shear Zone from the South Indian
Granulite Terrain. Gondwana Res 3(1):21-31. https://doi.
0rg/10.1016/s1342-937x(05)70054-x

Das S, Campbell PD, Deuti K, Bag P, Raha S (2019) A
contribution to the systematics of Salea anamallayana
(Beddome, 1878) and S. horsfieldii Gray, 1845 (Squa-
mata: Agamidae: Draconinae). Zootaxa https://doi.org/
10.11646/zootaxa.4563.3.9

Datar MN, Gorade P, Nadgir P, Bayani A (2014) Extended
distribution of endemic Travancore Murainagrass Ischae-
mum travancorense Stapf ex C.E.C. Fisch. (Poaceae)
to central India. ] Threatened Taxa 6(14):6733—-6736.
https://doi.org/10.11609/jott.04125.6733-6

Extremes of Temperature & Rainfall for Indian Stations
(Up to 2012) (PDF). India Meteorological Department.
December 2016. p. M109. Archived from the original
(PDF) on 5 February 2020. Retrieved 29 February 2020.
Fjeldsa J, Bowie RC, Rahbek C (2012) The role of moun-
tain ranges in the diversification of birds. Annu Rev Ecol
Evol Syst 43:249-265. https://doi.org/10.1146/annurev-
ecolsys-102710-145113

Gower DJ, Dharne M, Bhatta G, Giri V, Vyas R, Govin-
dappa V, Oommen OV, George ], Shouche Y, Wilkinson
M (2007) Remarkable genetic homogeneity in unstriped,
long-tailed Ichthyophis along 1500 km of the Western
Ghats, India. ] Zool 272(3):266-275. https://doi.org/10.
1111/§.1469-7998.2006.00266.x

Gunnell Y, Gallagher K, Carter A, Widdowson M, Hur-
ford A (2003) Denudation history of the continental
margin of western peninsular India since the early Meso-
zoic—reconciling apatite fission-track data with geomor-
phology. Earth Planet Sci Lett 215:187-201

@ Springer %

161


https://doi.org/10.1016/j.ympev.2018.08.013
https://doi.org/10.1002/ece3.669
https://doi.org/10.1016/j.ympev.2005.06.001
https://doi.org/10.1016/j.ympev.2006.12.012
https://doi.org/10.1016/j.ympev.2006.12.012
https://doi.org/10.11646/zootaxa.4688.1.1
https://doi.org/10.2307/40168278
https://doi.org/10.2307/40168278
https://doi.org/10.1016/s1342-937x(05)70054-x
https://doi.org/10.1016/s1342-937x(05)70054-x
https://doi.org/10.11646/zootaxa.4563.3.9
https://doi.org/10.11646/zootaxa.4563.3.9
https://doi.org/10.11609/jott.o4125.6733-6
https://doi.org/10.1146/annurev-ecolsys-102710-145113
https://doi.org/10.1146/annurev-ecolsys-102710-145113
https://doi.org/10.1111/j.1469-7998.2006.00266.x
https://doi.org/10.1111/j.1469-7998.2006.00266.x

162

A. Biswas and K.Praveen Karanth

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

@ Springer

Gunnell Y, Harbor D (2008) Structural underprint and
tectonic overprint in the Angavo (Madagascar) and
Western Ghats (India)—implications for understand-
ing scarp evolution at passive margins. ] Geol Soc India
71(6):763-779

Jean A, Beauvais A, Chardon D, Arnaud N, Jayananda
M, Mathe PE (2020) Weathering history and landscape
evolution of western ghats (India) from40ar/39ar dating
of supergene k-mn oxides. ] Geol Soc 177(3):523-536.
https://doi.org/10.1144/jgs2019-048

John L, Philip S, Dahanukar N, Anvar Ali PH, Tharian
J, Raghavan R, Antunes A (2013) Morphological and
genetic evidence for multiple evolutionary distinct line-
ages in the endangered and commercially exploited red
lined torpedo barbs endemic to the Western Ghats of
India. PLoS ONE. https://doi.org/10.1371/journal.pone.
0069741

Joshi BD, Matura R, Predit MA, De R, Pandav B, Nigam
P, Goyal SP (2018) Palghat gap reveals presence of two
diverged populations of Nilgiri tahr (Nilgiritragus
hylocrius) in Western Ghats, India. Mitochondrial DNA
Part B Resour 3(1):245-249. https://doi.org/10.1080/
23802359.2018.1436990

Joshi J, Karanth P (2013) Did southern Western Ghats
of peninsular India serve as refugia for its endemic biota
during the Cretaceous volcanism? Ecol Evol 3(10):3275—
3282. https://doi.org/10.1002/ece3.603

Journal S, Nov N, Ripley SD, Nhbroom BMB (2018)
Patterns of Speciation in Indian Birds Author (s). Dil-
lon Ripley S, Beehler BM (eds) Patterns of speciation in
Indian birds, 17(6), pp 639-648. Wiley. https://www.jstor.
org/stable/2845145.

Kehimkar I (2008) The Book of Indian Butterflies. Bom-
bay Natural History Society and Oxford University Press,
Mumbai, p 1

Kirkpatrick M, Barton NH (1997) Evolution of a species’
range. Am Nat 150:1-23

Klaus SEK, Ernandez KAF, Eo DACJY (2014) Zoologica
Scripta Phylogeny of the freshwater crabs of the Western
Ghats. Zool Scr. https://doi.org/10.1111/zsc.12078
Kodandaramaiah U, Lees DC, Miiller CJ, Torres E,
Karanth KP, Wahlberg N (2010) Phylogenetics and bio-
geography of a spectacular Old World radiation of but-
terflies: the subtribe Mycalesina (Lepidoptera: Nymphali-
dae: Satyrini). BMC Evol Biol 10(1):1-13. https://doi.org/
10.1186/1471-2148-10-172

Kolipakam V, Singh S, Pant B, Qureshi Q, Jhala YV (2019)
Genetic structure of tigers (Panthera tigris tigris) in India
and its implications for conservation. Global Ecol Con-
serv  20:¢00710.  https://doi.org/10.1016/j.gecco.2019.
e00710

Kumar A (1995) The life history, ecology, distribution
and conservation problems in the wild. In: The lion-
tailed macaque: population and habitat viability assess-
ment workshop. Zoo Outreach Organization, Coim-

batore, pp 1-11

Q
1ISc

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

La Sorte FA, Jetz W (2010) Projected range contractions
of montane biodiversity under global warming. Proc R
Soc B 277:3401-3410. https://doi.org/10.1098/rspb.2010.
0612

Lim HC, Rahman MA, Lim SL, Moyle RG, Sheldon FH
(2011) Revisiting Wallace’s haunt: coalescent simulations
and comparative niche modeling reveal historical mecha-
nisms that promoted avian population divergence in the
Malay Archipelago. Evolution 65:321-334. https://doi.
org/10.1111/§.1558-5646.2010.01105.x

Lomolino MV, Riddle BR, Brown JH (2006) Biogeogra-
phy. Sinauer

Mallik AK, Srikanthan AN, Pal SP, D’Souza PM, Shan-
ker K, Ganesh SR (2020) Disentangling vines: a study
of morphological crypsis and genetic divergence in
vine snakes. Zootaxa. https://doi.org/10.11646/zootaxa.
4874.1.1

Muellner-Riehl AN (2019) Mountains as evolution-
ary arenas: patterns, emerging approaches, paradigm
shifts, and their implications for plant phylogeographic
research in the tibeto-himalayan region. Front Plant Sci
10(March):1-18. https://doi.org/10.3389/fpls.2019.00195
Munoz-Ortiz A, Velasquez-Alvarez AA, Guarnizo CE,
Crawford AJ (2015) Of peaks and valleys: Testing the
roles of orogeny and habitat heterogeneity in driving
allopatry in mid-elevation frogs (Aromobatidae: Rheo-
bates) of the northern Andes. ] Biogeogr 42(1):193-205.
https://doi.org/10.1111/jbi.12409

Nair A, Gopalan SV, George S, Kumar KS, Shikano T,
Merild J (2012) Genetic variation and differentiation in
Indirana beddomii frogs endemic to the Western Ghats
biodiversity hotspot. Conserv Genet 13(6):1459-1467.
https://doi.org/10.1007/s10592-012-0389-z

Nair RR, Karumathil S, Udayan PS, Prakashkumar RP,
Sérsic AN (2019) Evolutionary history of Kingiodendron
pinnatum (Fabaceae: Caesalpinoideae), an endangered
species of the Western Ghats, India: a phylogeographical
approach. Biol J Lin Soc 126(4):688-705. https://doi.org/
10.1093/biolinnean/blz004

Pacific A Western Ghats World Heritage Nomination—
IUCN Technical Evaluation Western Ghats (India)—ID
No. 1342 Rev

Pascal J-P (1986) Explanatory booklet on the forest map
of South India—Sheets: Belgaum-Dharwar-Panaji; Shi-
moga; Mercara-Mysore. Published by the Karnataka For-
est Department and the French Institute of Pondicherry.
Institut Francais De Pondichéry. Travaux de la Section
Scientifique et Technique. Hors Série 18¢

Peng XL, Zhao CM, Wu GL, Liu JQ (2007) Genetic vari-
ation and phylogeographic history of Picea likiangensis
revealed by RAPD markers. Trees Struct Funct 21(4):457—
464. https://doi.org/10.1007/500468-007-0138-y

Predit PP, Prasath V, Mohanraj DA, Zacharia J, Johnsingh
AJT, Ghose D, Ghose PS, Sharma RK (2015) Status and
distribution of the Nilgiri Tahr in the Western Ghats,
India. Tech Rep 1-67

,,,,,, J. Indian Inst. Sci.lVOL 101:21151-164 April 2021ljournal.iisc.ernet.in


https://doi.org/10.1144/jgs2019-048
https://doi.org/10.1371/journal.pone.0069741
https://doi.org/10.1371/journal.pone.0069741
https://doi.org/10.1080/23802359.2018.1436990
https://doi.org/10.1080/23802359.2018.1436990
https://doi.org/10.1002/ece3.603
https://www.jstor.org/stable/2845145
https://www.jstor.org/stable/2845145
https://doi.org/10.1111/zsc.12078
https://doi.org/10.1186/1471-2148-10-172
https://doi.org/10.1186/1471-2148-10-172
https://doi.org/10.1016/j.gecco.2019.e00710
https://doi.org/10.1016/j.gecco.2019.e00710
https://doi.org/10.1098/rspb.2010.0612
https://doi.org/10.1098/rspb.2010.0612
https://doi.org/10.1111/j.1558-5646.2010.01105.x
https://doi.org/10.1111/j.1558-5646.2010.01105.x
https://doi.org/10.11646/zootaxa.4874.1.1
https://doi.org/10.11646/zootaxa.4874.1.1
https://doi.org/10.3389/fpls.2019.00195
https://doi.org/10.1111/jbi.12409
https://doi.org/10.1007/s10592-012-0389-z
https://doi.org/10.1093/biolinnean/blz004
https://doi.org/10.1093/biolinnean/blz004
https://doi.org/10.1007/s00468-007-0138-y

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

J. Indian Inst. Sci. IVOL 101:21151-164 April 2021 ljournal.iisc.ernet.in

Purushotham CB, Robin VV (2016) Sky island bird
populations isolated by ancient genetic barriers are char-
acterized by different song traits than those isolated by
recent deforestation. Ecol Evol 6(20):7334-7343. https://
doi.org/10.1002/ece3.2475

Ram MS, Marne M, Gaur A, Kumara HN, Singh M,
Kumar A, Umapathy G (2015) Pre-historic and recent
vicariance events shape genetic structure and diversity
in endangered lion-tailed macaque in the Western Ghats:
Implications for conservation. PLoS ONE 10(11):1-16.
https://doi.org/10.1371/journal.pone.0142597
Ramachandran V, Robin VV, Tamma K, Ramakrishnan
U (2017) Climatic and geographic barriers drive distri-
butional patterns of bird phenotypes within peninsular
India. J Avian Biol 48(5):620-630. https://doi.org/10.
1111/jav.01278

Robin VV, Sinha A, Ramakrishnan U (2010) Ancient geo-
graphical gaps and paleo climate shape the phylogeog-
raphy of an endemic bird in the sky islands of Southern
India. PLoS ONE. https://doi.org/10.1371/journal.pone.
0013321

Robin VV, Vishnudas CK, Gupta P, Ramakrishnan U
(2015) Deep and wide valleys drive nested phylogeo-
graphic patterns across a montane bird community. Proc
R Soc B Biol Sci. https://doi.org/10.1098/rspb.2015.0861
Robin VV, Vishnudas CK, Gupta P, Rheindt FE, Hooper
DM, Ramakrishnan U, Reddy S (2017) Two new genera
of songbirds represent endemic radiations from the Shola
Sky Islands of the Western Ghats, India. BMC Evol Biol
17(1):1-14. https://doi.org/10.1186/s12862-017-0882-6
Santosh M, Kagami H, Yoshida M, Nanda-Kumar V
(1992) Pan-African charnockite formation in East Gond-
wana: geochronologic (Sm-Ndand Rb-Sr) and petroge-
netic constraints. Bull Indian Geol Assoc 25:1-10
Schubart CD (2018) Morphometric characterization of
the freshwater crab Potamon elbursi Pretzmann, 1962 in
the Caspian Sea and Namak Lake hydrographic systems.
J Crustac Biol 38:91-100. https://doi.org/10.1093/jcbiol/
rux090

Sekar S, Karanth P (2013) Flying between Sky Islands: the
effect of naturally fragmented habitat on butterfly popu-
lation structure. PLoS ONE. https://doi.org/10.1371/
journal.pone.0071573

Sidharthan A, Raghavan R, Anoop VK, Philip S, Daha-
nukar N (2020) Riddle on the riffle: Miocene diversifi-
cation and biogeography of endemic mountain loaches
in the Western Ghats Biodiversity Hotspot. ] Biogeogr
47(12):2741-2754. https://doi.org/10.1111/jbi.13972
Siliwal M, Molur S, Raven R (2011) Mygalomorphs India
14:175-188

Soh MCK, Sodhi NS, Lim SLH (2006) High sensitiv-
ity of montane bird communities to habitat disturbance
in Peninsular Malaysia. Biol Conserv 129(2):149-166.
https://doi.org/10.1016/j.biocon.2005.10.030

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Role of Geographical Gaps in the Western Ghats

Soman K, Thara KG, Arakelyants MM, Golubyev VN
(1990) Mineral ages of pegmatites from the Palghat gap
region in Kerala and their tectonic significance. ] Geol
Soc India 35:82-86

Station: Palakkad (Palghat) Climatological Table 1981—
2010 (PDF) Climatological Normals 1981-2010. India
Meteorological Department. January 2015. pp. 581-582.
Archived from the original (PDF) on 5 February 2020.
Retrieved 29 February 2020.

Steinbauer MJ, Field R, Grytnes JA, Trigas P, Ah-Peng C,
Attorre F, Birks HJB, Borges PAV, Cardoso P, Chou CH,
De Sanctis M, de Sequeira MM, Duarte MC, Elias RB,
Ferndndez-Palacios JM, Gabriel R, Gereau RE, Gillespie
RG, Greimler J, Beierkuhnlein C et al (2016) Topography-
driven isolation, speciation and a global increase of end-
emism with elevation. Glob Ecol Biogeogr 25(9):1097—
1107. https://doi.org/10.1111/geb.12469

Storey B (1995) The role of mantle plumes in continen-
tal breakup: case histories from Gondwanaland. Nature
377:301-308

Sukumar R, Suresh HS, Ramesh R (1995) Climate change
and its impact on tropical montane ecosystems in south-
ern India. J Biogeogr 22:533-536. https://doi.org/10.
2307/2845951

Subramanyam K, Nayar MP (1974) Vegetation and phy-
togeography of the Western Ghats. Springer, pp 178-196
Taylor EH (1960) On the caecilian species Ichthyophis
glutinosus and Ichthyophis monochrous, with descrip-
tion of related species. Univ Kansas Sci Bull 40:37-120
Van Bocxlaer I, Biju SD, Willaert B, Giri VB, Shouche YS,
Bossuyt F (2012) Mountain-associated clade endemism
in an ancient frog family (Nyctibatrachidae) on the
Indian Subcontinent. Mol Phylogenet Evol 62(3):839—
847. https://doi.org/10.1016/j.ympev.2011.11.027

Vidya TNC, Fernando P, Melnick DJ, Sukumar R (2005)
Population differentiation within and among Asian ele-
phant (Elephas maximus) populations in southern India.
Heredity 94(1):71-80

Vijayakumar SP, Menezes RC, Jayarajan A, Shanker K
(2016) Glaciations, gradients, and geography: Multiple
drivers of diversification of bush frogs in the western
ghats escarpment. Proc R Soc B Biol Sci. https://doi.org/
10.1098/rspb.2016.1011

Voelker G, Marks BD, Kahindo C, A'genonga U, Bapea-
moni E Duffie LE, Huntley JW, Mulotwa E, Rosenbaum
SA, Light JE (2013) River barriers and cryptic biodiver-
sity in an evolutionary museum. Ecol Evol 3(3):536-545.
https://doi.org/10.1002/ece3.482

Wang Y, Luo J, Xue X, Korpelainen H, Li C (2005) Diver-
sity of microsatellite markers in the populations of Picea
asperata originating from the mountains of China. Plant
Sci 168:707-714. https://doi.org/10.1016/j.plantsci.2004.
10.002

@ Springer %

163


https://doi.org/10.1002/ece3.2475
https://doi.org/10.1002/ece3.2475
https://doi.org/10.1371/journal.pone.0142597
https://doi.org/10.1111/jav.01278
https://doi.org/10.1111/jav.01278
https://doi.org/10.1371/journal.pone.0013321
https://doi.org/10.1371/journal.pone.0013321
https://doi.org/10.1098/rspb.2015.0861
https://doi.org/10.1186/s12862-017-0882-6
https://doi.org/10.1093/jcbiol/rux090
https://doi.org/10.1093/jcbiol/rux090
https://doi.org/10.1371/journal.pone.0071573
https://doi.org/10.1371/journal.pone.0071573
https://doi.org/10.1111/jbi.13972
https://doi.org/10.1016/j.biocon.2005.10.030
https://doi.org/10.1111/geb.12469
https://doi.org/10.2307/2845951
https://doi.org/10.2307/2845951
https://doi.org/10.1016/j.ympev.2011.11.027
https://doi.org/10.1098/rspb.2016.1011
https://doi.org/10.1098/rspb.2016.1011
https://doi.org/10.1002/ece3.482
https://doi.org/10.1016/j.plantsci.2004.10.002
https://doi.org/10.1016/j.plantsci.2004.10.002

164

A. Biswas and K.Praveen Karanth

@ Springer

Q
1ISc

Aritra Biswas Aritra Biswas is a Ph.D.
student at the Centre for Ecological Sci-
ences at IISc, Bangalore. His research
involves using molecular phylogenetic
methods to understand the evolution and
biogeography of endemic Indian taxa.

tion genetics.

K. Praveen Karanth Praveen Karanth’s
research area deals with the application of
phylogenetic tools in understanding macro-
evolutionary processes. He is particularly
interested in biogeography, character evolu-
tion, molecular systematics and conserva-

J. Indian Inst. Sci.lVOL 101:21151-164 April 2021ljournal.iisc.ernet.in



	Role of Geographical Gaps in the Western Ghats in Shaping Intra- and Interspecific Genetic Diversity
	Abstract | 
	1 Introduction
	2 Patterns of Diversification Across Major Geological Breaks of the Western Ghats in Various Taxa
	2.1 Mammals
	2.2 Birds
	2.3 Squamates
	2.4 Amphibians
	2.5 Fishes
	2.6 Centipedes
	2.7 Butterflies
	2.8 Crabs
	2.9 Plants

	3 Discussion
	References




