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ABSTRACT

Sulawesi, an island located in one of the biggest biological hotspots in the world, is a unique
location to study endemism and species diversity. The island is comprised of four distinct
peninsulas, joined at a central landmass that provides a means of geographical isolation due to its
mountainous terrain. The species on the four peninsulas, as a result, are extremely varied. One of
these species is the genus Draco, a species of flying lizard endemic to Southeast Asia. These lizards
have evolved membranes that allow them to glide from tree to tree and live in an arboreal habitat.
However, while the lizards have garnered interest, very few studies have been conducted on the
genetic divergence of the lizard species on the island. This study examines the different ecological
factors that may have had an influence in causing the Draco species to diverge genetically. By
using ArcGIS and MaxEnt to display current/potential distributions of each of the nine Draco
species, we were able to correlate which factors had the biggest impacts on the species in the
context of phylogenetics. By visually correlating climate, soil type, forest type, and paleo-history
layers of the island with maps of the lizard distributions, we were able to conclude that forest type
and paleo-history had an impact on the divergence of the species. Forest type impacts the most
suitable habitats for the lizard species because of their arboreal nature. Additional studies will help
focus conservation of the forests on Sulawesi, since forest type appears to have a significant impact
on how these lizards are diverging.
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INTRODUCTION

Island systems provide natural mesocosms for the study of ecology and evolution because
all islands share a similar trait: geographic isolation (Weigelt et al. 2013). Given an island’s limited
geographic extent, island systems typically allow species minimal opportunities to expand.
However, when island systems first appear they provide countless avenues for ecological
opportunity, creating many different niches that each species can fill (Setiadi et al. 2011). Because
of the geographic isolation and unique environmental conditions of islands, many species are
endemic to their islands and habitats (Parenti and Ebach 2013). As species settle into their
ecological niches, differing habitat conditions may cause adaptive radiation, or a rapid evolution
of phenotypic diversity within a group of closely related organisms (Setiadi et al. 2011).
Phenotypic diversity, although limited on a geographically isolated system, is affected by abiotic
factors that are present in all natural systems.

The Indonesian island of Sulawesi has fascinated biogeographers since the time of Alfred
Russel Wallace because of its unique paleo-history and resulting biota (Cannon et al. 2007). This
island lies at the center of three convergent major tectonic plates along Wallace’s Line, an
imaginary boundary line that differentiates between the Asian and Australian ecozones, and is
composed of at least five paleo-islands that merged beginning about 10 million years ago (Hall
2009, Wilson and Moss 1999). On account of its age and its having never been connected to the
SE Asian mainland, Sulawesi is rich in biodiversity (Wilson and Moss 1999). The island has a
unique shape, with four peninsulas extending from a large central core. These peninsulas
contribute to regional diversity not only because they reflect separate paleo-islands, but also
because of peninsula effects which is the tendency for peninsular lineages to remain isolated. As
a result of the island’s location and shape, Sulawesi is home to a rich assortment of regional
endemic species and species assemblages (Cannon et al. 2007).

One of these assemblages is composed of flying lizards of the genus Draco (McGuire et
al. 2007). These lizards are equipped with patagial membranes that allow them to glide from tree
to tree in arboreal habitats (McGuire and Dudley 2005). Although it has been proposed that this
gliding behavior is a consequence of arboreality to minimize injuries during a fall, gliding in these
lizards is also essential for territoriality and survival (McGuire and Dudley 2011). When the most

dominant males establish their ranges, males lacking territories search for unoccupied trees; this
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establishment is done strictly by gliding from tree to tree (McGuire and Dudley 2011). Differences
in flight mechanics in these lizards may have resulted from differing canopy heights which in turn
facilitate varying aerial behaviors (Dudley et al. 2007). The flying lizards of Sulawesi are part of
a clade called the Draco lineatus group, a monophyletic assemblage of nine species that are present
on Sulawesi proper and several of its surrounding islands. Although only three of these species are
confined to Sulawesi, each is composed of 12 deeply divergent genetic groupings, each of which
could be an incipient species restricted to a biogeographical province of the island. However, the
relationship between these differences in habitats across the island and the genetic divergences of
Draco have yet to be made.

Despite the limited taxonomic studies on Sulawesi, Draco have been extensively sampled
and researched by Dr. Jimmy A. McGuire since 1999. Using his data, | will correlate genetic
variation within the genus with several abiotic factors present on the island. Primarily my study
will focus on climate, forest type and vegetation layers, the soil and geology, as well as plate
tectonics. It would be very exciting if any of these features correlate strongly with lineage
divergence within Draco. This study has the potential to identify key abiotic factors underpinning
regional speciation on the island of Sulawesi.

METHODS

Study site and species

Because of Sulawesi’s unique geological history, the island presents an interesting site to
study speciation. The island’s four peninsulas (Minahasa, Eastern, Southern, and Southeastern
Peninsulas) stem from its tectonic origins, a collision between the Asian plate and the Australian
plate (Fig. 1). Because of its tectonic origin, the island’s interior landscape is shaped by
mountainous terrain. As a result of the mountainous regions that make up the central portion of

the island, the four peninsulas are geographically isolated from each other both by land and sea.
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Figure 1: Sulawesi’s geology. As shown by the topography, Central Sulawesi exhibits extreme mountainous regions,
which is the primary reason why the four peninsulas are geographically isolated. Although the environmental
conditions are similar across the entire island, this isolation provides an avenue for the Draco species to diverge.

Most of the species found on this island, through geographic isolation, are endemic and
have evolved into the major extant clades. | studied the nine species of lizards of the genus Draco
that are present on the island (Table 1). For the purposes of examining a broader distribution of
the species, | only examined D. beccarri, D. rhytisma, D. spilonotus, and D. walkeri. The other
five species were too confined or not widely distributed enough to try to determine the
environmental factors that may have led to their divergence from a mother species. Most of these
species also had very little data, less data than the species that were found on the main island of
Sulawesi. Additionally, there were a few points that suggest that regions of Sulawesi are becoming
a hybrid zone. Species marked “hybrid” in the Excel sheets were also taken out of the study, due
to a sheer lack of data, but the presence of these point data provide further direction for predicting

Draco distributions.

Table 1. A summary of Draco distributions across Sulawesi. “Geographically confined” here means located
exclusively off the mainland of Sulawesi. For a broader understanding of the species distribution in response to
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environmental factors, | focused on just the species that were located on the main island.
Species name Distribution Geographically confined?
D. beccarri Eastern Peninsula, No
Southeastern Peninsula
D. biaro Desa Lalinsaheng Yes
D. caerhulians Tahuna Yes
D. iskandari Desa Haasi Yes
D. lineatus Maluku Yes
D. rhytisma Eastern Peninsula No
D. spilonotus Minahasa Peninsula, No
Central Sulawesi, Southern
Peninsula
D. supriatnai Togian Islands Yes
D. walkeri Minahasa Peninsula, No
Central Sulawesi, Southern
Peninsula

Data sources and processing

| correlated species divergence with four abiotic factors using GIS: climate, forest type,
soil type, and paleo-history. | used climate GIS layers, consisting of precipitation and mean
temperature, which | downloaded from WorldClim (Sobek-Swant et al. 2012). The rest of the
datasets were obtained from free web databases and other GIS layers were obtained from other
researchers (Table 2).
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Table 2. Datasets and their sources. All of the datasets (except climate) were obtained from researchers who had
previously done research on Sulawesi’s environmental factors.

Dataset Source(s) URL, citation
Climate (mean WorldClim — free worldwide Worldclim.org
temperature, climate database

precipitation)

Forest type World Wildlife Fund Ecoregion, | http://worldwildlife.org/biomes
Charles Cannon of Texas Tech
University

Soil type Robert Hall of Royal Holloway n/a

University of London

Paleo-history Jimmy McGuire of the Museum | n/a

of Vertebrate Zoology, UC

Berkeley

To map the distributions of each species, | used collection records for the genus Draco
collected from Sulawesi available in the University of California, Berkeley Museum of Vertebrate
Zoology. Dr. Jimmy McGuire and colleagues compiled the presence-only point data on multiple
trips to Sulawesi, noting the coordinates at where each species were observed. | sorted through
1070 data points to and corrected missing data fields, insufficient coordinates, or biases. From the
1070 data points, | took out the points for the five species exclusively found on islands off the
mainland, as well as the hybrid species. To make mapping easier, | compiled each of the species
data points into spreadsheets by species. In this way | could create maps according to the species
type and analyze them individually with the ecological variables.

| first georeferenced each of the species in ArcGIS (ESRI 2011). In this way | could start
creating maps of each of the species’ distributions. Using the shapefiles from the different
environmental datasets, | created maps of each of the different abiotic layers on the island. Once
all these data layers were compiled, I used the point data of all the collection records to extract the
points’ values from all the different GIS layers.

Each of the species was correlated against each variable in MaxEnt, a modeling program

that uses presence-only data to determine where predicted distributions of specis based on the
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information it is given (Philips et al. 2006). | input a distribution of a species (the point data) with
an ecological variable, and MaxEnt’s created a series of graphs that showed significance of the
model and correlations with the environmental variables. Additionally, the program produced a
map showing the species’ niche. MaxEnt provided a preliminary indication as to whether the
environmental variable was significant enough to a cause for species divergence.

Using the fundamental niches provided by MaxEnt’s outputs, I compared them to the point
data maps from ArcGIS to determine whether the species’ realized niche was smaller, similar to,
or bigger than the predicted values. To identify relationships between abiotic factors and species
occurrences, | looked for visual patterns by layering the maps without the use of statistical
methods. | looked for patterns in environmental factors along the regions where each species was
observed, and if a significant pattern was observed, it was used to create more substantial evidence

for a cause for divergence.

RESULTS

Merely from visual correlations, the Draco species were found to be divergent based on
forest type while soil type and climate had no impact on the divergence. In addition, the paleo-
history of island provided more context for the phylogenetic distribution of the species, but it was
determined that more research could be done in that direction for more concrete claims.

Draco beccarri were found on the Eastern and Southeastern Peninsulas. Draco rhytisma
was found on the Eastern Peninsula. Draco spilonotus was found on the Minahasa and Southern
Peninsulas, as well as Central Sulawesi. Draco walkeri was found on the Southern Peninsula and
Central Sulawesi. Through map correlations, D. spilonotus and D. walkeri had overlapping
distributions, although the evidence of a hybrid species proves that D. walkeri and D. beccarri also
have overlapping distributions.

Climate and soil type were found to have little to no impact on the species. All values of
climate (including temperature and precipitation) are constant throughout the entire island. Soil
type was also constant and no visual patterns could be drawn according to the Draco distributions.
Forest type, however, was a better indicator behind the distributions. There were five types of
forest involved: lowland forest, hill forest, upland forest, montane forest, and tropalpine forest.

Lowland forest is found at the lowest points on the island, from 0 — 400 meters in elevation. Hill
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and upland forests encompass elevations from 401 — 1500 meters. These three forest types were
found exclusively on the peninsulas. However, montane and tropalpine forests, which have
elevations of 1501 meters and higher, were found only in Central Sulawesi, in accordance with

Central Sulawesi’s mountainous regions.

DISCUSSION

Influences on the Draco’s distributions

The distributions of many of the species were limited by environmental factors found only
in specific regions of the island. With the influence of forest type, Draco were able to adapt to its
environment through morphological changes, shifting in wingspan/membrane size depending on
if the trees they occupied were taller or shorter.

Some species were found to have overlapping ranges, but as a result of occupying different
niches, these species are able to coexist. When two species with similar niches attempt to occupy
the same niche, one of the species has to either adapt to a different niche or move to a different
niche. This appears to be the case with D. walkeri and D. spilonotus, which have similar
morphologies, diets, and distributions. Other times, like with D. walkeri and D. beccarri, a mere
presence can influence a hybrid species.

Paleo-history also had somewhat an impact on the species’ distributions. While not enough
evidence could be drawn for a surefire claim, the existence of fault lines on Sulawesi suggest that
some of these species were affected by them. From a phylogenetic standpoint, by observing D.
spilonotus, it was found that while it is the only species that occupies the Minahasa Peninsula, all
the species located on islands to the north of Minahasa Peninsula are located further down the
phylogenetic tree than D. spilonotus. This suggests that D. caerhulians, D. biaro, and D. iskandari
are descendants of D. spilonotus. This species either found its way to the northern islands where it
diversified into the species we see today, or tectonic movements geographically isolated the

species.
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Implications of a hybrid zone

The Draco datasets implied the existence of a hybrid zone between the regions in which
D. beccarri and D. walkeri were found. A hybrid zone is region in which two species unimpeded
by reproductive isolation interbreed to create a new “hybrid” species. Only a couple points were
recorded so there is not enough information for this region to be declared a beccarri/walkeri hybrid
zone, but we may be watching a new Draco lineage appear. In a couple hundred years this species
may have reproduced enough to become its own distinct species, bound by its own environmental
conditions as well as isolation from its mother species. The implications of a hybrid zone actively
forming on Sulawesi now suggest that new species are still appearing because of the environmental

factors examined in this study.

Limitations and future direction

When gathering the necessary datasets, many of the datasets were not available in high
resolution for the region of Southeast Asia. Specifically, climate data were hard to find in high
resolution, even though they were found on a public domain for people to download and access
for all regions of the world. The Draco point datasets also provided limitations because of
undersampling in certain regions (very few Draco were recorded in the Southeastern Peninsula),
and oversampling in more Draco-prominent regions (Central Sulawesi and the Southern
Peninsula). The other five species, which were only found on remote islands away from the
mainland, did not have enough point data to be used in the study.

Further studies can be conducted to include all nine of the Draco species, as well as any
hybrid species that may be present on the island. The entirety of the Draco species’ distributions
outside of Sulawesi can also be examined. Environmental influences can be observed for all the
species’ distributions in Southeast Asia. With other species distributions, there can be further
examination of environmental factors for all species and how environmental factors will have

affected the general biota of the island.



Michael J. Choi Genetic Variation in Flying Lizards Spring 2014

Broader implications

Sulawesi is known to be a hotspot for biodiversity, and the Draco species is known to only
exist in Southeast Asia, but very little research has been done on the species. The island is currently
undergoing urbanization and in places where forests no longer exist, and as a result the Draco
species is unable to adapt to new environments or even stay in their current habitats. With forest
type as a determining factor in the evolution of these lizard species, conservation efforts must be
increased so the species can continue to evolve based on the environmental conditions they are

given. Without it, the species as a whole has nowhere to go.
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