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ABSTRACT
Abdel Moniem, Hossam Eldien Mohammed. Ph.D., Purdue University, May 2014.
Landscape Genetics, Phylogeography, and Demographic History of a Pollinator
Longhorn beetle (Typocerus v. velutinus). Major Professor: Jeffrey D. Holland.

One of the central problems in contemporary ecology and conservation biology is
the drastic change of landscapes induced by anthropogenic activities, resulting in habitat
loss and fragmentation. For many wild living species, local extinctions of fragmented
populations are common and re-colonization is critical for regional survival. Thus, habitat
fragmentation in the landscape is a major threat to biodiversity, of which insects are a
major proportion. Understanding the link between patterns, processes and population
genetic continuity in the landscape is crucial for conserving genetic diversity within
species. This is important for species persistence, for ecosystem functioning, and for
future evolution. Herein, I use a newly introduced landscape gradient paradigm with
surface metrology metrics, phylogeography, and landscape genetics to evaluate the
influence of contemporary events (e.g. habitat fragmentation in the landscape) and pre-
historic events (e.g. Quaternary glaciation) on the demography and population genetic
structure of a pollinator longhorn beetle [ Typocerus v. velutinus (Olivier)] in Indiana,

USA and Canada.

Landsat 7 ETM+ imagery products provide researchers in many fields with a
large amount of remotely sensed data that serves many applications. However, a

malfunction of the scan line corrector (SLC) onboard Landsat 7 causes substantial data
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gaps and data are available only as is, in the SLC-off mode. These data gaps may form an
obstacle in using Landsat 7 ETM+ in many research disciplines. Several methods have
been proposed to fix data gaps in Landsat 7 ETM+ imagery. These methods yield reliable
results, but require sophisticated analyses and intensive computations and are still
accompanied by some caveats. In the second chapter of this dissertation I demonstrate a
spatial replacement method that is based on a simple neighborhood interpolation (SNI)
approach. The results suggest that SNI provides an easily applicable, relatively quick and
potentially reliable correction for the missing data patterns in Landsat 7 ETM+ data. |
demonstrate the efficiency of the technique for two color bands across Indiana, USA. I
tested the corrected imagery in calculating the normalized difference vegetation index

(NDVI).

Measuring habitat connectivity in complex landscapes is a major focus of
landscape ecology and conservation research. Most studies use a binary landscape or
patch mosaic model for describing spatial heterogeneity and understanding pattern-
process relationships. While the value of a landscape gradient approach is recognized,
applications of the newly proposed three-dimensional surface metrics remain extremely
under-used. In the third chapter, I created a surface habitat quality from several GIS
layers and applied surface metrics to measure connectivity between 67 locations in
Indiana, USA that were surveyed for one group of ecosystem service providers, flower
longhorn beetles (Cerambycidae: Lepturinae). The results demonstrated great potential of
surface metrics of connectivity to explain the differences of lepturine assemblages among
the 2211 studied landscapes. Surface kurtosis and its interaction with geographic distance

were among the most important metrics. This approach provided unique information
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about the landscape through four configuration metrics. There were some uniform trends
of the responses of many species to some of surface metrics, however some species
responded differently to other metrics. I suggest that surface metrics of connectivity
applied to a habitat surface map created with insight into species requirements is a
valuable approach for understanding the spatial dynamics of species, guilds, and

ecosystem services.

Historical geological processes have shaped the contemporary distribution of
genetic variation in many species. However, there have been few empirical appraisals of
cerambycid phylogeography despite of their economic importance and the fact that many
geological processes (e.g., glaciations) should have had pronounced impacts on these
insects as well as other taxa. In chapter four, I aimed to quantify phylogeographic effects
on the contemporary gene pool of Typocerus v. velutinus. The beetle was collected from
sites that were glaciated and unglaciated during the Pleistocene to determine genetic
structure within and among populations from the US and Canada, to elucidate
phylogenetic relationships among demes, and to determine divergence times between
populations. A total of 451 beetles were sampled from 14 sites and sequenced at a
mitochondrial DNA (mtDNA) gene. Maximum likelihood and Bayesian approaches were
applied to analyze the mtDNA genealogy and to reconstruct phylogenetic trees whereas
Bayesian skyline analyses were used to estimate divergence time. A total of sixteen
haplotypes revealed weak geographical population structuring among most populations,
but statistical tests identified significant differences between the Canadian and US
populations. As a result of post-glacial recolonization, the US populations appear to have

experienced demographic expansion while the Canadian population was influenced by a
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bottleneck. The results suggest that Canadian population diverged from more southern

populations around the time of last glacial maximum (~17,500 ybp).

Understanding the underling patterns and processes in the landscape that are
affecting the population genetic structure and population connectivity is a major
discipline in landscape genetics research. A vast number of these studies have
implemented categorical approaches in analyzing both landscape and genetic data. In
chapter five, I adopted a landscape gradient model and used the surface metrics of
connectivity to model the genetic continuity between populations of the beetle
(Typocerus v. velutinus) that was collected at 17 sites across a fragmentation gradient
from Indiana, USA. I tested the hypothesis that landscape structure and habitat
connectivity facilitate beetle movement and thus gene flow between the beetle
populations against a null model of isolation by distance (IBD). I used next-generation
sequencing and developed 10 polymorphic microsatellite loci and genotyped the
population. Genetic dissimilarities between sites were calculated using Rst and the
population genetic structure was assessed using both non-spatial and spatial explicit
Bayesian techniques. The connectivity in 137 landscapes was measured using surface
topology metrics. The results indicated that panmixia was not evident with the beetle
population. The source of genetic variation was mainly within rather than among
populations. The surface metrics were found to significantly explain the variance in
genetic dissimilarities between beetle populations 30 times better than IBD. I concluded
that surface metrics of connectivity is a powerful extension in landscape genetics tools
and need more attention especially to understand the configuration metrics. This

approach might yield insightful applications in conservation management.



CHAPTER 1. GENERAL INTRODUCTION

The emerging field of landscape genetics can provide great insight towards our
understanding of the mechanisms underlying population genetic structure and genetic
continuity relationships with different patterns and processes in the landscape. The field
could have important applications in conservation and management planning in a
continuously changing environment. In this chapter, a brief introduction will be given to
support general knowledge and background on different sections subsequently included
with details in research chapters. Particularly, a brief introduction to longhorn beetles and
the evolution of their lineages will be given. Then more specific information will be
introduced on the species under the study and its importance. Following that, a brief
account on the landscape connectivity and how it is measured and why it is important to
study for these beetles will be given. After that, the landscape genetics approach will be
introduced to show the insight of this new emerging filed in understanding the link
between population genetic processes and the landscape structure and function. The
chapter is then concluded with an introduction to the sampling sites of this project and the

aim of work and an outline of the research chapters of the dissertation.



1.1 Family Cerambycidae

Longhorn beetles (Coleoptera: Cerambycidae) comprise a major lineage of
phytophagous beetles. The adults are commonly referred to as longhorned beetles, while
the larvae are known as round-headed borers. Cerambycidae is a large cosmopolitan
family with approximately 9000 species known from the western Hemisphere and more
than 900 species from North America (Bezark and Monné 2013). The cerambycids’ body
size varies from small (3 mm) to very large beetles (150 mm) with cylindrical to flattened
bodies. Antennae are as commonly as long as or sometimes longer than the body (hence
their common name). The antennae are flexed backward and held over the thorax and
abdomen. Adults are active and feed on leaves or bark, as well as pollen. Larvae
generally mine the phloem of trees or bore into the heartwood. They seem to prefer
freshly injured or felled trees, and some species girdle small branches. Because adults are
active and exposed, and feed on flowers, many species are aposematic and part of
mimicry complexes with wasps or toxic insects (Linsely 1959, Solomon 1995).

Larvae of Cerambycidae feed mainly upon the solid tissues of living, dead, or
dying plants. The various stages of a gradually disintegrating tree have their particular
species. Eggs are laid in or under bark or in cracks in the wood. The larvae bore into
wood and roots. Larval tunnels are usually excavated under the bark, in the sapwood, or
in the heartwood of the host plant. The life histories of most species are unknown;
however, host specificity in varying degrees is characteristic of cerambycids and has been
an important factor in their evolution. Generally, the generalist species are mostly
associated with the wood that is been dead and actively decomposing. On the other hand,

almost all species with larvae that are dietary specialists have larvae that develop within



living trees. These tend to be oligophagous or monophagous such as the sugar maple
borer (Glycobius speciosus) (Hanks 1999, Linsely 1959).

Within cerambycids, my dissertation is focused on one subfamily: Lepturinae.
Lepturine beetles, commonly known as flower longhorn beetles, are a diverse and
abundant subfamily with approximately 250 species described in North America (White
1983). They are mostly diurnal, often brightly colored cerambycids, and adults are
commonly encountered on flowers on which they feed and mate (Michelsen 1963, Hanks
1999). Larvae of most species feed within decaying wood (Linsley 1959, Booth et al.
1990). Lepturines are providers of multiple ecosystem services: they help decompose
dead wood and thus cycle nutrients and they are potential pollinators, with many species
frequenting flowers of valuable hardwood trees such as the American chestnut (Benjamin
1907). This is an especially interesting group of species to study how landscape gradients
influence connectivity for species in fragmented habitats because many species use
complementary habitats in different life stages. Larvae require decaying wood most
reliably found in forests while adults of many species are common in more open areas

with abundant plants in flower.

1.2 The study species

The banded longhorn beetle, Typocerus v. velutinus (Olivier) is considered to be
one of the important generalist lepturines in forested ecosystems. This beetle is active
from May to August (Frost 1979) as adults which known to be flower feeders. They have
been recorded on some wild flowering plants such as Spirea, Rosa, Ceanothus, Daucus,

Apocynum, Pastinaca sativa, Rubus, Rhus, Asclepias, Solidago, Melilotus, Hydrangea,



Oxypolis, Cirsium, Cesatanea, Sambucus, Passiflora, Eupatorium and Viburnum.
(Blackman 1918, Gosling 1984, Knull 1946, Bond and Philips 1999, Linsley & Chemsak
1976). Larvae hosts are decaying hardwoods including Quercus, Caray, Betula and
Populus and the beetle is thought to complete its life cycle in two years (Yanega 1996).
Thus, this species relies on habitat complementarity to complete the life cycle because
not all required resources are contained in breeding the habitat.

The species is easily identified by the number of distinctive morphological
characteristics from about ten other species in the same genus. Body size ranges from 9 to
16 mm. The body is reddish brown with transverse yellow bands on the elytra. Antennae
with characteristic lateral oval pits that distinguish this species from the morphologically
closest species (Typocerus deceptus Knull). The elytral tips are lacking strong produced
outer spines. The pronotum is densely covered with hairs and its basal and apical hair
bands are complete (Lingafelter 2007, Yanega 1996).

This beetle is an ecologically important species as it is providing two very
important ecosystem services. As adults, they are potential pollinators (Maeto et al. 2002).
They have dense pubescence, setae and spines covering the sternites and legs which helps
in carrying pollen. As larvae, they are dead wood decomposers, thus they are helping in

natural recycling and controlling fire fuel load in forests (Berkov and Tavakilian 1998).

1.3 Evolution of cerambycids (Coleoptera: Cerambycidae)

Beetles (Coleoptera) are one of the most diverse orders of arthropods. They
comprise approximately 25% of all species in the animal kingdom (Grimaldi 2005).

Coleoptera was thought to be closely related to the hemimetabolous Megaloptera and the



Strepsiptera within the Holometabola (insects with complete metamorphosis). Evolution
of beetles from Megalopteran-like ancestors was supported by the structure of the elytra
in Lower Permian beetles because their wing venation resembles that of a Megalopteran
forewing (Lawrence 1982). However, Coleoptera is found to be more closely related to
Strepsiptera because of some morphological characters such as the presence of
metathoracic flight wings, free prothorax with closely associated mesothorax and
metathorax, abdomen with more heavily sclerotized sternites than tergites, and the
triungulin larvae (Lawrence 1982).

Coleoptera most likely arose during the Carboniferous from a generalized
holometabolus insect. The ancestral adult was thought to be active, terrestrial, short lived,
with two pairs of membranous flight wings and a loosely organized body (Crowson
1981). A transition from this generalized form took over towards general increase in
structural integrity of the adult that helped in pre-adapting early beetles for living in both
arid and aquatic environments. During the Carboniferous period, beetles were most likely
phytophagous, feeding on different kinds of decomposing plant material, such as cambial
tissue, rotten wood, and leaf litter. Phytophagous beetles are considered as a
monophyletic group based on the structure of the tarsi, which appeared to be four-
segmented with the fourth segment concealed between two tarsomeres, in addition to the
reduction of the male copulatory organ (Hammond 1979, Lawrence 1982). The feeding
habits of beetle larvae necessitated various morphological modifications in the basic type,
such as antennal reduction and modified mouthparts, legs, and body to enable their access

to more compact substrates, such as soil and less decomposed wood. However,



specialized wood-boring larvae probably did not evolve until later (Lawrence 1982). The
earliest fossils that resemble modern beetles (265 MYO) are recorded from the Lower
Permian beds but were not as abundant and diverse as the Upper Permian fossils.
However, the only important Triassic assemblage is found in central Asia (Lawrence
1982).

Order Coleoptera is divided into four major suborders based on the structure of
the prothorax and hindwing. Archostemata, which comprises about 40 recent species and
is consistently indicated as the most basal lineage in all studies on the relationships of
beetles as revealed from molecular studies of 18S and 28S rDNA subunits (Marvaldi et al.
2009). Myxophaga is a small group of specialized aquatic and semi-aquatic beetles.
Adephaga represents close to 10% of all beetle species. These include some recent and
about 5 extinct families of ground and aquatic species, which are mainly predatory. The
Polyphaga are extremely diverse in diets. This group includes 90% of all beetle species
and accounts for the great diversity of the order (Grimaldi 2005, Lawrence 1982).

Family Cerambycidae (longhorn beetles) belongs to the fourth suborder
(Polyphaga). The suborder Polyphaga comprised of five lineages (infra-orders) extending
back at least to the early part of the Triassic and comprising: Styphyliniformia,
Scarabaeiformia, Elateriformia, Bostrychiformia and Cucujiformia. The last lineage
(Cucujiformia) comprises the two big super-families: Chrysomeloidea (longhorned and
leaf beetles) and Curculionoidea (weevils). These two super-families are the largest two
groups of phytophagan beetles. This lineage is the largest assemblage of Coleoptera, with
over 90 families and the majority of the current described genera and species. The

ancestors of this group were thought to be characterized by larvae and adults living in the



same habitats, feeding on decaying vegetation and fungi (Lawrence and Hlavac 1979).
The subject beetle of this study [ Tvpocerus v. velutinus (Olivier)] belongs to the super-
family Chrysomeloidea, which includes 8 distinct lineages (Crowson 1981).

The earliest apparent cerambycid fossil seems to be Cerambycomima sp. from the
late Jurassic, early Cretaceous (about 150 MY A). However, the absence of Cretaceous
cerambycid fossil records could support the idea that their fossils might be mainly
Cenozoic. There are some fossils of cerambycids recorded in Eocene amber. For example
they are found in the Eocene-Oligocene records from Colorado, and in Miocene amber
from the Dominican Republic (Lawrence 1982).

Climatic factors and plant resources availability are the main factors controlling
the distribution of cerambycids (Hanks 1999). The historical events of global climatic
change and the evolution of the host plants formed, to a large extent, the distribution and
evolutionary history of the current cerambycids. For example, the early Holarctic
assembly of cerambycids fauna of the Northern Hemisphere was associated with the
Arcto-Tertiary flora, which moved (range shift) southward during the Tertiary period and
replaced pre-existing tropical floras of the Cretaceous period. These early northern types
are now represented discontinuously in Europe, Eastern Asia, Western and Eastern North
America and Mexico (Linsley 1959).

The distributions of the historical geological features and of the woody plants,
which are the primary cerambycid hosts, are widely discontinuous. These discontinuities
clearly reflect segregation in the face of gradual climatic changes during the Tertiary and
centers of survival during the extremes of the Cenozoic (Linsley 1959). As a result of

post-glacial recolonization, trans-tropical distributions of cerambycids are evident in both



the old and new world, but generally the Southern Hemisphere cerambycids are isolated
morphologically which suggests that the geographic relationship is an ancient one
(Linsley 1959, Ashworth 2001). Currently, anthropogenic factors are the major forces
that influencing the ecology and evolution of the cerambycids. The most noticeable effect
is that of habitat fragmentation which increased dramatically in the recent past. This
fragmentation caused by habitat loss creates a patchy environment of isolated habitat
paches for the cerambycids. This isolation is the initiator for various micro-evolutionary
forces to take place and become significant in shaping the genetic structure of these
beetles’ populations. This patchy environment characterized by spatial heterogeneity
among the habitat fragments further integrates with other factors (climatic, biological,
anthropogenic) and could affect dispersal and gene flow among isolate to different extent
based on the species response to different spatial scales.

In this dissertation, I dissertation I studied the phylogeography and demographic
history of the banded longhorn beetle [ Typocerus v. velutinus (Olivier)] as shaped by the
Quaternary. I tested the hypothesis that demographic responses to climate change
differentially impacted southern refugia populations of the beetle relative to northern
populations that were established after retreat of the Wisconsinan ice sheet. I predicted
that as sources for recolonization, southern populations would harbor more genetic
variation and exhibit more evidence of recent demographic expansions than northern

populations.



14 Landscape habitat connectivity

Habitat connectivity is defined as the degree to which the landscape facilitates or
impedes movement of species among resource patches (Taylor 1993). So, landscape
connectivity measures are concerned with the interactions between the species and its
habitat. The species is responding via a group of behaviors to habitat change in the
landscape. Dispersal is among the most important behaviors that could be influenced by
the degree of habitat fragmentation. This could vary to different extents depending on the
species habits [e.g. generalists vs. specialists (Tischendorf et al. 2003)]. Dispersal is
important for maintaining genetic diversity, rescuing declining populations, and aiding in
re-establishing extirpated populations. Adequate rates of movement (dispersal) of
individuals between isolated habitats under the extinction-recolonization equilibrium can
allow an entire network of populations to persist via meta-population dynamics (Hanski
1991). The importance of landscape connectivity and its impact on populations in
heterogeneous landscapes, and its implications for conservation biology, resulted in
increasing interest in landscape connectivity and estimating different connectivity
measures (Goodwin 2003).

There are three types of landscape connectivity that have been discussed in the
literature. Structural, functional (or potential) and actual connectivity. From the landscape
perspective, the last two are species-specific measures as functional connectivity
incorporates information about the biology of the species in question (e.g., by dispersal
models) and actual connectivity is further relying more on information about the species
and its relationships to its surrounding environment and available habitat in addition to its

actual movement in the landscape, which is difficult to estimate (Tischendorf and Fahrig
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2001). Because connectivity is determined by the connectedness of intervening habitat
areas and the dispersal ability and behavior of the species (Taylor et al. 1993), factors
facilitating or impeding movement will be species specific and may not be predicted by
patch edges and inter-patch distances (Cushman 2006).

Wide varieties of commonly used connectivity metrics depend in their estimations
on a dichotomization of focal patch and matrix habitat (Calabrese and Fagan 2004).
These metrics and associated frameworks for modeling complex landscapes include the
patch mosaic model (Forman and Godron 1981), the variegation model (McIntyre and
Barrett 1992), and the modified habitat gradient models (Manning et al. 2004, Fischer
and Lindenmayer 2006). All of these models have contributed to our understanding of
biological and ecological processes in the landscape.

The patch mosaic model (PMM; Forman 1995) has been adopted in many studies
and has led to many advances in our understanding of pattern-process relationships
(Turner 2005). The model has great value due to its conceptual simplicity and
consistency with well-developed landscape tools such as FRAGSTATS (McGarigal et al.
2002) and quantitative analysis techniques (e.g. ANOVA) (McGarigal et al. 2009).
However, for some studies it is suboptimal because it is inconsistent with basic ecological
theory and bypasses the continuous nature of habitat heterogeneity (McGarigal and
Cushman 2005; Cushman et al. 2007, Cushman et al. 2010, McGarigal et al. 2009). The
categorical representation of heterogeneity may result in an arbitrary characterization of
patch classes and boundaries. Species have environmental requirements that support their

survival and reproduction (Shelford 1931). These physical, chemical, and biological
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conditions are usually distributed in the landscape in a continuous rather than discreet
manner (Wiens 1989, Wu 2007, McGarigal et al. 2009).

In all landscape connectivity metrics, there is a trade-off between information
content and data requirements (Kindlmann and Burel 2008). For example, some metrics
such as the nearest neighbor measures and spatial pattern indices do not require massive
data to be calculated. However, they yield only a crude estimate of structural connectivity.
On the other hand, buffer radius measures and Hanski’s incidence functional model (IFM)
(Hanski 1994, Hanski et al. 2000), both provide detailed estimates of potential
connectivity at the patch level, but they are extremely data-intensive. Also, estimates of
actual connectivity require observation methods and are only applicable to small scales
and are extremely data intensive. However, the graph-theory based metrics have the
greatest benefit of estimating connectivity at relatively large scales. These measures
provide a reasonably detailed picture of potential connectivity and have relatively
moderate data requirements (Minor and Urban 2008).

One of the greatest challenges facing landscape ecologists is integrating the niche
theory with spatial ecology. This challenge crystallizes in linking non-spatial niche
relationships with the spatial patterns of environmental gradients in complex
heterogeneous landscapes (Austin 1985, McIntyre and Barrett 1992, Urban et al. 2002,
Manning et al. 2004, Cushman et al. 2007). Thus, a new paradigm that considers a
gradient approach of environmental conditions and heterogeneity in the landscape is a
step forward for many studies (Abdel Moniem and Holland 2013). The landscape
gradient paradigm (McGarigal and Cushman 2005) and surface topology metrics are

beginning to be shown to be powerful approaches to study the influence of habitat
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heterogeneity on lepturine beetle species communities (Abdel Moniem and Holland
2013). The requirements of complementary habitats for these species and the inherently
continuous nature of habitat quality make it important to consider habitat as a continuous
attribute to avoid oversimplification of categorical landscape approaches (McGarigal and
Cushman 2005, Hoechstetter et al. 2008, Kent 2009). In my dissertation, I studied the
impact of habitat connectivity as measured by the newly introduced surface metrology
metrics for a group of pollinator beetles in Indiana. I hypothesized that landscape
connectivity enhances the movement of Lepturines in fragmented habitats and correlates
with communities’ dissimilarities against the null hypothesis that there is no correlation
between habitat connectivity as measured by surface metrics and lepturine communities’

dissimilarity.

1.5 Landscape genetics approach

Landscape genetics is a field described as an amalgamation that brings together
both molecular population genetics and landscape ecology to understand the influence of
patterns and processes in the landscape on the population genetics of species (Manel et al.
2003). A more distinct definition of the field was proposed by Storfer and colleagues
(2007), who indicating that landscape genetics comprises research that explicitly
quantifies the effects of landscape composition, configuration and matrix quality on gene
flow and spatial genetic variation. Generally, landscape genetics studies combine
adaptive or neutral (or both) types of population genetic data with structural landscape
ecology data (Holderegger and Wagner 2008). Thus, the incorporation of the matrix

(non-habitat area) component of the landscape into landscape genetics is a characteristic



13

difference between landscape genetics and population genetics. Population genetics often
characterizes the stretches of land between occupied habitats by a simple function of
geographic distance; however, in contrast, landscape genetics further analyzes the
intervening matrix as an important determinant factor of biological and ecological
processes at the landscape level because different quantities and qualities of the areas that
separate habitats are quite important (Holderegger and Wagner 2008).

Population genetics is concerned with the distribution and changes in allele
frequency due to micro-evolutionary processes acting on populations and influencing
their genetic structure. These forces could be natural selection, genetic drift, mutation and
gene flow. Such micro-evolutionary forces that prevent panmixia (random mating
between individuals across large regions) could include ecological factors such as mating
system, social structure, dispersal and spatial distribution, genetic factors such as
mutation rates, genetic drift, and natural selection, and environmental factors such as
climate, landscape fragmentation, and geographic barriers of gene flow. Advances in
molecular biology methods have provided powerful tools to measure the relationship
between species populations and detect both intra- and inter-population levels of genetic
variation. These methodologies enabled estimation of genetic distances, population
structures and gene flow among populations. Different types of molecular markers have
been developed, tested and used widely for this purpose (Avise 2004). Microsatellites
(also known as short sequence repeats SSR and short tandem repeats STR) are some of
the mostly used markers. They are repetitive sequences (1-12) of nucleotides (most
commonly 2—4) that are highly and frequently distributed throughout eukaryotic genomes

(Ramel 1997). Their high level of polymorphism and frequency within the genome, make
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them ideal markers for different applications such as paternity analysis, evolutionary
genetic analyses, and population genetics (Pai et al. 2003). Nevertheless, for many
reasons, the mtDNA genome has long been considered a marker of choice for
phylogeography and population genetics studies (Avise et al. 1987). For example mtDNA
genes are haploids, having only one set of alleles, are almost always maternally inherited,
and are non-recombinant as opposed to nuclear genes. Thus they are easy to isolate and
sequence and hence ideal to compare between individuals and populations. More
importantly, mtDNA genes evolve at a much more rapid pace due to reduced or lacking
DNA repair machinery especially at the control region genes. These characters make this
genome ideal for studying population structures and phylogeography at a shallower, more
recent, evolutionary scale (Avise et al. 1987).

Landscape ecology and population genetics naturally converge in the exploration
of how habitat loss and the spatial isolation or fragmentation of habitat affects the
movement of species across landscapes. Holderegger and Wagner (2008) argued that
landscape genetics is not a scientific discipline in itself but rather provides a perspective
for examining the influence of spatial, temporal, or both processes (e.g. habitat
fragmentation and climate change) on the genetic structure of populations. In chapter five,
I used a landscape genetics approach to study the population genetic structure and
dissimilarities between Typocerus v. velutinus demes in the landscape of Indiana. I tested
the hypothesis that landscape structure and habitat connectivity facilitate beetle

movement and thus gene flow between the beetle populations.
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1.6 Study area and sampling projects

Sampling sites in this project came from one study site in Canada and three different
survey projects that focused on studying the longhorn beetles (Coleoptera: Cerambycidae)
in the Landscape Ecology and Biodiversity Laboratory (LEBL) in the Department of
Entomology at Purdue University. Beetle surveys for these projects were carried out over
a period of seven years (2005-2011), however, each project ran for a particular number
of years. In the following, I describe each project, sites used in each, and describe the

sampling procedure in each.

1.6.1 Canada sampling site

Individuals from Canada were hand collected near Westport, Ontario, Canada, in the
western edge of the St. Lawrence Lowland Eco-region. This region contains a mixture of
agriculture, mixed forest, and abundant lakes and wetlands. Mixed forests of sugar maple,
yellow birch, eastern hemlock, and eastern white pine are common. Other forest tree
species include beech, red pine, eastern white cedar, red oak, red maple, black ash, white
spruce, tamarack, and eastern white cedar. The average monthly temperatures vary from -

10°C in winter to 20°C in summer, and annual precipitation is 870 mm.

1.6.2 Indiana sampling sites

Indiana sites are represented by two Omernick eco-regions (level IV). First, the
northeastern area belongs to the Loamy High Lime Till Plains. The soil in this area
developed from loamy, limy, glacial deposits of Wisconsinan age. The land cover in this

area is dominated by corn and soybean fields with some forests that include beech forests,
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oak-sugar maple forests, and elm-ash swamp forests that grew on the nearly level terrain.
The second sampling region is further south in the south-central state forest area. The
area belongs to the Interior Plateau eco-region with two subdivisions; the Mitchell Plain
and the Norman Upland. The north of the Mitchell Plain experienced pre-Wisconsinan
glaciation. Soils are leached and largely developed from loess and limestone. It was
dominated by Western mesophytic forests; karst wetland vegetation and limestone glades.
The Norman Upland subdivision is characterized by its hilly topology, narrow valleys,
and medium to high gradient streams. The soil is derived from loess, siltstone, shale, or
sandstone. It was dominated by oak-hickory forests that grew on the uplands and beech
forests in the valleys. Currently the forest contains mainly chestnut oak on the upper
slopes and Virginia pine on the southern uplands. Other species such as sugar maple and
ash also exist. The climate of Indiana varies from north to south of the state; the annual
mean temperature is 49°F-58°F (9°C—12°C) in the north and 57°F (14°C) in the south.
Maximum and minimum monthly average temperatures range from a high of 88.8°F
(31.5°C) to a low of 15.8°F (-7.5°C). Precipitation is evenly distributed throughout the
year and the average annual precipitation in the state is 40 in (1020 mm).

Three main sampling projects that surveyed Indiana for cerambycid fauna were used in

this dissertation.

1.6.2.1 Upper Wabash Ecosystem Project (UWEP)

The UWEDP is a large-scale ecosystem project that was conducted in the upper basin
of the Wabash River (Swihart et al. 2006). I used 43 of these sites. Among these sites,

four sites represented Purdue Research Forests (PRF) and seven Purdue Agricultural



17

Centers (PAC). Longhorn beetle surveys were conducted on all sites for year 2005. In
year 2006 only 23 sites were surveyed and only four sites among those 43 were
resampled in the period between 2009-2011.

At these sites, points were selected randomly within forest using ArcGIS (ESRI
Redlands, CA). To avoid edge effects, all points were located at a distance greater than
50 m from forest edges. At each selected sampling point a trapping array was placed by
hanging traps from tree branches and was composed of two Lindgren funnel traps
(Pherotech, Delta, Canada), one Intercept panel trap (APTIV, Portland, USA), and one
transparent window pane trap that was built in the LEBL, Purdue University. A central
tree was selected using a geographical positioning system unit (GPS; Magellan Meridian
color) at each site and each trap in the array was setup approximately 10 m away from
that central tree and randomly placed in the four cardinal directions. As a lure, each trap
had a 60 ml of absolute ethanol in a 125 ml Nalgene bottle with four holes of 1 mm each
in the cap to emit the attractive scent (Holland 2006). In each trap, there was a collecting
bottom that contains ethylene glycol as a non-evaporating killing solution and
preservative. Traps had beetles recovered every three weeks and during each visit the
volume of remaining lure was recorded and refilled to 60 ml. Sites that were sampled
during the year of 2011 were only sampled using sweeping nets in order to focus on the
target species [ Typocerus v. velutinus (Olivier)]. All collected longhorn beetles were
identified to species level using Lingafelter (2007) and Yanega (1997) and stored in the
LEBL and Purdue Entomological research collection (PERC). I used all the Typocerus v.
velutinus specimens, checked the species identification, and each individual was given a

unique ID number and recorded into a separate database.
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1.6.2.2 Hardwood Ecosystem Experiment (HEE)

Many of the beetles sampled for the current study were collected as part of the
Hardwood Ecosystem Experiment (HEE) being conducted at Morgan-Monroe and
Yellowwood State Forests in south-central Indiana. This long-term study (100 years
planned) is examining the impact of different forestry regimes on the regeneration of
native oak forest, as well as on other forest flora and fauna. The HEE study consists of
nine management units (MU), which are approximately 200 acres each. Three types of
forestry management are being implemented: even-aged management, uneven-aged
management, and a no-harvest management or control. Details about the complete
experimental design of this large project is available through a base-line study on the pre-
treatment assemblages of wood-boring beetles (Coleoptera: Buprestidae, Cerambycidae)
of the HEE (Holland et al. 2012).

Trap arrays for the pretreatment years (2006-2008) were set up within what is
called intensive sampling units (ISU). These units were selected within the management
units and they are up to approximately 4 ha each. Trap arrays were approximately
centered on the bird survey tree closest to the center of the ISU. Traps were randomly
placed in a cardinal direction and setup about 20 m from the central tree. Traps were
hung with their bottoms approximately 2 m above the ground. Each array was composed
of four traps as follows: one Lindgren multiple-funnel trap (Pherotech, Delta, Canada),
one Panel Trap for Bark Beetles (Alpha Scents, Portland, USA), one intersecting pane
window trap designed in LEBL and one purple sticky trap (Holland 2006). We also used

0.61 m x 0.61 m rain covers on the first three trap types. For lures with the first three trap
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types, we used a 125 ml Nalgene bottle containing 60 ml of absolute ethanol with caps
that had four holes of 1 mm each for lure release. The collection jars for the first three
trap types contained ethylene glycol as killing and preservative solution. We also added
few drops of a detergent in the collecting jars to weaken the surface tension of the
ethylene glycol.

The same sampling procedure was repeated for the following years. However, in
2008 trap arrays were located outside the ISU to sample the landscape matrix outside the
different harvest treatments. Trap arrays were located at bird survey points that were at
least 200 m from any ISU, 50 m from any road or trail, and 100 m from any previously
surveyed beetle point. Within each management unit, we randomly selected four bird
survey points from those that met these criteria.

Traps were checked for beetles every three weeks. We removed all insects from
the traps by filtering the ethylene glycol through a strainer. At each visit we measured the
amount of unevaporated ethanol and refilled the lure container to 60 ml. In the LEBL, we
separated all longhorn beetles from the catch, pinned all cerambycid specimens, and
identified these using Yanega (1996), Lingafelter (2007), and Linsley and Chemsak
(1972, 1976). All specimens currently reside in the insect collection of the LEBL and
PERC. Specimens of the target species of the current research were isolated, had the
species identification confirmed, and were given a unique ID number for each individual
that was recorded in a database. I preserved some specimens from the traps individually
in absolute ethanol in 1.5 ml screw cap micro-centrifuge tubes (dot scientific Inc., M1,

USA) while already pinned samples were kept in the lab research collection.
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1.6.2.3 Landowners’ Forest Properties Survey (LO)

This survey was carried out during the summer of 2009 in the LEBL (Raje et al.
2012). In this study, 19 private forest landowners whose properties were located within a
45 km radius of West Lafayette, Indiana volunteered to participate in a longhorn beetles
survey. Sampling these properties involved setting two arrays of traps at each property.
Each array contained a total number of four traps as follows: one Lindgren multiple-
funnel trap (Pherotech, Delta, Canada), one black panel trap (APTIV, Portland, USA) and
two intersecting window traps. For each of these traps we used 60 ml of 100% ethanol as
a lure in a 125 ml Nalgene bottle with a perforated cap similar to those used for the
UWEP sampling. Moreover, we added another type of lure to our window traps. We used
similar release mechanism with benzyl acetate in an attempt to further attract flower-
visiting species (Maeto et al. 2002). All of the traps had collection cups that were one-
quarter filled with ethylene glycol as a non-evaporating killing and preservative solution.
Insects were collected from the traps approximately every two weeks from mid-April to
mid-September. In addition, a sweep net was used during each visit in an attempt to
gather additional specimens of the target study species. All longhorn beetles were
identified to species and voucher specimens reside in LEBL and PERC. Again,
Typocerus v. velutinus specimens were checked for species identification, preserved, and

given a unique ID number that was recorded in a database.
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1.7 Extent and spatial reference in the study

All geographic information system layers and maps used in this study were set to
the extent of Indiana as follows: top (4625518.7), left (403539.1), right (692139.1) and
bottom (4180918.7). The spatial reference was setup to NAD1983, UTM zone 16N, with
a 1 m linear unit, an angular unit of 0.0174 degrees, false easting and false northing of
50000 and 0 respectively, central meridian of -87, and latitude of origin 0. The spatial
resolution (cell size) was set to 30 m x 30 m for data extraction, spatial and statistical
analysis to capture finer level of variation in the variables used, then all layers were
scaled up to 300 m x 300 m spatial resolution for the large scale surface metrics analysis

and mapping.

1.8 Aim of work and chapters outline

The dissertation in hand aimed to study the landscape genetics, demographic history and
phylogeography of the banded longhorn beetle Typocerus v. velutinus (Olivier)
(Coleoptera: Cerambycidae: Lepturinae) as an important generalist in the forested
ecosystems of Indiana that provides many ecosystem services. The dissertation contains
five major chapters and a general conclusion. Following is an outline of the dissertation
research chapters along with the particular hypothesis tested, the associated predictions
and a brief note on the methodology used for each chapter.

In chapter two, I introduce a spatial replacement tool that corrects for Landsat 7
ETM+ missing data patterns as this data will be used in subsequent chapters. In this

chapter we hypothesized that simple neighborhood interpolation (SNI) mechanism can
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fix the SLC problem and fill the imagery data gabs versus the null hypothesis that LS7
ETM+ data are available only as is with SLC substantial data gaps. I retrieved the LS7
ETM+ multispectral data for Indiana, divide the extent to 100 x 100 km polygons, and
used spatial replacement with SNI algorithm to fill the gaps with nearest neighbor pixels
values. Fixed polygons were then stitched to obtain the full extent of the state. To
evaluate the quality of the final product, I used it to calculate the normalized difference
vegetation index.

In chapter three, I studied the impact of habitat connectivity as measured by the
newly introduced surface metrology metrics for a group pollinator beetles in Indiana. I
hypothesized that landscape connectivity enhances the movement of lepturines in
fragmented habitats and correlates with communities’ dissimilarities against the null
hypothesis that there is no correlation between habitat connectivity as measured by
surface metrics and lepturine community dissimilarity. In this study, I sampled lepturine
communities along a fragmentation gradient across Indiana. I created a habitat quality
surface with insight into habitat requirements for the beetles, clipped the landscapes
between sites, and measured the geographic distances between sites. Surface metrics of
connectivity were measured, Bray-Curtis dissimilarity metric was calculated between
sites for beetles’ communities. I used a generalized additive mixed model to assess the
correlation between communities’ differences and surface metrics of connectivity.

In chapter four, I studied the phylogeography and demographic history of a
pollinator longhorn beetle [ Typocerus v. velutinus (Olivier)] as shaped by the Quaternary.
I tested the hypothesis that demographic responses to climate change differentially

impacted southern refugia populations of Typocerus v. velutinus relative to northern
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populations that were established after retreat of the Wisconsinan ice sheet. More
specifically we predicted that as sources for recolonization, southern populations would
harbor more genetic variation and exhibit more evidence of recent demographic
expansions than northern populations. This hypothesis was tested against the null that
prehistoric climates did not affect the population structure of Typocerus v. velutinus in
North America. In this study, I sampled the beetles across a gradient of former glacial
zones between Canada and Indiana. DNA was extracted and COI was partially sequenced.
The maximum likelihood and Bayesian approaches were used to analyze the COI
genealogy and to construct the phylogenetic trees. A range of previously estimated
mutation rates of insects’ mtDNA genes were used with a strict molecular clock and
Bayesian analysis was used to make an inference about the divergence date between both
lineages. Bayesian Skyline plot (BSP) was used to visualize the results.

Finally in chapter five, I used a landscape genetics approach to study the
population genetic structure and dissimilarities between the beetle (Typocerus v. velutinus
Olivier) demes in the landscape of Indiana. Specifically, I tested the hypothesis that
landscape structure and habitat connectivity facilitate beetle movement and thus gene
flow between the beetle populations versus a null hypothesis that populations of the
beetle are genetically isolated by distance alone in the landscapes. In this study, beetles
were sampled across a fragmentation gradient in Indiana, DNA was extracted from
samples, a number of microsatellites were developed to genotype beetles, and spatially
explicit and non-explicit Bayesian techniques were used to determine population genetic
structure. Genetic dissimilarities were calculated between populations in study sites.

Landscape connectivity metrics were calculated between sites. A generalized additive
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mixed model was used to assess the correlation between genetic distances and surface
metrics of connectivity.

At the end of the dissertation, a general conclusion summarizes the major findings
of this research and gives insight on the possible applications and future research

suggestions of each chapter.
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CHAPTER 2. SPATIAL REPLACEMENT CORRECTS FOR LANDSAT 7 ETM+
MISSING DATA PATTERNS

2.1 Abstract

Landsat 7 ETM+ imagery products provide researchers and decision makers in
many fields with a large amount of remotely sensed data that serves many applications.
However, a malfunction of the scan line corrector (SLC) onboard Landsat 7 causes
substantial data gaps and data are available only as is with SLC-off mode. These data
gaps may form an obstacle in using Landsat 7 ETM+ in many research disciplines.
Several methods have been proposed to fix data gaps in Landsat 7 ETM+ imagery. These
methods such as regression tree analysis, histogram-matching techniques, multi-scale
segmentation approaches, and geostatistical based methods yield reliable results, but
require sophisticated analyses and intensive computations and are still accompanied by
some caveats. In this paper we demonstrate a spatial replacement method that is based on
a simple neighborhood interpolation approach. It is implemented under Hawth’s Tools
and run in ArcGIS 9.2 to provide the scientific community with an easily applicable,
relatively quick and potentially reliable correction for the missing data patterns in
Landsat 7 ETM+ data. We demonstrate the efficiency of the technique for two color
bands across Indiana, USA, and use these to calculate the normalized difference
vegetation index (NDVI) that has many applications in ecological studies.

Keywords: Remote sensing; data gaps; interpolation; satellite imagery; NDVI
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2.2 Introduction

The Landsat program of the National Aeronautics and Space Administration
(NASA) and the U. S. Geological Survey (USGS) provides vast amounts of valuable
data to researchers. Landsat 7 circles the Earth every 99 minutes at an altitude of 705
km (Arvidson et al. 2001). Landsat 7 (LS7) carries onboard the Enhanced Thematic
Mapper Plus (ETM+), with 30 meter resolution visible red and near infra-red (NIR)
bands, 60 meter resolution thermal band, and a 15 meter panchromatic band (USGS
2003). The imagery thus collected provides the global science community with a
wealth of land-surface data that supports research in agriculture (e.g. Arvidson et al.
2000, Beltran and Belmont 2001, Bentley et al. 2002), forestry (e.g. Rason et al. 2003,
Trigg et al. 2006, Giinlii ef al. 2009), biodiversity and conservation ecology (e.g.
Turner et al. 2003, Velazquez 2003, Cohen and Goward 2004), and others.

In 2003 a malfunction of the scan line corrector (SLC) began causing wedge-
shaped areas of missing data ranging between a single pixel and 12 pixels in width
(USGS 2003). The proposed methods to fill these data gaps (e.g. regression tree
algorithm method, Quinlan 1993; linear histogram-matching method, USGS 2004)
were applied in phase (I) and phase (II) gap filled product releases by earth resources
and observation center (EROS) which showed great efforts on the part of United
States Geological Survey (USGS) and the National Aeronautical and Space
Administration (NASA) research teams in solving the SLC problem and make better
use of the LS7 ETM+ data for the scientific community. However, these methods use
multiple satellite scenes with different SLC modes (on and off) from different dates to
build a multiple regression tree model that predicts the best closest value of the
missing pixels in the data gaps. In addition to these methods, a few other proposals

were introduced as potential substitutions to correct for LS7 ETM+ data gaps (e.g.
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multi-scale segmentation approach (Maxwell et al. 2007), unscanned pixels’
reflectance estimation via MODIS information (Roy et al. 2008) and geostatistical
based methods (Pringle et al. 2009). Recently, a paper by Chen and colleagues (2011)
introduced another approach for fixing the missing data patterns in LS7 ETM+ data.
This neighborhood similar pixel interpolator method (NSPI) integrates data from
different sources (e.g. LS7 with SLC-on and SLC-off mode, Landsat 5 data, Google
Earth images and simulated data) to interpolate the best value for missing cells. All
these techniques have contributed greatly to improve the output of the gap-free end
product of LS7 ETM+ imagery. However, there are still some caveats and hurdles
associated with the techniques. The methods proposed are complicated and not easily
applied by non-remote sensing researchers. The methods are also quite computer-
intensive and time consuming. The methods may become more challenging with
issues such as cloud cover, adjacency of missing data lines in scenes, or large spatial
extents. In such cases, the data that need to be manipulated will include more scenes
with more overlapping areas. In turn, candidate scenes will be harder to find
especially at close dates. Processing time may then also be substantial. Because the
gap-filled products are no longer available on the USGS website, users may need to
find an easy, applicable and reliable method to fix LS7 ETM+ data. Herein, we
demonstrate one method to do so.

The technique we propose uses a simple spatial replacement method,
implemented in Hawth’s Tools and run in ArcGIS 9.2 (ESRI, Redlands, USA), that
will provide researchers in different disciplines with an easy, relatively quick, and
reliable correction for the missing data patterns in LS7 ETM+ acquired scenes with

SLC-off mode. We also provide an example that illustrates the procedure and the
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efficacy of its output in calculating normalized difference vegetation index (NDVI) in

Indiana, USA. This layer will be used in subsequent research.

2.3 Materials and Methods

The LS7 ETM+ data for Indiana was downloaded from the USGS website
(http://glovis.usgs.gov) using the USGS Global Visualization Viewer (USGS-GVV).
LS7 ETM-+ scenes on paths: 200, 210 and 220 and rows: 31, 32, 33 and 34, which
cover the State of Indiana, USA, were acquired for the months April through October,
2008. We selected scenes of suitable dates for monitoring vegetation development in
the study area (Table 2.1). For each scene band 3 and band 4, which represent the red
and near Infra-red (NIR) spectra respectively, were processed. All selected scenes
have a 30 m resolution, and are high quality and cloud free.

Raster data for bands 3 and 4 were processed independently in ArcGIS. For
each band, rasters were stitched as mosaics of multiple input rasters into a single
raster dataset that covers the extent of Indiana. The output cell value of the
overlapping areas was selected to be the maximum value of the overlapped cells. The
output raster was clipped to the extent of an Indiana polygon. To stay within the
maximum number of pixels allowed for the spatial replacement tool to run (50 million
pixels) we created a 100 x 100 km grid of polygons that were used to clip to the extent
of Indiana. This yielded 16 polygons that were used to divide band 3 and band 4
composites.

A spatial replacement tool is implemented in Hawth’s Tools for ESRI ArcGIS
9.x (Beyer 2004). The tool replaces cell values in a raster layer by assigning the
closest acceptable permitted alternative value. It replaces unwanted categories from a

raster layer by new values based on a simple deterministic neighborhood interpolator
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analysis, instead of reclassification (Beyer 2004). The method works as well for linear
classes like roads and rivers as it does for large patches such as agricultural fields and
forests. It has an interactive interface that facilitates defining the set of acceptable
replacement values. The spatial replacement tool examines the eight cells
immediately surrounding the cell to be recorded for acceptable replacement values. If
there are no suitable replacement values in these eight cells, the window moves out by
one cell, and does the same procedure repeatedly until an acceptable replacement is
found. We replaced zero values that represent missing data pixels within each LS7
ETM+ (SLC-off mode) acquired scenes with all possibilities of acceptable values
from the same exact scenes composing each of band 3 (red spectrum) and band 4
(NIR spectrum) for Indiana.

The NDVI was calculated as (NIR —red) / (NIR + red) (Rouse et al. 1974). In
ArcGIS raster calculator, the following formula (1) was used to obtain a non-

truncated float NDVT raster layer with values ranging from -1 to +1.

__ float([band4]- [band3])
N DV = o e andal) (1)

We scaled the initial values with the formula (2).

SNDVI = 100([NDVI] + 1) ................. (2)
This calculation will provide a range of NDVI between 0 and 200 with pixels values
<100 indicating clouds and water bodies while values >100 indicating vegetation

cover.
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24  Results
A total number of 63 Landsat 7 ETM+ scenes were obtained. Among these
scenes, 12 were classified as moderate quality scenes with up to 25 % cloud coverage.
Nine scenes were of high quality and cloud free (maximum 10% cloud cover) scenes.
The remaining scenes were of lesser quality and above 40% cloud cover (Table 2.1).
Out of a total number of 32 separate rasters processed (16 for each spectral band) with
the spatial replacement tool we produced two mosaic layers for each band (red and

NIR) for Indiana as well as one mosaic raster of NDVI for the state (Figure 2.1.d).

Table 2.1. Landsat 7 ETM+ scenes downloaded from the USGS website to cover
Indiana. The scenes cover the months April — October, 2008. Light shaded cells
represent moderate quality scenes that were not used for calculating NDVI, while
dark shaded cells are high quality scenes used for calculating NDVI. Scenes with no

shading were eliminated. Blanks are outside of the extent of the Indiana polygon.

Number of row
Path
31 32 33 34

- - - - 93 _ _

200
- - - - - - - 221 - -
116 | 148 | 180 | 196 | 100 | 148 | 164 | 196 | 100 116 | 148 | 164 | 196

210
260 | 292 - 228 | 260 - 228 260 | 276 -
107 | 139 | 171 | 187 | 107 | 139 | 171 | 187 | 107 107 | 139 | 171 | 203

220
219 283 - 219 283 - 219 219 283 -

The final rasters showed a great integrity of scene features (Figure 2.1.b).
There were no traces of the former patterns of missing data after the spatial
replacement technique was applied to fill the gaps (Figure 2.1.a). Moreover, the

resulting NDVT raster appeared to maintain feature integrity (Figure 2.1.d). To better
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illustrate the efficacy of the spatial replacement technique we focused on an area of
diverse land use and heterogeneous terrain adjacent to Bloomington, in Monroe
County, Indiana. The patterns of missing data before correction (Figure 2.2.a) crossed
forest patches, Lake Monroe, several streams, and roads. The final scene shows that
these lines have completely disappeared and the replacement by the closest suitable
neighbor pixels results in a gap free image (Figure 2.2.b).

#='. MORGAN

‘BROWN

LAWRENCE

LAWRENCE

MORGAN

Kilometers LS7_band_3 NDVI
0337 4 2 28 Value Value

N High : 255 High : 200

Low:0 Low : 0

Figure 2.1. Example of the spatial replacement technique correcting for the missing

data lines from LS7 ETM+ before and after spatial replacement tool is applied. (a)
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Lines of missing data that occupied almost half of the clipped area to the eastern side
of Monroe County. Artifact lines from the adjacent pattern are noticeable in the north
western area of the scene. (b) The same area after we applied the spatial replacement
tool on scene (a). Note that the lines from missing data have completely disappeared.
(c) Clipped aerial photo of the same area for comparison. (d) Normalized difference
vegetation index (NDVI) calculated from spectral bands 3 and 4 from LS7 ETM+

after correction.
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Figure 2.2. Monroe County before and after applying the spatial replacement method.
Scene (a) shows the missing data patterns in a scan line corrector (SLC) off mode
scene. Scene (b) shows the same County scene after correction. Note that no traces of

the missing data show in (b).
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2.5  Discussion

The spatial replacement method proved able to fix the patterns of missing data
in LS7 ETM+ imagery products after the SLC malfunction. Although the formerly
proposed methods produced some reliable results, they are still accompanied with
caveats and they are not easily applicable for non-remote sensing specialist
researchers. For example, the linear histogram-matching method (USGS 2004) and
regression trees (USGS 2003) did not function uniformly in all scenes with missing
data, especially in heterogeneous landscapes as they use scenes from different dates.
As a result, a banding pattern can still occur at the site of formerly missing data, as an
artifact of the differences between the remotely sensed data on different dates. This
banding pattern varies from a very noticeable structure to a subtle one. Using
information from other satellite systems to fill in the gaps of LS7 ETM+ (e.g. using
MODIS information (Roy et al. 2008), is usually accompanied with the problem of
scale. Despite the fact that MODIS has similar reflectance properties to ETM+, it has
a coarser spatial resolution than LS7. Predicting the reflectance of the missing pixels
in data gaps is very important and should be as accurate as possible for both small and
large objects in the manipulated scenes. Both the multi-scale segmentation approach
(Maxwell 2007) and geostatistical interpolation methods (e.g. Zhang et al. 2007,
Pringle et al. 2009) share the disadvantage of estimating lower reflectance accuracy at
the pixel level. In addition, the latter method is computationally intense and
practically sophisticated. The latest proposed method, NSPI (Chen et al. 2011),
showed a great advantage in accurately estimating the values of missing cells and
improving results in both homogenous and heterogeneous landscapes. However, there
are some hurdles associated with this method. For example, frequent cloud cover in

multiple scenes and land use changes at different dates will complicate the process. In
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addition, the interpolation method used cannot produce statistically uncertainty of
each prediction.

In contrast to the above-mentioned approaches, the spatial replacement method
provided a homogenous smooth surface at the places where missing data lines exist
(Figure 2.1). The spatial replacement method produces quality corrected scenes at the
lines of missing data. As with the NSPI method, the spatial replacement relies on a
simple deterministic linear interpolation approach, however, it doesn’t incorporate
scenes from different sources at different dates. Conversely, it uses information from
the same scene and hence, there is neither reflectance mismatch nor spatial scale
issues with this method. The greatest advantage of the spatial replacement method lies
in the fact that it is very easy to use, produces comparably accurate results and
requires much less computational and processing time.

It is important to emphasize that any correction procedure has caveats that
have to be dealt with carefully when using LS7 ETM+ datasets. Therefore, some
limitations are also associated with the spatial replacement tool. For example, it
processes only one spectral band of the raster at a time and replaces only one value at
a time. On the technical side, it has been reported by Beyer (2004), the developer of
Hawth’s Tools, that issues have been found when using Hawth’s Tools with recent
versions of ArcGIS. However, the developer has provided parallel software that
overcomes the incompatibility issues with recent version of ESRI ArcGIS products
(Geospatial Modeling Environment, GME) (Beyer 2010). However, the spatial
replacement tool is not implemented in this new software. The spatial replacement
tool in Hawth’s Tools (Beyer 2004) does function perfectly within ArcGIS 9.2 as we

have done here.
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Apparently, there is a trade-off in using LS7 ETM+ imagery products after
year 2003. This trade-off lies in the fact that LS7 carries the Enhanced Thematic
Mapper Plus (ETM+), providing the community with 30-meter visible and IR bands,
a 60-meter spatial-resolution thermal band, and a 15-meter panchromatic band. The
data support a variety of applications in areas as global change research, agriculture,
forestry, geology, resource management, geography, mapping, water quality, and
oceanography (USGS 2003). However, the issue of the missing data patterns might be
problematic at some finer scales and high resolutions. Whether or not the users choose
to fill the gaps, many users continue to find LS7 ETM+ data to be useful (Trigg et al.
20006).

Users of Geographical Information Systems (GIS) and remotely sensed data
should use image processing software cautiously when attempting to repair, or
minimize artifacts within, remote sensory data either for geometric or radiometric
enhancement (Richards and Jia 2006). These programs may use different approaches
such as Fourier transformation and Gaussian filtering. Image processing techniques
may appear to yield improvements in the images; however these may or may not be
conservative enough with the original dataset’s values and the geospatial properties of
the area being used. This is a very crucial issue that requires careful attention. In the
approach we use here, the pixel values that were used to replace the missing values
are quite consistent with those expected because they come from the same scene and
therefore the same date and conditions. However, there may be some altering of the
exact boundaries between patches of values or feature edges. The NSPI procedure
will more likely preserve these edge locations at the cost of substantial processing and
computational time. The user of any of these methods must first weigh these aspects

of the different techniques and decide which is most suitable for their goal.
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3.1  Abstract

Measuring habitat connectivity in complex landscapes is a major focus of
landscape ecology and conservation research. Most studies use a binary landscape or
patch mosaic model for describing spatial heterogeneity and understanding pattern-
process relationships. While the value of landscape gradient approaches proposed by
McGarigal and Cushman are recognized, applications of these newly proposed three
dimensional surface metrics remain under-used. We created a gradient map of habitat
quality from several GIS layers and applied three dimensional surface metrics to
measure connectivity between 67 locations in Indiana, USA surveyed for one group
of ecosystem service providers, flower longicorn beetles (Cerambycidae: Lepturinae).
The three dimensional surface metrics applied to the landscape gradient model
showed great potential to explain the differences of lepturine assemblages among the
2211 studied landscapes (between site pairs). Surface kurtosis and its interaction with
geographic distance were among the most important metrics. This approach provided
unique information about the landscape through four configuration metrics. There
were some uniform trends of the responses of many species to some of surface
metrics, however some species responded differently to other metrics. We suggest
that three dimensional surface metrics applied to a habitat surface map created with
insight into species requirements is a valuable approach to understanding the spatial

dynamics of species, guilds, and ecosystem services.
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Cerambycidae - Fragmentation - Geographical Information System - Lepturinae -

Spatial Modeling - Landscape Gradient Model - Surface Metrology
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3.2 Introduction

Landscape ecologists have developed different paradigms to model landscapes
to understand pattern-process relationships and help make more informed
management decisions. These paradigms or frameworks for modeling complex
landscapes include the patch mosaic model (Forman and Godron 1981), the
variegation model (Mcintyre and Barrett 1992), and the modified habitat gradient
models (Manning et al. 2004; Fischer and Lindenmayer 2006). All of these models
have contributed to our understanding of biological and ecological processes in the
landscape. The adoption of surface metrology for describing gradients across
landscapes holds great promise to increase the tools and types of metrics available to
landscape ecologists.

The patch mosaic model (PMM; Forman 1995) has been adopted in many
studies and has led to many advances in our understanding of pattern-process
relationships (Turner 2005). The model has great value due to its conceptual
simplicity and consistency with well-developed landscape tools such as FRAGSTATS
(McGarigal et al. 2002) and quantitative analysis techniques (e.g. ANOVA)
(McGarigal et al. 2009). However, for some studies it is suboptimal because it is
inconsistent with basic ecological theory and bypasses the continuous nature of
habitat heterogeneity (McGarigal and Cushman 2005; Cushman et al. 2007;
McGarigal et al. 2009; Cushman et al. 2010). The categorical representation of
heterogeneity may result in an arbitrary characterization of patch classes and
boundaries. Species have environmental requirements that support their survival and
reproduction (Shelford 1931). These physical, chemical, and biological conditions are
usually distributed in the landscape in a continuous rather than discreet manner

(Wiens 1989; Wu 2007; McGarigal et al. 2009). Species respond to environmental
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gradients (Whittaker 1967; Austin 2002; Cushman et al. 2007) which are biologically
important for determining the optimum realized niche (Hutchinson 1957). Species
composition of communities shifts along these gradients according to the intersection
of species’ niches and the spatial structure of the environment (Hutchinson 1957;
Whittaker 1967 ; Rehfeld et al. 2006; Cushman et al. 2010). The variegation and
modified habitat gradient models have advanced landscape modeling by using a less
simplified conceptual framework for pattern-process studies. Although they do not
provide a general conceptual approach to landscape structure (McGarigal et al. 2009),
they have the benefit of considering the gradient nature of habitat heterogeneity.
Models based upon habitat gradients such as the variegation model (Mcintyre and
Barrett 1992) and further refined versions such as the continua-umwelt model
(Manning et al. 2004; Fischer and Lindenmayer 2006; Farina 2010) view
environmental variables and habitat heterogeneity as continuous entities in the
landscape and analyze species responses as gradient attributes that correspond to
habitat requirements. Newer landscape gradient paradigms (McGarigal and Cushman
2005) may be useful by allowing a more complex model of landscapes to be analyzed.
However, this is done without the insights that may come from an umwelt perspective.
The issue of characterizing three-dimensional surfaces for ecological purposes
started with the efforts of geomorphologists (e.g., Strahler 1952; Schumm 1956;
Melton 1957) and biologists (e.g., Beasom et al. 1983; Sanson et al. 1995) to study
geomorphological processes and wildlife habitat. For example, ecological studies on
communities and species richness of vascular plants showed in many cases the
connection between surface characteristics and biodiversity distribution models
(Bolstad et al. 1998; Burnett et al. 1998; Sebastia 2004). Such studies also showed the

impact of relief on the differentiation of ecosystems and ecological functions as soil
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moisture, temperature, solar irradiation, and microclimates (Swanson et al. 1988;
Bailey 2009). Despite the fact that a number of techniques were developed to quantify
and analyze surface complexity via a group of surface metrics (Pike 2000; Wilson and
Gallant 2000; Jenness 2004) these methods were either on a cell based scale or
focused on correcting planimetric projection of slopes (topography, as opposed to
topology) in patch metrics (McGarigal et al. 2009). It was not until the recent work of
several researchers (McGarigal and Cushman 2005; Hoechstetter 2008; Evans and
Cushman 2009; McGarigal et al. 2009; Cushman et al. 2010) that real attention was
given to the application of surface metrics for quantifying surface heterogeneity at a
landscapes scale.

McGarigal and colleagues (2009) introduced a number of powerful and
promising surface metrics to landscape ecologists. These metrics retain the continuous
nature of environmental gradients. They are classified into three categories: amplitude,
configuration, and bearing metrics. Some of the metrics are unique to surface
metrology; they have no analogous metric in categorical approaches to landscape
description. They may therefore open a new chapter in landscape ecology and lead to
novel pattern-process hypotheses.

The characterization of habitat heterogeneity is a cornerstone for
understanding pattern-process relationships in the landscape (Wu and Richard 2002;
Cushman et al. 2010). Any of the above models may be appropriate depending on the
study. Herein, we adopt the landscape gradient paradigm (McGarigal and Cushman
2005) and use three dimensional surface metrology metrics (surface metrics hereafter)
of topology (not topography) to estimate connectivity across a surface of habitat

quality to investigate how landscape habitat structure and heterogeneity shape the
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lepturine beetle (Coleoptera: Cerambycidae) community in the fragmented forests of
Indiana, USA.

Longicorn beetles (Coleoptera: Cerambycidae) play important ecological roles
in forest ecosystems. Lepturine beetles, also known as flower longicorn beetles, are a
diverse and abundant subfamily of these beetles with approximately 250 species
described in North America (White 1983). They are mostly diurnal, often brightly
colored cerambycids, and adults are commonly encountered on flowers on which they
feed and mate (Michelsen 1963; Hanks 1999). Larvae of most species feed within
decaying wood (Linsley 1959; Booth et al. 1990). Lepturines are providers of multiple
ecosystem services: they help decompose dead wood and thus cycle nutrients and they
are potential pollinators, with many species frequenting flowers of valuable hardwood
trees such as the American chestnut (Benjamin 1907). Many species in this group use
complementary habitats in different life stages. Larvae require decaying wood most
reliably found in forests while adults of many species are common in more open areas
with flowers. We adopted a landscape gradient approach to create a map of habitat
quality for lepturines in Indiana. We then analyzed this map surface using surface
metrics. We predicted that lepturine community similarity would correlate more to
surface metrics that describe connectivity for these beetles than to Euclidian distance
between communities, as these metrics contain much information on the intervening
landscape. Our assumption in this study is that connectivity between study points is
more important in determining community similarity than is habitat similarity at the

points or neutral processes.
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33 Materials and Methods

Our 67 study sites spanned a gradient of forest fragmentation across the State
of Indiana, USA (Figure 3.1.a). Sites were sampled for one to six summers during
2005 — 2011 using similar but not identical arrays of beetle traps at each site. There
were slight differences in the specific mix of traps used at these sites, but in all cases
they included at least: one Lindgren funnel trap, one window flight intercept trap, and
one panel trap for bark beetles (Figure 3.1.a). Each site also included either additional
window traps, a purple sticky trap, or an additional Lindgren funnel trap. We used a
subset of the data from each site representing beetles caught by the former three traps
common to all sites. We further corrected for sampling effort by dividing by the years
sampled. Lepturine beetles caught were identified to species using Yanega (1996),
Lingafelter (2007), and Linsley and Chemsak (1972, 1976). All specimens collected
reside in the research collection of the Landscape Ecology and Biodiversity
Laboratory at Purdue University. We applied a cube root transformation to the effort-
and trap-corrected abundances of species caught. We used the package ecodist
(Goslee and Urban 2012) in R (R Development Core Team 2012) to calculate the
Bray-Curtis dissimilarity index (BC index) between sites for the lepturine community.
We also calculated a dissimilarity matrix for each species individually because we
predicted that different species would respond differently, reducing the variance
explained within the overall community results. This was the simple difference in
corrected abundance between site pairs.

To create a raster map of habitat quality for lepturines, we incorporated six
geographical information system (GIS) layers for Indiana. These biological and
geophysical layers were chosen to represent habitat quality, food resources for both

larvae and adults, and structural components of habitat connectivity. All map
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calculations and geoprocessing were conducted using ArcGIS 9.2 (ESRI, Redlands,
California) and the R packages raster (Hijmans and van Etten 2011) and SDMTools
(VanDerWal et al. 2012). To consider the habitat gradients at an appropriate scale, we
applied a moving window of 2.1 km to all GIS layers. This window size was based on
the scale at which a common representative lepturine species, Typocerus v. velutinus
(Olivier), responds to habitat amount and quality in the landscape (Yang 2010). We
transformed all gradient layers to a mean of zero and a unit variance to facilitate
comparing coefficients from a predictive model in the next step.

Land Cover - Land Use (biological) layers. The National Land Cover Data
(NLCD) for 2001 is a 16 class land cover classification scheme that has been applied
consistently across all states at a spatial resolution of 30 m (Homer et al. 2004). We
clipped the NLCD to Indiana and reclassified it using the level I NLCD classification
scheme. We created a binary forest layer by grouping all forest classes (deciduous,
evergreen and mixed forest) into one class and designated the remaining pixels as
non-forest. Many lepturine species use well-decayed wood and can develop within
either conifer or deciduous logs and snags. For the final habitat quality surface, we
resampled this layer to 300 m x 300 m resolution and used it to generate anther two
layers: (1) percentage forest (Figure 3.1.b) and (2) splitting index (Fig. 1¢) (Jaeger
2000) layers that were calculated using the same moving window (2.1 km) approach
on each pixel in the State of Indiana. Using this coarse grain to measure forest cover
leads to the loss of some precision in the percent forest, but has the benefit of
aggregating larger forest patches that are separated by short distances that most
lepturines can readily cross.

Normalized Difference Vegetation Index (NDVI; biological) layer. We used

the NDVI as an indicator of the condition of forested areas. This index has been used
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for detecting live green plant canopies in multispectral remote sensing data (Sellers
1985; Myneni et al. 1995). We included NDVI because forest productivity influences
the predominantly dead-wood feeding lepturine species (Raje et al. 2012). While the
link between NDVI and productivity or dead wood availability is not direct, we
assume that NDVI serves as an indirect indicator of this. We created the NDVI layer
for Indiana using remote sensing imagery from the Landsat 5 TM NASA satellite.
Images covered the months June through September, 2008. We selected scenes of
suitable dates for monitoring vegetation development in the study area. All selected
scenes had a 30 m x 30 m spatial resolution, were of high quality, and were relatively
cloud free (<10%). The NDVI was calculated according to Rouse et al. (1974). We
scaled the initial values to a range between 0 and 200 with pixels values <100
indicating clouds and water bodies while values >100 indicating vegetation cover. We
clipped this layer to the forest cover of Indiana to insure that our NDVI surface values
will only represent forest vegetation and not be biased by the spectral absorbance of
other features in the landscape, then we resampled this layer to the coarser spatial
resolution of 300 m x 300 m (Figure 3.1.d).

Geophysical properties of landscapes partially determine soil quality,
availability of nutrients, forest productivity and moisture content (Schoenholtz et al.
2000; Sebastia 2004), and thus can influence habitat quality and biodiversity of
longicorn species. We used three geophysical layers (DEM, curvature index and solar
insolation) to create our habitat quality surface. We created the GIS surfaces for these
layers as follows:

Digital Elevation Model (DEM; geophysical) layer. We clipped the 30 m x 30
m raster DEM of Indiana from the U.S. Geological Survey (USGS) National

Elevation Dataset to the extent of Indiana and scaled up its resolution to 300 m x 300
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m to match that of the coarsest resolution layer used (Figure 3.1.¢). This will smooth
out the terrain information in a small proportion of the state with more rugged terrain,
but most of Indiana consists of quite gently varying elevations. We are interested here
in differences between areas further apart, at the cost of information on terrain effects
in a small area of the state.

Curvature Index (geophysical) layer. We used the 300 m x 300 m DEM layer
to calculate the topographical curvature index for Indiana. While this could be done
with the original 30 m x 30 m data, we were interested in the coarser-grained changes
between the hilly areas of Indiana and the relatively flat areas. The curvature of the
DEM surface was calculated as a second derivative of the surface slope. The
calculation is conducted on a cell-by-cell basis, as fitted through that cell and its eight
surrounding neighbors. The output was chosen to be the plan curvature that is
perpendicular to the direction of the maximum slope (Figure 3.1.1).

Solar Insolation (geophysical) layer. Insolation is important for all stages of
cerambycids (Barbalat 1996; Moretti and Barbalat 2004). We calculated the solar
insolation layer for Indiana using the 300 m x 300 m DEM. The insolation was
calculated for a multi-day solar radiation index (14 days intervals), measured as watt
hours per square meter (WH/m2) and averaged for the period that spanned the adult
activity season for the common lepturine species Typocerus v. velutinus from mid-
June to late August 2008 (Figure 3.1.g).

To create the final 3D surface with the value of the z axis representing habitat
quality for lepturine beetles, we first determined the relative importance of our
variables using a generalized linear model (GLM) with a Poisson distribution. We
extracted the values of each habitat variable around each site from the GIS surfaces

and used these as predictor variables to model the transformed count of the flower
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longicorn beetle Typocerus v. velutinus. We needed to select a representative species
to determine surface coefficients and a common window size for all species because
we are comparing the entire community (with BC index). Typocerus v. velutinus was
chosen because it responds at a scale close to the average for this beetle family (Yang
2010) and because we are particularly interested in the dynamics of this species. The
standardized coefficients of all significant predictors were then used as weights for
each layer in combining them into a single map of habitat quality using raster math.
Using the smoothed surfaces from the moving window analysis allowed us to apply
the coefficients from the regression analysis to the layers in constructing the final
habitat quality surface. This carried the cost however, of losing information on finer
scale heterogeneity. After the final habitat quality surface was created, we reclassified
all ‘NoData’ pixels to the minimum fitted value of that surface in order to obtain a

continuous (non-perforated) final surface (Figure 3.1.h).



58

Curvature "~ Insolation

P o5 P 065
B o6 B

Figure 3.1 (a) Map of Indiana, USA, showing the 67 sampling sites. Triangles, Upper
Wabash Ecosystem Project (UWEP) sites (3 array/yr); stars, Landowners Project (LOP)
sites (1 array/yr); crosses, Hardwood Ecosystem Experiment (HEE) sites (5 array/yr). (b
to g) the six GIS surfaces calculated for Indiana: (b) percent forest, (c) splitting index, (d)
NDVI, (e) DEM, (f) curvature index, and (g) solar insolation. (h) Surface of habitat

quality for the lepturine beetles.
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We adopted a correlated random walk approach to determine the size and
shape of a landscape most likely encountered by beetles dispersing between each
possible pair of the 67 sampling sites (Okubo and Kareiva 2001). At a series of
different distances apart, we used R to set 100,000 random walkers moving according
to specific distributions of turning angle, step length, and total number of steps. For
all walkers that successfully reached the other patch in the pair we averaged the
minimum and maximum radii of an ellipse that entirely contained the path. The
resulting relationship between distance between patches, and major and minor radii
were used to determine the landscape between each pair of points depending on the
distance between them (details in Koh et al. 2013). In R, we created the 2,211
elliptical landscapes and used these to clip the habitat quality surface for analysis. We
measured ten surface metrics (Supplementary material) that demonstrate different
characteristics of the habitat quality surface while possessing minimum possible
redundancy among them (McGarigal et al. 2009). We used the Scanning Probe Image
Processor (SPIP™) software to calculate the chosen surface metrics. These metrics,
Euclidean distance, and the surface metric-distance interactions were predictor
variables and the fixed components in multiple generalized additive mixed models
(GAMM). Sampling site (one of the pair) was random effect variable to avoid
pseudoreplication. Analyses were done separately for overall BC dissimilarity and for
individual species. For model selection, we adopted the protocol described by Zuur et
al. (2009). We started with the beyond optimal models that include all possible
explanatory variables and interaction terms (fixed component) and we optimized our
random component (sites) in these mixed models. We used the restricted maximum
likelihood estimation (REML) and Akaike information criterion (AIC) to compare our

models. In this procedure, we retained explanatory variables that passed an F statistic
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significance test of level 0.05 in the optimal models. The selection of the best models
was based on the lowest AIC.
3.4  Results

We caught 16 different species of lepturine beetles at our 67 sites (Table 3.1).
The two most abundant species were Analeptura lineola (Say) and Typocerus v.
velutinus. Of the six GIS surfaces we used to build the final 3D surface of habitat
quality, NDVI, solar insolation and DEM values varied remarkably among study sites
unlike the remaining three surfaces (splitting index, percent forest and curvature index)
which varied less (Table 3.2). The six surfaces together explained 24.6% of the
variance in the abundance of Typocerus v. velutinus. Habitat characteristics as
represented by all six GIS layers significantly influenced this beetle’s abundance.
NDVI, curvature index and solar insolation were positively correlated with the beetle
abundance while splitting index, percent forest and DEM were negatively correlated.
NDVI as a measure of forest productivity, and the percent forest, were the most
important explanatory surfaces and combined they explained 15.1% of the variance in
abundance (Table 3.2). Splitting index and solar insolation explained much less

variance.
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Table 3.1 Abundance of the lepturine beetles in the 67 study sites in Indiana corrected
for trap array composition and sampling effort.
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1 0.25 0.50 0.25
2 1.00 1.00  0.50 2.00
3 1.00
4 5.00 0.17 0.33 0.33 0.33
5 13.33 0.33 0.17 0.33
6 48.99 3.00 1.00 2.00
7 0.25 0.25 1.25
8 0.50
9 2.50 0.17 1.67
10 11.60  0.40 0.40 1.20 2.40 8.00 560 040 040 10.40
11 520 040 0.80 0.80 1.20 0.80 0.80 480 040 040 040 3.60
12 8.40 040 2.80 040 040 040 0.40 1.60 0.40 0.80
13 0.80 0.40 0.40 1.20 0.40 0.40 1.60 4.40 040 040 14.40
14 0.40 0.40 0.40 080 040 040 0.80 11.99
15 3.20 0.80 0.80 0.40 0.40 1.20 5.60
16 320 040 1.60 0.80 0.80 0.40 0.80 1.20 38.00
17 0.80 0.80 0.40 2.40 0.40 0.40 0.40 4.00
18 0.40 0.40 0.80 040 040 1.20 0.80 0.40 040 6.80
19 2.00 0.25 0.75
20 0.75
21 16.00 1.00
22 0.25 025 0.25 0.75
23 0.50 0.25
24 0.25
25 0.50 0.50 1.00
26 2.25 1.50
27 3.00 6.00
28 2.00 0.50
29 7.34 0.67 0.67 0.33
30 2.00
31 1.33 5.67 0.33 0.17
32 0.50 5.00 1.00
33 1.50 0.25
34 8.75 0.50
35 0.25
36 0.50 2.50 0.50 1.00
37 3.00
38 1.00 1.00 1.00
39 12.17 1.17 0.33 0.67 0.17
40 16.99 0.50
41 0.25
42 2.00 1.50 0.33 0.17 0.67 0.33
43 350 0.17  0.17 0.33 1.17 0.17
44 4.00 0.50 0.33 0.67
45 0.33
46 8.67 1.00 0.33
47 2.00 0.17 0.17 0.33
48 2.00 1.00
49 1.00 1.17
50 4.50 0.33 0.33 0.33
51 1.67 0.17 0.67
52 0.67 1.00 1.33
53 55.18 0.17 0.33
54 1.00 1.00
55 2.33 0.33
56 1.00 1.00
57 0.50 0.33 0.33
58 0.50 1.00
59 1.00 0.83
60 2.17 0.50 0.50
61 0.50 0.50
62 9.00 1.00 0.50
63 1.00 0.33 0.33 0.33
64 0.33 0.17 1.00 1.00 0.50
65 2.00 2.50 1.00
66 2.00 1.50 2.75
67 0.25 0.25
Total | 269.50 330 2.14 1.85 4852 1529 260 3.00 1383 146 6.00 62.18 243 240 507 110.25
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Table 3.2 Descriptive statistics of the six GIS surfaces and results of the generalized
linear regression model used to create the habitat quality surface. Coefficients
represent the relative importance of predictor variables calculated from standardized

surfaces.

GIS Surfaces summary statistics

Surfaces Min Max Mean SD (A
Splitting 1.00 7.86 1.71 1.57 1.45
NDVI 3.45 170.86 60.83 50.28 41.57
Percent forest 0.08 1.00 0.65 0.26 0.11
DEM 153.04 331.25 222.98 35.35 5.61
Curvature -0.14 0.13 -0.01 0.04 ~0.00
Insolation 42595430 437553.50 431045.10 2368.97 13.02

Generalized Linear Regression Model

Relative

Predictors Coefficients SE z value P (>|z)) importance
(%)

Intercept 0.51 0.11 4.607 F** -
Splitting -0.49 0.22 -2.243 * 7.33
NDVI 1.50 0.25 6.012 *** 38.24
Percent forest -0.96 0.27 -3.513  **x* 22.97
DEM -1.26 0.25 -5.012  *** 9.59
Curvature 0.20 0.07 2.975 ** 15.32
Insolation 0.80 0.25 3.145 ** 6.85
R?=0.246 AIC=435.73 Significance at: *** P<0.001, ** P<0.01, *
P<0.05

Within the ten surface metrics chosen to describe the topology and
heterogeneity of the habitat quality surface, surface kurtosis (Sku), surface skewness
(Ssk), and surface area ratio (Sdr) varied remarkably among the studied landscapes.

Surface roughness (Sa), ten point height (S70z) and surface dominant texture direction
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(Std) were the second most variant metrics among the landscapes while the remaining

surface metrics varied little (Table 3).

Table 3.3 Summary of the ten surface metrics calculated from the habitat quality

surface for lepturine beetles.

rsn‘gfl‘g: Sa S0z Ssk Sku Sdr  Sbi  Std  Stdi  Sfd  Srwi
Min ~0.00 2.85 -365.63 1.00 10.78 027 000 0.09 2.19 0.1
Max 60.63 212.80 423 138612.00 592160.00 10.78 16725 0.86 2.92 0.80
Mean 2849 141.99  0.88 66.04 5333240 0.54 5839 023 240 0.0l
SD 850 23.10  7.82  2947.12 26165.15 025 4287 0.1 007 0.02
cV 254 376 6926 131512.60 12836.75 0.12 3148 0.06 ~0.00 0.03

The ten surface metrics we calculated (Supplementary material, Table 3.3)
depicted some important characteristics of the overall habitat quality surface of
Indiana (Figure 3.1.h). For the amplitude metrics, there was an overall variability in
the surface heights as demonstrated by mean value of roughness metrics Sa and S70z
(28.49 and 141.99 respectively). The mean value of surface kurtosis showed that
habitat quality surface was generally leptokurtic with uneven distributed height
surface (Sku= 66.04). For the surface configuration metrics, there was a large
variability in the surface slope and steepness as represented by the surface area ratio
(Sdr=53332.4) with a relative dominance of surface texture direction over all other
texture directions (Stdi) of 0.23. The habitat quality surface for lepturines in Indiana
generally showed very dominant radial wavelengths (Srwi=0.01) and a fractal surface
with a dominant radial wavelength (Sfd=2.4). The surface had many high peaks with a

mean surface bearing index (Shi) of 0.54.
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The 16 lepturine species had different relationships with different surface
metrics. The vast majority of the species individually and the total community
responded to at least one half of the 21 explanatory variables (ten surface metrics,
geographical distance, and ten interaction terms) used in the generalized additive
mixed models (Figure 3.2.a). Based on the values of standardized coefficients
associated with our explanatory variables, among all surface metrics, surface kurtosis
(Sku) and its interaction with geographic distance (Sku:Geo_dist) had the strongest
relationship with beetle dissimilarities for both the total community and for individual
species. Among the 16 studied species and the total community, seven individual
species and the total community correlated strongly and significantly with Sku and
Sku:Geo_dist. Examples of these species included Bellamira scalaris (Say),
Strophiona nitens (Forster) and Typocerus v. velutinus. Contrary to these, nine other
species did not respond to these two variables, e.g., Analeptura lineola, Brachyleptura
champlaini (Casey), and Strangalia solitaria (Haldeman). Both Sku and its interaction
with the geographic distance showed a significant negative correlation with the BC
index. The second most important variable was the interaction between the ten point
height and geographic distance between sites (S10z:Geo_dist). The community and
almost all individual species correlated negatively with S70z:Geo_dist metric except
for two species that correlated positively: Gaurotes cyanipennis (Say) and Strangalia
luteicornis (Fabricius). Only five species (Analeptura lineola, Brachyleptura.
champlaini, Necydalis mellita (Say), Strangalia bicolor (Swederus) and Strangalia
solitaria did not respond to this variable. Geographic distance (Geo_dist) between
sampling sites came next in importance. The BC index values among sites for the
total community and seven individual species correlated negatively with the

geographic distance between sites. Examples of these species are Brachyleptura
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rubrica (Say), Strangalia bicolor and Typocerus v. velutinus. The difference in
abundance for nine remaining species, however, did not correlate with geographic
distance [e.g. Analeptura lineola, Stenelytrana emarginata (Fabricius), and
Strangalia luteicornis (Fabricius)].

The interaction of the ten surface metrics we used in our study with the
geographical distance between sites is another important finding in our results. The
ten metrics showed three different patterns on interacting with geographical distance
between sites as explanatory variables. First, the interaction term for surface metrics
like Stdi and S10z was able to explain the variance in beetle dissimilarities for about
twice as many beetle species than the metrics alone. For example Stdi explained the
variance in abundance dissimilarity for four beetle species, whereas Stdi: Geo _dist
was able to explain this for nine species plus the total community. The second pattern
is found in metrics such as Sa and Std which are found to be able to explain the
variance in beetle dissimilarities for more species than their interaction terms with the
geographical distance can do. For instance Sa was able to explain the variance in
abundance of seven species while Sa:Geo_dist explained it for just two species. Also
Std explained the variance in six species but Std:Geo_dist explained it for only two
species. Finally, the remaining surface metrics and their interaction terms with
geographic distance were significant for approximately the same number of species
(see Figure 3.2.a,b).

The total variance in the beetles’ dissimilarities as explained by the best
models varied among the total community and the 16 individual species as shown by
the values of the adjusted R? (Figure 3.2.c). The surface metrics worked very well
with some lepturine species such as Trachysida mutabilis (Newman), Bellamira

scalaris and Typocerus v. velutinus where the best models explained a moderate
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amount of variance of 22.9%, 20.9% and 17.3% respectively for these three species.
Surface metrics explained lower amounts of variance in beetles’ dissimilarities for
most other species such as Gaurotes cyanipennis, Typocerus deceptus (Knull) and
Metacmaeops vittata (Swederus) where the variance explained was 11.8%, 10.8% and
9.9% respectively. On the other hand, the total variance explained was less than 5%
for the remaining species. Also, surface metrics were able to explain only 5.31% of

the variance in dissimilarities between sites for the total lepturine community.
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Figure 3.2 Summary of best generalized additive mixed models showing relative
importance and significance of surface metrics in explaining variances in Bray-Curtis
dissimilarity between sites for the beetle community and the simple difference in
abundance of the 16 species. In a and b the Y-axis represents the 10 surface metrics
measured, the geographical distance between sites, and the interaction term between
each surface metric and geographic distance. Boxes in figure (a) are colored in a
gradient from grey to dark red showing the relative importance of each explanatory
variable based on the value of the standardized coefficients resulted from the models
(values: -179.95 — 2.52). Signs in boxes are direction of the relationship. Blank boxes
are variables that were eliminated during model selection to obtain the optimal models
based on lowest AIC values. Boxes in figure (b) are the corresponding significance
levels of each explanatory variable in (a). Significance is represented as a grey to blue
gradient (P<0.05 to P<0.001, n = 2211, df = 22). Figure (c) represents the values of

adjusted R? associated with best models for each species and the community.

3.5  Discussion

Topology metrics of the habitat quality surface explained differences in
lepturine beetles species. Surface metrics thus seem able to serve as landscape
analysis tools. A powerful characteristic of these metrics lies in their capability to
describe both spatial and non-spatial aspects of a surface and to describe the
continuous nature of gradients. Surface kurtosis (Sku) is an example of a non-spatial
metric. This metric describes the peakedness of the surface height distribution and
provides information on the heterogeneity of the surface. Higher values of kurtosis
indicate high contrast landscapes dominated by high and low values (e.g., of habitat

quality). Higher values of kurtosis thus indicate landscapes with a greater contrast, for
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example, between habitat and matrix (Supplementary material). Seven of our 16
species and the overall community were more similar with higher kurtosis in the
intervening landscape (negative values in Figure 3.2.a). This counters an expectation
that a higher contrast landscape would be less conducive to movement. This raises the
possibility that dissimilarity in beetle abundances are much a result of habitat
similarity as they are of movement. Another possibility is that the higher contrast
landscapes contain more high quality habitat and this is important for movement,
while the lower contrast landscapes contain more area of intermediate-value ‘habitat’
that is less used and difficult to traverse.

Kurtosis in c