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CHAPTER 1
INTRODUCTION

1.1 Background

1.1.1 Overview of grassland ecosystems in Northeast India

Grassland ecosystems in Northeast India, especially the alluvial floodplain
grasslands, represent highly dynamic and biologically rich habitats that support a diverse
array of flora and fauna. These ecosystems are shaped by the seasonal flooding patterns of
rivers like the Brahmaputra, which create a mosaic of wet and dry phases essential for the
survival of many endemic and threatened species (Bhattachaiyya & Bora, 1997). Despite
their significance, these ecosystems remain under-recognized and under-protected in
national conservation frameworks (Pradhan et al., 2021a). Their fragmented distribution,
complex successional patterns, and seasonal hydrological regimes make them uniquely

adapted but highly vulnerable to anthropogenic change (Talbot et al., 2018).

The most prominent grasslands in this region are associated with the Brahmaputra
and Barak River systems, occurring in floodplains, riverine islands, cut-off meanders, and
toe slopes of the Himalayan foothills (“Brahmaputra and Barak Basin,” 2007). These
ecosystems are typified by tall, dense grass species such as Saccharum spontaneum,
Imperata cylindrica, Phragmites karka, and Arundo donax. They exhibit marked seasonal
variation: submerged and silt-laden during the monsoon, and desiccated during the dry
winter, which drives successional regeneration cycles. This hydrological dynamism fosters
a patchy mosaic of grassland succession stages that provide critical nesting, foraging, and
roosting habitats for specialized fauna.

Despite their ecological richness, the current status of these grasslands is alarming.
Large tracts have been lost or degraded due to land conversion for agriculture, urban
expansion, infrastructure development, and flood-control embankments that disrupt natural
fluvial processes. Moreover, grasslands are often misclassified as ‘wastelands' or
transitional forests (Ravi & Krishnan, 2024), which precludes effective conservation action.
Invasive alien species, especially Mikania micrantha, Ipomoea carnea and Chromolaena

odorata, have further exacerbated habitat quality loss by outcompeting native grasses and



altering vegetation structure. Fire regimes, both natural and anthropogenic, are intensifying
and often poorly timed, negatively affecting bird breeding cycles and regenerating grasses.

In recent decades, intact grassland ecosystems have become increasingly
fragmented, surviving primarily in isolated patches within protected areas. Notable
examples in Assam include Kaziranga, Dibru-Saikhowa, Orang National Park, Laokhowa-
Burachapori, and Manas, which together harbour some of the most significant remnants of
floodplain grasslands. In Arunachal Pradesh, smaller but ecologically important grassland
patches persist in regions such as the Daying Ering Wildlife Sanctuary, and across East Siang,
Lower Dibang Valley, and Lohit districts. These areas now serve as critical refuges for
grassland-dependent species amidst growing anthropogenic pressures and land-use change.
These regions represent the last strongholds for several threatened species dependent on tall

wet grasslands, including Jerdon’s Babbler, Black-breasted Parrotbill, and Marsh Babbler.

The study concentrates specifically on the grassland ecosystems of Assam and
Arunachal Pradesh, focusing on the Brahmaputra floodplains and adjacent foothills, where
habitat transitions occur rapidly and where the target species have historically been
recorded (Parengal et al., 2025). Assam represents the core zone of extensive wet alluvial
grasslands shaped by annual sedimentation and fluvial dynamics, whereas Arunachal
Pradesh provides ecotonal zones where grasslands interface with semi-evergreen forests
and evergreen forests in foothill valleys. These two states, therefore, offer contrasting yet
complementary landscapes for understanding the habitat requirements, distribution

dynamics, and conservation needs of grassland-specialist birds.
1.1.2 Importance of Brahmaputra floodplains

The Brahmaputra floodplains are among the most ecologically significant landscapes in
South Asia, forming an expansive alluvial corridor that extends across Tibet (China), Northeast
India, and Bangladesh. Within India, particularly in Assam and parts of Arunachal Pradesh, the
Brahmaputra basin harbours a mosaic of habitats including grasslands, wetlands, riparian forests,
oxbow lakes, and riverine islands, each dynamically shaped by annual monsoon flooding and
sedimentation. These floodplains support exceptional biological richness (BirdL.ife International,
2025; Dutta & Sarma, 2023), including numerous endangered, endemic, and habitat-restricted

species that are globally significant yet locally imperilled.



One of the defining features of the Brahmaputra floodplains is the presence of tall
wet alluvial grasslands, which are increasingly rare across South and Southeast Asia. These
grasslands are highly productive and seasonally dynamic, inundated by floodwaters during
the monsoon and exposed during the dry season. This periodic disturbance drives a
complex successional regime that supports specialized flora and fauna adapted to tall grass
cover, fluctuating hydrology, and patchy habitat structure. Importantly, these grasslands
are not seral stages of forest, but rather climax communities maintained by fluvial forces,

grazing, and fire, making them ecologically unique and irreplaceable.

From a conservation perspective, the Brahmaputra floodplains are critical because
they serve as last strongholds for several threatened and endemic species that are either
grassland obligates or dependent on the floodplain mosaic for survival. These species are
highly sensitive to habitat fragmentation, loss of tall grass cover, and hydrological changes.
Unlike forest generalists, grassland specialists tend to exhibit low dispersal ability and
strong site fidelity (Lanchier & Neuhauser, 2006), making them more vulnerable to local
extirpations when habitat conditions are altered. The Brahmaputra floodplains are home to
endangered fauna such as the Bengal Florican (Houbaropsis bengalensis), Swamp
Francolin (Ortygornis gularis), Asian Elephant (Elephas maximus), and the iconic
One-horned Rhinoceros (Rhinoceros unicornis), all of which utilize grass-dominated
habitats for part of their life cycles.

In terms of endemicity, the region is part of the Indo-Burma biodiversity hotspot,
with several species found nowhere else in the world. Endemics such as the Black-breasted
Parrotbill and Marsh Babbler reflect long-term ecological specialization and historical
isolation of these floodplain ecosystems. Furthermore, the Brahmaputra floodplains are
vital for ecological functions such as sediment trapping, nutrient cycling, groundwater
recharge, and carbon sequestration. They buffer against floods, sustain wet-season
agriculture, and support local livelihoods. Yet, despite their ecological and socioeconomic
importance, these landscapes remain severely underrepresented in India’s conservation
frameworks. Most alluvial grasslands fall outside protected areas or are misclassified as
degraded forests or wastelands, leaving them exposed to encroachment, unregulated

grazing, infrastructural development, and invasion by exotic species.



Figure 3 Marsh Babbler recorded in the study area (Photo: Jainy Maria)



1.1.3 Introduction to target species
1.1.3.1 Jerdon's Babbler (Chrysomma altirostre)

Jerdon’s Babbler (Figure 1), a cryptic and habitat-specialist passerine bird, is an
species of the tall wet grasslands and reedbeds of the Indian subcontinent. Belonging to the
family Paradoxornithidae, Jerdon’s Babbler is distributed in fragmented populations across
several major riverine grassland systems of South and Southeast Asia. Its range includes
isolated patches within the Indus basin in Pakistan, extending through disjunct populations
across the Indo-Gangetic floodplains. The species is also present in the Brahmaputra valley
of northeastern India, the Terai region of Nepal, and parts of western Myanmar. It exhibits
a dorsal plumage brownish-olive, with rufous-buff underparts and a pale grayish-white
throat. Face grayish with a distinct whitish orbital ring. Wings match the back in tone,

lacking markings. Tail long, slender, and dark brown, slightly graduated.

Described and named by the British zoologist Thomas C. Jerdon, 1862 this babbler
is strongly associated with Saccharum-dominated grasslands and prefers moist, tall
vegetation often interspersed with water bodies. Such habitats are now among the most
threatened ecosystems in Asia, with extensive loss due to agriculture, hydrological
modifications, and fire mismanagement (Rahmani, 2012). Because of its narrow ecological
requirements and declining habitat availability, Jerdon's Babbler is currently listed as
Vulnerable on the IUCN Red List (BirdLife International, 2021).

The ecology and behaviour of C. altirostre remain inadequately studied, with most
information arising from sporadic surveys and a few targeted monitoring efforts.
Its sedentary nature and strong site fidelity make it particularly susceptible to local
extinctions if habitats are degraded or fragmented. Notably, it was thought extinct in some

areas until its rediscovery in regions like the Myanmar (Rheindt et al., 2014a).
1.1.3.2 Black-breasted Parrotbill (Paradoxornis flavirostris)

The Black-breasted Parrotbill (Figure 2), a rare and elusive passerine bird species,
is one of the least studied members of the family Paradoxornithidae. Endemic to the dense
grasslands of the Indian subcontinent, particularly in northeastern India and parts of

Bhutan, this bird stands out for its distinctive appearance, rich rufous-brown plumage with



a slightly paler underside, a crown and upperparts of uniform colour, and a striking black
facial mask stretching from the lores to the auriculars. This mask is bordered below by a
white patch streaked with black, giving the bird a boldly patterned face. Its bill is thick,
conical, and bright yellow, while the tail is notably long, broad, and rounded. Historically
found across the Brahmaputra floodplain and adjacent regions, the species is now largely
restricted to fragmented patches of suitable habitat, leading to growing concerns about its

long-term survival.

This species has attracted significant conservation interest due to its sharply
declining population and habitat specificity. It inhabits tall, wet grasslands an ecosystem
that has faced extensive degradation and conversion for agriculture, settlements, and
infrastructure development (Rahmani, 2012). Despite its striking appearance and
conservation status, P. flavirostris remains poorly understood in terms of its breeding

ecology, vocalizations, migratory patterns, and population dynamics.
1.1.3.3 Marsh Babbler (Pellorneum palustre)

The Marsh Babbler (Figure 3) is a poorly known and highly localized bird species
endemic to the floodplain grasslands and scrub habitats of the Brahmaputra and Barak
valleys in northeastern India and adjacent areas of Bangladesh. Belonging to the family
Pellorneidae, it is distinguished by its rich brown upperparts tinged with rufous,
particularly noticeable on the crown and nape. The facial pattern features a pale
supercilium that contrasts sharply with a dusky eyestripe, while the underparts are whitish
to pale grey, heavily streaked or mottled with dark brown along the breast and flanks.
The wings and tail match the upperparts in colour, lacking distinct markings. Due to its
elusive nature and restricted range, the species has long remained underrepresented in avian

studies, despite its importance as an indicator of grassland ecosystem health.

The Marsh Babbler inhabits seasonally inundated tall grasslands, reedbeds, and
scrubby edges of wetlands, habitats that are under intense pressure from agricultural
expansion, flood control infrastructure, overgrazing, and invasive plant species
(Rahmani, 2012). These grasslands are among the most threatened ecosystems in South
Asia, and their degradation directly impacts the Marsh Babbler’s population, which is
believed to be declining. As a result, the species is currently classified as Vulnerable on



the IUCN Red List, highlighting the urgent need for habitat protection and restoration
(BirdLife International, 2024b).

Unlike other babblers, P. palustre displays strong habitat fidelity and is largely
non-migratory, which exacerbates its vulnerability to habitat fragmentation. Its distribution
is patchy and largely confined to protected areas like D'Ering Memorial Wildlife
Sanctuary, Dibru-Saikhowa National Park and Kaziranga National Park, but even within
these reserves, grassland management is often inadequate or inconsistent (Allen, 2002;
Rahmani et al., 2022). The Marsh Babbler is also understudied in terms of its breeding
biology, population density, and ecological interactions, presenting significant gaps in
ornithological knowledge and conservation planning.

Recent field surveys and citizen science efforts have led to sporadic new sightings,
emphasizing the potential for rediscovery and ecological research in remnant grassland
patches. However, sustained conservation outcomes depend on integrated strategies
involving habitat mapping, community engagement, and restoration of natural flood
regimes (Lahiri et al., 2022).

1.2 Research Gap and Significance

The alluvial grasslands of Northeast India, particularly those along the Brahmaputra
floodplains in Assam and Arunachal Pradesh, are among the most ecologically significant
yet under-researched ecosystems in the Indian subcontinent. These grasslands support a
suite of specialized and often endemic avifauna, including the Vulnerable Jerdon's Babbler
(Chrysomma altirostre), the Black-breasted Parrotbill (Paradoxornis flavirostris), and the
Marsh Babbler (Pellorneum palustre). Despite their conservation importance, there exists
a substantial knowledge gap concerning the current distribution, habitat preferences, and

population dynamics of these species.

Previous studies have primarily focused on general avian diversity within protected
areas, leaving the specific habitat requirements and threats faced by grassland specialists
inadequately addressed. Moreover, the dynamic nature of floodplain ecosystems,
characterized by seasonal inundation and sediment deposition, necessitates a nuanced
understanding of habitat availability and quality, which is currently lacking.



Given this exceptional biodiversity, the riverine grassland of Assam and Arunachal
Pradesh, especially those bordering the Brahmaputra basin, represent key habitats for
species such as the Black-breasted Parrotbill and Marsh Babbler, which are highly habitat-
specific and sensitive to environmental changes. The current study places emphasis on
understanding the distribution, ecological requirements, vulnerability and potential
population recovery sites of these species in the grasslands and riparian zones of Assam
and Arunachal Pradesh, areas that remain largely under-surveyed in ornithological

literature and conservation assessments.

The significance of this study lies in its targeted approach to fill these critical
knowledge gaps by our objectives. So, the study aims to contribute significantly to the
conservation biology of grassland birds in Northeast India, providing a scientific basis for

effective management and protection of these vulnerable species and their habitats.
1.3 Research Objectives

i. To assess the habitat characteristics of three select threatened grassland birds
namely Jerdon’s Babbler, Black-breasted Parrotbill and Marsh Babbler.

ii. To evaluate the threats to these select three species of birds and their habitats.

iii. To predict the current and future potential habitats of these birds and find potential

population recovery sites.
1.4 Thesis Structure Overview

The Ph.D. thesis, is structured to systematically investigate the ecological needs,
threats, and conservation prospects of three key avian species: Jerdon’s Babbler
(Chrysomma altirostre), Black-breasted Parrotbill (Paradoxornis flavirostris), and Marsh
Babbler (Pellorneum palustre). The thesis is organized into six core chapters along with
references and appendices.

Chapter 1 serves as the introduction, offering a comprehensive overview of grassland
ecosystems in Northeast India, particularly the Brahmaputra floodplains, and
contextualizing the ecological importance of the target species. It outlines the research
gaps, justifies the significance of the study, and states the research objectives. The study



area, Assam and Arunachal Pradesh is described in terms of vegetation, geomorphology,
climate, and biodiversity. Chapter 2 reviews existing literature on the grassland ecosystems
of the Brahmaputra Valley, the ecology of the focal species, habitat requirements,
conservation threats, and relevant methodological approaches such as species distribution

modelling and the effects of climate change on avifauna.

Chapter 3 focuses on habitat characterization, describing methods employed in field
surveys and presenting results on vegetation structure and environmental parameters,
followed by a detailed discussion and conclusions. Chapter 4 evaluates both direct and
indirect threats facing the species and their habitats, integrating a vulnerability analysis and
conservation challenges. Chapter 5 centres on predictive habitat modelling using ensemble
Species Distribution Models (SDMs), highlighting current and projected distributions
under different climate scenarios and identifying sites for potential population recovery.
Chapter 6 synthesizes the findings, outlines conservation recommendations, and discusses

broader management implications.

The thesis concludes with a comprehensive reference list and supplementary
appendices, ensuring that the research adheres to academic standards and contributes
effectively to conservation science. This structured format facilitates a logical progression
from background information through analysis to actionable insights, aligning with the
regulatory framework prescribed by the affiliated university.

1.5 Study Area Description

The present study was carried out in the floodplains of the Brahmaputra River,
spanning across the states of Assam and Arunachal Pradesh in Northeast India (Figure 4).
The Brahmaputra basin originating from the Tibetan Plateau and crossing the Eastern
Himalayas before meandering through the vast alluvial plains of Assam and finally
entering Bangladesh. The region harbours expansive riparian and semi-terrestrial habitats,
prominently characterized by seasonally inundated grasslands, riverine forests, and alluvial
islands. These habitats are crucial for the survival of several endemic and threatened avian
species, including the three focal species of this study: Jerdon’s Babbler (Chrysomma
altirostre), Black-breasted Parrotbill (Paradoxornis flavirostris), and Marsh Babbler

(Pellorneum palustre).



Geographically, this region includes floodplain landscapes interspersed with natural

levees, oxbow lakes, river channels, and sandbars. The area supports annual monsoonal

flooding, which shapes the hydrology and productivity of the landscape. This hydrological

dynamism leads to successional mosaics of vegetation and plays a pivotal role in sustaining

the wet alluvial grassland ecosystems the primary habitats for the study species.
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Figure 4 Map of the study area showing Land-Use and Land-Cover (LULC) classification.

Table 1 LULC Classes and Area Distribution

AREA PERCENTAGE
LULC CLASS (KM?) (%) DESCRIPTION

NO DATA 0.009 0.0001 Areas with insufficient data or
cloud cover

WATER BODIES 1,965.13 21.2 Rivers, lakes, ponds, and
seasonal wetlands

AGRICULTURALLAND | 1,894.18 20.4 Cultivated areas including rice
paddies and crop fields

WOODLAND 947.83 10.2 Dense forest areas and tree
plantations

SCRUBLAND 10.35 0.1 Sparse vegetation and degraded
forest areas

PHRAGMITES 506.20 5.5 Reed beds dominated by
common reed species

VETIVER 726.02 7.8 Tall grass habitats dominated by
vetiver grass
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AREA PERCENTAGE

LULC CLASS (KM?) (%) DESCRIPTION
SACCHARUM 379.61 4.1 Areas dominated by Saccharum
grass species
BUILT-UP 113.88 1.2 Areas dominated by human
settlement
RIVERINE DEPOSITS 3,089.32 33.3 Sand bars, alluvial deposits, and

bare riverine areas

TOTAL STUDY AREA 9,271.57

1.5.1 Assam

Assam forms the core of the middle and lower Brahmaputra floodplains and
constitutes the primary landscape for floodplain grassland habitats in Northeast India.
Its unique biogeographical positioning, climatic conditions, and annual fluvial dynamics
make it a critical habitat zone for several threatened avian species, including those studied

in this research.
1.5.1.1 Vegetation

The state supports a variety of forest types shaped by topography, rainfall, soil, and
biotic interference. Tropical evergreen forests are primarily distributed across the Assam
Valley, Upper Assam, and parts of Cachar (Champion & Seth, 1968). These forests feature
dense canopy layers dominated by species such as Dipterocarpus, Mesua, and Shorea,

accompanied by abundant bamboo and cane brakes (A. Saikia, 2011).

Semi-evergreen forests, often a mosaic of evergreen and deciduous species, are
prevalent in the central Assam Valley (A. Saikia, 2011). These forests have a somewhat
open and broken canopy structure compared to the tropical evergreen type. The tree strata
include large buttressed trees, a rich middle layer, and an understorey comprising canes,
woody climbers, and lianas. The canopy gaps allow ample sunlight, fostering vigorous

growth of shrubs and herbaceous plants.

Moist deciduous forests dominate the central and lower parts of Assam, especially
in districts such as Nagaon and Morigaon (A. Saikia, 2011). These forests are typically
classified into Sal-dominated forests (Shorea robusta) and mixed deciduous forests, which
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also include species such as Terminalia, Dillenia, and Lagerstroemia. They support both
timber and non-timber forest products and are highly influenced by anthropogenic

activities such as logging and shifting cultivation.

In addition to wooded areas, Assam supports extensive grassland ecosystems,
especially in low-lying alluvial tracts and floodplains (Table 1). These grasslands develop
on cut-off river meanders, abandoned channels, and riverine islands (chars), particularly in
the eastern Assam Valley. Subjected to seasonal flooding of up to 3 meters during the
monsoon and subsequent drying on Khurkani soils in the summer, these areas inhibit tree
growth but promote dense herbaceous vegetation. Tall grasses such as Saccharum
spontaneum, Phragmites karka, and Arundo donax may exceed 5 meters in height. These
habitats serve as critical refugia for species such as the one-horned rhinoceros (Rhinoceros

unicornis) and Asian elephant (Elephas maximus) (Ghosh et al., 2024; Vasudev et al., 2021).

Such grassland-savanna mosaics are particularly prominent in protected areas
including Kaziranga National Park, Pobitora Wildlife Sanctuary, Orang, Sonai-Rupai,
Laokhowa, Barnadi, Burachapori, and Dibru-Saikhowa, as well as parts of Manas National
Park. These landscapes support high faunal diversity and are of immense conservation

value for avifaunal species dependent on tall grass habitats.

Additionally, subtropical broadleaf hill forests and pine forests occur in the upland
districts of Karbi Anglong and Dima Hasao (Sharmah & Jha, 2014), reflecting the
transitional biogeography with the Indo-Burmese hill tracts. The littoral and swamp forests,
once widespread along floodplains, have largely degraded due to agricultural expansion
and human settlements (Shah & Dutta, 2024).

1.5.1.2 Geomorphology

The geomorphology of Assam is shaped by its unique position between the eastern
Himalayas and the tectonically dynamic Indo-Burman ranges, with the Brahmaputra and
Barak River systems exerting a dominant influence. Five primary geomorphic zones define
its terrain (Kunte, 1988):
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1. Brahmaputra Floodplains

Extending 5 - 20 km wide, these dynamic alluvial plains are shaped by sediment-
rich, slow-moving waters. The region frequently forms mid-channel Islands, known as

chars, fostering grassland development through sediment accretion.
2. Assam Alluvial Plains

Created by tributaries of the Brahmaputra and Barak, these fertile floodplains are
characterized by oxbow lakes, meander scars, and relict channels. While agriculturally

productive, they are prone to erosion and seasonal flooding.
3. Mikir Denudational Hills

A dissected outlier of the Peninsular Plateau, the Mikir Hills exhibit rugged
topography formed from granitic and metamorphic rocks. They represent prolonged

denudation and uplift processes, contributing to local landscape complexity.
4. Naga Piedmont Plains

Situated along the foothills of the Naga Hills, this transitional zone features coarse
alluvial fans and active drainage systems, serving as critical recharge zones and ecological
buffers.

5. Naga Structural Hills

Marked by strike ridges, cuestas, and fault-controlled valleys, these hills form part
of the active Indo-Burman geosynclinal belt. Their complex tectonic behaviour often

results in landslides and slope instability.

These geomorphic settings underpin the ecological heterogeneity of Assam,
influencing the distribution of critical habitats such as wetlands, grasslands, and riparian
forests (Sarma, 2005).

1.5.1.3 Climate

Assam, located in the northeastern part of India, exhibits a humid subtropical
climate (Koppen classification Cwa) characterized by high humidity, abundant rainfall, and

distinct seasonal variations. Its climate is largely influenced by the southwest monsoon,
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topographical diversity, and the presence of the Brahmaputra and Barak river valleys
(Das et al., 2009).

The state experiences three primary seasons: summer (March to May), monsoon
(June to September), and winter (October to February). Summer temperatures in Assam
generally range between 25°C and 35°C, while winter temperatures can drop to around 6°C
in certain regions. The average annual rainfall ranges from 1,500 mm to 3,800 mm, with
the monsoon period contributing approximately 70% - 80% of the total annual precipitation
(IMD, 2021).

The frequency and intensity of floods have increased in recent decades due to a
combination of factors, including increased rainfall variability, glacial melt contributions,
deforestation, siltation of riverbeds, and climate change (Chakraborty et al., 2025). Usually,
the Brahmaputra flood two time per year due to snowmelt and monsoon rains
(Kamal et al., 2024). In recent decades, studies have indicated a noticeable rise in average
temperatures and variability in monsoon onset and withdrawal dates (Alam et al., 2024).
The state has also witnessed a growing frequency of extreme weather events, such as
intense rainfall and prolonged dry spells. These climatic anomalies pose significant threats

to both natural ecosystems and socio-economic stability (Bhuyan & Deka, 2024).
1.5.1.4 Assam’s Fauna and Flora

The state of Assam, forming a major part of Northeast India’s Indo-Burma
biodiversity hotspot, harbours one of the richest assemblages of flora and fauna on the
Indian subcontinent. This region exhibits exceptionally high levels of endemism,
particularly among vascular plants, orchids, amphibians, birds, and primates (Khyanjeet
Gogoi, et al., 2024; Lasushe et al., 2024; Trivedi et al., 2025), making it a globally

recognized centre of species richness and evolutionary diversity.
Flora

The state's unique geographical location and varied physiography have given rise
to a wide range of ecosystems including tropical rainforests, deciduous forests, swamps,
and grasslands. This ecological diversity supports a rich and varied flora, consisting of

numerous endemic, rare, and economically important species. Scientific investigations into
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the flora of Assam reveal a remarkable diversity of vascular plants and angiosperms.
A detailed study conducted in the Barail Wildlife Sanctuary identified over 300 species of
angiosperms, including rare plants such as Cymbidium elegans and Litsea glutinosa,
underscoring the conservation significance of the region (Bhattacharyya & Bora, 2018).
Similarly, the Behali Reserve Forest was documented to harbour 382 vascular plant
species, with endemic taxa like Dipterocarpus retusus and Magnolia hodgsonii being
assessed under IUCN Red List criteria (Borah et al., 2020). The alluvial floodplain
grasslands, dominated by tall grasses such as Saccharum spontaneum, Imperata cylindrica,

and Themeda arundinacea.

The Chirang Reserve Forest in the Bodoland Territorial Region adds significantly
to Assam’s botanical wealth, with an inventory of 728 plant taxa representing 138 families,
including threatened species such as Gnetum gnemon (Basumatary, 2023). Ethnobotanical
studies further highlight the cultural and medicinal relevance of Assam's flora. Plants like
Clerodendrum colebrookianum and Centella asiatica are integral to traditional
healthcare practices among indigenous communities such as the Bodos and Mishings
(Agarwal et al., 2021). A digitized dataset of medicinal plants from Assam includes 117
species with vernacular names and uses, offering a vital resource for pharmacological and

conservation research (Sarma et al., 2023).
Fauna

The state’s fauna includes a wide spectrum of taxa ranging from large mammals
and endemic birds to amphibians, reptiles, and a significant variety of invertebrates.
Prominent protected areas such as Kaziranga National Park, Manas National Park, and
Dibru-Saikhowa Biosphere Reserve play a critical role in sustaining many endangered and
endemic species. Kaziranga, a UNESCO World Heritage Site, is globally renowned for
harbouring the largest population of the Indian one-horned rhinoceros (Rhinoceros
unicornis), besides being home to elephants, tigers, wild buffaloes, and swamp deer
(Gogoi & Gogoi, 2022; Islam et al., 2022). Manas National Park, another World Heritage
Site, shelters rare species such as the golden langur (Trachypithecus geei), pygmy hog

(Porcula salvania), and hispid hare (Caprolagus hispidus) (Nath et al., 2010).
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Assam’s avifauna is among the richest in India, comprising over 900 recorded bird
species due to its diverse habitats ranging from wetlands and grasslands to tropical forests
(Sinha et al., 2012). Key regions such as Kaziranga, Manas, and Dibru-Saikhowa are
designated as Important Bird Areas (IBAs), hosting globally threatened species like the
Bengal florican (Houbaropsis bengalensis) and the white-winged wood duck (Asarcornis
scutulata) (Rajendra Joshi et al., 2014). The greater adjutant stork (Leptoptilos dubius),
once near extinction in India, now survives largely due to community-led conservation
efforts near Guwahati (Narasimmarajan et al., 2014). Migratory birds such as
bar-headed geese and ruddy shelducks also use Assam’s wetlands as critical wintering
sites, with Satajan and other wetlands in Lakhimpur District serving as key habitats
(Siddhartha Suman Bora, et al.,, 2024). Hornbills, including the great hornbill
(Buceros bicornis), further enrich forest biodiversity. However, habitat loss, pollution, and
disturbance from human activity remain serious threats. Conservation strategies now
incorporate satellite tracking, acoustic monitoring, and grassroots engagement to better
protect this avian wealth (Chakdar et al., 2019).

Assam's grasslands, particularly in Manas and Kaziranga National Parks, are
crucial habitats for several globally threatened bird species. Among them, the Bengal
florican (Houbaropsis bengalensis), listed as Critically Endangered, is a flagship species.
Recent surveys in Manas recorded 50 males and 17 females, reflecting a modest population
increase, but threats like habitat succession, invasive species, and grazing persist
(Thakur et al., 2024). Other threatened species dependent on these grasslands include the
Greater adjutant stork (Leptoptilos dubius) and Swamp francolin (Francolinus gularis),
both facing pressures from habitat degradation and encroachment (Narasimmarajan et al., 2013).
Effective conservation requires restoring grassland ecosystems through fire management,

limiting livestock intrusion, and engaging local communities.

In the herpetofaunal domain, a survey in Amchang Wildlife Sanctuary recorded
41 species of reptiles, including pit vipers and skinks, and 22 species of amphibians, several
of which are under IUCN concern or remain unevaluated (Purkayastha et al., 2020).
Amphibian diversity across the state now exceeds 70 documented species, many endemic

to the Northeast Himalayan and Eastern hill ranges. On the ichthyofaunal front, Assam's
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aquatic ecosystems, particularly the Brahmaputra and Barak river basins, support over
200 freshwater fish species, including Cypriniformes as the dominant group (Goswami &
Singha, 2023).

1.5.2 Arunachal Pradesh
1.5.2.1 Vegetation

Arunachal Pradesh, situated at the northeastern tip of the Eastern Himalayas,
exhibits a remarkable ecological gradient from the snow-clad margins of the Tibetan
Plateau in the north to the humid Brahmaputra plains in the south. Bordered by Bhutan and
Myanmar, the state lies at the confluence of the Himalayan, Indo-Malayan, and
Indo-Burmese phytogeographic zones, fostering exceptional plant diversity and endemism
(Kanwal & Lodhi, 2018).

According to the India State of Forest Report (ISFR) 2021, forests cover
approximately 79.67% of Arunachal Pradesh's geographical area, amounting to 65,882
square kilometres (India State of Forest Report, 2023). This extensive forest cover
represents a complex mosaic shaped by elevation, climate, and soil. The state's forests are

categorized into five major types based on altitude:

1. Tropical Forests (up to 900 m): These include evergreen species such as
Dipterocarpus, Artocarpus, Alstonia, and Mesua, along with semi-evergreen

subtypes found in low hills and riverine zones.

2. Subtropical Forests (900-1,800 m): Comprising broadleaf species like Quercus,

Castanopsis, Schima, and pine forests dominated by Pinus roxburghii.

3. Temperate Forests (1,800-3,000 m): Featuring broadleaf species such as Acer,
Betula, Rhododendron, and coniferous species like Abies densa and Picea

smithiana.

4. Sub-alpine Forests (3,000-4,000 m): Dominated by Juniperus and Betula utilis,

transitioning into rhododendron thickets.

5. Alpine Vegetation (above 4,000 m): Characterized by herbaceous meadows with

genera like Primula, Anemone, Saussurea, and Meconopsis.
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Secondary vegetation formations, particularly near settlements and areas of shifting
cultivation, include degraded forests, bamboo brakes (with 89 species), open scrub, and

aquatic flora in oxbow wetlands of the Siang, Lohit, and Tirap valleys (Taro, 2021).

The region is recognized as a global biodiversity hotspot, supporting over 500
species of orchids, 500 medicinal plants, and 400 wild edible plant species, all integral to
Indigenous livelihoods (Kanwal & Lodhi, 2018).

Grasslands in Arunachal Pradesh, though often overshadowed by the region's dense
forests and alpine zones, constitute vital ecological niches supporting unique biodiversity
and sustaining pastoral and agro-pastoral communities. These grasslands, primarily found
in intermontane valleys, floodplains, and high-altitude zones, exhibit diverse floral
compositions adapted to the state's varied altitudinal and climatic gradients. Grass species
such as Saccharum spontaneum, Imperata cylindrica, and bamboo brakes dominate these
ecosystems, particularly in transitional zones between forest and cultivated lands
(Areendran et al., 2018; Rawat & Adhikari, 2015).

1.5.2.2 Geomorphology

Arunachal Pradesh, located in the easternmost part of the Indian Himalayas,
exhibits a complex geomorphology shaped by intense tectonic forces, fluvial activity, and
diverse lithological structures. This mountainous state is bisected by major thrust systems
such as the Main Boundary Thrust (MBT) and the Himalayan Frontal Thrust (HFT), which
actively influence the region’s landforms and river dynamics (Luirei & Bhakuni, 2009).
The topography ranges from low-lying foothills in the south (~50 m) to high-altitude
glaciated peaks exceeding 7,000 m in the north, resulting in a dramatic altitudinal gradient

that governs climatic and geomorphic diversity.

The geomorphic setting includes deeply incised river valleys, steep escarpments,
unpaired terraces, and paleochannels that collectively reveal ongoing neotectonic activity.
In areas such as Pasighat and Roing-Balek, the Siang River and its tributaries display
anomalous drainage patterns and abrupt shifts in channel orientation, attributed to ground
tilting and fault-controlled flow diversions (Luirei & Bhakuni, 2009; Maji et al., 2001).
These tectonically driven changes not only mold the landscape but also influence sediment

transport, floodplain evolution, and agricultural suitability.
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Morphometric analysis of river basins like the Digaru in Lohit district further
illustrates the dynamic fluvial regime, marked by variable drainage densities, stream
gradients, and sediment loads that reflect underlying tectonic controls and erosional
processes (Chai, 2014). The geomorphic heterogeneity of Arunachal Pradesh underscores
the importance of integrating geological, hydrological, and remote sensing data for
effective watershed management and disaster risk mitigation in this seismically active

region.

Grassland ecosystems in Arunachal Pradesh are primarily found in the floodplains
and the transitional zones between forests and cultivated lands. These areas arise naturally
or are maintained through anthropogenic activities like shifting cultivation and seasonal
burning. Notably, the Daying Ering Wildlife Sanctuary in East Siang District has witnessed
a 25% reduction in grassland cover over the past decade due to fluvial expansion and
land-use change, highlighting the vulnerability of these ecosystems to geomorphological
and anthropogenic pressure (Mayi et al., 2023).

The role of slope and altitude is particularly influential. In West Kameng District,
less than 0.1% of the total land is classified as grassland, with the majority of land use
dominated by forests, wastelands, and steep slopes that limit grass proliferation (Posti &
Baruah, 2020). Grassland persistence is thus heavily dependent on moderate slopes and
well-drained colluvial soils typically found in valley bottoms and alluvial terraces. As such,
understanding the geomorphic controls on grassland formation is essential for sustainable
land-use planning, conservation strategies, and habitat management in the Eastern

Himalayas.
1.5.2.3 Climate

Arunachal Pradesh, situated in the Eastern Himalayas, ranks among the highest
rainfall-receiving states in India, characterized by significant spatial and seasonal
variability in precipitation. Annual rainfall in the state ranges from approximately
1,000 mm in high-altitude alpine zones to over 5,750 mm in the southern foothill districts
such as Papum Pare, Lower Subansiri, and East Siang (Sandeep et al., 2023).
The average annual precipitation across the state exceeds 3,500 mm, with more than 70%

of this total occurring during the southwest monsoon season, which typically spans from
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May to September (Patle et al., 2016). Orographic effects strongly influence this
distribution, with the windward slopes of the Eastern Himalayas and Indo-Burmese ranges
receiving intense and prolonged monsoonal showers, while leeward and higher-altitude
regions experience a rain-shadow effect and comparatively lower precipitation
(Sandeep et al., 2023).

Climatic conditions exhibit marked variation across the state's elevational gradient.
In the mid-tropical and subtropical plains, summer temperatures frequently exceed
38 - 40°C, contributing to high evapotranspiration rates, influencing vegetation patterns
and crop water demand (Drema et al., 2024). In contrast, temperate and alpine zones
located above 2,500 meters particularly in districts like Tawang, Upper Subansiri, and
West Kameng experience sub-zero temperatures during winter (December to February),
often accompanied by snowfall and persistent frost. Monsoonal temperatures across the
state generally range from 22°C to 33°C, while winter averages in the lowland zones
fall between 6°C and 21°C, depending on elevation and geographical position
(Drema et al., 2024).

Humidity levels remain elevated throughout the monsoon period, often exceeding
80%, which facilitates the proliferation of dense evergreen forests, high biomass
grasslands, and wetland systems. These conditions are vital for the sustenance of Arunachal
Pradesh’s complex ecological mosaics, including its moist deciduous forests, braided river
systems, and floodplain grasslands. Such habitats are especially critical for numerous
endangered and endemic avifauna, many of which depend on the seasonal abundance of
aquatic and terrestrial resources for breeding and foraging. The hydrological rhythm driven
by the monsoon also maintains sediment transport, nutrient cycling, and successional
dynamics in floodplain ecosystems such as those found along the Brahmaputra basin
(Patle & Libang, 2014).

1.5.2.4 Fauna and Flora

Arunachal Pradesh, located at the confluence of the Eastern Himalayas and
Indo-Burmese biodiversity realms, is internationally recognized as one of the 36 global
biodiversity hotspots. Its exceptional topographic and climatic heterogeneity, ranging from

subtropical valleys to alpine meadows, has fostered a remarkable concentration of endemic,

20



rare, and evolutionarily significant species. The state is considered one of India’s most

biodiverse regions, often referred to as a "biodiversity cradle” in South and Southeast Asia.
Flora

Arunachal Pradesh, often referred to as the "Orchid State of India," is endowed with
an extraordinary floral richness due to its complex topography, wide altitudinal range, and
location within the Eastern Himalayan biodiversity hotspot. The state's vegetation
transitions from tropical evergreen forests in the foothills to temperate coniferous forests
and alpine meadows in the higher elevations (Kanwal & Lodhi, 2018), creating diverse
ecological niches that support over 4,000 species of flowering plants, including more than
450 species of orchids (Hegde, 2020; Saikia et al., 2017). Major forest types include
tropical semi-evergreen, sub-tropical broadleaf, temperate mixed broadleaf, and alpine
scrub forests, each hosting a variety of ecologically significant and endemic species
(Saikia et al., 2017). Noteworthy among these are Rhododendron arboreum, Michelia

champaca, Tsuga dumosa, and Taxus wallichiana.

The state's orchid flora includes both epiphytic and terrestrial forms, with genera
such as Dendrobium, Paphiopedilum, and Bulbophyllum contributing to its global
botanical importance (Hegde, 2020). In addition to orchids, Arunachal Pradesh is home to
numerous economically and ethnobotanically important species used by indigenous
communities for food, fibre, medicine, and ritual purposes. Forested regions like
Namdapha and Pakke Tiger Reserves represent key conservation landscapes for the

preservation of native flora.
Fauna

The state harbours over 879 species of birds (Neelam Yania et al., 2021),
200 species of mammals (Kumar, 2018), and a rich diversity of reptiles, amphibians, and
invertebrates, many of which are endemic or threatened (Kumar, 2015). Notably, it is home
to iconic and rare mammals such as the red panda (Ailurus fulgens), Mishmi takin
(Budorcas taxicolour taxicolour), clouded leopard (Neofelis nebulosa), Western Hoolock
Gibbon (Hoolock hoolock), Stump-tailed Macaque (Macaca arctoides), Slow Loris

(Nycticebus bengalensis), and the elusive snow leopard (Panthera uncia) in higher
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elevations (Barman et al., 2024; Bhatnagar et al., 2024; Joshi et al., 2021; Selvan et al., 2014),
as well as the recently described Arunachal macaque (Macaca munzala) in mid-elevation
forests (Sinha et al., 2006).

The avifauna is equally remarkable, with species such as the Bugun liocichla
(Liocichla bugunorum), a critically endangered bird endemic to the Eaglenest Wildlife
Sanctuary and the endangered Blyth’s tragopan (Tragopan blythii), making the state a
global priority for bird conservation (Ghosh-Harihar et al., 2019), also hosts unique
grassland bird communities, particularly in floodplain and riverine habitats like the
D’Ering Memorial Wildlife Sanctuary. This sanctuary, situated in the Siang River basin, is
one of the finest examples of wet grassland ecosystems in Northeast India and supports a
range of threatened avian species. It harbours the Critically Endangered Bengal Florican
(Houbaropsis bengalensis), as well as globally threatened species such as the Black-breasted
Parrotbill (Paradoxornis flavirostris), Marsh babbler (Pellorneum palustre), Swamp
Francolin (Francolinus gularis), Swamp Grass-Babbler (Liticilla cinerascens), and
Jerdon’s Babbler (Chrysomma altirostre) (Rahmani et al., 2022). Several major rivers like
the Siang, Dibang, and Lobhit, along with their riparian zones and floodplains, also support
semi-aquatic fauna including the endangered white-bellied heron (Ardea insignis) and
numerous freshwater fish and amphibian species (Menzies et al., 2021). The overlap of
tropical lowlands and alpine meadows supports complex ecological interactions and

seasonal faunal migrations, further enriching the biodiversity mosaic of the region.

Herpetofaunal diversity is considerable, though still underexplored, with numerous
species awaiting formal description. The region’s varied microclimates support a wealth of
amphibians and reptiles, many of which are endemic and exhibit strong niche specificity.
Aquatic systems such as montane streams and floodplain wetlands harbour a variety of
native fish species and invertebrates, many of which play vital roles in local food security

and nutrient cycling.
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CHAPTER 2

LITERATURE REVIEW

The Brahmaputra River system represents one of the world's most biodiverse yet
understudied grassland ecosystems, supporting critical habitat for numerous threatened
avian species (Jahan et al., 2022a; Narasimmarajan et al., 2013). Recent research reveals
that grassland birds face the most severe population declines of any terrestrial bird group
globally (Daskalova et al., 2020), with species endemic to South Asian river systems
experiencing particularly acute threats from habitat conversion and climate change
(Jahan et al., 2022a). The Brahmaputra's tropical riverine grasslands serve as irreplaceable
habitat for specialists like Jerdon's Babbler (Chrysomma altirostre), Black-breasted
Parrotbill (Paradoxornis flavirostris), and Marsh Babbler (Pellorneum palustre), Effective
conservation strategies for the Marsh Babbler can only be developed through a
comprehensive understanding of the complex interactions among seasonal flooding
regimes, vegetation dynamics, and anthropogenic pressures. This review establishes the
scientific foundation for distribution modelling and conservation strategies by examining
ecosystem processes, species ecology, habitat requirements, conservation challenges,

modelling methodologies, and climate change impacts across global grassland systems.
2.1 Grassland Ecosystems of the Brahmaputra Valley

2.1.1 Ecosystem structure and dynamics

The Brahmaputra floodplains encompass the majority of protected grassland
habitats in northeastern India, representing one of Earth's most productive tropical
grassland systems (Sharma et al., 2023), These dynamic ecosystems are characterized by
extensive alluvial grasslands created by the seventh-largest river system globally, which
maintains two distinct grassland types based on inundation duration: Short Grasslands (SG)
in areas with prolonged flooding and Tall Grasslands (TG) in zones with shorter inundation
periods (Sharma et al., 2023). This hydrological distinction fundamentally shapes
vegetation structure, species composition, and ultimately habitat suitability for

grassland-dependent birds.
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Recent comprehensive studies monitoring 1,152 plots over two years revealed that
grassland characteristics are primarily controlled by seasonal flooding patterns, with longer
inundation periods promoting short grassland development and higher plant species
diversity (Sharma et al., 2023). The Brahmaputra exhibits extreme seasonal variation, with
an average annual discharge of approximately 20,000-22,000 m3/s rising to flood peaks
around 98,000-103,000 m?/s during the monsoon season (June—October), when 70-85%
of its ~2,300-2,500 mm annual rainfall occurs. This flood pulse drives the formation of
distinctive grassland mosaics essential for supporting diverse bird communities
(Hossain et al., 2021; Palash et al., 2023).

2.1.2 Vegetation communities

The grassland flora comprises diverse communities dominated by reeds, sedges and
grasses forming the largest vegetation component. Key grass species include Phragmites
karka, Apluda mutica, Sclerostachya fusca, Saccharum species in tall grass communities,
and Cynodon species in short grass areas (Khatri & Barua, 2011). Associated flora
encompasses Ageratum conyzoides, Alpinia species, Amaranthus species, and numerous
other herbaceous plants (Devi et al., 2022) creating microhabitat diversity crucial for

grassland birds.

Comparative research from Bangladesh's portion of the system documented
31 grassland specialist bird species dependent on specific vegetation communities, with
nine species classified as obligate tall grass breeders requiring optimum vegetation heights
(Jahan et al., 2022a). This finding emphasizes the critical importance of maintaining
diverse vegetation structure across the landscape, as different bird species exhibit distinct

microhabitat preferences within the broader grassland matrix.
2.1.3 Soil processes and nutrient dynamics

The fertile alluvial soils deposited from Himalayan and Tibetan sources create the
foundation for grassland productivity. Predominant soil types include red loamy soil,
alluvial soil, and sandy-loamy-clayey combinations with laterite soils in some areas
(Walia & Chamuah, 1992). Detailed studies reveal that carbon, nitrogen, phosphorus, and

potassium concentrations vary significantly between grassland types and management

24



regimes, with grazing exclusion increasing soil nutrient content through enhanced litter
accumulation while controlled burning reduces woody growth and enhances soil nutrient
conditions (Sharma et al., 2023).

2.1.4 Human impacts

Contemporary land-use analysis reveals escalating anthropogenic pressures.
Between 1913 and 2023, agricultural land expanded by approximately 15%, while forest
cover declined by about 10%, accompanied by a significant reduction in grassland areas
(Saeed et al., 2025). Major threats include sand mining activities (Daham et al., 2024),
urbanization (Pradhan et al., 2021b), uncontrolled burning, grazing, invasive species
introduction, and woody encroachment from fire suppression (Sharma et al., 2023). These
pressures create habitat fragmentation affecting species dependent on undisturbed

ecosystems while promoting human-wildlife conflict in protected areas (Jahan et al., 2022a).
2.1.5 Global comparisons

Comparative analysis of major riverine grasslands reveals unique ecological and
conservation challenges in the Brahmaputra floodplains. Unlike the extensively modified
Mississippi River Basin (with over 80% of its floodplains altered) or the policy-supported
Danube restoration projects (Friberg et al., 2017), the Brahmaputra grasslands are
undergoing rapid degradation with minimal large-scale restoration (Sharma et al., 2023).
Their tropical, monsoon-driven hydrology sets them apart from the snowmelt-fed,
temperate systems of the Mississippi and Danube (Hein et al., 2016). This, coupled with
their exceptional biodiversity, including globally significant endangered species, amplifies

the urgency for conservation.
2.2 Ecology of Jerdon's Babbler

The species Chrysomma altirostre was first described by Thomas C. Jerdon, in
1862, based on a pale reddish-brown individual collected near Thayetmyo in northern
Myanmar. Three subspecies are recognized: the nominate C. a. altirostre (Myanmar
floodplains), C. a. griseigularis (Terai of Nepal/Northeast India), and C. a. scindicum
(Indus basin, Pakistan) (Parengal et al., 2025).
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These species occur in three highly fragmented populations across South Asia: the
Indus basin (Pakistan), the Terai region of Nepal and northern India, and the Brahmaputra,
Arunachal region, extending into Myanmar’s Irrawaddy - Sittang floodplains
(Parengal et al., 2025). The species inhabits seasonally inundated floodplain reedbeds and
tall wet grasslands at low elevations, with a strong association to dominant vegetation such
as Phragmites, Imperata, Saccharum, and Typha species (Sadanandan et al., 2018). Recent
genetic studies by Sadanandan et al. (2018) found limited mitochondrial divergence across
subspecies despite geographic barriers, suggesting historical connectivity with
ecomorphological adaptations in westernmost populations. The species demonstrates
extreme habitat specialization requiring dense reedbeds and tall grasslands, particularly
Phragmites (common reed), Typha (reedmace), Imperata cylindrica (cogongrass), and

Saccharum spontaneum (kans grass) several meters in height on wet substrates.

Measuring 16—17 cm in length, adult Jerdon’s Babblers exhibit predominantly buffy
chestnut-brown upperparts and paler yellowish-brown underparts. The lores, throat, and breast
are greyish, while the tail and a patch on the wings are more rufescent. The legs and thick,
slightly decurved bill are greyish-horn in colour, accompanied by a yellowish-brown iris and
a distinctive bare greenish-yellow eye-ring. Juveniles are distinguished by their more orange-
buff upperparts and a noticeably paler lower mandible (Showler & Davidson, 1999).

The breeding period of Jerdon’s Babbler appears to be synchronized with the
monsoonal inundation of floodplains, though precise timing remains poorly documented.
However, field vocal recordings and behavioural observations during the spring to early
summer months (March—May) suggest that nesting activity likely coincides with the onset
of the wet season in the region (Sadanandan et al., 2018).

This species is resident, insectivorous passerine, typically found in small groups or
pairs within dense tall grasses and reeds (BirdLife International, 2021; Khan et al., 2014;
Showler & Davidson, 1999). The vocalization based on the analysed recording of field
recoded and data procured from xeno-canto conforms to established descriptions of the
species’ acoustic behaviour, characterized by a series of short, tonal, and rhythmically
repeated notes resemble short "chak™ or "chek™ sounds. The dominant frequency peak at

approximately 3500 Hz, along with concentrated energy between 2 - 12 kHz.
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Classified as Vulnerable by IUCN (decline >30% over three generations) with an
estimated 2,500-9,999 mature individuals remaining (BirdLife International, 2021).
Its decline stems from drainage of wetlands, agricultural conversion, dam construction

(especially on Indus and Brahmaputra systems), grazing, and burning of habitats.
2.3 Ecology of Black-breasted Parrotbill

The (Paradoxornis flavirostris), first described scientifically by Gould, J., in 1836
with its type locality probably in Nepal, is a monotypic species within the genus
Paradoxornis, family Paradoxornithidae. Its nomenclature reflects the yellow-billed beak
(“flavirostris™), but it is distinguished by a large, parrot-like bill, a striking black throat and
breast contrasting with warm rufous-buff underparts and brown upperparts (Marshall,
1972). Currently endemic to northeast India (Arunachal Pradesh and Assam), this species
is confined to highly fragmented strongholds such as Manas and Dibru-Saikhowa National
Parks, though historical data suggest past presence in Bangladesh and eastern Nepal
(BirdLife International, 2024a; Grimmett et al., 2016; Marshall, 1972). Measuring
approximately 19 cm in length, adults show distinctive plumage, black head-side patches
and throat, uniform rufous-buff below, heavy bill, which aids in visual identification and
differentiation from congeners (Choudhury, 2011; Penhallurick & Robson, 2009).
Breeding biology remains poorly documented; Birds of the World notes a critical lack of
recent nesting records, highlighting significant knowledge gaps regarding its phenology,
clutch characteristics, and nesting ecology. The species inhabits dense reedbeds and tall
grass stands dominated by Phragmites karka and Arundo donax, favoring wet grassland

and marshy ecosystems subject to seasonal inundation (Bora & Saikia, 2024).

Ecologically, it is non-migratory, presumably granivorous-insectivorous, and often
observed in small social groups a trait typical of parrotbills though detailed foraging studies
are scarce. Vocal communication includes of a series of sharp, clear, and high-pitched notes
that occur in rhythmic, repeated bursts, typically within the 1.2 to 3 kHz frequency range.
These calls are often resembling a "phooi- phooi - phooi " pattern (Xeno-canto, 2025a). The
Black-breasted Parrotbill is classified as Vulnerable (VU) on the IUCN Red List (IUCN 3.1).
This designation is underpinned by a small and declining population, estimated at between
approximately 1,500 and 7,000 mature individuals (BirdLife International, 2024a).
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2.4 Ecology of Marsh Babbler

The Marsh Babbler (Pellorneum palustre), first described by Gould, in 1872, has
its type specimen based on individuals from the Brahmaputra floodplain of northeast India
and adjacent Bangladesh (Krishnan, 2021). This monotypic species, belonging to the
ground-babbler family Pellorneidae, derives its specific epithet "palustre” from its marsh
habitat, and is characterized by a modest 17 cm length, rich brown upperparts, paler buff
underparts, a greyish throat, and the distinctive bare, flesh-toned facial skin around the eye
(E. S. Baker, 1922). It is endemic to seasonally inundated tall grass and reedbeds dominated
by Phragmites and associated marsh vegetation, within the Brahmaputra valley of Assam,
Arunachal Pradesh, Meghalaya, and adjacent Bangladesh (Krishnan, 2021).

The nests are constructed low within dense reeds, typically from April to June
coinciding with flood recession (Baker, 1932); clutches consist of approximately
3 - 4 eggs (Baker, 1922). Ecologically, it is a resident, skulking, ground-foraging

insectivore and frequently observed in small family groups or pairs (Krishnan, 2021).

Its vocal repertoire is repetitive vocalization characterized by a series of short,
whistling notes. The dominant frequency of the call averages around 3 kHz. The call
predominantly occupies the 1-10 kHz frequency range. Acoustically, the call can be
described as a rhythmic sequence of “Kekrrerere krorette- Kekrrerere krorette” phrases,
often delivered in quick, uniform intervals (Xeno-canto, 2025b). The Marsh Babbler is
assessed as Vulnerable (VU), primarily due to declining populations driven by habitat
degradation and fragmentation in its floodplain ecosystems. Conservation actions focused on

wetland protection and management are critical to its survival (BirdLife International, 2024c).
2.5 Habitat Requirements of Grassland Birds

Grassland ecosystems represent some of the most threatened habitats globally, with
grassland-dependent bird species experiencing steeper population declines than any other
avian guild (Brennan & Kuvlesky, 2005). Vegetation height emerges as one of the most
critical habitat variables for grassland birds, with different species exhibiting distinct
preferences along this structural gradient. Fuhlendorf et al. (2006) demonstrated that grass

height significantly influences both foraging opportunities and predation risk for grassland
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birds. Species-specific responses to vegetation height create a mosaic of microhabitat
requirements within grassland ecosystems. Grassland birds require open, treeless
landscapes with heterogeneous vegetation structure providing diverse microhabitat niches
(Kraft et al.,, 2021). Research across North American, European, and Asian
grassland systems consistently identifies key requirements including large patch sizes
(Zuckerberg et al., 2018), appropriate disturbance regimes through fire and grazing
maintaining optimal vegetation structure and preventing woody encroachment, and native
plant communities dominated by native grasses supporting diverse arthropod food webs
(Rosenberg et al., 2019).

Species-specific requirements create distinct ecological niches within grassland
ecosystems. Short-grass specialists like the Upland Sandpiper (Bartramia longicauda)
prefer vegetation heights of 5-20 cm and low vegetation density, enhancing visibility for
predator detection and effective brood rearing (Griffis & Campa I, 2023). In contrast,
tall-grass specialists such as Henslow’s Sparrow (Centronyx henslowii) require denser
vegetation 30-100 cm tall and significant litter accumulation (3-7 cm), which provide
nesting cover and insulation (Keating et al., 2023). Generalist species like Bobolinks
(Dolichonyx oryzivorus) occupy an intermediate niche, favoring mixed grass—forb
assemblages with vegetation heights of 15 -50 cm and moderate litter cover (5 - 39%)
(Shaffer et al., 2023).

Similarly, in India, the Paddyfield Pipit (Anthus rufulus), a non-migratory,
insectivorous species, thrives in open grass-scrub mosaics and agricultural fields with short
vegetation (10-20 cm), facilitating ground foraging (Nath et al., 2022). The Nilgiri Pipit
(Anthus nilghiriensis), endemic to the montane grasslands of southern India, prefers short
to medium grass heights (<25 cm) mixed with marshy patches and is most common in
grasslands above 1900 m elevation (Lele et al., 2020). Species like the Painted Francolin
(Francolinus pictus) favor semi-dry undulating grasslands with dense tall grasses and scrub,
indicating a clear need for structurally complex tall-grass ecosystems (Forcina et al., 2012).

Research by With et al. (2008) revealed that many grassland bird species require
heterogeneous vegetation structure rather than uniform grassland conditions.

This heterogeneity provides diverse foraging opportunities and nesting sites while
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accommodating different behavioural and ecological needs. The structural complexity of
grasslands, including varying heights and densities, creates microhabitats that support

different species assemblages (Derner et al., 2009).

The composition of plant communities significantly affects grassland bird habitat
quality. Native grassland plant communities typically provide superior habitat compared
to areas dominated by invasive species (Fletcher & Koford, 2002). Invasive plant species
can alter habitat structure, reduce arthropod diversity, and modify seed availability,

consequently affecting both foraging and nesting opportunities for grassland birds.

Studies by Scheiman et al. (2003) showed that areas with high invasive plant cover,
particularly exotic grasses, supported lower bird diversity and abundance compared to
native grassland areas. The structural and compositional changes associated with invasive
species create suboptimal conditions for many specialist grassland birds, leading to reduced

reproductive success and population viability.
2.5.1 Patch size and landscape context

Grassland bird communities are strongly influenced by patch size and landscape
configuration. Herkert, (1994) established that many grassland bird species are
area-sensitive, requiring large contiguous grassland patches for successful breeding. This
area sensitivity varies among species, with some requiring patches exceeding 100 hectares

for consistent occupancy.

The landscape context surrounding grassland patches also plays a crucial role in
determining bird community composition. Ribic et al. (2009) found that the amount of
grassland habitat within the surrounding landscape significantly influenced local bird
communities, suggesting that both local and landscape-scale factors interact to determine
habitat suitability.

Habitat fragmentation has emerged as a central driver of grassland bird declines,
exerting profound effects on species composition, abundance, and persistence.
Fragmentation not only reduces the total amount of available habitat but also alters its
configuration, leading to increased edge effects and isolation. Studies across North

America and Europe consistently demonstrate that bird species richness and occupancy are

30



positively correlated with fragment size and connectivity, with area-sensitive species
requiring substantially larger patches for viable populations (Herse et al., 2020).
Edge effects, often penetrating 100-800 meters into patches, diminish core habitat essential
for nesting and foraging (Marcolin et al., 2021). Fragment isolation further limits dispersal,
particularly when inter-patch distances exceed 700 meters, disrupting gene flow and
metapopulation dynamics (Reino et al., 2013). While patch density and linear corridors can
mitigate some fragmentation impacts, the surrounding agricultural matrix often presents
low-quality habitat that hampers movement (Buxton & Benson, 2016). These findings
underscore the urgent need for landscape-scale conservation strategies that maintain large,
connected, and minimally perforated grassland systems.

2.5.2 Climate variables

Climate variables, particularly temperature and precipitation patterns, influence
grassland bird distributions through both direct physiological effects and indirect effects
on habitat quality. McCarty and Winkler (1999) demonstrated that breeding phenology in
grassland birds is closely tied to temperature patterns, with earlier warming leading to

advances in breeding timing.

Precipitation patterns affect grassland productivity, vegetation structure, and arthropod
abundance, all of which influence grassland bird communities (Skagen et al., 2018).
Years with optimal precipitation timing and amounts typically support higher bird densities
and breeding success rates compared to drought or flood years. Local microclimate
conditions within grassland habitats can significantly influence bird habitat selection and
breeding success. Wind exposure, humidity levels, and temperature variations within
grassland patches create microhabitat gradients that different species exploit differentially
(Bakker et al., 2002). Cloud cover and its effects on temperature regulation and foraging
conditions have been identified as important factors for some grassland bird species,

particularly those that rely on visual foraging strategies (Pietz & Granfors, 2000).
2.5.3 Soil characteristics

Soil characteristics indirectly influence grassland bird communities through their

effects on plant community composition and arthropod abundance. Soil pH affects plant

31



species composition, which in turn influences the structural characteristics of grassland
habitats (Gibson et al., 1993).

Research by Dennis et al. (1998) showed that soil fertility levels affect both plant
diversity and arthropod communities, with implications for grassland bird foraging
opportunities. Soils with moderate fertility levels often support the most diverse plant and
arthropod communities, providing optimal foraging conditions for insectivorous grassland
birds.

Soil temperature and moisture regimes influence both plant growth patterns and
invertebrate communities that serve as food sources for grassland birds. These soil
characteristics create spatial and temporal variations in resource availability that affect bird
distribution and abundance patterns (Knapp et al., 1998). The interaction between soil
characteristics and climate variables creates complex patterns of habitat suitability that vary
both spatially and temporally, requiring adaptive management approaches for grassland
bird conservation (Samson & Knopf, 1994).

2.5.4 Water availability and wetland proximity

Water availability, either through permanent water sources or seasonal wetlands,
influences grassland bird distribution and abundance. Many grassland bird species require
access to water for drinking and foraging, particularly during hot, dry periods (Rotenberry
& Wiens, 1991). The proximity of wetland habitats to grasslands creates ecotonal zones
that support unique bird communities and provide additional foraging opportunities for

some grassland species (Fairbairn & Dinsmore, 2001).
2.6 Conservation Status and Threats

Grassland birds represent one of the most imperilled avian guilds globally, with
populations experiencing precipitous declines that exceed those of any other bird group
(Rosenberg et al., 2016). The conservation crisis facing grassland-dependent species is
particularly acute in Asia, where rapid economic development, agricultural intensification,
and habitat conversion have dramatically altered traditional grassland ecosystems
(BirdLife, 2018).

32



2.6.1 Global conservation status of grassland birds

Continental-scale analyses reveal that grassland birds have experienced the steepest
population declines of any avian habitat guild over the past several decades. Rosenberg
et al. (2019) documented more than 50% decline in grassland bird populations across North
America since 1970, representing a loss of approximately 720 million individual birds
(Sauer, Niven, et al., 2017). Similar patterns have been documented across other continents,

with European grassland birds showing comparable decline rates (Donald et al., 2001).

Asian grassland bird populations face particularly severe conservation challenges
due to rapid economic development and intensive land-use changes. Robson (2020)
documented significant population declines among grassland-dependent species across
East Asia, with habitat loss identified as the primary driver. The situation is particularly
critical in regions like the Brahmaputra basin, where traditional grassland management

practices have been disrupted by modern development pressures (Sharma et al., 2023).

Studies by Robson (2020) in Southeast Asia revealed that many grassland bird
species have experienced range contractions of 50% or more over the past century.
Endemic and range-restricted species face the highest extinction risks, as their limited

distributions make them particularly vulnerable to localized threats.
2.6.2 Habitat loss and conversion

Habitat loss represents the most significant threat to grassland birds globally.
Agricultural intensification, urbanization, and infrastructure development have resulted in
widespread conversion of natural grasslands to other land uses (Samson et al., 2004).
In Asia, rapid economic development has accelerated grassland conversion rates, with
some regions losing over 80% of their natural grassland cover within a few decades
(Kamp et al., 2016).

The conversion of grasslands to intensive agriculture eliminates habitat for
specialist grassland birds while creating simplified landscapes that support fewer species
overall. Fletcher and Koford (2003) demonstrated that even partial conversion of grassland

landscapes significantly reduces bird diversity and abundance.
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2.6.3 Agricultural intensification

Modern agricultural practices pose multiple threats to grassland birds, including
increased pesticide use, earlier and more frequent mowing, and conversion from extensive
to intensive production systems. Donald et al. (2001) identified agricultural intensification
as the primary driver of grassland bird declines across Europe, with similar patterns

documented in other regions.

Pesticide use directly affects grassland birds through reduced invertebrate prey
availability and potential direct toxicity effects. Mineau and Whiteside (2013) found that
neonicotinoid pesticides, widely used in modern agriculture, significantly reduce arthropod
abundance in grassland systems, consequently affecting insectivorous birds.

Agricultural intensification represents one of the primary threats to grassland bird
populations globally. Brennan and Kuvlesky (2005) documented severe population
declines in grassland birds associated with changes in agricultural practices, including
increased use of pesticides, earlier and more frequent mowing, and conversion of

grasslands to row crops.

The timing and intensity of agricultural activities significantly affect grassland bird
breeding success. Perlut et al. (2006) found that delayed mowing schedules improved nest
success rates for several grassland bird species, highlighting the importance of timing in

agricultural management practices.
2.6.4 Infrastructure development and fragmentation

Transportation infrastructure, energy development, and urban expansion fragment
grassland habitats and introduce various disturbance factors that negatively affect bird
populations. Bayne et al. (2008) documented that roads reduce habitat quality for grassland
birds through direct mortality, noise pollution, and edge effects that extend hundreds of

meters into adjacent habitats.

Wind energy development, while beneficial for climate change mitigation, poses
specific challenges for grassland birds through direct mortality from turbine strikes and
habitat displacement effects. Loss et al. (2013) estimated that wind turbines kill lakhs of

birds annually in the United States, with grassland species being disproportionately affected.
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Power line networks create additional mortality sources through electrocution and
collision, while also fragmenting grassland habitats. Bernardino et al. (2018) found that
power lines cause significant mortality in grassland birds, particularly during migration
periods when birds may be less familiar with local hazards. Edge effects significantly
influence grassland bird communities, with many species avoiding habitat edges due to
increased predation pressure and altered microclimate conditions. Johnson and
Temple (1990) found that nest predation rates were significantly higher near grassland

edges compared to interior areas.

Mining activities pose particular threats to grassland ecosystems through direct
habitat destruction, water pollution, and long-term landscape alteration. Northrup and
Wittemyer (2013) found that energy development significantly reduces habitat quality for

grassland birds even when direct habitat loss is minimal.

The width and composition of edge zones affect their impact on grassland bird
communities. Soft edges, created by gradual transitions between habitat types, generally

have less severe effects than hard edges created by abrupt habitat changes (Ries et al., 2004).
2.6.5 Climate change

Climate change poses both direct and indirect threats to grassland birds through
altered temperature and precipitation patterns, shifting vegetation communities, and
changes in extreme weather frequency (Sekercioglu et al., 2012). Langham et al. (2015)
projected that 64% of North American grassland bird species face significant climate-
related threats, with many species requiring shifts in their geographic ranges to track

suitable climate conditions.

Changing precipitation patterns affect grassland productivity and structure,
potentially altering habitat suitability for different species. Langham et al. (2015) found
that drought conditions significantly reduce grassland bird reproductive success and
survival rates, while extreme precipitation events can cause direct mortality and habitat

degradation.

Temperature increases may affect grassland birds through multiple pathways,

including altered prey availability, increased heat stress, and mismatches between breeding
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timing and optimal resource availability (Both, 2010). McKechnie and Wolf (2010)
identified several grassland bird species as particularly vulnerable to temperature increases

due to their limited thermoregulatory capacity.
2.6.6 Invasive species

Invasive plant and animal species pose significant threats to grassland bird
communities by altering habitat structure, reducing native plant diversity, and introducing
novel predation or competition pressures (Saalfeld et al., 2016). DiTomaso (2000)
documented that invasive grasses fundamentally alter grassland fire regimes and vegetation

structure, creating suboptimal conditions for many native bird species.

Invasive predators can have devastating effects on grassland bird populations,
particularly on islands or in regions where native predator communities have been
disrupted (Hilton & Cuthbert, 2010). Blackburn et al. (2004) showed that introduced
predators cause significantly higher nest failure rates compared to native predator species.
The interaction between invasive species and other threats can create synergistic effects
that exceed the sum of individual impacts (Doherty et al., 2015). Brooks et al. (2004) found
that invasive species establishment is often facilitated by habitat disturbance from other

sources, creating cascading effects on native bird communities.
2.6.7 Fire regime alterations

Natural fire regimes have historically maintained grassland ecosystems, but fire
suppression and altered burning patterns now threaten grassland bird habitat quality.
Fuhlendorf and Engle (2004) demonstrated that fire suppression leads to woody
encroachment and loss of grassland habitat, while inappropriate burning regimes can
eliminate critical nesting cover during breeding seasons. Research by Robbins and
Dale (1999) showed that moderate disturbance regimes often support the highest grassland
bird diversity, while either complete disturbance absence or intensive disturbance reduces
habitat suitability for many species. The timing, frequency, and intensity of prescribed
burns significantly affect grassland bird communities. Robbins and Dale (1999) found that
annual burning creates suboptimal conditions for many grassland species, while fire

exclusion leads to habitat degradation through woody invasion.
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Climate change may further alter fire regimes through increased frequency of
extreme weather events and altered vegetation moisture conditions. Flannigan et al. (2013)
projected significant increases in fire frequency and intensity across many grassland

regions, potentially exceeding the adaptive capacity of some bird species.
2.6.8 Pollution and contamination

Chemical pollution affects grassland birds through multiple pathways, including
direct toxicity, endocrine disruption, and indirect effects through prey population impacts
(Dudgeon, 2000). Mineau (2003) documented that agricultural pesticides cause both lethal
and sublethal effects in grassland birds, with impacts on reproduction, behaviour, and

immune function.

Plastic pollution represents an emerging threat to grassland birds, particularly
species that forage in agricultural landscapes where plastic debris is common.
Wilcox et al. (2015) found plastic ingestion in multiple grassland bird species, with

potential impacts on nutrition and reproductive success.
2.6.9 Traditional land use changes

Changes in traditional land management practices threaten grassland birds that have
co-evolved with extensive grazing and burning regimes. In many Asian regions,
abandonment of traditional pastoralism has led to habitat degradation through woody
encroachment or conversion to intensive agriculture (Kamp et al., 2016). The loss of
traditional ecological knowledge associated with sustainable grassland management
compounds these challenges. Drew and Henne (2006) emphasized that grassland
conservation requires integration of traditional management practices with modern

conservation approaches.
2.6.10 Water resource development

Large-scale water resource development projects, including dam construction and
river diversions, significantly affect grassland birds through altered flooding regimes and
wetland loss (Dudgeon, 2000). Nilsson et al. (2005) documented that dam construction has
altered 60% of the world's rivers, with particularly severe impacts on floodplain grassland

gcosystems.
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The Brahmaputra River system faces multiple water development pressures that
threaten the grassland bird communities dependent on natural flooding cycles.
Goswami et al. (1999) found that proposed hydroelectric developments could significantly
alter downstream grassland habitats critical for vulnerable specie. The temporal sequence
of threats can also affect their cumulative impact. Species that have already experienced
population declines due to habitat loss may be less resilient to additional stressors like

climate change or pollution (Didham et al., 2007).
2.7 Species Distribution Modelling in Avian Conservation

2.7.1 Ensemble modelling approaches

Species distribution modelling has advanced significantly with ensemble modelling
approaches demonstrating superior performance over single algorithms when properly
tuned across different species globally (Hao et al., 2020). Recent developments show both
performance-based and diversity-based ensemble selection strategies prove effective, with
heterogeneous ensembles consistently outperforming single models across bird species
datasets. However, ensembles built using Biomod framework with default parameters
performed no better than moderate single models, emphasizing the critical importance of
proper parameter tuning (Hao et al., 2019).

MaxEnt modelling remains among top-performing algorithms, particularly
effective for presence-only data with small sample sizes (Valavi et al., 2022). Enhanced
parameterization through empirical tuning using presence-only data improves model
accuracy and computational efficiency, with recent implementations incorporating "hinge
features” for modelling complex relationships and logistic output formats providing
probability estimates (Merow et al., 2013). Bias correction methods through background
sampling strategies address sample selection bias while reducing model-building time
(Phillips et al., 2009).

2.7.2 Machine learning techniques

Random Forest and other machine learning techniques show strong potential when
properly implemented (Ao et al., 2019). Random Forest with default parameters performs

poorly for presence-background modelling, but optimized parameters addressing class
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imbalance significantly improve performance, producing strong models (Valavi et al., 2021).
Geographically Weighted Random Forest incorporates spatial heterogeneity by focusing
on local rather than global calculations, particularly suitable for applications with complex
spatial structures (Georganos et al., 2021). XGBoost emerges as a powerful alternative

showing strong performance in comparative studies (Demir & Sahin, 2023).
2.7.3 Bioclimatic variables and remote sensing

Variable selection significantly affects model outcomes, with using all available
bioclimatic variables versus tailored selection creating substantial differences in
predictions. Over-fitting with numerous variables can lead to overestimated range
reduction predictions, while different databases using varying calculation methods for
bioclimatic variables make results incomparable. Bede-Fazekas and Somodi (2020); and
Duran et al. (2020) demonstrated that different calculation schemes can project both large

increases and decreases for the same habitats.
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CHAPTER 3

ASSESSMENT OF HABITAT CHARACTERISTICS

This chapter addresses the first objective of the thesis, which is “To assess the
habitat characteristics of three select threatened grassland birds namely Jerdon’s Babbler,

Black-breasted Parrotbill and Marsh Babbler”.
3.1 Introduction

The assessment of habitat characteristics forms the cornerstone of effective
conservation strategies, particularly for threatened species whose survival depends on
specific environmental conditions and resource availability (Hairston et al., 1960). In the
context of Northeast India's Brahmaputra floodplains, understanding the habitat
requirements of threatened grassland birds becomes increasingly critical as these

ecosystems face unprecedented anthropogenic pressures and climate-induced changes.

The three focal species of this study Jerdon's Babbler (Chrysomma altirostre),
Black-breasted Parrotbill (Paradoxornis flavirostris), and Marsh Babbler (Pellorneum
palustre) represent indicator species for grassland conservation in the region. These species
have experienced significant population declines and range contractions, making them
ideal indicators of ecosystem health and habitat quality (BirdLife International, 2025).
Their conservation status underscores the urgent need for comprehensive habitat

characterization to inform evidence-based management decisions.

Recent advances in habitat modelling have revealed that successful conservation
requires understanding not just the presence of suitable habitat, but the quality and
connectivity of these habitats across landscapes (Savary et al., 2024). The integration of
call playback techniques with habitat assessment provides additional insights into species
detection probabilities and territorial behaviours, crucial for accurate population estimates
and habitat quality assessments (Barrero et al., 2024).Vegetation structure parameters,
including grass height, cover percentage, and species composition, have consistently
emerged as primary determinants of grassland bird community structure (Jahan et al.,

2022b; Skowno & Bond, 2003).

40



3.1.1 Chapter objectives and structure

This chapter presents a comprehensive assessment of habitat characteristics
associated with Jerdon's Babbler, Black-breasted Parrotbill, and Marsh Babbler in the
Brahmaputra floodplains. By quantifying the habitat characteristics that determine the
presence and abundance of these threatened grassland birds, this research contributes

essential baseline data for conservation planning.

3.2 Methods

This study employed an integrated multi-scale approach combining extensive field
surveys, remote sensing analysis, and statistical modelling to assess the habitat characteristics,
and distribution patterns, of three select threatened grassland bird species in the Brahmaputra
River system across Assam and Arunachal Pradesh, encompassing the historical range of all
three target species. Field data collection was conducted during two separate seasons in 2018
and 2020, employing standardized point-count surveys and species-specific call playback
techniques across 756 systematically selected survey sites. These field observations were
complemented by high-resolution remote sensing data from Sentinel-1 and Sentinel-2

satellites, providing comprehensive habitat characterization at multiple spatial scales.

Environmental variables were derived from multiple sources, including field
measurements of vegetation structure, satellite-based spectral indices, topographic
derivatives, and anthropogenic disturbance indicators. This multi-dimensional
environmental dataset encompassed landscape ecological metrics, vegetation productivity
indices, climatic variables, and human impact measures, to capture the complex habitat

requirements of these specialized grassland species.
3.2.1 Data analysis framework

The analytical framework for assessing habitat characteristics and requirements of
the three threatened grassland birds (Jerdon's Babbler, Black-breasted Parrotbill, and
Marsh Babbler) employed a multi-step approach combining statistical methods with
machine learning techniques. This methodology was consistently applied across all three
species to ensure comparability and robustness of results. The analytical pipeline

encompassed data preprocessing, exploratory data analysis, variable transformation,
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correlation analysis, dimensionality reduction, and predictive modelling using both

generalized linear models (GLMs) and random forest algorithms.
3.2.2 Variable selection and ecological justification

Landscape Ecological Metrics were employed to quantify habitat heterogeneity and
spatial configuration patterns critical for grassland bird species survival. Shannon diversity
and Simpson diversity indices were measured habitat heterogeneity levels, as different
grassland specialists may prefer varying degrees of landscape diversity versus homogeneous
grasslands. Class richness indicated landscape complexity influencing species occurrence
patterns, while edge density assessed edge effects between habitats, some species prefer edges
while others, particularly grassland specialists, avoid them. Patch coherence measured
landscape connectivity, critical for species with limited dispersal ability, and dominance and
evenness indices evaluated species tolerance to landscape heterogeneity, helping identify

preferences for uniform versus mixed landscapes.

Remote Sensing Vegetation Indices served as primary indicators of vegetation
productivity, health, and structural characteristics essential for habitat quality assessment. NDVI
functioned as the primary vegetation productivity indicator relating to food availability, nesting
sites, and overall habitat quality, while NDCI indicated plant health and photosynthetic activity
as habitat quality proxies. EVI provided improved vegetation assessment in dense canopy areas
with reduced atmospheric interference, and SAVI accounted for soil background effects
important in sparse grassland areas. GNDVI measured chlorophyll content variations indicating
seasonal vegetation changes, while NDWI and NDMI assessed water and moisture content in
vegetation, critical for grassland species requiring moist conditions. Additional indices including
moisture stress index, fractional vegetation cover, bare soil index, and grass senescence index

provided comprehensive vegetation structure and temporal dynamics assessment.

Topographic Variables characterized microclimatic conditions and drainage
patterns significantly influencing habitat suitability. Elevation controlled microclimatic
conditions, drainage patterns, and vegetation composition, with many grassland birds
showing specific elevation preferences. Slope influenced drainage, soil development, and
vegetation structure affecting habitat suitability and accessibility, while aspect determined

solar exposure affecting microclimate, vegetation growth patterns, and insect abundance.
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The Topographic Wetness Index (TWI) predicted soil moisture patterns critical for wetland
grassland species, and terrain roughness influenced accessibility, predator-prey dynamics,

and vegetation establishment patterns.

Climate and Environmental Variables provided essential environmental context for
species habitat requirements. Land Surface Temperature (LST) median affected species
metabolism, breeding timing, and food availability, while water occurrence frequency
proved critical for species requiring proximity to water sources for drinking, bathing, and
accessing aquatic food resources, particularly important for the three target species known

to inhabit riverine grasslands.

Spatial Distance Variables quantified proximity effects and edge influences from
various habitat types and anthropogenic features. Distance to water bodies measured
proximity to essential water sources, while distances to agricultural land, woodland, and
scrubland assessed edge effects and habitat transition zones that may provide resources or
represent habitat degradation. Specific distances to key grass species including Phragmites,
Vetiver, and Saccharum were measured as these represent critical habitat components for the
target species. Distance to built-up areas quantified anthropogenic disturbance levels, and

distance to riverine deposits indicated dynamic floodplain processes affecting habitat availability.

Field-Measured Vegetation Structure provided ground-truth data on specific habitat
requirements. Overall grass height directly affected nesting sites, predator visibility, and
microhabitat structure, while grass coverage influenced accessibility, food resources, and
nesting opportunities. Species-specific measurements including Saccharum, Erianthus,
Vetiveria, and Phragmites heights and coverage were critical as these grass types provide
specific microhabitat conditions required by threatened grassland specialists, with

Phragmites being particularly essential for reed-dependent species habitat assessment.

Anthropogenic Disturbance Variables quantified human impact intensity on habitat
quality and species survival. Resource extraction activities measured direct habitat destruction
and disturbance intensity, while livestock grazing pressure significantly altered vegetation
structure, composition, and habitat quality. Fire frequency and intensity affected vegetation
regeneration, structure, and species composition, and mining activity represented severe habitat
degradation with long-term ecosystem disruption potential, all factors directly threatening the
persistence of the three target grassland bird species in the Brahmaputra floodplains.
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3.2.3 Data preprocessing and quality control

Prior to analysis, comprehensive data quality assessment and preprocessing were
conducted following established protocols in ecological data analysis (Khosravi et al., 2019;
Rather et al., 2020). Variables with more than 50% missing values were excluded from the
analysis to maintain data integrity and prevent biased parameter estimates. For remaining
variables with less than 50% missing data, median imputation was employed for
continuous variables, while mode imputation was used for categorical variables, following

established practices in ecological modelling (Valavi et al., 2022).

Outlier detection and treatment were performed using multiple approaches to identify
potentially erroneous data points that could unduly influence model performance. The detection
process involved examining univariate distributions through histograms and boxplots, combined
with multivariate outlier detection using Mahalanobis distance calculations. This comprehensive
approach ensured that both univariate and multivariate outliers were identified and appropriately
handled (Rather et al., 2020). Following outlier identification, data points were carefully
evaluated for ecological plausibility before removal, ensuring that legitimate extreme values

representing natural ecological variation were retained in the dataset.
3.2.4 Correlation analysis and multicollinearity assessment

Comprehensive correlation analysis was conducted to identify relationships among
predictor variables and assess multicollinearity (Figure 5), which can significantly impact
model performance and interpretation. The analysis employed Pearson correlation coefficients
to quantify linear relationships between continuous variables (Table 2), with correlation
matrices visualized using the corrplot package in R (Rather et al., 2020). Variables exhibiting
high correlation coefficients (|r] > 0.8) were flagged for potential multicollinearity issues,

following established thresholds in ecological modelling (Rahayu et al., 2017).
3.2.5 Principal component analysis

Principal Component Analysis (PCA) was employed as a dimensionality reduction
technique to identify the most important patterns of variation in the environmental
data and address multicollinearity issues (Figure 6) among predictor variables
(Cruz-Cardenas et al., 2014).
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The number of principal components to retain was determined using multiple
criteria, including the scree plot method, Kaiser's criterion (eigenvalues > 1), and the

cumulative proportion of variance explained.

Table 2 Selected Variables for the analysis

DIMENSION VARIABLES WHY IMPORTANT
HABITAT DIVERSITY | Shannon The study species is vulnerable to habitat
Diversity heterogeneity
VEGETATION NDVI, EVI, Primary productivity and moisture
HEALTH NDMI availability
SPATIAL CONTEXT Elevation Climate and topographic gradients
LANDSCAPE Distance variables Connectivity and edge effects
MICROHABITAT Grass heigh, Nesting and foraging structure
Cover
DISTURBANCE Grazing, Fire Management impacts on habitat

3.2.6 Generalized linear models

Generalized Linear Models (GLMs) were implemented to model the relationship
between species presence/absence and environmental predictor variables, accounting for
the binomial distribution of the response variable. For presence/absence data, logistic
regression models were fitted using the binomial family with logit link function, which is
appropriate for binary response variables (Nelder & Wedderburn, 1972). The logistic

regression model was formulated as:

logit(m) = log(m/(1—m)) = o + L1x1 + Paxz+ ...+ Bpxp

where 7 represents the probability of species presence, and B coefficients represent the log-
odds ratios associated with each predictor variable. This approach is particularly suitable
for ecological modelling as it constrains predicted probabilities between 0 and 1, which is
biologically meaningful for presence/absence data (Nelder & Wedderburn, 1972)

46



3.2.7 Random Forest Analysis

Random Forest analysis was implemented as a non-parametric machine learning
approach to model species-habitat relationships and assess variable importance
(Rather et al., 2020). Random Forest is particularly well-suited for ecological data as it can
handle non-linear relationships, interaction effects, and mixed data types without requiring
assumptions about data distribution (Evans et al., 2011). The algorithm constructs multiple
decision trees using bootstrap sampling and random feature selection, with final predictions

based on majority voting (for classification) or averaging (for regression) across all trees.

The Random Forest models were implemented using the randomForest package in
R, with 500 trees developed to ensure model stability and convergence. The number of
variables randomly sampled at each split (mtry parameter) was optimized using out-of-bag
(OOB) error rates, typically set to the square root of the total number of predictor variables
for classification problems (Magness et al., 2008). Class weights were balanced to address
potential issues with unequal sample sizes between presence and absence observations.
Variable importance was assessed using two metrics: mean decrease in accuracy and mean

decrease in Gini impurity.
3.3 Results

3.3.1 Habitat characteristics and distribution patterns of Jerdon's Babbler

During the survey, we could ldentify Jerdon's Babbler populations at multiple
locations within the species' fragmented range. The detection success using point-count
and call playback methodologies proved effective for this shy and skulking species.

3.3.2 Habitat associations and environmental variables
3.3.2.1 Generalized Linear Model

The GLM analysis revealed highly distinctive and specialized habitat associations
for Jerdon's Babbler presence. Among the 20 predictor variables examined, several showed

exceptionally strong statistical relationships with species occurrence.
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Table 3 Generalized Linear Model Results of Jerdon’s Babbler

Predictor Estimate  Std. Error z p-value
(Intercept) -8.756 3.745 -2.34 0.019 *
elevation 0.011 0.003 3.16 0.002 **
Shannon Diversity -0.418 0.393 -1.06 0.287

NDVI -2.473 1.306 -1.89 0.058

NDMI 4.664 1.702 2.74 0.006 **
TWI -0.058 0.410 -0.14 0.887

Land Surface Temperature 0.047 0.059 0.80 0.424

Water Occurrence -0.007 0.014 -0.55 0.586
dist_to_WaterBodies 0.084 0.111 0.76 0.448
dist_to_BuiltUp 0.179 0.151 1.18 0.237
dist_to_Vetiver -0.176 0.095 -1.87 0.062
dist_to_Pragmites -0.227 0.109 -2.08 0.038 *
dist_to_Woodland -0.019 0.153 -0.12 0.902
dist_to_Saccharum -0.389 0.082 -4.73 <0.001 falehed
Saccharum Hight 0.314 0.033 9.64 <0.001 FHx
Vetiveria Hight 0.185 0.035 5.26 <0.001 faleled
Phragmites Hight 0.073 0.030 240 0.016 *
Grazing -0.369 0.072 -5.13 <0.001 HHx
Fire -0.312 0.080 -3.91 <0.001 bl
Extraction -1.400 111.682 -0.01 0.990

Grass Senescence Index 3.435 2.443 1.41 0.160

Note. * p < .05, ** p < .01, *** p < .001
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3.3.2.1.1 Vegetation Structure Variables

Saccharum grasslands emerged as the highest habitat preference, with Saccharum
Height showing the strongest positive association (B = 0.314, z = 9.64, p < 0.001).
Additionally, the highly significant negative relationship with dist to_Saccharum
(B=-0.389, z =-4.73, p < 0.001) reinforces the species' absolute dependence on proximity
to Saccharum sp. patches.

Vetiveria Height also demonstrated a highly significant positive association
(B =0.185, z=5.26, p < 0.001), while Phragmites Height showed a moderate positive
relationship (B = 0.073, z=2.40, p = 0.016).

Elevation showed a significant positive association (B =0.011,z=3.16, p=0.002),
indicating preference for low land grass within the floodplain. This preference likely
reflects microhabitat selection within the broader floodplain ecosystem that supports the

dense, contiguous grassland stands the species requires.

NDMI displayed a highly significant positive relationship (f = 4.664, z = 2.74,
p = 0.006), reflecting the species' requirement for moist grassland conditions. Interestingly,
NDVI showed a marginally significant negative association (B = -2.473, z = -1.89,
p = 0.058), suggesting preference for specific vegetation productivity levels rather than

maximum greenness.

The species showed a significant negative association with dist_to_Pragmites
(B =-0.227, z = -2.08, p = 0.038) and marginally significant negative relationship with
dist to Vetiver (p =-0.176, z = -1.87, p = 0.062), indicating preferences for proximity to
diverse tall grass types within the grassland matrix.

3.3.2.1.2 Anthropogenic Impact Variables

Grazing showed one of the strongest negative associations ( = -0.369, z = -5.13,
p < 0.001), consistent with the species' documented preference for dense, contiguous,
undisturbed stands of grass and general avoidance of disturbed habitats. Fire impact

demonstrated similarly strong negative effects (f =-0.312, z = -3.91, p < 0.001).
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3.3.2.2 Variable Importance of Random Forest

The Random Forest analysis provided insights into habitat variable importance,

revealing an hierarchy of environmental drivers (Table 4).

Table 4 Random Forest Variable Importance for Presence of Jerdon’s Babbler

Predictor Mean Decrease Accuracy Mean Decrease Gini
Saccharum Height 49.43 41.70
Elevation 33.13 25.04
dist_to_Saccharum 23.88 16.03
NDVI 16.34 12.58
dist_to_Woodland 16.69 12.05
NDMI 9.49 11.70
dist_to WaterBodies 10.97 10.82
Vetiveria Height 17.42 10.61
Land Surface Temperature 12.62 9.72
dist_to_Pragmites 11.57 8.86
Grass_Senescence_Index 7.73 8.59
dist_to_BuiltUp 5.11 7.56
Grazing 15.01 7.37
dist_to_Vetiver log 8.61 6.92
Water Occurrence 10.18 6.75
TWI 3.82 6.42
Phragmites Height 11.37 3.93
Shannon Diversity 4.82 3.70
Fire 8.60 3.17
Extraction 1.42 0.01

Note. Higher values indicate greater importance. Gini importance reflects variable contribution
to node purity.
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Saccharum Height emerged as by far the most important variable (Mean Decrease
Accuracy = 49.43, Mean Decrease Gini = 41.70), showing nearly 50% higher importance

than the second-ranked variable.

Elevation ranked second in importance (Mean Decrease Accuracy = 33.13, Mean
Decrease Gini = 25.04), followed by dist_to_Saccharum (Mean Decrease Accuracy =
23.88, Mean Decrease Gini = 16.03), further emphasizing the critical importance of spatial
proximity to Saccharum patches. The prominence of Vetiveria Height (Mean Decrease
Accuracy = 17.42, Mean Decrease Gini = 10.61) and distance to woodland variables
reflects the species' preference for specific grassland configurations within the floodplain

mosaic.

Grazing showed high importance (Mean Decrease Accuracy = 15.01, Mean
Decrease Gini = 7.37), while fire ranked lower but still significant (Mean Decrease
Accuracy = 8.60, Mean Decrease Gini = 3.17), confirming the critical negative impacts of
these disturbances on species occurrence patterns.

3.3.2.3 Model performance and validation

The GLM diagnostics for Jerdon's Babbler presence data revealed excellent model
performance with appropriate residual patterns (Figure 7). The residuals vs. fitted values
plot demonstrated good model specification with no obvious systematic deviations.
The Q-Q plot showed reasonable adherence to normality assumptions, while the
Scale-Location plot indicated stable variance across the prediction range. The residuals vs.

leverage plot identified no influential outliers, suggesting robust model estimation.
3.3.2.4 Spatial distribution patterns

The spatial analysis revealed that Jerdon's Babbler distribution pattern
characterized by clustered patch occurrence (Figure 8). The species shows distribution in
pockets of the Brahmaputra grassland system, with highest abundances occurring in
discrete locations primarily in the middle (Around Kaziranga grassland island regions),
upper portion of Brahmaputra in Assam and Isolated Brahmaputra Grasslands of Arunachal
Pradesh.
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Figure 7 Model diagnostic plots for GLM predicting the presence probability of Jerdon’s
Babbler
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3.3.3 Habitat characteristics and distribution patterns of Black-breasted Parrotbill

(Paradoxornis flavirostris)
3.3.3.1 Generalized Linear Model

The GLM analysis revealed high and statistically robust habitat associations for
Black-breasted Parrotbill presence, demonstrating the species complex ecological
requirements within the Brahmaputra floodplain ecosystem (Table 5).

Elevation emerged as one of the strongest positive predictors (= 0.016, z = 4.55,
p < 0.001), indicating preference for elevated microsites within the floodplain landscape.
The species demonstrated the strongest negative association with dist_to_Pragmites
(B = -0.455, z = -5.06, p < 0.001), indicating an absolute requirement for proximity to
Phragmites stands. The highly significant negative relationship with dist_to_ Vetiver
(B =-0.352, z = -3.68, p < 0.001) further emphasizes the species' dependence on diverse
tall grass assemblages within close spatial proximity.

Table 5 GLM Results for Presence of Black-breasted Parrotbill

Predictor Estimate  Std. Error z p-value
(Intercept) -8.856 3.455 -2.56 0.010 *
elevation 0.016 0.004 455 <0.001 HHx
shannon_diversity -0.127 0.434 -0.29 0.770

NDVI -2.724 1.117 -2.44 0.015 *
NDMI 1.878 1.627 1.15 0.248

TWI_log 0.445 0.388 1.15 0.251

LST 0.091 0.062 1.48 0.140
waterOccurrence 0.009 0.013 0.68 0.498
dist_to_WaterBodies_log -0.210 0.112 -1.88 0.061
dist_to_BuiltUp_log -0.075 0.155 -0.49 0.626
dist_to_Vetiver log -0.352 0.096 -3.68 <0.001  ***
dist_to_Pragmites_log -0.455 0.090 -5.06 <0.001 FHx
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Predictor Estimate  Std. Error z p-value

dist_to_Woodland_log 0.671 0.192 3.49 <0.001 Fxk
saccharumHight_sqrt 0.045 0.031 1.45 0.148
VetiveriaHight_sqrt 0.136 0.031 442 <0.001 ol
PhragmitesHight_sqrt -0.008 0.032 -0.24 0.810
grazing_sqrt -0.078 0.069 -1.14 0.254
fire_sqrt -0.190 0.098 -1.94 0.052
extracn_sqrt -1.596 124411 -0.01 0.990
Grass_Senescence_Index 0.692 2.440 0.28 0.777

Note. * p < .05, ** p < .01, *** p <.001

A particularly notable finding was the strong positive relationship with
dist to Woodland (3=0.671,z=3.49, p<0.001), indicating that Black-breasted Parrotbill
actively avoids proximity to wooded areas. This suggests the species requires open
grassland configurations and may be negatively affected by landscape heterogeneity that
includes woody vegetation. This finding has important implications for habitat

management and restoration planning.

Surprisingly, NDVI demonstrated a significant negative association (p = -2.724,
z =-2.44,p =0.015), suggesting the species may prefer grasslands with specific vegetation
characteristics rather than maximum productivity. This pattern could indicate preference
for mature grassland communities or specific phenological stages that optimize foraging

opportunities and nesting habitat quality.

Distance to water bodies showed a marginally significant negative relationship
(B =-0.210, z = -1.88, p = 0.061), indicating preference for proximity to water sources,
consistent with the species’ wetland habitat requirements for dense reed thickets and mixed
tall grasslands. Fire impact demonstrated a marginally significant negative association
(B=-0.190, z =-1.94, p = 0.052).
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3.3.3.2 Variable Importance of Random Forest

The Random Forest analysis provided clarity regarding habitat variable importance,
revealing a distinct hierarchy of environmental drivers that differed markedly from
traditional single-variable approaches (Table 6). Machine learning methods have proven
superior for capturing complex ecological relationships in threatened grassland species
(Evans et al., 2011; Cushman et al., 2020).

Table 6 Random Forest Variable Importance for Presence of Black-breasted Parrotbill

Predictor Mean Decrease Accuracy Mean Decrease Gini
dist_to_Pragmites_log 23.61 11.65
elevation 20.11 11.08
NDMI 11.15 9.35
dist_to_BuiltUp_log 7.19 8.84
VetiveriaHight_sqrt 12.31 8.81
NDVI 14.57 8.74
dist_to_Woodland_log 13.31 8.30
dist_to_WaterBodies_log 7.25 7.79
LST 9.29 7.60
dist_to_Vetiver_log 13.21 6.39
Grass_Senescence_Index 8.10 6.21
waterOccurrence 9.62 6.10
TWI_log 0.11 5.41
shannon_diversity 1.81 3.33
saccharumHight_sqrt 5.30 3.09
grazing_sqrt 5.80 1.48
PhragmitesHight_sqrt 7.01 1.43
fire_sqrt 1.73 0.90
extracn_sqrt 0.00 0.00
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Distance to Phragmites emerged as the most critical variable (Mean Decrease
Accuracy = 23.61, Mean Decrease Gini = 11.65), followed closely by elevation (Mean
Decrease Accuracy =20.11, Mean Decrease Gini = 11.08). This ranking emphasizes that both
proximity to key vegetation types and specific topographic positioning are fundamental to
species occurrence patterns. The dominance of these variables reflects the species' highly
specialized microhabitat requirements within the broader grassland ecosystem.

NDVI ranked third in importance (Mean Decrease Accuracy = 14.57, Mean
Decrease Gini = 8.74), followed by dist_to_Woodland (Mean Decrease Accuracy = 13.31, Mean
Decrease Gini = 8.30) and dist_to_Vetiver (Mean Decrease Accuracy = 13.21, Mean Decrease
Gini = 6.39). This combination highlights the species’ complex requirements for specific

vegetation productivity levels, woodland avoidance, and proximity to diverse tall grass types.

Vetiveria Height showed substantial importance (Mean Decrease Accuracy =
12.31, Mean Decrease Gini = 8.81), reinforcing the critical role of tall grass structure in
determining habitat suitability. The relatively high importance of NDMI (Mean Decrease
Accuracy = 11.15, Mean Decrease Gini = 9.35) further supports the species' association

with specific moisture regimes.
3.3.3.3 Model performance and validation

The updated GLM diagnostics for Black-breasted Parrotbill presence data
demonstrated excellent model performance with well-behaved residual patterns (Figure 9).
The residuals vs. fitted values plot showed appropriate distribution around zero with no
systematic bias. The Q-Q plot indicated good adherence to distributional assumptions,
while the Scale-Location plot demonstrated stable variance across the prediction range.
The residuals vs. leverage plot revealed no highly influential observations, confirming

robust parameter estimation.
3.3.3.4 Spatial distribution patterns and abundance

The spatial analysis revealed a clustered distribution pattern of the Black-breasted
Parrotbill (Figure 10). The species occurs in distinct patches across the Brahmaputra
grassland system, with the highest abundances concentrated in specific areas, particularly
around the Kaziranga grassland islands, the upper Brahmaputra region in Assam, Manas

National Park, and isolated grasslands along the Brahmaputra in Arunachal Pradesh.
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Figure 9 Model Diagnostic Plots for GLM Predicting the Presence Probability of Black-
breasted Parrotbill.
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3.3.4 Habitat characteristics and distribution patterns of Marsh Babbler

(Pellorneum palustre)
3.3.4.1 Generalized Linear Model

The updated GLM analysis revealed highly refined and statistically robust habitat
associations for Marsh Babbler presence, demonstrating the species' specialized ecological
requirements within the Brahmaputra floodplain ecosystem (Table 7). Among the 18
predictor variables examined, several showed exceptionally strong statistical relationships

with species occurrence, providing clear insights into the species' ecological niche.

Table 7 GLM Results for Presence of Marsh Babbler

Predictor Estimate  Std. Error z p-value
(Intercept) -41.068 12.502 -3.28 0.001 **
elevation 0.026 0.014 1.81 0.070
shannon_diversity -2.207 1.092 -2.02 0.043 *
NDVI 1.207 5.817 0.21 0.836

NDMI -5.202 6.725 -0.77 0.439
TWI_log -0.225 0.960 -0.23 0.815

LST 0.528 0.211 2.50 0.012 *
waterOccurrence 0.135 0.049 2.74 0.006 **
dist_to_WaterBodies_log 0.435 0.319 1.36 0.172
dist_to_BuiltUp_log 1.707 0.564 3.03 0.002  **
dist_to_Pragmites_log -2.108 0.532 -3.96 <0.001  ***
dist_to_Woodland_log -0.119 0.285 -0.42 0.677
saccharum Height_sqrt 0.228 0.091 2.51 0.012 *
Vetiveria Height_sqrt 0.250 0.121 2.06 0.039 *
Phragmites Height_sqrt 0.503 0.119 4.23 <0.001 ***
grazing_sqrt -4.597 626.057 -0.01 0.994
fire_sqrt -0.921 1.152 -0.80 0.424
extracn_sqrt 3.376 3,935.252 0.00 0.999
Grass_Senescence_Index -1.901 4.673 -041 0.684

Note. * p < .05, ** p < .01, *** p < .001
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Phragmites Height emerged as the strongest positive predictor (= 0.503, z=4.23,
p < 0.001), indicating an absolute requirement for tall Phragmites reed stands.
The companion variable dist_to_Pragmites showed the strongest negative association
(B = -2.108, z = -3.96, p < 0.001), reinforcing the critical importance of immediate
proximity to Phragmites stands for species occurrence. Additional grass height variables
demonstrated significant positive associations: Vetiveria Height (B = 0.250, z = 2.06,
p = 0.039) and Saccharum Height (B = 0.228, z=2.51, p = 0.012), indicating the species'

preference for diverse tall grass assemblages.

Water occurrence demonstrated a highly significant positive relationship
(B = 0.135, z = 2.74, p = 0.006), reflecting the species' fundamental association with
wetland environments. This finding supports the species’ documented preference for
marshy ground and proximity to swamps and rivers. LST showed a significant positive
association (f = 0.528, z=2.50, p = 0.012), suggesting specific thermal requirements that
may relate to optimal wetland conditions.

Distance to built-up areas demonstrated a highly significant positive relationship
(B =1.707, z = 3.03, p = 0.002), indicating strong avoidance of human settlements and
infrastructure. This finding has critical conservation implications, as it quantifies the

species' sensitivity to anthropogenic disturbance and urban encroachment.

Shannon diversity showed a significant negative association (f =-2.207, z = -2.02,
p = 0.043), suggesting the species prefers relatively homogeneous wetland grassland
environments rather than highly heterogeneous landscape mosaics. This preference for
landscape uniformity aligns with the species' specialization for specific reed and tall grass
habitats.

Elevation showed a marginally significant positive association (B =0.026,z=1.81,

p = 0.070), indicating subtle preferences for specific elevational zones within the floodplain.
3.3.4.2 Variable Importance of Random Forest

The Random Forest analysis provided clarity regarding habitat variable importance,
revealing a distinct hierarchy of environmental drivers with Phragmites-related variables

dominating the importance rankings (Table 8).
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Table 8 Random Forest Variable Importance for Presence of Marsh Babbler

Predictor

Mean Decrease Accuracy

Mean Decrease Gini

dist_to_Pragmites_log
PhragmitesHeight_sqrt
NDVI

NDMI
Grass_Senescence_Index
dist_to_BuiltUp_log

LST

elevation
dist_to_Woodland_log
dist_to_WaterBodies_log
waterOccurrence
TWI_log
VetiveriaHeight_sqrt
shannon_diversity
saccharum Height_sqrt
grazing_sqrt

fire_sqrt

extracn_sqrt

22.65

17.84

14.42

12.91

9.94

8.57

10.01

11.54

6.12

5.96

4.92

2.06

8.79

3.71

6.35

3.86

3.50

0.00

8.70

7.92

6.65

5.70

4.38

4.17

3.97

3.88

3.35

2.80

1.92

1.76

1.27

1.26

0.73

0.31

0.20

0.00

Note. Higher values indicate greater importance. Gini importance reflects variable contribution

to node purity.

Distance to Phragmites emerged as the most critical variable (Mean Decrease
Accuracy = 22.65, Mean Decrease Gini = 8.70), followed immediately by Phragmites
Height (Mean Decrease Accuracy = 17.84, Mean Decrease Gini = 7.92). This ranking
pattern demonstrates the species absolute dependence on Phragmites reed stands, both in

terms of spatial proximity and structural characteristics. The combined importance of these
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variables significantly exceeds other predictors, emphasizing the species' highly

specialized niche requirements.

NDVI ranked third in importance (Mean Decrease Accuracy = 14.42,
Mean Decrease Gini = 6.65), followed by NDMI (Mean Decrease Accuracy = 12.91,
Mean Decrease Gini = 5.70). The prominence of these vegetation indices reflects the
species’ dependence on productive, well-vegetated wetland grasslands with optimal
moisture  conditions. Grass_Senescence_Index showed substantial importance
(Mean Decrease Accuracy = 9.94, Mean Decrease Gini = 4.38), indicating sensitivity to

seasonal vegetation changes and grass phenology.

Elevation demonstrated notable importance (Mean Decrease Accuracy = 11.54,
Mean Decrease Gini = 3.88), supporting the GLM findings of subtle topographic
preferences. LST (Mean Decrease Accuracy = 10.01, Mean Decrease Gini = 3.97) and
dist_to_BuiltUp (Mean Decrease Accuracy = 8.57, Mean Decrease Gini = 4.17) further
emphasize the species' requirements for specific thermal conditions and anthropogenic

avoidance.
3.3.4.3 Model Performance and Validation

The GLM diagnostics for Marsh Babbler presence data demonstrated robust model
performance with appropriate residual patterns (Figure 11). The residuals vs. fitted values
plot showed good distribution around zero with minimal systematic bias. The Q-Q plot
indicated reasonable adherence to distributional assumptions, while the Scale-Location
plot demonstrated stable variance across the prediction range. The residuals vs. leverage

plot revealed no highly influential observations, confirming reliable parameter estimation.
3.3.4.4 Spatial Distribution Patterns and Ecological Relationships

The distribution of the Marsh Babbler is comparatively limited when compared to
the other study species (Figure 12). It is primarily confined to reed patches in the upper
Brahmaputra region of Arunachal Pradesh. A more prominent distribution is observed in
and around Dibru-Saikhowa National Park, with a few isolated occurrences recorded in

other regions as well.
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3.4 Discussion

The comprehensive assessment of habitat characteristics for Jerdon's Babbler
(Chrysomma altirostre), Black-breasted Parrotbill (Paradoxornis flavirostris), and Marsh
Babbler (Pellorneum palustre) reveals distinct yet overlapping ecological requirements
that underscore the complexity of grassland bird conservation in the Brahmaputra

floodplains.
3.4.1 Species-specific habitat requirements and ecological specialization
3.4.1.1 Jerdon's Babbler

The findings demonstrate that Jerdon's Babbler exhibits the highest degree of
habitat specialization among the three study species, with an overwhelming dependence on
Saccharum grasslands. The exceptionally strong association between Jerdon's Babbler
presence and Saccharum height (3 =0.314,z=9.64, p <0.001) and the concurrent negative
relationship with distance to Saccharum patches (p =-0.389, z = -4.73, p < 0.001) confirms
this species' absolute requirement for proximity to tall Saccharum stands.
This specialization aligns with previous documentation of the species' preference for dense,
contiguous grasslands (Akash et al., 2018; Dehar et al., 2024) and supports the assertion
that Jerdon's Babbler represents a flagship species for Saccharum-dominated grassland

conservation in the region.
3.4.1.2 Black-breasted Parrotbill

Black-breasted Parrotbill exhibits a distinct habitat profile characterized by strong
associations with Phragmites reed beds combined with active avoidance of wooded areas.
The species' absolute requirement for proximity to Phragmites stands (p = -0.455,
z =-5.06, p < 0.001) aligns with previous field observations that documented the species'

restriction to reed-dominated grasslands (Allen, 2002).

The species' restriction to "nal” grasslands comprised of Phragmites karka and
Arundo donax has been previously documented, with local communities extensively
harvesting these grasses, highlighting the need for sustainable management practices that

ensure sufficient regeneration.
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3.4.1.3 Marsh Babbler

Marsh Babbler emerges as the most wetland-dependent of the three species, with
Phragmites height representing the strongest positive predictor (B = 0.503, z = 4.23,
p < 0.001) and distance to Phragmites showing the strongest negative association
(B=-2.108, z=-3.96, p < 0.001). Endemic to the Brahmaputra floodplain and its associated
tributaries.

3.4.2 Spatial distribution patterns and conservation priorities

The clustered distribution patterns observed for all three species, with
concentrations in the Kaziranga region, upper Brahmaputra areas of Assam, and isolated
grasslands in Arunachal Pradesh, reflect the fragmented nature of suitable habitat across
the landscape. The Brahmaputra floodplains support many threatened grassland-dependent
species like Bengal Florican, Manipur Bush Quail, Swamp Grass-babbler, Eastern Grass
Owl (Allen, 2002; Skowno & Bond, 2003) emphasizing the global conservation
significance of this ecosystem The spatial aggregation of suitable habitat patches highlights
the importance of maintaining connectivity between remnant grassland areas and

protecting core habitat areas from further degradation.
3.4.3 Conclusion

This comprehensive habitat assessment reveals that Jerdon's Babbler, Black-breasted
Parrotbill, and Marsh Babbler exhibit distinct yet overlapping habitat requirements that
reflect their evolutionary adaptations to the dynamic Brahmaputra floodplain ecosystem.
The strong associations with specific vegetation types (Saccharum for Jerdon's Babbler,
Phragmites for the other two species), elevation preferences, and sensitivity to
anthropogenic disturbance provide clear guidance for evidence-based conservation

planning.

The consistent negative impacts of grazing and fire across all species, combined
with their requirements for tall, dense grassland vegetation, underscore the urgent need for
protected area designation and management protocols that prioritize habitat quality over

short-term economic gains. The methodological insights gained from comparative GLM
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and Random Forest analyses demonstrate the value of multi-algorithm approaches for

understanding complex species-habitat relationships in threatened grassland ecosystems.

The spatial clustering of suitable habitat and the specialized requirements of each
species support a landscape-scale conservation approach that maintains habitat
heterogeneity while ensuring sufficient areas of high-quality, species-specific habitat.
As the Brahmaputra floodplains face increasing pressures from development, climate
change, and agricultural expansion, the habitat requirements documented in this study
provide essential baseline data for guiding conservation investments and policy decisions

that will determine the long-term survival of these globally threatened grassland specialists.
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CHAPTER 4

THREATS TO THE SPECIES AND ITS HABITATS

This chapter addresses the second objective of the thesis, which is “To evaluate the

threats to these select three species of birds and their habitats .
4.1 Introduction

The accelerating decline of global biodiversity has positioned threat assessment as
a cornerstone of modern conservation planning and management. Identifying and
quantifying threats to species and ecosystems represents a critical first step in prioritizing
conservation actions, allocating limited resources effectively, and developing targeted
management strategies (Salafsky et al., 2019). As conservation practitioners and scientists
increasingly recognize, a comprehensive understanding of threatening processes is
essential for developing evidence based conservation interventions that can meaningfully
address the immediate causes of biodiversity loss (Game et al., 2013; Sarkar et al., 2006).
In the context of avian conservation, threat assessment has become particularly urgent
given the alarming evidence of widespread population declines among bird species
globally, with grassland dependent species experiencing some of the steepest declines

across all habitat types (Rosenberg et al., 2019).

Grassland ecosystems rank among the most threatened and least protected biomes
worldwide, with grassland-dependent bird species experiencing population declines that
exceed those of forest and wetland specialists (Henwood, 2010; Sauer, Pardieck, et al., 2017).
The grassland specialists in India have declined by more than 50 percent,
(Bharadwaj et al., 2024). These declines reflect the cumulative impacts of multiple
stressors, including habitat conversion, agricultural intensification, fire, altered disturbance

regimes, climate change, and invasive species (Brennan & Kuvlesky, 2005).

Fire represents one of the most significant anthropogenic and natural threats to
grassland ecosystems worldwide, with profound implications for biodiversity conservation
and habitat integrity (Yan & Liu, 2021). In the context of threatened grassland birds, fire
disturbance can have both beneficial and negative effects, depending on intensity,

frequency, and timing relative to critical life history stages (Beal-Neves et al., 2020).
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Understanding fire patterns and their impact on endangered species habitat is crucial for
developing effective conservation strategies (Doherty et al., 2024).

The Brahmaputra floodplains of Northeast India support one of the world's most
significant grassland bird communities, hosting 220 bird species, several of which are
grassland-dependent, including 20 globally threatened species (Narasimmarajan et al., 2013).
This unique ecosystem, characterized by its dynamic river channel system and annually
flooded grasslands, provides critical habitat for several endemic and threatened species that
have evolved specialized adaptations to this fluctuating environment. However, these same
characteristics that make the Brahmaputra grasslands globally significant for avian
diversity also render them particularly wvulnerable to anthropogenic threats and

environmental changes.

The Brahmaputra grassland ecosystem faces an unprecedented array of
anthropogenic threats that operate across multiple spatial and temporal scales the trend is
similar like many global scenario (Douglas et al., 2023). These direct threats are
compounded by landscape-level changes including, land use changes, and mining
operations that destabilize riverine habitats, upstream dam construction that alters natural
flooding regimes (Pradhan et al., 2021c), and climate change impacts that affect

precipitation patterns and temperature regimes.

Agricultural expansion represents one of the most pervasive threats to grassland
birds in the Brahmaputra basin, with continuing rapid conversion of natural grasslands to
cropland observed throughout the region. This transformation not only results in direct
habitat loss but also creates landscape fragmentation that reduces habitat connectivity.
The intensification of agricultural practices, including increased pesticide use, further
threatens grassland bird populations through direct toxicity effects and reductions in
arthropod prey availability (Mineau & Whiteside, 2013).

The potential construction of dams and water control structures represents another
critical threat category affecting the Brahmaputra grassland ecosystem. Upstream dam
construction alters natural flood pulses that are essential for maintaining the dynamic
grassland habitats upon which target species depend (van Oorschot et al., 2018). These

hydrological modifications affect sediment transport, nutrient cycling, and the formation
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of new grassland areas on river islands and floodplains. Climate change compounds these
impacts by altering precipitation patterns and increasing the frequency and intensity of
extreme weather events, with projections indicating that 66-73% of bird species in India

will experience northward or elevational range shifts by 2070 (Kumar et al., 2023).

Climate change represents an overarching threat that interacts synergistically with
other stressors to increase the vulnerability of grassland bird populations. Warming
temperatures and altered precipitation patterns affect multiple aspects of avian ecology,
including breeding, phenology, food availability, habitat suitability, and the geographic
distribution of suitable climate space (Both et al., 2006; Jiguet et al., 2007). For species
with specialized habitat requirements like the three focal species in this study, climate
change may result in mismatches between optimal climatic conditions and suitable habitat,

potentially leading to local extinctions or range contractions.

Invasive species represent another emerging threat category that may increase in
importance under changing environmental conditions. The spread of invasive plant species
can alter grassland structure and composition, potentially reducing habitat suitability for
specialist species while favouring more generalist taxa (DiTomaso, 2000). Climate change
may facilitate the establishment and spread of invasive species by creating novel
environmental conditions that favour non-native taxa over indigenous grassland

communities.
4.2 Methods

4.2.1 Anthropogenic pressure

The methodology for investigating anthropogenic pressure on the study species is
consistent with that described in Sections 3.2.6 (Generalized Linear Models) and 3.2.7
(Random Forest Analysis) of the previous chapter. The analysis primarily focused on
ground-reported fire incidents, grass extraction, mining activity, and proximity to urban

areas.
4.2.2 Fire data collection and processing
Fire analysis utilized the Delta Normalized Burn Ratio (ANBR) methodology

(Miller & Thode, 2007). The dNBR combines Near-Infrared (NIR) and Short-Wave
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Infrared (SWIR) wavelengths to detect burned areas and quantify fire severity.
The technique exploits the spectral contrast between healthy vegetation (high NIR, low
SWIR reflectance) and burned areas (low NIR, high SWIR reflectance).

Fire severity was classified into discrete categories following established protocols:
moderate-low severity (Class 3) and moderate-high severity (Class 4), representing
threshold values that effectively discriminate fire impact levels in grassland ecosystems
(Escuin et al., 2008). This classification system has been validated across multiple

ecosystems and provides consistent results.

Fire datasets generated from sentinel 2 spanning 2018-2023 were compiled from
monthly dNBR images, providing comprehensive temporal coverage of fire patterns.
The temporal resolution enables analysis of seasonal fire patterns, inter-annual variability,
and long-term trends critical for understanding fire regime characteristics
(Villar-Hernandez et al., 2024).

4.2.2.1 Remote Sensing and Spatial Analysis

Google Earth Engine served as the primary platform for fire analysis, providing
cloud-based processing capabilities essential for handling large-scale geospatial datasets
(Arsirii et al., 2022). Image collections were systematically processed using cloud masking

algorithms to ensure data quality and minimize atmospheric interference.
4.2.2.2 Fire Frequency and Hotspot Detection Analysis

Fire frequency mapping constituted a core component of the threat assessment,
implemented through pixel-wise summation of binary fire masks across the study period.
Fire hotspot analysis utilized spatial statistical methods to identify areas with significantly
higher fire occurrence than expected by chance (Getis & Ord, 1992). The methodology

incorporated percentile-based thresholds to classify fire intensity levels:
1. Low Fire Areas: Below 75th percentile
2. Moderate Fire Areas: 75th-90th percentile
3. High Fire Areas: 90th-95th percentile

4. Extreme Fire Areas: Above 95th percentile
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Monthly fire patterns were analysed to identify seasonal trends and peak fire
activity periods. Comparative analysis of fire patterns between protected and unprotected
areas has performed to provides insights into conservation effectiveness and management
priorities. Fire impact assessment was conducted for each land cover class to understand
habitat-specific fire vulnerability and inform species-specific conservation strategies.
The analysis focused particularly on grassland classes most relevant to target species

4.2.3 Climatic threats

Habitat shifts and potential changes were evaluated using ensemble Niche
modelling for each study species. Future projections were also made under different Shared
Socioeconomic Pathways (SSPs). A detailed analysis and interpretation of these results are

presented separately in the following chapter.
4.2.4 Documentation of other threats during field survey

During the field visit, potential threats to the study area were systematically
recorded using direct observation, structured checklists, and GPS-enabled photographic
documentation. Key biotic and abiotic stressors such as habitat degradation, pollution,
invasive species, anthropogenic disturbances, and natural hazards were identified and
geotagged. Interviews with local stakeholders supplemented observational data to capture

socio-environmental pressures.
4.3 Results

4.3.1 Anthropogenic threats
4.3.1.1 Grazing pressure

Livestock grazing emerged as one of the most severe threats across all three species,
consistently showing highly significant negative associations with species presence.
Jerdon's Babbler exhibited the strongest negative response to grazing pressure (p = -0.369,
z = -5.13, p < 0.001), indicating severe impacts on species occurrence. Black-breasted
Parrotbill showed a moderate negative association with grazing (B = -0.078, z = -1.14,
p = 0.254), while the impact on Marsh Babbler could not be reliably estimated due to data
limitations ( = -4.597, z =-0.01, p = 0.994). Random Forest variable importance rankings
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confirmed grazing as a critical threat factor for Jerdon's Babbler (Mean Decrease Accuracy
= 15.01), demonstrating substantial impact on habitat suitability.

4.3.1.2 Fire regimes

Fire frequency and intensity represented another major anthropogenic threat
affecting all target species (Figure 13). Jerdon's Babbler demonstrated highly significant
negative associations with fire occurrence (f = -0.312, z = -3.91, p < 0.001), while
Black-breasted Parrotbill showed marginally significant negative effects (B = -0.190,
z = -1.94, p = 0.052). Marsh Babbler exhibited negative associations with fire impacts
(B=-0.921, z = -0.80, p = 0.424), though the relationship was not statistically significant.
The Random Forest analysis indicated fire as a moderate threat factor across species, with

variable importance values ranging from 1.73 to 8.60 for Mean Decrease Accuracy.

The Spatial fire analysis revealed significant temporal and spatial patterns in fire
occurrence across the Brahmaputra floodplains (Figure 14), with profound implications for
the three target species. Fire incidents demonstrated a seasonal pattern (Figure 14), with
the pre-monsoon period (March-May) experiencing the highest fire activity, accounting for
198,000 hectares of burned area, representing approximately 58% of the total annual fire
impact. April emerged as the peak fire month, with 67,500 hectares affected, coinciding
with the potential breeding season for Jerdon's Babbler, Black-breasted Parrotbill, and
Marsh Babbler.

The fire data analysis revealed differential impacts across vegetation types (Figure 17),
with Saccharum grasslands, one of the preferred habitat of all three target species
experiencing substantial fire pressure during the pre-monsoon period (Figure 16).
The protected areas demonstrated marginally lower fire frequencies compared to
unprotected grasslands (Figure 15), with protected areas experiencing 25,000 hectares of
burned area during the pre-monsoon season compared to 43,000 hectares in unprotected

areas.

Particularly concerning is the impact on Phragmites vegetation, which experienced
peak fire activity of 17,000 hectares in April. This vegetation type serves as critical habitat
for Black-breasted Parrotbill, and Marsh Babbler, which depends on tall reed beds for
nesting and foraging.
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4.3.1.3 Agricultural Expansion and Habitat Conversion

Agricultural encroachment emerged as the most pervasive threat to grassland bird
habitats in the Brahmaputra floodplains (Parengal, et al., 2025). Field observations
documented extensive conversion of native grasslands to rice cultivation, particularly on

the char and chapori (riverine islands) that serve as crucial refugia for threatened species.

The impact on Black-breasted Parrotbill populations has been particularly severe,
with the species now largely confined to protected areas where tall elephant grass habitat
remains intact. Marsh Babbler populations have shown similar declines in areas where
agricultural intensification has occurred. The species' preference for dense wetland edges
and tall grass communities makes it particularly vulnerable to habitat fragmentation caused

by agricultural expansion.
4.3.2 Indirect threats and cumulative impacts
4.3.2.1 Climate Change Effects on Habitat Suitability

Climate change projections for Northeast India suggest significant implications for
the distribution and habitat availability of grassland bird species, particularly under
higher-emission SSP scenarios. Detailed results are presented in the results section of
Chapter 5.

4.3.2.2 Anthropogenic Disturbance and Human Population Pressure

The GLM analyses revealed significant species-specific responses to anthropogenic

disturbance, particularly in relation to proximity to built-up areas (
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Table 3, Table 5, and Table 7). Among the three target species, Jerdon's Babbler
demonstrated a weaker but positive response to distance from built-up areas (coefficient =
0.179 + 0.151, z = 1.18,
p = 0.237), though this relationship was not statistically significant. Black-breasted
Parrotbill showed a non-significant negative association with log-transformed distance to
built-up areas (coefficient = -0.075 + 0.155, z = -0.49, p = 0.626), suggesting this species
may be more tolerant of human proximity or potentially benefits from edge effects created
by anthropogenic landscapes. Marsh Babbler showed the strongest positive association
with distance from built-up areas, with a significant coefficient estimate of 1.707 + 0.564
(z = 3.03, p = 0.002). This finding suggests that Marsh Babbler populations are
significantly higher in areas farther from human settlements, indicating a strong negative

response to urbanization pressure.
4.4 Discussion

The comprehensive threat assessment reveals a complex web of interconnected
pressures affecting the three target grassland bird species in the Brahmaputra floodplains.
The findings demonstrate that fire regimes, while historically natural components of
grassland ecosystems, have become increasingly problematic due to anthropogenic
alterations in timing, frequency, and intensity. The peak fire activity during April,
coinciding with the breeding season, represents a critical conservation challenge that

requires immediate attention.

The dominance of agricultural expansion as a threat aligns with global patterns
affecting grassland birds. Agriculture represents the primary threat to grassland birds
worldwide, with approximately 75% of studies identifying agricultural impacts as the
leading cause of population declines (Douglas et al., 2023). The Brahmaputra floodplains
exemplify this global pattern, with the conversion of native grasslands to rice cultivation

eliminating habitat while simultaneously increasing edge effects and fragmentation.

The climate change projections for Northeast India present particularly concerning
implications for grassland bird conservation. The predicted northward and upward shifts
in species distributions pose significant challenges for conservation planning, as suitable

habitat at higher elevations or northern latitudes may not be available. The comprehensive
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climate change assessment indicates that grassland species face particular vulnerability due
to their limited dispersal capacity and specific habitat requirements (Deomurari et al., 2023).

The interaction between climate change and other threats creates compound
impacts that threaten species persistence. Rising temperatures may increase fire frequency
and intensity, while altered precipitation patterns could affect the invertebrate prey
communities upon which the target species depend

Prabhakaran et al. (2024) found that in community reserves, vegetation diversity is
strongly shaped by landscape structure and human interventions, with complex patch
shapes supporting higher species richness, while greater disturbance reduces diversity.
These findings underscore how habitat fragmentation, patch simplification, and local
human pressures can alter ecosystem integrity. In the context of the three threatened
grassland birds along the Brahmaputra, similar processes such as land-use change, fire,
grazing, and human encroachment pose critical threats by reducing habitat quality and
availability, thereby constraining species persistence and recovery.

The intensity of human pressure on Brahmaputra floodplain grasslands reflects
broader patterns of development pressure across South Asia. The anthropogenic
disturbance assessment confirms that human activities consistently reduce functional
diversity in bird communities, with grassland species showing particular sensitivity to
disturbance (Matuoka et al., 2020).

The fragmentation of grassland habitats through linear infrastructure development
represents an emerging threat that requires proactive management. Research on
infrastructure impacts demonstrates that even low-density infrastructure can significantly
affect grassland bird populations through barrier effects and increased predation risk
(Marques et al., 2020).

The threat assessment findings have direct implications for grassland bird
conservation strategies in the Brahmaputra floodplains. The identification of fire timing as
a critical factor suggests that prescribed burning programs could be implemented to reduce
wildfire risk while maintaining grassland ecosystem integrity. Fire management research
indicates that controlled burning at appropriate intervals can maintain habitat heterogeneity

while reducing the risk of catastrophic wildfires (Beal-Neves et al., 2020).
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The cumulative impact assessment demonstrates that effective conservation
requires addressing multiple threats simultaneously through integrated management
approaches. The dynamic nature of threats in the Brahmaputra floodplains demands
adaptive management strategies that can respond to changing conditions while maintaining
long-term conservation objectives. The success of conservation efforts will ultimately
depend on the ability to balance human needs with the protection of critical grassland

habitats and the unique bird communities they support.
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CHAPTER 5

CURRENT AND FUTURE POTENTIAL HABITATS AND POPULATION
RECOVERY SITES

This chapter addresses the third objective of the thesis, which is “To predict the
current and future potential habitats of these birds and find potential population recovery

sites”.
5.1 Introduction

Understanding the spatial and temporal patterns of species distribution is
fundamental to effective conservation planning, particularly for threatened species facing the
dual pressures of habitat loss and climate change (Guisan et al., 2013). Species distribution
models (SDMs) have emerged as critical tools for conservation decision-making, providing
accurate predictions of species occurrence across space and time that are essential for
effective conservation planning (Crispim et al., 2024). For grassland bird species, which
are experiencing some of the most declines globally, predictive habitat modelling has
become increasingly vital for identifying priority areas for conservation action and
developing targeted recovery strategies (Hao et al., 2019; Monroe et al., 2021).

More than half of bird species that depend on grasslands for breeding habitat are in
steep decline, more than any other terrestrial biome (“Grassland Birds,” 2025). The three
focal species of this study: Jerdon's Babbler (Chrysomma altirostre), Black-breasted
Parrotbill (Paradoxornis flavirostris), and Marsh Babbler (Pellorneum palustre),
exemplify this crisis. Jerdon's Babbler, listed as VVulnerable on the IUCN Red List since 1994,
occurs in three disjunct populations along the river Indus and its tributaries in Pakistan, in
the terai of Nepal, and the Ganga-Brahmaputra floodplain in North-east India, with large
tracts of natural swamps and wet grassland having been destroyed or degraded throughout
its range (BirdLife International, 2025). The species was notably rediscovered in Myanmar
in 2014 after being presumed extinct since 1941, highlighting both the cryptic nature of

these grassland specialists and their precarious conservation status (Rheindt et al., 2014b).

Similarly, the Black-breasted Parrotbill is thought to be in rapid decline as a result
of extensive loss and degradation of its tall grassland habitat, classified as Vulnerable
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(BirdLife International, 2024). This species inhabits inland wetlands and grasslands of the
Brahmaputra valley foothills (up to 150m ASL) in Assam and Arunachal Pradesh, India,
and has possibly undergone extirpation from Bangladesh and Nepal. The Marsh Babbler,
endemic to the Brahmaputra floodplain, its associated tributaries and adjacent hill ranges,
IS suspected to be in rapid decline due to widespread loss of its tall grassland habitat, with
rapid and extensive loss and modification of tall grasslands and reed swamp throughout its

limited range as the main threat (BirdLife International, 2021).

The urgency of developing robust predictive models for these species is
underscored by the accelerating pace of environmental change in the Brahmaputra basin.
The Brahmaputra basin is characterized by high seasonal variability in flow, sediment
transport and channel configuration, with climate change projected to affect freshwater
availability through changes in temperature, precipitation, and CO2 concentration, and
climate change will have marked effects on meltwater in the Indus Basin and may result in
increased flood risk in the Brahmaputra Basin. These hydrological changes directly impact

the wetland and grassland habitats upon which the focal species depend.
5.1.1 Advances in species distribution modelling

Contemporary approaches to species distribution modelling have evolved
considerably from single-algorithm implementations to sophisticated ensemble methods
that account for model uncertainty and improve predictive performance. The idea of
combining predictions from different models into an ensemble has gained considerable
popularity in species distribution modelling (Aradjo & New, 2007; Hao et al., 2019).
Recent benchmark studies with reproducible code have demonstrated that the top
performing method was an ensemble of tuned individual models, while ensembles built
using the BIOMOD framework with default parameters performed no better than single

moderate performing models (Valavi et al., 2022).

For species with limited occurrence data, such as our focal grassland birds,
ensemble modelling approaches offer particular advantages. In regions of high
conservation need but limited data, species distribution models using habitat suitability
approaches have proven effective, with extensive literature reviews used to determine

model parameters for habitat modelling, and habitat relationships implemented in GIS
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using land cover covariates (Prosser et al., 2018). Recent studies comparing Biomod2 with
other approaches like Maxent and GARP have shown that Biomod2 obtained the best
AUC, KAPPA and TSS values of larger than 0.926, making it the preferred choice for
constructing ensemble models (Huang et al., 2023). On average, six individual models are
used in ensembles (median = 6 and mean = 6.2), with GLMs most frequently used,
followed closely by BRTs, RFs and GAMs (Hao et al., 2019).

5.1.2 Climate change scenarios and future projections

The development of robust future habitat predictions requires careful consideration
of climate change scenarios and their associated uncertainties. The international climate
research community has developed Shared Socioeconomic Pathways (SSPs) that examine
how global society, demographics and economics might change over the next century,
which are designed to be complementary to Representative Concentration Pathways
(RCPs) that set pathways for greenhouse gas concentrations and the amount of warming
that could occur by the end of the century (Riahi et al., 2017; Van Vuuren et al., 2011).

Climate change studies on bird species have shown that high temperature and low
rainfall in future climatic scenarios are expected to decrease taxonomic, phylogenetic, and
functional diversity of bird species, leading to a restructuring of species assemblages
around the world (Dantas-Queiroz et al., 2021; Mota et al., 2022). Recent assessments of
North American birds under global warming scenarios (1.5°C optimistic mitigation
scenario versus 3.0°C unmitigated scenario) demonstrate that effective conservation
requires both adaptation and mitigation to improve species resilience, with vulnerability
assessed through modeled range loss and gain based on species-specific dispersal abilities
(Bateman et al., 2020).

5.1.3 Population recovery site identification

Beyond predicting current and future habitat suitability, a crucial component of
conservation planning involves identifying optimal sites for population recovery and
restoration efforts. Despite committed action by many in past decades, recent reviews show
little progress in slowing species declines, and substantial increases in ambition and the
application of tools across all elements of the species conservation cycle, Assess, Plan,

and Act, are urgently needed to create swift and lasting positive change for species
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(Byers et al., 2022). Recovery plans set out the research and management actions necessary
to stop the decline of, and support the recovery of, listed threatened species or threatened

ecosystems, with the aim to maximize long-term survival in the wild.

The integration of species distribution modelling with systematic conservation
planning has enabled more strategic approaches to recovery site identification.
High-resolution species distribution modelling can reveal spatio-temporal variability of
habitat suitability across phenological phases and over multiple years, providing critical
information for conservation planning (Kumar et al., 2021). Studies of grassland bird
conservation have demonstrated the importance of habitat availability, grazing management,
and linear infrastructure impacts in explaining spatial and temporal variation in population

density, with management effects varying across landscapes (Marques et al., 2020).

5.2 Methods

5.2.1 Study area

For niche modelling to forecast potential habitat distribution, the study area
encompasses the entire Northeastern region of India and extends into key contiguous
ecoregions, including adjoining parts of Myanmar and the Eastern Gangetic Plains. This region
includes lowland floodplains, swamp forests, moist and dry deciduous forests, subtropical and
montane forests, as well as savanna and grassland ecosystems. Key ecoregions are the
Irrawaddy freshwater swamp forests, Upper and Lower Gangetic Plains moist deciduous
forests, Brahmaputra Valley semi-evergreen forests, Terai-Duar savanna and grasslands, and
Himalayan subtropical broadleaf forests. Also included are the Arunachal Pradesh-Manipur-
Kachin rain forests, Nagaland subtropical forests, Sundarbans freshwater swamp forests, and
Myanmar’s moist and dry deciduous forests, pine forests, and coastal rain forests. These varied
ecosystems support high levels of endemism and biodiversity, forming critical corridors for

species movement, ecological connectivity, and regional conservation efforts.
5.2.2 Data acquisition

The occurrence data from field surveys, described in detail in the preceding
chapters, were used to assess habitat characteristics and species presence. These surveys
included Fixed-Radius Point Count methods, Call Playback techniques, and opportunistic
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observations. All records were integrated to obtain the maximum possible number of

occurrence points for developing the niche models.

To ensure comprehensive coverage and robust dataset development, extensive
secondary data collection was undertaken to supplement primary field observations and
provide broader temporal and spatial context for species distribution patterns. This
approach involved systematic literature reviews and database searches to gather historical

distribution records for all three target species (Narwade et al., 2011).

The integration of citizen science data proved invaluable for expanding the
geographic scope of the analysis, occurrence records sourced from the Global Biodiversity
Information Facility (GBIF) database (http://www.gbif.org), significantly enhancing data
comprehensiveness and providing insights into species distribution patterns beyond the
immediate study area. Additional occurrence data were systematically collected from eBird
(https://ebird.org) and other online biodiversity databases to ensure maximum spatial
coverage and temporal depth. All secondary data sources were subjected to rigorous quality
control procedures, including verification of taxonomic identity, geographic accuracy, and
temporal reliability to maintain dataset integrity and prevent the inclusion of misidentified

or geographically inaccurate records.
5.2.3 Remote sensing and geographic information system analysis

Comprehensive spatial analysis was conducted using multi-temporal satellite
imagery and advanced Geographic Information System (GIS) techniques to characterize
habitat conditions and landscape features across the study area. Multi-temporal Sentinel-2
Surface Reflectance data were systematically processed within ArcGIS Pro to compute the
Normalized Difference Vegetation Index (NDVI), serving as a key indicator of vegetation
health and grassland productivity across the Brahmaputra floodplains. The NDVI was
calculated using the standard formula:

NDVI _ B8 — B4
" B8 + B4

where B8 represents the near-infrared band and B4 corresponds to the red band, providing
quantitative measures of vegetation vigor that could be correlated with habitat suitability

for each target species.
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Land cover classifications were derived from multiple authoritative sources to
ensure comprehensive coverage and accuracy. Built-up areas and urban development
patterns were extracted from the World Settlement Footprint (WSF2015) dataset
(Cohen et al., 2020), while detailed vegetation and land cover classifications, including
grasslands, wetlands, and sandy riverine areas, were obtained from the Copernicus Global
Land Cover dataset (2019) (Buchhorn et al., 2020). To improve spatial accuracy and
capture local habitat heterogeneity that might be missed by global datasets, additional
manual digitization was performed for key habitat types, particularly focusing on the

identification of specific grassland types known to be preferred by each target species.

Water body delineation was accomplished using the Global Surface Water Dataset,
with analysis restricted to water features exhibiting at least six months of annual water
presence to ensure relevance to the ecology of the target species (Pekel et al., 2016).
Euclidean distance analysis was systematically performed in ArcGIS to quantify spatial
relationships between survey locations and various landscape features including urban
areas, water bodies, and different habitat types. Square-root transformation was applied to
all distance rasters to standardize data distributions for subsequent habitat modelling
applications. All spatial layers and climate-related raster data were carefully clipped to the
geographical extent of the Indo-Malayan biogeographic realm to ensure regional relevance
and computational efficiency.

5.2.4 Species distribution modelling framework

Species distribution modelling was conducted using the BIOMOD?2 platform in R,
which provides a comprehensive ensemble modelling framework that addresses
methodological uncertainties inherent in single-algorithm approaches (Khan & Verma, 2022;
Thuiller et al., 2014). The ensemble approach was particularly appropriate for this study
given the cryptic nature of the target species and the potential for varying model
performance across different algorithms and habitat types. Pseudo-absence points were
systematically generated using a 10:1 ratio relative to presence points, employing the
Surface Range Envelope (SRE) strategy to ensure representative sampling of the
environmental space while avoiding spatial clustering that could bias model performance
(Saranya et al., 2021).
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Model validation employed a robust 5-fold cross-validation approach combined with
geographically stratified sampling to account for potential spatial autocorrelation in the
dataset and ensure model transferability across different regions within the study area.
Two complementary machine learning algorithms, SRE and XGBoost, were systematically
employed with optimization strategies including both the BigBoss strategy (utilizing
generalized parameters) and the Tuned strategy (implementing dataset-specific
optimization) to enhance predictive accuracy and model robustness. The ensemble
modelling framework incorporated multiple algorithms including EMmean, EMcv, EMci,
EMmedian, EMca, and EMwmean, with final model selection based on predefined
performance thresholds using True Skill Statistics (TSS > 0.75) as the primary criterion for
model acceptance (Zhuo et al., 2020).

Variable importance was systematically assessed using a permutation-based
approach implemented over 10 iterations, with confidence intervals established at 95%
(a = 0.05) to identify the most influential environmental predictors for each species.
The weighted mean ensemble applied a proportional weight decay method to balance
individual model contributions based on their performance metrics, ensuring that high-
performing models contributed more heavily to final predictions while maintaining the
benefits of ensemble uncertainty quantification.

5.2.5 Environmental variable selection and climate data

Environmental predictors were carefully selected based on ecological relevance to
grassland bird species and their known habitat requirements. Nineteen bioclimatic
variables along with elevation data were initially sourced from WorldClim
(https://www.worldclim.org/), representing key climatic factors known to influence avian
distribution patterns globally. To ensure statistical reliability and minimize
multicollinearity among predictors, Pearson correlation coefficients were systematically
computed for all variable pairs. Variables exhibiting correlation coefficients exceeding 0.7
were excluded from further analysis to prevent model overfitting and enhance

interpretability (Murray et al., 2015).

Following rigorous selection based on ecological relevance, statistical

independence, and correlation thresholds, five bioclimatic variables were identified as the
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most influential factors affecting species distribution: Bio4 (temperature seasonality),
Bio6 (minimum temperature of the coldest month), Bio7 (temperature annual range),
Bioll (mean temperature of the coldest quarter), and Biol7 (precipitation of the driest
quarter). Additional ecologically significant predictor variables were incorporated directly
into the modelling framework, including Distance to Grassland, Distance to Urban Areas,
Normalized Difference Vegetation Index (NDVI), Distance to Water Bodies, and
Elevation, providing a comprehensive representation of both climatic and landscape factors

influencing species distribution patterns.

Future climate projections were derived from the Hadley Centre Global Environment
Model (HadGEM3-GC31-LL) developed under the Coupled Model Intercomparison Project
Phase 6 (CMIP6) framework (Andrews et al., 2020; Cavalcanti et al., 2022). Three Shared
Socioeconomic Pathways (SSP) scenarios were incorporated to capture the range of
possible climate futures: SSP1-2.6 (low-emission, sustainability-focused trajectory),
SSP2-4.5 (moderate-emission, intermediate pathway), and SSP5-8.5 (high-emission,
fossil-fuel-intensive scenario). Each scenario was analysed across four distinct temporal
periods (2021-2040, 2041-2060, 2061-2080, and 2081-2100) to establish a comprehensive
framework for evaluating long-term distributional changes under varying climate change

trajectories.
5.2.6 Overlay analysis for population recovery site identification

To performed an overlay-based spatial analysis to identify potential population
recovery sites by integrating future habitat suitability projections under multiple SSP’s
with primary habitat proximity metrics. Binary raster layers representing
suitable/unsuitable habitat under each SSP scenario were prepared from prior species
distribution modelling. A continuous raster of “Distance to Grassland” (in meters) was
used as the primary habitat covariate, with smaller distances indicating higher suitability.

SSP binary layers were stacked to calculate:
Consensus Proportion: the proportion of SSP scenarios predicting suitability for each pixel.

Weighted Suitability: a scenario-weighted overlay, with equal weights.
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A binary consensus map was produced by applying a threshold of >50% agreement
across SSPs. The primary habitat filter was applied by retaining cells within 500 m of
grassland. The weighted suitability surface was multiplied by a normalized
inverse-distance surface to produce a final composite suitability score. Candidate recovery
patches were delineated by thresholding the final suitability map (score >0.5) and applying
an 8-neighbour clumping algorithm. Patches smaller than 1 ha (10,000 m?2) were removed.
For each remaining patch, mean suitability was calculated, and the top-ranked sites were
identified. All outputs, including rasters, candidate patch shapefiles, and summary tables,

were exported for further ecological interpretation.
5.2.7 Data processing and quality control

Prior to all spatial analyses, comprehensive data validation and curation procedures
were implemented to enhance data quality and minimize potential biases that could affect
model performance and conservation planning outcomes. All occurrence records were
systematically examined to identify and eliminate duplicate entries, taxonomic
misidentifications, and spatially imprecise records that could introduce uncertainty into
distribution models. Records dated before 1970 were excluded from analyses to ensure
temporal relevance and consistency with contemporary habitat conditions, while records
lacking sufficient geographic precision were either improved through literature
cross-referencing or excluded from the final dataset.

Spatial thinning techniques were systematically applied using methodologies
described by Aiello-Lammens et al. (2015) to address potential spatial autocorrelation in
occurrence data and ensure statistical independence among data points. A spatial filtering
distance of 1 kilometers was applied to occurrence records, effectively reducing clustering
effects while maintaining adequate sample sizes for robust model development. Following
spatial refinement procedures, the final dataset was reduced to unique occurrence points.
All analyses were conducted using R statistical software (version 4.5.1) with appropriate
packages for spatial analysis, species distribution modelling, and statistical inference.
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5.3 Results

The comprehensive data acquisition approach yielded substantial occurrence
datasets for all three target species. Following the integration of primary field survey data
with secondary sources from GBIF, eBird, and literature records, a total of 3,352
occurrence points were initially compiled across the three species. Jerdon's Babbler had
the second-largest dataset with 1,006 occurrence points, while Black-breasted Parrotbill
yielded the most extensive dataset of 1,723 points, and Marsh Babbler contributed 623

occurrence records.

After applying rigorous quality control procedures and spatial thinning protocols to
reduce sampling bias and spatial autocorrelation, the final datasets comprised
233 high-quality occurrence points: 78 for Jerdon's Babbler, 104 for Black-breasted
Parrotbill, and 51 for Marsh Babbler. These refined datasets formed the foundation for
subsequent habitat suitability modelling and niche analysis, ensuring robust and spatially

representative species distribution models for each target species.
5.3.1 Individual algorithm performance

Random Forest emerged as the consistently superior algorithm across all three
species, achieving perfect or near-perfect sensitivity (99.97-100%) and exceptional
specificity (99.91-99.99%) for and Jerdon's Babbler, Black-breasted Parrotbill, and Marsh
Babbler. Gradient Boosting Machine (GBM) and Multivariate Adaptive Regression
Splines (MARS) demonstrated similarly robust performance, with GBM achieving
sensitivity >99.4% and MARS >99.6% across species, validating the effectiveness of

ensemble machine learning approaches for babbler species distribution modelling.

Traditional methods showed consistent limitations across species, with Surface
Range Envelope (SRE) exhibiting the poorest performance in all cases (sensitivity: 65.19-
80.33%, specificity: 99.44-100%). The performance hierarchy remained consistent:
RF > GBM > MARS > GAM > GLM > ANN > MAXNET > XGBOOST > CTA > FDA
> MAXENT > SRE, suggesting that algorithm selection patterns are transferable among

ecologically similar species within the babbler guild.
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5.3.2 Ensemble modelling outcomes

Ensemble modelling provided substantial improvements over individual algorithms
across all species, with ensemble calibration approaching perfect discrimination
(0.95-1.00). Ensemble approaches showed remarkable consistency, with sensitivity
ranging 94.73-100 % and specificity 97.70-99.60% across the three species, indicating that
ensemble modelling effectively minimizes species-specific algorithm biases and provides

reliable projections for climate impact assessments.

The Ensemble Committee Approach (EMca) generally outperformed simple
averaging methods, achieving optimal sensitivity-specificity balance with cutoff values of
587.56 to 697.72, suggesting that weighted ensemble approaches should be prioritized for

conservation planning applications requiring high precision.
5.3.3 Current and future potential habitats of Jerdon’s Babbler

The climate-elevation-only species distribution modelling approach yielded robust
predictive performance across multiple machine learning algorithms for Chrysomma
altirostre. Random Forest (RF) achieved the highest overall performance (99.97 £+ 0.03%)
and specificity (99.91 + 0.01%), coupled with maximum ROC values (1.00 £ 0.00 for
calibration, 0.99 + 0.00 for validation), excellent TSS scores (1.00 + 0.00 calibration,
0.76 £ 0.04 validation), and high KAPPA statistics (0.99 £ 0.00 calibration, 0.82 + 0.03
validation). Gradient Boosting Machine (GBM) demonstrated exceptional calibration
performance with sensitivity of 99.44 + 0.24%, specificity of 99.25 £ 0.05%, and perfect
calibration ROC values (1.00 £ 0.00).

Generalized Additive Models (GAM) showed strong performance with sensitivity
of 94.32 + 1.15%, specificity of 94.67 = 0.31%, and excellent ROC values (0.99 + 0.00
calibration, 0.99 £ 0.00 validation). Traditional methods demonstrated more variable
results, with Surface Range Envelope (SRE) showing reduced sensitivity (71.51 + 0.53%)
but high specificity (99.44 + 0.10%), and moderate ROC performance (0.85 + 0.01
calibration, 0.80 + 0.02 validation).

The constrained variable set (climate-elevation-only) resulted in generally lower

validation metrics compared to full environmental models, with validation TSS scores
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ranging from 0.59 + 0.04 (SRE) to 0.90 £ 0.02 (GAM), reflecting the increased modelling
challenge when excluding habitat and anthropogenic variables.

5.3.3.1 Importance of Environmental Variables

Elevation emerged as the dominant environmental determinant of Jerdon's Babbler
distribution, demonstrating the highest mean variable importance (0.64 + 0.01) across all
algorithms (Table 9). This pattern reflects the species' adaptation to specific altitudinal
zones within its range, consistent with its documented preference for low elevation
grasslands. Grassland habitat showed substantial secondary importance (0.37 £ 0.01 mean
importance), reinforcing the species' ecological specialization for open grassland habitats

rather than forested environments.

Table 9 Variable importance scores across different algorithms for Jerdon's Babbler

species distribution model

Variable ANN CTA FDA GAM GBM GLM MARS MAXNET RF SRE XGBOOST Mean_VI
071 066 057 087 058 073 021 062

Elevation + + + % + + 8'8?1 8'3? 4+ 0534001 8'8‘1‘ *
001 003 002 001 001 001 : 001 001 :
039 042 029 044 036 038 0.09 0.60

Grassland + + +  + + + 8'8? 8'3? T4+ 0244001 8'81 *
001 002 000 001 001 001 : 0.00 0.01 :
022 031 032 070 017 040 004 031

Bio7 + o+ o+ = + + 8'3%1 8'3? 4+ 023+001 8'3? *
002 001 001 001 000 002 : 0.00 0.01 :
014 003 049 089 002 044 0.04 018

Bioll + o+ o+ o+ o+ = g'ggi 8'3@ 4+ 0054001 8'3? *
002 001 003 001 000 003 : 0.00 0.01 :
034 003 042 076 001 053 001 018

Biod + o+ o+ o+ o+ % g.ggi 8(2)2 T L & 000£000 83? *
002 001 003 001 000 001 : 0.00 0.00 :
034 006 021 024 003 054 003 025

Bio6 + o+ o+ = + + 8'(1)21 8'8‘; 4+ 0024001 8'(2)1 *
003 002 004 002 001 003 ° : 0.00 0.01 :
003 003 017 021 004 025 004 017

NDVI + o+ o+ % + + 8'321 8'(15 4+ 007£001 8'(1)3 *
001 001 001 001 000 001 : 0.00 0.01 :
023 014 004 001 007 011 0.09 0.19

Biol17 + o+ o+ = + + 8'8(1)1 8'83 T4+ 0144001 8'(1)5 *
002 002 001 000 000 001 : 0.00 0.01 :
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Variable ANN CTA FDA GAM GBM GLM MARS MAXNET RF SRE  XGBOOST Mean_VI

0.13 005 000 0.04 0.06 013 0.01 0.35

Urban + o+ o+ = + + 8'8?1 8'83 4+ 001£000 8'(1)8 *
001 001 000 000 001 001 : 0.00 0.01 :
024 008 015 002 004 010 0.06 0.01

Water + o+ o+ % + + 8'8(2)i 8'83 T4+ 0104002 8'83 *
003 003 001 000 001 001 : 0.00 0.00 :

Temperature seasonality variables ranked prominently, with Bio7 contributing
0.32 £ 0.01 importance, Bioll showing 0.28 + 0.01 importance, and Bio4 demonstrating
0.28 + 0.01 importance. This temperature triad suggests that thermal stability and seasonal
temperature patterns critically constrain distribution, potentially reflecting physiological

limitations or seasonal resource requirements.

Cold tolerance indicators showed moderate influence, with Bio6 contributing 0.21
+0.01 importance, indicating that winter temperature thresholds may limit range expansion
into higher elevations or more northern latitudes. Vegetation health (NDVI) contributed
moderately (0.14 £ 0.00 importance), while precipitation (Biol7) and anthropogenic
variables (Urban, Water) showed relatively minor influence (0.12 £ 0.01, 0.10 £ 0.00, and
0.08 £ 0.00, respectively), suggesting that current distribution patterns are predominantly

determined by topographic and thermal gradients rather than moisture availability.
5.3.3.2 Current Distribution and Habitat Extent

Jerdon's Babbler currently occupies 265,460.48 km?2 of climatically suitable habitat
across eight South and Southeast Asian countries (Figure 18), representing one of the most
extensive transboundary distributions among study species. India harbours the largest
habitat extent (114,003.93 km?, 42.9% of total habitat), establishing it as the core
distribution centre for the species. Myanmar supports secondary habitat (47,511.80 km2,
17.9%), followed closely by Bangladesh (45,865.75 km?, 17.3%) and Pakistan
(37,635.52 kmz, 14.2%).

Secondary range countries contribute smaller but potentially important populations:
Nepal maintains 12,944.83 km? (4.9%), Vietnam supports 7,092.22 km? (2.7%), while
Thailand and Bhutan harbour minimal habitat extents (243.86 km? and 162.57 km2,
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respectively, each <0.1%). This distribution pattern reflects the species' adaptation to the
extensive grassland and scrubland systems of the Indo-Gangetic plains and foothills.

5.3.3.3 Climate Change Impacts

All emission scenarios predict severe to catastrophic habitat contractions for
Jerdon's Babbler, with wvulnerability escalating dramatically under higher emission
pathways and longer time horizons, threatening the species' persistence across most of its

current range (Figure 19 and Figure 20).
5.3.3.3.1 Low emission scenario (SSP1-2.6)

Under the most conservative climate scenario, Jerdon's Babbler faces substantial
immediate habitat reductions (Figure 20). The 2021-2040 period projects an 81.24%
habitat loss, retaining only 49,787.81 km? of suitable area. Myanmar emerges as the most
resilient country, experiencing a 59.92% loss while retaining 19,041.30 km?2 of habitat.
India faces significant habitat reductions (81.75% loss, 20,809.27 km?2 remaining), while
smaller range countries experience near-complete extirpation: Vietnam (96.56% loss),
Pakistan (96.76% loss), and Nepal (93.09% loss). Bhutan faces complete habitat

extirpation immediately.

Mid-century projections (2041-2060) intensify vulnerability, with total habitat
losses reaching 90.29% (25,767.74 km? remaining). Myanmar maintains relative stability
(78.79% loss, 10,079.49 km?2 remaining) while India experiences accelerated degradation
(89.50% loss, 11,969.40 km?). Thailand and Bhutan achieve complete extirpation, with

other countries showing progressive deterioration.

Late-century trends (2061-2080, 2081-2100) demonstrate continued habitat
erosion, with losses stabilizing around 91-94%. Myanmar and India persist as the primary
refugia, though with severely contracted ranges. Vietnam and Thailand face complete
extirpation by century's end, highlighting the particular vulnerability of peripheral

populations.
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5.3.3.3.2 Moderate emission scenario (SSP2-4.5)

The moderate emission pathway reveals accelerating habitat degradation with
threshold effects. Initial impacts (84.70% loss by 2021-2040, 40,602.47 km? remaining)
escalate rapidly through mid-century, reaching 92.54% loss by 2041-2060 (19,813.51 km?).
Catastrophic habitat collapse occurs by 2061-2080, with 96.96% total loss leaving only
8,067.65 km? regionally.

Country-level vulnerability follows consistent patterns: Myanmar and India emerge
as the sole long-term refugia, with Myanmar retaining 2,885.66-3,332.74 km? and India
maintaining 4,328.49-4,755.24 km? by century's end. All other countries face complete or
near-complete extirpation, with Vietnam, Thailand, Nepal, and Bhutan achieving zero
suitable habitat by 2041-2080, and Pakistan, Bangladesh reduced to minimal remnants.

5.3.3.3.3 High emission scenario (SSP5-8.5)

The high emission scenario produces the most devastating habitat projections, with
initial losses of 83.40% by 2021-2040 (44,057.14 km? remaining) accelerating to 94.71%
by 2041-2060 (14,042.20 km?2). Near-complete regional extirpation occurs by 2061-2080
with 99.14% habitat loss (2,276.01 km?), culminating in 99.94% total habitat loss by
2081-2100 (162.57 km? remaining).

Regional extirpation patterns intensify dramatically: Pakistan, Nepal, Vietnam,
Thailand, and Bhutan achieve complete extirpation by 2041-2061. Bangladesh faces
complete extirpation by century's end, while Myanmar and India persist with minimal
remnant populations - Myanmar retaining 121.93 km? (99.74% loss) and India maintaining
40.64 km? (99.96% loss) by 2081-2100.
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Figure 18 Ecological Niche Models of the Current Distribution:
A — Jerdon’s Babbler, B — Black-breasted Parrotbill, C — Marsh Babbler
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Figure 19 Distribution of Jerdon’s Babbler Across Different SSP Scenarios and Time Periods
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5.3.4 Current and future potential habitats of Black-breasted Parrotbill

Random Forest (RF) achieved the highest performance metrics with perfect
sensitivity (100.00 + 0.00%) and specificity (99.99 £ 0.00%), alongside maximum ROC
values (1.00 £ 0.00 for both calibration and validation), TSS values (1.00 = 0.00 calibration,
0.91 = 0.02 validation), and KAPPA statistics (1.00 + 0.00 calibration, 0.93 = 0.01
validation). Gradient Boosting Machine (GBM) and Multivariate Adaptive Regression
Splines (MARS) also demonstrated superior performance, with GBM achieving sensitivity
of 99.65 £ 0.16% and specificity of 99.72 + 0.02%, while MARS recorded sensitivity of
99.67 £ 0.16% and specificity of 99.28 + 0.08%. Traditional methods showed variable
effectiveness, with Surface Range Envelope (SRE) exhibiting the poorest performance
(sensitivity: 65.19 + 0.51%, specificity: 100.00 £ 0.00%, ROC: 0.83 = 0.00 calibration,
0.77 £ 0.02 validation).

5.3.4.1 Importance of Environmental Variables

Temperature-related variables emerged as the primary drivers of black-breasted
parrotbill distribution. Bio6 demonstrated the highest mean variable importance
(0.42 £ 0.01), followed by Bio7 with 0.41 £ 0.01 importance. Grassland habitat showed

substantial influence (0.35 = 0.00 mean importance) (Table 10).

Table 10 Variable importance scores across different algorithms for Black Breasted

Parrotbill Babbler species distribution model

Variable ANN CTA FDA GAM GBM GLM MARS MAXENT RF SRE XGBOOST Mean_VI

. 057+ 029+ 0.68+ 0.86+ 006+ 062+ 0.60+ 0.03+ 045+ 0.42 +
Bio6 0.11+0.01 0.04 £0.01
005 001 002 000 001 003 0.02 0.00 0.01 0.01
. 061+ 008+ 047+ 0.84+ 006+ 047+ 0.67% 0.06+ 051+ 041+
Bio7 0.14 £0.01 0.35+0.01
005 002 003 001 001 003 0.02 0.00 0.01 0.01
039+ 046+ 023+ 037+ 041+ 040+ 036+ 013+ 037 035+
Grassland 0.37+£0.01 0.37+£0.01
001 001 001 001 001 002 0.02 0.00 0.01 0.00
. 047+ 016+ 040+ 041+ 004+ 072+ 0.27% 004+ 047 0.29 +
Bioll 0.15+0.01 0.05+0.01
004 002 003 0.02 000 002 0.04 0.00 0.01 0.01
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Variable ANN CTA FDA GAM GBM GLM MARS MAXENT RF SRE XGBOOST Mean_VI

) 024+ 007+ 026+ 055+ 001+ 056+ 041+ 0.03+ 0.22+ 0.24 +
Elevation 0.13+£0.01 0.02 £0.00
002 002 002 001 000 002 0.02 0.00 0.01 0.01
. 032+ 061+ 013+ 001+ 050+ 011+ 0.06% 0.10+ 049+ 0.23+
Biol7 0.17+£0.01 0.14 £0.01
005 002 001 000 001 001 0.01 0.00 0.01 0.01
. 056+ 013+ 0.12+ 014+ 003+ 053+ 0.16% 0.02+ 052+ 0.21+
Bio4 0.18 £0.01 0.05+0.01
003 002 002 002 001 003 0.03 0.00 0.01 0.01
0.05+ 0.00+ 0.00+ 0.02+ 001+ 005+ 0.03% 001+ 022+ 0.04 £
Urban 0.07 £0.00 0.00 +£0.00
0.00 000 0.00 0.00 000 0.00 0.01 0.00 0.01 0.00
001+ 001+ 0.02+ 0.03+ 000+ 006+ 0.04z 0.01+ 0.10% 0.03
NDVI 0.09 +0.00 0.00 +£0.00
0.00 001 000 000 000 001 0.01 0.00 0.00 0.00
0.03+ 0.00+ 0.00+ 0.00+ 000+ 004+ 0.00% 0.01+ 0.02« 0.01+
Water 0.03 £0.00 0.00 +£0.00
0.00 000 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00

Bioll ranked fourth in importance (0.29 £+ 0.01), while elevation contributed
moderately (0.24 £ 0.01), indicating the species' association with specific altitudinal zones.
Biol7 and Bio4 showed moderate importance (0.23 = 0.01 and 0.21 + 0.01, respectively),
suggesting sensitivity to seasonal climatic variations. Notably, anthropogenic variables
(Urban: 0.04 + 0.00) and vegetation indices (NDVI: 0.03 £ 0.00) showed minimal influence,

indicating the species' current distribution is primarily constrained by natural climatic factors.
5.3.4.2 Current Distribution and Habitat Extent

The current suitable habitat for Black-breasted parrotbill spans 69,506.08 km?
across seven northeastern Indian states. Assam harbours the largest habitat extent
(45,842.32 kmz?, 65.9% of total habitat), followed by Arunachal Pradesh (9,838.67 km?,
14.2%) and Nagaland (5,334.75 km?, 7.7%). The remaining states: Manipur, Nagaland,
Tripura, Mizoram, and Meghalaya, collectively account for 12.2% of the total habitat, with
individual extents ranging from 1,082.46 km? to 3,461.81 km2.

5.3.4.3 Climate Change Impacts

All climate change scenarios predict severe habitat contractions for the black-
breasted parrotbill, with the magnitude and timing varying significantly among SSP

pathways and time periods (Figure 18).
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5.3.4.3.1 Low emission scenario (SSP1-2.6)

Under the most optimistic climate scenario, habitat losses remain substantial
throughout the 21st century (Figure 21). By 2021-2040, suitable habitat is projected to
decline by 70.58% to 20,451.20 km2. Arunachal Pradesh emerges as the primary refugium,
retaining 6,877.73 km? (66.6% of remaining habitat), while experiencing only a 30.09%
reduction from current levels. Assam faces a 71.74% habitat loss, retaining 12,956.28 km?
(Figure 22). Complete habitat extirpation is projected for Mizoram, Manipur, and Tripura
by 2021-2040.

Habitat degradation intensifies through the century under SSP1-2.6, with
2081-2100 projections showing 79.31% total habitat loss (14,382.95 km?2 remaining).
Arunachal Pradesh continues as the most stable refuge (7,234.60 kmz, 26.47% loss), while
Assam retains 6,779.62 km? (85.21% loss). Nagaland shows marginal recovery in later

periods, maintaining 368.73 km? by century's end.
5.3.4.3.2 Moderate emission scenario (SSP2-4.5)

The moderate emission scenario demonstrates non-linear habitat decline patterns.
Initially showing better outcomes than SSP1-2.6 in early periods (54.86% loss by
2021-2040, retaining 31,373.93 km?), the trajectory rapidly deteriorates in subsequent
decades. By 2041-2060, habitat collapse accelerates to 92.04% loss (5,535.74 km?
remaining), with near-complete extirpation by 2061-2080 (99.91% loss, 61.72 km?
remaining). Complete regional extirpation occurs by 2081-2100, with only 0.79 km?2

remaining in Arunachal Pradesh.
5.3.4.3.3 High emission scenario (SSP5-8.5)

The high emission scenario produces the most catastrophic outcomes, with habitat
losses of 76.83% by 2021-2040 (16,103.96 km? remaining), escalating to 99.69% loss by
2041-2060 (212.06 km?2). Complete regional extirpation occurs by 2061-2080, with zero
suitable habitat projected across all northeastern Indian states through 2081-2100.
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Figure 21 Distribution of Black-breasted Parrotbill across different SSP scenarios and
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5.3.5 Current and future potential habitats of Marsh Babbler

Multivariate Adaptive Regression Splines (MARS) demonstrated the highest
overall performance with exceptional sensitivity (99.92 + 0.08%) and specificity
(99.74 £ 0.05%), coupled with perfect ROC values (1.00 + 0.00 for calibration, 0.98 £ 0.01
for validation), TSS scores (1.00 = 0.00 calibration, 0.93 + 0.02 validation), and KAPPA
statistics (0.98 + 0.01 calibration, 0.92 + 0.02 validation). Random Forest (RF) also
achieved exceptional accuracy with perfect sensitivity (100.00 £ 0.00%), high specificity
(99.94 £ 0.01%), and maximum ROC values (1.00 £ 0.00 for both calibration and

validation).

Generalized Additive Models (GAM) and Artificial Neural Networks (ANN)
showed excellent performance, with GAM recording sensitivity of 99.88 + 0.12% and
ANN achieving 99.65 + 0.15% sensitivity. Traditional approaches demonstrated more
variable results, with Surface Range Envelope (SRE) showing the poorest calibration
performance (sensitivity: 68.71 + 1.14%, ROC: 0.84 + 0.01), though achieving high
specificity (99.95 + 0.01%).
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5.3.5.1 Importance of Environmental Variables

Precipitation-related variables emerged as the dominant environmental drivers of
Marsh Babbler distribution patterns (Table 11). Biol7 demonstrated the highest mean
variable importance (0.49 = 0.01), reflecting the species’ dependence on consistent
moisture availability throughout the year. Grassland habitat showed substantial secondary
importance (0.33 £ 0.01 mean importance), indicating the species' preference for open

wetland and grassland-marsh interfaces characteristic of its ecological niche.
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Table 11 Variable importance scores across different algorithms for marsh Babbler

Babbler species distribution model

Variable ANN CTA FDA GAM GBM GLM MARS MAXNET RF SRE XGBOOST Mean_VI
064 071 092 0.12 0.71 0.15 0.13 0.60
045 + 0.49 +
Biol7 + + + + + + 0.19+0.02 = + 0.65 +0.02
0.04 0.01
0.02 002 0.01 0.01 0.01 0.01 0.00 0.01
031 052 003 051 0.29 0.32 0.08 0.53
040 + 0.33 +
Grassland + + + + + + 0.38+0.01 + + 0.32 £0.02
0.03 0.01
0.02 0.03 0.00 0.03 0.02 0.02 0.00 0.01
0.12 0.00 0.07 0.78 0.00 0.72 0.03 0.55
0.07 + 024
Bio7 + + + + + + 045+0.03 = + 0.00 +0.00
0.02 0.01
0.02 000 0.02 0.03 0.00 0.02 0.00 0.01
0.12 0.08 0.03 0.70 0.00 0.67 0.02 0.60
. 024 + 0.22 +
Bio4 + + + + + + 0.14+0.02 =+ + 0.02 +0.00
0.04 0.01
0.01 0.02 0.01 0.03 0.00 0.03 0.00 0.01
002 000 019 0.69 0.00 0.76 0.01 0.44
0.05 + 0.21 +
Bio6 + + + + + + 0.29+0.02 = + 0.00 +0.00
0.03 0.01
0.00 000 0.02 0.03 0.00 0.02 0.00 0.01
0.03 0.01 023 056 0.00 0.58 0.01 0.39
) 0.05 + 0.16 +
Bioll + + + + + + 0.00+£0.00 =+ + 0.00 £ 0.00
0.03 0.01
0.01 0.00 0.02 0.03 0.00 0.02 0.00 0.01
023 000 0.05 034 0.01 0.23 0.01 034
. 0.25 + 0.15 +
Elevation =+ + + + + + 0.26+0.01 =+ + 0.01 +£0.00
0.02 0.01
001 000 0.01 0.02 0.00 0.01 0.00 0.01
0.00 0.09 0.01 0.08 0.00 0.08 0.00 0.15
011 + 0.05 +
NDVI + + + + + + 0.00+£0.00 =+ + 0.00 £ 0.00
0.01 0.00
0.00 0.02 0.00 o0.01 0.00 0.01 0.00 0.01
0.11 000 0.02 0.06 0.00 0.08 0.00 0.15
0.06 + 0.05 +
Urban + + + + + + 0.01+0.00 =+ + 0.00 +0.00
0.01 0.00
001 000 0.00 0.01 0.00 0.01 0.00 0.01
0.06 0.04 0.00 0.04 0.01 0.14 0.01 0.02
0.00 + 0.04
Water + + + + + + 0.00+£0.00 =+ + 0.01+£0.00
0.00 0.00
0.00 0.01 0.00 o0.01 0.00 0.01 0.00 0.00
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Temperature seasonality variables ranked prominently, with Bio7 contributing
0.24 £ 0.01 importance and Bio4 showing 0.22 + 0.01 importance. Cold tolerance emerged
as a significant constraint, with Bio6 and Biol1 showing moderate importance (0.21 + 0.01
and 0.16 £ 0.01, respectively). Elevation contributed moderately (0.15 £ 0.01), suggesting
preferences within the species' lowline wetland habitats.

Anthropogenic and vegetation variables showed minimal influence on current
distribution patterns, with both Urban development and NDVI contributing only 0.05 + 0.00
importance each, while Water proximity registered 0.04 + 0.00 importance. This pattern
suggests that natural climatic gradients and precipitation regimes predominantly determine

suitable habitat, with limited current influence from human landscape modifications.
5.3.5.2 Current Distribution and Habitat Extent

The Marsh Babbler currently occupies 885,166.37 km? of suitable habitat across
three northeastern Indian states, representing one of the more extensive habitat ranges
among regional endemic species. Assam harbours the vast majority of suitable habitat
(670,448.80 km?, 75.7% of total habitat), establishing it as the core distribution centre for
the species. Arunachal Pradesh supports substantial secondary habitat (185,759.35 km?,
21.0%), while Nagaland maintains a smaller population (28,958.22 km?, 3.3%).
The species’ current distribution pattern reflects its specialization for Grasslands and marsh

habitats concentrated in the Eastern Himalayan region.
5.3.5.3 Climate Change Impacts

All emission scenarios predict substantial to severe habitat contractions for the
Marsh Babbler like other species discussed, with vulnerability patterns varying
significantly among states and intensifying with higher emission pathways and longer time

horizons (Figure 18).
5.3.5.3.1 Low Emission Scenario (SSP1-2.6)

Under the most conservative climate scenario, the Marsh Babbler faces significant but
manageable habitat reductions (Figure 23). The 2021-2040 period projects a 71.50% habitat
loss, retaining 252,292.12 km? of suitable area. Nagaland experiences complete habitat
extirpation immediately, while Assam and Arunachal Pradesh show parallel vulnerability

patterns with approximately 70% habitat losses (70.60% and 70.31%, respectively).

102



Mid-century projections (2041-2060) show unexpected habitat recovery, with total
losses decreasing to 47.55% and 464,266.27 km? remaining suitable habitat (Figure 24).
This improvement reflects Nagaland's partial habitat recovery (95.30% loss compared to
complete extirpation) and reduced losses in Assam and Arunachal Pradesh (46.19% and
45.02%, respectively). Late-century trends (2061-2080, 2081-2100) demonstrate non-
linear dynamics, with habitat losses fluctuating between 49.27% and 68.06%, suggesting

complex interactions between climatic variables and habitat suitability thresholds.
5.3.5.3.2 Moderate emission scenario (SSP2-4.5)

The moderate emission pathway reveals accelerating habitat degradation through
the 21st century. Initial impacts appear less severe than SSP1-2.6 (46.44% loss by
2021-2040, retaining 474,081.59 km?), but vulnerability escalates dramatically in
subsequent decades. By 2041-2060, habitat losses reach 86.51% (119,368.82 km? remaining),
with near-complete regional collapse by 2061-2080 (96.04% loss, 35,095.33 km? remaining).

Nagaland faces consistent complete extirpation across all time periods under
SSP2-4.5, while Arunachal Pradesh experiences progressive degradation from manageable
losses (43.20% by 2021-2040) to near-complete extirpation (99.86% by 2061-2080).
Assam maintains relative resilience but still faces severe contractions, with habitat losses

ranging from 45.31% to 94.80% across time periods.
5.3.5.3.3 High emission scenario (SSP5-8.5)

The high emission scenario produces the most catastrophic habitat projections.
Initial habitat losses of 72.85% by 2021-2040 (240,343.05 km?2 remaining) accelerate to
94.85% by 2041-2060 (45,601.58 km?2). Near-complete regional extirpation occurs by
2061-2080 with 97.61% habitat loss (21,154.74 km?), culminating in 98.49% total habitat
loss by 2081-2100 (13,351.26 km? remaining).

State-level vulnerability follows consistent patterns, with Nagaland facing
immediate near-complete to complete extirpation across all time periods. Arunachal
Pradesh experiences progressive collapse, from 72.08% loss initially to 99.80% loss by
century's end. Assam emerges as the sole long-term refugium, retaining 12,985.47 km?
(98.06% loss) by 2081-2100, representing the species' last viable habitat under extreme

climate scenarios.
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Figure 23 Distribution of Marsh Babbler across different SSP scenarios and time periods
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5.3.6 Climate refugia
5.3.6.1 Spatial Distribution of Climate Refugia

The ensemble climate refugia analysis identified 6,161.935 km? of critical refuge
habitat across two northeastern Indian states, representing areas projected to remain
climatically suitable for one or more target species under future climate scenarios
(Figure 25, Figure 26 and Figure 27). Assam emerges as the dominant refugia state,
harbouring 4,745.798 kmz2 (77.0% of total refuge area), while Arunachal Pradesh contains
1,416.137 km? (23.0% of total refuge area).

5.3.6.2 Multi-species Refuge Overlap Patterns

Two-species overlap zones represent the most extensive refuge category,
comprising 4,096.4 km? (66.5% of total refuge area) across both states. In Assam,
two-species overlap areas cover 3,114.4 km? (65.6% of state refuge area), while Arunachal
Pradesh contains 982 km? (69.3% of state refuge area) (Table 12). This pattern indicates
substantial spatial congruence in climate requirements among the target babbler species,
suggesting that conservation investments in these overlap zones could provide synergistic

benefits for multiple species simultaneously.

Table 12 Area (km?) and percentage of climatic refuge categories by state

. 2 Species 3 Species Total Area

State 1 Species Only Overlap Overlap (km?)
Arunachal Pradesh 338 (23.9%) 982 (69.3%) 96.2 (6.8%) 1,416.137
Assam 1080 (22.8%)  3114.4 (65.6%)  551.4 (11.6%) 4,745.798

Three-species overlap zones (Figure 28), representing the highest conservation
priority areas, cover 647.6 km? (10.5% of total refuge area). Assam contains the vast
majority of three-species refugia (551.4 km?, 11.6% of state refuge area), compared to
96.2 km? (6.8% of state refuge area) in Arunachal Pradesh. These core refugia areas
represent irreplaceable climate adaptation zones where all three species are projected to
persist under future climate scenarios, making them critical targets for immediate

conservation action and protected area expansion.
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Figure 26 Potential recovery or refuge sites identified for Black-breasted Parrotbill
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induced habitat shifts across SSP scenarios
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5.4 Discussion

5.4.1 Algorithm performance and methodological implications

Random Forest consistently emerged as the superior modelling algorithm across all
three grassland bird species, achieving near-perfect sensitivity (99.97-100.00%) and
specificity (99.91-99.99%) values. This finding aligns with recent comparative studies
demonstrating Random Forest's robustness for species distribution modelling, particularly
for cryptic species with limited occurrence data (Valavi et al., 2021). The exceptional
performance of ensemble methods, with calibration values approaching near-perfect
discrimination (0.95-1.00), underscores the robustness of the BIOMOD2 framework in
mitigating methodological uncertainties that often arise from reliance on single-algorithm
approaches (Thuiller et al., 2009). This result is consistent with previous findings
demonstrating that ensemble forecasting improves predictive accuracy and reduces
algorithm-specific biases in ecological niche and species distribution modelling
(Hao et al., 2019). Traditional methods, particularly Surface Range Envelope (SRE),
consistently showed the poorest performance across species (sensitivity: 65.19-80.33%),
reinforcing the superiority of machine learning approaches for grassland bird conservation

planning.
5.4.2 Environmental drivers of species distribution

Elevation emerged as the dominant environmental determinant for Jerdon's Babbler
distribution (0.64 £ 0.01 mean importance), reflecting the species' adaptation to specific
altitudinal zones within the Indo-Gangetic plains and foothills. Temperature-related
variables, particularly Bio6 (minimum temperature of coldest month) and Bio7
(temperature annual range), proved critical for Black-breasted Parrotbill (0.42 + 0.01 and
0.41 + 0.01 importance respectively) and Marsh Babbler distributions. The dominance of
precipitation-related variables, particularly Biol7 (precipitation of driest quarter), reveals
the fundamental importance of year-round moisture availability for Marsh Babbler
persistence. This finding aligns with the species' ecological specialization for marshy
habitats where consistent water availability is critical for prey abundance and nesting
success (Grimmett, et al., 2016).
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The secondary importance of grassland habitats across all focal species
(mean importance = 0.35-0.37) reinforces their ecological specialization for open
grassland ecosystems rather than forested environments (Thapa et al., 2015). Precipitation
variables, particularly Biol7 (precipitation of the driest quarter), showed the highest
contribution for Marsh Babbler (Pellorneum palustre) (0.49 £ 0.01), highlighting this
species’ dependence on consistent moisture availability throughout the year. This finding
is consistent with earlier ecological assessments that describe the species’ reliance on
seasonally inundated grasslands and marsh habitats (BirdLife International, 2024b).
Such hydrological dependence underscores the vulnerability of grassland specialists like
Marsh Babbler and Jerdon’s Babbler to climate-driven changes in precipitation regimes
(Parengal et al., 2025).

5.4.3 Magnitude and patterns of climate-induced habitat loss

All three species face catastrophic habitat contractions under projected climate
scenarios, with vulnerability escalating dramatically under higher emission pathways.
Jerdon's Babbler, despite having the most extensive current range (265,460.48 km2), faces
immediate losses of 81-84% by 2021-2040 across all scenarios, escalating to near-complete
extirpation (99.94% loss) under SSP5-8.5 by century's end. Black-breasted Parrotbill
shows similarly devastating projections, with complete regional extirpation occurring by
2061-2080 under the high emission scenario. These projected losses exceed those reported
for other grassland bird species globally, highlighting the particular vulnerability of Asian
grassland specialists to climate change (Bateman et al., 2020). The non-linear habitat
decline patterns observed, particularly under SSP2-4.5 scenarios, suggest complex
threshold effects where moderate warming triggers disproportionate habitat collapse.

The projected habitat contractions across all emission scenarios represent one of
the most severe climate vulnerabilities documented among Asian grassland birds.
The 81-99% habitat losses projected by century's end indicate that Jerdon's Babbler faces
potential functional extinction across most of its current range, with cascading implications

for South Asian grassland biodiversity conservation (Sekercioglu et al., 2012).

These findings support the urgent need for climate-smart conservation strategies,

including habitat corridor establishment and protected area expansion in climatically stable
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refugia, as recommended by (Rana et al., 2025) for grassland restoration under climate
change.

5.4.4 Geographic patterns of species vulnerability

Myanmar and India emerge as the primary long-term refugia for Jerdon's Babbler,
with Myanmar showing relative resilience (59.92-78.79% habitat loss) compared to other
range countries. Complete extirpation is projected for peripheral populations in Vietnam,
Thailand, Nepal, and Bhutan by mid-century under most scenarios, reflecting the particular
vulnerability of range-edge populations to climate change. For the regionally endemic
Black-breasted Parrotbill and Marsh Babbler, Arunachal Pradesh and Assam represent the
sole potential refugia, with Arunachal Pradesh showing greater climate resilience for
Black-breasted Parrotbill. These geographic vulnerability patterns align with global studies
demonstrating that species at higher latitudes and elevations may have greater climate

adaptation potential (Dantas-Queiroz et al., 2021).
5.4.5 Climate refugia and multi-species conservation opportunities

The identification of 6,161.935 km2 of critical refuge habitat, with 66.5%
comprising two-species overlap zones, provides strategic opportunities for synergistic
conservation investments. Three-species overlap zones covering 647.6 km? represent the
highest conservation priority areas, with Assam harbouring 85% of these core refugia.
This spatial congruence in climate requirements among target species suggests that
landscape-scale conservation approaches may be more efficient than single-species
strategies. The predominance of multi-species refugia supports systematic conservation
planning approaches that maximize conservation benefits across multiple threatened taxa
simultaneously (Kumar et al., 2021).

5.4.6 Conservation implications and adaptive management

The severe habitat projections underscore the urgent need for both climate
adaptation and mitigation strategies to improve species resilience. Protected area expansion
should prioritize identified three-species refugia in Assam and Arunachal Pradesh, where
647.6 km? of core habitat requires immediate conservation action. Ex-situ conservation

measures, including captive breeding programs, may be necessary for Black-breasted
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Parrotbill given its projected complete extirpation under high emission scenarios. Habitat
restoration efforts should focus on enhancing connectivity between refugia areas to
facilitate climate-mediated range shifts. The dramatic differences in outcomes between
emission scenarios (81% vs 99.94% habitat loss for Jerdon's Babbler) emphasize that

global climate mitigation remains essential for grassland bird conservation.
5.4.7 Limitations and future research directions

The ensemble modelling approach employed in this study represents current best
practices in species distribution modelling, as established by Aradjo & New, (2007) and
Thuiller etal., (2009). The integration of 12 different algorithms provides robust consensus
predictions while accounting for methodological uncertainty inherent in individual
modelling approaches. Several limitations may affect the precision of habitat projections,
including the use of single climate model projections (HadGEM3-GC31-LL) rather than
multi-model ensembles, which could improve uncertainty quantification. The exclusion of
land-use change scenarios from future projections may underestimate actual habitat loss,
particularly given the rapid grassland conversion rates in the study region. Future research
should integrate anthropogenic pressures, including agricultural expansion and
urbanization, with climate projections to provide more comprehensive habitat assessments.
Long-term demographic monitoring within identified refugia areas is essential to validate
model predictions and inform adaptive management strategies. Additionally, incorporating
species-specific dispersal capabilities and genetic diversity assessments would enhance the

biological realism of range shift projections.

The findings demonstrate that Asian grassland birds face unprecedented
climate-induced habitat loss, requiring immediate conservation action focused on
identified refugia areas and integrated climate adaptation strategies. The methodological
framework developed here provides a robust foundation for expanding similar assessments

to other threatened grassland taxa across the region.
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Chapter 6



CHAPTER 6
SYNTHESIS AND CONSERVATION IMPLICATIONS
6.1 Key Findings

This comprehensive assessment of three threatened grassland bird species in the
Brahmaputra floodplains represents the first systematic investigation of their habitat
requirements, threat vulnerabilities, and climate change responses using ensemble species
distribution modelling approaches. The research reveals that Jerdon's Babbler (Chrysomma
altirostre), Black-breasted Parrotbill (Paradoxornis flavirostris), and Marsh Babbler
(Pellorneum palustre) exhibit distinct yet overlapping ecological specializations that
reflect their evolutionary adaptations to the dynamic floodplain ecosystem, while
simultaneously facing unprecedented conservation challenges that threaten their long-term

persistence across the region.
6.1.1 Species exhibits highly specialized ecological requirements

The habitat characterization analysis demonstrated that each species exhibits highly
specialized ecological requirements within the broader grassland matrix, with implications

for both current conservation planning and future climate adaptation strategies.

Jerdon's Babbler emerged as the most habitat-specialized species, showing an
overwhelming dependence on Saccharum grasslands with exceptionally strong statistical
associations between species presence and Saccharum height (B = 0.314, z = 9.64,
p < 0.001) combined with highly significant negative relationships with distance to
Saccharum patches (p = -0.389, z = -4.73, p < 0.001), confirming the species' absolute
requirement for proximity to tall Saccharum stands (Parengal et al., 2025). This finding
aligns with previous documentation of the species' preference for dense, contiguous
grasslands dominated by specific tall grass species, emphasizing the critical importance of
maintaining large-scale Saccharum-dominated landscapes for species persistence
(Akash et al., 2018; Dehar et al., 2024).

Black-breasted Parrotbill demonstrated a distinct habitat profile characterized by strong
associations with Phragmites reed beds combined with active avoidance of wooded areas,

as evidenced by the species' absolute requirement for proximity to Phragmites stands
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(B = -0.455, z = -5.06, p < 0.001) and significant positive relationship with distance to
woodland (3=0.671,z=3.49,p <0.001). This finding supports previous field observations
documenting the species' restriction to reed-dominated grasslands and highlights the
importance of maintaining open grassland configurations rather than allowing woody
encroachment, which represents a significant threat to habitat quality (Allen, 2002;
Bora & Saikia, 2024).

Marsh Babbler emerged as the most wetland-dependent of the three species, with
Phragmites height representing the strongest positive predictor of species occurrence
(B=0.503,z=4.23, p<0.001) while distance to Phragmites showed the strongest negative
association (B =-2.108, z = -3.96, p < 0.001), indicating the species' absolute dependence
on Phragmites reed stands. The highly significant positive relationship with water
occurrence (f = 0.135, z=2.74, p = 0.006) reflects the species' fundamental association
with wetland environments and supports its documented preference for marshy ground
adjacent to swamps and rivers. This finding emphasizes the critical importance of
maintaining hydrological connectivity and natural flooding regimes for sustaining viable
Marsh Babbler populations, as disruption of these processes through dam construction or
water diversion projects could have catastrophic impacts on species persistence
(BirdLife International, 2024).

6.1.2 Anthropogenic pressures as critical limiting factors in species distribution

The threat assessment revealed that anthropogenic pressures represent critical
limiting factors affecting all target species, with livestock grazing emerging as one of the
most severe threats across the study region. Jerdon's Babbler exhibited the strongest
negative response to grazing pressure (f =-0.369, z = -5.13, p < 0.001), indicating severe
impacts on species occurrence patterns and supporting the species' documented preference
for dense, undisturbed grassland stands. Fire regimes represented another major
anthropogenic threat, with spatial analysis revealing problematic seasonal patterns where
the pre-monsoon period (March-May) experienced the highest fire activity, affecting
approximately 198,000 hectares and coinciding with the potential breeding season for all

three target species. This temporal mismatch between fire occurrence and critical breeding
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periods represents a significant conservation concern, as nest destruction and habitat
degradation during breeding seasons can have disproportionate impacts on population
viability (Beal-Neves et al., 2020; Doherty et al., 2024).

Agricultural expansion emerged as the most pervasive and persistent threat to
grassland bird habitats throughout the study region, with extensive documentation of native
grassland conversion to rice cultivation occurring across riverine islands and floodplain
areas that serve as crucial species refugia. This finding aligns with global patterns affecting
grassland birds, where agriculture represents the primary threat to grassland bird
populations worldwide, with approximately 75% of studies identifying agricultural impacts
as the leading cause of population declines (Douglas et al., 2023). The Brahmaputra
floodplains exemplify this global pattern, with the conversion of native grasslands to rice
cultivation eliminating habitat while simultaneously increasing edge effects and

fragmentation that further degrade remaining habitat patches.
6.1.3 Climate change—induced reductions in suitable habitats for the three species

The climate change projections represent perhaps the most alarming findings of this
research, revealing that all three species face catastrophic habitat contractions under
projected climate scenarios, with vulnerability escalating dramatically under higher

emission pathways and longer time horizons.

Jerdon's Babbler, despite having the most extensive current range spanning 265,460.48 km?
across eight South and Southeast Asian countries, faces immediate habitat losses of
81-84% by 2021-2040 across all emission scenarios, escalating to near-complete
extirpation with 99.94% habitat loss under SSP5-8.5 by century's end. These projected
losses exceed those reported for other grassland bird species globally, highlighting the
particular vulnerability of Asian grassland specialists to climate change impacts
(Bateman et al., 2020; Mota et al., 2022).

Black-breasted Parrotbill projections demonstrate similarly devastating outcomes, with
complete regional extirpation occurring by 2061-2080 under the high emission scenario
despite the species' current habitat spanning 69,506.08 km?2 across northeastern Indian
states. The species faces 70-99% habitat losses depending on emission pathway and time

period, with Arunachal Pradesh emerging as the primary refugium under all scenarios.
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Marsh Babbler shows substantial habitat contractions ranging from 71.50% under the
conservative SSP1-2.6 scenario to 98.49% under SSP5-8.5 by century's end, with Assam
and Arunachal Pradesh representing the sole potential refugia for long-term species

persistence.
6.1.4 Identified potential climate refugia

The climate refugia analysis identified 6,161.935 km? of critical refuge habitat
across northeastern India, representing areas projected to remain climatically suitable for
one or more target species under future climate scenarios. The finding that 66.5% of refugia
comprise two-species overlap zones and 10.5% represent three-species overlap areas
provides strategic opportunities for synergistic conservation investments that maximize
benefits across multiple threatened taxa simultaneously. This spatial congruence in climate
requirements among target species suggests that landscape-scale conservation approaches
may be more spatially and economically efficient than single-species strategies, supporting
the development of multi-species conservation frameworks for grassland bird conservation

in the region.
6.2 Conservation recommendations

6.2.1 Immediate habitat protection and management
6.2.1.1 Priority Protected Area Designation

Out of the total 6,161.935 km2 of climate refugia identified, the 647.6 km? of
three-species climate refugia demands immediate protected area designation, with priority
focus on core refugia areas in Assam (551.4 km?) and Arunachal Pradesh (96.2 km?). These
areas represent irreplaceable climate adaptation zones where all three species are projected
to persist under future climate scenarios, making them critical targets for immediate
conservation action. Protected area expansion should follow systematic conservation
planning principles, ensuring adequate representation of habitat diversity within refugia

boundaries while maintaining ecological connectivity between existing protected areas.

Current protected areas within the Brahmaputra floodplains, including Kaziranga
National Park, Dibru-Saikhowa National Park, Manas National Park, and D'Ering
Memorial Wildlife Sanctuary, should be evaluated for expansion to encompass identified
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refugia areas. Buffer zones around core refugia should be established to minimize edge
effects and provide additional habitat security under climate uncertainty. Climate
adaptation management should include the establishment of buffer zones around core
protected areas that can accommodate shifting habitat boundaries and the development of

corridors that facilitate species movement as climate conditions change (Hannah et al., 2007).
6.2.1.2 Grassland Habitat Restoration and Management

Given the species-specific associations with particular grass types, Saccharum for
Jerdon's Babbler, Phragmites for Black-breasted Parrotbill and Marsh Babbler, targeted
habitat restoration programs should focus on re-establishing native grass communities in
degraded areas. Restoration efforts should prioritize areas within identified refugia and

connectivity corridors between existing populations.

Native seed collection and propagation programs should be established for key
grass species, with particular emphasis on Saccharum spontaneum, Phragmites karka, and
associated wetland vegetation. Restoration protocols should account for the dynamic
hydrology of floodplain systems, ensuring that restored habitats can withstand seasonal

flooding while providing appropriate vegetation structure for target species.

Invasive species control programs must be implemented to address threats from
Mikania micrantha, Ipomoea carnea, and Chromolaena odorata, which alter vegetation
structure and reduce habitat quality. Early detection and rapid response protocols should
be developed for emerging invasive species threats. Invasive species management should
focus on maintaining native plant communities that provide appropriate habitat structure
and food resources for target species, utilizing both mechanical and chemical control
methods where appropriate while minimizing impacts on native vegetation and wildlife
(DiTomaso, 2000; Saalfeld et al., 2016).

6.2.1.3 Fire Management and Prescribed Burning

The documentation of peak fire activity during April, coinciding with potential
breeding seasons, necessitates immediate implementation of fire management strategies
that reduce wildfire risk while maintaining ecosystem integrity. Prescribed burning
programs should be designed to create habitat heterogeneity at appropriate spatial scales

while avoiding critical breeding periods.
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Fire management plans should incorporate community-based approaches that
engage local stakeholders in fire prevention and management activities. Traditional
ecological knowledge regarding historical fire regimes should be integrated with scientific
management approaches to develop culturally appropriate and ecologically effective

strategies.

Firebreaks and fire suppression infrastructure should be strategically located to
protect core habitat areas during peak fire season, while allowing controlled burns in
designated areas to maintain grassland ecosystem health. Research on fire management in
grassland systems has demonstrated that moderate disturbance regimes often support the
highest grassland bird diversity, while either complete fire suppression or intensive burning
reduces habitat suitability for many specialist species (Doherty et al., 2024; Robbins &
Dale, 1999).

6.2.2 Threat mitigation strategies
6.2.2.1 Grazing Management and Livestock Regulation

The significant negative impacts of livestock grazing on all target species,
particularly Jerdon's Babbler (B = -0.369, z = -5.13, p < 0.001), Grazing exclusion zones
should be designated within core breeding habitats during critical reproductive periods
(March-July). Alternative livelihood programs should be developed to reduce dependence

on grassland grazing while maintaining community support for conservation efforts.

Monitoring protocols should be implemented to assess grazing impacts on
vegetation structure and bird populations. The negative impacts of grazing and fire
documented in this study emphasize the need for adaptive management protocols that can
balance natural disturbance processes with species conservation requirements while
accommodating traditional land uses by local communities (Fuhlendorf & Engle, 2004;
Sharma et al., 2023).

6.2.2.2 Agricultural Land Use Planning

The pervasive threat of agricultural expansion requires integration of conservation
planning with regional land use planning processes. Agricultural expansion should be

directed away from identified refugia areas and critical habitat zones through zoning
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regulations and incentive programs. Conservation easements and payment for ecosystem
services programs should be established to compensate landowners for maintaining
grassland habitats rather than converting to agriculture. These programs should prioritize
areas within identified refugia and connectivity corridors. Sustainable agricultural practices
should be promoted in buffer zones around critical habitats, including organic farming
methods that reduce pesticide impacts on insect prey populations and integrated pest

management approaches that minimize chemical inputs.
6.2.2.3 Water Resource Management and Hydrological Protection

The fundamental dependence of target species on specific hydrological regimes,
particularly for Marsh Babbler which showed strong associations with water occurrence
(B =0.135, z=2.74, p = 0.006), requires protection of natural flood cycles and wetland
hydrology. Proposed dam construction and water diversion projects should be subject to
comprehensive environmental impact assessment with particular attention to downstream
grassland habitat impacts. Wetland restoration programs should focus on re-establishing
natural hydrological connections between river channels and floodplain grasslands.
Existing embankments and flood control structures should be evaluated for their impacts
on natural flooding regimes, with selective removal or modification considered where

appropriate.

Water quality protection measures should be implemented to address pollution
from agricultural runoff and urban sources that may affect prey availability and habitat
quality in wetland grasslands. The integration of environmental impact assessments that
specifically consider grassland bird habitat requirements into water resource planning
processes represents an essential step for ensuring that development projects do not

compromise critical ecosystem functions (Pradhan et al., 2021a; van Oorschot et al., 2018).
6.2.2.4 Wind Energy Potential and Conservation Risks

Currently, there are no wind turbines installed in the Brahmaputra floodplain
grasslands of Arunachal Pradesh and Assam, though the region experiences strong winds
and has been identified in wind-mapping studies as having significant future wind energy
potential, (National Institute of Wind Energy, 2023; Rahul & Prakash, 2018). This prospect
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raises major conservation concerns, as these grasslands harbour critically endangered and

endemic birds such as the Bengal florican and swamp grass babbler.

Studies show wind turbine mortality in flat grasslands can reach 1.24 + 0.18 birds
turbine™! month™!, with annual landscape-level losses of ~4,464 birds per 1,000 km?
(Roy et al., 2025). Long-term grassland wind farms in India recorded mean fatality rates
of 0.26 animals per turbine, with displacement effects (Kumara et al., 2022). Flat terrain,
habitat compression, monsoon-driven movements, reduced blade visibility, and species’
naivety further increase collision vulnerability (Roy et al., 2025). With >50% declines
already reported in India’s grassland bird populations (India State of Forest Report, 2023),
future wind development must adopt strict safeguards. Proven measures such as blade
visibility enhancement (71.9% mortality reduction) and radar-based shutdown systems
(May et al., 2020), combined with landscape-scale siting that integrates conservation
corridors, will be critical to preventing population-level declines of these globally
threatened species.

6.2.3 Climate adaptation strategies
6.2.3.1 Assisted Migration and Connectivity Enhancement

The severe habitat contractions projected under all climate scenarios necessitate
consideration of assisted migration strategies for populations at risk of local extirpation.
Translocation programs should be developed based on genetic assessments to ensure
appropriate source populations and receiving sites. Habitat corridors should be established
and maintained to facilitate natural range shifts in response to climate change. Corridor
design should account for projected shifts in suitable climate space and incorporate
stepping-stone habitats at appropriate intervals. Connectivity assessment should be
conducted using landscape genetics approaches to identify barriers to dispersal and
prioritize corridor establishment. Corridors should connect current populations
with identified refugia areas and maintain linkages between different habitat types.
Landscape-scale management should integrate conservation objectives with agricultural
production, infrastructure development, and other land uses through comprehensive
planning processes that consider cumulative impacts and management synergies across the

landscape (Savary et al., 2024).
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6.2.3.2 Climate Monitoring and Early Warning Systems

Comprehensive climate monitoring networks should be established within critical
habitat areas to track local climate changes and their impacts on habitat suitability.
Automated weather stations should be deployed to collect high-resolution temperature,

precipitation, and humidity data.

Early warning systems should be developed to alert conservation managers to
extreme weather events that may impact breeding success or survival. These systems
should be integrated with habitat monitoring programs to assess climate impacts on
vegetation phenology and prey availability. Adaptive management protocols should be
established that allow rapid response to changing environmental conditions, including

modification of management strategies based on observed climate impacts.
6.2.4 Species-specific conservation suggestions
6.2.4.1 Jerdon's Babbler

Given the species' overwhelming dependence on Saccharum grasslands and its
extensive transboundary distribution, international coordination is essential for effective
conservation. Regional conservation strategies also should be developed. Saccharum
grassland protection should be prioritized across the species' range, with particular focus
on maintaining large, contiguous stands that support viable breeding populations.
Management protocols should address the species' preference for dense, undisturbed
grasslands while allowing for natural disturbance regimes. Population monitoring
programs should be established using standardized protocols across the species' range to
track population trends and habitat quality. Genetic studies should be conducted to assess
population connectivity and identify priorities for habitat corridor establishment.

6.2.4.2 Black-breasted Parrothill

The species' restriction to northeastern India and extreme vulnerability to climate
change necessitates immediate emergency conservation action. A species action plan
should be developed with specific population targets and habitat protection goals.
Phragmites reed bed restoration should be prioritized within Assam and Arunachal

Pradesh, which emerges as the primary climate refugium. Management should focus on
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maintaining optimal reed density and structure while ensuring appropriate water levels.
Intensive population monitoring should be implemented using both traditional survey
methods and new technologies such as acoustic monitoring to track population trends and
breeding success. Research programs should focus on understanding the species' breeding

ecology, habitat requirements, and response to management interventions.
6.2.4.3 Marsh Babbler

The species' dependence on wetland grasslands and strong avoidance of human
settlements requires landscape-scale conservation planning that maintains large blocks of
undisturbed wetland habitat. Priority should be given to protecting existing strongholds in
Assam while restoring degraded wetlands in Arunachal Pradesh. Wetland restoration
programs should focus on re-establishing appropriate vegetation structure and hydrological
regimes. Management should address the species' requirement for dense Phragmites stands
while maintaining habitat diversity at landscape scales. Water quality monitoring should
be implemented to ensure that pollution does not impact prey availability or habitat
suitability. Programs should address agricultural runoff, urban pollution, and other

contamination sources.
6.3 Conclusion

This comprehensive study of three threatened grassland bird species in the
Brahmaputra floodplains reveals the urgent need for immediate and coordinated
conservation action to prevent extinctions and maintain ecosystem integrity under
accelerating environmental change. The synthesis of habitat requirements, threat
assessments, and climate projections provides a robust scientific foundation for evidence-
based conservation planning that addresses both immediate pressures and long-term

climate adaptation needs.

The finding that all three species face catastrophic habitat losses under projected
climate scenarios, ranging from 81% to 99.94% by century's end, represents one of the
most severe climate vulnerabilities documented among Asian grassland birds.
These projections, combined with ongoing anthropogenic pressures including livestock
grazing, fire disturbance, and agricultural expansion, indicate that business-as-usual

approaches will likely result in regional extinctions within the next few decades.
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However, the identification of 6,161.935 km? of critical climate refugia, particularly
the 647.6 km? of three-species overlap zones, provides strategic opportunities for
conservation investments that can benefit multiple threatened species simultaneously.
The concentration of refugia areas in Assam (77.0% of total refuge area) and Arunachal
Pradesh (23.0%) offers clear geographic priorities for immediate protected area expansion

and habitat management interventions.

The species-specific habitat requirements documented through this research,
Jerdon's Babbler's dependence on Saccharum grasslands, Black-breasted Parrotbill's
association with Phragmites reed beds, and Marsh Babbler's requirement for wetland
grasslands, provide precise targets for habitat restoration and management efforts.
These findings enable development of targeted conservation strategies that address the
specific ecological needs of each species while recognizing opportunities for synergistic

management approaches.

The conservation recommendations developed in this synthesis call for urgent,
multi-scale action, including the designation of protected areas for identified refugia,
implementation of fire and grazing management, habitat restoration with key grass species,
and development of climate adaptation strategies such as assisted migration and ex-situ
conservation. The proposed adaptive management framework emphasizes flexible,
responsive strategies supported by comprehensive monitoring, regular reviews, and
integration of emerging science to address the unprecedented challenges of climate change.
Successful implementation will require stronger institutional capacity, improved inter-
agency coordination, and meaningful community participation, while the policy integration
pathways outlined here provide mechanisms for embedding conservation objectives into

land use planning, agricultural development, and climate adaptation policies.

Perhaps most importantly, this research demonstrates the critical importance of
rapid action in addressing the grassland bird conservation crisis. The narrow window of
opportunity for preventing extinctions demands immediate implementation of conservation
measures while longer-term strategies are developed and implemented. Delays in
conservation action will likely result in irreversible losses that cannot be compensated by

future efforts.
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The Brahmaputra floodplains represent one of the world's most important grassland
ecosystems, supporting globally significant biodiversity and providing essential ecosystem
services to millions of people. The conservation strategies developed through this research
provide a roadmap for protecting this unique ecosystem and its threatened bird
communities, but success depends on immediate and sustained commitment from

governments, conservation organizations, researchers, and local communities.

The broader implications of this research extend beyond the three focal species to
encompass the conservation of South Asian grassland ecosystems generally.
The methodological approaches developed here can be applied to other threatened
grassland species and ecosystems, while the conservation strategies provide models for

addressing similar challenges elsewhere in the region.

Ultimately, the success of grassland bird conservation in the Brahmaputra
floodplains will depend on our collective ability to implement comprehensive, science-
based conservation strategies that address both immediate threats and long-term climate
challenges. The evidence presented in this thesis provides the scientific foundation for such
strategies, but their implementation requires unprecedented cooperation and commitment

from all stakeholders involved in the conservation of these globally important ecosystems.

The three threatened grassland bird species studied indicated broader ecosystem
health and could potentially serve as ambassadors for grassland conservation.
Their conservation not only can make an important contribution to global biodiversity
protection but can also be a critical test of our capacity to implement effective conservation

strategies under accelerating environmental changes.
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Abstract Grassland ecosystems are vital for global biodiversity but are increasingly threatened by habitat loss,
agricultural expansion, urbanization, and climate change. Jerdon’s Babbler (Chrysomma altirostre), a vulnerable
grassland specialist, serves as a model species to assess the impacts of habitat degradation and fragmentation.
This study analysed historical and current distributions, revealing a significant contraction from 326,263 km? to
173,071 km?, representing a 47% reduction in the species’ historical range. The overlap between historical and
current ranges was limited to 71,623 km?, while 101,448 km? of new areas were identified as potential habitat gain,
indicating possible range shifts. The centroids of the distributions of the three subspecies shifted significantly:
Indian and Saharo-Sindian subspecies moved northeast by 361 km and 444 km, respectively, while the Burmese
subspecies shifted 490 km south. Populations in the Indo-Bangladesh region remain uncertain due to a lack of
recent records. These findings underscore extensive habitat loss, reduced connectivity, and the persistence of
fragmented populations primarily within protected areas. Conservation priorities include grassland restoration,
habitat connectivity enhancement, and mitigating disturbances such as unauthorized playback and seasonal
fires. While Jerdon’s Babbler exhibits adaptability to degraded habitats, its long-term viability remains uncertain
without targeted interventions. This study highlights the necessity of expanded conservation efforts to safeguard
populations beyond protected zones and to preserve this species as an indicator of grassland ecosystem health.

Keywords: kernel density, temporal distribution, niche dynamics, climate change, grassland ecosystems

Osszefoglalas A fiives teriiletek 1étfontossagiiak a globalis biologiai sokféleség szempontjabol, de az élohelyek
elvesztése, a mezogazdasag terjeszkedése, az urbanizacio és az éghajlatvaltozas egyre inkabb veszélyezteti 6ket.
A Jerdon-timalia (Chrysomma altirostre), a fiives teriiletek sériilékeny specialista madarfaja szolgal modellként
az él6helyek pusztulasanak és feldarabolodasanak értékeléséhez. A szerzok tanulmanyukban elemezték a faj tor-
ténelmi ¢és a jelenlegi elterjedését. A faj elterjedési teriiletének kiterjedése 47%-os csokkenést mutatott, 326 263
km?2-r6l 173 071 km?-re esett vissza. A torténelmi és a jelenlegi elterjedési teriilet kozotti atfedés 71 623 km?-re
korlatozodott, mig 101 448 km?-nyi potencialisan 0j él6helyen jelent meg a faj. Ez az elterjedési teriilet athelye-
z6désére utalhat. Az alfajok elterjedésének kozpontjai jelentésen, az indiai 361, a burmai 490, mig a szaharo-szin-
diai 444 km-rel eltolodtak. Az indo-bangladesi régio populacioinak helyzete bizonytalan maradt, mivel nincsenek
friss feljegyzések. Megallapitasaik hangsulyozzak az ¢l6helyek nagymértékii csokkenését és ezek elszigetelodé-
sét. Az elszigetelt populaciok fennmaradasa els6sorban a védett teriileteken beliil lehetséges. A természetvédel-
mi prioritasok kdzé tartozik a gyepteriiletek helyreallitasa, az él6helyek folytonossaganak biztositasa, valamint az
olyan zavar6 tényezok mérséklése, mint az engedély nélkiili hivohang lejatszéas és a szezonalis tiizek. Bar a Jer-
don-timalia képes alkalmazkodni a leromlott ¢l6helyekhez, hosszi tava fennmaradasa célzott beavatkozasok nél-
kiil bizonytalan marad. Ez a tanulmany ravilagit a védett teriileteken kiviili populaciok megérzését célzo, kiter-
jesztett védelmi eréfeszitések sziikségességére.



Tropical Riverine Grasslands of the Brahmaputra Basin: A
Critical Assessment of Biodiversity Threats, Conservation
Challenges, and Management Imperatives
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kandi?, Sumayyabi Palliveedu? DOI: 10.18811/ijpen.v11i03.00

ABSTRACT

The Brahmaputra grasslands, stretching across the floodplains of Assam and adjoining regions of Bhutan, represent one of South Asia’s most
ecologically vital and biodiverse tropical riverine ecosystems. This review presents a comprehensive synthesis of existing literature alongside
insights from our recent field investigations, which corroborate many of the findings reported in earlier studies. By analysing peer-reviewed
publications, government reports, and field data, we outline the distinctive ecological features of these grasslands, their exceptional biodiversity,
including critically endangered bird species such as the Yellow-breasted Bunting (Emberiza aureola), White-bellied Heron (Ardea insignis),
and Manipur Bush-Quail (Perdiculamanipurensis). Flagship species such as the Bengal tiger (Panthera tigris) and the greater one-horned
rhinoceros (Rhinoceros unicornis) are facing numerous pressing conservation threats. These threats include altered fire regimes, biological
invasions, overgrazing, encroachment by woody vegetation, and changes in soil conditions. Although conservation efforts in protected areas
like Kaziranga and Manas have shown encouraging results, large portions of the grasslands remain vulnerable due to habitat fragmentation,
climate change, ongoing human-wildlife conflict, and anthropogenic activities. Our fieldwork confirms these patterns and has been compiled
in alignment with existing scientific evidence. Furthermore, this synthesis highlights several critical gaps, including the lack of long-term
ecological monitoring, an inadequate understanding of grassland-specific management needs, and limited incorporation of community-
based conservation approaches. The review offers a foundational framework for developing evidence-based strategies aimed at conserving
tropical riverine grasslands. It underscores the pressing need for targeted management protocols tailored to the unique ecological dynamics
of the Brahmaputra grasslands. To effectively address these challenges, we advocate for enhanced transboundary cooperation, the adoption
of participatory, community-led management models, and the integration of advanced tools such as environmental DNA (eDNA) analysis and
remote sensing technologies within adaptive conservation frameworks. These measures are essential to promoting the long-term resilience
and ecological sustainability of these critical habitats.
Highlight:
«  Riverine Grasslands’ major threats include habitat fragmentation, overgrazing, altered fire regimes, invasive species, and climate change.
«  While protected zones like Kaziranga and Manas show positive trends, large unprotected grassland areas remain highly at risk.

There is a lack of long-term monitoring, a poor understanding of grassland-specific needs, and limited community involvement in

conservation.

Urgent, grassland-specific conservation with community involvement, cross-border collaboration, and landscape-scale planning is essential

to avert collapse.
Keywords: Brahmaputra grasslands, Biodiversity conservation, Tropical riverine ecosystems, Endangered species, Habitat managementinternational
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INTRODUCTION
Salim Ali Centre for Ornithology and Natural History (SACON),

Grasslands are one of the Earth’s dominant biomes, covering up
t0 40% of the planet’s terrestrial surface (DiPaolo, 2020; Gibson,
2009; White et al., 2000), yet their conservation value remains
significantly underappreciated compared to forests (Bardgett et
al.,, 2021). The Brahmaputra grasslands of northeastern Indiaand
southern Bhutan represent a unique tropical riverine grassland
ecosystem of global conservation importance (Sharma et
al., 2023a). These grasslands, characterized by their location
in the floodplains of the mighty Brahmaputra River, support
exceptional biodiversity and provide critical ecosystem services
to millions of people (Sharma et al., 2023a)

The Brahmaputra River system creates unique alluvial
grasslands across its 2,900-kilometer journey from the Tibetan
Plateau to the Bay of Bengal (Kumar and Ambastha, 2016). The
Brahmaputra grasslands extend across multiple protected areas
in Assam, India, including Kaziranga National Park (UNESCO,
2023), Manas National Park (UNESCO, 2025), Orang National Park,
Dibru-Saikhowa National Park, and D’Ering Wildlife Sanctuary
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Distribution patterns of the Marsh Babbler (Pellorneum palustre) in
Brahmaputra grasslands: An integrated citizen science approach
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ABSTRACT £ OPEN ACCESS

introduction: The Marsh Babbler {(Pellorneum palustre) is a vulnerable, endemic species

confined to the Brahmaputra floodplain grasslands of northeastern India and eastern
Bangladesh. Which represent a critically important endemic species within the
Brahmaputra floodplain ecosystem, yet its distribution patterns remain poorly understood
due to limited systematic surveys. Methods: This study analyses the spatial distribution
patterns of Marsh Babbler occurrence records using an integrated citizen science
approach, combining data from multiple platforms including eBird, iNaturalist, GBIF, and
field surveys. We compiled 337 unique occurrence records spanning from 2018-2024
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across the species' range and applied spatial statistical methods to examine clustering
patterns and spatial autocorrelation. Result and Discussion: Results showed significant
spatial clustering (Clark-Evans R = 0.094, p < 2.2e-16) and positive spatial autocorrelation
(Moran's | = 0.115, p = 7.2x107%), indicating non-random distribution patterns across the
landscape. eBird contributed the majority of records {85.8%), followed by survey data (5.
6%), iNaturalist {(4.5%), and other sources. Local indicators of spatial association (LISA)
revealed significant clustering hotspots, particularly in areas with intensive birding activi-
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Brahmaputra grasslands,
conservation biology,

ty. Our findings demonstrate the value of integrating multiple citizen science platforms for Moran's |

understanding the distribution of rare, endemic species while highlighting potential biases

inherent in opportunistic data collection. These results provide crucial baseline informa-

tion for conservation planning and monitoring of this vulnerable grassland specialist. VOLUME
Volume No. 01

Introduction

The Brahmaputra floodplains represent one of Asia's most dynamic and biologically significant grassland ecosystems, supporting
exceptional avian diversity including several endemic and threatened species (Kumar, 2018). Among these, the Marsh Babbler
{Pellorneum palustre) stands as a flagship species for grassland conservation, being entirely endemic to the Brahmaputra basin
and its associated tributaries across Assam, Arunachal Pradesh, and eastern Bangladesh {(Rasmussen & Anderton, 2005). Current
IUCN assessments classify this species as Vulnerable with a declining population trend, estimating only 10,000-19,999 individuals
remaining across its entire range (BirdLife International, 2024). The species faces unprecedented threats from habitat conversion,
agricultural intensification, inappropriate grassland management, and increasingly frequent flood events associated with climate
change and catchment degradation (Dias et al., 2016; Masood et al., 2015; Wang et al., 2023).

Traditional ornithological surveys in the Brahmaputra region have been hampered by challenging terrain, seasonal accessibility
constraints, and limited research infrastructure {Choudhury, A, 2000). The emergence of citizen science platforms offers
unprecedented opportunities to overcome these limitations through crowd-sourced biodiversity data collection (Sullivan et al.,
2009). eBird, managed by the Cornell Lab of Ornithology, has become the world's largest biodiversity citizen science project,
providing structured occurrence data with associated effort metrics and robust data quality protocols {Fink et al., 2020; Kelling et
al., 2015). iNaturalist contributes research-grade observations verified through community consensus, particularly valuable for
cryptic species requiring photographic documentation {Di Cecco et al., 2021). The Global Biodiversity Information Facility {(GBIF)
serves as an integrated repository accessing data from both platforms alongside museum collections and scientific surveys, utilizi-
ng standardized data formats that enable large-scale biodiversity analyses {Wieczorek et al., 2012).

Despite the critical conservation status of Marsh Babbler and the increasing availability of citizen science data, no comprehensive
analysis of its distribution patterns has been conducted using these modern data sources. Previous knowledge relies primarily on
historical accounts in classic ornithological works {Ali & Ripley, 1983; Baker, 1922; Grimmett et al., 2016) and regional surveys
{Choudhury, A, 2000), limiting understanding of seasonal habitat preferences, population connectivity, and responses to landscape
changes. Recent research in the Brahmaputra grasslands has focused on microhabitat requirements of grassland bird communi-
ties {Zhang et al., 2022) and habitat management impacts (Wang et al., 2023), but specific studies on endemic species like the
Marsh Babbler remain absent from the literature.

The integration of multi-platform citizen science data offers potential to fill these knowledge gaps while providing baseline infor-
mation essential for evidence-based conservation planning {Matutini et al., 2021; Robinson et al., 2018). Recent frameworks for
leveraging citizen science data in Indian bird conservation demonstrate the potential for such approaches to inform national and
regional conservation strategies {Viswanathan et al., 2025). Climate change projections for the Ganges-Brahmaputra-Meghna
basin indicate increasing hydrological variability and potential shifts in seasonal flooding patterns {(Masood et al., 2015), making
urgent the need for comprehensive baseline data on habitat-specialist species. Additionally, continued wetland degradation
documented across the region (Bhatta et al., 2016) further emphasizes the conservation importance of understanding current
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The Relationship Between Landscape Metrics and Human
Interventions on the Floristic Structure and Composition of the
Community Reserves of Meghalaya, India
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ABSTRACT

Community Reserves (CRs) are a unique category of protected areas managed by local communities, playing a crucial role in biodiversity
conservation. However, the impact of landscape metrics and human intervention on vegetation in these reserves remains less explored.
This study examines the relationship between landscape structure, human interventions, and vegetation in 30 CRs across Meghalaya,
India, each associated with local villages and clans. Vegetation data were collected using stratified random sampling techniques, and
indices such as Shannon, Simpson, and Evenness were calculated. For spatial analysis, Sentinel-2 imagery was utilized, with land use
and land cover classification to gather landscape information by using the QGIS tool. The classified data were further analyzed using
landscape metrics in FRAGSTAT software. The data on vegetation composition, landscape metrics, and the human disturbance index were
then analyzed for correlations. Canonical Correspondence Analysis (CCA) was performed using R software to explore these relationships.
Plant diversity varied significantly, with Shannon indices ranging from 2.147 (Mikadogre CR) to 3.845 (Kur Pyrtuh CR). Simpson indices
were generally high (>0.8), indicating low species dominance. Evenness ranged from 0.153 (Sakalgre CR) to 0.557 (Kur Pyrtuh CR). The
human intervention index varied from 0 (e.g., Chyrmang CR) to 6 (e.g., Jirang CR), with most reserves showing low to moderate levels of
disturbance. CCA analysis revealed that 69.08% of the variation in diversity indices is strongly associated with landscape metrics (Total
area, Number of Patches, Patch Density, Least Patch Index, Total Edge, Edge Density, Least Shape Index, Area Mean, Area Range, Landscape
Division Index, Effective Mesh Size, Splitting Index, Patch Richness) and human intervention. The results suggest that CRs with more
complex patch shapes tend to support higher plant species diversity. These findings have significant implications for CR management.
Keywords: Meghalaya, Community conservation, Floristic diversity, LULC classification, Past management regime.
Highlights:
+  Meghalaya has the second-largest number of community reserves in India, but many remain unexplored due to their inaccessibility.
+  This study examined 30 community reserves, the highest number ever included in a single research effort in the region.
« Itoffers anin-depth understanding of the relationship between landscape metrics, human interventions, and the floristic structure
and composition of Meghalaya’s Community Reserve.
«  Thisstudy helps to the policymakers and stakeholders to improve the conservation practices in each community reserve in Meghalaya.
« Advanced tools such as GIS, FRAGSTATS, and R statistical packages were utilized to conduct the research.

International Journal of Plant and Environment (2024);

INTRODUCTION

Forests play animportant role in the socio-economic scenario
of India and the rural communities have conserved forest
patches since ancient times (Paul and Chakrabarti, 2011; Basu
and Debnath, 2023). These forests act as an integral part of the
life of rural communities, which provide food, fuel, and fodder
and are considered essential for their physical and cultural
survival (Madegowda and Rao, 2017). Community Reserves
(CRs), established through the Wildlife (Protection) Amendment
Act 2002, are a more recent addition to India’s protected area
categories. These areas are managed by local communities
in association with the forest department, often involving
private or communal land holdings (WLPAA 2002). CRs play a
significant role in conserving biodiversity-rich forest patches
in Northeast India, where most land is owned and managed by
local communities or clans (Dikshit and Dikshit, 2014). The state
of Meghalaya has the second-highest number of CRs in India,
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Responses of birds and mammals
to long-established wind farms
in India

Honnavalli N. Kumara'"/, S. Babu'"", G. Babu Rao'?, Santanu Mahato'?,
Malyasri Bhattacharyal*, Nitin Venkatesh Ranga Rao?, D. Tamiliniyan?!, Harif Parengal?,
D. Deepak®, Athira Balakrishnan® & Mahesh Bilaskar'’

Wind turbines have been recognised as an alternative and clean-energy source with a low
environmental impact. The selection of sites for wind-farm often creates serious conservation
concerns on biodiversity. Wind turbines have become a serious threat to migratory birds as they collide
with the turbine blades in some regions across the globe, while the impact on terrestrial mammals is
relatively less explored. In this context, we assessed the responses of birds and mammals to the wind
turbines in central Karnataka, India from January 2016 to May 2018 using carcass searches to quantify
animal collisions (i.e., birds and bats), fixed radius point count for bird population parameters, and

an occupancy framework for assessing the factor that determines the spatial occurrence of terrestrial
mammals. The mean annual animal fatality rate per wind turbine was 0.26/year. Species richness,
abundance, and unique species of birds were relatively higher in control sites over wind turbine sites.
Species and functional compositions of birds in control sites were different from wind turbine sites,
explaining the varied patterns of bird assemblages of different feeding guilds. Blackbuck, Chinkara,
Golden Jackal, and Jungle Cat were less likely to occupy sites with a high number of wind turbines. The
study indicates that certain bird and mammal species avoided wind turbine-dominated sites, affecting
their distribution pattern. This is of concern to the management of the forested areas with wind
turbines. We raised conservation issues and mitigating measures to overcome the negative effects of
wind turbines on animals.

The use and demand for energy have led to a high augmentation of non-renewable energy sources like oil,
natural gas, coal, and hydrocarbons which attracted global attention due to their negative impact on terrestrial
ecosystems and wildlife'=". The potential negative impact of energy development can result in habitat loss and
fragmentation. Meanwhile, energy sources such as hydropower, wind, and solar energy, are being considered as
alternative and clean energy sources to meet the growing demand for energy in the constraint of conventional
energy sources””, Developing hydropower, wind, and solar energy is encouraged as dams, turbines, and solar
panels require no fossil raw materials, and it is also believed that it does not pollute the environment®,

The process of tapping conventional energy sources such as hydropower, wind farms, and solar energy, hasa
number of severe environmental consequences. The conversion of the land to hydropower developments alters
hydrology dynamics, water quality, and greenhouse gas emissions'®, Wind resources have a lower environmental
impact when compared to hydel projects''~'® of generating the electricity from water, however, they have been
shown to be harmful to wildlife due to mortality of bats and birds due to collisions with wind turbines'™%. The
fatality of animals was expected to be higher if the area chosen for the wind farm is rich in wildlife or falls in the
migratory path of birds™. The fatalities due to direct collision with the rotor blades of a wind turbine, the dis-
placement or avoidance of animals due to the construction process and the noise generated by the wind turbines,
the persistence of disturbance, and habitat loss caused by the construction of wind farms and their associated
infrastructure are all considered to have a negative impact on wildlife™.
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