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Synopsis

Elevational Diversity Profiles of Aves and Lepidoptera

(Sphingidae) — A Comparative Study in the Eastern Himalayas

In this dissertation we present a comparative study of the diversity patterns of two
disparate organismal groups — Lepidoptera: Sphingidae (hawkmoths) and Aves (birds) —
along an elevational gradient spanning 200-2800 m in the eastern Himalayas of Arunachal
Pradesh, India. The concurrent sampling of the two taxa along the same elevational
transect should reduce the number of confounding factors due to the identical parameters
associated with climate, vegetation and biogeography. We have investigated two important
facets of diversity, viz. species and (functional) traits using multiple measures available for
each (e.g. alpha diversity, beta diversity, evenness, etc.). It is hoped that this study would
contribute to the growing field of identifying the taxon-specific and taxon-independent
factors impacting diversity. To the best of our knowledge this is the first such simultaneous

elevational diversity pattern study of two animal taxa in the eastern Himalayas of India.

We recorded 4731 hawkmoth individuals from 13 elevations between 200-2800 m,
spanning 80 morpho-species and 30 genera. We reliably measured body and wing sizes
for 3297 individuals using field images, after correcting for image distortions, one of the
largest and systematic compilation of insect trait data from a single locality, and achieved
without having to collect specimens (and the consequent allocation of large amount of
resources for their preparation and maintenance). For birds, line transects at 48 elevations
yielded 15,867 individual records spanning 235 species, 150 genera and 48 families. We
obtained species mean body mass and wing span data from literature. We also carried out

a similar sampling of birds during winter but is not presented in this thesis.

1. Species abundance distributions (SAD): We have shown that evenness of species
abundances within a community decreases with elevation for both hawkmoth and birds.
The decline in evenness was consistent across multiple measures including parameters
from models (e.g. standard deviation of a Log-normal fit), as well as model-independent

metrics such as the width of the octave binned species abundance distributions, slope of
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SYNOPSIS

rank-abundance curves and Pielou's evenness index. High evenness has been previously
observed in stable, more productive ecosystems with high species richness and more
resource/niche partitioning (like at low elevations and latitudes), whereas low evenness is
linked to unstable, variable and less productive environments where few species dominate
(like at high elevations and latitudes). We also found that the Log-series and Neutral
models fit the individual elevational communities of hawkmoths the best, while bird
communities are more mixed with Log-normal dominating the fits. However, for the

regional pool as a whole the Log-normal was by far the best fit for both taxa.

2. Alpha and beta diversity profiles: Birds and hawkmoths, both exhibited a mid-
elevation peak in alpha diversity, although, the peak was lower and broader in hawkmoths
than in birds. However, interestingly, when each species was represented only by the
mean elevation of its distribution, the bird profile turned out to be essentially independent
of elevation, while hawkmoths continued to show a mid-elevation peak. Analysis of beta
diversity revealed a similar reduction of dissimilarity with elevation for both birds and
hawkmoths, with species turn-over dominating nestedness. Despite this similarity, there is
some indication from NMDS analyses that elevational communities in moths are clustered
into 5 groups while those in birds showed a smoother transition in community composition

across the gradient.

3. Bergmann's Rule: Previous investigations, in the hundreds, present a very confusing
picture of the validity of Bergmann's rule, raising issues of its nature (pattern or process),
of its applicability (ectotherms or endotherms or both), and the scale of investigation
(intraspecific, interspecific and assemblage). In this study both hawkmoths and birds
showed a strong but contrasting trend at the assemblage level, with the mean body mass
increasing for hawkmoths (an ectotherm!) and decreasing for birds (endotherm!). We also
found that the same data shows a considerably reduced signal when plotted as species
mean values (as has been done by most previous studies) and a very weak signal at the
intraspecific level. One way of reconciling the contradiction is to ascribe the effect to
species turnover. The converse-Bergmann pattern in birds has previously been attributed
to reduced food availability during winters at high elevations. As facultative endotherms,

thermal explanations for Bergmann's rule that are normally applied to endothermic
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vertebrates could potentially operate in hawkmoths, especially as they are most active
during the hours of the (cold) night. Our work shows that the result changes with the
taxonomic level of investigation. Given the strong contrast in patterns for hawkmoths and
birds at the same location, and the fact that the relationship is contrary to the original
expectations for ectotherms and endotherms, we support the notion that Bergmann's Rule
should be treated as a pattern and the underlying process has to be investigated

separately depending on the taxon and the context.

4. Wing allometry and Flight: We found that the allometry of wing area is remarkably
similar across more than 4 orders of magnitude of body mass spanning hawkmoths and
birds. This suggests that very similar, biophysical, factors are operating across these two
taxa in deciding flight dynamics. Notwithstanding which, somewhat curiously, the allometric
indices for all genera (but one) of hawkmoths lie below the assemblage average. This
suggests that while basic biophysical principles of flight dominates across the range of
body mass, the small-scale allometry is decided by factors like inter- and intra-specific
competition, local climatic variables (air density, perhaps wind) and perhaps historical
contingency. We also found that the assemblage-mean wing loading decreased with
elevation for both hawkmoths and birds suggesting better flight capacities at higher
elevations. In common with the result from Bergmann's Rule we found that the strength of
this correlation with elevation changes with the taxonomic level at which it is investigated:
strongest at the assemblage level and weak or undetected at the interspecific and

intraspecific levels.

5. Functional trait space in hawkmoths: Given the large data set of (functional) trait
values for 3297 individual hawkmoths we investigated several issues related to functional
diversity, occupancy in trait space and their implication for community assembly. We
observed a decrease in trait overlap across communities with increasing elevational
distance using the primary traits of body length, thorax width, wing length and wing
breadth, as well as derived traits of body volume, wing area and aspect ratio. We also
showed that hawkmoth subfamilies, and even the most abundant genera neatly segregate
with almost no overlap in trait space involving just the 4 primary traits listed above. We

also showed the presence of strong internal filters at all elevations using T-statistics, with
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individuals within species significantly more similar than individuals across species in each

elevational community.

To sum up, using a large set of systematically collected diversity data on hawkmoths and
birds along 2600 m of an elevational gradient we have been able to show several patterns
with a high degree of statistical significance. We recognise that these are patterns and we
need to progress towards processes. Yet, we believe that generating secure patterns is the
first step towards understanding the underlying processes. Previous studies have
highlighted the large “diversity” of patterns across different taxa and in different locations
across the globe; and the quest for identifying the key processes has often floundered on
the diversity of contexts of the different studies. We determined the patterns for two very
different organismal groups, hawkmoths and birds, at the same place and during the same
period. Our study fills an important geographical void in the multi-taxon investigations
along elevational gradients. The comparison along multiple facets of diversity — alpha,
beta, functional — is expected to complement the available meta-analyses of disparate
data sets.

We are in the process of adding more taxa and genetic diversity to this mix at our study
site. We hope that it will be a small step towards a better understanding of the process by

which communities are assembled.
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Chapter One

Introduction

“There are more species of intertidal invertebrates on the coast of Washington than
on the coast of New England, more species of birds breeding, and also more
wintering, in forests than in fields [......] there is an even more dramatic difference in
the number of species in the tropics than in the temperate [....] Will the explanation
of these facts degenerate into tedious set of case histories, or is there some

common pattern running through them all?”
Robert H. MacArthur,
Geographical Ecology: Patterns in the Distribution of Species (1972)

Since the beginning of 19™ century, naturalists have been documenting that different
regions on Earth differ markedly in the number of species that inhabit them. They also
observed and recorded that the species shared between these regions differ dramatically
in their abundances. Understanding this non-randomness in species segregation and
aggregation still continues to be one of the central goals in ecology (McCain 2009, Kraft et
al. 2011; Liu et al. 2017) and documenting biodiversity patterns across spatial and
temporal gradients has become the cornerstone to understanding this heterogeneity.
Environmental variables (e.g temperature; Allen 2002, precipitation; McCain 2009, edaphic
factors; Tuomisto et al. 1994), landscape structure (e.g. connectivity; Liu et al. 2017), area
(MacArthur and Wilson 1957), geometry (Colwell 1994), interspecific interactions; e.g.
competition (Hutchinson 1959), mutualism and predation (Boucher 1982) and dispersal
related stochasticity (Hubbell 2005) have been found to be some of the most important
factors influencing species distribution. Some of the widely recognized spatial diversity
patterns include latitudinal gradients (Stevens 1989; Gaston 2000, 2007; Lamanna 2014),
elevational gradients (Able & Noon 1976; Rahbeck 1995; Brehm et al. 2003; Kromer et al.
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CHAPTER 1. INTRODUCTION

2005; Wu et al. 2014; Beck et al. 2017), species-area relationships (Connor & McCoy
1979; Angermeier & Schlosser 1989; Lomolino 2000; Peay et al. 2007; Fattorini et al.
2016; Storch 2016), successional gradients (Pielou 1966; Bazzaz 1975; Clay & Holah
1999; Derroire et al. 2016; Huang et al. 2017), environmental gradients (e.g. pollution, soil
types) (Borowitzka 1972; Rygg 1985; Rosenberg et al. 2004; He et al. 2017; Wehn et al.
2017) and many more.

Tropical ecosystems shelter a much greater proportion of extant species than other
terrestrial ecosystems (Barlow 1989; Myers 1992; Kraft et al. 2011). von Humboldt,
Darwin, Wallace and Dobzhansky amongst others, were the first to systematically
document the changes in species distribution across latitudes (Lomolino 2001; McCain &
Grytnes 2010) and demonstrate the high diversity of the tropics. The ecological basis for

this striking, widely studied correlation of considerable antiquity is still a matter of debate.

The obvious correspondence between latitudinal and altitudinal gradients led to the latter
being investigated by naturalists and biogeographers from an early date but quantitative
analyses of elevational profiles of species diversity came only much later (Grinell & Storer
1924; Able & Noon 1976; Terborgh 1977). Since then, studies of biodiversity along
mountain slopes have gained much popularity (Rahbeck 1995; Brehm et al. 2003; Kromer
et al. 2005; McCain 2009; Wu et al. 2014; Beck et al. 2017) as these gradients have the
potential for separating the contribution of different factors influencing diversity:

1. Compression of climatic zones over a short distance makes the study of biodiversity
across these gradients manageable (McCain & Grytnes 2010)

2. Historical contingency, and geological and evolutionary histories are more uniform
across a montane diversity gradient than across latitudinal gradients.

3. High topographic diversity (slope, aspect, etc) in association with different regimes
of substrates, nutrients and water leads to a multitude of micro-climatic situations
which, create a great variety of micro-habitats supporting a much higher diversity
than an equivalent area of a uniform elevation landmass (Brehm & Fiedler 2004)

4. Multiple mountains across the globe provide replicate systems with varying climatic,

spatial, historical and biotic settings, and the differences in the response of
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CHAPTER 1. INTRODUCTION

ecological communities to these factors forms the basis for assessing the relative

importance of different causative mechanisms

The first step in understanding and unravelling the factors responsible for any pattern, is in
fact documenting the pattern itself repeatedly and accurately! There has been a
proliferation of studies of diversity along elevational gradients in the recent past but they
are still mostly limited to the more conspicuous taxa such as plants, birds and mammals
(Rahbeck 1995; Able & Noon 1976; G. Vazquez 1998; Sanchez-Cordero 2001; Heaney
2001; Sanders 2002; Vetaas & Grytnes 2002; Li et al. 2003; Bachman et al. 2004; Brehm
& Fielder 2004; Kattan et al. 2004; Grytnes 2006; McCain 2007a, 2007b, 2009; Jankowski
et al. 2009; Dehling et al. 2014). The few studies that exist on invertebrates and other taxa
(Haber et al. 1989; Fiedler & Schulze 2004; Fu et al. 2007; Brehm et al. 2016; Beck et al.
2017), are still much fewer in number to draw secure generalizations from. While almost all
latitudinal gradients of diversity follow a pattern of monotonic decrease (Willig & Presley
2018), elevational gradients, in addition, also show a pattern of unimodal decline in many
cases (McCain & Grytnes 2010; Beck et al. 2017). There is as yet no consensus on the
identity of the mechanisms generating these patterns, and there still remains large gaps in
knowledge of the reasons behind the variability observed across different taxa and in

different mountain systems.

The explanations proposed can be broadly grouped into four categories of climate,
geometry, evolutionary history and (other) biotic processes (McCain & Grytnes 2010).
Temperature, precipitation, productivity, elevational area, geometric constraints, and
phylogenetic histories and biotic interactions are among the more common correlates
investigated for developing theoretical frameworks and model mechanisms to understand
diversity patterns (McCain 2009; Sanders & Rahbeck 2012). Direct tests for many of the
hypothesized mechanisms are still lacking (correlation does not imply causation), and a
comprehensive analysis requires extensive data on all the aforementioned variables at
each study site. Additionally, these factors may well affect different organismal groups
differently (for example, amphibians and ferns might be more responsive to gradients in

humidity than other taxa).
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CHAPTER 1. INTRODUCTION

There have been several investigations of multi-taxon patterns to identify taxon-specific
and taxon-independent drivers of diversity (e.g. Grau et al. 2007, Bryant et al. 2008,
Colwell & Rangel 2010, Mori et al. 2013, Turtureanu et al. 2013, Colwell et al. 2016, Duan
et al. 2016, etc). A comparison of birds and mammals (bats and mice) along a Peruvian
elevational gradient revealed a monotonic decline for birds and bats, whereas mice did not
show any relationship with elevation (Patterson et al. 1998). Plants and soil bacteria
showed contrasting patterns of mid-elevation peak and a monotonic decline respectively
along a 1000 m elevational gradient in the Colorado Rocky Mountains (Bryant et al. 2008).
On the other hand, the patterns were similar for geometrid moths, ants, epiphytes and
Rubiaceae plants on the Barva Transect, Costa Rica with a unimodal profile, although the

diversity peak changed with taxon (Colwell & Rangel 2010).

Moving away from alpha diversity patterns, cross-taxon congruence for species turnover
patterns, or beta diversity, along an elevational gradient was investigated by Duan et al.
(2016) in northern China using vascular plants, geometrid and arctiinid moths and carabid
beetles, where they observed strong similarity for plants and beetles. Contrasting patterns
for beta-diversity were obtained for plants and oribatids in Hokkaido, Japan (Mori et al.
2013). These results indicate that there is yet no universal rule shaping diversity
distribution across multiple taxa, even when sampled along the same elevational transect,
indicating the necessity to incorporate taxon-specific prescriptions for a unifying general

theory of elevational diversity patterns.

The study of natural variation is continually evolving. There have been many shifts in
paradigms with the recognition of biodiversity’s multi-faceted nature. A more recent
conceptual development has been in the understanding of variation in species’ traits,
which is now known to occur at all spatial, temporal and taxonomic or organizational
scales (Messier et al. 2010). This growing field of trait-based ecology emerges from a
simple underlying assumption that individuals interact with, and respond to, their biotic and
abiotic environment via their (functional) traits (McGill et al. 2006). Quantifying traits can
thus be considered a close approximation to quantifying a species’ niche, which has been

the cornerstone for several community assembly theories.
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Much of the progress in functional ecology is limited to plant communities, where not only
the traits, but also their correlation to the individuals’ fitness are easily quantifiable. For
majority of invertebrate and other higher taxa, it is still not always clear which traits qualify
as “functional’ and how many functional traits should be measured to adequately describe

community assembly patterns.

We contribute to this growing field by conducting a comparative study of diversity patterns
of two contrasting organismal groups — Lepidoptera: Sphingidae (hawkmoths) and Aves
(birds) — along a 2600 m altitudinal gradient in the eastern Himalayas of Arunachal
Pradesh, northeast India. We are aware of no previous work from the study region that
addresses diversity patterns of these two different faunal taxa in a multi-faceted approach.
We hope that this comparative study will contribute to a deeper understanding of the

community assembly rules, filling a major geographical void in a high diversity region.

We have investigated multiple facets of diversity — viz. species, traits and phylogeny —
using the multiple measures available for each (e.g. alpha-diversity, beta-diversity, relative
abundance distributions, etc) using the large primary data set that we obtained from field
sampling of both birds and hawkmoths.

We have focused on the similarities and differences in patterns between hawkmoths and
birds and attempted to link them to our knowledge of their life histories. An investigation of
the causative mechanisms underlying the observed elevational diversity patterns is the

next step planned in this programme.

Chapter Two in the current dissertation describes the study area and sampling sites in
detail. It then discusses the choice of taxa, sampling methodology and a description of the
data used for all subsequent analysis. It includes the measurements of morpho-traits (body
and wing) for hawkmoths from size-referenced digital images.

Chapter Three deals with an under-appreciated aspect of ecological communities —
evenness and species abundance distributions. Patterns in evenness were investigated in

multiple ways, with and without the use of models.
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Chapter Four focuses on patterns of alpha and beta diversity. In common with previous
studies we investigated the relationship between diversity and some commonly
hypothesized correlates like temperature, precipitation, area and Mid Domain Effect.
Chapter Five shifts the focus from taxonomic aspect of diversity to the recently emerging
field of trait-based ecology. We investigate validity of the Bergmann’s rule for endothermic
birds and ectothermic hawkmoths.

Chapter Six continues the exploration into directional variation of traits, using wing area,
wing shapes (aspect ratio) and wing loading.

Chapter Seven focuses on the intraspecific variation in body and wing measurements of
hawkmoths using the recently proposed suite of T-statistic metrics (Violle et al. 2012) to
analyze the relative strength of internal and external filters in shaping hawkmoth

communities along the altitudinal gradient.
Each chapter between 3 and 7 deals with a specific result and includes a self-contained

introduction, analysis, result and discussion on that topic. Finally, we summarise the entire

work and conclude with future prospects arising from this work.
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Chapter Two

Study Area, Study Taxa and The Data

2.1 Study area and sampling sites

Studies of geographic patterns in species diversity have helped to identify regions which
are very rich in either overall diversity or have a high number of endemic/range restricted
species (Myers 1992, Orme et al. 2005). These “biodiversity hot-spots” have served to
focus conservation and/or research efforts. Two such hot-spots are located in India: The
Western Ghats, which is rich in endemic species, and north-east India comprising the
eastern Himalayas, which rates very high in species diversity as well as in the density of
endemic/range-restricted species (Myers 1992; Orme et al. 2005). The Western Ghats
have received much greater attention from ecologists over the last three decades
(Ramesh & Pascal 1991; Nair 1991; Daniels 1992; Chandrashekara & Ramakrishnan
1994; Manoharan et al. 1997; Ghate, Joshi & Gadgil 1998; Menon & Bawa 1998; Prasad
et al. 1998; Ayyappan 1999; Parthasarthy 1999, 2001; Jha et al. 2000; Gadagkar 2000;
Aravind et al. 2001; Shanker 2001; Raman & Sukumar 2002; Devy & Davidar 2003;
Ganesan & Davidar 2003; Dahanukar et al. 2004; Rai 2004; Vasudevan et al. 2006;
Ganesh & Devy 2006; Krishnawamy et al. 2006; Priyadarsanan Dharma Rajan 2008;
Tissot et al. 2010; Ravikanth G. et al. 2010; Badiger 2011; Krishnamurthy 2011; Ishtiyaq et
al. 2012; Joshi & Karanth 2012; Vinayaka et al. 2013; Osuri, Kumar & Sankaran 2014;
Robin et al. 2014; Marathe & Priyadarsanan 2016; Kunte 2016; Vanak et al. 2017; Zambre

& Thaker 2017). North-east India, on the contrary, has remained largely under studied.

2.1.1 Eastern Himalayas

The eastern Himalayas in northeast India span a complex and rugged landscape with
extreme topographic relief (Zomer et al. 2000) and cover a total area of 524,190 km?
between 82.70°E and 100.31°E longitude and 21.95°N and 29.45°N latitude. They run
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through eastern Nepal, Sikkim (India), Bhutan, Arunachal Pradesh (India), northwest
Yunnan (China), southeast Tibet and northern Myanmar. The eastern Himalayas are
bounded by the Brahmaputra river valley to the south. The two, together with the mountain

systems south of the river, constitute the north-east Indian biodiversity hotspot.

This region lies at the interface of the Indo-Malayan and Palaearctic biogeographic realms
(Wallace, 1876). The recent revision in biogeography, based on phylogenetic relationships
of 21,037 species of amphibians, birds and mammals, puts the region at the confluence of
the Oriental (continental India and the Indo-Australian tropics) and the Sino-Japanese bio-
geographic regions (Holt et al. 2013). A WWF-India report in 2009 states that the eastern

Himalayas are one of the least explored global hotspots with 211 new species discoveries

Figure 2.1 Elevation map of the state of Arunachal Pradesh. Note the stratified landscape with elevations
ranging from sea-level to 7000 m in a short stretch of ~1°. Dark grey: above 4000 m; Red: 3000 - 4000 m;
Green: 2000 - 3000 m; Blue: 1000 - 2000 m; Remaining — less than 1000 m.
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between 2009 and 2014. The region is currently facing a wide range of threats including
climate change, population growth, deforestation, overgrazing, poaching and hydro power
development. Large-scale biodiversity investigations and conservation efforts are urgently

needed to avoid the impending deforestation-driven biodiversity losses.

2.1.2 Arunachal Pradesh

The high diversity of the eastern Himalayas is also reflected within the Indian sector which
contains about 5800 plant species with 36% endemicity (Myers 1988). Arunachal
Pradesh, the largest state in north-east India, ranks 6™ on Myers et al. (2000) list of
“hottest of hotspots”. 12% of its total area of 83,743 km? (26.28°N-29.30°N latitude and
91.20°E-97.30°E longitude) lies within 13 Protected Areas. 70% of its area is mountainous

and 82% is under forest cover (Paul 2005).

The area has a steep elevational gradient ranging from 100 m on the southern border with

Figure 2.2 A GoogleEarth image of Eaglenest Wildlife Sanctuary ( white border). The 5- and 10-km buffer
zones are marked in green around the sanctuary. The orange line is the dirt track that traverses through
the sanctuary allowing easy access to some of the highest elevations
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Assam to about 7000 m along the northern border. The rainfall varies from about 3500 mm
along the southern slopes to less than 1000 mm on the Tibetan border (Choudhary 2003).
The mountain range is riven by several deep river gorges adding complexity to the
landscape (Figure 2.1). These factors and its location at the boundary of two bio-

geographic regions have served to make it a globally important biodiversity hotspot.

The paucity of biodiversity studies in Arunachal Pradesh is evidenced by the continuing
discovery of species either completely new to science, or hitherto unknown from India, and
that too in taxa as conspicuous as birds and mammals. Some recent discoveries from the
state include Muntiacus putaoensis (Dutta et al. 2003), Lophophorus sclateri
arunachalensis (Kumar & Singh 2004), Macaca munzala (Sinha et al. 2005), Liocichla
bugunorum (Athreya 2006b) and Leptobrachium bompuensis (Sondhi & Ohler 2011), etc.
Price (2012) comments that Arunachal Pradesh, on the scale of around 1000 km?, may

contain the second-highest biodiversity in the world, after the northern Andes.

The last two decades have seen some researchers attempting to inventory a wide variety
of taxa such as plants, birds, mammals, reptiles, amphibians and invertebrates (Kanjilal et
al. 1982; Datta 1998; Pawar & Birand 2001; Choudhury 2003; Birand & Pawar 2004; Nath
& Arunachalam et al. 2005; Athreya 2006a; Mishra et al. 2006; Datta & Rawat 2008;
Agarwal et al. 2010; Mukherjee et al. 2010; Srinivasan et al. 2010; Velho & Laurance
2013;Sondhi & Ohler 2011; Sondhi & Kunte 2014; Sondhi & Kunte 2016; Dahal et al.
2017). Much of this work has been descriptive or compilation of inventories apart from a
few quantitative studies (Acharya et al. 2011; Price et al. 2014; Agarwal & Karant, 2015).

2.1.3 Eaglenest Wildlife Sanctuary

The current study was conducted in Eaglenest Wildlife Sanctuary (hereafter EWS; Figure
2.2) in the eastern Himalayas of West Kameng district in extreme western Arunachal
Pradesh. It is a small Protected Area (PA) of 218 km? located between 27° 02— 09'N and
92° 18 — 35 'E. EWS hosts pristine forests across 100-3250 m of elevation. Uniquely, it
provides vehicular access to such forest across most of this elevational range (Athreya
2006a).
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The Eaglenest road, built by the Indian Army in the late 1950s, was soon abandoned with
the construction of the wider highway connecting Bhalukpong and Bomdila, and remains a
single-lane dirt track for the most part. The primary forest occurs in close proximity to the
roadside scrubs and all transect counts for birds and light screen sampling for moths in the
current study were conducted along this road (Figure 2.2)

Climatic conditions, within EWS, vary considerably across this wide elevational gradient.
Elevations below 500 m can get very warm during the months of May-June (>25°C).
Regions from 500-1900 m have average temperatures in the range 10°-18° C. February is
the coldest month of the year. Occasional snowfall occurs during January and February
above 2000 m. The primary rainy season lasts from June to October, although rainfall may
occur at any time of the year. Annual rainfall varies from <1,500 mm on the northern
slopes to >3,000 mm on the southern slopes. While not quantified it has been observed
that fog condensation contributes substantially to the precipitation especially in the cloud

forest zone between 1500 m and 2500 m. December is mostly dry and cloud-free.

The large altitudinal range coupled with extensive rainfall has resulted in diverse habitat
types ranging from tropical wet evergreen (below 900 m) to coniferous temperate forests
(>2800 m). Tropical semi evergreen (dominated by Amoora wallichii, Pterospermum
acerifolium, Stereospermum chelonoides, Altingia excelsa) and tropical evergreen forests
(Kayea assamica, Mesua ferrea, Dysoxylum procerum, Echnocarpus sp.) occur below 600
m. From 600 to 900 m is tropical wet evergreen forests with preponderance of species like
Phoeba paniculata, Actinodaphne obovata, Alnus nepalansis, Phoebe attenuata. 900 to
1900 m is sub tropical broad leaved forests with abundance of Bombax ceiba,
Lagerstroemia parviflora, Terminalia bellirica, Sterculia villosa. Wet temperate (Quercus
lamellosa, Quercus sp. Castanopsis indica, Acer hookeri) and mixed coniferous forests
(Abies sp. Tsuga dumosa) are found at elevations between 1800-2750 m and 2300-3350
m respectively (Champion & Seth 1968; Choudhury 2003).

While there was little information on the biodiversity of Eaglenest before 2003 (Choudhury

2003) there has been a concerted effort at documenting flora and fauna of the region
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following the advent of the Eaglenest Biodiversity Project (Athreya 2006a) by Athreya and
collaborators (Athreya 2006b; Mistry et al 2007; Agarwal et al. 2010; Sondhi & Ohler 2011)
and others (Srinivasan et al. 2010; Velho & Krishnadas 2011; Sondhi & Kunte 2014; Price
et al 2014; Sondhi & Kunte 2016;). Currently, the inventory stands at about 425 bird
species, over 1500 (and counting) Lepidoptera, about 75 herpetofauna and more than 40
mammals. Despite being the most intensely studied area in Arunachal Pradesh the efforts
in Eaglenest over the last decade have merely begun to scratch the tip of the diversity
iceberg. The vast majority of arthropods which usually dominate rain-forest diversity and
dynamics as detrivores, herbivores, predators and parasitoids (Erwin 1982; Basset 2003,
Basset et al. 2012) have yet to be documented at any taxonomic level.

2.2 Study taxa — Birds and Sphingid Moths

Moths, which are known to be phototropic, were chosen as one of the two study taxa due
to the relative ease of their sampling at ultraviolet light screens. As one of the principal
herbivores of an ecosystem (De Vos et al. 2006), and with species-specific food plant, the
changes in their population may be expected to reflect those in the plant community. This
would make them excellent faunal targets for population monitoring programs under
climate change studies. As important pollinators and agricultural pests, they have served
as model organisms from the viewpoint of economics as well (Haber & Frankie 1989;
Moulds 1981, 1984, Kitching & Cadiou 2000 and references therein).

Hawkmoths are easy to distinguish from species of other moth families even on a screen
thereby reducing sampling effort in the field. The ability to identify the family at a glance
meant that none of the other thousand moths on the screen had to be examined or
processed, and we had an immediate count of the sampling success for each day.
Sphingids have been the targets of considerable taxonomic studies and we have a better
knowledge of their geographical distributions, compared to other families, largely through

the on-going efforts of lan Kitching and his team of collaborators (Kitching 2017).

Ironically, the Ilower species richness of hawkmoths compared to most other
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macrolepidopteran families — 1500 extant hawkmoth species, contra ~23,000
Geometridae (Scoble and Hausmann 2007) or ~35,000 Noctuidae (Quimbayo et al. 2010)
— is an advantage in diversity studies. The rate limiting step in studies of tropical insect
diversity is specimen identification (Brehm et al. 2003; Brehm et al. 2016), which may not
even be possible at the level of species without DNA-based identifications for many groups
and may lead to erroneous measures of diversity (Brehm et al. 2016).

Next to plants, birds have been the most popular target taxa for elevational diversity
studies (Terborgh 1977; Kattan 2004; Navarro 1992; Peris 1997; Raman 2005;
Sekersioglu 2008; McCain 2009; Wu et. Al 2014 — to list just a few of the hundreds of
publications). This, together with the detailed inventory of birds in Eaglenest, made birds a

practical choice for comparison with moths.

Our study is part of a much larger biodiversity project in EWS to investigate patterns in

distribution of many other taxa (ongoing projects on other moth families, frogs and ants).
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Figure 2.3 Daily fluctutations in hawkmoth abundance (and diversity; not shown) at our moth
screens at different elevations.
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2.3 Field Sampling - Hawkmoths

2.3.1 Methodology - Hawkmoths

Nocturnal phototropic Sphingidae were sampled at light screens at 13 elevations between
200 m and 2800 m. Holloway (2001), Brehm et al. (2003) and Schulze & Fiedler (2002)
have discussed the advantages and disadvantages of light-trapping and factors that might
influence the results of this technique. The most commonly cited issue is the possible, but
unknown, systematic bias in the response of different moth species to a light trap. There is
also disagreement on the radius within which moths flock to a light source. Some studies
have reported ranges of 25-40 m but it can vary with weather, moon cycle and vegetation
(e.g. See Figure 2.3; Brehm et al. 2003, Beck 2005). Another disadvantage is the large

fluctuations in abundance (even up to 2 orders of magnitude) which makes population

Figure 2.4 Portable moth-screen, consisting of a light-weight hollow aluminium pipes connected via
screws and bolts into a frame. 2-UV (8W each) and 1 white light (8W) actinic tubes were used to attract
moths. Moths typically settled on the gridded cloth screen (160 cm X 110 cm).
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estimation difficult.

Although the physiological and behavioral factors are not well understood, light traps are
known to yield the least biased and the highest diversity of species compared to other
methods such as bait and pheromone traps (Brehm et al. 2003, Bowden 1982). Moth traps

were not used to avoid non-specific collections of non-sphingid moths.

A portable “moth-screen” (Figure 2.4) was designed and used throughout the study to
maintain uniformity of sampling. The frame was made of light-weight aluminum pipes
which could be conveniently dismantled during transport. Two UV actinic tubes (300-400
nm; to attract moths) and one white light bulb (for human eyes) were hung from the top of
the frame. The lamps (8 W each) were powered by a car battery through inexpensive, off-
the-shelf 12 V DC to 220 V AC converters. UV transparent acrylic covers were used to
protect the light bulbs from rain. The screen, below the lamps, consisted of a stretched 160
cm X 110 cm fabric (shirt piece) with a printed uniform grid on a white background. The

grid provided a size and shape standard for the moths photographed on the screen.

During 2013 we collected about a thousand voucher specimens between 500 and 2800 m
(Table 2.1). Live moths picked off the screens were rendered unconscious in chloroform
jars and packed into glassine envelopes marked with the elevation. These were
transported to the base camp in boxes and on subsequent days killed in ethyl acetate jars
and preserved in the usual manner. Three of the legs (all from one side) were stored for

future DNA analysis. The quantum of work led to considerable delays in the processing of

Elevation | Individuals Elevation | Individuals Elevation | Individuals
(m) sampled (m) sampled (m) sampled
500 95 1300 83 2100 86
700 85 1500 99 2300 91
900 91 1700 80 2500 74
1100 82 1900 95 2800 68
Table 2.1 Sampling effort in 2013
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specimens. Despite the care taken while cataloging specimens in the field diary we

suspect that the increasing backlog may have resulted in mixing of individuals between

elevations in 5-10 % of the specimens.

Therefore, when about 20% of the envelopes were inadvertently destroyed when being
dessicated over a wood fire in the humid climate we decided to not use the 2013 samples
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for formal analysis in the absence of demonstrable provenance of the specimens.
However, while the elevational provenance was suspect in some cases, we do have
photographic evidence of the specimen-tissue vial correspondence in all cases and the
sample continues to be available for DNA work. For what it is worth, the elevational

diversity profile of 2013 is very similar to that of 2014.

During 2014, we only photographed the individuals against the screen and collected the 2
middle legs for DNA. The moths were released after clipping the wing tips to avoid double
counting of individuals. The legs were stored in paper envelopes on which were written the
date, elevation and moth image file number (Figure 2.5).

We set up light screens at 2-5 elevations simultaneously to sample across elevations as
uniformly as possible (with regard to climatic conditions), and also to accumulate a large
number of records within the short period of dark nights during a month. The sampling
team comprised up to a dozen members with diverse backgrounds and skills, split into 2-3
people at each screen. While the use of multiple screens and teams every night improved
efficiency and uniformity of sampling it did introduce variability in the quality of the
photographs in terms of image resolution, image distortion, and exposure level. The

intensity of rain during screen time also contributed to variability in image quality.

We aimed to collect approximately equal number of individuals from all elevations, rather
than equalising the number of sampling days. We had observed in 2013 that the day-to-
day variation in moth visitation was large even within the 10 day period around the new-
moon. Daily changes in moth captures are thought to be more due of changes in flight
activity than in species abundance (Muirhead-Thomson 1991) which may be related to
very local weather conditions of temperature, wind speed and rain. Occasional “flushes” of
a single species are often encountered at light screens that vitiate true population size
estimations (Yela & Holyoak 1997). Equalising the sampling effort at each elevation could

have led to very different sample sizes at different sites, and so wasted effort.

After the initial collection of a thousand specimens from across the elevational range in

2013 we deemed that a good photograph would be sufficient for our purposes. Sphingids
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are visually sufficiently different from each other for the most part for morpho-specific
delineation; securing identifications using genitalic dissections was neither feasible nor
necessary on a scale of thousands of specimens. The lack of expertise in or resources for
handling, processing and storing thousands of specimens was also an issue. We also
discussed within the team the ethics of plucking 2 legs from a live insect. We noticed that
the plucking of legs (i) did not lead to the oozing of any haemolymph and (ii) did not seem
to impair their flight. Indeed, we found such moths strongly flying back to the screen after
being released. On balance we felt that collecting 2 legs was also better from a

conservation perspective than thousands of specimens.

The leg tissue and the images were assigned a collection index which was noted on the
envelope as well as in the field notebook while the tissue was being transferred into a 1.5
ml vial of 99% ethyl alcohol. While the small volume occupied by the tissue did not really
dilute the alcohol, we did change the alcohol after a few days to retain its optimum

concentration in view of the planned long-term storage.

Many of the individuals sampled in 2014 rested on the fabric but about a fifth of them
rested on the frame itself or on the surrounding vegetation. The moths were photographed
where they rested to avoid (i) scaring them off and (ii) damaging the wings prior to the

archival photograph. Only the ones on the grids have been used for trait measurement.

During data curation we excluded less than 1% of the records which showed a conflict
between the information on the envelope, in the field plan notebook, tissue collection
notebook and the EXIF data (primarily date, time and image sequence) in the image file.
We also examined the color and label of the screen to resolve or confirm inconsistencies
in the data. With this careful examination we are confident that our database accurately

reflects the correct mapping between photo-specimen, tissue sample, elevation and date.

2.3.2 Species ldentification — Hawkmoths
‘Species’ is the fundamental unit of data collected for most community ecology studies.
However, recognizing, naming and identifying species, especially for hyper-diverse
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invertebrates, is not easy, requiring some degree of expertise and experience (Krell 2003).
Due to a persistent decline of human resources in taxonomy (e.g. Hopkins & Freckleton
2002), ‘morpho-species’ sorting — i.e. taxa readily separable by morphological differences
that are obvious to individuals without extensive taxonomic training — with minimum or no
involvement of taxonomists has become a widely used strategy in conservation biology
and species diversity-based ecology (Krell 2003; Brehm et al. 2003). To quote Oliver &
Beattie (1993) “Ninety percent agreement has been found between morpho-species
classification by non-specialists and specialist taxonomists.” Oliver (1994) showed that
morpho-species provided accurate estimates of species richness of ants, spiders and
beetles. They suggest the use of morpho-species as surrogates for species when
comparing richness of sites over time or space. More recently, Brehm et al. (2016)

compared analyses using morpho-species and DNA-barcodes to confirm that incomplete
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species delineation does not necessarily conceal trends of biodiversity along a gradient,
but it might underestimate the true magnitude of diversity (a case study on Geometridae).

We were able to assign individuals to taxonomic species in most cases because
Sphingidae identification is relatively easy due to the large amount of available literature
and type-specimen inventories. Where we were not confident of our identifications, we
assigned individuals to morpho-species. Nevertheless, we only use the assigned
taxonomic name as a label for an OTU; i.e. we only claim that individuals which share a
name belong to the same (morpho-) species, but they may not be the one named, but a
similar looking sister species. For instance, most of the individuals that we have listed as
Ambulyx tobii are all very likely to belong to the same species, but that species may not be
A. tobii. We relied chiefly on the following reference material for identification:

1. Moths of Thailand Vol. 2 Sphingidae, H. Inoue, R.D. Kennett & I.J.Kitching (MOT)

2. Moths of Borneo J.D. Holloway (MOB)

3. Sphingidae Taxonomic Inventory http://sphingidae.myspecies.info (STI/)
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Figure 2.7 Bird transect locations for the 200 m elevation (Pakke Tiger reserve)
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Sphingidae of the eastern Palaearctic http://tpittaway.tripod.com/china/ (SOTEP)

4.

Sphingidae of Southeast- Asia https://www.sphin-sea.unibas.ch/ (SSA)

5.

2.3.3 Elevational abundance profiles of hawkmoth species

Moth visitations at UV screens tend to vary a lot from day to day and so our sampling effort

was designed to get approximately equal number of individuals at each elevation. In most

of the analyses in this thesis diversity or assemblage metrics were calculated within each

elevation and then compared across elevations. Therefore, the disconnect of individual

moth species abundance across neighbouring elevations is in general not an issue.

However, it would be an issue while, for example, calculating the elevational range (profile,

mean value, etc.) of a hawkmoth species. We compensated for this lack by a multiplicative

factor which equalised the elevational profile of moth abundance to the published forest

biomass profiles (Figure 2.6). This is a reasonable approach as moths are among the

principal herbivores in an ecosystem. In any case, we have compared such results using

the extreme values of the slope of the elevational profiles of biomass (slope = zero, i.e. no

change with elevation; and slope = — 80 kg ha™ m™) to encompass the full range of

uncertainty in the elevational range parameters.

2.4 Field Sampling - Birds

ANMIIIITT.,
AN
ANMMINININ
ANMMIIN.)
MRy
AT
AN
DY

AL — — ——- AW

I
o
=
[

400—

T
o
S

200
100—

o0
s[enpiAipu

y 0082
N 0S.2
Y 002
y 0592

0092

y 0sse
y 00S2

0ste

y oove
y o0s€e

00€e

y 0s2e
Y o002z
] osie
N o012
Y 0502
] 0002
0561
N 006}
y o0s8t
y 008t

0S.t

y 001

0S91
009}

y o0sst
 00St

oSyl

Y oovt
N osel
] ooct
y osegl
N 00z}
Y 0SHE
y 00t
N 0501
y 000}

056

N 006

0S8
008
0SL
00
059
009
0SS
00S
002

Figure 2.8. Bird transect counts were conducted at 50 m intervals between 500m and 2800m

Individuals recorded at each elevation are shown above.
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2.4.1 Methodology - Birds

Bibby and his colleagues (2000) have provided a fairly comprehensive description of the
many bird census and monitoring techniques, along with their advantages and
disadvantages. Some of the strategies include five-minute point counts (Spurr 1991, 1994,
2000; Miller & Anderson 1992; Empson & Miskelly 1999; Innes et al. 2004), territory
mapping (Powlesland et al. 1998, 1999), radio-telemetry (Powlesland et al. 1998), color
banding (Powlesland et al. 1998, 1999, 2000; Davidson & Armstrong 2002), distance
sampling (Westbrooke et al. 2003), and fixed-width strip-transect counts (Westbrooke et
al. 2003; Westbrooke & Powlesland 2005). The choice of method depends on the scale of
study, resources available to the researcher and most importantly, on the study objectives.

We chose line transects for their several advantages. They sample a larger number of
(independent) locations, record more birds, have a lower chance of double counting the
same bird, are better for shy species which ‘flush’ easily, and less affected by errors in
distance estimation than point counts (Bibby 1998). All bird sampling was conducted by a
single person (Rohan Pandit) to minimize identification bias. Pandit, who has spent many

years in Eaglenest, is one of the most knowledgeable birdwatchers of the area.

Forty-nine elevations between 500 m and 2800 m, in intervals of 50 m were surveyed
along the Eaglenest road. Birds were recorded along a 200 m transect during a steady
walk over 5 minutes. The same transect was sampled again while returning to the motor-
cycle parked at the head of the transect. The two counts were recorded separately. It took
a total of 30 min per transect, including travel from one to the next. Birds recorded, both
visually and aurally, within a perpendicular distance of about 20 m from the road were
dictated into a voice recorder. These audio clips were later transcribed into a spreadsheet
and checked for errors by two different transcribers. The same transects were sampled on
12 different days (12 sets per elevation) in both summer (May and June, 2012-14) and
winter (mostly in January and February, 2012-13; about 10% of the transects before mid-
March, 2013). The sampling was done during 6.00-12.00 hr in summer and 7.00-13.00 hr
in winter. A maximum of 12 elevations were covered during a day, though rain, especially

during summer, often reduced the number.
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We avoided any systematic bird activity difference across the 6-hr window, by subdividing
it into three 2-hr slots — Early morning (E), Mid morning (M) and Late morning (L). The 12
transects at each elevation were equally distributed across these 3 slots. Further, we had
planned to sample alternate elevations on a given day (e.g. 2800, 2700, 2600, ..., 1700 m)
and the lower elevations on the next day (1600 — 500 m) to cover the entire elevational
gradient within a short interval. The other, intervening, elevations (i.e. 2750, 2650, 2550 m,
etc) were to be sampled on the next two days. However, summer rains wrecked the 4-
days-per-set schedule. In fact, the loss of time to rain caused the summer effort to spill into
a third year for completion. Of the 12 sets each from summer and winter we have archived
the transect count audio clips of all except sets 1 and 2 of summer which was lost due to a

system failure (post transcription).

Security issues precluded us from sampling elevations below 500 m in EWS. We
attempted to fill in this lacuna between 150 m and 300 m by sampling the lowest
elevations in Pakke Tiger Reserve, about 20 km from the last, 500 m elevation, transect in
Eaglenest, but more importantly across the gorge of the Kameng river. Even here, the
topography meant that we could not access higher elevations since the broad dirt track in
Pakke essentially followed the 200 m contour (Figure 2.7). Therefore, we sampled 4
different transects all at 200 m resulting in the high number of individuals at that elevation
(Figure 2.8)

P ]
Al (Tt ot P I B . ) |

Figure 2.9 Moth screen with a gridded pattern of known dimensions on a white background
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Figure 2.10 Distortions in the images of hawkmoths, as evidenced by the distortion in grid shapes.

2.4.2 Species Ildentification — Birds

Bird identifications and initially the taxonomy were linked to Rasmussen & Anderton
(2005). The taxonomy was subsequently modified to the latest published Handbook of
Birds of the World (HBW) and Birdlife International (http://www.birdlife.org/).

2.5 Trait measurements

2.5.1 Hawkmoths
The intimidating diversity and abundance of invertebrates demands immense resources
for any reasonable amount of morphometric analyses. Typically, a large number of

specimens are collected often by default in insect traps. They are then mounted and
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photographed either as-is or under a microscope to measure their morpho-traits. We
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Figure 2.11 Dedistortion of images for morpho-trait measurement using the background grids as reference.
Each pair includes the raw image (left) and dedistorted image (right).

greatly reduced this effort by directly photographing hawkmoths on a gridded screen
(Figure 2.9 & 2.10) without the burden of having to process and preserve specimens.
These were sufficient to measure the two obvious functional traits, viz. Body and wing

sizes.

Unless a moth is imaged from a sufficient distance and from directly above its mid body
the resulting image is bound to suffer from multiple types of distortions, including rotation,
perspective, and pin-cushion. Some of these distortions are shown in Figure 2.10. We
corrected these distortions by photographing the moths against a fabric screen with a
printed rectangular grid of known size. The distortions of the grids in the images were
subsequently “undone” by using the ImageMagick suite of tools (Figure 2.11). The image

scale (mm per pixels) was calibrated using the size of the grids to measure the trait values.

Nevertheless, the final images contained residual errors for several reasons:
1. Non-rectangularity of the grids because the fabric itself was distorted when
stretched across the frame

2. The moth was not parallel to the screen
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Macroglossinae_Cechetra_lineosa E1500 20140521 LM5522.)PG
o

Figure 2.12 Python GUI for marking of grid
corners to dedistort and calibrate the image
(a) approximate locations in the first round:
A-D (black) is the rectangle for dedistortion
and e-h (blue) are for setting the scale; (b)
grid corners for estimating the errors in the
dedistorted image — A-D and e-h play the
same role as in panel a; and (c) zoomed in
‘ EXIT ‘ | REDO | | PREVIOUS | ‘ NEXT ‘ sections around A-D and e-h for more
accurate pixel location.

) 100 150 200 250 300 350

3. The moth-screen distance was a substantial fraction of the camera-screen distance;
I.e. the camera was held too close to the screen.
4. The angle between the camera axis and the screen was much less than 90°
5. Random (human) errors while locating the grids on the images
Therefore, we defined and estimated several error metrics to eliminate images in which the
de-distortion had not worked. We developed Python! and R scripts to process over 3540

images in a semi-automated pipeline with a relatively short amount of manual effort

1 Thank you — Srikrishna Sekhar
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Figure 2.13 Rotation (a); Perspective (b); Shear (c) and Scale errors (d). All errors are shown with red
dotted lines and were calculated with respect to horizontal and vertical axis (black solid lines).

(approximately 2 minute per image in total).
The steps were as follows:
A. Identify a rectangle for de-distortion — using a Python script (Figure 2.12 a)

1. Outline a rectangle by marking its 4 vertices (points A, B, C and D) using mouse-
clicks at grid line intersections. The rectangle was usually chosen to include the
moth. When this was not possible — e.g. when every such rectangle had at least
one vertex covered by a moth — any nearby rectangle was chosen

2. The size of the rectangle, in grids, was provided to the script by marking 4 more
points (e, f, g, and h) on its perimeter and at a fixed distance from A-D.

3. The pixels were located accurately by a 2-step process: the first set of mouse-clicks
extracted 50 x 50 pixel postage stamps around the approximate locations of A-D
and e-h. The next set of clicks accurately located the grid line intersections on the
postage stamps which were displayed with high zoom and resolution.

4. The script can cycle through some or all the images in a directory and we
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processed anywhere from 1 to 200 images at a sitting. The script output a CSV file
with the image name and (X, Y) coordinates of the 8 points, A-D and e-h.

B. Create a batch file for image de-distortion — using an R script
1. The lengths, Ae, Bf, Cg and Dh in pixels, and the known grid size in mm were used

to calculate the actual coordinates of the undistorted rectangle ABCD in millimeters.
2. These information was used to create an ImageMagick batch file for a Linux shell
environment (using the command convert --distort Perspective ) which generated
dedistorted images with a scale of 0.1 mm per pixel.
3. The script made allowance for sections near the edge of the image which would

have resulted in the subject being pushed off the edge during dedistortion.

C. Estimate the error in dedistortion — using a Python + R script
1. Mark locations A-D and e-h (pattern in Figure 2.12 b) using the Python as in step A

2. The following error metrics were used to quantify the quality of dedistortion (see
Figure 2.13)
Notation: For any 2 pixels L and M
AXw = XL — Xu the difference between their X-coordinates
AYwm =Y. —-Yw the difference between their Y-coordinates

i. Error in visually identifying the target pixel and clicking on it (measured in

b)

a) s — 800/ -
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Y
o
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-
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-3 0 . 3 6 ‘ 4 0
Error (in Pixels) Error (in Pixels)

Figure 2.14 Histogram of pixel locating errors along the X (left) and Y (right) coordinates. The mean and
+3 standard deviations are marked by solid and dashed red lines.
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Figure 2.15 Deviations from horizontality of the lines AB (a) & CD (b) and from verticality of the lines BC
(c) and DA (d). The mean and + 3 standard deviations are indicated by solid and dashed red lines.

pixels). The points A and e are meant to be the same and their difference is
a measure of the error in clicking on the desired pixel
Cx = AXea Cy = AYea
i. Angle to the horizontal of the horizontal lines AB and CD, and to the vertical
of the vertical lines BC and AD

(AYg,) (AY p) (AX ) (AXpa)

m=(ax,) " (ax,) *T(av,) PT(av,,)

i. X-and Y-components of the residual perspective:

:2*(AXBA_AXCD) p :2*(AYCB_AYDA)
T (AY gAY y,) T (AXptAX )

iv. X-and Y-scale error
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Metric Units Mean Std. Devn
C-X (mouse click error) pixels 0.43 1.68
C-Y (mouse click error) pixels 0.23 1.81
054 , Ocp (rotation of horizontal lines) degree 0.02 0.42
Ogc , Bap (rotation of vertical lines) degree -0.04 0.44
Px (residual perspective — X component) degree 0.02 0.79
Py (residual perspective — Y component) degree 0.02 0.99
SHx (residual shear — X component) degree -0.04 0.33
SHy (residual shear — Y component) degree 0.02 0.32
SCx (scale error — X component) percentage 0.07 2.24
SCy (scale error — Y component) percentage 0.22 2.82
Table 2.2 Errors in dedistorted images as measured in various metrics
AX AX
SC,,=100%1— = SC ,,=100%1— D
(L /L) grid, (Lep/ Ly )/ grid,,
AY AY
SC,,=100%1— B SC,,=100%1— D
(Lgc/ L)/ grid, (L,,/L,) grid,
SC, . +SC SC,,+SC
sC = x12 X2 sC,= Y12 Y2

The histogram of errors are shown for pixel location (Figure 2.14) and angles to the

horizontal and vertical (Figure 2.15); the other error statistics are shown in Table

b)

Acosmaryx_smissa_E1100_20140619_LMS380_D0 JFG

Figure 2.16 a) Digitization of 8 landmarks for trait calculation on a dedistorted image of Cechetra lineosa;
b) Full resolution snapshots of the 8 digitized points for accurate coordinate measurement.
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Figure 2.17 Examples images for poor de-distortion presented for 4 individuals. Left panel contains the
original (raw) image for each individual, where as the right panel shows the de-distorted image.

2.2. The dispersion in mouse clicks is 1.68-1.81 pixels, corresponding to a
measurement error of less than 0.2 mm. For a typical moth size of 50 mm this
constitutes an error of 0.4%. The dispersions in the horizontal and vertical rotation
angles were 0.42° and 0.44° corresponding to a length error of 0.01% along the line
(and hence negligible) and 0.7% in the orthogonal direction. The perspective
dispersion is less than 1°, which translates into a length error of 0.02% along the
line and less than 1.75% in the orthogonal direction. The error was dominated by
the scale factors with dispersions of 2.2 and 2.8%. These errors are not
independent of each other but assuming that they were, and added in quadrature
they yielded a combined error dispersion (standard deviation) of 3.7%. Even if the

errors are fully correlated this corresponds to an error dispersion of about 6%.

D. Measure the traits on the calibrated images

1. Mark moth trait locations as follows (Figure 2.16):
i. Tip ofthe head —A
i. Tip of the abdomen —B
i. Base of the right forewing — C

iv. Apex of the right forewing — D
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Cechetra lineosa

a) Cechetra lineosa b) )
A 40 |
60
30
540
=
[}] 20
b |
o
o
Bz 10
0 .. : ,
L 0 250 500 750 1000
0 2000 4000 6000 8000 Mean Wing Area
Velume
Cechetra lineosa
0) H
40
>
=
c
@
=
8
., Figure 2.18 Distributions of (a) body
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Figure 2.19 Normalized difference between the left and right wing for all hawkmoth individuals (a) wing
area, and (b) costum length.
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v. Tornal tip of the right forewing — E
vi. Base of the left forewing — F
vii. Apex of the left forewing — G
vii. Tornal tip of the left forewing — H
2. The distance between A & B (Lag) was used as a measure of body length and
similarly Lce was used as the thorax width (diameter). The volume of the spindle-
shaped body was calculated as two conjoined cones. The three sides of the right
wing were calculated as the lengths Lcp (Costumg), Loe (Termeng) and Lec
(Dorsumg) and that of the left wing as Lrs (Costum.), Lo (Termeny) and Lue
(Dorsum,). Consequently, we were able to calculate the area of each wing as
+L +L

Termen Dorsum

2

Costum

Wingarea:\/<s*(S_LCostum>*(S_LTermen>*(s_LDorsum)) ’Where S=

We reprocessed images which were outliers on the error histograms, and in most cases
were able to improve the de-distortion. Images which continued to be outliers on the error
distributions were subsequently eliminated from further analyses (e.g. Figure 2.17). We
examined the species-wise distribution functions for the body volume, wing area and

costum length. Figure 2.18 shows an example. Outliers were assigned a temporary flag to

Cechetra lineosa (n = 542)

25
Figure 2.20 Regression plots for

normalzed wing area on
normalized body volume for
Cechetra lineosa. Regression
outliers are in red and outliers of
left-right difference are in blue.
Legend contains the following
values :

Ao = Species mean wing-area, O
= log of standard deviation of
species specific wing-area,

V= Species mean body- volume,
o = log of standard deviation of
species specific body-volumes
Slope and intercept for the robust
regression with associated

5.0 1 . . : standard errors.
25 0.0 25 5.0

MNormalized Volume

0.0

MNormalized Wing Area

=25
- A,=353.58 0, =0.075
x V022Q23?8 ULU:0-091

Slope = 0.725 + 0.027
Intercept = 0.027 = 0.027
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identify them in case of any undue influence on the results. We observed that in some
cases the wings of the resting hawkmoth was not in the plane of the moth-screen (Figure
2.17). In these cases, even though the moth-screen itself was properly de-distorted the
trait for that individual would not be accurate. Such images would not only have the wing
area deviating from other individuals of that species, but would also have a large
difference between the two wings. So, we used the statistics of the normalized difference
between the left and the right wing values to identify distortions. The distribution of the left-
right difference is shown in Figure 2.19.

_ (Trait,—Traity)
4 (Trait, +Trait )/ 2

normalized

In some moths only one wing could be measured either because the other was highly
damaged, or it was hidden under another moth, or in a very few cases was located outside
the image. Of course, the left-right comparison could not be made for such wings (11
individuals; < 1%). These left-right discrepants and single-wing specimens were assigned
the temporary flags. Additionally, two images had to be removed because both wings were

damaged and could not be measured (e.g. Figure 2.17d).

We also performed a robust regression of normalized wing-area on normalized body
volume for all species with 10 or more individuals to identify outliers (see Figure 2.20 for
an example). The data with temporary flags (blue) which fit into the regression scatter
were used in subsequent analyses. Outliers on these regression plots (plotted in red) were

eliminated from all subsequent analyses. Lepidoptera are known to exhibit sexual

Figure 2.21 Number of
individuals sampled at
different elevations for
hawkmoths (blue) and birds
(red; summer only). 4
adjacent elevations of the bird
data has been to facilitate
comparison with hawkmoth.
(i.e. E575 = E0450 + E0500 +
E0550 + E0600,

EOQ775 = E0650 + E0700 +
EO0750 + E0800, etc, and
E0200 = summed over 4
transects, all at 200 m).

1600 m Hawkmoths
E Birds

1100~

Number of individuals

100~
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Traits with Species

ID

100%

80%

80%

64%

64%

64%

51%

27%

81%

65%

88%

70%

7%

434

304

274

228

253

211

176

103

303

211

314

255

304

No. of individuals

with trait

100%

80%

81%

65%

65%

63%

52%

28%

81%

100%

100%

70%

7%

Count |Percentage| Count | Percentage

434

304

277

229

255

215

178

104

303

323

359

255

304

No. of

43

39

33

45

48

31

40

36

40

29

27

23

32

ID’d to

level

473

378

335

347

350

332

340

359

376

323

359

363

396

ID’d to

level

473

382

341

354

391

339

344

366

376

323

359

363

396

No. of.
Individuals | genus | species | Species

Sampled

473

382

341

354

391

339

344

366

376

323

359

363

396

Elevation
(meters)

200

500

700

900

1100

1300

1500

1700

1900

2100

2300

2500

2770

Table 2.3 Summary statistics for the hawkmoth dataset.

dimorphism in body size. We did not see any such signal in our data, though we do not
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have sex information for the specimen. Nevertheless, the lack of bimodality in the
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distribution for each species suggests that any such dimorphism was unlikely to affect any

results significantly.

2.5.2 Birds

The traits for birds (species means of body mass and wing length) were obtained from
Price et al. (2014) (who source it from Dunning 2008; Price 1979;; unpublished field data

from their own surveys; museum measurements).

2.6 Data - Summary Statistics

Figure 2.21 shows the elevational profile of the number of individuals of birds and
hawkmoths recorded in this work. We have a final sample of 4731 individuals identified to
species/OTU, and an additional 76 individuals identified to genus for use in taxon-diversity
analyses, comprising 30 genera and 80 species/OTU for all subsequent diversity analysis
(Table 2.3). Of these we have trait information for 3442 hawkmoth individuals across 26
genera and 57 species (2.9% had images but were eliminated from trait analysis because
of poor images). Figure 2.22 shows the relative proportions of the 3 subfamilies across the
elevational range. Appendix | lists all the species recorded with representative images and

identification keys.

15,867 birds were recorded during summer, spanning 48 families, 150 genera and 235

species. Winter data included 19,280 individuals from 48 families, 114 genera and 213
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species. Only summer (breeding) data has been used in this thesis. Elevational variation

of bird numbers recorded for the 5 most abundant families in shown in Figure 2.23. The list

of all the species recorded in this study is provided in Appendix II.

2.7 Summary

1.

Of the two globally important biodiversity hot-spots in India, the Western Ghats and
northeast India (including the eastern Himalayas), the latter is largely unexplored by
ecologists due to complex terrain and difficult logistics. This study was conducted in
Eaglenest Wildlife Sanctuary in the state of Arunachal Pradesh in northeast India.
The lepidopteran family Sphingidae and the birds of Eaglenest were sampled along
an elevational transect between 200 m and 2800 m.

We recorded 4807 hawkmoths across 13 elevations, including 4731 individuals
identified to 80 morphospecies and 30 genera. We measured body and wing
dimensions of 3442 individuals by photographing against a gridded screen.

Birds were sampled along line transects at 50 m elevation intervals resolution in
summer and winter, during 2012-2015. 15,867 birds, spanning 48 families, 150
genera and 235 species were recorded for the summer season. We have not
included the winter data in this thesis. We obtained species mean body mass and

wing length for 235 species from literature.
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Chapter Three

Species Abundance Distributions

3.1 Introduction

Most investigations into elevational patterns in diversity focus only on species richness of
communities, and in some cases species composition. Elevational patterns in species
abundance distributions and community evenness are far less explored (but see Fauth et
al. 1989; Wang et al. 2011, 2017). Recent studies have shown that the response of
species richness and abundance distributions to environmental changes may be different
(Walker et al. 2006; Langenheder et al. 2012; Godbold et al. 2011; Wohlgemuth et al.
2016). This chapter deals with the under-explored and under-appreciated species

abundance distributions and community evenness of ecological communities.

The distribution of individuals across species, also known as Species Abundance
Distribution (hereafter SAD), is a fundamental property of an ecological community, next
only to species richness and diversity. Indeed, some indices of species diversity are based
on the SAD (e.g. Fisher 1943). A SAD is the vector of abundances of all species present in
the community and this distribution can be plotted in a variety of ways to facilitate visual
comparisons amongst communities. In fact, the diversity of plotting forms used to depict
SADs sometimes hinders comparative analysis across studies (Magurran 2004).

The commonest, and the most informative, depiction is the Rank-Abundance Curve
(hereafter RAC; Whittaker 1965), also called a dominance-diversity plot (Magurran 2004),
which plots the (relative) abundance of a species against its rank (from the most to the
least abundant). RACs lend themselves easily to analysis of community evenness: a
steeper slope is indicative of dominance by a few species, while a shallower slope reflects
a more even community (Whittaker 1965). They have long been used as indicators of
disturbance such as succession phases of a vegetation plot, anthropogenic disturbance
gradients, environmental gradients, etc (Whittaker 1965; Magurran 2004; lzsak 2012).

RACs display characteristic, and easily discernible, changes in shape along such
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gradients (Nee et al. 1992; Tokeshi 1993; Smith & Wilson 1996; lzsak 2012). Indeed,
Magurran (2004) remarks that “the first thing an investigator should do with species
abundance data is to plot them as a rank abundance curve”.

Despite their fundamental role in characterizing a community, RACs have not been
popular topics of study because of our lack in understanding of the way in which species
richness impact them. McGill et al. (2007) comment that “changes in richness so strongly
dominate in rank-abundance plots that no other changes are easily considered”. Recently,
Saeedghalati et al. (2017) have proposed a method of normalizing RACs to the same
species richness, analogous to the use of rarefaction curves, which may give an impetus

to the increased use of RACs in comparing communities.

Several mathematical models have been proposed to link the shape of RACs to
ecological processes of community assembly and organization. These processes differ in
the way the total niche space is partitioned amongst species (MacArthur 1957; Tokeshi

1993), or in terms of other factors like dispersal limitation (Hubbell 2001).

Mathematical modeling of SADs was quite popular during the middle of the 20™ century
(Motomura 1932; Fisher et al. 1943; Kendall 1948a; Preston 1948; MacArthur 1957) but
their popularity and progress dipped subsequently (see reviews in Gray 1987; Marquet et
al. 2003; McGill et al. 2007; Matthews et al. 2014). McGill et al. (2007) highlight six
inferential issues ranging from employment of poor model comparison statistics, to the
failure in successfully testing and rejecting older theories with newer ecological data. They
comment that newer models proliferated in the mid-20™ century and without the rejection
of older theories, this lead to a “collective scientific stagnation”. The resurgence in SAD
investigations in the last decade has been attributed to the increase in computer power,
coupled with recent advances in statistical theory (Ugland et al. 2007; Saether et al. 2013;
Chen et al. 2014; Huang et al. 2014; Hirao 2013; Matthews & Whittaker 2014; Chao et al.
2015; Chai et al. 2016; Shoemaker et al. 2016).

One of the simplest inferences from SADs, and one which has wide implications, pertains
to the evenness of communities. A (hypothetical) perfectly even community will have equal
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CHAPTER 3. SPECIES ABUNDANCE DISTRIBUTIONS

number of individuals of each constituent species. Conversely, uneven communities will be
characterized by a large range in abundance of the constituent species. Communities
react to anthropogenic and environmental stressors not just by modifying species richness,
but also their relative abundance and evenness (Stirling & Wilsey 2001; Wilsey et al. 2005;
Wohlgemuth et al. 2016). Some studies have shown that evenness responds more rapidly
to changing environments than species richness (Chapin et al. 2000; Hillorand et al. 2008).
Previous studies have yielded mixed results for the relationship between community
evenness and species richness (Stirling & Wilsey 2001; Wilsey et al. 2005), although some
theories predict a positive relationship due to increased synergistic inter-specific
interactions leading to the accommodation of larger number of species and with more even
abundance distribution (Hillorand et al. 2008; Wohlgemuth et al. 2016).

The SAD of every single natural community that has been observed till date, without
exception, is characterized by a few very abundant species and a relatively large number
of rare species (McGill et al. 2007; Ulrich et al. 2010; Matthews & Whittaker 2014).
Although this broad feature is universal, communities are known to differ in the exact
shape of the curve. SAD models essentially focus on capturing this change in shape using
as few parameters as possible, while being anchored to ecologically meaningful theoretical
prescriptions (MacArthur 1947; Tokeshi 1993; Hubbell 2001; recent reviews in McGill et al.
2007 and Matthews & Whittaker 2014). Broadly, these can be categorized as either
statistical (quantitatively descriptive!) or biological (mechanistic).

Biological models include the entire set of niche-apportionment models (MacArthur 1967,
Tokeshi 1993) and are based on the implicit assumption that abundance of a species, at
some level, reflects its ability to compete for limiting resources. It is expected that the
nature of the ecosystem — simple-complex, variable-stable, successional-climax, diverse-
depauperate, anthropogenic-environmental disturbance, etc — will impact the shape of the
curve (Tokeshi 1993; Hurlbert 2004; Chase 2010; Brown 2014). The niche concept of
Hutchinson (1957) has been very influential in the development of all biological, and many
statistical, models of SAD (Magurran 2004).
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Statistical models such as the Log-normal (Preston 1948), Log-series (Fisher 1943) and
the more recent Gambin (Ugland et al. 2007) were proposed purely as a description of the
data without any suggestion of an underlying biological process. Though, they have
subsequently been identified with specific ecological processes (Magurran 2004). For
example, more even communities or those in more productive environments are more
likely to follow a Log-normal distribution; whereas, uneven communities or those in
resource-limited environments are better approximated by the Log-series model. Ugland
(2007) aimed to capture this transition in shape (along an environmental gradient) through
the value of the Gambin alpha parameter: high values are characteristic of Log-normal
shapes while low values correspond to Log-series profiles. The change in Gambin alpha
has also been used to evaluate the relative importance of competition and environmental

filtering in a community (Arellano et al. 2017).

Both biological and statistical models describe local communities as non-random subsets
of species “sorted” or “filtered” from a regional pool, depending on their specific traits or
niches (Hutchinson 1957; MacArthur 1957; Rominger et al. 2009). In contrast, the Neutral
models emphasize the role of random dispersal in structuring local communities
suggesting that species-specific traits, or niches, are not required for predicting community
level processes (Caswell 1976; Hubbell 2001). Hubbell's Unified (Neutral) Theory of
Biodiversity and Biogeography, which builds on the theory of Island Biogeography
(MacArthur & Wilson 1967), has two basic assumptions: zero-sum dynamics, and a per
capita ecological equivalence among all individuals of all species. Neutral models have
been applied to a broad range of ecological and macroecological phenomena such as
distance decay of similarity and species-area relationships, but have most often been used
to study species abundance distributions (Matthews & Whittaker 2014). Hubbell's
proposition resulted in a heated debate (McGill 2003; Ricklefs 2003, 2006; Clark 2012;
Matthews & Whittaker 2014) which was not surprising given that the per capita ecological
equivalence challenged the Hutchinsonian niche concept that has been the cornerstone of
traditional ecology for decades.
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The subject has remained under-explored due to a variety of reasons. McGill et al. (2007)
lists 27 different models for species abundance distributions (also, Matthews & Whittaker
2014). There are no clear prescriptions for a-priori choice of a specific model though the
objectives of the study play a role in it. Obtaining large sets of abundance data is not easy,
and many extant large data sets only provide presence-absence information. There is also
a lack of consensus on the methodology of model fitting (least squares versus maximum
likelihood), goodness of fit tests (asymptotic goodness-of-fit tests such as x? linear
regression using R?, Monte-Carlo test and parametric boot-strapping) and the statistics
employed for model comparisons (Akaike’s information criterion (AIC), Bayesian methods
and Deviance information criterion). The choice of statistical prescriptions can play a
critical role, especially given the paucity of data, and can lead to erroneous and/or
conflicting conclusions (Fisher et al. 1943; Gray 2005; Matthews & Whittaker 2014;
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Fattorini 2005; Etinenne & OIff 2004; Fattorini 2007).

3.2 Objectives

We carried out three exercises with the observed SADs of birds and hawkmoths:
1. identify the SAD model which best fits the observed data, and investigate its
variation with taxon and elevation.
2. investigate the change in evenness of the community with taxon and elevation.
3. ldentify the correlation of evenness with other community parameters (only species
richness).
These exercises were carried out at different taxonomic levels including species, genus

and (for birds only) family.
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In the absence of measures of environmental variables across the elevational gradient in
our study site we did not develop any hypothesis prior to the field effort. Published studies
have suggested that communities at higher elevations, where the environment is expected
to be more variable day-to-day and year-to-year (Ulrich et al. 2016) and of lower
productivity (Arellano et al. 2017), are better approximated by RACs with a steeper slope
(i.e. more uneven abundances of species); that the log-series would be a better fit than
log-normal. In contrast, the less variable and more productive environment at lower

elevations are expected to host a more even community.
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3.3 Analysis and Results

Figure 3.1 shows the RACs at different elevations for birds and hawkmoths, separately at
the level of species, genus and family (only for birds). The RACs at the genus and family
level are based on the number of individuals belonging to that class. It is clear from the
figure, even visually, that the highest elevations (blue color) have steeper RACs, for both

hawkmoths and birds, and at all taxonomic levels.

Following Saeedghalati et al. (2017) we repeated all analyses using normalised RACs as
well. We normalized the RACs using the maxRank normalization method (R package

Page 45



CHAPTER 3. SPECIES ABUNDANCE DISTRIBUTIONS

)
3 7] ) ) © ) ° o ) ] °
Birds: Species Birds: Genus € Birds: Family
= o o
3 0 _
o - -
>
= w 2_
C\!_
— o
2
= N
@ -
I I I I I I I I I I I I | I I I
1.9 20 21 22 23 1.9 2.1 2.3 20 22 24 26 28
OB-o
© Hawkmoths: Specie
~
b -
' Figure 3.5 Correlation
< o between the widths of
- Parameter of the log-normal
fit and of the octave binned
o | SAD for hawkmoths (blue)
- and birds (red) at the level of
'l — T | | | : | | species, genus and family.
1.8 2.0 2.2 2.4 22 23 24 25 26 27
OB-o OB-o
Fit Slope p value r
Bird: Species 0.62 £0.03 <0.001 0.97
Bird: Genus 0.65+0.12 <0.001 0.71
Bird: Family 0.54 £ 0.06 <0.001 0.86
Hawkmoth: Species 0.61 £ 0.03 <0.001 0.97
Hawkmoth: Genus 0.52 £ 0.06 <0.001 0.85

RADanalalysis and 1000 sub-samples to determine the average and standard distribution
of the rank abundance vector. Following their recommendation, we obtained Manhattan
distance between elevational communities, obtained from normalized RACs. These were
used in classical Multi Dimensional Scaling (cMDS). This ordination method is used to
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Bird: Family 3.21+£0.48 <0.001 0.79
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depict the results of the Manhattan distances in a graphical and visually easy manner to
facilitate the detection of any observed elevational clusters. The cMDS plots are shown in
Figure 3.2. Elevational communities, except for the highest, are all clustered close to each
other. We fitted 5 of the most commonly used models to our data using the R package
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sads and the maximum likelihood criterion (Prado et al. 2014): the most-even broken stick
(MacArthur 1957), Log-normal (Preston 1948), Log-series (Fisher et al. 1943), Zero-sum-
multinomial (Hubbell 2001) and the least-even Geometric-series (Motomura 1932). Model

comparisons were made using Akaike’s information criterion (AIC) instead of other metrics
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such as Chi-square or correlation parameters (e.g.Matthews et al. 2014). The 5 models
were fitted to the regional data set of N = 4,731 for hawkmoths and N = 15,746 birds
(Figure 3.3), as well as to individual elevational communities. We applied the “species”

abundance distribution models to higher taxonomic levels — genera and families — as well
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(e.g. Stark et al. 2003). dAIC values of the fit in Figure 3.4 show that Log-series and
mZSM (Neutral theory) models were the best fit for all hawkmoth communities at both
species and genus level. Birds are a more mixed bag with the Log-normal dominating the

communities. It is to be noted that the Log-series is a limiting case of mZSM, and the
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parameters of the two models converge as sample size increases. We investigated the
evenness of communities using several measures: (i) the slope of the rank abundance
curve, (i) width of the fitted Log-normal function (Magurran 2004), (iii) width of the octave-

binned SAD, and (iv) Pielou's index of evenness (Pielou 1966). Overall the Log-normal
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was the best fit for the pooled (i.e. regional) dataset across all three investigated
taxonomic levels (Figure 3.3). Therefore, we used the fitted parameter, o of the Log-
normal model (LN-o) to compare model-based evenness across all communities. We also
estimated model-independent evenness using the standard deviation of the octave-binned
SAD (OB-0), i.e. without fitting any model. In both these cases a higher value of dispersion
of the distribution would correspond to a more uneven community. Figure 3.5 shows the
strong correlation between LN-c and OB-o. Figure 3.6 shows a clear trend of increasing
unevenness with elevation. We also estimated evenness using Pielou’s index for evenness
(J°) which is mathematically equal to the ratio of Shannon diversity index (H") and the
maximum possible value of H'. Value of J lies between O (low evenness) and 1 (high
evenness — equal abundance of all species). Figure 3.7 shows that Pielou's index of
community evenness reducing with elevation. The three indices of evenness (width of
fitted log-normal, width of octave binned SAD and Pielou’s index of evenness) allow us to
infer evenness in a model-independent and a model dependent manner. Since in general,
Log-normal was a good fit to all elevational communities, using it's parameter as an index
of evenness is justified. Hwever, since this index shows a similar trend with elevaation, as
does the Pielou’s index (which is model-independent) further adds to the confidence in the
observed pattern.

Figure 3.8 shows a plot of the middle-rank slopes of normalized RAC versus elevation,
calculated from the inner 70% of the ranks (10™ — 85™ percentile). This approximately
corresponds to the +1 standard deviation of a normal distribution. For birds, fits are
presented for data with and without 200 m elevation. The fits for the unnormalised RAC
data were similar. The plots show a significant steepening of slope with elevation.

We carried out a similar analyses for the three most speciose bird families to facilitate a
direct comparison with the hawkmoths: Leiothrichidae = 26 species, Muscicapidae = 26
species and Picidae = 14 species. The presence of very few species in these families at

the lowest elevations precluded any meaningful comparison with hawkmoths.

We also calculated the average relative abundance in 3 different rank regimes. These
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ranks were determined by the lowest number of taxonomic units in an elevational
community for each taxon. These are plotted against elevation in Figure 3.9. In both birds
and hawkmoths, the relative abundances of the dominant species (high ranks) increased
somewhat with elevation. The fraction of the middle and especially the lower ranks

decreased with elevation.

Figures 3.10 and 3.11 show plots of Pielou's index of evenness and OB-c against rarefied
species richness, respectively. Both show that evenness increases with species richness.
Gambin o parameter showed no pattern with elevation, which essentially meant the lack
of a trend from Log-normal to Log-series across the elevations. On the other hand we
have enough sample size in each community to actually determine the best fit using dAIC,
as previously shown. Therefore, we have not explored the Gambin parameter any further.

3.4 Discussion

Models of SAD are directly related to processes of community assembly (MacArthur 1957,
Fisher 1943; Preston 1948; Tokeshi 1994; Hubbell 2001; McGill et al. 2007; Chen et al.
2012). Theoretical as well as empirical studies use these models to investigate the relative
importance of niche vs neutral mechanisms (Hubbell 2001; Magurran & Henderson 2003;
Sugihara et al. 2003; Volkov et al. 2005, 2007; Sizling et al. 2009; Chave et al. 2002;
Dumbrell et al. 2010; Harpole & Tilman 2006; Cheng et al. 2012).

Investigations of SADs along environmental gradients have typically either fit a model and

tested the change of model parameters (Ulrich et al. 2016; Arellano et al. 2017), or
confined themselves to largely qualitative descriptions of the change in RACs between
different sites (e.g. Whittaker 1965; James & Rathbun 1981; Ellis & Betts 2011). The
steepness (slope) of the rank abundance curve has been used as an alternative to alpha
diversity or evenness indices to characterise environmental gradients (Foster & Dunstan
2010; Chan et al. 2015; Drake 2014). Unlike beta diversity, SADs can also be used to
demonstrate the response of a community pattern along an environmental gradient even

when the different communities have no species in common.
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3.4.1 Commonality across taxonomic levels

Models of SADs are essentially constructed from the process governing niche partitioning.
In this context it makes sense to investigate SADs using functional guilds of species, e.g.
Ctenidae family of spiders (Uetz 1976); fruit feeding functional group of butterflies (DeVries
1997); dung beetles of subfamily Scarabaeinae (Escobar 2004); arbuscular mycorrhizal
fungi of phylum Glomeromycota in Dumbrell 2010b; functional guilds of C3 or C4 pathways
(Harpole et al. 2006). But most studies have not constrained themselves along such a
niche axis and have generally specified their study set by taxonomic levels (and not
functional guilds). Abundance distributions at the species level have received much more
attention than at other taxonomic levels (for analysis at genus and family levels see, for
example, Warwick 1988a; Somerfield & Clarke 1995; Olsgard et al. 1998; Olsgard &
Somerfield 2000; Stark et al. 2003). The latter are restricted to microbial groups where

species delineation is problematic.

The advantages of limiting such analyses to taxonomic levels higher than a species is
evident. The tribe of taxonomists is dwindling across the world. A survey of 2,938
taxonomists with expertise across all major domains of life revealed that synonyms are a
major problem at the species level, but much less so at higher taxonomic levels (Mora et
al. 2011). Enumerating abundances of all organisms down to a fine level of taxonomic
resolution takes considerable resources and expertise. Additionally, the larger sample size
at higher taxonomic levels makes for more robust inference. But, it remains to be shown
that patterns in relative abundance distributions are the same whether at the level of
species, genus or family. Our results show that all measures of evenness vary with
elevation in a similar manner for both birds and hawkmoths at the level of species, genus

and families (birds only).

3.4.2 Models of SAD
The appropriateness of the fitting model is an issue while deriving parameters from a SAD.
A-priori there is no reason to select one theoretical model over the other, and the best fit to

the data decides the model used; and this can change from study to study. Most observed
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SADs can be fit by either the Log-normal or Log-series, independent of the mechanistic
explanation. Log-normals are thought to represent stable and closed communities while

Log-series should dominate in open, dispersal-dominated communities (Ulrich et al 2016).

A comparison of the 5 most commonly used models showed that within each elevational
community the Zero-sum multinomial model provided the best fit for hawkmoths, while for
birds the Log-normal was the best fit for the largest fraction of communities (Figures 3.4).
This difference may even be related to the larger number of species from many families in
birds (Ulrich et al. 2016). Interestingly, the Log-normal was the best fit by far for the
regional SAD, i.e. by combining all elevations, for both birds and hawkmoths (Figure 3.3).

Whittaker (1975) and Hubbell (1979) initiated the idea that plant community SADs change
along productivity gradients, with increasing Log-normality at higher productivity. Log-
series was linked to severe, unstable or disturbed (Gray 1979; Death 1996; Maire et al.
2012) environments of lower productivity. Although our data do not contain direct
information on forest conditions, our results do not corroborate these hypotheses, if low
elevations are considered more productive and stable. Arellano et al. (2017) used the
metric Gambin alpha to discriminate between Log-series (lower alpha) and Log-normal

(higher alpha). We did not see any trend of Gambin alpha with elevation.

While Figure 3.1 suggests a gradual change in the shape from the lowest to the highest
elevations Figure 3.2 clearly shows that the highest elevations cluster separately from the

rest.

3.4.3 Evenness of abundance

Studies of patterns in diversity across elevational gradients mostly focus on species
richness, ignoring community evenness (but see Graham 1983; Fauth et al. 1989; Wang et
al. 2011; Wang et al. 2017). Recent studies have shown that richness and evenness might
respond differently to similar changes in the environment (Wang et al. 2017). In fact,

community evenness has been shown to be more sensitive to environmental changes than
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species diversity (Wilsey & Potvin 2000; Wittebolle et al. 2009). A change in community
dominance may play a more important role in altering the functional properties of a
community which in turn impacts ecosystem processes and functioning (Goldbold et al.
2011; Caliman et al. 2011; Wohlgemuth et al. 2017).

Most studies have shown a strong decline in evenness with latitude which is consistent
with the hypothesis that stable, more productive habitats contain more even communities
with more equitable abundance distribution (Ulrich et al 2016). A meta-analysis by Zhang
et al. (2016) demonstrated a positive correlation between evenness and productivity, while
Silva et al. (2010) found evenness positively correlated with decreased climatic
seasonality. Macro-detritivore diversity showed a marked decrease in evenness towards
late succession (Schrama et al. 2017). The passerine bird community at high elevations
had the highest species richness but the lowest evenness (He et al. 2017). The reasons
for such observations can be linked to either the niche or neutral dynamics. Neutral
models of community assembly link steep species dominance curves to limited dispersal
(Zillio & Condit 2007), while niche-based approaches involve pronounced differences in
competitive strength with regard to a few limiting resources (Tokeshi 1993).

All the four metrics that we used to quantify community evenness show that both
hawkmoth and bird communities become more uneven at higher elevations. We have also
shown that the standard deviation of the octave-binned SAD, a model-independent
parameter, shows the same trend as the standard deviation from a Log-normal fit (Figure
3.5); i.e. we may be able to use the model independent parameter even in cases where
the Log-normal is not an appropriate model. Figure 3.9 also shows an increase in the
abundance of the highest ranks, with a corresponding decrease in the rarest species —
again a sign of increasing unevenness.

The relationship between (species) richness and evenness (RRE) is predicted to be
positive such that species poor communities will be dominated by a few dominant species
whereas species rich communities will have more equitable abundances reflecting the
higher competitive strategies (Veech et al. 2003; Wang et al. 2017). However, as some

recent reviews suggest, observed RREs do not follow a consistent pattern. Soininen et al.
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(2012) in their meta-analysis of aquatic datasets showed that only 71 out of 229 datasets
(31%) showed significant relationships between richness and evenness, indicating that
richness and evenness reflect independent components of biodiversity. It has been
suggested that a positive RRE may be driven by organismal traits such as body size and
dispersal ability (Reynolds 2006, Wang et al. 2017). Pielou’s index has been criticised for
its dependence on species diversity (e.g. Smith & Wilson 1996), and this is seen in our
data as well in Figure 3.10. However Jost (2010) has demonstrated that J' is an excellent
measure of “relative” evenness across communities. We see from Figure 3.11 that the
positive relationship between evenness and species richness is seen in OB-o as well. It is
to be noted here that OB-o was calculated from normalized RACs (Saeedghalati et al.

2017), which compensates for species richness across all RACs being compared.

3.5 Summary

1. The SAD of regional pool for both hawkmoths and birds are well fit by a Log-normal
distribution. However, hawkmoth communities at individual elevations all follow the
profiles predicted by Log-series or the zero-sum multinomial. The data is more
mixed for birds.

2. We have shown that evenness of species abundances within a community
decreases with elevation for hawkmoth and birds along a 2600 m elevational
gradient. This result is consistent across multiple metrics of evenness including one
which is model independent. This is consistent with previous findings and
hypothesis that stable, more productive ecosystems with high species richness
have more even communities, while unstable, variable and less productive
environments are characterised by uneven communities.

3. Evenness was strongly correlated with taxonomic richness indicating higher niche
partitioning and competitive interactions at low elevations.

4. The above results are seen at the level of species, genera and the families
(investigated only for birds) indicating strong and consistent underlying principals

operative across hierarchical taxonomic classes.
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Chapter Four

Elevational Patterns in Alpha and Beta Diversity

4.1 Introduction

Elevational gradients exhibit dramatic changes in many environmental variables over short
distances. Multiple mountains across the globe provide replicate systems with varying
climatic, spatial, historical and biotic settings. The differences in the response of ecological
communities to these factors forms the basis for assessing the relative importance of
different causative factors. This also makes studies of elevational patterns in species
richness important for understanding the response of ecological communities to global

climate change (Parmesan 2006).

While conceptually simple, actual investigations of elevational gradients of diversity
continue to challenge investigators (Szewczyk & McCain 2016), almost a century after it
was first attempted. A global analysis of elevational gradients in diversity of birds shows
four patterns in nearly equal frequency: monotonic decline, low-elevation plateau followed
by a decline, low-elevation plateau with a mid-elevation peak, and (unimodal) mid-
elevation peak (McCain et al. 2009). Ant diversity patterns’ commonly exhibit a monotonic
decrease, low-elevation plateau followed by a decline and a mid-elevation peak (Szewczyk
& McCain 2016). Equal support was found for monotonic decrease and mid-elevation
peaks in a global meta-analysis of elevational species richness patterns of bats (McCain
2007). An investigation of Lepidopteran family Sphingidae along nine tropical transects,
using presence-absence records and range interpolations, revealed hump-shaped
distribution at all locations, however the diversity peak varied amongst locations (Beck &
Kitching 2009). Separating the “universal” determinants of diversity patterns from the
idiosyncrasies of each taxon and locality has been a focus of this field during the last
decade (Rahbek 2005; McCain 2007; McCain 2009; McCain & Grytnes 2010; Szewczyk &
McCain 2016; Dong et al. 2017; Xu et al. 2017).
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No single measure of diversity adequately quantifies all its different properties such as
species richness, evenness in abundances, range sizes and overlap, turnover,
vulnerability, functional trait diversity, phylogenetic diversity, etc (Colwell & Coddington
1994; Rosenzweig 1995; Southwood & Henderson 2000; Hawkins 2001; Magurran 2004;
Hayek & Buzas 2010). The most appropriate metric is not always obvious and would
ultimately depend on the specific objectives, but this ability to examine diversity in different
ways helps in a better understanding of how ecosystems function (Magurran 2010). The
focus of the current chapter is on the taxonomic diversity of communities of hawkmoths
and birds along an east-Himalayan elevational gradient spanning 2600 m.

The diversity metric (whether taxonomic, phylogenetic or functional) may be evaluated at
three different geographical scales, though there is no specific (numerical) spatial scale
value associated with the three. Whittaker (1972) coined the terms alpha, beta and
gamma diversity for the local, inter-community and regional/large geographic scales. For
the current study the alpha diversity of any elevation was calculated from all individuals
which were recorded at screens (or transects) at one or a few locations within an
elevational band. Beta diversity refers to the change in community composition between
two elevational bands. We have not dealt with Gamma (or regional) diversity in this study.

4.1.1 Alpha diversity

Alpha diversity is widely described in terms of two related but different terms, species
richness and species diversity. Species richness is the total number of species observed
or estimated (Colwell and Coddington 1994; Magurran 2004) and is the simplest measure
of diversity. At its most basic it is a compilation of the presence-absence data for species in
an area (a checklist). Building upon this, many workers have developed sophisticated
estimators of true species richness from the observed value (Burnham and Anderson
1976; Chao 1984; for a review see Colwell and Coddington 1994 and Magurran 2004).
Brose et al. (2003) have provided a comparative analysis on the efficacy and robustness
of different estimators. Species diversity (index) incorporates species richness and their
relative abundances into a single statistic. However, this index often does not reflect the
actual number of species in the community.

Estimators of species richness fall into the parametric and non-parametric categories.
Non-parametric estimators, which are independent of the underlying distribution of species
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abundance, are known to be more robust to differences in sample sizes, species richness
and evenness and have performed better and yielded values very close to the true species
richness in simulated datasets (Burnham and Overton 1978, 1979; Chao 1987; Palmer
1990; Colwell and Coddington 1994; Magurran 2004; Brose 2003).

Species diversity indices can be either a parameter of a species abundance model (e.g.
Fisher’s alpha; Fisher 1943), or a simple measure that makes no assumption about the

underlying species abundance distribution (e.g. Simpson’s diversity index; Simpson 1949).

4.1.2 Beta diversity

Beta diversity quantifies the differences in species composition between sites (Whittaker
1972; Alahuhta et al. 2017). The diversity of the metrics of beta diversity is even more
forbidding than that of alpha diversity with more than two dozen measures in use (Wolda
1981; Legendre & Anderson 1999; Koleff et al. 2003). They can be broadly classified into
two categories: classical metrics (that use measures on alpha and gamma diversity to
guantify beta), and multivariate measures based on distance matrices (Legendre et al.
2005; Anderson et al. 2011; Legendre & De Caceres 2013). There have been several
detailed reviews of the concepts, metrics and their performance in the last two decades
(Legendre and Legendre 1998; Vellend 2001; Koleff et al. 2003; Jurasinski et al. 2009;
Tuomisto 2010; Magurran 2011)

The Bray-Curtis index of similarity (Bray & Curtis, 1957) was one of the first metrics to
incorporate differences in species abundances (compared to previous metrics based on
presence/absence data) and is still popular today (Blake 2007; Kraft et al. 2011; Zinger et
al. 2011; Myers et al. 2013; Ashton et al. 2016; Catano et al. 2017). It is a modified version
of the popular Sgrensen index that allows incorporation of species relative abundances
and is sometimes called the quantitative Sgrensen index. In a review on measures of beta
diversity, Clarke and Warwick (2001) reported that the Bray-Curtis index was the only one
meeting all of their six criteria: (a) the value should be 1 when two samples are identical;
(b) value should be 0 when two samples have no species in common; (c) a change of
measurement unit should not affect the value; (d) the value should not change when a
species is added to or removed from a third sample; (e) addition of other localities should

not change the dissimilarity values between the previous localities; and (f) the index should
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reflect differences in abundance (Clarke and Warwick 2001; Magurran 2004).

Beta diversity patterns along an elevational gradient can be approached in two ways. The
first kind investigates the pattern in beta diversity along the elevational gradient,
comprising questions like: Does the beta diversity pattern mimic the alpha diversity
pattern? Is the pattern consistent for different taxa? Does the pattern mimic the latitudinal
pattern? The second category of questions deal with the distance-decay of similarity; in
this the attribute distance between the localities, whether elevational, geographic or
environmental, is considered rather than the absolute value of the attribute. Distance-
decay generally refers to the slope of the relationship between the similarity in species
composition between two communities and the distance separating them. As the
difference in elevation increases between the communities, so should their compositional
difference. Distance-decay slope is affected by a large number of organismal traits such as
the body-size, dispersal ability and niche width and is expected to be steeper for
organisms with weaker dispersal ability and/or narrower niches (Alahuta et al. 2017).
Questions raised by such analyses are: Is the slope of distance-decay plot significantly
different across taxa? Is the difference (if any) in accordance with what we know about the

dispersal abilities or niche breadth (specializations) of these two contrasting taxa?

Beta diversity can be partitioned into two additive components namely, species
replacement (or turn-over) and community nestedness (or species loss) (Baselga, 2010,
2013). Causative mechanisms of species turnover can be related to both environmental
filtering and competition (Melo et al. 2009; Kraft et al. 2011; Alahuta et al. 2017). Species
nestedness is usually associated with processes such as connectivity and environmental
filters (Baselga 2010).

4.1.3 Correlates of Diversity

The processes responsible for elevational diversity patterns are still poorly understood.
The many hypotheses proposed for the various observed patterns include geometric
constraints (via the Mid-Domain Effect; MDE), temperature (via the Metabolic Theory of
Ecology; MTE), area (via the Species-Area Relationship; SAR) and precipitation (via the

elevational climate model; ECM), among others.
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The geometric constraint model assumes that the elevational ranges of species are
bounded by two hard limits beyond which species’ ranges do not extend. Certain
distributions of ranges will result in a maximum overlap towards the middle of the
elevational range, known as the Mid-Domain Effect (MDE; Colwell & Hurtt 1994). Colwell
and Hurtt (1994) proposed several models that simulate range size and randomise range
placement within one-dimensional bounded geographical domains (e.g. an elevational
gradient). Based entirely on stochastic processes these null models produce symmetrical
curves with a mid-domain peak in species richness.Shuffling species ranges randomly has
been criticized by some authors as species ranges are a result of important ecological
interactions between species and the environment (Hawkins & Diniz-Filho 2002; Laurie &
Silander 2002).

The metabolic theory of energy (MTE; Allen et al. 2007) proposes that biochemical
reactions and metabolic rates, which depend on temperature, drive ecological and
evolutionary processes and, hence, speciation may increase with temperature. Thus,
temperature can directly influence richness independently of its impact on plant
productivity. MTE was shown to be a strong predictor of elevational richness patterns in
reptiles (McCain 2010), ants (Sanders et al. 2007; McCain & Szewczyk 2016) and birds
(McCain 2009). The MTE predicts a monotonic decline in diversity along an elevational
gradient corresponding to an adiabatic lapse rate of ~0.6°C per 100 m elevation.

The elevational climatic model (ECM) was proposed by McCain (2007) by identifying
productivity as a correlate from a meta-analysis of elevational patterns of bat diversity. The
model estimated productivity using a combination of temperature and precipitation. The
ECM predicts unimodal diversity patterns on arid mountains and decreasing or low-plateau
trends on humid mountains. On arid mountains, increased run-off from the summit and
dry climate at the base renders the mid-elevations as zones of highest water availability,
and hence maximum productivity. On wetter and more humid mountains temperature
becomes the driving force and determines the diversity patterns by itself. The species area
relationship (SAR) predicts a linear relationship between area and species richness
(Rosenzweig 1995). Studies of elevational gradients in species richness fall into two
categories: regional studies that summarize known distributions within a large

geographical region typically encompassing a complete mountain range (Szewczyk &

Page 63



CHAPTER 4. ELEVATIONAL PATTERNS IN ALPHA & BETA DIVERSITY

McCain 2016), and local-scale studies based on a single transect survey scheme (Rahbek
1995, 2005; Romdal & Grytnes 2007). Area can have a direct or indirect effect in both
cases. It should be noted that the relationship of area with elevation can be complex
(Elsen & Tingley 2015).

4.2 Objectives

We have addressed the following questions in this chapter:
1. Comparison of the elevational pattern of alpha diversity of hawkmoths and birds
using different metrics.
2. Correlations between alpha diversity and area (SAR), geometry (MDE),
temperature (MTE) and precipitation (ECM) using linear and multivariate analyses
3. Comparison of elevational patterns of beta diversity for hawkmoths and birds

4. Partitioning of the beta diversity into turnover and nestedness components.

4.3 Analysis
4.3.1 Alpha diversity

We quantified alpha diversity using rarefied (observed) species richness, estimators of
true species richness (Chao's and ACE), Fisher's diversity index (Fisher's alpha) and
Simpson's diversity index (D) (Chao 1987; Chao & Lee 1992; Hurlbert 1971; Fisher 1943;
Gini 1912; Simpson 1949). The same may be obtained from R 3.3.1: Vegan 2.2-3:
specpool, rarefy, fisher.alpha and Inext 2.0-12: ChaoSimpson. There are no suitable (i.e.
without high anthropogenic modification) and accessible areas in EWS below 200 m
elevation. We sampled the moths in a degraded distant corner of EWS about 20 km from
the 500 m location. We had to go a few more kilometres and across a major river valley for
sampling birds at 200 m elevation. The diversity at 200 m is very low in our data,
especially in birds. In fact, the diversity at 200 m is even lower than that at 2700 m.

Therefore, we have presented results with and without the 200 m data.
There is also the issue of formal errors for the different metrics. The error bars on rarefied
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species richness is not straight-forward and by the nature of the procedure becomes zero
at either end. Furthermore, the errors in different parts of the curve are correlated. We also
suspect that the formal, formula-based errors on Fisher's alpha are much smaller than that
from ecological stochasticity. Perhaps, this is why so few published studies actually report
formal errors for diversity measures. Therefore, one can only estimate errors on parameter
values from residuals obtained by fitting the data to a specific model.

Elevational profile of diversity broadly follow 4 shapes which may be quantified as follows:
(a) monotonic decrease: fitted by a straight line with 2 parameters, (b) symmetric mid-
elevation peak: inverted parabola with 3 parameters, (c) low elevation (asymmetric) peak:
inverted parabola truncated toward low elevation, with 3 parameters, and (d) low plateau
following by a monotonic decline. The last category may also be fitted by an inverted
parabola except that the fitted peak would be much closer to zero elevation and the error
bars on it would be larger. Therefore, the observed elevational profile can be assigned to
one of the 4 shapes by fitting a straight line or a parabola. We emphasise here that the
claim is not that these are the correct models for fitting; our prescription is just a
guantitative discriminant instead of assigning one of the 4 shapes in a subjective manner.

4.3.2 Correlates of diversity

A. Mid-Domain Effect (MDE): The expected species richness profile was obtained by
using R 3.3.1: rangemodelR 1.0.1: rangemodl which implements the simulations by
Rahbek et al. (2007). This procedure preserves the empirical range size frequency
distribution (RSFD; Colwell et al. 2004 and references therein). The regression of
observed values on the expected (simulated) values, based on the average of 10,000
simulations, was used to estimate r? of the fit (Colwell et al., 2004; McCain, 2004).

B. Metabolic Theory of Energy (MTE): Temperature measurements for all elevations in
the study region were obtained from Aniruddha Marathe (ATREE, Bangalore).

C. Species-Area Relationship (SAR): The area in each elevational band was calculated
using a digital elevation model of Arunachal Pradesh. ldeally, the area should be
calculated inside a region within which the target taxon is panmictic. On the other hand
panmixis will be a function of the vagility of a species within the taxon being studied. The

problem is even more acute when dealing with a vast linear mountain system such as the
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Himalayas. Many studies have dealt with area as a causative mechanism of elevational
diversity profiles, yet few studies have justified the choice of a particular geographical
extent for calculating the elevational area. Some studies (e.g. Szewczyk & McCain 2016)
have used mountain ridges and major watersheds isolating the focal sampling locations
within a 30 km radius as the boundary for “local” area estimation. In the absence of any
justification for a value of the geographic radius we tested the correlation of the estimated
diversity with elevational areas within 10 km, 50 km, 100 km and 200 km radius of the
study site.

D. Precipitation Elevation Model: The precipitation data was obtained from Price et al.
(2014). Univariate correlations of predictor variables with diversity were calculated for each
dataset (hawkmoths and birds) and Pearson’s r? values were used as a measure of
hypothesis support. Additionally we performed a multivariate analysis implementing
generalized linear models (linear link, Gaussian error distribution) using Akaike information

criterion (AICc; Burnham & Anderson 2003) for model selection.

4.3.3 Elevational patterns in beta diversity

Many dissimilarity indices (e.g. Morisita-Horn) can be particularly sensitive to the
abundance of an extremely dominant species (Magurran 2004). We therefore performed a
square root transformation of the abundance matrices of both hawkmoths and birds before
calculating the dissimilarities. We also generated distance matrices according to the Chao
index (Chao et al. 2005) and the quantitative Jaccard dissimilarity index (also known as
the Ruzcika Index; Legendre 2014), which are both commonly used in literature.
Dissimilarities were computed using R 3.3.1: Vegan 2.2-3: vegdist. We assessed the
correspondence between all three distance matrices using Mantel's test (Mantel 1967).
We generated NMDS ordination diagrams using these distance matrices to identify any
clustering of elevations. The ordination diagrams for the 3 indices were compared using a
PROcrustean randomization TEST (PROTEST) (Jackson & Pere-Neto 2000) (R 3.3.1:

vegan 2.2-3: procrustes). Significance of clustering was done using ANOSIM.

The Bray-Curtis dissimilarity was partitioned into its two additive antithetic components,

turnover and nestedness (Baselga 2013), using R 3.3.1: betapart 1.4-1: bray.part. We
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Fiqure 4.1 Rarefaction curves for hawkmoth (leftl) and bird (right) species for the regional assemblage.

investigated the elevational patterns in beta diversity and it's two components were
investigated using the slope and the correlation coefficient. The distance decay of

assemblage similarity, or equivalently, the increase in dissimilarity (d) with increase in

elevational distance (s) was fitted using the model d=1—axe""

4.4 Results

4.4.1 Elevational patterns in alpha diversity

Figure 4.1 shows the rarefaction curves for hawkmoths and birds for the data pooled for
the entire regional assemblage. Figure 4.2 shows the same for each elevational
community. The 95% confidence intervals from the procedure are shown by the dashed

envelope and the vertical bars, respectively.
The next 3 figures show the elevational dependence of observed species richness and

rarefied richness (Figure 4.3), Fisher's alpha and Simpson's indices (Figure 4.4) and

Chao's and ACE estimator of true species richness (Figure 4.5)
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Figure 4.2 Rarefaction curves for hawkmoths (left) and birds (right) for each elevational community. Colors
represent different elevations.

At first glance, the scatter of the data above 200 m elevation (grey symbols) was too large
for anything other than a linear fit. However, smoothing the data over 3 elevations
(coloured symbols) reduced the noise and clearly indicated a curvature in the profile and
hence a parabolic fit. Including the data at 200 m also indicates a parabolic fit, even

though we are not certain if it should be part of the profile, for reasons explained earlier.
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Figure 4.3 Elevational profile of species richness — observed (top) and rarefied (bottom) — for hawkmoths
(left; blue) and birds (right; red). Rarefied richness was calculated for N = 322 and 548 individuals for
hawkmoths and birds. The raw data are shown as grey dots while the colored dots are moving averages
over 3 elevation bins. The solid lines are parabolic fits using all elevations, while the dashed lines exclude
the 200 m data.

Nevertheless, it is very unlikely that it is so severely underestimated that its proper value
will change the parabola into a straight line. Even without the 200 m data point the rarefied
species and Fisher's alpha plots show clear departure from a straight line. The shapes of
the fits of different metrics are compared in Figure 4.6 by shifting the peak of each curve to

a value of 1.0, and scaling the curves to have the value of 0.0 at 2700 m.
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Figure 4.4 Elevational profile of species diversity index — Fisher's alpha (top) and Simpson’s (bottom) — for
hawkmoths (left; blue) and birds (right; red). The raw data are shown as grey dots while the colored dots
are moving averages over 3 elevation bins. The solid lines are parabolic fits using all elevations, while the
dashed lines exclude the 200 m data.

Table 4.1 lists the parameters of the best fit curves. It includes the coefficients of a
parabolic fit, the standard deviation of the residuals, and the elevation of the peak. The
dispersion in the peak elevation value was derived by fitting curves to 1000 simulated data
sets which were generated by adding to the fit value at each elevation a random noise

from a normal distribution with the same standard deviation as the observed residuals. The
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Figure 4.5 Elevational profile of true species richness — Abundance-based Coverage ACE (top) and
Chao's (bottom) — for hawkmoths (left; blue) and birds (right; red). The raw data are shown as grey dots
while the colored dots are moving averages over 3 elevation bins. The solid lines are parabolic fits using all
elevations, while the dashed lines exclude the 200 m data.

simulated peak elevations do not follow a normal distribution which justifies the use of
simulation to derive the dispersion. The table also lists the “overall” peak elevation
obtained by averaging values from different metrics. It should be noted that, since all the
metrics were obtained from the same data, combining these will not reduce the error in the
estimate of the mean. Nevertheless, it is likely that the biases in each metric will be offset

to some extent by the averaging process. The mean elevation of the peak was about 1100
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Figure 4.6 Comparison of the shapes of the diversity profiles of different metrics. The profiles were scaled
and shifted to achieve a value of 0.0 at 2700 m and 1.0 at the peak.

m for hawkmoths and at 1500 m for birds, with a larger dispersion for hawkmoths than for
birds. This lower peak and larger dispersion for hawkmoths would be consistent with a

profile described in literature as a low-plateau mid peak.

In Figure 4.7 we have plotted the elevational profile of species richness using only the
mean value of a species' elevational range; i.e. we have “contracted” a species' range to
just its mean value, which is its optimal habitat in some sense. Surprisingly, hawkmoths
and birds differ strikingly in this, with the former revealing a mid-elevation peak consistent

with the other alpha diversity profiles whereas the bird data showed a flattish profile.

For reasons elaborated in Chapter 2 we did not augment the 2014 hawkmoth data with the
data from 2013. Figure 4.8 shows that the elevational profiles from 2013 and 2014 are

qualitatively similar and illustrates the reason for extending the sampling to 200 m in 2014,
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Metric a b c Fit | Median 15 - 85 Mean
Peak | Peak %ile Peak
Observed 40.8+£6.1 1.8+9.3 27+41 327 830 0-2534
Hawk | Rarefied 36.7+5.5 6.0£8.4 -39+28 758 879 0-1249
moths Fisher’s a 10.8+2.2 24+35 -15+1.1 775 958 0-1326 1046
Z\gé)thm Simpson’s | 0.89+0.02 | 0.03+0.04 | -0.02+0.01 | 938 925 0-1372 139
Chao 441 +£29.8 | 31.7+£456 | -13.9+15.1 | 1135 1296 616 - 1836
ACE 48.7+11.5 94+17.6 -5.2+5.8 908 1173 382 - 2055
Observed 36.9+9.8 6.6 £ 13.7 -4.1+4.3 815 963 139 - 1345
Hawk Rarefied | 350+90 | 81+125 | -46+3.9 | 891 | 1327 | 227-2800
moths | Fisher’s o 10.1 + 3.7 32+51 -1.7+£16 903 1041 294 - 1364 1247
without | Simpson’s | 0.90£0.04 | 0.02+0.05 | -0.01+0.02 | 681 | 1302 | 388 - 2004 +
200m | chao 36+487 | 41.9+67.8 | -168+20.8 | 1245 | 1354 | 728-1738 | 127
ACE 447 £18.7 | 14.7£26.1 -6.7 £ 8.0 1100 1209 444 - 1570
Observed 54.0+6.4 39.8+9.4 -12.6 + 3.0 1582 1504 910 — 2112
. Rarefied 53.4+46 31.1+6.8 -11.1+22 1400 1479 961 — 2003
Birds Fisher’s a 156+£1.9 88128 -3.4+0.9 1292 1425 819 — 2013 1502
Z\gé)thm Simpson’s 0.9+0.0 0.04+0.0 -0.01£0.0 | 1319 | 1568 | 843 -2341 514
Chao 6075 435+11.0 -14.3+3.5 1522 1504 956 - 2078
ACE 60.2x7.7 42.1+11.3 -13.7+£3.6 1540 1533 | 1008 - 2042
Observed 74.1+£7.6 15.0 £10.0 -5.8+2.9 1287 1487 813 - 2072
. Rarefied 68+5.4 13+£7.1 -6.2+2.1 1052 1459 781 - 2151
Birds Fisher’s a 22.1+2.1 0.8+27 -1.2+0.8 330 1453 798 - 2119 1475
V;gr(;o:qt Simpson’s | 0.94+0.01 | 0.05+0.01 | -0.01+0.02 | 1789 1519 877 — 2264 216
Chao 81.1+9.5 16.2+125 -6.9 + 3.7 1180 1476 784 - 2072
ACE 85.9+8.3 104 £ 11 -5.1+3.2 1032 1466 774 - 2145
Table 4.1 Parabolic fits to different diversity metrics with elevation for hawkmoths and birds: Diversity = a +
b (Elev/1000) + ¢ (Elev/1000)°. Fit Peak is the fitted peak elevation. Median Peak and 15-85 %ile are the
median and 15" and 85" percentiles of the fitted peaks from 1000 simulated data sets with the same
residue statistics as the original. Mean Peak is the mean and standard deviation of the Median Peak
values of the different metrics.

despite the lack of suitable habitat within EWS. All the moths are from the single family
Sphingidae. So we have also plotted the observed species richness for the 5 most
speciose and the 6 most abundant bird families in Figure 4.9. The numbers were chosen

to approximately match the number of hawkmoth species.
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Figure 4.7 Observed Species richness as a function of elevation using only the “Optimum Elevation” for a
species, i.e. Each species is only counted at its mean elevation.

13 14 15

12

1

Fisher's Alpha Index of Diversity

8
]

10

7

2013 data : Smoothed
—+— 2014 data : Smoothed

' 12

11

10

500 1000 1500 2000

elevtion (m)

2500

9
Fisher's Alpha Index of Diversity

)

©
N = o
N
Lo
™
")
<
g3 &
=
S
£ A
S o
(%] |
)
2 E
0
g -
- "o
o
©O |
N o
o~
X
2013 data : Smoothed .
@ |—s— 2014 data : Smoothed o

1000 1500 2000 2500

elevtion (m)

500

Figure 4.8 Comparison of elevational profile of alpha diversity — Fisher’s alpha and rarefied species
richness — for hawkmoths between the years 2013 (grey) and 2014 (blue) Rarefied richness was
calculated at nzpis = 67 and nzus = 322 individuals.

Rarefied species richness

Page 74




CHAPTER 4. ELEVATIONAL PATTERNS IN ALPHA & BETA DIVERSITY

Radius (km) r p-value slope

10 0.09 0.1 0.26

Hawkmoths 50 0.1 0.1 13

100 -0.01 0.1 -0.47

200 -0.09 0.1 0.02

10** 0.80 <0.05 0.34

Birds 50 0.02 0.1 -0.55

100 -0.1 0.1 0.07

200 -0.03 0.1 0.15

Table 4.2 Linear reqression scores for a- diversity with area, using 4 values of radii
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Figure 4.9 Alpha diversity with elevation for the most speciose and abundant families that together
constitute ~80 species (to match the number of species in the hawkmoth data). Observed species richness
is plotted here as the number of species at the lowest elevations was too small for secure estimation.

10

4.4.2. Correlates of elevational patterns in alpha diversity

We calculated elevational area within radii of 10 km, 50 km, 100 km and 200 km from the
centre of EWS to investigate its correlation with Fisher's alpha. The coefficients of the
linear fits to the data are shown in Table 4.2. Only the relationship between bird diversity
and the elevational area within a 10 km radius shows a significant correlation; diversity
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Predictor r p-value slope

Area (10 km) 0.09 0.1 0.26
Hawkmoths Temperature* 0.11 <0.05 0.37
Precipitation* 0.11 <0.05 0.003

AET* 0.27 <0.05 0.005

MDE Richness 0.11 0.1 0.11

Area* (10 km) 0.80 <0.05 0.34
Temperature (with 200 m) 0.16 0.1 0.30
Temperature* (without 200 m) 0.78 <0.05 0.55
Precipitation (with 200 m) 0.21 0.1 0.002

Birds Precipitation* (without 200 m) 0.71 <0.05 0.003
AET (with 200 m) 0.05 0.2 0.004

AET (without 200 m)* 0.72 <0.05 0.009

MDE Richness* 0.31 <0.05 0.10

Table 4.3 Results of linear regression of Fisher’s a on 4 correlates of diversity; significant values are

highlighted in bold.

Predictor ‘ Df ‘ Sum of Sq RSS AlC
Step: AIC = 22.04 Hawkmoths ~ MDE + AET
Hawkmoths <none> 44.63 22.04
Precipitation 1 1.67 42.95 23.53
Temperature 1 1.79 43.17 23.53
Area (10 km) 1 0.16 44.48 23.99
MDE 1 16.55 61.19 24.13
AET 1 35.90 80.53 27.70
Step: AIC = 8.9 Birds ~ Temperature + Area
<none> 17.29 9.7
Temperature 1 4.45 21.74 10.68
Birds | AgT 1 0.24 17.04 11.52
MDE 1 0.13 17.15 11.60
Area 1 62.50 79.79 27.58

Table 4.4 Stepwise AIC based model selection; AET and MDE emerged as the best model for hawkmoths,

while Temperature and Area were best predictors in case of birds.
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Bray-Curtis (Hawkmoths)

Bray-Curtis (Birds)

Mantel’s r p-value Mantel’s r p-value
Chao 0.83 <0.001 0.98 <0.001
Jaccard 0.99 <0.001 0.99 <0.001

Table 4.5 Mantel statistics for correlation of distance matrices between Bray-Curtis, Chao and Jaccard
dissimilarity indices.
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Figure 4.10 Nonmetric Multidimensional plots on Bray-Curtis index of dissimilarity for hawkmoth and bird
communities with associated stress plots.
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Bray-Curtis (Hawkmoths) Bray-Curtis (Birds)

Corr. Coeff P-value Corr. coeff p-value
Chao 0.92 <0.001 0.98 <0.001
Jaccard 0.98 <0.001 0.97 <0.001

Table 4.6 Similarity between the NMDS ordinations using Bray-Curtis, Chao and Jaccard indices (using
Procrustes rotation and 999 permutations)
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Figure 4.11. Angle at each elevational vertex in the NMDS plane plotted against the ratio of lengths of the
two arms enclosina the anale

varies as area to the power 0.34.

The linear regression of diversity with temperature, precipitation and simulated MDE is
listed in Table 4.3. Hawkmoth diversity shows a significant correlation with temperature
and precipitation but not with MDE richness. On the other hand bird diversity is correlated
with MDE richness but not with temperature and precipitation. However, the lack of
correlation seems to change with the data from 200 m elevation. Removing this results in a
correlation with temperature and precipitation as well. The results of a step wise multiple

regression of diversity with all the correlates is shown in Table 4.4.
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Figure 4.12 The change of beta diversity with elevation for hawkmoths (blue) and birds (red). a) Total
dissimilarity, and b) Turnover (circles) and Nestedness components (diamonds) as percentages of the
total. The slopes of the linear regression and the Z- and p-values for no-difference between birds and
hawkmoths are listed below.

Slope Slope Z-statistic | p-value
Hawkmoths x 10°® Birds x 10°®
Drotal -6.7 £2.09 -7.6+3.34 0.22 0.41
Drurnover -5.3+4.23 -6.6 +1.88 -0.10 0.51
Dnestedness 35+ 1.37 —7.2+7.76 0.68 0.32

4.4.3 Elevational patterns in beta diversity

The Mantel statistic showed that the dissimilarity matrices calculated using Bray-Curtis,
Chao and Jaccard dissimilarity indices are highly correlated (Table 4.5). Similarly, the
NMDS diagrams made using these 3 measures were also highly correlated (Table 4.6).
Therefore, we only present the rest of the beta diversity results for the abundance-based
and widely used Bray-Curtis dissimilarity index. The NMDS plots (Figure 4.10) show that
elevational communities seem to be in 5 clusters in hawkmoths (separated by colour on
the plot), while they are strung out in a smoothish arc in birds. ANOSIM could not

discriminate between the two, and returned statistically significant clustering for both.
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Figure 4.13 The change of beta diversity with elevational distance for hawkmoths (blue) and birds (red):
(a) total dissimilarity, and b) Turnover (circles) and Nestedness compo- nents (diamonds) as percentages
of the total. The fitted exponential indices (b) and the Z- and p-values for no-difference between birds and
hawkmoths are listed below.

b: Hawkmoths x 10* b: Birds x 107 Z-statistic | p-value
Drotal —6.6 +0.43 -1.4+0.08 8.67 <0.001
Drurover —-6.3+£0.43 -1.4 +0.07 9.85 <0.001
Dhnestedness -3.0+1.40 -1.1+0.02 2.90 <0.001

However, ANOSIM simply measures the pairwise differences within and across groups
and should return a significant signal for actual clustering (like in hawkmoths) and for
elevations strung out sequentially along a curve (like in birds). Therefore, we constructed a
simple discriminant between the two patterns. Essentially, if elevations are string out
sequentially along a smooth curve the angle at a vertex (i.e. elevation) made with the two
adjacent elevations should be close to 180 deg, whereas this angle should be lower within
a cluster (within which it is likely to be dominated by noise). Similarly, the ratio of the two
lengths, i.e. of the vertex with the adjacent elevations on the NMDS, should extend to
higher values within a cluster. Figure 4.11 shows the distribution of these quantities, and
hawkmoths, as expected, extend to lower angles and larger ratios.
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The total dissimilarity between adjacent elevations was negatively correlated with elevation
for both hawkmoths and birds (Figure 4.12). Species Turnover dominated the beta
diversity signal and decreased with elevation while Nestedness contributed very little. A
Fisher's r-to-z comparison showed that the difference between hawkmoths and birds was

not significant. The statistics of the dissimilarity profile are listed in Table 4.7

The dependence of Bray-Curtis dissimilarity and its two additive components, Turn-over
and Nestedness, on elevational distance (i.e. AE = E; — Ej) for all pairs of elevational
communities are shown in Figure 4.13; here, for example, AE = 200 is obtained by all
community pairs separated elevationally by 200 m: 300-500 m, 500-700 m, 700-900 m,
etc. The exponential index is significantly steeper for birds than for hawkmoths.

4.5 Discussion

Biodiversity is a multi-dimensional property of ecological communities. Although there are
many studies of alpha diversity patterns along elevational gradients, few have investigated
different components and metrics of alpha and beta diversities, and even fewer have done
so in a comparative framework across two different organismal groups at the same place
and time. In this study, we have explored multiple facets of biodiversity of two different
species rich taxa, birds and hawkmoths, and across the same elevational gradient
spanning 2600 m in the eastern Himalayas. Our work highlights the utility of systematic
and simultaneous collections across different organismal groups to understand the

complexity of processes shaping diversity patterns.

4.5.1 Species richness

In general, bird species numbers were much higher than hawkmoth throughout the study
area. This is expected, as the bird dataset spans 50 families whereas hawkmoths
represent just one family of a hyper-diverse group Lepidoptera. Nevertheless, the
comparison is justified given the large difference between the global diversity for the class
Aves (10,303 species) and class Insecta (2-30 million species). Even Lepidoptera (moths
and butterflies) comprise over 300,000 species. Continual taxonomic revisions, discovery
of new species, hybrids and sub-species leave most insect groups with highly dynamic
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boundaries between heirachical taxonomic levels. We intend to extend this research to

other families within Lepidoptera, and also other taxa outside Lepidoptera.

Our data reveal an exceptionally high diversity of birds (Sos = 245), comparable to the
other avifauna hot-spot of the world — the Andes of South America (Blackburn et al 2001;
Blake 2000; Jankowski et al. 2009; Bencke et al. 1999). This was recorded in a sampling
area of only about 20 ha (48 elevations x 100 m length x 40 m width) but spanning 200-
2800 m. The checklist for the area is in excess of 400 bird species including winter
migrants. The species richness of the region, and its importance as a global hotspot, has
been noted previously by several researchers (Orme et al 2005; Price et al. 2003; Price
2012; Rasmussen and Anderton 2005). This area has the highest density of range-
restricted bird species (Orme et al 2005) and the highest number of Oscine passerines in
the world (Price et al. 2012). The importance of the region for conservation is based not
just on the number of species present but also on high beta diversity and the presence of
several threatened and endangered species e.g. Temminck’s Tragopan, Blyth’s Tragopan,
Ward’s Trogon, Great Pied Hornbill, Rufous-necked Hornbill, Chestnut-breasted Hill-

Partridge, etc (see Athreya 2006a for more records).

Hawkmoth species richness (Sos = 93) from EWS is comparable to the neighbouring
hawkmoth “hotspots” in south-east Asia and Indo-Australian archipelagos — 123 in
Northern Vietham, 157 in Northwest Thailand, 135 in central Thailand, 109 in Malaysia
(Beck & Kitching 2006). It should be noted that our numbers are based on sampling of just
a few nights at a dozen elevations on just one hill slope. This was the first systematic effort
in the region. The only published checklist of hawkmoths from the region reports 27
species from adjacent Bhutan (Singh & Kitching 2014); the low number is undoubtedly
indicative of the effort which needs to be made. Sustained sampling over the next few
years should see a substantial jump in the recorded hawkmoth diversity of the area.

The above numbers are similar to our observed species richness (hawkmoths = 93 & birds
= 245) and the estimated richness (Chao) varies between 111-127 for hawkmoths and
276-303 for birds. We interpret the pattern in alpha diversity with elevation using only

rarefied species numbers and Fisher’s diversity index as (a). estimators of richness (Chao
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& ACE) gave very large standard errors using the standard formulae despite our large

sample sizes, and (b) their estimates were anomalously high at 1100 m.

4.5.2 Elevational profiles in alpha diversity

The elevational pattern in species richness was for long believed to mirror the latitudinal
gradient due to the similarity in their temperature gradients. This belief was first challenged
by Rahbek (1995) who demonstrated that the perception was a result of an overemphasis
on a few studies showing the expected decline in species richness. Empirically, the most
frequent pattern was, in fact, a mid-elevation peak or a hump-shaped curve. Later, Rahbek
(2005) showed that about 80% of the studies showed the hump-shaped curves when data
was corrected for non-standardized sampling and incompletely sampled gradients, and

this is the currently popular paradigm (Kessler et al. 2011; Beck & McCain 2017).

In our study, both hawkmoths and birds exhibited a mid-elevation peak in diversity. The
hawkmoths had a lower peak and a broader distribution than birds. The unsmoothed data
at 200 m resolution does not at first glance does not require a peak in profile. However,
smoothing the data over 3 elevation bins clearly brought out the peaked nature of the
profile in all cases except one (Fisher's alpha for birds in the absence of 200 m data).

Within Lepidoptera, previous studies have reported several patterns: a monotonic decline
(e.g. Sphingidae: Beck & Kitching 2009; butterflies: Acharya & Vijayan 2015; Geomteridae:
Axmacher et al. 2004), hump-shaped (Sphingidae: Beck & Kitching 2009; Geometridae:
Beck & McCain 2017; butterflies: Gallou et al. 2017), a flat profile (Brehm et al. 2003,
2016). While we fitted parabolas to all the Eaglenest (EWS) hawkmoth profiles we interpret
the shape as a low elevation peak in the region of 1000 m. It is to be noted that the
elevation extends up to 3250 m on the same mountain and up to 5000 m within a radius of
50 km. The unavoidable truncation of the parabola at zero elevation and the low elevation
of the peak makes it quite similar to the low-plateau-mid-peak (LPMP; e.g. McCain, 2010).
We also note a lack of data below 700 m would have resulted in a linear fit to the profile.
Our simulations of the fit using observed residual statistics showed a very long tail of the
peak elevation distribution to zero elevation (Table 4.1). We wonder if the flat profile of

(Brehm et al. 2003, 2016) is related to their lowest sampled elevation being 1040 m. Beck
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& Kitching (2009) have shown the diversity profile along 9 elevational gradients in the
Indo-Australian region. Seven of them show a low elevation peak. Lack of data below 700-
1000m would have rendered all of them as monotonic declines. Ashton et al (2016) have
studied the diversity of moths in neighbouring south-west China and find that species
richness decreases monotonically with elevation. However, their data is essentially limited
to 3 elevational bands centred on 1000 m, 2300 m and 3500 m. Once again, we suggest
that the lack of a low elevation peak may be due to the lack of data below 800 m. In fact,
there is a hint of a down-turn in diversity in their plot in the few data points below 1000 m.

The patterns reported for bird diversity along elevational gradients have been more varied
with nearly equal frequencies of decreasing, low plateau, low plateau with a mid-elevation
peak and unimodal with a mid-elevation peak patterns (McCain 2009). Our results on the
diversity profile of birds in Eaglenest are in agreement with previous published studies
from the region (Price et al. 2014), but do not support McCain’s theory of elevational-
climate model (McCain 2009). This pattern is discussed more in the next subsection on the
correlates of diversity.

We also looked at the elevational profiles using just the central/mean value of the species’
ranges. In some sense, the central value of a species range is the “optimal” habitat for a
species. Several species have been shown to have the highest intraspecific diversity and
abundance in the middle of their range (e.g. Kirkpatrick & Barton 1997). The elevational
profiles of species richness for moths and birds are strikingly different, in contrast to the
similarity of elevational profiles using abundance distributions. While moths continue to
show a low elevation peak, the elevational profile of birds is essentially flat. This can be
reconciled with the profiles of the rest of the metrics if the birds have elevational ranges

skewed towards the lower elevations.

There have been a few multi-taxon studies of diversity profiles along the same elevational
transect and carried out at about the same time. Some of these studies have focussed
exclusively on plant families (e.g. Grau et al. 2007; Turtureanu et al. 2013), while some
have compared a faunal or microbial diversity profile to that of a plant taxon (e.g. Mori et
al. 2013; Bryant et al. 2008). Of course, plant groups contribute to the diversity of an area
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but plants also shape the “background” habitat which impact faunal diversity profiles. In
that sense the comparison of plant and faunal diversity profiles can be viewed as a cause-
effect relationship. On the other hand, our comparative study of hawkmoths and birds
involves two less intimately connected taxa which are more likely to sample different

dimensions along factors which influence diversity.

Some of the cross-taxon comparisons have included birds and bats in Peru (Patterson et
al, 1998), moths and ants in Costa Rica (Colwell & Rangel 2010), leaf-miners, moths and
leaf-miner parasitoids in Australia, butterflies and mammals in North America, Geometrid
and Sphingid moths in Borneo, ants, moths and mammals in Costa Rica, and ants,

butterflies and birds in New Guinea (all in Colwell et al. 2016).

In terms of a direct comparison between an ectotherm and an endotherm (as in our study)
only two of the above are of relevance: the Costa Rican and New Guinean data from
Colwell et al (2016). Their North American dataset also compares an ectothermic group
(butterflies) with an endothermic group (mammals), but the data was compiled over 50
years and we are not sure of the impact of climate change over this time scale.
Qualitatively, our results are similar in that the diversity peak for ectothermic lepidoptera
are at a lower elevation than for the endotherm (marginally in Costa Rica, and
considerably in New Guinea). We discuss their results further in the next section.

4.5.3 Correlates of elevational profiles in alpha diversity

Elevational profiles of diversity have been shown to exhibit little support for a single ‘best’
univariate predictor (Brehm et al. 2007; Beck & Kitching 2009). The correlates usually
investigated can be grouped into four main categories: climate, space, evolutionary history
and biotic processes (McCain & Grytnes 2010). We have also encountered a few papers
discussing the role of connectivity as a spatial factor, perhaps due to the difficulty in
guantifying connectivity across the elevations in montane ecosystems given periodic
climate change and differences in the vagility of species in a community. Speciation rates,
extinction rates, clade age and phylogenetic niche conservatism are theoretically and, in
some cases, empirically linked to diversity (e.g. Rohde 1992; Allen et al. 2002; Stephens &
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Wiens 2003; Wiens et al. 2006; Mittelbach et al. 2007). Biological processes including
competition (e.g. Terborgh & Weske, 1975), source—sink dynamics, ecotone effects (e.g.
Terborgh 1985; McCain 2004), habitat heterogeneity (e.g. MacArthur & MacArthur 1961)
and habitat complexity (e.g. Terborgh 1977) have also been proposed but rarely tested.

Studies have shown that species richness patterns are a complex interplay of several,
forces which makes identification of realistic mechanisms rather difficult, at best. For
instance, temperature coupled with water availability had the highest support in a multi-
gradient study of land birds (McCain 2007; 2009), however it was difficult to tease apart
the direct influence of water and temperature from plant productivity. High correlation
between organisms with specific moisture requirements such as the amphibians (Muller et
al. 2013), and precipitation has been reported, but again it has proved to be difficult to

separate water availability from plant productivity.

For Lepidoptera, net primary productivity was found to be the strongest predictor for the
mid-elevation peaks of Geometrids (Beck & McCain 2017) while area of the altitudinal
band was more strongly correlated with species richness patterns of Sphingidae (Beck &
Kitching 2009). Both environmental and geometric factors were deemed likely to contribute
to the hump-shaped distribution of Geometrids in Costa Rica (Brehm et al. 2007).
Distribution of host plants and forest habitat boundaries or ecotones have been
demonstrated to play a major role in diversity patterns and peaks. A study of plant species
in Bhutan (27.514°N, 90.433°E) adjacent to the study site identified a peak in diversity of
plant species between 1000-1299m (Ashton 2003) which may be responsible for a peak in
diversity of other taxa as well (Acharya et al. 2011). Many previous studies have attributed
a peak in species richness across multiple taxa to a peak in productivity (Gaston et al.
2000; Ding et al. 2005, 2006; Whittaker et al. 2010; Acharya et al. 2011).

A large number of methodical and comprehensive studies on multiple mountain systems
across the globe would be necessary to separate out the contributions of these multiple
confounding factors. Meta analyses (McCain 2009a; Beck & McCain 2017) have
attempted to address this issue. However, the paucity of data at the lowest elevations in
many (lepidopteran) studies, perhaps because these elevations suffer the most from
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anthropogenic influences, is likely to strongly bias the result given the preponderance of

low elevation peaks in the diversity profiles of this taxon.

Our results on the correlates of diversity of hawkmoths and birds are in accordance with
previous results that the mid-elevation peak has little support for a single ‘best’ univariate
predictor. Temperature and precipitation both show high support in univariate and
multivariate analysis, however contrary to the major prediction of the MTE (a monotonic
decline in diversity), we observed a mid-elevational peak suggesting the interplay of
multiple causative mechanisms, which is perhaps also reflected in the observed high

vegetation diversity at about 1300 m in neighbouring Bhutan (Ashton 2003).

For birds, Elevational-Climatic Model (ECM) has been used as an explanation of
monotonic decline in diversity along wet-humid mountains (McCain 2007, 2009). The
model did not find support in the avi-fauna of our study region, which was located in a
region of high precipitation, and exhibited a clear mid-elevation peak. We found support for
models that contained area as an explanatory variable, as well as for area as a univariate
predictor. However, as mentioned previously, defining regional boundaries represented by
local transect surveys is difficult and we find standardizing diversity for area premature in
the current context. MDE was supported in multivariate analyses as an additional factor,
but never as the main driver, however we find it difficult to unambiguously statistically
separate effects of these multiple factors in explaining the observed patterns of mid-
elevational peaks. Further, the set of available environmental and productivity
measurements is limited at best in the poorly investigated tropical eastern Himalayas
(which is rugged and difficult to access) where suitable data do not yet exist.

Previous multi-taxon studies have, in a traditional manner, attempted to explain the
observed ‘peak location’ discrepancy using the popular approach of multivariate analysis
i.e. regressing species richness on multiple environmental and geometric constraint
variables. Explanations are then based on linking the empirical pattern with taxon specific
aspects of life history that the ‘best’ environmental correlate explains (e.g. differential water

dependence for liverworts, mosses vascular plants and ferns; Grau et al. 2007).
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In an advancement over this frequentist approach, Colwell et al. (2016) proposed the
integration of geometric constraints with environmental and historical correlates in their
midpoint attractor model to explain taxon-specific attributes of patterns of species richness.
The notion of bounded geometric constraints plays a significant role in this model and
environmental and historical factors are incorporated implicitly as species’ optimum
elevation or as an underlying unimodal “favourability” gradient, which will be specific to
each elevational transect and to each taxon. The relative strength of this attractor changes
at every point along the domain, representing different optimum elevations for different
species’ range midpoints. The model predicted taxon-specific peaks in richness for a wide
variety of taxa along the same gradient including a comparison of endothermic and
ectothermic taxa. They stress that while the location of peak will be an emergent property
of the taxon’s ecology, a direct prediction of this peak, given a taxon’s life history, might be
complex at best since the environmental, historical and evolutionary factors that underlie
midpoint attractors in nature are likely to be complex (Colwell et al. 2016). Our results were
qualitatively similar to theirs (lower elevation diversity peak for ectotherms compared to
endotherms in Costa Rica and New Guinea). Investigating their predictions for hawkmoths
and birds in our dataset is part of a future plan.

Additionally, climatic history or palaeoclimate has also been proposed as a major driver of
species richness patterns by oscillating thermal zones along the mountain slopes. Rapid
rate of extinctions at the highest elevations and at the sea-level during glacial minima and
maxima respectively has been shown to produce mid-elevation peaks for different taxa
(Colwell & Rangel 2010). Our results, however, are contrary to the expectations of this
stochastic, evolutionary model, in that a single insect family (Sphingidae) revealed a
broader peak whereas the Avian class with 50 families yielded a narrow or sharper peak.
The model parameter that dictates this property is the optimal level of founder species
(which are correlated to the taxonomic level of the study group) and a lateral area effect.
We can currently only speculate on the importance of such effects due to the lack of
complete time-calibrated phylogenies (for hawkmoths) and climate reconstructions.

4.5.4 Elevational patterns in beta diversity

Organisms perceive and react to their environment depending on their resource
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requirements, dispersal ability, interspecific interactions and other life-history traits
(Addicott et al. 1987; Kotliar and Wiens 1990, Mac Nally 2004, Nally et al. 2004). It follows
that ecological specialization and spatial/geographical distribution will be correlated, and
beta diversity should be greater among organisms with relatively specialized resource
requirements than among relative generalists (Rabinowitz 1981; Gaston & Kunin 1997).
Our results on compositional similarity amongst communities (Figure 4.10) suggests that
hawkmoths can be grouped into 5 elevational clusters. Ashton (2003) identified 5 different
regimes of elevation in plant species distribution in neighbouring Bhutan: (below 900 m),
1000-1300 m, 1600-1900 m, 1900-2200 m and 2500-2800 m. These zones are quite
similar to the elevational clusters seen in the hawkmoth data and are perhaps indicative of
the strong dependence of herbivorous insects on the underlying vegetation structure.

Such elevational clusters were not observed in birds communities which showed a smooth
locus of elevational communities across the NMDS plane . Possibly, birds are less directly
linked to the plant species composition than hawkmoths, as their resource pool makes
them any one amongst herbivores, insectivores, nectarivores, frugivores or granivores.

A decline in beta diversity along latitudes has been reported by several studies (Janzen
1967; Koleff & Gaston 2001; McKnight et al. 2007; Qian 2009; Kraft et al. 2011, etc).
Stevens (1992) extended the hypothesis to altitudinal gradients stating that beta diversity
should decline along mountains for the same reasons as towards higher latitudes. The
climate is generally more variable at higher elevations (Huey 1978; Morin & Chuine 2006),
and so high-elevation species may have wider climatic niches, and disperse farther than in
the more stable climates of lowlands (Janzen 1967). While, at lower elevations and
latitudes, lower climatic tolerance and, hence, faster allopatric speciation may result in
narrower niche breadth, smaller ranges, and higher interspecific competition (Huey 1978,
Morin & Chuine 2006, McCain 2009, Morin & Lechowicz 2013), and higher beta diversity.

Beta diversity patterns have mostly been studied using presence-absence data (and not
species abundances), which limits insight into the underlying causative processes.
Abundances are being increasingly used to estimate the turnover and nestedness
components of beta diversity (Gaston and Blackburn 2000; Baselga 2010). These two
components, which are due to different community processes, provided an additional

dimension to the understanding of the structure and formation of ecological communities.
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In a study on phylogenetic beta diversity of mammals using a global dataset, Peixoto et. al
(2017) revealed that beta diversity across higher latitudes is mostly a result of lineage loss,
whereas at higher elevations it is linked to lineage turnover. By analyzing global patterns of
the contribution of phylogenetic beta diversity components, they show that dispersal
determines the response of different lineages to geographical and environmental barriers.

In our study, we found that beta diversity reduced with elevation for both birds and
hawkmoths (Figure 4.12). The compositional change was dominated by turnover with less
than 20% attributable to nestedness at most elevations. This is in accordance with
previous studies along tropical montane gradients (Bishop 2015 and references therein)
which have attributed the high diversity to high species specialization or local adaptations

leading to a relatively high turnover.

The decrease in compositional similarity of communities with increasing distance has been
well documented (Nekola & White 1999; Nekola and Brown 2007; Soininen et al. 2007;
Hillebrand et al. 2008). However, there is little consensus on the rate and extent of this
decline across organismal groups and geographic/environmental gradients. In a meta-
analysis of 401 distance-decay relationships Soininen et al. (2007) showed that it is higher
for organisms that are actively mobile than among passively dispersed organisms.
Hillebrand et al. (2008) remarked that this rate was greater for smaller organisms as they
respond more intensively to fine scale variation in the environment due to their shorter
generation times (Gillooly et al. 2002). Additionally, larger organisms are generally more

vagile, which results in homogenization across greater distances (Soininen et al. 2007).

Two main explanations have been proposed for distance-decay of similarity. Tilman (1982)
extended the niche theory to suggest that compositional differences between communities
will increase with environmental distances, irrespective of their geographic proximity, as a
result of species differences or competitive sorting of species with different physiological
abilities. Composition at any site can thus be predicted from the environment because
species differ in their ability to perform under different environmental conditions (Nekola &
White 1999; Tuomisto et al. 2003; Gilbert & Lechowicz 2004). Neutral theory, by contrast,
predicts that the decay of community similarity is caused by limited dispersal, independent
of environmental differences between sites (Hubbell 2001; Astorga et al. 2012). Variation
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in rates of decrease in compositional similarity can be due to either differences in
landscapes or in organismal dispersal abilities. It predicts that community similarity will
decay with distance even if the environment is completely homogenous (Hubbell 2001).

It is now believed that these two concepts represent the extremes of a continuum and
most natural ecological communities are structured by a combination of the two (Gravel et
al. 2006; Astorga et al. 2012). However, since environmental and geographic distances are
typically highly correlated, testing these hypotheses has been problematic and regressing
community similarity against environmental and spatial distance remains the only way to
determine their relative roles (Tuomistro et al. 2003; Gilbert & Lechowicz 2004). In
Eaglenest, we found that the rate of species turnover with elevational distance was
significantly higher for birds than for hawkmoths. This contradicts previous patterns (from
meta analyses) that suggested higher turnover for smaller organisms with shorter
generation times (Gillooly et al. 2002 ; Hillebrand et al. 2008). Many tropical forest bird
species are known to have low mobility and are typically sedentary (Moore et al. 2008 and
references therein). Anecdotally, tropical ornithologists have long known that certain bird
species were very reluctant to cross water, pastures or sometimes even natural trails
separating forest patches. Recently, experimental evidence from Amazonia suggests that
many species rarely move across narrow gaps created by roads or natural trails but move
readily through continuous forest and, less commonly, across small forest gaps (Moore et
al. 2008). Unlike tropical birds, hawkmoths of south-east asia have demonstrated
considerable dispersal abilities, colonizing widely throughout the Indo-Australian
archipelago (Beck et al. 2006; Beck & Kitching 2007). As of now we have no basis for
translating dispersal ability into elevational expanse; and the degree of confidence with
which taxonomic boundaries have been delineated vary greatly between birds and
hawkmoths. Therefore, our results will require the support of many more patterns from
montane systems across the world before any useful attempt at understanding the

underlying processes can be made.

4.6 Summary

1. Both birds and hawkmoths show a peaked diversity profile in multiple measures of

alpha diversity, although, the peak was lower and broader in hawkmoths.
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2. Interestingly, when each species was only represented by the mean elevation of its
distribution while calculating the diversity the bird profile turned out to be much
flatter, while hawkmoths continued to show a mid-elevation peak.

3. Our work has also brought out the crucial importance of low elevation data (below
700 m) in identifying the true profile. Data from this low elevation region is often
unavailable in many studies as these elevations are subject to enormous
anthropomorphic changes across the world.

4. The beta diversity reduced with elevation in a similar manner in both hawkmoths
and birds. The change was dominated by species turn over rather than nestedness.
On the other hand, there is some indication from NMDS analyses that elevational
communities of moths are clustered into 5 groups while those of birds showed a
smoother transition in community composition across the gradient. This may reflect
the tighter linkage between lepidoptera and host plant species.

5. Birds showed a more rapid replacement of species with elevational distance.

6. The primary result from this study is that the elevational profiles of diversity of birds
and hawkmoths are similar in some respects but different with others. This melange
of similarity and dissimilarity of diversity patterns suggests a complex interplay
between environmental factors and taxon-specific life history traits. It should also
serve to focus attention on the subtle differences in the ecological parameters and
processes being probed by the different metrics. The importance of coeval multiple-
taxon studies along the same gradients has been highlighted before (e.g. Soininen
et al. 2007).
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Chapter Five

“Bergmann's Rule”

Taxonomic diversity, largely alpha diversity at the species level, has been the focus of
most research in diversity patterns. However, other aspects of diversity — phylogenetic,
morphological, functional traits — are very useful in understanding the important role of
interspecific variations in community assembly and species coexistence (see Cisneros et
al. 2014). In this and succeeding chapters we explore patterns of diversity of two

functionally important morphological traits: body and wing dimensions.

5.1 Introduction

Directional variation in traits, exhibited either within or across (phylogenetically) closely
related species, has often been shown to correlate with spatial (e.g. latitude, longitude,
altitude, depth) or environmental (e.g. temperature, precipitation, salinity, productivity)
variables (Gaston et al. 2008). These observations have led to the formulation of several
ecogeographic rules which credit the spatial patterns to environmental gradients, of which
the one linking latitudinal variation in body size to a general decline in temperature
(Bergmann 1847) is most well known. Some of the others include an increase in range
size attributed to higher climatic variability at higher latitudes (Rapoport 1982); broad
geographic scale variation in plumage pigmentation of birds, believed to be driven by
temperature (Gloger 1883); and the latitudinal variation in the number of vertebrae in fish

is ascribed to water temperatures (Jordan 1892).

From the time these rules made their appearance (Bergmann 1849; Glogger 1883;
Rensch 1948; Mayr 1956) there have been questions raised of their universality across
taxa and across regions. Since then, various studies have returned a mixed bag of results

— some confirming the rule, others supporting the “anti-rule”, and the rest providing no
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evidence one way or the other (Foster 1964; Ashton 2002; Sandars 2002; Ashton &
Feldman 2003; Meiri & Dayan 2003; Brehm & Fiedler 2004; Lomolino 2005; Purvis &
Orme 2005; Bromhan & Cardillo 2007; Dunn & Sandars 2007; Feldman & Meiri 2013;
Zamora Camacho et al. 2014; Reimchen & Cox, 2015; Gouveia & Correia 2016; Freeman
2016; Beck et al. 2016). Quite likely the mixed results mean that some environmental
factors are important for certain taxa, which follow the proposed rule; another set of
environmental factors may be more important for other taxa, which follow the “anti rule”;
while in those with no pattern either the previous processes are simply not valid or a
complex set of factors may have trade-offs resulting in no observable pattern (Gaston
2008, Shelomi 2012; Gutierrez-Pinto et al. 2014).

Bergmann’'s rule for trends in body size across broad scale temperature gradients,
remains a popular, though contentious, pattern in biogeography (Blackburn et al. 1999;
Ashton 2001; Lomolino et al. 2006; Olalla-Tarraga 2011; Shelomi 2017). This popularity
can be attributed to the direct implications of body size on many other important
processes: physiological — e.g. respiration, reproduction and growth (Peters 1983);
macroecological — e.g. size-abundance and size-diversity relationships (Backburn &
Gaston 1994; Ritchie & OIff 1999); and evolutionary — e.g. rate of molecular evolution
(Gillooly et al. 2005). Body size also scales with many life history traits such as dispersal,
age at maturity, longevity, resistance to predation and other stressors (Rowe & Johansson
2000; Ellers & Jervis 2003; Dias et al. 2013, Greenleaf et al. 2007; Moretti et al. 2016).
Moretti et al. (2016) present a comprehensive review showing that body size is important

in linking organismal performance to environmental conditions or ecosystem processes.

The “rule” itself was formulated much after Bergmann’s empirical test of the relationship
predicted by thermoregulatory considerations of warm-blooded bird species. Claiming that
the original German paper (Bergmann, 1847) was rarely read but widely and usually
erroneously quoted, Salewski and Watt (2017) have discussed the content of and intent
behind the original paper and “synthesize” a Bergmann's version of the Bergmann's rule
as follows: that, all else being equal, “within species and amongst closely related species
of homeothermic animals [....] a larger size is often achieved in colder climates than in

warmer ones, which is linked to the temperature budget of these animals”. More generally,
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largelJbodied homeotherms may be favored in colder climates due to their lower surface
area-to-volume ratio and thus better heat conservation, whereas the smaller species would
tend to inhabit warmer environments. The rule has been much debated throughout its long
history (Watt et al. 2010) and much of the confusion is centered around three points (a)
Whether the applicability of the rule is to intraspecific or interspecific variation in body size
(Blackburn et al. 1999; Shelomi 2012)? (b) Is it still a ‘rule’ for a pattern independent of the
thermoregulatory mechanism (Olalla-Tarraga, 2011)? (c) Is the rule inapplicable to
ectotherms (McNab 1971; Watt et al. 2010)?

The opinion that Bergmann's Rule is inapplicable to ectotherms, though widespread in
research, is justified only if we accept the classic thermoregulation-based explanations.
Olalla-Tarraga (2011) addresses this by pointing to a long standing dictum among
ecologists on avoiding the conflation of patterns and processes (Mayr 1963, Cushman et
al. 1993, Blackburn et al. 1999, Lawton 1999, Chown and Gaston 1999, Gaston and
Blackburn 2000, Ashton 2002). Decoupling the pattern in body size along environmental
gradients from the process of thermoregulation allows the exploration of alternative ideas
for ectotherms (e.g season length, starvation resistance, predator risk, etc) while still being
able to address the validity of the pattern (Rydell & Lancaster 2000; Chown & Gaston

2010; Vinarski 2014 for a review on applicability of Bergmann’s rule to ectotherms).

Proposed originally for homeotherms (mammals and birds), vertebrates have received the
most attention in investigations of Bergmann’s clines. Many reviews have attempted to
comment on the generality (or lack thereof) of the ‘rule’. A meta-analysis by Meiri et al.
(2003) classified 72% birds and 65% mammal species as consistent with Bergmann's
Rule. Instead of compiling data from multiple individual studies that may be limited by
either the small number of observations, low species numbers or small spatial scales of
investigation, Reimer et al. (2017) used a large compilation (275,000 individuals) of
digitized museum records spanning 960 species of mammals and birds to conclude that
intraspecific Bergmann's Rule is neither a strong nor a general pattern (Reimer et al.
2017). This inconsistency of results from different studies warrants further investigations

into the validity of the Rule even for endotherms — the group that led to the original idea.
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Shelomi et al. (2012), in a review of the pattern for poikilothermic invertebrates, showed a
lack of consensus amongst different studies with a majority of the studies showing no
pattern in body size with elevation or latitude. Later, Vinarski (2014) attributed this to
insufficient data and the likely involvement of multiple factors making the patterns
idiosyncratic to the taxon and the region under investigation. Studies have demonstrated
negative body size-temperature relationships, positive relationships and no trends in equal
measure (Janzen et al. 1976; Hawkins de Vries 1996; Ashton and Feldman 2003; Chown
& Klok 2003; Brehm and Fiedler 2004; Hodkinson 2005; Karl et al. 2008; Hu et al. 2011,
Beck et al. 2016). A negative relationship in ectotherms, commonly known as a converse-
Bergmann'’s cline, is hypothesized to be mediated by season length (Atkinson 1994; Smith
et al. 2000). Shorter seasons at colder latitudes and higher elevations restrict the body-
size growth due to a reduction in time available for foraging, growth and development. This
hypothesis was supported by a general finding that converse Bergmann clines are more
commonly observed in larger bodied arthropods, such as Coleoptera and Orthoptera,
which require a longer developmental time (Blanckenhorn & Demont 2004; Shemlomi
2012). Positive relationships have been attributed to different mechanisms such as feeding
habits (Ochocinska & Taylor 2003), starvation resistance (Arnett & Gotelli 2003; Angilletta
et al. 2004b) and recently thermoregulation (Zamora-Camacho et al. 2014).

The latitudinal trend originally proposed by Bergmann (1849) was extended to altitudinal
variation after almost a century (Rand 1936). Compression of climatic zones over a short
distance makes the study of biodiversity across these gradients manageable (McCain &
Grytnes 2010). Historical contingency, and geological and evolutionary histories are more

uniform across a montane diversity gradient than across latitudinal gradients.

It is important to understand and emphasise that studies differ in the way Bergmann's rule
is investigated (see Gaston et al., 2008, for a review). The simplest is to look for a cline
among populations of a species along an environmental gradient — the intraspecific
Bergmann's Rule (we refer to it here as BR-P, for an inter-population cline within a
species). Sometimes such a study is undertaken using several closely related species,

though this should strictly be called the interspecific Bergmann's Rule.
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The interspecific investigation, sometimes termed the species-approach (BR-S), tests the
relationship using species mean values for both trait and the environment variable, i.e. the
number of points in the plot would be equal to the number of species (e.g. Freeman 2016;
Alhajeri & Steppan 2016; Bai 2016; Beck et al 2016). This is because the data for the
location and body size are often from different sources, e.g. body size from museum
specimens and ranges from literature with possibly unequal sampling effort across the

study (e.g. Gohli 2016). The species may or may not be closely related to each other.

Alternatively, one takes a community-approach (also called the assemblage Bergmann's
Rule, by Gaston et al. 2008) in which there is one data point per environmental community.
i.e. the trait values of all the individuals in the community, regardless of species, are
averaged to find the mean trait for the community. Therefore, the number of data points in
the plot will equal the number of communities across the environmental gradient. In the
community or assemblage approach, there are two ways in which the community mean
can be calculated: one is to weight the regional species mean (often from published
sources or museum records) by the species abundance within the community to calculate
the community specific mean — often termed the BR-CWM for Community (abundance)
Weighted Mean (e.g. Brehm & Fiedler, 2004); the other is to measure and average the trait
values of many or all the individuals in the community regardless of species, to arrive at

the community trait mean — BR-CIM for community-individual-mean.

The last mentioned, BR-CIM, that we have followed in this work, is qualitatively and
guantitatively different from the usual approach in that species identity is ignored to identify
the typical body size at that elevation; this “ideal” body size for the community,
independent of any species identity, should reflect the sum total of multiple life histories
and eco-physiological processes impacting the community. Of course, any test of such a
“Community/Assemblage Bergmann's Rule” would be most appropriate when the
community is selected to represent a particular set of life history traits — e.g. big bodied

hawkmoths, insectivorous birds, etc.

In the rest of this chapter we use the term Bergmann's Rule, without quotes, in its most
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general meaning of variation of body size with elevation/latitude, whether within a species,
or a set of closely related species or at the level of a community of species. We explore
the validity of Bergmann's cline in hawkmoths and birds along the same elevational
gradient in Eaglenest. Since our data for birds came from published sources (Price et al
2014) we can only investigate the pattern using species means ... like in previous studies.
We tested the size-elevation relationship with and without accounting for the phylogenetic
non-independence of the species using published phylogeny of the two groups (species
level for birds and genus level for hawkmoths). However, since we have estimated the
body volume for individual hawkmoths we are able to investigate the pattern at the level of

individuals across the entire community and also the intraspecific Bergmann’s Rule.

5.2 Analysis and Results

We assessed the elevational Bergmann's Rule for hawkmoths using all 4 approaches: BR-
P, BR-S, BR-CWM, and BR-CIM, since we had individual traits only for moths, but only
BR-S and BR-CWM for birds. At 1700 m elevation we could measure the traits for only
27% of hawkmoth individuals (98 out of 359) because of very heavy rain which prevented
them from being photographed on the gridded screen. This sample size is in the range
171-418 (median = 260) individuals at other elevations. Therefore, we have calculated the

results for hawkmoths with and without the 1700-m community.
Figure 5.1 shows the BR-CWM plots for hawkmoths, including the mean, median, 90"
percentile and 10" percentile values at each elevation. The mean and median body mass

shows a positive correlation with elevation, while the two percentiles do not.

Figure 5.2 shows the same plots for BR-CIM for hawkmoths. The results are very similar to
BR-CWM.

Figure 5.3 shows the BR-CIM relationship between body length and elevation for

hawkmoths. We have shown this plot as the body length is the most common surrogate
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used for body mass in most previous studies. This also shows a significant correlation of
both mean and median body length with elevation.

Figure 5.4 shows the BR-CWM relationship for birds. In contrast with hawkmoths all the 4
plots (assemblage mean, median, 10" percentile and 90™ percentile) show a very strong
converse-Bergmann pattern with small sized birds dominating at higher elevations. The
two percentile plots suggest that the entire distribution is shifting to lower values (again

contrasting with the pattern for hawkmoths).

Figure 5.5 shows the BR-CWM data for birds and hawkmoths in the same plot to bring out

the contrast between them.

Figure 5.6 shows the partitioning of body size variation in moths into turnover and
intraspecific components and their covariation using R 3.3.1 : CATI : decompCTRE (Leps

et al. 2011), wherein species turnover dominates the variation.

Figure 5.7 show the mean-normalised and unnormalised value of dispersion of body size
(CWM) of birds and hawkmoths with elevation. There is a clear reduction of dispersion
with elevation in birds in both cases. In comparison, the mean-normalised dispersion is
almost flat for hawkmoths. The pattern is less clear in the case of unnormalised dispersion
in hawkmoths. Smoothing over a 3-elevation window brings out a clear “mid-elevation

peak” in the dispersion; the unsmoothed data shows no clear trend.

Figure 5.8, shows the BR-S relationship for birds and hawkmoths. The hawkmoths show
no dependence on elevation for both the extremes of biomass normalisation of abundance
(Figure 2.5). The birds showed a negative correlation between mean body mass and
elevation but the same vanished when we analysed the relationship using the
Phylogenetic Generalised Least Squares (pGLS) procedure (e.g. Freeman 2016). The
pGLS analyses of hawkmoths was constrained by the availability of only the genus level
phylogenetic tree (Kawahara et al. 2008). The species level phylogenetic tree for birds was

obtained from Price et al. 2014. Pagel's A (Pagel 1997) was used to measure phylogenetic
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500 1000 1500 2000 2500 500 1000 1500 2000 2500
Elevation (m) Elevation (m)
Fit Intercept Slope x 10* p.value r
Mean (with 1700 m) 1.82 £ 0.07 1.08 £0.41 0.02 0.34
Mean ( without 1700 m) 1.83 £0.05 1.15+0.31 < 0.005 0.54
Median 1.91 £ 0.08 0.74 £0.49 0.16 0.10
Median (without 1700 m) 1.93+0.04 0.85+0.24 <0.01 0.51
10™ Percentile (with 1700 m) 1.12 £ 0.09 -0.32+0.55 0.57 -0.06
10™ Percentile (without 17700 m) | 1.13 +0.08 -0.24 £ 0.48 0.63 -0.08
90™ Percentile (with 1700 m) 254 +£0.11 0.21 £ 0.66 0.76 -0.08
90" Percentile (without 1700 m) | 2.54 +0.12 0.20+0.70 0.79 -0.09

signal. The colour-coded map of body size on the phylogenetic trees are shown in Figure
5.9. We obtained A = 0.74 for hawkmoths and A =
phylogenetic conservatism in body size. The Brownian motion model of trait evolution,

1 for birds, indicating strong

supported by AICc comparison, was used in the analyses (Table 5.1). The table in Figure
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500 1000 1500 2000 2500 500 1000 1500 2000 2500
Elevation (m) Elevation (m)
Fit Intercept Slope x 10* | p.value r
Mean (with 1700 m) 1.78 £0.10 1.38 + 0.57 0.03 0.29
Mean ( without 1700 m) 1.79£0.10 1.43 +£0.57 0.03 0.33
Median 1.64 £0.10 1.88 £ 0.57 < 0.005 0.45
Median (without 1700 m) 1.65+£0.10 1.93 £ 0.56 < 0.005 0.49
10™ Percentile (with 1700 m) 1.01 £ 0.09 0.10 £ 0.06 0.97 -0.09
10" Percentile (without 1700 m) 1.01 £0.08 0.11 +0.45 0.81 -0.09
90" Percentile (with 1700 m) 2.72+0.14 1.66 £0.84 0.08 0.19
90" Percentile (without 1700 m) 2.71+0.15 1.63 £0.90 0.09 0.18

5.8 shows no significant correlation between body size and elevation for either bird

species or hawkmoth genus.

Additionally we explored BR-S for bird species within individual families which had at least
2 species in them. The linear regression coefficients are listed in Table 5.2. Only two

familes (Pellorneidae & Corvidae) showed significant relationships but their slopes were
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500 1000 1500 2000 2500 500 1000 1500 2000 2500
Elevation (m) Elevation (m)
Fit Intercept x 102| Slope x 10° | p.value r
Mean (with 1700 m) 457 £0.10 1.69 £ 0.59 0.02 0.37
Mean ( without 1700 m) 4,57 £0.10 1.72+0.61 0.02 0.39
Median 449 +0.13 2.03+£0.79 0.03 0.32
Median (without 1700 m) 451 +£0.12 2.13+0.72 0.02 0.41
10™ Percentile (with 1700 m) 3.71+£0.11 1.03 £ 0.65 0.14 0.11
10" Percentile (without 1700 m) 3.72+0.11 0.11 + 0.62 0.11 0.16
90™ Percentile (with 1700 m) 555+0.11 1.30 £ 0.65 0.07 0.20
90" Percentile (without 1700 m) | 5.55 +0.11 1.28 + 0.67 0.09 0.19

not consistent with each other.

We also tested the intraspecific Bergmann's Rule (BR-P) while combining data points from
all species to increase the signal, if any. We transformed the elevation and the trait to the
deviation from the mean for a species, i.e. E' = E - pesp and B = (B — ps-sp)/us-sp Or B = (B
- ue-sp)lossp for every individual. The combined data for the entire hawkmoth sample is
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Mean 122 +9 -0.04 £ 0.005 <0.001 0.82

Median 42+ 3 -0.01 £ 0.002 <0.001 0.76

10" Percentile 10+0.8 -0.002 £ 0.0004 | <0.005 0.53

90™ Percentile 157+ 11 -0.04 £ 0.007 <0.001 0.74

shown in Figure 5.10. It shows a very weak (r> = 0.02) but significant relationship (p <
0.05) suggesting that the intraspecific variation, at least when averaged over all the

species, is quite small, if at all.

5.3 Discussion

Our results provide evidence for strong and contrasting trends of mean community body
size with elevation for birds (negative correlation) and hawkmoths (positive). The effect
seems to be stronger in hawkmoths when individual trait values are used instead of

regional species means. We do not have individual trait data for birds for a similar
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Figure 5.5 Elevational profile of community mean and median (CWM) for hawkmoths (blue) and birds
(red). The plots are the same as in Figures 5.1 and 5.4 and are plotted with a dual-Y axis to facilitate a
direct comparison between the two taxa.
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Figure 5.6 Variance patrtitioning of thorax width, body
length and body volume for hawkmoth individuals
showing maximum contribution of species turn over
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analysis. Furthermore, the reduction in assemblage body size in birds seems to be
accomplished by a downward shift in the entire distribution of trait values. On the other
hand, the increase in assemblage body size in hawkmoths seems to be due to an increase

in the upper envelope of the distribution without a change in the lower tail.
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Figure 5.7 Dispersion in body mass for hawkmoths (blue) and birds (red). Values are presented for
standard deviation (left) and mean normalized standard deviation (right).

Interestingly, the species plot for body size versus elevation shows no correlation in
hawkmoths; there is indeed a negative correlation in birds but this vanishes when the data
is corrected for phylogenetic relatedness. We also show there is no evidence for intra-

familial relationship between body size in birds.

As discussed in the Introduction, the form of the Bergmann's Rule tested may be
consequence. In our study there is a clear detection of the assemblage pattern with
elevation, but not of the interspecific or intraspecific pattern. One way of understanding the
results from the three patterns is to ascribe the change in assemblage mean body size to
species tun-over. This indeed is seen in the variance partitioning analysis in the case of
moths for which we had individual trait data. It does have an intra-specific component but
the same has not been detected at a significant level with individual species.One possible
explanation for the observed contrasting pattern for the two taxa is that body size of
(endothermic) birds is limited by the need to feed throughout the year. Species at higher
elevations can only sustain a smaller body size due to reduced food availability at higher

elevations, especially in winter. McNab (2010) has argued that body size trends along
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500 1000 1500 2000
Species mean elevation (m)
Fit Intercept Slope x 10 p.value r
Hawkmoths 0.21 £0.070 1.77 £ 4.96 0.72 -0.02
Hawkmoths (biomass corrected) 0.22 £ 0.068 1.36 £5.29 0.80 -0.02
Birds 1.84 £ 0.080 -0.18 + 0.05 < 0.005 0.56

After accounting for phylogeny from PGLS using Brownian motion model of evolution

Fit Slope p-value
Hawkmoths -0.43+£0.43 0.30
Hawkmoths (biomass corrected) 0.0001 + 0.0008 0.10
Birds 0.003 £ 0.013 0.83
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Data model AlCc

Pagel's Model 343.99

Hawkmoths Body mass ~ genus phylogeny Ornstein Uhlenbeck 345.43
Brownian motion 342.64

Pagel's Model 2450

Birds Body mass ~ species phylogeny Ornstein Uhlenbeck 2450
Brownian motion 2448

Table 5.1: AICc values for trait evolution models

geographic gradients depends heavily on the abundance, availability and size of

resources, a mechanism he termed the “resource rule”.

On the other hand, (ectothermic) hawkmoths are most active and breed during the
summer rains. Therefore, winter food availability may not be a constraint when the
population, either as eggs or as larvae, are dormant. Their larger body volume may be
more effective at retaining heat further into the night when they are most active. Several
studies have remarked on the difference between the Bergmann pattern and the
Bergmann process. We have shown here a clear difference in the pattern for two taxa with
very different life histories, even at the same location. This suggests that different
processes are acting on the two taxa, or at least, more than one process is at work and

with different impacts on the two.

Endotherms

The original Bergmann's process was based on heat loss as a function of body surface
area to volume ratio. While the pattern itself has been seen in many endotherms (review in
Meiri et al. 2012) alternative mechanisms such as selection pressure, resource availability,

and length of the growing season have been explored (e.g. Teplitsky & Millien 2013).

The Converse Bergmann's Rule seen in birds in our study is in line with previous results:

e.g. in certain clades of New Guinean passerine birds (Freeman et al. 2016) and torrent
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ducks in the Andes (Gutierrez-Pinto et al. 2014). Clearly, the pattern cannot be a direct
result of thermoregulatory consideration here. Rodriguez et al. (2008) suggested that

fasting endurance is more important than heat conservation for the smaller mammals at
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Family Slope | Std. Error | Nspecees P value
Muscicapidae 1 8 26 0.92
Leiotrihidae -7 11 25 0.55
Picidae -43 38 14 0.28
Cuculidae 12 20 11 0.55
Timaliidae -3 6 11 0.60
Phylloscopidae 1 1 11 0.24
Scotocercidae 1 1 11 0.46
Columbidae -10 75 8 0.90
Phasianidae 157 321 8 0.64
Sylviidae -4 5 8 0.50
Fringillidae 16 2 8 0.53
Pellorneidae -9 4 7 0.05 *
Pycnonotidae 10 8 6 0.29
Zosteropidae 2 2 6 0.34
Dicruridae -21 17 6 0.28
Corvidae 41 10 5 0.03 *
Viereonidae 7 10 5 0.57
Accipitridae -1156 1027 5 0.34
Campephagidae 1 11 5 0.95
Nectariniidae -2 6 5 0.79
Bucerotidae 1766 1091 4 0.25
Paridae -16 5 3 0.18
Sittidae -2 5 3 0.73
Ramphastidae 11 42 3 0.83
Dicaeidae 2 4 3 0.69
Doubleton Families -16 19 12

Table 5.2 Linear regression of body mass versus elevation within bird families. Slope values represent
change in body mass (g) for every 1000 m elevation. Significant values are highlighted in blue/bold

higher elevations in the Neotropics. Reduced wing loads, i.e. lower body mass per wing
area, may compensate for the lower air density at high elevations (Altshuler & Dudley
2002; Altshuler et al. 2004; Gutierrez-Pinto et al. 2014). Lower oxygen level has been
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Figure 5.10 Intraspecific variation in hawkmoth body mass. The data plotted is the normalised body mass
deviation from the species mean, which allows for combining data from all species to detect intraspecific
variance. Left: fractional change in each species; Right: change in units of standard deviation in each
species. Both plots show a very weak but significant correlation.

demonstrated to decrease digestive efficiency; this may lead to a smaller body size in
lizards and mammals (Jin et al. 2006, 2007; Liao et al. 2006). Sun et al. (2016, 2017) have

shown heavier hearts and lungs in Eurasian Tree Sparrows at higher elevations in China.

MacNamara et al. (2015) developed a simple optimization model for an endotherm that
showed that optimal body size can either increase or decrease with temperature,
depending on several important aspects of the animal’s physiology and environment
including the incidence of foraging interruptions, predator density, relative likelihood of long
food shortages and predator evasion strategy. They also highlighted the importance of

considering the different measures of body size (e.g. total mass versus adipose ratios).

Fristoe et al. (2015) showed from theoretical considerations that the interplay between
physiological (basal metabolic rates and thermal conductance) and morphological traits
allow endotherms to persist in a wide range of temperatures. They concluded that despite

the large effect of body size on thermal physiology, size alone only moderately influences
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the range of environmental temperatures where a species can occur.

Finally, the most recent meta-analysis on the subject by Riemer et al. (2017) notes that the
generality of the Bergmann'’s rule, as previously suggested by earlier reviews (Meiri et al.
2012) may be influenced by publication bias and selective reporting where studies or
individual analyses that do not support Bergmann’s rule are published less frequently.
Using data from a large compilation of digitized museum records to evaluate the
intraspecific relationship between temperature and mass for 960 mammal and bird
species, spanning 275,000 individuals, they demonstrated that Bergmann’s rule is neither
a strong nor a general pattern. They also found a greater proportion of species that had

significant negative, rather than positive, relationships for latitudinal trends in body size.

Taken together, these results imply that environmental factors other than absolute
temperatures might be more important in shaping endotherm communities with respect to
the ecologicially important trait of body mass. Our study, though not conducted to explicitly
test any particular mechanism for the observed negative relationship between body size of
birds and elevation, provides strong support against the classical thermoregulatory
mechanism for Bergmann’s clines and warrants further investigations into the likely

mechanism governing body size patterns for endotherms.

Ectotherms

As in the case of endotherms, there is no universality of pattern for ectotherms, which
demonstrate positive-, negative-, and no-trends in equal measure (Ashton & Feldman
2013; Brehm & Fiedler 2004; Olalla-Tarraga & Rodrigues 2007; Watt et al. 2010; Hu et al.
2011; Zamora-Camacho et al. 2014;Beck et al. 2016). More recently, Blanckenhorn &
Demont (2004) and Shelomi (2012) have found that converse Bergmann clines are more
commonly observed in larger bodied arthropods, such as Coleoptera and Orthoptera, as
these species tend to have longer development times. Other explanations put forward
include, but are not restricted to, starvation resistance (Backburn & Hawkins 2004),
resource use (Brown & Maurer 1989), host plant distribution in case of herbivores such as

moths (Lindstroem et al. 1994), diet specialization (Davies et al. 2012), and phylogenetic
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conservatism (Wiens et al. 2010; Gaston & Chown 2013).

Even though the thermoregulatory mechanism as proposed by Bergmann for a positive
association of body size with temperature is less likely to hold true for ectothermic insects
that rely on heat from their environment to thermoregulate, negative associations between
body size and temperature demonstrated for several ectotherms have led to explicit

investigations into the mechanism (Zamrora-Camacho et al. 2014).

Although a larger ectotherm would retain body heat for a longer time, it would also require
a larger time to warm up from an external heat source (Stevenson, 1985). The nett heat
gain would depend on the heating- (o) and cooling- () capacities as a function of body
size (Carothers et al. 1997). Both cases, of a > 3 (e.g. Iberian rock lizard; Carrascal et al.
1992), and B > a (Liolaemus altissimus and Psammodromus algirus; Carothers et al.
1997; Zamora-Camacho et al. 2014), are known in ectotherms. Zamora-Camacho et al.
(2014) found that cooling rates in Psammodromus decreased significantly with elevation
along a 2200m elevational gradient in Sierra Nevada, Spain.

Flying insect taxa, such as the Sphingidae, inhabit a continuum from fully environment-
controlled body temperatures to active thermoregulation by wing-muscle activity (Heinrich
1993). Hawkmoths, especially, are known to raise their body temperature well above that
of their surroundings using their large wing muscles. They are known to regulate thoracic
temperatures to within 2-3°C of the ambient (Heinrich 1993; Heinrich 1974). Thus, as
facultative endotherms, thermal explanations for Bergmann's rule that are normally applied
to endothermic vertebrates could potentially operate in the hawkmoths of EWS, which
exhibit a positive association between body size and altitude. Bergmann's clines have
been reported for other moth families previously (Beck et al. 2017; Brehm & Fiedler, 2004)

however temperature as the major mechanism has not found much support.

The many explanations proposed above should not be treated as mutually exclusive (e.g.
Rodriguez et al. 2008; McNab 2010; Yom-Tov & Geffen 2001; Pincheira-Donoso & Meiri
2013; MacNamara 2015). Several mechanisms may act in concert with the differential
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CHAPTER 5. “BERGMANN’S RULE”

weighting depending on location and taxon (MacNamara 2015). We also note that
Martinez et al. (2013) have pointed out that some patterns of geographical variation in

morphology may have no adaptive basis.

The significant size selection at the level of an assemblage without a corresponding
interspecific or intraspecific pattern suggests the role of environmental filters. In the case
of birds, the reduction of body mass with elevation is also accompanied by a marked
reduction in dispersion of body mass in each elevation. This reduction in dispersion is true
even when it is normalised by the mean. In the context of environmental filters this would
correspond to a stronger selection effect at higher elevation. We are not aware of any such
previous result. The case of hawkmoths is even more peculiar: the absolute dispersion has
a mid-elevation peak while the normalised dispersion is more or less flat. The issue of
environmental filters vis-a-vis inter- and intra-specific competition in the hawkmoth

community is dealt with in greater detail in a later chapter.

5.4 Summary

1. Investigations into Bergmann'’s rule (body mass v/s elevation) at the assemblage,
inter-specific and intra-specifc scales show differing relationships even within the
same data set.

2. Atthe assemblage level, birds and hawkmoths show strong and contrasting trends
with hawkmoths increasing in size with elevation, while birds decrease.

3. At the interspecific level (and intraspecific for hawkmoths), neither show a strong or
significant association between body mass and elevation.

4. Species turnover may explain the observed discrepancy across the different levels.

5. Increased body size with elevation for flying insect taxa has been associated with
active thermoregulation using flight muscles, where as a selection for smaller body

size in endothermic birds may be attributed to limited resources.
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Chapter Six

Wing Allometry and Flight

6.1 Introduction

In this chapter, we focus on the relationship between body mass (discussed in the
previous chapter) and wing size. The relationship between these two traits determine the
flying capabilities of organisms.

Allen's rule is an eco-physio-geographical rule which proposes that the relative sizes of
appendages decrease with latitude (Allen 1877; Ray 1960). The selection for smaller
limbs, fins, tails, beaks or wings has been attributed to a selection for reduced surface-to-
volume ratio that will minimize heat loss and promote thermoregulation in endotherms
(Symonds et al. 2010). The rule has received little attention compared to others such as
Bergmann’s and Rapoport’s rules (Alho et al. 2011). Empirical support is mostly restricted
to latitudinal clines within individual species (e.g. Ray 1960; Fooden & Albrecht 1999; Yom-
Tov et al. 2002; Ryland et al. 2017), with very few interspecific studies (e.g. Cartar &
Morrison 2005; Nudds & Oswald 2007; Symonds & Tattersall 2010). There has been a
revival in recent times in the context of global climate change (e.g. Yom-Tov et al. 2006;
Alho et al. 2011).

Most studies of Allen's rule have focused on exposed appendages such as limbs, beaks,
antennae, etc., which may have a thermoregulatory role (Rensch 1938; Mayr 1970; Snow
1954; Partridge & Pring-Mill 1977; Laiolo & Rolando 2001; Bull 2006). Wings, apart from
being sheathed in insulation like feathers (birds) or scales (lepidoptera), may be involved
in selective trade-offs given their important role in flight; for instance, if the body becomes
larger in response to decreasing ambient temperatures, the wing area may increase to
compensate for it, contrary to Allen’s rule (Schmidt & Nielsen 1972; Hainsworth 1981;

Starmer 1988, Alerstam et al. 2007). Flight is a key ecological trait in most birds and
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insects and used for foraging, predator avoidance and finding mates. While flying an
organism must produce enough lift to counteract the downward pull of gravity due to the
organism's weight (Norberg 1985; Weinstein 2015). Wing-loading, the ratio of body-mass
to wing-area determines the efficiency and ease of flight. Organisms with lower wing-
loading have a higher stalling speed associated with greater flight speeds and decreased
manoeuvrability (Pennycuick 1971, 1975; Norberg 1985; Nachtigall 1985; Alerstam et al.
2007). Wing-loading is subject to both genetic (evolutionary) and short term (plastic)
environmental influences that produce both intra- and inter-specific variation among

closely related species (Feinsinger & Chaplin 1975; Gilchrist & Huey 2004).

Johnston (1969) found that house sparrows across Europe show a persistent positive
relationship between summer temperatures and wing bone lengths. In contrast, Huxley
(1942) showed that in almost 80% of birds in five families of non-migratory North American
birds wing length decreased with increasing latitude. Selection for larger body mass
without a concomitant increase in wing length has been reported (Snow 1958; Hamilton
1961; Rand 1961; Johnston & Selander 1964, 1972, 1973) and attributed to the benefits of
increased size for thermoregulation, especially in the case of endotherms (Blem 1975).

These multiple patterns are indicative of the conflicting selection pressures on the wing.

In ectotherms, the theoretical expectations under the thermoregulatory adaptation
hypothesis of Allen’s rule are less obvious and is reflected in even fewer studies than in
birds. In insects, most appendages, including wings and antennae, are connected to the
circulatory system (Chapman et al. 2013), and the constant flow of haemolymph through
these appendages can contribute to thermoregulation, as in endotherms. Patterns
equivalent to Allen’s rule might thus be expected.

Body temperature in insects may depend on factors other than the relative surface area
alone as they are known to exhibit behavioural regulation of temperature such as basking
(e.g. Butterflies). Like in birds, the thermoregulatory selection pressures of wings are likely
to be in conflict with the requirements of flight: a larger wing area reduces flying effort as
well as facilitates take-off at cooler temperatures (Dillon and Frazier 2006, Frazier et al.

2008; Rohner et al. 2018). Low temperature has a negative effect on the wing beat
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frequency (e.g. in Drosophila; Unwin & Corbet 1984) and it is proposed that flying insects
adapted to highlands compensate for these effects by reducing wing load (e.g. Drosophilla
melanogaster: Azevedo et al. 1998), but the generality of such clines awaits confirmation.
Whether and under what circumstances the relative size of insect wings increases or

decreases with environmental temperature remains unclear.

The relationship between morphological traits are usually investigated in the form of
allometric relationships, in which the variation of a particular trait is expressed as a scaling
power law with respect to some other trait (usually body size or mass), i.e. Y = A(body)?,
while examining the generality of the index B within and across species and higher
taxonomic groups (Huxley 1924, 1932; Huxley & Teissier 1936; Voje et al. 2014).

Based on a simple physics model and scaling laws, Athreya & Singh (1989) showed that in
raptors with flapping flight, like Accipiter hawks, mass ~ (wing-length)3, while in raptors
which habitually glide, like Aquila eagles and Gyps vultures, mass ~ (wing-length)2. We will
discuss more elaborate flight allometry models proposed in recent years (e.g. Skandallis et
al 2017) later on in this chapter. Since the density of air, wind speeds and ambient
temperature change from place to place (e.g with elevation) we can expect the flight

dynamics, and hence wing allometries to change across (elevational) communities.

Voje et al (2014) have studied the relationship between allometries within and across
species and clades in terms of their evolvability. They find limited micro-evolution in

allometric indices while changes seem to be more common on scales of millions of years.

Finally, we recall here the point made by Gaston et al. (2008), that we already mentioned
in Chapter 5, of the importance of explicitly distinguishing between three taxonomic levels
at which spatial patterns in biological traits are investigated, i.e. intra-specific, inter-specific
and assemblage (or community). The generality of any ecogeographical rule across the
different levels remains a matter of debate, and we are not aware of any previous study

that has tested flight allometries at all 3 levels with the same data.
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6.2 Specific objectives

Using the wing measurements for individual hawkmoths and species means for birds, we
have investigated the following in this chapter:

1. Allometry of wing area at the intraspecific, interspecific and assemblage levels.

2. Elevational profile of residual-wing and wing-loading of species and communities.

3. Phylogenetic conservatism in residual-wing for hawkmoths

Wing-loading is the ratio of the wing area to body mass. Residual wing is the excess of
wing after subtracting the assemblage fit to the wing-area — body-mass allometry. The
wing area used was the square of the wing-chord length (from literature) for birds, and for
hawkmoths it is the area of the triangle defined by the 3 vertices of a wing from our

calibrated images (details in Chapter 2).

6.3 Analyses and Results

In Figure 6.1 we have plotted the allometric relationship between wing area and body
mass of birds and hawkmoths across all species (individuals in case of hawkmoths). The
slope of the linear fit for birds and hawkmoths was very similar at 0.73 = 0.02 and 0.71 £

0.01, respectively

Figure 6.2 shows the allometric slopes within each genus of hawkmoths. It shows that
these individual allometries are quite different from the average for the assemblage as a

whole. Indeed, the values for all genera are below the community mean.

Figure 6.3 shows the plot of residual-wing for each individual moth. The means and

standard deviations of all species with more than 25 individuals are marked on the plot.

Figure 6.4 shows the elevational profile of the community mean and standard deviation of
residual-wing. Residual-wing was obtained by subtracting the regional assemblage
allometry of wing area (Figure 6.1). The community mean residual-wing increased with

elevation for hawkmoths but decreased with elevation for birds. However, the standard
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deviation reduced with elevation for both.

Figure 6.5 shows the elevational profile of the community mean and standard deviation of
wing-loading. The community wing-loading mean and standard deviation decreased with
elevation for both hawkmoths and birds. Figure 6.6 shows the elevational profile of species
mean wing-loading and residual-wing. Contrary to the case of residual-wing, wing-loading

decreased with elevation for both taxa.

Figure 6.7 shows the intra-specific pattern in wing residuals and wing-loading by
combining data from all species of hawkmoths. This was done by plotting the deviation
from the species mean along both elevation and trait axis and by normalising the trait
value by the species mean; i.e. E' = E - pesp and T' = (T — ursp)/ursp . Both residual-wing
and wing-loading exhibited a very weak (low r?) negative relationship suggesting that
intraspecific variation, at least when averaged over all the species, is insignificant.

6.4 Discussion

The close similarity in the value of the wing-area — body-mass index for birds and
hawkmoths in the study region (Figure 6.1) across 4 orders of magnitude in body mass
suggests very similar factors at play in the flight dynamics, essentially from biophysics

requirements.

One would expect that the similarity in allometric indices of two very different taxa like
birds and hawkmoths would be reflected in a similarity of indices when calculated within
each genus of hawkmoths. Interestingly, we find that the allometric index varies widely
among the genera. Even more, the indices for all genera except one are below the index
for the hawkmoth assemblage as a whole — i.e. the average of the genera is not the

average of the regional assemblage (Figure 6.2).
One scenario in which this may happen is that species from different clades slot

themselves along the allometric relationship as per bio-physical requirements. On the
other hand, species with a genus (or clade) will diverge from each other depending on
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Fit Intercept Slope |p.value| r?
Hawkmoth |2.32 £ 0.002 |0.71 £ 0.01|<0.001|0.73
Birds 2.84 £0.036 | 0.73 £ 0.02 | < 0.001|0.90

Figure 6.1 Plot of wing area (mm2 ) versus body
mass (g) for hawkmoths and birds (=wing
length2 ). Each blue dot represents a hawkmoth
individual whereas each red dot is a bird species
mean value. The linear fit coefficients are listed in
the table below

log (Wing area)

log (Body mass)

1.5
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Figure 6.1). The bars against the Y-axis represent
the mean values of the slopes for the genera in
the 3 sub-families.
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many local biotic and abiotic factors including niche space, interspecific and intraspecific
competition, phylogenetic constraints, etc. Given these multiple constraints an organism
may reach some optimal position in trait space through a complex combination of
(multiple) trait values; this may manifest itself in this diversity of allometric indices when the

same is being viewed through the prism of just two or a few traits that are accessible to us.
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Figure 6.3 Residual-wing from the fit in Figure 6.1 for individual hawkmoths. The symbols represent the
mean and standard deviation for species with more than 25 individuals in the 3 subfamilies (black:
Macroglossinae, red: Smerinthinae, and green: Sphinginae). Note: residual-wing values are logarithms.

A similar pattern may be seen in an allometric study of hummingbirds by Skandalis et al
(2017). Intraspecific allometry contrasts with the community value for most traits. Voge et
al (2013) have dealt with this issue at the inter- and intra-specific level and conclude that
there is no evidence for micro-evolution at the subspecific level but that there is evidence
for allometric changes at the inter-specific level on scales of millions of years. Our study
suggests that on an even higher evolutionary scale spanning birds and hawkmoths there is
very tight bio-physical constraints which has resulted in a finely tuned allometric index.
Essentially, the assemblage allometric index B = 0.71 reflects “convergent” evolution
governed by very basic bio-physical constraints, while the genus-specific indices may

represent local character displacement or “divergent” evolution.

Figure 6.3 shows that some species deviate significantly from the best fit allometry, i.e. in
their value of residual-wing, which reflects wing area in excess of the body mass. We can
understand this in two different ways. In the light of the previous discussion on evolving
allometry this residual-wing is compensated by other traits which impact flight dynamics
including metabolism, oxygen intake efficiency, muscle efficiency (with temperature), wing-

beat amplitude, wing-beat frequency, wing-beat angle, etc. Alternatively one can view
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Figure 6.4 Elevational profile of community mean and standard deviation of residual-wing (wing area
minus mean fit from Figure 6.1) for hawkmoths (blue) and birds (red). Note: residual-wing values are
logarithms. The linear fit coefficients are listed in the table below.

Fits to mean Intercept x 10 Slope x 10° p-value r’
Hawkmoths 3.08 £1.05 2.20 £ 0.62 <0.001 0.49
Birds 0.02 £ 0.00 -0.96 £ 0.10 <0.01 0.18

Fits to std devn Intercept x 10 Slope x 10° p.value r
Hawkmoths 8.96 + 0.62 -8.99 + 3.69 <0.05 0.29
Birds 0.002 + 0.0001 -0.021 + 0.005 <0.01 0.58

residual wing as reflecting differences in the ability to fly, and this may be related to life

history traits including dispersal, foraging range, etc.

Athreya & Singh (1989) modelled the flight of flapping and gliding raptors using simple
scaling arguments between just wing and body lengths. Skandallis et al (2017) have
derived more detailed allometries between various mechanical components of a wing and
the mass. The hovering of hummingbirds allows for a precise equation between the body
weight and the lift generated by the wing. In our data we derived mass ~ (wing area) »9300%,

while separating the length and the breadth components yields mass ~ (wing length) 14004
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Figure 6.5 Elevational profile of community mean and standard deviation of Wing-load for hawkmoths
(blue) and birds (red).

Fit to the mean Intercept x 10 Slope x 107 p.value r
Hawkmoths 6.22 £0.22 -241+ 1.33 0.1 0.16
Birds 451+ 0.11 -4.19 + 0.64 <0.001 | 0.78

Fit to the std devn Intercept x 10 Slope x 10° p.value r
Hawkmoths 0.17 £ 0.02 -2.38 £ 0.95 <0.05 0.31
Birds 0.22 + 0.001 -3.86 + 0.39 <0.001 | 0.89

(wing breadth)®***%% This change in allometry between the wing length and breadth
should reflect the influence of wing parameters like moment of inertia which in turn impacts
wing beat frequency and manoeuvrability of the wing during the stroke. Athreya & Singh
(1989) had modelled the wing as a free oscillator and therefore assumed that the wing-
beat frequency would be proportional to (wing-length)™°. On the other hand Greenewalt
(1960) developed a theoretical model of the wing as a forced-damped oscillator and
derived a scaling index of between —1 (insects) and —1.25 (hummingbirds). There is also
the additional influence of temperature and oxygen level at different elevations on

efficiency of wing and metabolism, as well as the dependence of mass on elevation
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Figure 6.6 Elevational profiles of species-mean Residual-wing (top) and Wing-load (bottom) for
hawkmoths (blue) and birds (red). Note: Residual-wing values are logarithmic. The linear fit coefficients are

Elevation (Species Mean)

given below
Fit Intercept x 103 Slope x 10° p.value r
Hawkmoths (wing-load) 6.20 + 0.38 -2.39+ 2.76 0.39 -0.005
Hawkmoths (residual-wing) -0.26 + 0.23 178 + 1.71 0.30 0.002
Birds (wing-load) 481+ 0.26 -5.12 + 1.53 <0.001 0.04
Birds (residual-wing) 5.29+ 0.04 9.36 + 2.30 <0.001 0.07
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Figure 6.7 Intraspecific variation in hawkmoth Residual-wing (left) and Wing-loading (right). The data for all
species was combined by plotting the the nomalised trait deviation from the species mean, to calculate the
average intraspecific variation for the entire assemblage. Note: the residual-wing values are logarithmic.
Coefficients of the linear fit are presented in the table below.

Fit Intercept x 10°® Slope x 10* p.value r
Residual-wing -1.52 +0.32 0.31 + 0.03 <0.001 0.03
Wing-loading 8.50+1.71 -2.02 £ 0.33 <0.001 0.01

(Chapter 5). A more comprehensive understanding of the flight of moths will require more
detailed “in-situ” observations of the allometries of wing-beat frequency, oxygen

availability, temperature, etc.

Hawkmoths exhibited a substantial increase in residual-wing and a decrease in wing-load
with elevation. Both of these reflect the increase in wing area per unit body mass. Lower
wing-load in cooler regions is known to reduce the temperature threshold for take-off
(Gilchrist & Huey 2004; Dillon and Frazier 2006, Frazier et al. 2008) and has also been
associated with higher dispersal capacity in response to the high climatic variability

associated with higher latitudes or altitudes (Rohner et al. 2018).

Such correlations between dispersal capacity and latitude or altitude have been
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documented in several species (Hassall 2015; Kjeersgaard et al. 2015; Rohner et al. 2015;
Rohner et al. 2018) at both, intra- and inter-specific levels, however seldom at the
community level. Yet, greater dispersal capacity may be an essential prerequisite for
colonizing habitats at high latitudes in the first place and this advantage might be best
reflected in the abundance of species rather than their richness. Whether the observed
reduction in wing-load at the assemblage level in our dataset is to compensate for the
lower density of air at higher elevations, or lower muscle efficiency at the lower
temperatures of higher elevations, or perhaps the necessity of foraging over larger areas

given the larger body size and lower productivity remains to be tested by observations.

Hawkmoths are also known to compensate for decreased ambient temperatures by active
“muscle-shivering” which allows them to regulate body temperatures unlike most
ectotherms. This behavioural adaptation, coupled with the thermal insulation of scales on
the wings, might impose a stronger selection for increased flight efficiency than
thermoregulatory mechanisms (contra Allen’s Rule). Increased flight efficiency has been
associated with reduced air density, high wind velocities and scattered and limited
resources (Dillon et al. 2006; Keller et al. 2013).

Birds, on the other hand, showed a contrasting pattern between residual-wing and wing-
load — the former indicated a decrease in relative wing area while the latter an increase
with elevation. At the moment we are unable to suggest a possible explanation for this
contradictory pattern though this can mathematically arise from the different allometric
dependence of residual-wing and wing-load on body mass, and the differing dependence
of the different traits on elevation. We also note that the data for hawkmoths and birds are
different in that we only have species means for birds from published sources but values
for individual hawkmoths from our observations. Therefore, like with almost all other
studies in the past, we have had to use the same trait value of a species at all elevations.
This may make a difference as we will discuss next in the context of the difference

between elevational patterns at the intraspecific, interspecific and assemblage levels.

Most studies of interspecific or assemblage trait patterns along environmental gradients
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have tended to use species means (typically from a few individuals either measured at the
study site or from museum specimens or published literature) — very few studies use large
scale individual trait measurement of an entire invertebrate assemblage along the

environmental gradient (but see Griffiths et al. 2016)

Figures 6.4 and 6.5 show a statistically significant and substantial change in community
averaged residual-wing and wing-load with elevation with linear regression r? values
ranging from 0.18-0.89. On the other hand, with the same data, plotting species means for
both traits and elevations reduced the r? values to less than 0.07. Clearly, the manner of
analysis play a role in the derived result and may account for the confusing welter of
results in this field. The dependence of intraspecific variation with elevation — only in
hawkmoths, for which we have the data — is also quite low (r? < 0.03). At first sight, this
conflict between the patterns at the 3 levels is puzzling, since ultimately all processes have
to operate on the individual and subsequently reflect at the level of the species and the
community. Possibly, the difference that we have already discussed between allometries
within and across species plays a role. Possibly, the explanation lies in community-level
plots representing relative species abundance more faithfully than species mean plots do.
The external/environmental filters acting at a location on an entire assemblage, even if
small at the level of an individual, may yield a large signal when averaged over the whole
assemblage.

We propose that more such studies which compare results across three levels of
taxonomic organisation using the same data may reduce the confounding variety of
patterns currently seen in published literature. Studying more than one taxon along the

same gradient should also facilitate a resolution of contradictory results.

6.5 Summary

1. Hawkmoths and birds exhibited very similar allometric index between the wing-area
and body-mass index across 4 orders of magnitude in body mass.

2. In hawkmoths, the allometric index varies widely among the genera and more
interestingly, the average across all genera is much lower than the entire
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assemblage average suggestive of a complex interplay between an overall bio-
physical constraint and small scale evolutionary divergence or character
displacement.

3. Assemblage mean residual-wing increased with elevation, whereas wing-load
decreased with elevation for hawkmoths. Both of these reflect the increase in wing
area per unit body mass and are more in line with enhanced flight efficiency rather
than better thermoregulation as predicted by Allen’s rule.

4. Assemblage mean residual-wing and wing-load decreased with elevation for birds
which suggests a difference in the relationship between wing and body with
elevation.

5. Similar to Chapter 5, the results across the three levels of investigation,
assemblage, inter-specific and intra-specific are not always consistent and the lack

of studies addressing trait variation across taxonomic levels requires attention.
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Chapter Seven

Functional Trait Space in Hawkmoths

7.1 Introduction

Organisms interact and respond to the environment via their “functional” traits. A functional
trait is any that impacts the fithess of an individual directly or indirectly via its effect on
growth, reproduction and survival. Community ecologists are increasingly studying
ecological communities from a “trait-based” perspective (see McGill et al. 2006 for a

review).

These investigations have led to the formulation of the concept of functional diveristy (FD)
or the diversity of “functional traits” within a community. FD can be defined as the number,
type, and distribution of functions performed by organisms within an ecosystem (Diaz and
Cabido 2001). However, it is not always clear which traits qualify as “functional’” and how
many functional traits should be measured to adequately describe community assembly
patterns. In recent times, studies have progressed from quantitative descriptions of
patterns of individual traits to their implication for community processes such as

competition (limiting similarity) and environmental filtering

Most investigations into functional trait ecology have dealt with plants (Lavorel & Garnier
2002; Diaz et al. 2004; Diaz et al. 2007; Cornwell et al. 2008; Kraft et al. 2008; Luck et al.
2009; de Bello et al. 2010; Goétzenberger et al. 2012; HilleRisLambers et al. 2012; Lavorel
et al. 2013; Lamana et al. 2014; Luo et al. 2016; Kunstler et al. 2016). There have also
been some studies in other taxonomic groups, including fish (Stuart-Smith et al. 2013),
lichen (Ellis & Coppins 2006), fungi (Van Der Heijden et al. 2007; Cullings & Courty 2009),
birds (Petchey et al. 2007; Flyn et al. 2009; Vandewalle et al. 2010; Meynard et al. 2011;
Edwards et al. 2013), mammals (Flyn et al. 2009), and invertebrates (Ussegliol0Polatera
et al. 2000; Bady et al. 2005; Tillin et al. 2006; Hoehn et al. 2008; Vandewalle et al. 2010;
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Hedde et al. 2012; Pey et al. 2014, Griffiths et al. 2016). Studies of animal taxa have been
hindered by the difficulty in identifying the functionality of traits, measuring them accurately

and the added complexity of quantifying behavioral traits.

Different metrics have been proposed to study functional diversity. These span the three
major dimensions (indices) of functionality — richness, evenness and divergence.
Furthermore, in each category metrics have been developed for different kinds of data:
single versus multiple traits, species presence-absence versus abundances, and intra-
specific variability versus species-mean values. Mouchet et al. (2010) suggested that all
the three indices are essential for a proper understanding of community assembly.
Pakeman (2011), in one of the few studies comparing the performance of multiple indices,
found that the same plant communities occupying the same environmental gradient

yielded different patterns for these three metrics.

Based on the principles of habitat filtering and limiting similarity, they can be classified as
either metrics of convergence or metrics of divergence (Aiba et al. 2013). Convergent
patterns have been attributed to environmental filtering whereas divergent distributions
result from strong biotic interactions. Some of the most commonly used metrics are mean-
trait-value-based indices including FRic (functional richness), FEve (functional evenness,
and, FDiv (functional divergence) proposed by Villeger et al. (2008). More recently, Violle
et al. (2012) proposed a suit of metrics (T-statistics) that allow incorporation of intraspecific
variability for investigations into community assembly processes, although the

interpretations have subtle differences. We discuss these two sets of indices below.

Metric Value Definition

Tienc | 0% | G%c Variance in trait of all individuals within a population divided by
variance in trait of all individuals within the local community

Tior | 0%c/ 0%r | Variance in trait of all individuals within a local community divided by
variance in trait of all individuals within the regional community

Trcrr | O%pc | 0%= | Variance in trait of all populations within a local community divided
by variance in trait of all populations within the regional community

Table 7.1 T-statistics ratios (from Violle et al., 2012)
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Figure 7.1 Schematic illustration of the distribution of traits for the extremes of each metric. The location
and radius of each circle represents the trait value and abundance for a species.
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= B: Low trait overlap = Low local community variance with repect to regional trait
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Figure 7.2 Schematic illustrating the distribution of traits within species (or communities) for two
hypothetical extremes

7.1.1 Functional Diversity Indices
The 3 commonest indices are described in Villeger et al. (2008) and shown in Figure 7.1.
1. FRic is the minimum convex hull volume of the multidimensional trait space that
includes all traits of a community. For a single trait, it is simply the range of values.
2. FEve describes the evenness of abundance distribution in trait space. It ranges
from O to 1 and is low when the abundance distribution is uneven.
3. FDiv relates to the distribution of the most abundant species within the trait space.
FDiv is low when the most abundant species have functional traits that are close to

the center of the functional trait range.

These metrics can be used to compare communities with different species richness
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without bias (Villeger et al, 2008). Moreover, the three functional diversity indices are
independent of each other, and have been shown to be sensitive to the community

assembly rules of limiting similarity and habitat filtering. (Mouchet et al. 2010).

7.1.2 T-statistics

A key assumption in the calculation of the FD indices is that the effects of intra-specific
variability are negligible. However, this assumption has rarely been empirically validated
(Albert et al. 2010; Jung et al. 2010; de Bello et al. 2011; Violle et al 2012) and almost all
such attempts have been for plants (but see Griffiths et al. 2016 for a case study on dung
beetles). Integrating inter- and intra-specific trait variation has provided insights into the

processes of community assembly in plants (e.g Jung et al. 2010; Leps et al. 2011).

Violle et al. (2012) classify the forces structuring trait distribution within an assembly as
“internal” and “external” filters, in contrast to the concepts of “niche” and “environmental”
filtering used to interpret the traditional FD indices. They suggest that internal filters
represent all within-community (local) processes such as micro-environmental

heterogeneity, and intra- and inter-specific competition.

External filters represent large-scale environmental filters, including dispersal limitation
and predator-pressure, that select specific species (traits) from a regional species pool
(Taudiere & Violle 2015). Thus, external filters govern the species composition of a local

community, whereas internal filters dictate their co-existence.

To investigate community assembly in terms of the relative importance of these two
operational filters they proposed a suite of statistics, T-statistics, that allow the partitioning
of trait variance across different hierarchical levels of taxonomic organization (populations/

species/communities).

In conjunction with appropriate null models, T-statistics can aid investigations into relative

importance of external versus internal filters acting on the traits of the community.
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T-statistics comprise ratios of trait-variance at 3 different scales (Figure 7.2 and Table 7.1;
Taudiere & Violle 2015): variance of individual traits within a population (g?), @ community
(oic?) and regional pool (or?). The latter two may also be calculated using populations
means — orc? and opr% Investigating community assembly via these variances requires

large individual trait data sets which are still lacking for most , especially invertebrates.

7.2 Objectives

The specific objectives addressed in this chapter are to investigate
1. non-random assembly of traits
using T-statistics
= individuals within a species and within local communities
= species within local communities,
using Functional Diversity indices and T-statstics
= |ocal communities within the region
2. patterns in each metric with elevation and the relative importance of competition (or
internal) and environmental (or external) filters.
3. relationship between taxonomic and functional diversity
The FD indices were calculated for the multi dimensional volume of the 3 available traits,
while T-statistics were analyzed separately for each individual trait. This difference was

determined by the nature of the two class of indices and the available analysis packages.

7.3 Analysis & Results

7.3.1 Trait overlap

Figure 7.3 shows the trait distribution for hawkmoth communities at different elevations as
kernel density plots (Mouillot et al. 2005; Luo et al. 2016). The different elevations, classed
into three groups of low (200, 500, 700 & 900 m), mid (1100, 1300, 1500 & 1700 m) and
high (1900, 2100, 2300, 2500 & 2700 m) are shown in different colors. Plots are
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presented for body volume, wing area, wing aspect ratio (length/breadth).

Qualitatively, the separation between low and high elevations is obvious in Figure 7.3. This
is demonstrated quantitatively in Figure 7.4 which shows a significant decrease in trait
overlap with elevational distance, for both primary traits (body length, thorax width, wing
costum length and breadth) and derived traits (body volume, wing area and aspect ratio).

The overlap was defined as the integral of the intersection area of the kernel distributions.

Figure 7.5 shows the distribution of hawkmoths in trait space at different taxonomic levels.
The three subfamilies — Macroglossinae, Smerinthinae and Sphinginae — are shown on the
body-mass v/s wing-area plane at the levels of individuals and species means. While there
is a higher degree of overlap at the level of individuals the species-mean plot shows that
the 3 sub-families occupy distinct regions on the two dimensional morpho-plane. This is
more obvious in the plot with the first two principal component vectors obtained from the 4
primary trait measurements mentioned previously. The 3 subfamilies separate out with
only 4 species falling outside “their” fitted polygon. Of the 3297 individuals (57 species)
which were used in the plot, the four interloper species comprise only 45 individuals
(Agrius convolvuli: 14 individuals; Clanis undulosa: 14; Dolbina inexacta: 11;
Rhodoprasina sp.: 6); i.e. less than 1.5% of the total community. In the figure we have also
shown the same PCA analysis with the 5 most abundant genera comprising more than

75% of the individuals. The genera clearly occupy non-overlapping regions.

7.3.2 Functional Diversity indices

It has been suggested that only traits related to the function of interest should be included
in the FD metric; incorporation of neutral or strongly positively correlated traits will cause
artificial convergence of FD (Naeem & Wright 2003), while negatively correlated traits will
inflate FD values (Cadotte et al. 2011). Therefore, given the strong correlation between
wing area and body mass, we used the residual wing area (hereafter, excess wing) after

eliminating its allometry with body mass (Chapter 6).

We tested for non-random assembly of traits using 1000 simulated null communities by
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Figure 7.3 Kernel density plots for the three
traits of body mass, wing area and wing
aspect ratio for each elevational community.
Colors represent three elevation classes.

Aspect ratio

randomly shuffling the mean trait values across all species, without changing the observed
community-abundance matrix. The functional diversity indices — FRic, FEve and FDiv —
were then calculated (FD package in R 3.3.1: FD: dbFD (Laliberte & Legendre 2010;
Laliberte et al. 2014) for these simulated communities to get the expected frequency
distribution for the null model (i.e. random trait assembly) for each community. The
distribution of simulated and observed values are shown in Figure 7.6. The Wilcoxon

signed rank test showed that the observed distribution of FRic and FDiv was significantly
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500 1000 1500 2000 2500
Elevational distance

Trait Intercept Slope x 10°° r P value
Body-length | 0.87 £0.0015 | -5.62+1.64 | 0.12 | <0.001
Thorax- width | 0.87 £0.0011 | -2.82+0.97 0.09 <0.001
Wing-length 0.89+0.0014 | -1.71£0.13 0.70 <0.001
Wing-width 0.86 + 0.0015 | —7.92+1.31 0.32 <0.001
0.88 £0.0015 | -6.11+1.33 0.21 <0.001
Wing-area 0.88 +0.0016 | -1.31+£0.14 0.53 <0.001
Aspect-ratio 0.89 £ 0.015 -1.56+1.32 0.64 <0.001

lower than the null distribution (p < 0.05). FEve was not significantly different from the null
communities (p > 0.1). FEve and FDiv decreased significantly with elevation while FRic
did not show any trend. Figure 7.7 shows the linear regression of the FD indices against
rarefied species richness. All three metrics increased with species richness, however the fit
was significant only for FRic and Feve.

7.3.3 T-statistics
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Figure 7.5 Top-left: Scatterplot of hawkmoth wiing area versus body mass, colored by subfamily. Top-
right: Same plot with species mean values; Bottom: PCA using thorax-width, body-length, wing-costum
length and wing-breadth for all genera in the 3 subfamilies (left) and the five most abundant genera with
>75% of the total number of individuals (right). Genus codes are Amb: Ambulyx; Acx: Acosmeryx; Rha:
Rhagastis; Cecht: Cechetra; Ther: Theretra.

We computed the three variance ratios — Tipuc, Ticnir and Tecipr — for each of body mass,
aspect ratio and excess wing, and at each elevation, using R 3.3.1: CATI 2.2.1: Tstats
(Taudiere & Violle 2015). Figure 7.8 shows the observed variance ratios as a function of

elevation and their value relative to the null distribution of randomized traits. We generated

Page 137




CHAPTER 7. FUNCTIONAL TRAIT SPACE IN HAWKMOTHS

o | a
(2] -—
o Q
i o Lﬁ g_
TN TN
0 3 9]
0~ 73
S © ? o o
&c @ .
© s = ° -
c o] D | &
=2l O | S
5] : "'-‘"—--—E ____________________ -—
Sul* o * T 1 § S
we . : i
o | = |
(=] (=]
500 1000 1500 2000 2500 500 1000 1500 2000 2500
elevation (m) elevation (m)
a
a Linear Gregression Coefficients
> Metric | Intercept Slope r | p-value
0 x| -5
LL (=] X 10
8 | é FRic | 1.11 +0.007 | 6.9+4.1 | -0.12 | 0.23
2 MR R R N N U A A FEve | 0.63+0.003|-5.1+2.0| 0.33 | 0.03
o ) ' FDiv | 0.57+0.004 |-57+25| 0.27 | 0.01
é p Wilcoxon Signed Rank Test
g Metric | Hypothesis | Result W- | p-value
= stat
O o
U%_ © FRic < Null TRUE 125 0.02
FEve < Null FALSE 86 0.48
=
= FDiv < Null TRUE 169 | <0.001

500 1000 1500 2000 2500
elevation (m)

Figure 7.6 The observed values of functional diversity indices are plotted against the elevation (in blue).

The meanzl1sigma of null simulations are shown in grey. Coefficients for the linear fit versus elevation, and
wilcoxon signed rank test are are shown in the table above.

the null models using the following prescriptions:
1. Tienc: randomization, without replacement, of individual trait values within each local

elevational community

2. Ticnr: randomization, without replacement, of individual values across all elevations
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3. Tecipr: assigned an elevation specific trait value to each individual and

randomization, without replacement, of these mean trait values across all elevations

Table 7.2 shows that of the 9 linear regressions with elevations only wing aspect ratio and

residual wing for Ticir Showed a significant correlation. The observed Tieic was lower than
the simulated uo—1c at every elevation and for all traits. The other ratios are a mixed bag

though they seem to show some pattern though not statistically significant.
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Figure 7.8 The observed values of the three variance ratios Tieic, Ticir @nd Tecpr are plotted against the
elevation (in blue). The mean + 1sigma of null simulation are shown in grey. Coefficients for the linear fit of
Tiric versus elevation and wilcoxon signed rank test are shown in Table 7.2

Figure 7.9 shows no significant relationship between T pc and rarefied species richness.

7.4 Discussion

Species alpha and beta diversity are commonly used to investigate the response of

ecological communities to environmental gradients (Bunn & Arthington 2002; Poff &
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Figure 7.9 The T-statistic internal filter ratio versus
Rarefied species richness. The coefficients of linear fit
are presented in the table above.

Linear Regression Coefficients

Trait Intercept Slope x 10~° r? P value
Body volume 0.35 +£ 0.005 -4.52 +3.19 0.07 0.18
Aspect Ratio 0.49 +0.014 -7.49 £ 8.04 -0.01 0.37
Residual wing 0.44 + 0.007 7.64 +4.43 0.14 0.11
Body volume 0.94 + 0.017 0.26+0.10 -0.08 0.80
Aspect Ratio 0.47 £ 0.250 0.34 £0.15 0.26 0.03
Residual wing 131+ 0.014 -2.87+£0.84 0.47 0.03
Body volume 0.86 + 0.025 9.96 +1.51 -0.05 0.52
Aspect Ratio 0.55+0.261 3.33+£1.56 0.23 0.06
Residual wing 1.06 + 0.017 -9.13+1.02 -0.02 0.39

Wilcoxon Signed Rank Test

Trait Hypothesis Result W-statistic | P value

Body volume | Observed > Null Reject 169 <0.001

Aspect Ratio Observed > Null Reject 169 <0.001

Residual wing | Observed > Null Reject 169 <0.001
Body volume Observed < Null FALSE 76 0.68
Aspect Ratio Observed < Null FALSE 78 0.68
Residual wing | Observed < Null Reject 130 <0.01
Body volume Observed < Null FALSE 76 0.20
Aspect Ratio Observed < Null FALSE 71 0.76
Residual wing Observed < Null FALSE 104 0.17

Table 7.2 Linear regression coefficients for the observed variance ratios against elevation and wilcoxon
signed rank test statistics for their deviation from the null values.
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Zimmerman 2010). However, it has been suggested that trait-based measures of diversity
may be more informative in describing community responses to gradients (Walker 1995,
Hoeinghaus et al. 2007, Cadotte et al. 2011). Most of the work on trait distribution across
abiotic gradients has been on plants (but see Blackburn et al. 2005; Tscharntke et al.
2008; Flynn et al. 2009; Moretti et al. 2010; Barragan et al. 2011; Edwards et al. 2013;
Cisneros et al. 2015). The wide range of environments along an elevational gradient is an
excellent setting to assess the relative importance of habitat/environmental filtering and
limiting similarity/niche partitioning (sensu Southwood 1977, 1988) that impact the trait
composition of communities.

7.4.1 Trait Overlap

Functional traits may be identified as either effect or response traits (Luck et al. 2013).
Response traits reflect the response of an individual to a changing environment while
effect traits determine the impact of the individual on the ecosystem. A high diversity of
response raits is expected to provide a greater resilience of the community against
environmental perturbations. One would expect that the traits that we have selected, viz.
body and wing dimensions, are examples of response traits. These traits are implicated in
thermoregulation, the ability to fly, and are also dependent on the availability of food
resources, and therefore may be expected to vary across the elevational gradient. The
decrease in pairwise overlap of traits with increasing elevational difference suggests that
the traits are indeed changing in response to the changing environment; i.e the

environment is acting as a filter and selecting only certain traits for a particular elevation.

In Chapter 5, we saw that body mass increases with elevation for hawkmoths. Here, we
find that the change in overlap for wing area is higher than for body mass, indicating that
there is an additional component of change in wing area over and above that from its
allometric relationship with body mass. However, it should be noted that the change of the
degree of overlap does not carry any information of the direction of the change in trait.

The variation in traits across species is believed to have two non-random components:

convergent adaptation to the environment and similarity between species with related
ancestral history (Prinzing et al. 2001). The second component is called phylogenetic
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conservatism (or inertia) or historical constraint. The term, phylogenetic conservatism, was
first coined by Harvey & Pagel (1991) and was subsequently popularized by Holt & Gaines
(1992), Peterson et al. (1999), Prinzing et al. (2001) and many others. It has been
suggested that such traits can be used for retrieving phylogeny if the convergent
adaptation to environment or habitat is minimal, however this has rarely been demostrated
for most taxa. Using morphological traits of body and wing attributes, we assessed overlap
across different groups within the family Sphingidae. We found that hawkmoth subfamilies
occupy distinct regions in the trait space with minimal overlap indicating high phylogenetic
trait conservatism. The 5 most abundant genera in the community (>75 % individuals)

exhibit no overlap in the morpho-trait space, indicating a strong phylogenetic component.

7.4.2 Functional Diversity Indices

A. Elevational profile of functional diversity indices

Low functional richness indicates a high degree of trait convergence (Webb et al. 2010;
Dehling 2014). Weiher & Keddy (1995) proposed that the harsh environment and
increased stress at high elevations will result in decreased functional trait diversity by
limiting the range of functional groups. In “benign” or more stable environments,
“competitive adversity” will cause greater functional character diversity within local

communities (MacArthur & Levins 1967). However, our result show no trend with elevation.

Competition between the species of a (species rich) community should be manifested in a
higher value for functional evenness (Villeger et al. 2008). Our results are consistent with
this expectation in that functional evenness increases towards low elevations. This is
similar to that observed in birds by Dehling et al. (2014) who attributed the pattern to the
prevalence of competition in the lowlands and environmental filtering at higher elevations.
We note that the relative abundance distribution of species also showed a more uneven
community at higher elevation (Chapter 3). We note here that a very similar pattern has

been seen from two very different data sets: species abundance and trait abundance.

Functional divergence measures the degree to which the abundance of a community is

distributed toward the extremities of occupied trait space (Mouchet et al. 2010). In other
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words, FDiv is determined by the divergence in trait values weighted by species
abundance. Thus a reduction in its value at higher elevations indicates that these
elevations are dominated by species with similar trait values. We recall from Chapter 5 that
dispersion in body mass of hawkmoths remained more or less the same across the
elevation ... which is at odds with the result here. However, the dispersion in the body size
of birds showed a strong reduction towards higher elevation.

B. Non-random assembly of traits through functional diversity indices

Functional richness was lower than the mean of null simulations. Though the shortfall was
not significant at any single elevation, the consistency of the pattern at all elevations
yielded a statistically significant (p < 0.05) shortfall. This non-random assembly of local
communities indicates the influence of environmental filters in constraining the trait

diversity at each elevation, relative to the regional trait diversity.

Functional evenness was not different from the mean of null simulations (p > 0.1). Petchey
et al (2007) have discussed the null distribution for this index and concluded that the

interpretation of the null model is unclear.

The functional divergence index was consistently, and considerably lower, than the null
distribution. The distance below the null is significant at p < 0.05 indicating that the most
abundant trait values are clustered closer to the mean for the elevation. This indicates that
there is an “optimal” trait value at each elevation, that has outperformed other trait values

in terms of species abundances.

7.4.3 Functional diversity and taxonomic diversity

We found a strong positive relationship between functional richness and functional
evenness on the one hand, and rarefied species richness on the other. The form of the
relationship between taxonomic and functional diversity determines the degree of
functional redundancy in communities (Micheli and Halpern 2005).

A change in functional diversity is likely to affect ecosystem processes, whereas a change
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in species diversity may not elicit any change in an ecosystem with functional redundancy
(i.e. shared traits) among species. High functional redundancy occurs when taxonomic
richness is high but functional richness is low, owing to overlap in species traits (Luck et al.
2013). In such a situation the loss of a species at random from the community may not
necessarily result in a loss of ecosystem functioning (Diaz & Cabido 2001; Naeem 2002,;
Mayfield et al. 2010).

On the other hand, species loss may have a major impact on ecosystem functioning when
the two richness measures have a strong positive relationship. More functionally diverse
communities are thought to offer greater resilience (Hooper et al. 2005), as has been
shown for agricultural land-use gradients (Fischer et al. 2007), forest-fire disturbances

(Hidasi-Neto et al. 2012), and hydrologic-alteration gradients (Pool et al. 2010).

7.4.4 T-statistics

Violle et al.’s (2012) T-statistics facilitate comparisons across communities along an
elevational gradient. While other studies have attempted to interpret the assembly process
in terms of interspecific competition and environmental filtering, T-statistics deals with the
two categories of internal and external filters. The internal filter can be any of intra- and

inter-specific competition or micro-habitat heterogeneity and is quantified by the variance

ratio Tipic. A higher value implies lower strength of the filter(s).

The ratios Ticur and Tpc.pr quantify the strength of external (environmental) filters and
differ only in that the former uses the data from individuals while the latter uses population

means. Again, a higher value indicates a lower strength of the external filter.

We carried out a T-statistics analysis of body mass, wing aspect ratio and residual wing
(wing area in excess of the body mass allometry). We analysed the elevational profiles of
the absolute values of the observed ratios for each of the 3 traits, as also their relative

value with respect to the null distribution corresponding to zero filters.

Tipic did not show any statistically significant dependence on elevation for any of the 3
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traits. On the other hand Tp c was consistently and considerably lower than the null value
at all elevations; i.e. individuals within a species in each local community are significantly
more similar to each other than individuals drawn randomly from across species in that
community. This is indicative of niche packing and suggests that inter-specific competition
or local abiotic factors (e.g. predatory pressure, micro-environmental heterogeneity, etc)
are strongly dictating the trait composition of hawkmoth communities along the entire
elevational gradient. Higher niche packing has been suggested previously for tropical

compared to temperate communities (Lamana et al. 2014; Neyret et al. 2016). On the

other hand, Tic.ur, values were distributed on both sides of the null distribution but showed
a trend with elevation. The linear regression was statistically significant for wing aspect
ratio and wing-excess but not for body mass. The plots indicate that external filters are
increasing on residual wing but decreasing on aspect ratio. Generally, wing aspect ratio is
more related to the mode of flight with, given the same wing area, broader wings making
for better gliding ability (e.g. vultures), while shorter wings making for higher
maneuverability (e.g. hawks). One can only speculate that a highly structured habitat like
at low elevations may select for wing aspect ratio while the higher flight efficiency of
residual wing may be of greater advantage in the rarer air and colder temperatures at high

elevations. The effect weakens when population values, i.e. Tpcpr, are used.

We have seen a similar change with Bergmann's rule in Chapter 5, where the signal was
stronger when using individual trait values rather than species means. Previous studies
have interpreted this in terms of the filters acting more at the level of individuals rather than
at the level of species, though we are not sure what this means in terms of the ecological
process responsible. In any case, this highlights the importance of using intra-specific
variation in community studies, and the recent trend of using both individual and species-
specific traits to investigate community assembly mechanisms ((Jung et al. 2010; Albert et
al. 2010; de Bello et al. 2011; Bolnick et al. 2011; Ross et al. 2017).

Since Tipyc is affected by interspecific competition one may expect a relationship between

the metric and species richness. However, we did not measure any significant relationship

for any of the 3 traits. If Tipic iS not related to species richness, Violle et al (2012) suggest
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that either the communities were assembled according to Neutral theory, or the measured

traits were not influential during the assembly process. We are aware of only a few

published studies using T-statistics (Le Bagoussel[lPinguet et al. 2014; Luo et al. 2016;

Neyret et al. 2016; Peronne et al. 2017; Outreman et al. 2017), most of which deal with

plants and parasites, and none of which deal with insects. We suspect that the issue lies

with the lack of large datasets of intraspecific individual traits.

7.5 Summary

1.

Trait-based measures of diversity may be more informative in describing community
response to an environmental gradient. Most work on trait responses to abiotic
gradients has been done on plants due to the complexity in identifying and

measuring functionality of traits in animals for a large number of individuals.

. We observed a decrease in trait overlap across communities with increasing

elevational (environmental) distance between them using primary traits of body
length, thorax width, wing length and wing breadth, as well as derived traits of body
volume, wing area and wing aspect ratio. The decline was significantly stronger in
wing related attributes than body mass .

Hawkmoth subfamilies showed very little overlap across the morpho-space and the
five most abundant genera in the study region showed zero overlap, indicating
strong phylogenetic conservatism of the measured traits.

Traits within a local community were non-randomly assembled as shown with
respect to their functional richness.

Functional evenness and functional divergence were significantly lower at high
elevations, suggesting strong environmental filtering.

Using T-statistics, we showed the presence of strong internal filters throughout the
study gradient with species in a local community more similar than individuals
across species. The case for external filters came more from correlations with

elevation than departures from the null distribution.

. The relationship between functional diversity and species richness suggests low

functional redundancy in the study region.
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Conclusion

We investigated elevational diversity profiles of two disparate organismal groups,
hawkmoths and birds, along the same transect spanning 2600 m in the eastern Himalayas
of Arunachal Pradesh, India. Since the two taxa have very different life histories —
endothermic birds and ectothermic hawkmoths — the differences in their response to
changing elevation along the same transect can be better interpreted along the two axes
of taxon-specific and taxon-independent attributes.

We investigated two categories of diversity — species and traits — using multiple metrics
for each (e.g. alpha diversity, beta diversity, evenness, etc). We found that while the
patterns were similar using certain metrics (for e.g. evenness of species abundances,
elevational profile of alpha diversity, beta diversity, dissimilarity with distance, allometric
relationship between wing area and body mass, community mean wing-loading, etc), they
were strikingly different using other metrics (e.g. elevational profile of optimum-elevation
alpha diversity, community clusters based on species composition, community mean body
mass and residual-wing). Even when the patterns were similar one could detect taxon-
specific footprints in their details. For instance, the dissimilarity with distance increased for
both hawkmoths and birds, however, the rate of increase was significantly higher for birds
than hawkmoths. Even more interestingly, the same data showed different results when

evaluated at the intraspecific, interspecific and assemblage levels.

There is as yet no consensus in literature on the mechanisms generating these patterns. A
major reason for this are the large gaps in knowledge of the reasons behind the variation
in the patterns observed across different taxa and in different mountain systems. Our study
did not explicitly target the identification of the causative mechanisms responsible for the
observed patterns. Instead, we focused on delineating a variety of statistically secure
diversity patterns to understand the reasons for the plethora of patterns in literature and
bring out the underlying complexity. Ultimately, any realistic theory will have to resolve the

seemingly contradictory patterns across taxa, geography and other ecological contexts.
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Moving ahead from the observed patterns we have discussed them in the light of
previously published processes and hypotheses, and linked them to our knowledge of the
life histories of the two taxa. The simultaneous sampling of the two taxa, along the same
elevational transect, should help in identifying the taxon-specific and taxon-independent
factors driving diversity patterns. Such a direct comparison between taxa at the same
place will complement the meta-analyses of disparate data sets from different places and
times which is currently popular. We are in the process of adding more taxa and genetic
diversity to this mix at our study site. We hope that it will be a small step towards a better

understanding of the process by which communities are assembled.

This work raises several important questions, particularly related to the role of life history
and taxonomic scale in shaping species distribution, diversity and abundance. The role of
taxonomic scale has been rarely addressed in ecological investigations along
environmental gradients. Our work, particularly the discrepant patterns observed at the
population, species and community level for the body size of hawkmoths warrants further
investigation. An analysis of the species abundance distributions using null models may
facilitate a better understanding of the processes generating these patterns. An
understanding of the mechanisms leading to the observed patterns is the next step
planned in this project, along with the incorporation of genetic data for a detailed

evolutionary perspective on the patterns.
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APPENDIX |

Hawkmoths species identifications and keys

The species names assigned to our morpho-types are only meant to be name handles,

and not actual species identifications, though many of them may be the correct

identification. For the purpose of this thesis the actual specific identification is not

essential.

Acherontia lachesis

Black basal patch on upper hind wing,
though not always visible when sitting.
See A. Styx for separation from that
species. We have assumed that all
others are this species and not A.
atropos, which is restricted to Africa.

Acherontia styx

Differentiated from A. lachesis on the
basis of upper forewing discal spot:
orange and large in A. Styx, white and
smaller in A. lachesis. Yellow on the
abdomen extends beyond the 3"
segment, restricted to just 1 or 2
segments in A.lachesis

Acosmerycoides harterti

Monospecific genus. Distinctive colour
pattern.

Acosmeryx anceus

Brown with a tinge of violet. Termen
slightly dentate, angulate at vein M3.
Upper forewing with a diagnostic
shape of inverted “tau” (1)

Acosmeryx naga

Longish white band along termen.
Prominent and contrasting “tau”
shape. Could not separate A. naga
from A. purus (newly described in
2014) but A. purus restricted to South-
east China and Vietnam. The

Acosmeryx omissa

Serrated termen like in A. sericeus.
Characteristic tau at midwing with
stem diffuse and dsintegrated unlike in
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individuals could be a mix of both.

the previous. Discal bands punctiform,
unlike in A.sericeus.

Acosmeryx sericeus

Serrated termen. The midwing tau
more prominent but the stem mets to
upper streak close to the costum.
Discal band not punctiform but
continuous, unlike in A. omissa

Acosmeryx shervillii

i

Inseparable from A. pseudomissa and
A. castanea but the latter two reported
only from China, Thailand and
Vietnam. Could not differentiate from
A. Pseudonaga either. Our specimens
could be a mix of all four. Light and
dark forms observed for this species

Acosmeryx sinjaevi
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very Tau mark

smooth.
absent. or lambda shape is completely
absent, only a thick band extending
from mid-costa to anal angle

Termen

Agrius convolvuli

Ampelophaga dolichoides

Sexually dimorphic species; closely
resembling A. cingulata which is
restricted to the new world. Other
similar species are from Papua New
Guinea and Australia.

Distinctive coloration — brown with no
reddish or hint of purplish. Thin discal
bands

Ampeolophaga khasiana

Deep purplish velvety brown ground
color with 4discal bands. Not
distinguishable from A. nikolae (south-
east China) and A. Thomasi (Nepal
and W. Bengal). Latter may be in the
study region.
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Ampelophaga rubiginosa

i " i t H
! ! ! ! ] i
i i } :

Greyish brown ground colour and
rufous brown bands. 37 discal band is
the broadest and very diffused, 4"
band is very thin.

Ampelophaga species4

Only two individuals, from 1500m and
1900m. characteristically different
from A.rubiginosa and A.khasiana.
Only 3 discal bands with the 1 and 3™
thin and distinct whereas middle band
broad and more diffused.

Ambulyx liturata

Ground color greyish, incomplete
abdominal line, Basal spot along

dorsum large, black and may be mildly
hooked. Basal spot along the costum,
if present, smaller than dorsal spot.
Yellow subterminal band is broad and
contrasty and ends well into dorsum.
Patch on 8" abdominal tergit absen

Ambulyx tobii

Ambulyx maculifera

Ambulyx moorei

Ground color greyish. Abdominal line
incomplete, but distinct. Basal spot
along dorsum distinct but variable in
size. Basal spot along costum = size
dorsal spot. Subterminal yellow band

ends at/just after tornus, is distinct
and sometimes broad. Contrasty
effect across wings. Terminal

abdominal patch present.

Ground color ochraceous. Abdominal
line of variable intensity, but always
present. Basal spot along dorsum
large, black and hooked. Subterminal
yellow band ends on termen well
before tornus and not prominent.
Rectangular patch on 8" tergite.

Conspicuously distinguishable with its
series of brown to black spots along
the base of the wings.
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Ambulyx ochracea
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No

ochraceous.
abdominal line. Basal spot along the
dorsum large, black to dark green and
sharply hooked. Subterminal yellow

Ground  color

band ends on termen and is low
contrast. Rectancular black patch on
the 8" abdominal tergite. Prominent
median dorsal spot.

Ambulyx pseudoclavata

Ground color dark rufous. Abdominal
line is complete and distinct. Basal
spot along the dorsum only spot on
the wings. Subterminal yellow band
narrow and ends just into dorsum. No
patch on last tergite.

Ambulyx sericeipennis

Ground color grey. Abdominal line
faint, partial or complete. Basal dorsal
spot smallish, black, rounded. Basal
spot on costum present, larger than or
equal to dorsal spot. Subterminal
yellow band, broad and contrasty,
ends just into dorsum. Discal bands
somewhat more prominent.

Ambulyx substrigilis

Ground color variable. Abdominal line
may be complete or incomplete, but
prominent. Basal spot along the
dorsum prominent but variable. Basal
spot along costum variable, may be
absent. Subterminal yellow band ends
at/just after tornus. Contrasty effect
across wings.

Apocalypsis velox

Monospecific Distinctive

pattern.

genus.

Amplypterus mansoni

Pn
L

Distinguished from A. panopus by
broader dark triangle on termen.

I

Amplypterus panopus

}
_

Distinguished from A. mansoni by
sharperer but smaller dark triangle on
termen.

Angnonyx testacea

of

Distinctive pattern genus but
indistinguishable from congenerics but
only species in north-east India. A.
krishna only in south India.

Callambulyx junonia

Conspicuous eye-spot lon upper
hindwing, if open. Black marking along
termen with strongly crenulate termen
(contra straight in C.rubricosa).
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Callambulyx rubricosa

Callambulyx poecilus

Diffused dark coloration along termen.
Termen less falcate, if at all, than
previous.

Pale diffused green ground color. No
eyespot on upper hindwing and no
black marking along termen.

Cechenena aegrota
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Distinctive except for C. Chimaera
reported from Myanmar. Our species
assigned to C.aegrota due to previous
reports from adjacent Bhutan.

Cechenena helops

Distinctive pattern

Cechetra lineosa

e

Green in forewing and pattern
disttinguishes the genus, but amount
of green (versus brown) very variable.
Greener specimens easily confused
with C.subangustata.

Cechetra minor

Smaller than the preceeding species,
the lines along the abdomen do not
extend all the way into the thorax.
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Cechetra scottii

Either the upper forewing base pink or
proximal part of antennae pinkish. 2
forms:

1. with 3 and 4™ postmedial line dark

Cechetra subangustata

Forewing widely flushed with green.
Previously considered subspecies of
C. lineosa; but Nepalese specimens

Clanis undulosa

Could not differentiate between C.

and thick (often fused into one broad : Undulosa, C. bilineata and C.
band). At 2100m and above may represent a separate species. deucalion.
2. all postmedial lines either equal in
thickness and intensity, 3 and 4" are
thicker, darker but less contrasting
than in first form. Antennae with
proximal pink only in this form. More
common at lower elevations.
Clanis scwartzi Clanis titan Craspedortha porphyria

Most similar to C. titan but has more
elongate wings. Apical spot is sharper

than in C.titan.

Read description of previous species.

Two species of this genus in north-
east India. C. Montana has a ring-like
pattern at base of forewing. Under
forewing better for identification.
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Daphnis hypothous

Upper forewing darker olive-green
than in D. nerii with a conspicous
white apical spot.

Cypa decolor

3 species reported from north-east
India, morphologically indistinguish-
able. Only a single specimen.

Daphnusa sinocontinentalis

D. ocellaris, D. sinocontinentalis and
D. haxaire inseparable.

Dolbina inexacta

D. tibetiana and D.

inexacta, D.
Paraexacta could be in Arunachal, but
indistinguishable.

Eupanacra metallica

Olive green ground color with a tinge
of brown (sometimes orange). Purple-
pinkish tone of forewing base and
lateral sides of thorax. Separated from
E. perfecta by excavated termen just
below apex.

Eupanacra busiris

Diagnostic green of thorax and upper
forewing.
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Eupanacra perfecta

More reddish ground color, smaller
than E. sinuata and apex of forewing
not, or only faintly, dentate.

Eupanacra variolosa

Broad black basal patch at base of
upper forewing.

Hippotion celerio

Smooth termen without crenulations.
Conspicuous white double line along
termen. Similar to H. Aporods
(restricted to Africa).

Hippotion species

Could not differentiate between H.
echeclus, H. rafflesi, H. boerhaviae
and H. rosetta.

Macroglossum species1

Highly speciose genus with 32 species
from north-east. Species 1 could be
either M. corythus, M. glaucoptera or
M. obscura.

Macroglossum species2

Species 2 could be either M. affictia,
M. belis, M. Bombylans, M. variegatum
or M. vicinum.

Marumba cristata

Tawny brown colour and 5 oblique
lines diagnostic. Tornal spot size and
termen crenulation variable.

Marumba dyras

Could not distinguish between M.
dyras and M. sperchius. M. juvencus
similar but only from below Myanmar.

Marumba spectabilis

it
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i
More rufous brown and contrasty than

M.dyras.  Upper forewing  with
conspicuous tornal loop.
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Marumba echephron

Our specimen is closest to Japanese
species, unlike any other reported
from the study region.

Megacorma obliqua

Distinctive pattern; only one from
genus in north-east India.

Meganoton analis

Semicircular ring enclosing upper
forewing apex distinguishes it from M.
nyctiphanes.

Meganoton rubescens
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Similar to M. Analis but ground color
More tawny brown.

Nephele hespera

Distinctive morph, only one from
genus in north-east India. Very similar
to N. joiceyi (from South-east Islands).
Our sample may have more than one
species

Pergesa acteus

Distinctive pattern.

Psilograama increta

o

Discal spot faint, not present on discal
lin. Discal lines thinner. Differs from
P.menephron with a less contrasty
grey ground color;

Psilogramma menephron

Tr;
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See previous. Apical area and mid-
costal patch darker than the rest of
upper forewing.

Rhagastis acuta

Very similar to R. hayesi. Outermost
postmedial line inconspicuous, punct-
uated; sometimes only vein dots
visible. Wing dull olive green with
reddish-orange dentate suffusions
along the post medial lines and at the
base of upper forewing.
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Rhagastis albomarginatus

Two orange spots on lateral side of
thorax may be faint but always
present.

Rhagastis castor

Outermost series of discal spots not
connected by a line, inner two series
connected by a sinuate line; whitish
hue along termen.

Rhagastis confusa

Dark olive green on entire upper
forewing. Pinkish white hue along
termen. Very thin pink edge to costum
and dorsum. Postmedial sinuate lines
absent (or extremely faint).

Rhagastis gloriosa

Distinctive pattern of olive green and
pink.

Rhagastis lunata

Crisp silvery crenulate pattern along
termen. Rest variable.

Rhagastis olivacea
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Bright olive green (sometimes
ochraceous brown) ground. Reddish
discal lines, sometimes broken, and
white subterminal markings.

Rhagastis velata

|
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Thick blotchy discal band. Overall

maculation very dark and contrasty.

Rhodoprasina species

Genus distinctive with upper forewing
green and termen waveform; Could
be any of R. floralis, R. corrigenda or
R. callantha.

Theretra alecto

T. suffusa has a white band along
abdomen. T.mansoni has only two
conspicuous postmedial lines.
Postmedial continuous, unlike in T.
boisduvallii.
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Theretra boisduvallii

Olive to brown ground color; 4%
postmedial line distinctly punctuated
by dots on veins.

Theretra clotho

Olive to brown ground colour. 4"
postmedial line  strongest, not
punctuate, and often the only

conspicuous line. very similar to T.
tibetiana.

Theretra griseomarginata

Distinctive pattern

Theretra lateriellii

Starightish  termen is the most
diagnostic character, 4™ postmedial
line punctuate by vein dots.

Theretra nessus

Distinctive pattern with green costum
and golden lateral side of abdomen.

Theretra pallicosta
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Unmistakable species with tawny red
suffusions and no discrete postmedial
lines.

Theretra oldenlandiae

Distinguished from T. silhetensis by
two white stripes along the abdomen (
versis 1). Very similar to T. lycetus.

Theretra suffusa

Distinguished from T. alecto by broad
pale dorsal stripe running along
thorax and abdomen.
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Appendix Il

Bird Species Recorded during the Current Study

*The species are listed in alphabetical order

1)

2)

3)

4)

5)

6)

7)

8)

9)

10)
11)
12)
13)
14)
15)
16)
17)
18)
19)
20)
21)
22)
23)
24)
25)
26)
27)
28)
29)
30)
31)
32)
33)
34)

Family
Accipitridae
Accipitridae
Accipitridae
Accipitridae
Accipitridae
Aegithalidae
Aegithinidae
Alcedinidae
Bucerotidae
Bucerotidae
Bucerotidae
Bucerotidae
Campephagidae
Campephagidae
Campephagidae
Campephagidae
Campephagidae
Certhiidae
Chloropseidae
Chloropseidae
Cisticolidae
Columbidae
Columbidae
Columbidae
Columbidae
Columbidae
Columbidae
Columbidae
Columbidae
Corvidae
Corvidae
Corvidae
Corvidae
Corvidae

Common Name

Black Eagle

Crested Goshawk
Crested Serpent-Eagle
Mountain Hawk-Eagle
Oriental Honey-Buzzard
Red-headed Tit

Common lora

Ruddy Kingfisher

Great Hornbill

Oriental Pied-Hornbill
Rufous-necked Hornbill
Wreathed Hornbill
Black-winged Cuckooshrike
Grey-chinned Minivet
Long-tailed Minivet
Scarlet Minivet
Short-billed Minivet
Brown-throated Treecreeper
Gold-fronted Leafbird
Orange-bellied Leafbird
Common Tailorbird

Ashy Wood-pigeon
Barred Cuckoo-Dove
Emerald Dove

Green Imperial-Pigeon
Mountain Imperial-pigeon
Pin-tailed Green-pigeon
Thick-billed Green-Pigeon
Wedge-tailed Green-pigeon
Collared Treepie
Common Green-Magpie
Grey Treepie

Spotted Nutcracker
Yellow-billed Blue-Magpie

Scientific Name
Ictinaetus malaiensis
Accipiter trivirgatus
Spilornis cheela
Nisaetus nipalensis
Pernis ptilorhynchus
Aegithalos concinnus
Aegithina tiphia
Halcyon coromanda
Buceros bicornis
Anthracoceros albirostris
Aceros nipalensis
Rhyticeros undulatus
Lalage melaschistos
Pericrocotus solaris
Pericrocotus ethologus
Pericrocotus flammeus
Pericrocotus brevirostris
Certhia discolor
Chloropsis aurifrons
Chloropsis hardwickii
Orthotomus sutorius
Columba pulchricollis
Macropygia unchall
Chalcophaps indica
Ducula aenea

Ducula badia

Treron apicauda
Treron curvirostra
Treron sphenurus
Dendrocitta frontalis
Cissa chinensis
Dendrocitta formosae
Nucifraga caryocatactes

Urocissa flavirostris
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35)
36)
37)
38)
39)
40)
41)
42)
43)
44)
45)
46)
47)
48)
49)
50)
51)
52)
53)
54)
55)
56)
57)
58)
59)
60)
61)
62)
63)
64)
65)
66)
67)
68)
69)
70)
71)
72)
73)

Cuculidae
Cuculidae
Cuculidae
Cuculidae
Cuculidae
Cuculidae
Cuculidae
Cuculidae
Cuculidae
Cuculidae
Cuculidae
Dicaeidae
Dicaeidae
Dicaeidae
Dicruridae
Dicruridae
Dicruridae
Dicruridae
Dicruridae
Dicruridae
Elachuridae
Eurylaimidae
Falconidae
Fringillidae
Fringillidae
Fringillidae
Fringillidae
Fringillidae
Fringillidae
Fringillidae
Fringillidae
Irenidae
Leiotrichidae
Leiotrichidae
Leiotrichidae
Leiotrichidae
Leiotrichidae
Leiotrichidae
Leiotrichidae

Asian-Emerald Cuckoo
Banded-Bay Cuckoo
Chestnut-winged Cuckoo
Drongo Cuckoo
Green-billed Malkoha
Indian Cuckoo

Large Hawk-Cuckoo

Lesser Cuckoo

Oriental Cuckoo

Plaintive Cuckoo

Whistling Hawk-Cucko
Fire-breasted Flowerpecker
Scarlet-backed Flowerpecker
Yellow-bellied Flowerpecker
Ashy Drongo

Bronzed Drongo
Crow-billed Drongo

Greater-Racket-tailed Drongo

Hair-crested Drongo
Lesser-Racket-tailed Drongo
Spotted Wren-babbler
Long-tailed Broadbill

Pied Falconet

Brown Bullfinch
Crimson-browed Finch
Gold-naped Finch
Grey-headed Bullfinch
Himalayan Greenfinch

Plain Mountain-finch
Scarlet Finch

Spot-winged Grosbeak
Asian Fairy-Bluebird
Bar-throated Minla
Beautiful Sibia

Bhutan Laughingthrush
Black-faced Laughingthrush
Blue-winged Laughingthrush
Blue-winged Minla

Bugun Liocichla

Chrysococcyx maculatus
Cacomantis sonneratii
Clamator coromandus
Surniculus lugubris
Phaenicophaeus tristis
Cuculus micropterus
Hierococcyx sparverioides
Cuculus poliocephalus
Cuculus saturatus
Cacomantis merulinus
Hierococcyx nisicolor
Dicaeum ignipectus
Dicaeum cruentatum
Dicaeum melanozanthum
Dicrurus leucophaeus
Dicrurus aeneus

Dicrurus annectens
Dicrurus paradiseus
Dicrurus hottentottus
Dicrurus remifer

Elachura formosa
Psarisomus dalhousiae
Microhierax melanoleucos
Pyrrhula nipalensis
Carpodacus subhimachalus
Pyrrhoplectes epauletta
Pyrrhula erythaca

Chloris spinoides
Leucosticte nemoricola
Carpodacus sipahi
Mycerobas melanozanthos
Irena puella

Chrysominla strigula
Heterophasia pulchella
Trochalopteron imbricatum
Trochalopteron affine
Trochalopteron squamatum
Siva cyanouroptera
Liocichla bugunorum
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74)
75)
76)
77)
78)
79)
80)
81)
82)
83)
84)
85)
86)
87)
88)
89)
90)
91)
92)
93)
94)
95)
96)
97)
98)
99)
100)
101)
102)
103)
104)
105)
106)
107)
108)
109)
110)
111)
112)

Leiotrichidae
Leiotrichidae
Leiotrichidae
Leiotrichidae
Leiotrichidae
Leiotrichidae
Leiotrichidae
Leiotrichidae
Leiotrichidae
Leiotrichidae
Leiotrichidae
Leiotrichidae
Leiotrichidae
Leiotrichidae
Leiotrichidae
Leiotrichidae
Leiotrichidae
Leiotrichidae
Leiotrichidae
Megalaimidae
Megalaimidae
Meropidae
Monarchidae
Monarchidae
Muscicapidae
Muscicapidae
Muscicapidae
Muscicapidae
Muscicapidae
Muscicapidae
Muscicapidae
Muscicapidae
Muscicapidae
Muscicapidae
Muscicapidae
Muscicapidae
Muscicapidae
Muscicapidae
Muscicapidae

Greater-necklaced Laughingthrush

Grey-sided Laughingthrush
Himalayan Cutia

Lesser-necklaced Laughingthrush

Long-tailed Sibia

Nepal Fulvetta

Red-faced Liocichla
Red-headed Laughingthrush
Red-tailed Minla
Rufous-backed Sibia

Rufous-vented Laughingthrush

Rusty-fronted Barwing

Scaly Laughingthrush
Silver-eared Mesia

Spotted Laughingthrush
Streak-throated Barwing
Striated Laughingthrush
White-crested Laughingthrush

White-throated Laughingthrush

Great Barbet

Lineated Barbet
Blue-bearded Bee-eater
Asian Paradise-flycatcher
Black-naped Monarch
Black-backed Forktail

Blue Whistling-thrush
Blue-fronted Blue-Robin
Blue-fronted Redstart
Chestnut-bellied Rock-thrush
Dark-sided Flycatcher
Ferruginous Flycatcher
Hill-blue Flycatcher

Large Niltava

Lesser Shortwing

Little-pied Flycatcher
Orange-gorgeted Flycatcher
Pale-blue Flycatcher
Pale-chinned Flycatcher
Pygmy-blue Flycatcher

Garrulax pectoralis
Garrulax caerulatus
Cutia nipalensis
Garrulax monileger
Heterophasia picaoides
Alcippe nipalensis
Liocichla phoenicea
Trochalopteron

Minla ignotincta
Leioptila annectens
Garrulax gularis
Actinodura egertoni
Trochalopteron subunicolor
Leiothrix argentauris
Garrulax ocellatus
Sibia waldeni
Grammatoptila striata
Garrulax leucolophus
Garrulax albogularis
Psilopogon virens
Psilopogon lineatus
Nyctyornis athertoni
Terpsiphone paradisi
Hypothymis azurea
Enicurus immaculatus
Myophonus caeruleus
Cinclidium frontale
Phoenicurus frontalis
Monticola rufiventris
Muscicapa sibirica
Muscicapa ferruginea
Cyornis banyumas
Niltava grandis
Brachypteryx leucophris
Ficedula westermanni
Ficedula strophiata
Cyornis unicolor
Cyornis poliogenys
Ficedula hodgsoni
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113)
114)
115)
116)
117)
118)
119)
120)
121)
122)
123)
124)
125)
126)
127)
128)
129)
130)
131)
132)
133)
134)
135)
136)
137)
138)
139)
140)
141)
142)
143)
144)
145)
146)
147)
148)
149)
150)
151)

Muscicapidae
Muscicapidae
Muscicapidae
Muscicapidae
Muscicapidae
Muscicapidae
Muscicapidae
Muscicapidae
Muscicapidae
Muscicapidae
Muscicapidae
Nectariniidae
Nectariniidae
Nectariniidae
Nectariniidae
Nectariniidae
Oriolidae
Oriolidae
Paridae
Paridae
Paridae
Pellorneidae
Pellorneidae
Pellorneidae
Pellorneidae
Pellorneidae
Pellorneidae
Pellorneidae
Phasianidae
Phasianidae
Phasianidae
Phasianidae
Phasianidae
Phasianidae
Phasianidae
Phasianidae
Phylloscopidae
Phylloscopidae
Phylloscopidae

Rufous-bellied Niltava
Sapphire Flycatcher
Slaty-backed Forktail
Slaty-blue Flycatcher
Small Niltava

Spotted Forktalil

Verditer Flycatcher
White-browed Shortwing
White-gorgeted Flycatcher
White-rumped Shama
White-tailed Blue-Robin
Black-breasted Sunbird
Crimson Sunbird

Gould's Sunbird
Green-tailed Sunbird
Streaked Spiderhunter
Black-hooded Oriole
Maroon Oriole
Black-spotted Yellow-Tit
Sultan Tit

Yellow-browed Tit

Abbott's Babbler
Eyebrowed Wren-babbler
Indian-White-hooded Babbler
Long-billed Wren-babbler
Puff-throated Babbler
Rufous-winged Fulvetta
Yellow-throated Fulvetta
Blyth's Tragopan
Chestnut-breasted Hill-partridge
Common Hill-partridge
Grey Peacock-Pheasant
Kaleej Pheasant

Red Junglefowl
Rufous-throated Hill-partridge
Temminck's Tragopan
Blyth's Leaf-warbler
Chestnut-crowned Warbler
Grey-cheeked Warbler

Niltava sundara

Ficedula sapphira
Enicurus schistaceus
Ficedula tricolor

Niltava macgrigoriae
Enicurus maculatus
Eumyias thalassinus
Brachypteryx montana
Anthipes monileger
Copsychus malabaricus
Myiomela leucura
Aethopyga saturata
Aethopyga siparaja
Aethopyga gouldiae
Aethopyga nipalensis
Arachnothera magna
Oriolus xanthornus
Oriolus traillii
Machlolophus spilonotus
Melanochlora sultanea
Sylviparus modestus
Malacocincla abbotti
Napothera epilepidota
Gampsorhynchus rufulus
Rimator malacoptilus
Pellorneum ruficeps
Schoeniparus castaneceps
Schoeniparus cinereus
Tragopan blythii
Arborophila mandellii
Arborophila torqueola
Polyplectron bicalcaratum
Lophura leucomelanos
Gallus gallus
Arborophila rufogularis
Tragopan temminckii
Phylloscopus reguloides
Phylloscopus castaniceps
Phylloscopus poliogenys
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152)
153)
154)
155)
156)
157)
158)
159)
160)
161)
162)
163)
164)
165)
166)
167)
168)
169)
170)
171)
172)
173)
174)
175)
176)
177)
178)
179)
180)
181)
182)
183)
184)
185)
186)
187)
188)
189)
190)

Phylloscopidae
Phylloscopidae
Phylloscopidae
Phylloscopidae
Phylloscopidae
Phylloscopidae
Phylloscopidae
Phylloscopidae
Picidae
Picidae
Picidae
Picidae
Picidae
Picidae
Picidae
Picidae
Picidae
Picidae
Picidae
Picidae
Picidae
Picidae
Pittidae
Pittidae
Pnoepygidae
Pnoepygidae
Podargidae
Psittacidae
Pycnonotidae
Pycnonotidae
Pycnonotidae
Pycnonotidae
Pycnonotidae
Pycnonotidae
Ramphastidae
Ramphastidae
Ramphastidae
Rhipiduridae
Scotocercidae

Grey-faced Leaf-warbler
Grey-hooded Warbler
Large-billed Leaf-warbler
Lemon-rumped Leaf-warbler
Orange-barred Leaf-warbler
Whistler's Warbler
White-spectacled Warbler
Yellow-vented Warbler

Bay Woodpecker
Crimson-breasted Pied-Woodpecker
Darjeeling Pied-Woodpecker
Fulvous-breasted Pied-Woodpecker
Greater Flameback

Greater Yellownape
GreatSlaty Woodpecker
Grey-faced Woodpecker
Lesser Yellownape
Pale-headed Woodpecker
Rufous Woodpecker
Rufous-bellied Woodpecker
Speckled Piculet
White-browed Piculet
Blue-naped Pitta

Hooded Pitta

Pygmy Wren-babbler
Scaly-breasted Wren-babbler
Hodgson's Frogmouth
Red-breasted Parakeet
Ashy Bulbul

Black-crested Bulbul
Himalayan Black-bulbul
Mountain Bulbul

Striated Bulbul
White-throated Bulbul
Blue-eared Barbet
Blue-throated Barbet
Golden-throated Barbet
White-throated Fantail
Black-faced Warbler

Phylloscopus maculipennis
Phylloscopus xanthoschistos
Phylloscopus magnirostris
Phylloscopus chloronotus
Phylloscopus pulcher
Phylloscopus whistleri
Phylloscopus intermedius
Phylloscopus cantator
Blythipicus pyrrhotis
Dendrocopos cathpharius
Dendrocopos darjellensis
Dendrocopos macei
Chrysocolaptes lucidus
Chrysophlegma flavinucha
Mulleripicus pulverulentus
Picus canus

Picus chlorolophus
Gecinulus grantia
Micropternus brachyurus
Dendrocopos hyperythrus
Picumnus innominatus
Sasia ochracea

Hydrornis nipalensis

Pitta sordida

Pnoepyga pusilla
Pnoepyga albiventer
Batrachostomus hodgsoni
Psittacula alexandri
Hemixos flavala
Pycnonotus flaviventris
Hypsipetes leucocephalus
Ixos mcclellandii
Pycnonotus striatus
Alophoixus flaveolus
Megalaima australis
Megalaima asiatica
Megalaima franklinii
Rhipidura albicollis
Abroscopus schisticeps
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191)
192)
193)
194)
195)
196)
197)
198)
199)
200)
201)
202)
203)
204)
205)
206)
207)
208)
209)
210)
211)
212)
213)
214)
215)
216)
217)
218)
219)
220)
221)
222)
223)
224)
225)
226)
227)
228)
229)

Scotocercidae
Scotocercidae
Scotocercidae
Scotocercidae
Scotocercidae
Scotocercidae
Scotocercidae
Scotocercidae
Scotocercidae
Scotocercidae
Sittidae
Sittidae
Sittidae
Stenostiridae
Stenostiridae
Strigidae
Strigidae
Sturnidae
Sturnidae
Sylviidae
Sylviidae
Sylviidae
Sylviidae
Sylviidae
Sylviidae
Sylviidae
Sylviidae
Timaliidae
Timaliidae
Timaliidae
Timaliidae
Timaliidae
Timaliidae
Timaliidae
Timaliidae
Timaliidae
Timaliidae
Timaliidae
Trogonidae

Broad-billed Warbler
Chestnut-headed Tesia
Grey-sided Bush-warbler
Hume's Bush-warbler

Mountain Tailorbird
Rufous-faced Warbler
Slaty-bellied Tesia
Strong-footed Bush-warbler
Yellow-bellied Warbler
Yellow-browed Tesia

Beautiful Nuthatch
Chestnut-bellied Nuthatch
White-tailed Nuthatch
Grey-headed Canary-flycatcher
Yellow-bellied Fantail
Asian-Barred Owlet

Collared Owlet

Common Hill-Myna

Common Myna

Black-throated Parrotbill

Brown Parrotbill
Brown-throated Fulvetta
Fire-tailed Myzornis
Golden-breasted Fulvetta
Greater-Rufous-headed Parrotbill
Grey-headed Parrotbill
Lesser-Rufous-headed Parrotbill
Bar-winged Wren-babbler
Coral-billed Scimitar-babbler
Golden Babbler

Grey-throated Babbler
Rufous-capped Babbler
Rufous-throated Wren-babbler
Sikkim-Wedge-billed Babbler
Slender-billed Scimitar-babbler
Streak-breasted Scimitar-babbler
Striped Tit-babbler
White-browed Scimitar-babbler
Red-headed Trogon

Tickellia hodgsoni

Cettia castaneocoronata
Cettia brunnifrons
Horornis brunnescens
Phyllergates cucullatus
Abroscopus albogularis
Tesia olivea

Horornis fortipes
Abroscopus superciliaris
Tesia cyaniventer

Sitta formosa

Sitta cinnamoventris

Sitta himalayensis
Culicicapa ceylonensis
Chelidorhynx hypoxanthus
Glaucidium cuculoides
Glaucidium brodiei
Gracula religiosa
Acridotheres tristis
Suthora nipalensis
Cholornis unicolor
Fulvetta ludlowi

Myzornis pyrrhoura
Lioparus chrysotis
Psittiparus ruficeps
Paradoxornis gularis
Chleuasicus atrosuperciliaris
Spelaeornis troglodytoides
Pomatorhinus ferruginosus
Cyanoderma chrysaeum
Stachyris nigriceps
Cyanoderma ruficeps
Spelaeornis caudatus
Sphenocichla humei
Pomatorhinus superciliaris
Pomatorhinus ruficollis
Macronous gularis
Pomatorhinus schisticeps
Harpactes erythrocephalus
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230) Trogonidae
231) Turdidae
232) Turdidae
233) Vangidae
234) Vangidae
235) Vireonidae
236) Vireonidae
237) Vireonidae
238) Vireonidae
239) Vireonidae
240) Zosteropidae
241) Zosteropidae
242) Zosteropidae
243) Zosteropidae
244) Zosteropidae
245) Zosteropidae
References

Ward's Trogon

Green Cochoa

Purple Cochoa

Large Woodshrike

Pied Flycatcher-shrike
Black-eared Shrike-babbler
Black-headed Shrike-babbler
Green Shrike-babbler
White-bellied Erpornis
White-browed Shrike-babbler
Black-chinned Yuhina
Rufous-vented Yuhina
Striated Yuhina
Stripe-throated Yuhina
Whiskered Yuhina
White-naped Yuhina

Harpactes wardi
Cochoa viridis
Cochoa purpurea
Tephrodornis virgatus
Hemipus picatus
Pteruthius melanotis
Pteruthius rufiventer
Pteruthius xanthochlorus
Erpornis zantholeuca
Pteruthius flaviscapis
Yuhina nigrimenta
Yuhina occipitalis
Yuhina castaniceps
Yuhina gularis
Yuhina flavicollis
Yuhina bakeri

1. del Hoyo, J., Elliott, A., Sargatal, J., Christie, D.A. & de Juana, E. (eds.) (2011).
Handbook of the Birds of the World Alive. Lynx Edicions, Barcelona. (retrieved from
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