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Gene Flow in Volant Vertebrates: Species Biology, 
Ecology and Climate Change

1 Introduction
Gene flow is the movement of individuals/genes 
between populations 74, 75. It allows for genetic 
exchange and connectedness between popula-
tions thereby countering the diversifying effects 
of genetic drift , mutation and selection 22, 74, 75. 
Gene flow is, therefore, necessary to maintain the 
potential for the evolution of a species by regulat-
ing its genetic diversity 21. Often considered as a 
restraining force, gene flow can on one hand nul-
lify population differentiation or local adaption 
patterns, and on the other hand acts as an active 
evolutionary force leading to the spread of adap-
tive/novel genes between populations 22, 75. 
Genetic exchange is particularly critical for the 
survival of insular and endangered populations/
species thereby making it one of the most impor-
tant component for conservation programs 21. 
However, the lack of gene flow not only endan-
gers survival but can also act as an active agent for 

Selection: increased survival 
and reproduction in individu-
als with certain genotypes in 
comparison to others.

Mutation: a change in DNA 
sequence due to mistakes dur-
ing replication or exposure to 
mutagenic agents.

Genetic drift: change in allele 
frequency of a population 
over generations due to 
chance.

Gene flow: exchange of 
genetic material between 
populations/species.
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Abstract | Gene flow, the exchange of genetic material between popu-
lations is an important biological process, which shapes and maintains 
biodiversity. The successful movement of individuals between popula-
tions depends on multiple factors determined by species biology and 
the environment. One of the most important factors regulating gene 
flow is the ability to move, and flight allows individuals to easily move 
across geographical barriers. Volant vertebrates are found on some 
of the remotest islands and contribute significantly to the biodiversity 
and ecosystem. The availability of next-generation sequencing data for 
non-model animals has substantially improved our understanding of 
gene flow and its consequences, allowing us to look at fine-scale pat-
terns. However, most of our understanding regarding gene flow comes 
from the temperate regions and the Neotropics. The lack of studies from 
species-rich Asia is striking. In this review, we outline the importance of 
gene flow and the factors affecting gene flow, especially for volant ver-
tebrates. We especially discuss research studies from tropical biomes of 
South and Southeast Asia, highlight the lacuna in literature and provide 
an outline for future studies in this species-rich region.
Keywords: Bats, Birds, Gene flow, South Asia, Southeast Asia;, Volant vertebrates
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speciation, both across an evolutionary time scale 
wherein a gradual decrease of genetic connectiv-
ity slowly segregates isolated populations which 
eventually forms new species, and also across eco-
logical timescale wherein ecological adaptation 
can swiftly act upon isolated populations segre-
gating them into distinct species 59, 75, for excep-
tions see 37, 38.

While allowing for the exchange of alleles, 
gene flow in natural populations increase genetic 
variability and connects not only geographically 
isolated populations but also evolutionary diver-
gent species-level lineages 28, 44, 83. The process of 
successful reproduction between two species is 
known as hybridization and the process of intro-
duction of novel genetic material from one spe-
cies to another when fertile hybrids successfully 
mate with either one or both of the parent species 
is known as introgression 44, 69. Contingent upon 
species history and environment, divergent 

Introgression: incorporation 
of genetic material of one 
species to another through the 
process of hybridization and 
backcrossing.

Hybridization: successful 
reproduction and exchange of 
genetic material between two 
species.
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lineages can come in secondary contact thereby 
exchanging genetic material and forming hybrid 
zones. Hybrid zones play a significant role in spe-
ciation dynamics. They provide the only natural 
settings to test reproductive barriers between 
closely related sympatric lineages 46, 83. At times, 
hybrids upon the effect of natural selection can 
also evolve into distinct species (hybrid species) 
thereby enhancing biodiversity 83. In general, 
hybridization and introgression in hybrid zones is 
generally a pervasive force leading to homogeni-
zation and loss of differences between species and 
blurring species boundaries 83. However, on the 
other hand, introgression can be also beneficial 
through the introduction of novel variation in a 
species, like cases of adaptive introgression of red 
wing pattern genes from Heliconius melpomene 
into H. cydno, introgression of pesticide resist-
ance genes from Anopheles gambiae into A. 
coluzzii; and introgression of rodent poison 
resistance from Mus spretus to Mus musculus 
domesticus 28, 44, 58, 64, 76, 83. In extreme circum-
stances, introgression from invasive species can 
also replace and deplete the genetic diversity of 
the native biota thereby endangering biodiversity. 
For example, in the North American hybrid zones 
where the closely related golden-winged and 
blue-winged warblers frequently mate and 
hybridize, the golden-winged warblers experience 
genomic invasion from the blue-winged warblers, 
concomitant range contractions, and endanger-
ment 24, 84. Although previously considered 
uncommon in animals, the past two decades have 
seen an enormous rise in the number of publica-
tions documenting introgression in all major 
branches of the tree of life, especially with the 
application of next-generation sequencing (NGS) 
data 61.

Most of our understanding about gene flow 
and its effects come from studies of natural 
populations from the temperate regions and the 
Neotropics. However, the highly heterogene-
ous landscape of tropical South and Southeast 
Asia comprising some of the most species-rich 
regions, multiple biodiversity hotspots, and 
home to major biogeographic barriers, form the 
perfect settings to discuss the evolutionary sig-
nificance of gene flow in shaping biotic diver-
sity 53, 81. Hence a comprehensive review of the 
current status of the gene flow research in this 
region is necessary. South and Southeast Asia are 
also home to an intricate network of island sys-
tems which are engines of biotic diversification 
and provide a natural laboratory to test various 
evolutionary theories. In the following sections 
we will discuss the importance of gene flow in 

shaping the current biodiversity, and examine 
various factors that affect gene flow in the wild, 
with a greater emphasis on studies from island 
systems and complex habitats. Throughout the 
review, we attempt to highlight examples from 
South and Southeast Asia. However, such case 
studies are scant compared to studies from the 
Neotropics or from the Northern hemisphere. 
While lack of generous funding is a major hurdle 
in South and Southeast Asia, difficulty in obtain-
ing necessary permits is another major limiting 
factor contributing to the lack of progress in gene 
flow research in this region. Only a few research 
groups have been able to establish long-term and 
dedicated monitoring projects, which are neces-
sary to address evolutionary questions. Further, 
many areas are not accessible due to either diffi-
cult terrain or conflict. It is necessary to establish 
long-term collaborative projects, build capacity 
by training local researchers and implement suc-
cessful technology transfers to establish long-
term gene-flow-based research programs in this 
biodiverse region. For the purposes of the current 
review, owing to the paucity of available literature 
from South and Southeast Asia, case studies from 
the Neotropics and temperate regions are also 
discussed to highlight recent advancements in 
our overall understanding of the causes and con-
sequences of gene flow.

2  Volant Vertebrates and Gene Flow
Owing to their capability to fly, volant verte-
brates can traverse great distances, colonise 
distant islands, cross steep environmental gra-
dients, and thus forms an important study sys-
tem to understand the evolutionary contingents 
of gene flow across complex landscapes 49. Vol-
ant vertebrates are ubiquitous and present in 
virtually every habitat. They are species-rich 
groups with high biodiversity and are impor-
tant bioindicators 6, 35. For example, the number 
of birds in a breeding area can indicate the bio-
productivity and habitat quality of the region 
4. Similarly, insect bat diversity and abundance 
are directly correlated to arthropod diversity 35. 
They are keystone species playing an impor-
tant role in pollination, seed dispersal, and pest 
management 1, 35. Both birds and bats are endo-
therms and face similar selection pressures on 
their morphology and physiological traits due to 
their ability to fly. Miniaturization of body size, 
prolonged lifespan, smaller but effective diges-
tive tract, high metabolic rate and antioxidant 
capacity, smaller genomes are some of the com-
mon traits observed in both birds and bats 55. 

Hybrid zone: area of overlap 
between two species where 
both genetically pure, hybrids 
and introgressed individuals 
can be observed.
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However, some differences also exist, like birds 
tend to live longer for their body size, even com-
pared to  bats54, 55. Both birds and bats are sig-
nificant carriers of viruses of zoonotic potential, 
however, birds tend to have lower viral loads. 
Birds also differ in their immune response in 
general compared to mammals, however, both 
birds and bats are generally tolerant to viruses 
and hence are able to co-exist with multiple 
potentially pathogenic viruses 55 and references 
therein). Given the high load of viruses in both 
birds and bats, it is important to understand 
the patterns of gene flow in volant vertebrates 
due to their ability to move long distances and 
potential to spread viruses across remote land-
scapes 27, 39. Bats are one of the most important 
mammalian reservoirs of RNA viruses and have 
been implicated in multiple zoonotic outbreaks 
like SARS (severe acute respiratory syndrome), 
MERS (Middle East respiratory syndrome), 
Nipah and Hendra to name a few 39. Similarly, 
birds are associated with zoonotic diseases like 
avian flu, psittacosis, salmonellosis among oth-
ers 27. They can easily transfer viruses over large 
distances and potentially infect healthy popula-
tions. Hence a thorough understanding of the 
evolutionary contingents of gene flow in these 
animals can also help us to understand its role 
in host–pathogen coevolution. We will spe-
cifically review the volant vertebrate literature, 
present recent advances in our understanding 
of patterns of gene flow with the availability 
of large scale genomic data from non-model 
organisms, highlight the bias and lacunae in the 
current literature and propose future directions 
of the study of gene flow in volant vertebrates 
across complex landscapes.

3  Quantifying Gene Flow in Natural 
Populations

It should be noted that gene flow and dispersal 
are not the same and gene flow assumes that the 
individual that has dispersed to a new population 
successfully reproduces and is able to contribute 
to the gene pool of the next generation 74, 89. Both 
protein and nucleic acids can be used as genetic 
markers to quantify gene flow. DNA based mark-
ers such as microsatellite, single nucleotide vari-
ation (SNPs), sequence data tend to work better 
than protein makers due to their high resolution. 
With the advent of NGS platform for non-model 
organisms, we have gained unprecedented power 
in quantifying gene flow levels in natural popu-
lations. Gene flow can be quantified using direct 
and indirect methods. Direct methods involve 

genotyping individuals belonging to at least two 
generations and performing parentage analysis 
to identify migrants parents. This can be supple-
mented with actual dispersal data obtained using 
behavioural studies 5, 74, 74, 89. However, it is very 
tedious to estimate gene flow directly and hence 
a plethora of indirect methods to quantify gene 
flow have been devised. Indirect methods involve 
quantifying population subdivision and inferring 
the possible rate of gene flow from the variance 
in allele frequencies 74, 89. There are many meth-
ods to quantify gene flow from simple fixation 
index-based measures to more complex coales-
cent modelling based approaches. Details of these 
methods have already been reviewed previously 
and are beyond the scope of this review (see 45, 62, 

74, 89 for more details).

4  Factors Affecting Gene Flow
4.1  Species Attributes
Gene flow can be studied at multiple levels, 
between geographically proximate groups to 
populations across continents; between social 
units to closely related species; and across vari-
ous evolutionary timescales, both contemporary 
as well as ancient. Both species biology and the 
environment (historic and present) interact and 
determine the levels of gene flow (Figs. 1 and 2). 
As gene flow characterizes successful movement 
of individuals between populations over genera-
tions, the ability of a species to move becomes 
an important predictor of its genetic connectiv-
ity across large distances 49. Life-history attributes 
along with the geographical landscape determine 
the genetic variability and ability for genetic 
exchange between populations. Small and sed-
entary species often show greater isolation across 
large distances compared to large-bodied animals 
who can traverse greater distances and maintain 
genetic connectivity across large areas 49, 63, 82. A 
comparison of population structure in 40 spe-
cies of frogs from Madagascar suggested that 
small-sized frogs were unable to travel large dis-
tances and showed higher levels of genetic differ-
entiation in comparison to frogs with large body 
size 63. Similarly a study on genetic connectivity 
between populations of jungle cat, leopards, sloth 
bears, and tigers in central India, suggested that 
both body size and habitat feature interact to 
determine the level of gene flow and genetic con-
nectivity between populations 82. Body size was 
also an important determinant for genetic con-
nectivity in Caribbean mastiff bats, with ocean 
being a barrier to gene flow in small bats but 
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Figure 1: Differential pattern of gene flow based on life-history in many volant vertebrates. a higher levels 
of gene flow can be observed in canopy birds compared to understory birds, and b higher levels of gene 
flow can be observed in frugivores compared to insectivores. Black arrows depict higher levels of gene 
flow in comparison to grey arrows. Clipart were obtained from http:// clipa rt- libra ry. com

Figure 2: Map depicting the current coast line of South and Southeast Asia shown in dark grey and 
emergent landmass shown in light grey, when the sea level drops by 120 m during periods of global 
cooling. Formation of land bridges during the periods of glacial maxima and climate cooling facilitated 
movement of both terrestrial and volant vertebrates between isolated landmasses. Map was reproduced 
and modified with permission from Voris 86 from Field Museum, Chicago, USA. Clipart were obtained from 
http:// clipa rt- libra ry. com

http://clipart-library.com
http://clipart-library.com
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inconsequential for larger bats, which were able 
to fly across oceanic barriers 41. Interestingly, the 
correlation between body size and dispersal abil-
ity in birds is low 73, 79. Migratory behaviour in 
polar birds isstrongly correlated with hand-wing 
index (HWI), an estimate of wing-tip pointed-
ness 73. Tropical bird species tend to be sedentary 
in nature compared to the species in the polar 
regions, due to low variation in breeding territo-
ries and high resources 73, 79. 

Mode of locomotion is also an important 
attribute that affects gene flow as it determines 
the dispersal distance, and thus the levels of 
genetic connectivity. For example, terrestrial 
species will be less mobile compared to species 
that can fly. Volant vertebrates may find it easier 
to cross certain barriers like rivers, bad habitat, 
roads etc. and a comparison of genetic differ-
entiation across 400 vertebrates, confirmed this 
pattern that species with high vagility and mobil-
ity tend to have low levels of genetic differentia-
tion 49. Due to their flight ability, bats are the only 
native land mammals from islands of New Zea-
land, Hawaii and other Pacific islands 20. How-
ever, even for volant vertebrates, species biology 
remains a strong determinant of the ability to 
move great distances and cross biogeographic 
barriers 51. Birds and bats often reveal this effect 
while travelling to distant landmasses, across 
environmental clines or crossing biogeographic 
barriers. For example, in a comparative study of 
genetic connectivity in bats and rodents from 
Philippines, the rodents showed high differen-
tiation and low genetic connectivity similar to the 
forest-dependent bat species (habitat specialists), 
whereas bats living in disturbed habitats (gener-
alists) were easily able to cross the oceanic barri-
ers 29. Even when there are no physical barriers to 
gene flow, distance can become an important fac-
tor determining population subdivision and iso-
lation. Genetic break in connectivity is observed 
over large distances as in the case of short-nosed 
fruit bat, with populations from Southern India 
being isolated from Eastern India 11.

At the microgeographic level, social structure 
and mating system determines the movement 
between social groups and populations. Sex-
biased dispersal is observed in many animals and 
is driven by the mating system 25, 67. For example, 
in monogamous birds, female-biased sex disper-
sal is observed whereas in polygynous territorial 
mammals (including volant mammals), generally 
males leave their natal sites to establish new 
breeding territories 25, 67. Although, dispersal is a 
costly strategy, exposing the migrants to multiple 
risks like predation, starvation, aggression, etc., it 

Inbreeding: breeding of 
closely related individuals.

is a common phenomenon across the tree of life. 
The cost associated with dispersal is offset by 
multiple benefits that can be acquired by the dis-
persing individuals. For example, sex-biased dis-
persal can help in countering the ill effects of 
genetic drift and inbreeding and avoid competi-
tion for resources 65, 67. Dispersal distance in great 
tit was inversely related to inbreeding, with indi-
viduals dispersing short distance exhibiting 
higher levels of inbreeding 80. In bats, male-biased 
dispersal reduces the ill effects of inbreeding in 
Bechstein’s bat by allowing genetic exchange 
between populations. In many species of bats, 
females are philopatric and form large maternal 
colonies. Although, most females within these 
maternal colonies are related, overall population 
relatedness is close to zero, possibly due to male-
biased dispersal 36.

Another important factor determining genetic 
connectivity is species ecology and niche prefer-
ence. Generalist species are able to move across 
poor habitat, whereas this maybe an impediment 
for niche specialists (Fig. 1) 7, 23. In spite of their 
ability to fly, this pattern is also observed in vol-
ant vertebrates. For example, in Amazonian birds, 
floodplain and forest edge species populations 
were homogeneous compared to upland forest 
species 7. Low levels of gene flow and population 
divergence were observed in forest species. Simi-
larly, canopy birds were easily able to cross across 
barriers, while forest species were restricted in 
their movement (Fig. 1a) 7. Volant mammals too 
follow these general patterns of population sub-
division. Low levels of population structure are 
expected in bats due to the ability to fly, especially 
in migratory species of bats low levels of popu-
lation subdivision is observed in comparison to 
non-migratory species due to the ability to move 
long distances 51. For example, haplotype shar-
ing was observed over 2800 km in the migratory 
southern long-nosed bat 91. Similarly, small cave 
roosting bats from Andaman islands exhibit pop-
ulation subdivision, however, the large frugivores 
bats were able to move across islands and display 
no population subdivision (Fig. 1b) 9.

4.2  Climate and Habitat Fragmentation
At the macrogeographic level, gene flow between 
geographically isolated populations is deter-
mined by both habitat and earth climatic his-
tory (Fig. 2). Paleo climate has played a key role 
in shaping the current biotic diversity 30, 31. For 
the past 2.6 million years, earth has undergone 
multiple cooling and warming cycles. Known as 
the Quaternary, this period has led to episodic 
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isolation and connectivity between natural pop-
ulations leading to the gradual divergence of 
many taxa across the globe 30, 31. In the temper-
ate latitudes and high-altitude mountain ranges, 
glaciers and ice sheets expand during periods 
of climatic cooling covering continental land-
masses in temperate regions with ice sheets, and 
leaving little pockets of suitable habitable envi-
ronmental conditions for biotic survival 30, 31. 
Distribution ranges of many animals shrink and 
are largely confined into refugia in the southern 
latitudes, leading to isolation and speciation in 
many cases 30, 31. The number and quality of cor-
ridors largely characterizes the extent of connec-
tivity between refugial populations contingent of 
species biology and ecology. For example, many 
species in Europe were restricted to few pockets 
of suitable habitat in the Iberian Peninsula, Italy, 
and the Balkans during the Last Glacial Period 30. 
Only once the ice retreated, the rest of Europe 
was recolonized. General patterns of colonization 
can be drawn based on the area of glacial refugia. 
For example, the Balkans was an important refu-
gia and contributed significantly to the current 
diversity of Eastern as well as Western Europe 30. 
The Alps and Pyrenees mountain ranges contin-
ued to act as barriers to the movement of animals 
out of Italy to northern Europe even when suit-
able habitat became available during the warmer 
periods 30, 31. Similarly, during periods of climatic 
cooling, in higher altitude mountain ranges ice 
caps form and ice sheets extend to lower altitudes, 
again pushing high altitude specialists into local 
pockets of refugia along the ice-free valleys, and 
shifting biotic communities to lower altitudes, 
allowing for genetic exchange between otherwise 
isolated montane populations 30, 31. On one hand, 
such events of episodic isolation may eventually 
lead to speciation, on the other hand, secondary 
contacts of closely related species in glacial refu-
gia often lead to hybridization while also playing 
a critical role in strengthening species barriers 
through reinforcement and character displace-
ment. For example, in the case of the tyrant fly-
catchers in the Andes, population differentiation 
between lineages was reinforced during the last 
interglacial period, when isolated montane popu-
lations came in contact due to a shift in habitat 10.

Effect of the Quaternary glacial cycles are 
also observed in the species-rich tropics, wherein 
during the glacial periods, the sea level drops as 
most of the sea water gets locked up as ice, allow-
ing for land connectivity (Fig. 2) 3. The forma-
tion of land bridges enables the movement of 
individuals between populations across isolated 

landmasses leading to the homogenization of 
the gene pool 23. Depending on the species biol-
ogy these land bridges act as semipermeable con-
duits of gene flow 23. For example, many bulbuls 
which can move across large distances in search 
for fruiting trees were able to utilize these Pleisto-
cene land bridges but the same was not observed 
for insectivorous understory babblers which are 
comparatively sedentary in nature (Figs. 1b and 
2) 14. Similarly, in the satellite islands of Sulawesi, 
Peleng and Taliabu, forest-dependent bird species 
rarely utilized these land bridges to move between 
isolated island populations leading to genetic 
diversification and speciation, whereas edge tol-
erant species were able to move across the land 
bridges thereby retaining genetic connectivity 
and resisting genetic differentiation 23.

In addition to historical habitat changes, more 
recent alterations owing to human influences 
have proven to be a major barrier for animal 
movement thus hindering genetic connectivity 
between populations leading to inbreeding and 
heightened risk of extirpation. With the current 
climate crisis and the lightning speed of urbani-
zation, species are now facing unprecedented 
habitat loss and genetic isolation that they have 
not faced in their evolutionary history. For exam-
ple, highways prevent movement and gene flow 
between populations of desert bighorn sheep 
in the California and have led to around 15% 
decline in genetic diversity in only 40 years 18. 
Similarly, simulation studies have suggested the 
importance of gene flow in maintaining current 
genetic diversity in tigers for the next 150 years 2. 
In the absence of gene flow, within 25 years, even 
the large diverse populations of Tigers from West-
ern Ghats will lose genetic diversity at an unprec-
edented rate due to genetic drift 2. Even volant 
vertebrates are not immune to habitat destruc-
tion and lack of gene flow and loss of genetic 
diversity is observed. Genetic differentiation, due 
to habitat destruction was observed in insecti-
vores birds in the island of Singapore 15. Due to 
habitat destruction, forest-dependent under-
storey birds are unable to move between forest 
patches 15. Similarly, in the Sholas of the Western 
Ghats, habitat loss has prevented the endemic 
White-bellied Shortwings from moving across 
recently fragmented habitats 71. Even differences 
in song were observed between two patches, sug-
gesting growing isolation and population differ-
entiation 71. Similar results were also observed in 
bats in disturbed landscapes in the neotropics 50. 
However, we have only now started to under-
stand the patterns of habitat fragmentation across 
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Asia 50. A study on genetic connectivity and diver-
sity of bats in Peninsular Malaysia noted that the 
loss of pristine habitat was especially problematic 
for forest dependent weak fliers and large areas of 
intact forests are needed to be conserved to pre-
vent any further loss in genetic diversity 78.

One of the hallmarks of Anthropocene is the 
ongoing episode of climate change 13. Many spe-
cies are now facing new selection pressures such 
as increased duration of high temperatures, 
shorter winters, drought, etc. Range shift, change 
in reproduction timing, growth rate, etc. are 
observed in many species as a response to the 
current climate crises 32. Further, decrease in pop-
ulation and/or range size is observed in many 
vertebrates 32. Mass mortality is now commonly 
observed in bats in Australia and Southeast Asia 
due to heat strokes 60. A comparison of 177 mam-
mals indicated that 40% of the species have expe-
rienced population decrease and all species have 
lost nearly 30% of suitable habitat 8. Loss of habi-
tat along with range reduction can directly reduce 
gene flow between populations, further leading to 
isolation and loss of genetic diversity 8. Gene flow 
is necessary especially if a species has to success-
fully respond to selection pressures that climate 
change exerts, firstly by introducing novel diver-
sity for selection to act upon, and secondly by 
providing an avenue for the spread of possibly 
advantageous alleles 32, 66. However, the selection 
of advantageous alleles largely depends on the 
balance between selection and gene flow 32, 66. Cli-
mate change has also accelerated the pace of 
hybridizations 12. Due to recent range shifts 
mediated by recent climate change, many allopat-
ric species have come in contact with each other 
and hybridization is now common in many spe-
cies which otherwise were not known to inter-
breed in the wild 12. For example, increasing 
temperatures might lead to an increase in inci-
dents of hybridization between Willow grouse 
and rock ptarmigan in Sweden 68. In South and 
Southeast Asia, similar trends are visible as well 
and many montane species are moving to higher 
altitudes due to gradual rise in temperature, 
thereby allowing for the interaction between pre-
viously isolated species pairs. Thus, the cumula-
tive interaction of species biology, ecology, 
climate change along with geographical features 
will play an important role in determining the 
movement of individuals and the levels of gene 
flow across geographically isolated populations/
species.

Anthropocene: Current 
geological age where humans 
have had a dramatic impact 
on the ecosystem and the 
climate, leading to the sixth 
mass extinction.

5  Gene Flow as an Agent of Spread 
of Infectious Diseases

The past two decades have witnessed a surge in 
the emergence of numerous infectious diseases 
in natural populations, which are further exac-
erbated with the threat of present climate change 
brought about by human activities 16, 34. Emerg-
ing infectious diseases can have devastating effect 
on species demography, cause population frag-
mentation, population subdivision, isolation, and 
even extirpation 16, 48. The effect of infectious dis-
eases on gene flow is similar to habitat destruc-
tion and the spread of and co-evolution of host/
pathogens are tightly linked with gene flow poten-
tial 48. Species with higher levels of gene flow tend 
to have higher genetic diversity and evolutionary 
potential to respond to changing selection pres-
sures 48. An increase in levels of gene flow can 
bring in the necessary genetic variability required 
for selection to act upon and allow for emergence 
of pathogen resistance within the populations 48 
and references therein). However, high levels of 
gene flow can also lead to the spread of the infec-
tious diseases across susceptible and uninfected 
populations. Introduction of Pseudogymnoascus 
destructans, a fungus that causes white-nose syn-
drome in bats from Eurasia to North America, led 
to one of the worst infectious disease outbreak 
recoded in recent times and decimated millions 
of bats in just a few years 33. While the Eura-
sian bats were resistant to the fungus, the North 
American bats were highly susceptible and high 
levels of gene flow, allowed the fungus to spread 
across North America and Canada 33. Similarly, 
pathogenic strains of avian influenza can be car-
ried across the globe by migratory birds 42. Highly 
pathogenic avian influenza subtype H5N8 out-
break occurred in South Korea in 2013–2014, 
which later spread to Japan, Europe, and North 
America most likely by long-distant migratory 
water birds 42. Thus high levels of gene flow can 
also be harmful to the species. South and South-
east Asia are a hot-bed for emerging infectious 
diseases, particularly zoonotic infections. How-
ever, work on the spread of infectious diseases in 
this region has only beginning to take shape and 
a major push in this area is necessary, especially 
given how the current pandemic has panned out.

6  Gene Flow and Islands as Drivers 
of Biodiversity

Island systems serve as the most interesting model 
to study gene flow. Although, islands tend to be 
species poor in comparison to continental land-
masses, they are engines of diversification and 
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contribute disproportionately to species biodiver-
sity compared to the area they cover 70, 90. Species 
richness on islands is dependent on the size of the 
island, distance to mainland 43. Species composi-
tion on islands is a balance between immigration, 
extinction and speciation 40, 43, 90. Further, the 
Quaternary glacial cycles contribute dispropor-
tionately to the biodiversity of islands 88. Islands, 
acting as isolated landmasses surrounded by large 
mass of water impedes gene flow between not 
only terrestrial life forms but also between fresh-
water aquatic organisms.

Terrestrial animals find it difficult to cross the 
oceanic barriers in comparison to volant verte-
brates. Thus rate of immigration and distance 
to the nearest mainland becomes an important 
factor determining species composition 43, 90. 
Further, land bridges formed during the Quater-
nary glacial maxima allow for terrestrial biota to 
occupy remote islands (Fig. 2) 23, 88. For example, 
the presence of large mammals like rhinoceros, 
orangutans, and elephants on the isolated island 
of Borneo, suggests that these land bridges may 
have played a role in the movement of these ani-
mals from continent to islands 19, 47, 57. However, 
it is easier for vagile animals to occupy remote 
islands 20, 29. Thus many remote islands are gen-
erally inhabited by volant vertebrates. The abil-
ity to fly, allows for genetic connectivity between 
isolated populations and reduces genetic differ-
entiation 20, 29. In birds, rate of diversification and 
differentiation is dependent on dispersal ability 
measured as a function of wing morphology 87.

Species with high dispersal ability can move 
across complex landscapes and reduce any dif-
ferentiation that has been built-up overtime, 
leading to a lower rate of speciation as observed 
in Australasia 87. Conversely, some of the most 
interesting examples of speciation are also from 
species with high dispersal rates. For example, 
the white-eyes complex of birds, one of the clas-
sic examples of ‘great speciators’ comprises of 
approximately 100 species in the old world, most 
of them being restricted to islands 26, 52. Great 
speciators paradoxically can disperse across great 
distances, often colonizing entire archipelagos but 
diversifying at the same time 17, 26, 52. Recent work 
on the phylogenomic relationships between vari-
ous taxa revealed Borneo to be the major centre 
for diversity and an evolutionary hotspot for the 
white-eyes 26. Another interesting example comes 
from the largest group of bats, the flying foxes. At 
least 65 species of the flying foxes belonging to 
the genuse Pteropus are known to science. They 
are present on every island of the Indo-Austral-
ian archipelago and often are the only native land 

mammals on these islands 85. They are one of the 
largest known flying mammals often known to 
fly ~ 100 km in a single night 85. Although, they 
are strong flyers, their ability to colonize new 
habitats like the white-eyes has led to a rapid 
radiation with this group leading to a high species 
diversity 85. Thus, the ability to fly and occupy 
distant islands can also to lead to isolation and 
speciation.

Similar to natural islands, availability of suit-
able habitat also mimics isolating effects observed 
in islands and habitat specialists often find it dif-
ficult to move across habitats when they are sepa-
rated by unfavourable patch or biogeographic 
barriers. The sky island ecosystem is an excellent 
example of such island effect observed in conti-
nental landmasses 72. Earth-historic factors play 
an important role in periodic connectivity and 
isolation between such isolated landmasses 30, 31. 
Within continental landmasses, climate change 
can expand or contract favourable habitats 
thereby controlling the extent of genetic con-
nectivity between populations of habitat spe-
cialists 10. Over the course of time, these events 
increase population differentiation, ultimately 
leading to speciation or conversely wipe out any 
differentiation that may have built up over time, 
depending on the species requirements. In the 
Western Ghats, comparison of bird community 
across the sky islands in the Ghats, suggests that 
only a few species were affected by the Palghat 
Gap, a natural gap in the Western Ghats moun-
tain ranges. More than half the species of birds 
showed no differentiation across the Palghat Gap, 
suggesting possible movement of montane birds 
across the barrier, especially during the cooling 
periods of the glacial cycle 72.

7  More Markers Bring Better Resolution: 
Genomic Revolution in Gene Flow 
of Volant Vertebrates

The ease of availability of the ever-growing 
repository of genomic data for non-model spe-
cies obtained from NGS platforms has exponen-
tially increased our knowledge about the effects 
of dispersal and gene flow 77. With the avail-
ability of thousands of genome-wide markers, 
it is now possible to acquire a complete picture 
of the genomic changes that occur due to gene 
flow. The power in detecting and quantifying 
levels and timing of gene flow has dramatically 
 improved77. For example, results based on a 
handful of genetic markers suggested gene flow 
between two species of fruit bats in Southern 
India, but an investigation with thousands of 
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genome-wide markers this signal disappeared 
highlighting the lack of power of fewer mak-
ers to correctly identify gene flow. Further, this 
same panel of genome-wide markers could also 
identify a cryptic species of fruit bat from East-
ern India and discovered a hybrid zone between 
two species-level lineages with evidence of gene 
flow and introgression  11. NGS data has also 
helped in identifying various barriers to gene 
flow like physical features of the Earth (e.g riv-
ers and oceans) as well as species attributes 
(e.g habitat preferences) 14, 23, 41, 56. For instance, 
unexpected fine-scale populations structure 
was revealed in forest-dependent birds within 
a small forested region of the island nation of 
Singapore when thousands of genomic mark-
ers were used 15. Although, we have made great 
progress in utilizing NGS data for volant verte-
brates, but our knowledge is still in its infancy 
especially for bats, where only a handful of 
studies exist. Future studies need to incorporate 
new technological advancements in addressing 
pertinent questions regarding speciation and 
gene flow.

8  Take‑Home Message and Future 
Directions

Gene flow is a potent evolutionary force that 
improves genetic diversity, affects speciation, and 
plays a significant role in shaping biotic diversity. 
Gene flow is governed by the interplay of species 
history, biology, ecology as well as the environ-
ment. Volant vertebrates reveal similar trends as 
terrestrial animals, however owing to their abil-
ity to fly, the extent of gene flow may be higher 
in them thereby helping them to act as great dis-
persers and colonizers across remote and diverse 
landscapes. In this review, we have highlighted 
some of the important research on gene flow that 
has been carried out in South and Southeast Asia. 
Among volant vertebrates, most of our under-
standing of various evolutionary process and 
theories are based on extensive work on birds. 
However, bats being the only group of true vol-
ant mammals provide a unique system to under-
stand selection, dispersal and adaptation. They 
are the second most specious group of mammals 
and are excellent bioindicators, but are compara-
tively less represented in research investigations 
targeting gene flow in natural populations. While 
few studies have utilized NGS data to under-
stand gene flow and speciation in bats and birds, 
extensive efforts in the near future are necessary 
to develop general models of diversification and 

differentiation of volant vertebrates in the Indian 
subcontinent in general and bats in particular. 
In addition, most studies from the subcontinent 
report species-specific patterns of gene flow, 
necessitating future research programs targeting 
community-wide patterns of gene flow in this 
region. Going forward, such community-wide 
investigations would play a pivotal role in shap-
ing our understanding of large-scale patterns of 
population structure and gene flow in natural 
populations of volant vertebrates.
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