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Abstract

Species assemblage patterns of the mayflies (Ephemeroptera) in different segments of the Western Ghats (WG) of
peninsular India including those on “sky islands™ are presented. An updated checklist of species of WG mayflies is
provided and sorted by traits of individual species and supplemented by personal observations. Comparisons are made in
this context with patterns of current distribution of some ancient lineages of myriapods, amphibians and birds from the WG
focusing on relative roles of geographical barriers (gaps), paleoclimatic, eco-evolutionary scenarios and anthropogenic
impacts. This is to highlight the need to prioritize conservation of this rapidly shrinking precious biological heritage.
Future work on molecular aspects of intra- and interspecific diversity of mayflies, which are “sentinels of inland water
ecosystem health” should be augmented in tune with current research trends in montane “sky islands” especially from
adjacent Oriental tropics.

Key words: trait-based species assemblages, Ephemeroptera, Western Ghats, Geographical barriers, “sky islands”

Introduction

Understanding the importance of interacting factors structuring biodiversity of the communities of freshwater
biota in tropical mountains has become a challenging task. It is especially critical in the context of the urgent
need to conserve this fragile species-rich ecosystem in the current ‘Anthropocene Era’ with its alarming levels
of imperilment and extinction (Dudgeon 2019). This is primarily due to anthropogenic effects related to climate
change and fragmentation and destruction of habitats that disrupts vital ecosystem services and jeopardizes healthy
maintenance in the long run (Molur et al. 2011; Macadam et al. 2022).

Evolution, diversity and distribution of montane biota all over the globe are closely linked with mountain
formation, geotectonic activities and topographic complexity (Hrivniak ez al. 2022). Mountain systems in the Indian
Subcontinent itself are an interesting entity with regard to assemblage patterns of its faunal. India simulates a
situation as an “island” due to its prolonged isolation in the geological past, before, during and after the uplift of
the Himalaya. Besides physical barriers, there is also a climatic barrier that separates India from the rest of Asia
(Ramachandran et al. 2017). Phylogenetic patterns of several taxonomic groups, scolopendrid centipedes of WG
for instance (Bharti ef al. 2021), particularly those with low dispersal potential reveal endemic radiations as a result
of evolution in isolation, and so typical of evolutionary clades that diversify on islands (Karanth 2015). India is
endowed with older Gondwanan lineages which the drifting Indian plate carried before colliding with Eurasia.
These lineages share African and Malagasy affinity. More recent Pleistocene refuges and other intrusive lineages
dispersed within India after collision. Late Cretaceous volcanism resulted in large scale extinction of Gondwanan
biota presumably providing new opportunities for occupation of these lineages (Mani 1974).
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Inland water fauna of the WG of peninsular India reflects aforementioned unique evolutionary, biogeographical
and eco-climatic features contributing to its faunal assemblage pattern in no small measure, being a “hotspot within
a hotspot” of biodiversity. Primary objective of this mini-review is to highlight the impact of topographic barriers
creating vertically arranged sequence of “ecological belts” viz., ‘sky islands’ (Gueuning et a/. 2017) along elevational
gradients on species assemblage and distribution patterns of the larvae of Ephemeroptera, a dominant benthic
macroinvertebrate group of crucial phylogenetic, biogeographic and ecological significance in montane freshwaters
(larval stages) and adjoining riparian zones (alate stages). Mayflies act as “sentinels of ecosystem health” as well
as vital links in fish and riparian vertebrate food chains. They also transfer nutrients and energy through the land-
water interface, rendering an array of “ecosystem services disproportionate to their richness and abundance in their
habitats” (Jacobus et al. 2019; Macadam & Stockan 2015). Their intriguing phylogenetic and phylogeographic
histories are primarily impacted by tectonic and paleoclimatic activities over space and time (Sivaramakrishnan &
Subramanian 2016; Sivaramakrishnan et al. 2020).

Western Ghats (WG)—a unique “tropical paradise of Oriental montane biodiversity”

The WG lies almost parallel to India’s west coast. It is a chain of mountains with a north-south orientation, extending
about 1600 km (8° to 21° N) from Gujarat state in the North to Kerala and Tamil Nadu states in the South (Fig. 1).
The WG are geologically more ancient than the Himalaya. There are three significant geological breaks or gaps in
these hills. The widest of them is the Palghat Gap (PG) at 11° N about 40 km wide. This gap is located in the state
of Kerala with Tamil Nadu on the eastern side. Average annual rainfall is 1838 mm and average maximum and
minimum temperature are 23.2 °C-32.4 °C, respectively. The average elevation of PG is approximately 200 m.
The gap is a dextral shear zone and formed around 500 million years ago. Another prominent deeper gap around
224 km south of PG is Shencottah Gap (SG) at 9° N. It is a narrow gap 7.5 km wide, apparently older than PG
with an elevation around 300 m with an annual temperature range of 23.5°C—31.1°C and an average annual rainfall
of 1312 mm. In contrast to these climatically wet gaps, is a climatically drier, geologically younger (65-80 Mya)
comparatively shallow Goa Gap (GG) at 15.8° N, situated 550 km north of PG with an elevation around 600 m
acting as climatic barrier (Fig. 2). There is a south-north gradient of dry period length along the WG mountain range
with the region north of GG experiencing an extended dry period of 6—7 months compared to the other two gaps
spanning a dry spell of less than 4 months (Biswas & Karanth 2021).

Interestingly, southern and middle segments of the WG are endowed with extremely isolated chains of five
mountain peaks (sky islands) harbouring unique shola forests, patches of evergreen flora and grasslands. They
virtually function as “windows into evolutionary biogeographical and ecological processes”, presenting a “gradient
model of divergence” validated by empirical studies showing elevational diversification of ecologically divergent
sibling/cryptic/endemic species as well as population-level divergence in adaptive morphology ultimately acting as
“generators of diversity” (McCormack et al. 2009). However, the shola forests have experienced 50% loss since 1850,
25 % of which has occurred in the last three decades. Differences in geological, paleoclimatic and ecological history
of these unique mountain systems have generated unique patterns and processes of faunal and floral diversification.
Multiple hypotheses of such diversification models have been tested in the recent past to understand the relative
roles of Quaternary glaciations, ecological gradients and geological processes (e.g. formation of geological barriers
in diversification of fauna with ancient lineages) both spatially and temporally (Joshi & Karanth 2013; Vijayakumar
et al. 2016).

Interacting factors structuring current mayfly species assemblage patterns in the WG

Recent publications on centipedes (Digitipes spp.) by Joshi & Edgecombe (2013) and Bharti et al. (2021); bush
frogs (Raorchestes spp.) by Vijayakumar et al. (2016); and Shortwing birds (Brachypteryx spp.) by Robin et al.
(2010;2011;2017) and a recent review by Biswas & Karanth (2021) have explored the role of Geographical Gaps in
the WG for shaping intra- and interspecific genetic diversity in peninsular India. We explore briefly the diversity and
distributional profiles of the archaic and charismatic Ephemeroptera (mayflies). Their current species assemblage
across the ‘sky islands’ of the western Ghats hotspot consists of 45 genera in 13 families encompassing around 111
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mayfly species (Sivaramakrishnan et al. 2020). Interacting factors impacting origin, diversity and distribution of
WG mayfly species are primarily (i) geological gaps and sky islands with patchy shola forests; (ii) phylogenetic
and biogeographic impacts; (iii) eco-climatic impacts and arrival of Pleistocene refugia in southern WG and their
subsequent colonization in central and northern segments; and (iv) elevational “range extension” and “range
contraction” due to climate change, habitat fragmentation and current anthropogenic pollution hazards.

Trait-based mayfly species assemblages—Origin, evolution and adaptive diversification in WG sky
islands

Intensive studies by Vijayakumar ef al. (2016) on multiple drivers of diversification of bush frogs in the WG sky
islands of WG compare well with patterns of mayfly species diversification patterns published by Gatti ez al. (2021)
especially among Gondwanan derivatives. Interestingly, both mayflies and bush frogs have difficulty in crossing
transoceanic barriers and hence more recent species assemblages of both these taxa in WG sky islands are the result
of more recent local ecological and historical processes. In fact, endemic species of mayflies and bush frogs of WG
sky islands might have evolved as a result of interplay of the three modes of diversification viz., (1) Geographic
based mode of some Gondwanan lineages, (2) Paleo-climatic based Refugia mode of “Pleistocene refuges” and (3)
Ecology-based mode of microhabitat and trophic specialists at different periods in their remote and immediate past
history.

An updated checklist of mayfly species found in the WG is presented in Table 1. A total of 111 species in 13
families are known to occur in the WG. Species are sorted by traits, based mainly after Dudgeon (1999) and other
published literature on WG mayfly species up to the end of 2022. This is supplemented by personal observations
of authors during periodic field visits spanning several decades. Endemics are categorized herein as paleoendemics
that were formerly apparently widespread but now are restricted to a smaller area, in contrast to neoendemics, which
are recently evolved through divergence and reproductive isolation. In other words, paleoendemics are considered
“museums” of old species whereas neoendemics are considered “cradles” of new species.

The subfamily Ataophlebiinae of the family Leptophlebiidae and the family Teloganodidae are represented
by a few species of Gondwanan relictuals in WG sky islands as paleoendemic species. For instance, Petersula
courtallensis Sivaramakrishnan, 1984, a member of Kimminsula complex of genera, might have been a Gondwanan
derivative, though Kluge et al. (2022) have to wait application of integrative taxonomic study of this taxon to
substantiate their gondwanan origin. Gatti et al. (2021) has recently studied the Gondwanan breakup scenario
under an ephemeropteran perspective, employing molecular tools and concluding that the biogeographic history of
Atalophlebiinae is congruent with events that occurred during the second phase of the gradual process of Gondwanan
breakup in the Cretaceous and Paleogene. Their results supported the roles of both vicariance and dispersal in the
history of diversification prior to the completion of the second phase of Gondwana breakup. This pattern together
with natural extinction processes and low dispersal capacity across transoceanic barriers may explain the absence
of this Gondwanan lineage in circum-Antarctic regions such as Africa, Malagasy and India (Gatti et al. 2021).
Hence the paleoendemic species belonging to Petersula Sivaramakrishnan 1984 and related genera (Kluge et al.
2022) apparently have evolved in WG sky islands more as a result of local ecological and historical processes. The
post-quaternary volcanic scenario resulted in the arrival of Afrotropical elements into India. Palearctic spillovers
like Afronurus kumbakkariensis (Venkataraman & Sivaramakrishnan, 1989) and Epeorus petersi Sivaruban,
Venkataraman & Sivaramakrishnan, 2013 (Sivaruban et al. 2013) might have arrived as per “Route Theory”after
post Indian plate and Eurasia collision and contributed to some neoendemic species, which might have recently
evolved in WG sky islands presumably through divergence and reproductive isolation. Finally, local species
assemblages within montane streams of WG sky islands are fine-tuned by respective microhabitat specialists and
trophic specialists exploiting spatio-temporal food availability (Burton & Sivaramakrishnan 1993), eco-climatic
changes especially monsoonal vicissitudes, also impacted by periodic landuse changes (Selvakumar et al. 2014) and
anthropogenic impacts (Dinakaran & Anbalagan 2007) resulting in reduction of species richness and abundance.
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FIGURE 1. Geographical gaps of the Western Ghats in southern India.
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FIGURE 2. Elevational profile of the Western Ghats showing the geographical gaps and sky islands. Modified from Ramesh
et al. (1997).

Future dimensions

Further explorations of evolutionary and eco-climatic drivers structuring genes and communities of mayflies of WG
sky islands adopting a state-of-the-art integrative approach involving molecular ecology, molecular phylogeography
and ecogenomics on aspects covered by recent pioneering explorations elsewhere are to be initiated. An example is
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that of Guening et al. (2017) on the mayflies of Sumatran sky islands, a study the first of its kind in aquatic insects
of the Oriental tropics.
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