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Abstract

The focus of my PhD thesis was to study evolutionary aspects of host-associated microbial
communities. In order to better understand these effects, I developed and applied computa-
tional methods to search for protein families that are under selection within metagenomes
(Publication I) and applied them to various environments (see the articles “Structure and
function of the bacterial root microbiota in wild and domesticated barley ” (Bulgarelli et al.
2015), and “Survival trade-offs in plant roots during colonization by closely related beneficial
and pathogenic fungi ” (Hacquard et al. 2016). One consistent finding of these studies was the
high selective pressure acting on gene families associated with the bacterial defense system
(the so-called CRISPR–Cas system) and families annotated as being related to bacteriophages.
To study this CRISPR–phage relationship more closely, I systematically analysed CRISPR
cassettes and CRISPR-related genes in samples from the Human Microbiome project (HMP)
(Publication II). This resulted in one of the most comprehensive CRISPR collections to
date. Further, we found novel sequence characteristics in the CRISPR loci and described the
differences in the composition of CRISPR-associated genes in different body habitats and a
potential relationship between the CRISPR defence system and the restriction modification
system of bacteria. Furthermore, I performed a similar but less extensive search on metage-
nomic samples from infants: “Genomic variation and strain-specific functional adaptation
in the human gut microbiome during early life” (Vatanen et al. 2019). Next, I turned my
focus to study microbiome evolution in a gnotobiotic mouse model, since this provided the
opportunity to study bacteria evolution on an intermediate scale of complexity. I contributed
to the development of the mouse model described in the Manuscript “Genome-guided design
of a defined mouse microbiota that confers colonization resistance against Salmonella enterica
serovar Typhimurium” (Brugiroux et al. 2016) and a study comparing the stability of the
community between animal facilities “Reproducible colonization of germ-free mice with the
Oligo-Mouse-Microbiota in different animal facilities” (Eberl, Ring, et al. 2019) and to a study
focusing on the interaction network of this community (Weiss et al. 2021). However, my
main work with the OMM12 model has been to study community effects and evolution during
repeated rounds of AB exposure (unpublished Publication III).
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Einleitung

Der Schwerpunkt meiner Doktorarbeit lag auf der Untersuchung evolutionärer Aspekte von
wirtsassoziierten mikrobiellen Gemeinschaften. Um diese Effekte besser zu verstehen, habe ich
computergestützte Methoden entwickelt und angewandt, um nach Proteinfamilien zu suchen,
die in Metagenomen (Publikation I) der Selektion unterliegen, und sie auf verschiedene
Umgebungen angewandt (siehe die Artikel “Structure and function of the bacterial root
microbiota in wild and domesticated barley ” (Bulgarelli et al. 2015) und “Survival trade-offs in
plant roots during colonization by closely related beneficial and pathogenic fungi” (Hacquard
et al. 2016). Ein durchgängiges Ergebnis dieser Studien war der hohe Selektionsdruck, der auf
Genfamilien wirkt, die mit dem bakteriellen Abwehrsystem (dem sogenannten CRISPR-Cas-
System) und Familien, die als mit Bakteriophagen verwandt beschrieben werden, verbunden sind.
Um diese CRISPR-Phagen-Beziehung genauer zu untersuchen, analysierte ich systematisch
CRISPR-Kassetten und CRISPR-verwandte Gene in Proben aus dem Human Microbiome Project
(HMP) (Publikation II). Dies führte zu einer der bisher umfassendsten CRISPR-Sammlungen.
Darüber hinaus fanden wir neuartige Sequenzmerkmale in den CRISPR-Loci und beschrieben
die Unterschiede in der Zusammensetzung von CRISPR-assoziierten Genen in verschiedenen
Körperregionen sowie eine mögliche Beziehung zwischen dem CRISPR-Abwehrsystem und dem
Restriktionsmodifikationssystem von Bakterien. Außerdem habe ich eine ähnliche, aber weniger
umfangreiche Suche an metagenomischen Proben von Säuglingen durchgeführt: “Genomic
variation and strain-specific functional adaptation in the human gut microbiome during early
life” (Vatanen et al. 2019). Als Nächstes konzentrierte ich mich auf die Untersuchung der
Mikrobiomevolution in einem gnotobiotischen Mausmodell, da dies die Möglichkeit bot, die
Evolution von Bakterien auf einer mittleren Komplexitätsebene zu untersuchen. Ich war an der
Entwicklung des Mausmodells beteiligt, das im Manuskript "Genom-guided design of a defined
mouse microbiota that confers colonization resistance against Salmonella enterica serovar
Typhimurium" (Brugiroux et al. 2016) und eine Studie zum Vergleich der Stabilität der OMM12

Gemeinschaft zwischen Tierhaltungsanlagen “Reproducible colonization of germ-free mice with
the Oligo-Mouse-Microbiota in different animal facilities” (Eberl, Ring, et al. 2019) sowie eine
Studie, die sich auf das Interaktionsnetzwerk dieser Gemeinschaft konzentriert (Weiss et al.
2021). Meine Hauptarbeit mit dem OMM12-Modell bestand jedoch darin, die Auswirkungen
und die Entwicklung der Gemeinschaft während wiederholter AB-Expositionen zu untersuchen
(unveröffentlichtes Manuscript III).
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Contributions to publications

1. Summary and own contributions to Publication I

In the manuscript “EDEN: evolutionary dynamics within environments”, published in
Bioinformatics (Authors: P. C. Münch, B. Stecher and A. C. McHardy), I described a method
that makes use of the dN/dS statistic to detect protein families that are under positive and
negative selection in metagenomic samples and applied this method to a collection of such
samples. This method overcomes the current limitations of phylogenetic methods for studying
adaptation and evolutionary dynamics that are not able to cope with Gb-sized metagenome
data. To my knowledge, this is the first software package designed for the detection of protein
families and the regions thereof that are under positive selection within metagenomic datasets,
as well as their associated biological processes. In a further publication (not part of this
cumulative thesis), EDEN generated evidence for a higher degree of selection acting on protein
families within the root-associated microbiota than on those found in bulk soil, especially
protein families linked to pathogenesis, bacteria–phage interactions, secretion and nutrient
mobilization (Bulgarelli et al. 2015). In a further publication (not part of this cumulative
thesis), EDEN was used to compare the selection patterns of strains of Colletotrichum with
different lifestyles (Hacquard et al. 2016). We furthermore analysed human metagenome
samples from different body sites of healthy individuals, as well as individuals with different
body mass indexes, thus providing an initial quantitative analysis of the traces of directional
selection for different types of human-associated metagenomic samples (Münch, Stecher, and
McHardy 2017). EDEN comes in a Docker installation, allowing its use under all common
operating systems. Via a web-browser interface, the user can upload samples and gene family
definitions in the form of a set of profile Hidden Markov models (pHMM). These samples are
then analysed by fast methods for searching pHMM hits in the sample(s), multiple sequence
alignment, tree inference and substitution counting. Finally, the tool performs statistical tests
to rank these gene families according to the estimated evolutionary pressure and generates
publication reads figures showing (i) the distribution of dN/dS rates among and between the
samples, and (ii) the distribution of dN/dS over the alignment of each protein family, e.g. to
identify epitopes under evolutionary pressure.

In this publication, I conceived and designed the experiments together with BS and ACM; I
implemented, tested and benchmarked the software; I generated all the figures and applied
the method to the dataset of the Human Microbiome Project (HMP) and other datasets and
analysed the results; ACM and I wrote the manuscript with comments from BS. Further, this
work contributed to other publications (Bulgarelli et al. 2015; Hacquard et al. 2016) (not part
of this cumulative thesis).
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2. Summary and own contributions to Publication II

2. Summary and own contributions to Publication II

In the manuscript “Identification of natural CRISPR systems and targets in the human

microbiome” published in Cell Host & Microbe (Authors: P. C. Münch, E. A. Franzosa, B.
Stecher, A. C. McHardy and C. Huttenhower), I carried out a comprehensive taxonomic and
functional characterisation of natural CRISPR systems in over 2,000 metagenomes from the
expanded human microbiome project (HMP1-II) and identified over 2.9 million novel CRISPR
spacer sequences within the metagenomes native to oral, skin, vaginal and gut body sites. For
comparison, this is over 20 times greater than the number of CRISPR systems cataloged from
complete microbial genomes in CRISPRCasdb (Pourcel et al. 2020). Furthermore, I performed
a metagenome-based quantification of cas genes, which, together with the CRISPR detection,
provides information on both the potential functional roles of CRISPR–Cas systems and their
targets during human health, and the evolutionary properties and principles of bacteria–virus
relationships. Based on this data resource, I estimated the distribution of CRISPR sequence
variants in different body habitats, identifying oral plaque and the tongue as the sites with
significantly higher CRISPR densities than gut and urogenital sites. I characterised the nucleotide
sequence properties of spacer and repeat regions, identifying a hitherto-unknown palindromic
nucleotide distribution pattern and an association between GC content and spacer length. This
appears to be newly detected in the human microbiome, in contrast to earlier studies on
much smaller populations or on environmental microbial communities. We quantified the
functional potential of these human-associated CRISPR spacers, including their ability to target
bacteriophages. In addition to CRISPR spacers that appear to target phages, we found potential
CRISPR influence on bacterial genes involved in methylation activity, suggesting a yet unknown
connection between the restriction modification and CRISPR defence systems. The spacer and
repeat set described in this study is, to our knowledge, the largest and most comprehensive
comparison of CRISPR carriage and ecology in the human microbiome. As a resource, it can aid
in the identification of viral sequences associated with the human microbiome, which remains
technically challenging, and for the development of a novel CRISPR detection methodology. I
believe that this work advances our understanding of the CRISPR system, and that the results
may be further applied for the optimization of plasmid and phage-based therapies.

In this publication, I conceived and planned the experiments together with EAF, ACM and
CH; I performed the CRISPR cassette and cas gene search and analysed the data; I generated
all the figures and tables and wrote the manuscript with input from EAF, ACM, CH and BS.
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3. Summary and own contributions to Publication III

3. Summary and own contributions to Publication III

In the unpublished manuscript “Pulsed antibiotic treatments of gnotobiotic mice manifests

in complex community dynamics and resistance effects” prepared for Nature Microbiology,
(Authors: P. C. Münch, C. Eberl, D. Ring, S. Wölfel, A. Fritz, S. Herp, R. Geffers, E. A.
Franzosa, C. Huttenhower, A. C. McHardy and B. Stecher), I performed an evolutionary
analysis of a defined bacterial consortium consisting of 12 cultured strains, the Oligo-Mouse
Microbiota (OMM12) (Brugiroux et al. 2016) in mice, during repeated antibiotic exposures
to three different clinically important antibiotic compounds. Despite the known impact of
antibiotics on the human microbiome, only a few studies have been performed to understand the
short- and long-term impact of antibiotic treatment on the human microbiome, and this work
aimed to address one of the biggest problems facing the public health sector: understanding
the evolutionary effects on bacterial environments during antibiotic (AB) stress, and evolution
towards AB tolerance or resistance. In complex microbial populations such as the human
gut, understanding the temporal emergence and dynamics of antibiotic-resistant mutants are
difficult to obtain because of the complexity of the microorganisms present. Although pure
in vitro studies on cultured sequenced isolates are valuable, some evolutionary drivers such
as mutation load and fitness costs differ between in vitro and in vivo studies, which makes
it necessary to study these systems as a whole. In this work, I analysed how the community
responds to repeated exposure to antibiotics in the short and long term, and studied the
community dynamics during repeated AB application over 80 days (in five treatment phases
interspaced with resilience phases). Interestingly, some species, such as E. faecalis in the
ciprofloxacin group, increased tolerance to AB within the duration of the study, whereas other
community members, such as A. muciniphila, exhibited a more complex response pattern to AB.
To identify these observations with genomic alterations, I quantified the differences between
samples taken throughout the study on the single nucleotide (SNP) level and accounted for a
range of OMM12-specific characteristics that could lead to false positive results in the variant
calling, such as the high intra-species similarity of OMM12 members or duplication events.
Furthermore, I confirmed that many of the remaining SNPs were indeed located in genes with a
known relationship to antibiotic resistance, such as 30S ribosomal protein S11 and efflux pumps.
Since the response pattern of some bacteria remains complex and could not be explained by
the SNP counts, I analysed other putative evolutionary drivers such as bacterial growth. Here, I
implemented existing methods to estimate growth via the Peak-to-Trough (PT2) ratio based on
the genomic coverage by accounting for OMM12-specific characteristics such as local variations
in the coverage pattern. I observed that the growth rate changed during the study time and was
often linked to treatment regimes. Finally, I analysed prophage activation by identifying regions
with high similarity to prophage genes and loci with an abnormally high read coverage on the
reference genome, since these are likely to be the products of prophage activation. I analysed
these regions at all time points and uncovered a treatment-dependent relationship. Again, these
regions contain genes that are potentially associated with AB resistance. Finally, I developed a R
package that applies non-negative matrix factorization to the problem of genotype identification.
Taken together, this work shows that mice stably colonized with synthetic bacterial communities
are a valuable tool for studying community dynamics in response to AB stress. The responses

xix



Contributions to publications

to AB treatment are multifaceted, and their interaction patterns could be investigated further
by the research community with an R package that we aim to publish alongside the dataset.

In this study, I conceived and designed the experiments together with BS and ACM; I wrote
the grant applications with input from BS and ACM; I performed the mouse experiments
together with DR, CE and SH and BS; I analysed and interpreted the datasets, and wrote the
R libraries and functions for P2T estimation and SNP decomposition, and generated all the
figures and tables; I wrote the manuscript with comments from BS, ACM, EAF and CH.
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Introduction

1. Scaling laws highlight the need for bioinformatics

Moore accurately predicted that the number of transistors would double every two years (Brock
and Moore 2006), driven by a series of exponential growth modes driven in turn by single
interventions that overcome current bottlenecks. Similar advances are also observable if we
compare the improvements in the runtime of bioinformatics software over the past few decades,
such as sequence alignment tools (Muir et al. 2016), probably caused by the introduction of
parallel architectures. A similar law can be observed in genomics, where the costs of DNA
sequencing have dropped significantly over the last few decades, quantified as dollars per base
sequence (ibid.). Technical breakthroughs have resulted in a reduction in the cost per megabase
from ⇠ 10,000 USD with Sanger technology (1986) to ⇠10 USD with 454 technology (2007)
to around 10 cents with modern Illumina sequencers (today), reducing costs by a factor of 5–10
per year on average and outpacing Moore’s law. This translates to reductions in the growth
rate of databases that collect genetic information, such as GenBank, which has a doubling time
of approximately 18 months, since this is not solely bound by the sequencing costs but also by
data preparation. Comparing these different scaling laws hints that there could be a “biological
overhang”, where the amount of biological data generated will presumably continue to outpace
processing speeds, which would set constraints on runtime complexity. These factors underpin
the need for further improvements in computational methods that can be applied to process
large amounts of biological data, such as the development of more computationally efficient
bioinformatic tools. However, this also highlights that we are in an era with a large amount of
unprocessed sequence information that could be harvested to study the functions of humans,
animals and microbial communities, and how organisms evolve over time. The presence of this
data overhang was my main motivation to study bioinformatics and to focus my Ph.D. research
on developing and applying methods and tools that are suitable for large collections of genomic
datasets. Recently, algorithms were developed (based on deep neural networks) that seem to
exploit the existing computational power far more efficiently than before (Jumper et al. 2021;
Brown et al. 2020; Kaplan et al. 2020), which leads to algorithmic efficiency outpacing the
gains from hardware efficiency, which motivated me to focus my further research on finding and
applying deep learning architectures within the field of genomics (not part of this cumulative
thesis).
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Introduction

2. Computational methods for quantifying evolution

According to the projections of currently available studies, the earth should contain ⇠ 1010 –
1012 microbial species. Of these, ⇠ 107 have been already catalogued; of these, ⇠ 105 species
are represented in reference genomes and ⇠ 104 have been cultured, leaving over ⇠ 99.99% of
microbial taxa to be discovered (Locey and Lennon 2016; Lennon and Locey 2020). At the
smallest scale, these microorganisms have evolved progressively through genetic changes at the
single nucleotide level, called SNPs (Fig. 1). These are the results of mutations, a source of
biological variation that can vary in bacteria from 10�8 to 10�10 per base per generation (Lynch
et al. 2016) and gives bacterial populations the ability for long-term survival and to adapt to
extreme environmental conditions (Pérez et al. 2017; Merino et al. 2019). Although mutation
rates, in combination with Darwinian selection, seem to be one of the main evolutionary drivers,
the involvement of further mechanisms such as lateral gene transfer mechanisms, homologous
recombination and interactions between hosts, and viruses draw a more complicated portrait of
evolutionary forces in the observed genomic content of microbial populations.

Some of these substitutions may be neutral or silent, meaning that a change in a particular
base pair in an open reading frame does not translate to a change in the amino acid, and
may not cause an erroneous (or evolutionarily fitter) or shortened protein. However, these
substitutions should not be considered as completely neutral, since these still change the
underlying codons and may result in the formation of codon patterns, since DNA replication
may prefer certain codons over others, even if they encode for the same protein. These codon
patterns are the result of translational selection, which describes how codon usage reflects
evolutionary forces acting within an organism (Grantham et al. 1980; Gouy and Gautier 1982).
This results in selection for mRNA expressivity, where highly expressed genes are encoded by
chemically more optimal codons with respect to their translational accuracy. However, methods
for systematically estimating translational selection have been rare until a unified framework
was presented (Reis, Savva, and Wernisch 2004). This showed that genome size is a major
contributor to this evolutionary force, since it is tightly linked to tRNA copy numbers, and that
this force can be observed in organisms when there is a redundancy in the tRNA genes that
the evolutionary force can act on. On the other hand, we can reasonably assume that genome
size is itself a target for selection processes, since it imposes a higher metabolic burden with
reduced fitness on the cell and is associated with the mutation rate (Ochman, Lawrence, and
Groisman 2000; Ranea et al. 2005; Marais, Batut, and Daubin 2020).

Other substitutions on open reading frames might cause a change at the amino acid level;
these substitutions are known as non-neutral substitutions. Different measures have been
developed to quantify the evolutionary pressure of protein-coding sequences, which mainly can
be classified into tools that detect the signatures of selection in a population and those that
do so in comparative settings. One of the most widely used and reliable measures applied to
protein-coding regions is the dN/dS ratio, which measures the excess of nucleotide-altering
substitutions in a set of genes, which is a general indicator of the mode and strength of
selection (Nielsen 2005; Buschiazzo et al. 2012). Substitutions can be either synonymous
without causing a change in the coding amino acid (also called silent or neutral, as discussed
above) or non-synonymous, causing a replacement of the amino acid. In the absence of

xxii



3. Metagenomics provides a more unbiased view for studying evolutionary properties

selection pressure, synonymous and non-synonymous mutations should occur at the same rate
(dN/dS = 1), although evidence for positive or negative selection appears when the ratio is
> 1 or < 1, respectively. Synonymous substitutions are often quantified as substitutions per
synonymous sites dS (where the number of synonymous sites is a measure of the likelihood
that substitution at a given position in the codon is synonymous, typically occurring in the
third position of codons), are usually regarded as neutral and are not affected by natural
selection. Conversely, non-synonymous changes per non-synonymous site (again, sites indicate
the likelihood that a mutation will cause a change in the amino acid, typically in the first
and second position of a codon), denoted dN, are seen as influencing the bacterial fitness
and will be removed from the population via purifying or negative selection (DeSalle 2000).
A comparison of the relative frequency of both dN and dS can be used as a measure of the
selective forces that act on a given region, and can be performed at different levels such as
sites, codons, genomes and populations (Rocha et al. 2006). As part of my dissertation I have
extended and applied this dN/dS measure to metagenomic samples for quantifying selection
pressures acting on protein families and the putative epitopes thereof (Publication 1).

3. Metagenomics provides a more unbiased view for studying
evolutionary properties

Albeit valuable, previous types of studies on microbial evolution used either single bacterial
cultures in vitro, such as the long-term evolution experiments by Lenski and Travisano (1994)
or were of a comparative nature, analysing a specific set of genomes (Petersen et al. 2007) or
all genomes present in public databases (Endo, Ikeo, and Gojobori 1996; Ciufo et al. 2018; Jain
et al. 2018). These methods are arguably limited. Although the first type of study misses out
potential microbe–host interactions, the latter suffers from cultivation and observation bias and
has led to a wide range of controversies; for example, if this cultivation bias should be accounted
for when interpreting species boundaries (Murray, Gao, and Wu 2021; Rodriguez-R et al. 2021).
However, with metagenomic techniques, one can obtain near-complete genome sequences from
environmental samples (West et al. 2007), giving access to Gb-sized datasets of microbial
communities under natural conditions without any cultivation bias. With metagenomics, the
sequenced nucleotide content typically originates from different cells in the sample and does
not show any strong biases regarding the part of the genome or the strain they represent,
thus providing random representations of the naturally occurring diversity (Amann, Ludwig,
and Schleifer 1995). These methods overcome the limitations of the cultivation process (the
cultivation bottleneck) of single isolates. These metagenomic techniques helped to clarify the
aforementioned debate on the presence of species boundaries by applying distance measures
to genomes reconstructed from metagenomes instead of genomes isolated from different
populations and habitats, giving evidence of the presence of a species boundary (Caro-Quintero
and Konstantinidis 2012).

Several technical challenges and limitations must be faced when handling metagenomic
shotgun sequencing datasets. One of them is correct selection of the sequencing depth, defined
by the quantity of reads obtained from a sample. The chosen depth needs to be high enough
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to assemble the genomes of less abundant community members of interest (Kunin et al. 2008).
This is especially a problem in highly complex environments that are dominated by a few single-
bacteria phyla, such as the human gut. Furthermore, downstream analysis of metagenomic
samples often requires the assembly of reads into larger fragments. Here, the current methods
have several limitations; for example, they perform poorly on repetitive regions such as CRISPR
elements (Skennerton, Imelfort, and Tyson 2013).

To understand the evolutionary drivers guiding genomic variation in microbial populations,
metagenomics could give researchers a scalable method for analysing within-community variation
on a populational scale. This would enable fine-grained analyses of the functions of community
members, and studies of their association with phenotypes and environments, as well as studies
of microevolution and adaptation to changing environmental conditions. Using metagenomic
datasets to study molecular evolution would broaden the focus from individual species (Lenski
and Travisano 1994) to whole communities, highlighting the importance of the reciprocal
evolution of interacting species and opening up a universe of previously unknown interactions
to be studied. In all publications presented in this thesis, I analysed such metagenomic samples
and applied existing and novel methods to the raw or assembled genetic content of these
communities to determine the genes, protein families and organisms under evolutionary selection.

4. Virus–bacteria coevolution can be quantified by dN/dS

statistics

Environmental and host-associated microbial communities harbour trillions of microbes including
viruses, among which bacteriophages (phages) that prey on bacteria are the most abundant.
Phages are generally classified as virulent (strictly lytic) or temperate. The latter enables the
phage to integrate its genome into the bacterial chromosome and become a prophage that is
vertically transmitted in the bacterial population. Clearly, lysogenic phages play an important
role in managing bacterial populations and also in bacterial evolution. Since the majority of
bacteria harbour prophage sequences, one of the main evolutionary drivers is the reciprocal
interaction between temperate bacteriophages (phages) and the bacterial host (Canchaya et al.
2003). During this integration process via lysogenization, phage genes can alter the phenotype
of the bacterial host and, once integrated, phages can multiply via concomitant lysis of the
host (ibid.). However, viruses often have a relatively error-prone replication machinery, which,
combined with a fast infection cycle, results in rapid coevolution with their hosts and in highly
diverse sequences (Pedulla et al. 2003). It has been shown that phages can contain genes
associated with virulence such as toxins, effector proteins or other fitness factors (Harald,
Carlos, and Wolf-Dietrich 2004), highlighting that the coevolution of phages and bacteria is
mutualistic rather than predatory (Boyd and Brüssow 2002). On the other hand, the presence
of prophages alone can be seen as a further evolutionary factor, since these phages build anchor
points for genome rearrangements and drive genome inversions and translocations (Harald,
Carlos, and Wolf-Dietrich 2004). These prophages constitute, besides other mobile genetic
elements, a substantial part of the laterally acquired DNA (Canchaya et al. 2003), and several
databases have collected the genomic content of publicly available sequenced phages, such as
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Figure 1: Evolutionary Processes in the microbiome likely manifests in variants observable of different
frequencies relative to a reference genome A) Genetic diversity of two genetically distinct
lineages of a bacterial species that have colonized a host. Within a lineage, substitutions
(stars) likely have accumulated and can have profound impact on the host health outcomes.
In many study settings, a reference genome has been identified e.g. via bacterial cultivation
efforts followed by NGS (green point). B) The distribution of variants can be estimated by
mapping the metagenomic reads to the reference genome, often via accounting for technical
biases such as sequencing errors. C) The site frequency spectrum can be represented by the
allele frequency of observed variants in the alignment. This typically consists of substitutions
that have arisen since colonization to the host and are less frequent or singleton variants
which constitute the low-frequency bin in the allele frequency plot. Diverged lineages are
often represented in the alignment by variants with a higher allele frequency. Variants
accumulated shortly after obtaining the reference sequence or mutations that exhibit a high
fitness benefit might be fixed and have a AF of ⇠ 1.
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PHASTER (Arndt et al. 2016), the successor of PHAST (Zhou et al. 2011).
In principle, shotgun sequencing approaches using metagenomics sequence virus-like particles

alongside the chromosomal bacterial DNA; they can also be used to survey the complete viral
community, without selection based on host or sequence similarity to known viruses (Rosario
et al. 2009). However, early attempts to study phage diversity through metagenomics found
that the majority of phage sequences could not be classified into any known viral taxonomy,
highlighting that the current databases underestimate phage diversity (Simmonds et al. 2017;
Turner, Kropinski, and Adriaenssens 2021). Moreover, studies using metagenomic techniques
have uncovered abundant novel viruses in the human gastrointestinal (GI) tract that had not
been detected previously, such as the so-called crAssphages (Edwards et al. 2019), which are
viruses that may have coevolved with the human lineage and are an integral part of the normal
human gut virome. This suggests a yet undetected diversity, often referred to as “viral dark
matter”, which remains to be quantified (Hatfull 2015; Krishnamurthy and D. Wang 2017).
Attempts have been made to quantify the phage diversity collected from metagenomes in
databases such as the “Gut Phage Database” (Unterer, Khan Mirzaei, and Deng 2021) which
includes over >140,000 non-redundant gut phages obtained by analysing > 28, 000 shotgun
metagenomic datasets. Other studies of the human gut metagenome have been mined for
phage genomes (Gregory et al. 2019) or combined data generated from cultivated approaches
and metagenomes (Paez-Espino et al. 2019). However, further research is needed to understand
the role of phages, particularly in the context of human health, since the role of phages present
in the human GI tract is still unclear (Camarillo-Guerrero et al. 2021).

Although the performance of software tools analysing metagenomic samples for their bacterial
content has increased (e.g., metagenomic assemblers and taxonomic binners), these tools have
been found to underperform, especially on viral genomes (Sczyrba et al. 2017; Meyer et al.
2021). This gap might be filled by a new generation of machine learning classifiers based on deep
learning (Bzhalava et al. 2018; Liu et al. 2020; Ren et al. 2020) or optimization of traditional
approaches for reconstructing viromes (e.g., by analysing subgraphs of the metagenomic
assembly graph) (Antipov et al. 2020). Furthermore, the co-evolutionary properties could be
analysed more directly without assembly; for example, by analysing the CRISPR spacer content
within metagenomes that could indicate recent encounters between bacteria and phages.

5. CRISPR–Cas immunity is an example of adaptive evolution

As a product of the evolutionary arms race, a fraction of the genome of most bacteria is
dedicated to defense against phages (Koonin, Makarova, and Zhang 2017). Broadly, these
systems can be categorized into “innate defense” including the restriction–modification systems
that discrimination between self and non-self DNA via methylation (Tock and Dryden 2005;
Goldfarb et al. 2015; Ofir et al. 2018), and abortive infection (Abi) systems that shut down the
bacterial cell cycle upon infection (Fineran et al. 2009) and adaptive defense systems. One
well-studied adaptive system involves clustered regularly interspaced short palindromic repeats
(CRISPR), which consist of 23–50 nt repeated sequences interspaced by the so-called spacers
(Fig. 2). These sets of spacers construct a memory of past encounters with foreign DNA and
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allow bacteria to counteract attacks by phages with matching genomic loci. Although they
were first described in E. coli (Nakata, Amemura, and Makino 1989), they are found in ⇠40%
of the bacterial strains present in public databases (Makarova, Haft, et al. 2011; Pourcel et al.
2020).

CRISPR-associated (Cas) proteins play a role in the three steps of CRISPR—Cas immunity,
namely (i) the acquisition of new spacers in the CRISPR loci, (ii) the maturation of the CRISPR
transcript into small CRISPR RNAs and (iii) interference, which involves targeting and cleavage
of the invading genome (Haft et al. 2005; Koonin, Makarova, and Zhang 2017). It has been
observed that specific sets of cas genes exist in genomes, which guided the classification of
cas types and subtypes (Makarova, Haft, et al. 2011; Makarova, Wolf, Alkhnbashi, et al.
2015; Makarova, Wolf, Iranzo, et al. 2020). This is of interest, since these subsets might
correspond to different modes of action or differences in their preferred targets. Some subsets
are potentially relevant for the development of new genome editing tools, as these come with a
limited set of cas genes required for functioning, such as the Cas9 subtype (Jinek et al. 2012;
Hsu, Lander, and Zhang 2014).

Although the general mechanistic principles of CRISPR–Cas-based defence are known, there
are several ongoing questions in CRISPR biology, such as their natural distribution and variation,
their role in functions other than defence (such as regulatory roles), their interactions with
plasmids and their contribution to bacterial evolvability as a whole. For example, the CRISPR–
Cas system may also interfere with the acquisition of genes that could confer fitness benefits
to the bacteria. CRISPR–Cas could limit the uptake of AB resistance genes in environments
with high AB pressure (Shehreen et al. 2019).

In general, the CRISPR-Cas system is a rapidly evolving defense system that is in a con-
tinuous arms race with bacteriophages, resulting in high evolutionary pressure on cas gene
sequences (Koonin 2019a), which can be observed via the dN/dS statistics (Münch, Stecher,
and McHardy 2017). It also can be seen as the mechanism of a specific form of genome
evolution (i.e., a system that directly facilitates directed genome evolution). It has been
discussed as evidence of the presence of the quasi-Lamarckian mode of evolution (Koonin
2019b; Wideman et al. 2019). However, this system remains to be studied, since the degree
to which the self-targeting effects of CRISPR-Cas systems might be functionally relevant are
unclear, such as in the context of quorum regulation, repair processes and others (Shmakov
et al. 2018; Newsom et al. 2020).

6. Antibiotics and “Red Queen” dynamics

Evolutionary forces act not only to provide reproductive advantages in response to abiotic factors,
but also to allow organisms to adapt to competing organisms and their competitive strategies
resulting in the so-called “Red Queen” dynamics (Van and Van Valen 1973). One product of
these coevolutionary Red Queen interactions is the evolution of microbial defense systems, such
as AB compounds and bacteriocins. Survival under conditions with high AB pressure might
select for bacteria with a higher mutation rate, since this can accelerate adaptations (Taddei
et al. 1997). These mutations might alter AB targets, such as the target proteins, or cell
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foreign DNA as spacers in the CRISPR-array from the invader (e.g. plasmid or phage). B)
The CRISPR interference process degrades foreign DNA that was previously incorporated as
spacer sequences.

permeability (Heisig 1996). Besides mutations, many resistance developments can be explained
by the acquisition of resistance genes via horizontal gene transfer events (Robicsek, Jacoby, and
Hooper 2006). However, developing resistance to AB imposes a high fitness cost on the bacteria,
which could be limited by compensatory mutations that restore fitness without the loss of
resistance (Levin et al. 1997). A further evolutionary strategy for surviving high doses of AB is
the stress-induced activation of several regulatory networks, such as the SOS response (Cirz et al.
2007), which was found to be activated in bacteria in response to ciprofloxacin, beta-lactams
and fluoroquinolones (Ames and Gold 1990; Miller et al. 2004; Pérez-Capilla et al. 2005).
This response can increase the rate of mutations through the induction of error-prone DNA
polymerases, thus increasing the rate of acquiring potential mutations conferring resistance
to ABs. Furthermore, some evidence has suggested that AB stress can increase the bacterial
recombination rate (López and Blázquez 2009), which is a further major driving force in
bacterial evolution and survival (Guttman and Dykhuizen 1994), since elements taken up via
horizontal gene transfer are integrated into the bacterial chromosome by such recombination
events.

Human-induced factors drive coevolution between the host and pathogens in agriculture,
aquaculture, and forestry (Percy 2007). Direct public health consequences can arise from
this evolutionary interaction in the form of (multi-) drug-resistant strains (Barbosa and Levy
2000) and further drive biological evolution. Understanding these evolutionary processes is of
profound importance for human prosperity, since it would enable the development of predictive
models that could be used, for example, to estimate the potential of a community to develop
resistance against certain ABs. In particular, the human gut is overly exposed to antibiotics
and harbours a wide variety of resistance genes (Salyers, Gupta, and Y. Wang 2004).
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7. The gastrointestinal system is a melting pot of
coevolutionary interactions

In humans, the GI tract has a high microbe density. Metagenomic analyses of the human
distal gut microbiome have been performed for around 15 years (Gill et al. 2006) boosting the
development of metagenomic approaches (Robinson, Bohannan, and Young 2010). The gut
microbiome describes the collection of microorganisms in the human GI tract and their collective
interacting genomes. The study of these interactions was motivated by the observation that
shifts in microbiome composition occur between healthy and diseased individuals, as well as
between age groups and between humans from different geographic locations (Yatsunenko et al.
2012). Recently, similar shifts have even been described in human disease conditions as diverse
as autism, cancer and diabetes.

One major problem in interpreting the results of observational studies is a limitation in their
ability to prove causation. For example, epidemiological studies established that human health
is largely impacted by socioeconomic factors such as educational attainment (Doubeni et al.
2012). Further, diet quality seems to be tightly linked to socioeconomic status (Darmon and
Drewnowski 2008) and there seem to be direct relationships between dietary factors, such
as dietary energy density, and human diseases (Swinburn et al. 2004). Since changes in the
diet were shown to directly alter microbiome composition (Singh et al. 2017), microbiome
studies should adequately address these potentially confounding effects. However, even when
these are addressed carefully, these confounding effects are likely to persist. Fortunately, some
recent advances in research methodologies are less prone to confounding and might clarify
which microbiome–disease interactions are causal. One potential method is the application of
Mendelian randomization techniques to microbiome studies, but these require large genome–wide
association studies highlighting human genome-bacteria associations. Another methodological
advance for detecting the causal relationships between the microbiome and disease is the
development of model systems, such as gnotobiotic (greek; gnotos: known; bios: life) mouse
models. In contrast to normal mice, these mice harbour microorganisms or defined minimal
microbial communities that have been applied to germ-free mice (e.g., through gavaging with
pure cultures of the bacteria of interest). The composition of these communities can be
modulated, their genome sequences are known and the bacteria can also be studied ex vivo in
the laboratory. Within this framework, immunological and ecological mechanisms caused by
individual bacterial species can be studied with high statistical power.

To generate gnotobiotic mouse models, germ-free mice are colonised with microbial com-
munities of varying complexity and origins at defined stages of their life to determine how
much of the donor phenotype is transferable to the resulting conventionalised mice via the
microbiota (Gordon and Pesti 1971; Faith et al. 2010). Examples of such communities include
the Altered Schaedler Flora, where causative roles of single microorganisms have been linked
to disease severity in the context of immune mediation (Dewhirst et al. 1999). Variations
of this Altered Schaedler Flora consortium have been developed, often with the intent of
triggering a specific disease phenotype in mice. Another example is the Oligo Mouse Microbiota
model (OMM12), which is a bacterial community that provides colonisation resistance against
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infection with specific human pathogens such as Salmonella enterica serovar Typhimurium (Bru-
giroux et al. 2016). Through this model, causative relationships have been demonstrated, for
example, in the case of Mucispirillum schaedleri, which provides protection against Salmonella-
induced colitis (Herp et al. 2019), or E. coli, which provides colonisation resistance against this
pathogen (Eberl, Weiss, et al. 2021). The OMM12 model has also proven to be a valuable
tool for studying evolutionary adaptations (Yilmaz et al. 2021). As part of my dissertation,
I applied the OMM12 model to study the evolutionary adaptations of the community during
repeated rounds of AB exposure.
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3XOVHG�DQWLELRWLF�WUHDWPHQWV�RI�JQRWRELRWLF�PLFH
PDQLIHVWV�LQ�FRPSOH[�FRPPXQLW\�G\QDPLFV�DQG

UHVLVWDQFH�HIIHFWV

3KLOLSS�&��0�QFK�������&ODXGLD�(EHUO���'LDQD�5LQJ�� 6LPRQ�:|OIHO���$GULDQ�)ULW]���6LPRQH�+HUS��
5REHUW�*HIIHUV���(ULF�$��)UDQ]RVD���&XUWLV�+XWWHQKRZHU�� $OLFH�&��0F+DUG\��� DQG�%lUEHO

6WHFKHU���

� 'HSDUWPHQW�IRU�&RPSXWDWLRQDO�%LRORJ\�RI�,QIHFWLRQ 5HVHDUFK��+HOPKROW]�&HQWHU�IRU�,QIHFWLRQ
5HVHDUFK��������%UDXQVFKZHLJ��*HUPDQ\

� 0D[�YRQ�3HWWHQNRIHU�,QVWLWXWH�IRU�+\JLHQH�DQG�&OLQLFDO 0LFURELRORJ\��/XGZLJ�0D[LPLOLDQ
8QLYHUVLW\�RI�0XQLFK��������0XQLFK��*HUPDQ\

� 'HSDUWPHQW�RI�%LRVWDWLVWLFV��+DUYDUG�6FKRRO�RI�3XEOLF +HDOWK��%RVWRQ��0DVVDFKXVHWWV��86$
� 7KHVH�DXWKRUV�VKDUH�VHQLRU�DXWKRUVKLS

,QWURGXFWLRQ

$ VWURQJ ERG\ RI HYLGHQFH VXSSRUWV WKH FUXFLDO UROH RI WKH JXW PLFURELRWD LQ KXPDQ KHDOWK DQG
GLVHDVH �/OR\G�3ULFH� $EX�$OL� DQG +XWWHQKRZHU ����� +XPDQ 0LFURELRPH 3URMHFW &RQVRUWLXP
������ 0LFUREHV KDYH FR�DGDSWHG WKURXJK YDULRXV PROHFXODU PHFKDQLVPV ZLWK PDPPDOLDQ
KRVWV WR IRUP V\PELRWLF VWDEOH UHODWLRQVKLSV �/H\� 3HWHUVRQ� DQG *RUGRQ ������ DQG WKH DELOLW\ WR
WROHUDWH DQG UHVSRQG WR D FHUWDLQ DPRXQW RI HQYLURQPHQWDO SHUWXUEDWLRQV �6RPPHU HW DO� ������
7KLV UHVXOWV LQ D IDLUO\ VWDEOH DQG KRVW�VSHFLILF PLFURELDO FRPPXQLW\ ZKHUH WKH PDMRULW\ RI VWUDLQV
SHUVLVW RYHU VHYHUDO \HDUV �)DLWK HW DO� ������ <HW� ORQJ�ODVWLQJ GLVUXSWLRQV RI WKH PLFURELRWD KDYH
EHHQ REVHUYHG� IRU H[DPSOH LQ UHVSRQVH WR H[WUHPH GLHWDU\ FKDQJHV �7XUQEDXJK HW DO� ����� RU
DQWLELRWLF WKHUDS\ �/DQJH HW DO� ������ $QWLELRWLFV �$%� DUH OLNHO\ WKH ODUJHVW NQRZQ GULYHU RI
FRPSRVLWLRQDO FKDQJHV LQ WKH JXW PLFURELRPH� ZKLFK DUH� LQ SDUWLFXODU ZKHQ WKH\ RFFXU HDUO\ LQ
OLIH� DVVRFLDWHG ZLWK GHYHORSPHQW RI VHYHUDO GLVHDVHV VXFK DV REHVLW\ �1DJSDO HW DO� ������
DOOHUJLF GLVRUGHUV �'URVWH HW DO� ����� DQG LQIHFWLRQV �&URVZHOO HW DO� ������ )XUWKHUPRUH�
LQFUHDVH LQ WKH GHYHORSPHQW RI DQWLELRWLF UHVLVWDQFHV IUHTXHQWO\ RFFXUV LQ UHVSRQVH WR DQWLELRWLF
RYHUXVH ZKLFK LV UHFRJQLVHG E\ WKH :+2 DV RQH RI WKH WRS WHQ WKUHDWV WR JOREDO KHDOWK
�7KDQJDUDMX�DQG�9HQNDWHVDQ�������

'HVSLWH WKH LPPHQVH LPSDFW WKDW DQWLELRWLFV KDYH RQ WKH KXPDQ PLFURELRPH� RQO\ D IHZ VWXGLHV
KDYH EHHQ SHUIRUPHG WR FKDUDFWHUL]H ERWK WKH VKRUW� DQG ORQJ�WHUP UHVSRQVHV RI WKH KXPDQ
PLFURELRPH WR DQWLELRWLF WKHUDS\ �1REHO HW DO� ����� 9ULH]H HW DO� ������ ,Q SDUWLFXODU� LW LV
LQVXIILFLHQWO\ XQGHUVWRRG ZKLFK IDFWRUV GHWHUPLQH WKH DELOLW\ RI WKH PLFURELRWD WR UHWXUQ WR WKH
SUH�DQWLELRWLF VWDWH� D SURFHVV ZKLFK LV WHUPHG PLFURELDO UHVLOLHQFH� ,W DSSHDUV WKDW UHVLOLHQFH LV
PDLQO\ GHWHUPLQHG E\ WKH W\SH RI DQWLELRWLF XVHG� DV GLIIHUHQW DQWLELRWLF FODVVHV KDYH GLVWLQFW
LQKLELWLRQ VSHFWUD UDQJLQJ IURP VWUDLQ�VSHFLILF WR EURDG�VSHFWUXP HIIHFWV �0DLHU HW DO� ������
0RUHRYHU� HQYLURQPHQWDO IDFWRUV� LQFOXGLQJ GLHW� HQYLURQPHQWDO UHVHUYRLUV DQG PLFURELDO
FRPPXQLW\ FRQWH[W LQIOXHQFH UHFRYHU\ RI WKH PLFURELRWD DIWHU DQWLELRWLF SHUWXUEDWLRQV �1J HW DO�
������ ,W LV XQFOHDU KRZHYHU� WR ZKDW H[WHQW RWKHU PHFKDQLVPV OLNH DQWLELRWLF GHWR[LILFDWLRQ
�.O�QHPDQQ HW DO� ������ DQWLELRWLF WROHUDQFH RU WKH HYROXWLRQ RI DQWLELRWLF UHVLVWDQW PLFURELDO
SRSXODWLRQV FRXOG DOVR EH LQYROYHG LQ PHGLDWLQJ FRPPXQLW\ UHVLOLHQFH� $V WKH HIIHFW RI GUXJV RQ
VLQJOH VWUDLQV PD\ YDVWO\ GLIIHU EHWZHHQ LQ YLWUR DQG LQ YLYR FRPPXQLWLHV � WKHVH HIIHFWV DUH



PDLQO\ FDXVHG E\ DOWHUHG ELRDYDLODELOLW\ RI WKH GUXJ EDFWHULDO SK\VLRORJ\ DQG PLFURELDO
FRPPXQLW\�HIIHFWV�OLNH�FURVV�IHHGLQJ�DQG�FRPSHWLWLRQ���LQ�YLYR�VWXGLHV�DUH�QHHGHG�

,Q FRPSOH[ SRSXODWLRQV� VXFK DV WKH KXPDQ JXW� WKH DQDO\VLV RI WKH HYROXWLRQDU\ G\QDPLFV RI
GLIIHUHQW EDFWHULDO SRSXODWLRQV LV FKDOOHQJLQJ DQG FXUUHQWO\ OLPLWHG WR RUJDQLVPV WKDW FDQ EH
UH�LVRODWHG IURP IHFDO VDPSOHV �=KDR HW DO� ������ ,QVWHDG� WKH VWXG\ RI EDFWHULDO PRGHO
RUJDQLVPV LQ PLFH HQDEOHV ORQJ�WHUP WUDFNLQJ RI ZLWKLQ�KRVW EDFWHULDO HYROXWLRQ DV PXWDQWV FDQ
EH UH�LVRODWHG� DQG WKHLU JHQRPH VHTXHQFH EH FRPSDUHG WR WKH LQLWLDO SRSXODWLRQ
�%DUURVR�%DWLVWD HW DO� ������ 5HFHQWO\� ZLWKLQ�KRVW HYROXWLRQ RI D GHILQHG EDFWHULDO FRPPXQLW\�
WKH 2OLJR�0RXVH 0LFURELRWD �200��� KDV EHHQ DQDO\]HG DW 613 VFDOH RYHU D ��\HDU SHULRG�
7KLV UHYHDOHG WKH HPHUJHQFH RI VWDEO\�FR�H[LVWLQJ JHQRW\SHV LQ WKH GLIIHUHQW EDFWHULDO
SRSXODWLRQV��<LOPD]�HW�DO��������ZKLFK�FRORQL]H�WKH�PXULQH�JXW�RYHU�\HDUV��(EHUO�HW�DO��������

:H XVHG VWDEO\ DVVRFLDWHG 200�� PLFH WR VWXG\ HIIHFWV RI WKUHH GLIIHUHQW FODVVHV RI DQWLELRWLFV
RQ WKLV PLFURELDO FRPPXQLW\ LQ YLYR� 7KLV FRPPXQLW\ LV FRPSRVHG RI �� SXEOLFDOO\ DYDLODEOH�
VHTXHQFHG VWUDLQV LVRODWHG IURP PLFH DQG UHSUHVHQWV � EDFWHULDO SK\OD WKDW DUH QDWXUDOO\
DEXQGDQW LQ WKH PXULQH JXW� 2XU VWXG\ GHVLJQ ZDV RSWLPL]HG WR DQDO\]H VKRUW�WHUP PLFURELRWD
SHUWXUEDWLRQ E\ WKH $% WUHDWPHQW DV ZHOO DV WKH UHFRYHU\ RI WKH PLFURELRWD GXULQJ D ³UHVLOLHQFH´
SKDVH LQ EHWZHHQ GLIIHUHQW WUHDWPHQWV DQG WKH UHVSRQVH WR D VHFRQGDU\ $% FKDOOHQJH WR
GLVFRYHU SRWHQWLDO DGDSWLYH FRPPXQLW\ HIIHFWV� :H IRXQG WKDW �L� WKHUH LV� DV H[SHFWHG� DQ
DQWLELRWLF�GHSHQGHQW HIIHFW WR WKH 200�� FRPPXQLW\� �LL� VWUDLQ�VSHFLILF SHUWXUEDWLRQV GR QRW
DOZD\V FRUUHODWH ZLWK LQ YLWUR GHWHUPLQHG 0,& YDOXHV GHWHUPLQHG �LLL� WKH VHYHULW\ RI FRPPXQLW\
SHUWXUEDWLRQ DIWHU UHSHDWHG DQWLELRWLF FRXUVHV GHFUHDVHV RYHU WLPH� SRLQWLQJ DW WKH HYROXWLRQ RI
³UHVLOLHQFH HIIHFWV´ ZLWKLQ WKH FRPPXQLW\� �LY� ZH LGHQWLI\ WKDW EHFRPH XQDIIHFWHG E\ WKH $% LQ
WKH VHFRQGDU\ FKDOOHQJH� ,Q VHOHFW FDVHV ZH LGHQWLI\ GH QRYR PXWDWLRQV LQ DQWLELRWLF�WDUJHW
JHQHV DQG ZKLFK FRUUHODWHG ZLWK LQFUHDVHG 0,& WR WKH $%�Y� ZH VROYHG VHYHUDO SUREOHPV LQ UHDG
PDSSLQJ RI PHWDJHQRPLFV GDWD WR D GHILQHG FRQVRUWLXP� IRU H[DPSOH� VKDUHG FRQVHUYHG UHJLRQV
EHWZHHQ�DQG�ZLWKLQ�JHQRPH�OHDG�WR�DQ�RYHUHVWLPDWLRQ�RI�YDULDQWV�ZKHQ�QRW�DGGUHVVHG�FDUHIXOO\�

5HVXOWV

&RPPXQLW\ UHVLOLHQFH DQG D ZLGH YDULHW\ RI UHVSRQVH SDWWHUQV LQ PHPEHUV RI D GHILQHG
EDFWHULDO�FRPPXQLW\�LQ�UHVSRQVH�WR�UHSHDWHG�DQWLELRWLF�WUHDWPHQW
:H VWXGLHG FRPPXQLW\ G\QDPLFV RI WKH 200�� GXULQJ UHSHDWHG DQWLELRWLF DSSOLFDWLRQV IRU ��
GD\V DQG SHUIRUPHG VKRWJXQ PHWDJHQRPLFV DQG VWUDLQ�VSHFLILF T3&5 WR WUDFN FRPPXQLW\
FRPSRVLWLRQ DQG HYROXWLRQ� ,Q RUGHU WR REVHUYH DGDSWDWLRQ RI WKH FRPPXQLW\ WR DQWLELRWLF
FKDOOHQJH� WKH VWXG\ GHVLJQ LQFOXGHG D WRWDO RI � ��GD\V WUHDWPHQW SHULRGV � �� LQWHUVSDFHG
E\ UHVLOLHQFH SKDVHV RI YDU\LQJ OHQJWKV UDQJLQJ IURP � GD\V XS WR �� GD\V �)LJ� �$�� ZKLFK
DOORZHG XV WR VWXG\ WKH LQIOXHQFH RI UHSHDWHG DSSOLFDWLRQV RI $% WR WKH PLFURELDO FRPPXQLW\
G\QDPLFV� ,Q WKLV VHWWLQJ� JQRWRELRWLF 200�� DGXOW PLFH FDJHG XQGHU JHUP�IUHH FRQGLWLRQV �Q  �
SHU JURXS� ZHUH WUHDWHG ZLWK SK\VLRORJLFDOO\ UHOHYDQW FRQFHQWUDWLRQV �GDLO\ GRVH ��PJ�NJ� RI
DQWLELRWLFV YDQFRP\FLQ� WHWUDF\FOLQ DQG FLSURIOR[DFLQ YLD WKH GULQNLQJ ZDWHU �VHH 0HWKRGV��
'XULQJ WKH VWXG\ SHULRG RI �� GD\V� IHFDO VDPSOHV IURP LQGLYLGXDO PLFH ZHUH FROOHFWHG RQ D
ZHHNO\�EDVLV��DPRXQWLQJ�WR�D�WRWDO�RI�����VDPSOHV�

)HFDO EDFWHULDO FRPPXQLW\ FRPSRVLWLRQ VKRZHG VWURQJ DQWLELRWLF�GHSHQGHQW UHVSRQVHV�
PHDVXUHG E\ VWUDLQ�VSHFLILFT3&5 �)LJ� �%&�� 2YHUDOO FRPSRVLWLRQ G\QDPLFV DFURVV WUHDWPHQW
JURXSV ZHUH QRQ�XQLIRUP� ZLWK D VXEVHW RI EDFWHULDO PHPEHUV H[KLELWLQJ GHFUHDVHG DEXQGDQFH
DIWHU DQWLELRWLF H[SRVXUH� 1RWDEO\� WKH LPSDFW RI $% WUHDWPHQW RQ FRPPXQLW\ FRPSRVLWLRQ LV
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PXFK FOHDUHU REVHUYDEOH RQ DEVROXWH �)LJ� �%�� FRPSDUHG WR UHODWLYH DEXQGDQFHV �)LJ� �&��
HPSKDVL]LQJ WKDW VXFK VLJQDO FRXOG EH ORVW ZKHQ DSSO\LQJ WUDQVIRUPDWLRQ WR UHODWLYH DEXQGDQFHV
RU ZKHQ PHDVXUHPHQWV DUH RQO\ SHUIRUPHG RQ D UHODWLYH VFDOH� ZKLFK LV SUDFWLVHG LQ PDQ\
PHWDJHQRPLF VWXGLHV GXH WR WKH DEVHQFH RI DEVROXWH TXDQWLILFDWLRQ VXFK DV FHOO FRXQWV� 2I WKH
LQLWLDO �� EDFWHULDO PHPEHUV LQ WKH FRPPXQLW\� �� ZHUH UHOLDEO\ GHWHFWHG E\ T3&5 �PLVVLQJ $�
PXULV DQG %� DQLPDOLV�� ZKLFK KDV EHHQ REVHUYHG LQ SUHYLRXV VWXGLHV XVLQJ WKH PRGHO �(EHUO HW
DO� ������ &R�FDJHG PLFH WKDW XQGHUJR WKH VDPH WUHDWPHQW H[KLELWHG D KRPRJHQRXV UHVSRQVH
WR $% WUHDWPHQW �)LJ� �%&�� ZKLFK LV OLNHO\ DWWULEXWDEOH WR FRSURSKDJ\ �1J HW DO� ������ :H
TXDQWLILHG WKH LPSDFW RI $% DSSOLFDWLRQV WR WKH FRPPXQLW\ FRPSRVLWLRQ E\ PHDVXULQJ FRPPXQLW\
VWDELOLW\ RI WLPH SRLQWV EHIRUH DQG DIWHU WKH $% FKDOOHQJH XVLQJ WKH %UD\�&XUWLV GLVWDQFH PHWULF�
)RU DOO $% JURXSV� WKH GLVUXSWLRQV LQ FRPPXQLW\ FRPSRVLWLRQV DUH JHWWLQJ OHVV SURQRXQFHG ZLWK
LQFUHDVHG VWXG\ WLPH �)LJ� �'�� LQGLFDWLQJ D UHVLOLHQFH HIIHFW WKURXJK DGDSWDWLRQV RI FRPPXQLW\
PHPEHUV�

3HUPXWDWLRQDO DQDO\VLV RI YDULDQFH �3(50$129$� RI %UD\�&XUWLV GLVVLPLODULW\ LQGLFDWHG WKDW WKH
WUHDWPHQW JURXS H[SODLQHG ��� RI PLFURELDO WD[RQRPLF YDULDWLRQ �SHUPXWDWLRQ WHVW� 3 � �������
IROORZHG E\ WKH WUHDWPHQW VWDWXV RQ FDVH JURXSV ����� 3 � ������ DQG VDPSOLQJ GDWH ���� 3 �
������� 7KH PRXVH ,' LV QRW VLJQLILFDQWO\ DVVRFLDWHG ZLWK YDULDWLRQ LQ WKH WD[RQRPLF FRPSRVLWLRQ�
LQGLFDWLQJ D KLJK ZLWKLQ�JURXS KRPRJHQHLW\ RI WKH VWXG\ SRSXODWLRQ� 7KLV LV LQ OLQH ZLWK D
3(50$129$ DQDO\VLV RI JHQH�OHQJWK DQG FRYHUDJH QRUPDOL]HG �&30� DEXQGDQFHV RI
8QL5HI�� IDPLOLHV �%UD\�&XUWLV� UHFRYHUHG IURP WKH ZKROH JHQRPH VKRWJXQ VHTXHQFLQJ �:*6�
VDPSOHV �DJDLQ ZLWK WUHDWPHQW JURXS DQG VDPSOLQJ GDWH DFFRXQWLQJ IRU ��� DQG ���� RI
YDULDWLRQ� UHVSHFWLYHO\� 3 � ������� ,QWHUHVWLQJO\� ZH REVHUYH D KLJKHU YDULDQFH H[SODLQHG E\
WUHDWPHQW VWDWXV XVLQJ 8QL5HI��� FRPSDUHG WR T3&5 DQG :*6 DEXQGDQFH ����� ���� ���
UHVSHFWLYHO\���ZKLFK�LV�LQGLFDWLYH�RI�WKH�UREXVWQHVV�RI�WKH�PHDVXUH�

:H LGHQWLILHG � PDMRU UHVSRQVH SDWWHUQV� �L� $ GHFUHDVH LQ DEVROXWH DEXQGDQFH DW WKH
FRQVHFXWLYH WLPH SRLQWV DIWHU WUHDWPHQW IRU PHPEHUV VXFK DV %� FRFFRLGHV LQ WKH WHWUDF\FOLQH
DQG YDQFRP\FLQ JURXS�� $ GHFUHDVH LQ DEXQGDQFH VLPLODU WR �L� EXW ZLWK PRUH SURQRXQFHG
GHFUHDVH DIWHU WKH ILUVW $% FKDOOHQJH FRPSDUHG WR ODWHU RQHV� L�H� VXFK DV (� IDHFDOLV LQ WKH
FLSURIOR[DFLQ JURXS� 7KLV PD\ LQGLFDWH WKDW WKH FRPPXQLW\ RU WKH LQGLYLGXDO PHPEHUV HYROYH
WRZDUGV LQFUHDVHG $% WROHUDQFH RU UHVLVWDQFH� �LLL� WKH QHDU H[WLQFWLRQ RI D VSHFLHV DIWHU
WUHDWPHQW RYHU ORQJHU WLPH SHULRGV� ZLWK UH�DSSHDUDQFH GXULQJ WKH UHVLOLHQFH SKDVH� VXFK DV (�
IDHFDOLV RU 0� LQWHVWLQDOH DIWHU YDQFRP\FLQ WUHDWPHQW� �LY� DQG PRUH FRPSOH[ SDWWHUQV� IRU
H[DPSOH RI (� IDHFDOLV GXULQJ WHWUDF\FOLQH WUHDWPHQW WKDW PLJKW DULVH IURP PXOWLSOH VRXUFHV
LQFOXGLQJ FR�GHSHQGHQFH RI EDFWHULDO PHPEHUV �FURVV IHHGLQJ� DQG WKH SUHVHQFH RI PXOWLSOH
EDFWHULD SKHQRW\SHV DW WLPSRLQW � 7KLV KLJK GLYHUVLW\ RI UHVSRQVH SDWWHUQV PRWLYDWHG XV WR VWXG\
IDFWRUV VXFK DV HYROXWLRQ RI $% SRWHQWLDOO\ LQIOXHQFLQJ UHVLVWDQFH RU WROHUDQFH� VXFK DV EDFWHULDO
JURZWK��SKDJH�DFWLYDWLRQ�DQG�VHOHFWLRQ�RI�VXEVWUDLQV�
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)LJXUH �� 6WDELOLW\ RI FRPPXQLW\ RYHU WLPH DQG WUHDWPHQW UHJLPHV PHDVXUHG YLD VSHFLHV VSHFLILF T3&5� $�
6FKHPDWLF UHSUHVHQWDWLRQ RI VWXG\ GHVLJQ� � WUHDWPHQW JURXSV DQG RQH FRQWURO JURXS �KRXVHG WRJHWKHU LQ RQH FDJH
SHU JURXS ZLWK � PLFH HDFK� XQGHUJR UHSHDWHG WUHDWPHQW RI DQWLELRWLFV YLD GULQNLQJ ZDWHU �JUH\ YHUWLFDO EDUV� EHWZHHQ
VDPSOH FROOHFWLRQ WLPH SRLQWV �FLUFOHV�� 6DPSOH GHQRWHV LQLWLDO WLPH SRLQW� � GHQRWHV WKH WLPH SRLQWV GLUHFWO\ DIWHU
WUHDWPHQW� ZKLOH � GHQRWHV UHFRYHU\ WLPH SRLQWV ZKHUH QR WUHDWPHQW ZDV DSSOLHG LQ UHVSHFW WR WKH SUHYLRXV WLPH
SRLQW� )LOOHG SRLQWV GHQRWH IHFDO VDPSOHV ZKLFK ZHUH FROOHFWHG IRU HDFK PRXVH LQGLYLGXDOO\� %� &RPPXQLW\ DEXQGDQFH
RI DOO REVHUYHG FRPPXQLW\ PHPEHUV RI WKH 200�� FRPPXQLW\ WKDW VKRZ HLWKHU GLUHFW UHVSRQVH RU QR UHVSRQVH WR
WUHDWPHQW �ULJKW� RU D FRPSOH[ UHVSRQVH SDWWHUQ �OHIW� DV DQ DEVROXWH PHDVXUH �ORJ��� VFDOHG� )RU HDFK WLPH SRLQW� WKH
PHGLDQ FRPPXQLW\ DEXQGDQFH LV VKRZQ� &� 5HODWLYH DEXQGDQFH RI 200�� PHPEHUV DW GLIIHUHQW VDPSOH WLPH SRLQWV
'� 'LVWDQFH EHWZHHQ 200�� FRPSRVLWLRQ RI PLFH IURP WKH WHWUDF\FOLQH DQG YDQFRP\FLQ JURXS XVLQJ QRQ�PHWULF
PXOWLGLPHQVLRQDO VFDOLQJ �10'6� RI FRPPXQLW\ DEXQGDQFH XVLQJ %UD\�&XUWLV GLVWDQFHV �VWUHVV YDOXH  ������ ,QLWLDO �
� FRPPXQLWLHV VKRZ KLJK VLPLODULW\� ZKLOH D ELJJHU GLVWDQFH EHWZHHQ VDPSOHV LV LQWURGXFHG E\ WUHDWPHQW� (�
6XFFHVVLYH WUHDWPHQWV DUH OHVV GLVUXSWLYH WR WKH RYHUDOO FRPPXQLW\ GLVWDQFH ZLWKLQ PLFH PHDVXUHG DV GHYLDWLRQV IURP
SUHYLRXV�WLPH�SRLQWV�XVLQJ�%UD\�&XUWLV�GLVVLPLODULWLHV�

613�RFFXUUHQFH�DVVRFLDWHG�ZLWK�$%�UHVLVWDQFH�SDWWHUQ
'XULQJ WKH WLPH FRXUVH RI WKH H[SHULPHQW ZH REVHUYH WUHDWPHQW VSHFLILF HIIHFWV RQ WKH 613
VFDOH �)LJ� ��� PHDVXUHG E\ VKRWJXQ 1RYD6HT S\URVHTXHQFLQJ �a��� 0EDVHV SHU VDPSOH� RQ D
VXEVHW RI ��� VDPSOHV RQ VHOHFWHG WLPH SRLQWV �)LJ� �$�� 7KLV VXEVHW FRQVLVWV RI DOO WLPH SRLQWV
RI RQH PRXVH SHU JURXS SOXV WZR ELRORJLFDO UHSOLFDWHV WKDW RULJLQDWH IURP PLFH FR�KRXVHG RQ
VHOHFWHG WLPH SRLQWV� ,Q EULHI� ZH PDSSHG TXDOLW\ FRQWUROOHG WR WKH IXOO UHIHUHQFH 200��

FROOHFWLRQ YLD %:$ PHP ZLWK VWULQJHQW FRQGLWLRQV DQG ILOWHUHG RXW GXSOLFDWHG UHDGV DQG RQHV WKDW
PDS WR PXOWLSOH SRVLWLRQV VLQFH ZH REVHUYHG WKDW WKLV ZRXOG LQIODWH 613 FRXQWV DUWLILFLDOO\� GXH WR
KLJK GHJUHH RI VLPLODULWLHV ZLWKLQ DQG EHWZHHQ 200�� FRPPXQLW\ PHPEHUV� 9DULDQW FDOOLQJ
�613V� ZDV GRQH ZLWK /R)UHT XQGHU VWULQJHQW VHWWLQJV �VHH 0HWKRGV�� :H REVHUYHG D QXPEHU
RI YDULDQWV ZLWK DQ LQWHUPHGLDWH DQG QRQ�FKDQJLQJ $) DURXQG a��� ZKLFK DUH OLNHO\ WKH HIIHFW RI
GXSOLFDWLRQ HYHQWV LQ WKH JHQRPHV UHODWLYH WR WKH UHIHUHQFH VHTXHQFH� ZKHUH RQH GXSOLFDWHG ORFL
DFTXLUHG D 613 GXULQJ WKH VWXG\ RU RQ SDUHQWDO JHQHUDWLRQV� :H IXUWKHU FRQILUPHG WKH SUHVHQFH
RI WKHVH UHJLRQV YLD WKH VHTXHQFH RI �� FRORQLHV SLFNHG IURP WKH SODWHV RI WKH LQ YLYR HYROYHG
FRPPXQLW\ ���(� IDHFDOLV� &� LQQRFXXP DQG %� FRFFRLGHV� ZKLFK DOVR H[KLELW DQ LQWHUPHGLDWH $)
RI a��� �)LJ� �$�� 6LQFH WKLV ZRXOG LQIODWH REVHUYHG 613 ORDG� ZH ILOWHUHG YDULDQWV WKDW KDYH D
PHGLDQ $) EHWZHHQ ��� DQG ��� DQG D ORZ LQWHUTXDUWLOH UDQJH �,45� RI VPDOOHU WKDQ ����
UHVXOWLQJ�LQ�D�ILQDO�VHW�RI�����613V�REVHUYHG�LQ�WKH�ZKROH�VWXG\��6XSSOHPHQWDU\�7DEOH����
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,Q VDPSOHV WDNHQ IURP WKH WHWUDF\FOLQH JURXS� ZH REVHUYH 613V RQ JHQHV HQFRGLQJ IRU
ULERVRPDO DSSDUDWXV� VXFK DV WKH ��6 ULERVRPDO SURWHLQ 6�� �T  ������� RQ $� PXFLQLSKLOD�
6XSSOHPHQWDU\ 7DEOH ��� )XUWKHUPRUH� LQ %� FDHFLPXULV� ZH REVHUYH WZR 613V WKDW DUH SUHVHQW
RQ 6� JHQH �T�YDOXH  ������� DQG ��������� $V WHWUDF\FOLQHV DFW DV D SURWHLQ V\QWKHVLV LQKLELWRU
DQG PXWDWLRQV ZLWKLQ WKH ��6 JHQH DUH NQRZQ $% ELQGLQJ� WKHVH PXWDWLRQV PD\ OHDG WR
WHWUDF\FOLQ UHVLVWDQFH� $QRWKHU PRGH WR DFTXLUH UHVLVWDQFH LV YLD $% H[SRUW RXW RI WKH FHOO VXFK
DV 51'�W\SH GUXJ HIIOX[ SXPSV� :H REVHUYH PXWDWLRQV LQ WKH HIIOX[ 51' WUDQVSRUWHU SHUPHDVH
VXEXQLW RQ 0� LQWHVWLQDOH LQ WKH FLSURIOR[DFLQ JURXS �T�YDOXH  ������� ,Q RWKHU EDFWHULD� HIIOX[
SXPSV DUH DVVRFLDWHG ZLWK UHVLVWDQFH DJDLQVW IOXRURTXLQRORQHV �-LDQJ HW DO� ����� *RGUHXLO HW DO�
������ :H IXUWKHU IRXQG D YDULHW\ RI 613V LQ JHQHV ZLWK QR NQRZQ OLQN WR UHVLVWDQFH
PHFKDQLVP� VXFK DV WKH JHQH HQFRGLQJ IRU WKH WUDQVSRUWHU DX[LQ HIIOX[ FDUULHU �$(&� IDPLO\
WUDQVSRUWHU RQ 7� PXULV LQ WKH FLSURIOR[DFLQ DQG YDQFRP\FLQ JURXS EXW QRW RQ WKH WHWUDF\FOLQH
JURXS �T  ������� DQG �������� UHVSHFWLYHO\� )LJ� ��� ,W ZDV VKRZQ WKDW SURWHLQV ZLWK KHOLFDVH
DFWLYLWLHV VXFK DV WKH '($+�5+$ SURWHLQ� LV UHTXLUHG WR PRGXODWH EDFWHULDO VXUYLYDO XQGHU
GLYHUVH DQWLELRWLFV WUHDWPHQWV �*UDVV HW DO� ������ %RWK� LQ %� FDHFLPXULV DQG 7� PXULV� ZH ILQG
PXWDWLRQV LQ WKH '($'�'($+ ER[ KHOLFDVH IDPLO\ SURWHLQ �)LJ� ��� ERWK ZLWK D T�YDOXH � ����� LQ
WKH�YDQFRP\FLQ�JURXS��6XSSOHPHQWDU\�7DEOH�;���

:H REVHUYH YDULDQWV DVVRFLDWHG ZLWK JHQHV SUHVHUYDWLRQ RI FHOO ZDOO LQWHJULW\� HVSHFLDOO\ LQ WKH
YDQFRP\FLQ JURXS� 9DQFRP\FLQ LV D JO\FRSHSWLGH DQWLELRWLF NQRZQ WR LQKLELW SHSWLGRJO\FDQ
V\QWKHVLV DQG ELQG WR DF\O�'�DODQ\O�'�DODQLQH DQG LQKLELWV WKHUHIRUH WKH DGGLWLRQ RI QHZ XQLWV WR
WKH SHSWLGRJO\FDQ ZDOO� ,Q 7� PXULV� ZH LGHQWLILHG � SRVVLEOH UHODWHG 613V LQ WKH JHQH WKDW
HQFRGHV WKH FHOO HQYHORSH LQWHJULW\ SURWHLQ �WRO$� ZKLFK DUH IRXQG LQ WKH FLSURIOR[D[LQ DQG
YDQFRP\FLQ JURXS �T�YDOXH � �������� )XUWKHUPRUH ZH REVHUYH PXWDWLRQV LQ WKH ]DS' JHQH
�)LJ� ��� HQFRGLQJ HVVHQWLDO IXQFWLRQV IRU FHOO GLYLVLRQ� 7KLV ]DS' JHQH LV RQH RI WKH =�DVVRFLDWHG
JHQHV� ZKRVH SURGXFWV DUH NQRZQ DV )WV=�UHJXODWRU\ SURWHLQV WKDW H[KLELW UROHV LQ VWDELOL]LQJ
)WV=�ULQJ DVVHPEO\ �'XUDQG�+HUHGLD HW DO� ������ ZKLFK LQ WXUQ LV DQ DQWLELRWLF WDUJHW �6LOEHU HW
DO� ����� &DVLUDJKL HW DO� ����� 8U 5DKPDQ HW DO� ������ )XUWKHUPRUH� ]DS' LV OLQNHG WR ELRILOP
IRUPDWLRQ �+��+� &KHQ HW DO� ����� DQG EDFWHULD ZLWKLQ ELRILOPV DUH UHIUDFWRU\ WR KRVW LPPXQH
UHVSRQVHV�DQG�DQWLELRWLF�WUHDWPHQW��$UFLROD��&DPSRFFLD��DQG�0RQWDQDUR�������

%HVLGH WKHVH 613V WKDW DUH SRWHQWLDOO\ LQ OLQH ZLWK WKH PRGH RI DFWLRQ RI WKH DQWLELRWLFV� ZH
GHWHFW D ZLGH UDQJH RI PXWDWLRQV WKDW DUH DVVRFLDWHG ZLWK UHVLVWDQFH GHYHORSPHQW� EXW QRW LQ
SDUWLFXODU ZLWK WKH DQWLELRWLF FODVV ZH XVHG LQ RXU VWXG\� )RU H[DPSOH� WKHUH LV HYLGHQFH WKDW
JO\FRV\OWUDQVIHUDVH LQKLELWRUV FRXOG EH DQ DOWHUQDWLYH WKHUDSHXWLF VWUDWHJ\ WR FXUUHQW DQWLELRWLFV
�6FKXW]EDFK DQG %URFNKDXVHQ ����� (O 4DLGL HW DO� ������ ,QWHUHVWLQJO\� LQ WUHDWPHQW JURXSV ILQG
PDQ\ 613V DVVRFLDWHG ZLWK JO\FRV\OWUDQVIHUDVH LQKLELWLRQ� VXFK DV ³JO\FRV\OWUDQVIHUDVH
LQKLELWRUV� ³JO\FRVLGH K\GURODVH IDPLO\ �� SURWHLQ´� ³JO\FRV\OWUDQVIHUDVH IDPLO\ � SURWHLQ´ DQG
³JO\FRV\OWUDQVIHUDVH IDPLO\ � SURWHLQ´� PRVWO\ LQ 7� PXULV DQG %� FDHFLPXULV� ,Q 0� LQWHVWLQDOH� ZH
REVHUYH 613V RQ WKH ³*+�� IDPLO\ JO\FRV\O K\GURODVH´ �� 613V ZLWK T  ������� DQG �������
7HW�� � 613 ZLWK T  ����� LQ 9DQFR��� 3XWDWLYH H[SODQDWLRQ IRU WKLV FRXOG EH WKH SUHVHQFH RI
VXEVWUDLQV WKDW SURYLGH D EURDG�VSHFWUXP UHVLVWDQFH WR D ZLGH UDQJH RI SRWHQWLDO VWUHVVRUV� DQG
WKHVH JHW VHOHFWHG E\ WKH DSSOLFDWLRQ RI VSHFLILF DQWLELRWLFV� 1RW DOO 613V ZH REVHUYH WR EH
VHOHFWHG VKRXOG EH FRQVLGHUHG WR EH DVVRFLDWHG ZLWK DQ DQWLELRWLF WDUJHW� GXH WR KLWFKKLNLQJ
HIIHFWV� +RZHYHU� VRPH RI WKHP DUH LQ JHQHV ZLWK KLWKHUWR XQNQRZQ FRQQHFWLRQ WR $% UHVLVWDQFH
DQG VKRZ D WLPH DQG DSSOLFDWLRQ�GHSHQGHQW UHVSRQVH� VXFK DV JHQHV HQFRGLQJ IRU WKH
5DJ%�6XV' IDPLO\ QXWULHQW XSWDNH PHPEUDQH SURWHLQ �)LJ� �� ZKLFK ZH GHWHFW WR EH DVVRFLDWHG
ZLWK DOO $% W\SHV ZH KDYH WHVWHG LQ %� FDHFLPXULV� DQG ZLWK YDQFRP\FLQ WUHDWPHQW LQ 0�
LQWHVWLQDOH DQG�UHTXLUHV�IXUWKHU�LQYHVWLJDWLRQ�



)LJXUH �� $OOHOH IUHTXHQF\ RI �� 613V WKDW DUH YDU\LQJ VLJQLILFDQWO\ EHWZHHQ FRQWURO DQG DW OHDVW RQH
WUHDWPHQW JURXS� LQGLFDWLQJ VXEVWUDLQ VHOHFWLRQ RU GH QRYR 613 DFTXLVLWLRQ� 7HFKQLFDO ]HURV� GHILQHG ZKHQ WKH
UHDG FRXQW RQ D ORFDWLRQ LV ORZHU WKDQ ��� DUH VKRZQ DV JUH\� 613V WKDW DUH SUHVHQW LQ OHVV WKDQ � VDPSOHV� KDYH DQ
HIIHFW VL]H EHORZ ���� RU KDYH D JUHDWHU T�YDOXH RI ���� RU EHORQJ WR WKH LQWHUPHGLDWH $) JURXS DUH ILOWHUHG RXW� 7H[W LQ
FRORU�LQGLFDWHV�WKDW�WKH�ORFDWLRQV�DUH�RQ�RQH�RI�WKH�GLIIHUHQWLDOO\�FRYHUDJH�UHJLRQV��VHH )LJ����

$%�WUHDWPHQW�PRGXODWHV�EDFWHULDO�JURZWK
613 DQDO\VLV LGHQWLILHG SRWHQWLDO UHVLVWDQFH�FRQIHUULQJ PXWDWLRQV WKDW FRXOG H[SODLQ T3&5
SDWWHUQV RI VHOHFWHG EDFWHULD VXFK DV WKH UHVLVWDQFH GHYHORSPHQW LQ &� LQRFFXP� LW VHHPV WKDW
613 SUHVHQFH�DEVHQFH DORQH FDQQRW H[SODLQ WKH PRUH FRPSOH[ UHVSRQVH SDWWHUQ ZH VHH DIWHU
WUHDWPHQW LQ FRPPXQLW\ PHPEHUV VXFK DV $� PXFLQLSKLOD� 6LQFH ZH KDG WKH FRQWUROOHG
H[SHULPHQWDO VHWWLQJ DQG KLJK�TXDOLW\ UHIHUHQFH JHQRPHV DW KDQG� ZH VHDUFKHG IRU RWKHU W\SHV
RI VLJQDWXUHV WKDW FRXOG UHODWH WR GHYHORSPHQW RI $% WROHUDQFH� VXFK DV FKDQJH LQ JURZWK UDWH�
6LQFH '1$ UHSOLFDWLRQ VWDUWV IURP D IL[HG RULJLQ LQ WKH FLUFXODU JHQRPH DQG SURFHHGV
EL�GLUHFWLRQDOO\� WKH FRYHUDJH GLVWULEXWLRQ RI D PHWDJHQRPLF VDPSOH PDSSHG WR WKH UHIHUHQFH
JHQRPH�FDQ�SURYLGH�LQVLJKWV�LQWR�FKDQJHV�LQ�EDFWHULDO�JURZWK�UDWH��)LJ��$� �.RUHP�HW�DO��������

:H XVHG DQ LQ�KRXVH GHYHORSHG 5 SDFNDJH �2OLJR005� WR LGHQWLI\ GLIIHUHQFHV LQ EDFWHULDO
JURZWK UDWHV RI VSHFLILF 200�� FRPPXQLW\ PHPEHUV XVLQJ PHWDJHQRPLF VHTXHQFH GDWD� 7KLV
PHWKRG LV EDVHG RQ GHWHUPLQLQJ VHTXHQFLQJ FRYHUDJH EHWZHHQ WKH SHDN �RULJLQ RI UHSOLFDWLRQ�



DQG WURXJK �RSSRVLWH UHJLRQ LQ WKH FLUFXODU EDFWHULDO JHQRPH� DQG SURYLGHV D TXDQWLWDWLYH
PHDVXUH RI D VSHFLHV
 JURZWK �3�7� )LJ� �$� �.RUHP HW DO� ������ 8VLQJ WKLV 3�7 DQDO\VLV� ZH
IRXQG HYLGHQFH WKDW DQWLELRWLF WUHDWPHQW PRGXODWHV JURZWK RI 200�� FRPPXQLW\ PHPEHUV �)LJ�
��� :KLOH WKHUH DUH OHVV SURQRXQFHG GLIIHUHQFHV GXULQJ WKH VWXG\ GXUDWLRQ RQ WKH HVWLPDWHG
JURZWK UDWHV IRU EDFWHULD VXFK DV )� SODXWLL DQG %� FDHFLPXULV ZH REVHUYH D WUHDWPHQW�GHSHQGHQW
HIIHFW IRU RWKHUV �)LJ� �%&�� (VSHFLDOO\ GXULQJ YDQFRP\FLQ WUHDWPHQW� JURZWK UDWHV GUDVWLFDOO\
GHFOLQH RQ WKH DGMDFHQW WLPH SRLQW DIWHU $% DSSOLFDWLRQ� )RU $� PXFLQLSKLOD� ZKLOH WKH EDFWHULD
VHHP ODUJHO\ XQDIIHFWHG E\ WKH DQWLELRWLFV DFFRUGLQJ WR WKH T3&5 SURILOH �)LJ� �%�� GLIIHUHQFHV LQ
JURZWK UDWH DUH REVHUYHG LQ UHVSRQVH WR $% WUHDWPHQWV �)LJ� �%�� )RU H[DPSOH� WHWUDF\FOLQH
WUHDWPHQW� $� PXFLQLSKLOD 3�7 GHFOLQHV VKDUSO\ DQG UHFRYHU GXULQJ WKH UHVLOLHQFH SKDVH :KLOH
WKH GURS LQ EDFWHULDO DEXQGDQFH LV RIWHQ PRVWO\ SURQRXQFHG LQ WKH DGLDFHQW WLPH SRLQW �DIWHU �
ZHHN RI FRQWLQXRXV $% WUHDWPHQW�� GURS LQ 3�7 VHHPV WR SHUVLVW HYHQ ORQJHU� ZKHUH WKH JURZWK
UDWH LV ORZHVW DIWHU WKH VHFRQG WLPH SRLQW ZH WRRN DIWHU WUHDWPHQW �a� ZHHNV�� ,Q WKH YDQFRP\FLQ
JURXS� ZH VHH DIWHU WUHDWPHQW D FRPSOHWH VWRS LQ EDFWHULDO JURZWK LQ WKH WZR QH[W WLPH SRLQWV
WDNHQ DIWHU WUHDWPHQW �)LJ� � ERWWRP� %�� ZKLFK PDQLIHVWV LQ D GURS LQ DEVROXWH T3&5 LQ WKHVH
WLPH SRLQWV� ,QWHUHVWLQJO\� DOO IROORZLQJ WUHDWPHQW UHJLPHV LQIOXHQFH JURZWK UDWH SRVLWLYHO\� DQG QR
FOHDU GURS LQ EDFWHULDO FHOO FRXQW LV REVHUYHG� LQGLFDWLQJ WKDW VHOHFWLRQ HIIHFWV DIIHFW QRW RQO\
EDFWHULDO VXUYLYDO EXW DOVR JURZWK UDWH� 7DNHQ WRJHWKHU WKLV LOOXVWUDWHV WKH UHTXLUHPHQW WKDW WR
XQGHUVWDQG DGDSWDWLRQV SURFHVVHV WR DQWLELRWLFV� FRPPXQLW\ G\QDPLFV VKRXOG EH WDNHQ LQWR
DFFRXQW�

)LJXUH �� (VWLPDWHG EDFWHULDO JURZWK FKDQJHV GXULQJ VWXG\ WLPH LQ UHVSRQVH WR WUHDWPHQW UHJLPHV� $�
&RYHUDJH SURILOH RI WKH PHWDJHQRPLF UHDGV PDSSHG WR WKH $� PXFLQLSKLOD UHIHUHQFH JHQRPH� 7KH FRYHUDJH
GLVWULEXWLRQ �WRS� VKRZV D FOHDU FRYHUDJH SDWWHUQ VNHZHG E\ WKH '1$ UHSOLFDWLRQ SURFHVV� 2Q D VXEVHW RI VDPSOHV�



WKLV FRYHUDJH GLVWULEXWLRQ LV OHVV SURQRXQFHG �ERWWRP�� SRVVLEOH GXH WR UHGXFHG JURZWK� 5HG OLQHV LQGLFDWH ³SHDN´ DQG
³WKURXJK´ SRLQWV EDVHG RQ WKH VPRRWKHG FRYHUDJH SURILOH �VROLG UHG DQG EOXH OLQHV��7KH SHDN�WR�WURXJK UDWLR �3�7� LV D
FRUUHODWHG IRU EDFWHULDO JURZWK� %� $JJUHJDWHG 3�7 UDWLRV IRU $� PXFLQLSKLOD VWUDWLILHG E\ WUHDWPHQW JURXS� :KLOH IRU WKH
FRQWURO JURXS WUHDWPHQW UHJLPHV �JUH\ DUHDV� DUH QRW DVVRFLDWHG ZLWK FKDQJH LQ JURZWK UDWH� IRU WHWUDF\FOLQH DQG
YDQFRP\FLQ WKH JURZWK UDWH LV W\SLFDOO\ ORZHU DIWHU WUHDWPHQW� &� $JJUHJDWHG 3�7 UDWLRV IRU VHOHFWHG FRPPXQLW\
PHPEHUV�XQGHU�GLIIHUHQW�WUHDWPHQW�UHJLPHV�

5HJLRQV�ZLWK�GLIIHUHQWLDO�FRYHUDJH
:H KDYH VKRZQ WKDW FRPPXQLW\ DGDSWDWLRQ WR DQWLELRWLFV LV OLQNHG WR 613 DFTXLVLWLRQ DQG
VHOHFWLRQ DQG FKDQJH LQ JURZWK UDWHV� 1H[W� ZH DOVR ZDQWHG WR DGGUHVV LI FKDQJHV LQ SURSKDJH
LQGXFWLRQ �0RGL HW DO� ������ /\VRJHQLF SKDJHV DUH LQWHJUDWHG LQ WKH EDFWHULDO JHQRPH DV
SURSKDJH EXW JHW DFWLYDWHG LQ UHVSRQVH WR GLYHUVH HQYLURQPHQWDO VWLPXOL LQFOXGLQJ DQWLELRWLFV WR
H[FLVH IURP WKH JHQRPH DQG SURGXFH SKDJH SURJHQ\ �UHI�� 8VLQJ VLPLODULW\ VHDUFK RI WKH
UHIHUHQFH 200�� FROOHFWLRQ WR NQRZQ SKDJH SURWHLQV �$UQGW HW DO� ������ ZH LGHQWLILHG ��
SXWDWLYH SURSKDJH UHJLRQV �IRXQG DFURVV �� VWUDLQV�� RI ZKLFK � ZHUH PDUNHG DV LQWDFW� �� DV
LQFRPSOHWH�DQG����DV�LQFRPSOHWH� 6XSSOHPHQWDU\�7DEOH ���

:H REVHUYH DEQRUPDO ORZ UHDG FRYHUDJH QHDU VRPH RI WKH SUHGLFWHG SURSKDJH UHJLRQV �)LJ �$�
JUH\ EDUV�� ZKLFK FRXOG EH H[SODLQHG E\ ORVV RI SURSKDJH UHJLRQV LQ YLYR ZLWKLQ WKH VWXG\ WLPH RU
SDUHQWDO JHQHUDWLRQV LQ UHVSHFW WR WKH UHIHUHQFH JHQRPH� KLJKOLJKWLQJ WKDW SURSKDJH SRSXODWLRQ
200�� LV YDVWO\ HYROYLQJ� 3URSKDJH DFWLYDWLRQ ZRXOG EH LQGLFDWHG E\ KLJKHU UHDG FRYHUDJH LQ D
SUHGLFWHG SURSKDJH UHJLRQ� :H IRXQG VHYHUDO H[DPSOHV IRU SUHGLFWHG SURSKDJHV ZLWKLQ %�
FDHFLPXULXV� �)LJ� �$�� ,QWHUHVWLQJO\� DQ LQFUHDVH LQ FRYHUDJH LV REVHUYHG DW WLPH SRLQWV
FROOHFWHG DIWHU $%�WUHDWPHQWV� IRU H[DPSOH DW GD\ � DQG GD\ �� ZKLOH FRYHUDJH RI WKH UHJLRQ ZDV
QRW LQFUHDVHG DW RWKHU WLPH SRLQWV �LQLWLDO WLPH SRLQW DQG WLPH SRLQWV DIWHU WUHDWPHQW��)LJ� �%�� :H
TXDQWLILHG WKH GLIIHUHQFH EHWZHHQ FRYHUDJH LQVLGH WKH ORFL YV� WKH DGMDFHQW UHJLRQ RI WKH
EDFWHULDO FKURPRVRPH E\ FDOFXODWLQJ WKH IROG�FKDQJH LQ FRYHUDJHV �)LJ� �%� UHG GRWWHG OLQH DQG
EODFN�GRWWHG�OLQH��

:H LGHQWLILHG WZR IXUWKHU ORFL ZKHUH ZH REVHUYH DQ LQFUHDVH LQ FRYHUDJH LQ UHVSHFW WR WKH
UHIHUHQFH JHQRPH� DJDLQ SRWHQWLDOO\ GXH WR SURSKDJH LQGXFWLRQ LQ WKH EDFWHULDO SRSXODWLRQ�)LJ�
�$�� 7KLV WLPH� IROG�FKDQJH RI WKHVH UHJLRQV DUH DVVRFLDWHG ZLWK VSHFLILF WUHDWPHQW UHJLPHV �)LJ�
�&�� IRU H[DPSOH� WKH IROG�FKDQJH RI UHJLRQ � VHHPV VWDEOH LQ WKH FRQWURO� FLSURIOR[DFLQ DQG
YDQFRP\FLQ JURXS� EXW LQFUHDVHG GXULQJ VWXG\ WLPH LQ WKH WHWUDF\FOLQH JURXS� LQGLFDWLQJ WKDW WKH
SUHVHQFH RI PXOWLSOH FRSLHV DUH DGYDQWDJHRXV IRU WKH EDFWHULDO ILWQHVV RQO\ XQGHU WHWUDF\FOLQH
WUHDWPHQW� )ROG FKDQJH GLIIHUHQFHV RI UHJLRQ � DUH SDUWLFXODUO\ SURQRXQFHG DW WKH ODVW WLPH SRLQWV
LQ WKH YDQFRP\FLQ JURXS �)LJ� �&� DQG VHHP DVVRFLDWHG ZLWK D GURS LQ JURZWK UDWH �)LJ� �&�� ,Q
WRWDO� UHJLRQ � FRQWDLQV �� 25)V� VRPH RI ZKLFK DUH EDFWHULRSKDJH DVVRFLDWHG� VXFK DV ³SKDJH
WDLO WDSH PHDVXUH SURWHLQ´� ³SKDJH SRUWDO SURWHLQ´� PHWK\OWUDQVIHUDVHV DQG UHYHUVH WUDQVFULSWDVHV
�6XSSOHPHQWDU\ 7DEOH ��� +RZHYHU� WKH UHPDLQLQJ FRQWHQW RI WKH ORFL LV SRRUO\ DQQRWDWHG� EXW
WKLV SURSKDJH IXUWKHU FRQWDLQV ³3DU%�5HS%�6SR�- IDPLO\ SDUWLWLRQ SURWHLQ´ XVXDOO\ DVVRFLDWHG
ZLWK ORZ FRS\ QXPEHU SODVPLGV DQG ³1�DFHW\OPXUDPR\O�/�DODQLQH DPLGDVH´ ZKLFK KDYH IRXQG WR
EH DVVRFLDWHG ZLWK RWKHU SURSKDJHV DQG SOD\ D PDMRU UROH LQ O\VLV �/RQJFKDPS� 0DXsO� DQG
.DUDPDWD�������

:H LGHQWLILHG D UHJLRQ RQ WKH FKURPRVRPH H[KLELWLQJ D GLIIHUHQWLDO DQG WUHDWPHQW�JURXS
GHSHQGHQW FRYHUDJH� �5HJLRQ �� WKDW HQFRGH D $'3�ULERV\OJO\FRK\GURODVH IDPLO\ SURWHLQ�
HVVHQWLDO IRU $'3�ULERV\ODWLRQ LQ YLUXVHV DQG EDFWHULD �&DWDUD HW DO� ����� OLQNHG WR GHIHQFH WR
DQWLELRWLF VWUHVV �%D\VDURZLFK HW DO� ����� DV ZHOO DV OLQNHG WR WKH WR[LQ�DQWLWR[LQ �7$� V\VWHPV
WKDW DUH UHTXLUHG IRU WKH GHYHORSPHQW RI SHUVLVWHU FHOOV WKDW VXUYLYH DQWLELRWLF VWUHVV E\
GRZQUHJXODWLQJ EDFWHULDO JURZWK DQG XSUHJXODWLQJ EHQHILFLDO SKHQRW\SHV LQ WKHVH HQYLURQPHQWV
VXFK DV ELRILOP IRUPDWLRQV �&DWDUD HW DO� ������ 7KLV ILQGLQJ LV SDUWLFXODUO\ LQWHUHVWLQJ LQ WKH



FRQWH[W RI FKDQJH LQ EDFWHULDO JURZWK TXDQWLILHG HDUOLHU VLQFH ORZ JURZWK UDWHV FRXOG KLJKOLJKW WKH
SUHVHQFH�RI�SHUVLVWHU�FHOOV�

:H IXUWKHU LGHQWLILHG � UHJLRQV ZLWK GLIIHUHQWLDOO\ FRYHUDJH� 5HJLRQ � DQG �� HQFRGLQJ �� DQG ��
SURWHLQV� UHVSHFWLYHO\� :KLOH UHJLRQ � HQFRGHV D UDQJH RI WUDQVSRVDVH� LW LV OLNHO\ DVVRFLDWHG ZLWK
D PRELOH JHQHWLF HOHPHQW� UHJLRQ � FRQWDLQV QR NQRZQ SKDJH JHQH IRU WUDQVSRVDVH JHQH�
OHDYLQJ WKH PRGH RI SURSDJDWLRQ XQNQRZQ� ,QWHUHVWLQJO\� WKHUH DUH VHYHUDO VLPLODULWLHV EHWZHHQ
UHJLRQ � DQG �� IRU H[DPSOH ERWK HQFRGH D HIIOX[ 51' WUDQVSRUWHU SHUPHDVH DQG D HIIOX[ 51'
WUDQVSRUWHU SHULSODVPLF DGDSWRU VXEXQLW DQG D 7RO& IDPLO\ SURWHLQ� 7KHVH HIIOX[ SXPSV DUH
NQRZQ WR FRQIHU PXOWLGUXJ UHVLVWDQFH RQ EDFWHULD E\ WUDQVSRUWLQJ D ZLGH VSHFWUXP RI VWUXFWXUDOO\
GLYHUVH DQWLELRWLFV �9HQWHU HW DO� ����� YLD WKH RXWHU�PHPEUDQH FKDQQHO 7RO& �3UDGHO DQG 3DJqV
������ ,Q UHJLRQ �� IXUWKHU PHPEUDQH DVVRFLDWHG JHQHV EHORQJ WR 5DJ%�6XV' DV ZHOO DV
6XV)�6XV(� DQG 7RQ%�GHSHQGHQW UHFHSWRUV DV ZHOO DV 0$7( HIIOX[ WUDQVSRUWHUV� ZKLOH UHJLRQ �
FRQWDLQV $%& WUDQVSRUWHUV� 7DNHQ WRJHWKHU� WKLV LQGLFDWHV WKDW VXESRSXODWLRQV H[LVW ZLWK YDU\LQJ
QXPEHUV RI FRSLHV RI WKHVH UHJLRQV ��� SURGXFLQJ FHOOV ZLWK D GLIIHUHQW QXPEHU RI PHPEUDQH
WUDQVSRUWHUV� DQG FHOOV WKDW KDYH PXOWLSOH FRSLHV LQ WKHLU JHQRPH DUH PRUH UHVLVWDQW XQGHU
DQWLELRWLF�VWUHVV�GXH�WR�RSWLPL]HG�WUDQVSRUW�RI�WKH�DQWLELRWLF�FRPSRXQG�RXW�RI�WKH�FHOO�



)LJXUH �� &RYHUDJH RI SURSKDJH ORFL FKDQJHV GXULQJ WUHDWPHQW� $� 2Q %� FDHFLPXULV ZH LGHQWLILHG � UHJLRQV ZLWK
KLJK VLPLODULW\ WR NQRZQ SURSKDJHV �JUH\ YHUWLFDO OLQHV� WKDW DOLJQ ZLWK UHJLRQV ZKHUH ZH VHH D SDUWLFXODU KLJK RU ORZ
UHDG FRYHUDJH� %DVHG RQ WKH FRYHUDJH SURILOH ZH LGHQWLILHG � ORFL ZKHUH WKH DEXQGDQFH LV KLJK RQ D VXEVHW RI
VDPSOHV �FRORUHG YHUWLFDO OLQHV�� %� )RU UHJLRQ � ZH IRXQG RQ WKH JHQRPH �PDUNHG UHG� VKRZV D GLIIHUHQWLDO FRYHUDJH
ZKHUH KLJK FKDQJHV LQ FRYHUDJH RI WKH ORFL LQ UHVSHFW WR LWV QHLJKERUKRRG DUH SUHVHQW DIWHU YDQFRP\FLQ WUHDWPHQW �L�H�
RQ GD\ � DQG ��� EXW D ORZ IROG FKDQJH LV SUHVHQW EHIRUH WUHDWPHQW �GD\ �� RU GXULQJ UHVLOLHQFH �GD\ � DQG ���� &�
)ROG FKDQJHV �)&� LQ FRYHUDJH RI WKH ORFL FRPSDUHG WR WKH FRYHUDJH DGMDFHQW WR WKH ORFL LV VKRZQ DV ILOOHG UHJLRQ�
GLVSOD\HG ZLWK FRYHUDJH RXWVLGH WKH UHJLRQ �ORZHU OLQH� DQG FRYHUDJH RI WKH ORFL �XSSHU OLQH�� :KLOH UHJLRQ � �UHG�
VKRZV D KLJK IROG�FKDQJH DIWHU WUHDWPHQW LQ WKH YDQFRP\FLQ JURXS� UHJLRQ � �JUHHQ� VKRZV D KLJKHU DQG
WLPH�GHSHQGHQW IROG FKDQJH LQ WKH WHWUDF\FOLQH JURXS� 5HJLRQ � VKRZV D KLJK IROG FKDQJH RQ WKH YDQFRP\FLQ JURXS
DIWHU�WKH��WK�WUHDWPHQW�URXQG�

5HLVRODWLRQ RI HYROYHG EDFWHULDO FRPPXQLW\ PHPEHUV FRQILUP FKDQJHV LQ DQWLELRWLF
VHQVLWLYLW\
7R DVVHVV LI WKH HYROYHG VWUDLQV H[KLELW DOWHUHG VHQVLWLYLW\ WR WKH UHVSHFWLYH DQWLELRWLFV�L�H�
DFTXLUHG UHVLVWDQFH WR WKH DSSOLHG DQWLELRWLFV GXULQJ WKH FRXUVH RI VWXG\�� ZH SLFNHG �� VLQJOH
FRORQLHV IURP WKH HYROYHG FRPPXQLW\ WDNHQ IURP WKH ODVW WLPH SRLQW IURP WKH FHFDO FRQWHQW IRU (�
IDHFDOLV� &� LQQRFXXP DQG %� FRFFRLGHV� 9DULDQW FDOOLQJ ZDV SHUIRUPHG XVLQJ WKH VDPH ZRUNIORZ
DV IRU WKH :*6 VDPSOHV EXW ZLWK PDSSLQJ DJDLQVW WKH UHVSHFWLYH LQGLYLGXDO UHIHUHQFH JHQRPH�
1H[W�JHQHUDWLRQ�VHTXHQFLQJ�UHWULHYHG�RQ�DYHUDJH�����0�UHDGV�SHU�VDPSOH�

:H H[SHFWHG WKDW $) RI WKH REVHUYHG YDULDQWV �613V� LQ WKHVH VDPSOHV ZHUH HLWKHU QHDU ]HUR RU
�� +RZHYHU� HVSHFLDOO\ LQ &� LQQRFXXP ZH REVHUYHG D PXOWLWXGH RI YDULDQWV ZLWK DQ LQWHUPHGLDWH
$) RI a���� ,QWHUHVWLQJO\� WKH FRYHUDJH ZLWKLQ WKHVH UHJLRQV ZDV HOHYDWHG E\ WKH IDFWRU a� �)LJ�
�$� ZKLFK LV LQGLFDWLYH RI D GXSOLFDWLRQ HYHQW� ZKHUH RQH FRS\ KDV HYROYHG DQG DFTXLUHG D 613
EXW WKH RWKHU UHPDLQHG XQFKDQJHG LQ WKH UHIHUHQFH JHQRPH� $ YDOXH VOLJKWO\ EHORZ � PD\ DULVH
GXH WR WKH IDFW WKDW RQH RI WKH GXSOLFDWHG UHJLRQV DFFXPXODWHG PRUH PXWDWLRQV DQG GXH WR WKH
VWULQJHQW PDSSLQJ� QRW DOO UHDGV ZHUH PDSSHG WR WKH UHIHUHQFH JHQRPH� $) YDOXHV ZLWKLQ WKHVH
UHJLRQV DUH DOVR LQWHUPHGLDWH LQ WKH PHWDJHQRPLF VKRWJXQ VDPSOHV� :H FRQFOXGH WKDW$)
DURXQG ��� VKRXOG EH LQWHUSUHWHG ZLWK FDXWLRQ DQG KDYH WKHUHIRUH ILOWHUHG DOO PHWDJHQRPLF
VKRWJXQ�VDPSOHV�IRU�WKH�UHVSHFWLYH�JHQRPLF�UHJLRQV�

9DULDQW FRXQWV GLIIHU VXEVWDQWLDOO\ EHWZHHQ WKH FRORQLHV DQG ZH LGHQWLILHG RQ DYHUDJH ���
YDULDQWV SHU VDPSOH IRU (� IDHFDOLV �)LJ� �%�� 7KLV KLJK YDULDELOLW\ LV PDLQO\ GULYHQ E\ D VXEVHW RI
(� IDHFDOLV VDPSOHV WKDW KDYH DQ DEQRUPDO KLJK 613 ORDG� 2Q &� LQQRFXXP� ZH REVHUYH DQ
RYHUODS RI YDULDQWV WKDW ZH GHWHFW LQ WKH 06* DQG YDULDQWV WKDW ZH GHWHFW ZKHQ SURFHVVLQJ WKH
LVRODWHV DORQH� $V DEXQGDQFH RI (� IDHFDOLV ZDV WRR ORZ LQ 0*6� ZH FRXOG QRW FRPSDUH WKH
GDWDVHWV VLGH E\ VLGH� 3KHQRW\SLF FKDUDFWHUL]DWLRQ RI D VXEVHW RI LVRODWHV UHYHDOHG WKDW WKH\
H[KLELW GLIIHUHQW 0,& YDOXHV� ,Q SDUWLFXODU� 613V LQ WKH ��6 ULERVRPDO SURWHLQ JHQH 6�� LQ &�



LQQRFXXP FRUUHODWHG ZLWK LQFUHDVHG 0,& DJDLQVW WHWUDF\FOLQH�

)LJXUH �� 613V REVHUYHG RQ WKH ��6 ULERVRPDO SURWHLQ OHDG WR D GH QRYR DFTXLUHG UHVLVWDQFH DJDLQVW
WHWUDF\FOLQH� $� $ VXEVHW RI YDULDQWV H[KLELW DQ LQWHUPHGLDWH $) RQ WKH LVRODWHV �\ D[LV� DOVR H[KLELW DQ LQWHUPHGLDWH
$) LQ WKH :*6 VDPSOHV �OHIW�� OHDGLQJ WR DQ LQIODWHG HVWLPDWH RI YDULDQWV LI QRW FRQWUROOHG DSSURSULDWHO\� 2Q WKH
LVRODWHV� WKH FRYHUDJH RI WKH SUREOHPDWLF YDULDQWV LV KLJKHU FRPSDUHG ZLWK YDULDQWV QHDU � RU ]HUR �ULJKW�� LQGLFDWLQJ
WKDW WKHVH SUREOHPDWLF UHJLRQV DUH GXSOLFDWHG UHJLRQV� %� 1XPEHU RI 613V REVHUYHG LQ WKH LVRODWHV GLIIHU VXEVWDQWLDOO\
�WRS�� DQG VDPSOHV VXFK DV 6:��� WKDW KDYH D KLJK QXPEHU RI 613V KDYH WKHVH VFDWWHUHG WKURXJKRXW WKH JHQRPH
�ERWWRP�� &� $ VXEVHW RI PXWDWLRQV WKDW DUH SUHVHQW LQ WKH LVRODWHV �OHIW� DQG PHWDJHQRPHV �ULJKW�� *UH\ UHJLRQV
LQGLFDWH WKH SUHVHQFH RI D WHFKQLFDO ]HUR � UHDG FRXQW RQ D ORFDWLRQ LV ORZHU WKDQ ���� 0,& VXESORW LQGLFDWHV LI WKH
LQKLELWRU\ FRQFHQWUDWLRQ RI WKH HYROYHG FRPPXQLW\ LV KLJKHU �DUURZ XS� RU ORZHU �DUURZ GRZQ� RU VLPLODU �³�´� FRPSDUHG
WR�XQHYROYHG�VWRFN�VDPSOHV�

6HW�RI�KLJKO\�FRUUHODWHG�613V�FDQ�EH�GHFRPSRVHG�LQWR�JHQRW\SHV�XVLQJ�10)
0DMRU DOOHOH IUHTXHQF\ GLVWULEXWLRQV RI YDULDQWV REVHUYHG RYHU WKH VWXG\ WLPH �)LJ �� VKRZ
HYLGHQFH WKDW VRPH RI WKH 200�� VWUDLQV DSSHDU WR EH QRQ�PRQRFORQDO DQG VSHFLHV KDYH
DGDSWHG ZLWKLQ WKH KRVW RYHU JHQHUDWLRQV� UHVXOWLQJ LQ VHWV RI OLQNHG YDULDQWV� )XUWKHUPRUH� GXH
WR RIWHQ ORZ FRYHUDJH DQG ORZ VHTXHQFH GLYHUJHQFH� GLUHFW DVVHPEO\ RI VXEVWUDLQV VKRZ QR
FOHDU VHSDUDWLRQ RI JHQRPHV RQ WKH VXEVWUDLQ ERXQGDU\� +RZHYHU� WKH QRQ�UDQGRP OLQNDJH RI
613V RYHU WLPH SRLQWV� DQG RIWHQWLPHV D SRVLWLYH FRUUHODWLRQ RI DOOHOH IUHTXHQF\ �$)� RI YDULDQWV
EHWZHHQ VWXG\ JURXSV �)LJ� �� VXSSRUW YDOLGLW\ RI WKH GHWHFWHG YDULDQWV DQG WKH SUHVHQFH RI
KDSORW\SHV LQ WKH VWXG\ SRSXODWLRQ� 7R GHWHFW KDSORW\SHV ZH GHYHORSHG D PHWKRG EDVHG RQ
VSDUVH QRQ�QHJDWLYH PDWUL[ IDFWRUL]DWLRQ �0HWKRGV� ZKLFK GHWHFWV FR�RFFXUULQJ OLQHDU
FRPELQDWLRQV RI WKH 613V SURILOH RI D EDFWHULD LQ PXOWLSOH VDPSOHV �L�H� JHQRW\SHV� DQG
FDOFXODWHV WKH IUDFWLRQ RI H[SODLQHG YDULDQFH IRU HDFK GHFRPSRVHG KDSORW\SH WR WKH RYHUDOO
VDPSOH¶V YDULDQFH LQ $)� 8VLQJ WKLV DSSURDFK ZH VXFFHVVIXOO\ UHFRYHUHG FR�RFFXUULQJ 613
FRPELQDWLRQV� 7KH UHFRQVWUXFWHG KDSORW\SHV VKRZ D VWURQJ WLPH DQG WUHDWPHQW�GHSHQGHQW
HIIHFW�

'LVFXVVLRQ

,Q WKLV VWXG\� ZH SUHVHQW WKH FRPPXQLW\ HIIHFWV RI D GHILQHG PRXVH PLFURELRWD WR UHSHDWHG
DSSOLFDWLRQV WR DQWLELRWLFV� :H LGHQWLILHG VHOHFWLRQ HIIHFWV DQG SRWHQWLDO GH QRYR PXWDWLRQ RQ WKH
613 OHYHO� )XUWKHUPRUH� HVWLPDWHG JURZWK UDWHV VKRZ D GURS LQ JURZWK UDWH DIWHU $% DSSOLFDWLRQ�
SRWHQWLDOO\ GXH WR WKH VHOHFWLRQ RI SHUVLVWHU FHOOV WKDW DUH HYROYHG WR H[KLELW D VORZ JURZWK UDWH



EXW DUH SK\VLRORJLFDOO\ PRUH UHVLVWDQW WR D ZLGH UDQJH RI VWUHVVRUV� )LQDOO\� UH�LVRODWLRQ DQG
VHTXHQFLQJ RI FHOOV IURP WKH HYROYHG FRPPXQLW\ VKRZ WKDW VRPH 613V UHDFK IL[DWLRQ� DQG WKDW
FDUULHUV RI 613V DUH UHVLVWDQW WR DQWLELRWLFV DQG H[KLELW D KLJKHU 0,& FRQFHQWUDWLRQ� SRWHQWLDOO\
GXH WR PXWDWLRQV LQ ULERVRPDO JHQHV WKDW SUHYHQW DQWLELRWLF ELQGLQJ �-DFRE\ ������ 7KLV LV RQH RI
WKH ILUVW VWUDLQ�OHYHO JHQRPH EDVHG DQDO\VHV RQ WKH HYROXWLRQ RI $% UHVLVWDQFH LQ WKH JXW
PLFURELRPH�

:H SUHVHQW D UDQJH RI FDYHDWV WKDW DUH LPSRUWDQW WR FRQVLGHU ZKHQ SHUIRUPLQJ VLPLODU
H[SHULPHQWV XVLQJ ORZ�FRPSOH[ FRPPXQLW\ PRGHOV VXFK DV WKH 200��� )LUVW� ZH REVHUYH D KLJK
VLPLODULW\ ZLWKLQ FKURPRVRPDO UHJLRQV RI WKH 200�� FRPPXQLW\ WKDW ZRXOG UHVXOW LQ D KLJKO\
LQIODWHG 613 SURILOH� 2QH VROXWLRQ WR DFFRXQW IRU WKHVH HIIHFWV ZRXOG EH PDVNLQJ RI UHJLRQV ZLWK
KLJK VLPLODULW\ WR RWKHU UHJLRQV RU E\ OLPLWLQJ WKH PDSSLQJ WR XQLTXH ORFDWLRQV �H�J� QRW FRQVLGHU
UHDGV WKDW ZRXOG PDS WR PXOWLSOH SRVLWLRQV�� )XUWKHUPRUH� ZH IRXQG WKDW DEVROXWH DEXQGDQFH
PHDVXUHV� DV SURYLGHG E\ T3&5 PHDVXUHV �HVSHFLDOO\ RQ D ORJ�� VFDOH�� DUH LQWXLWLYH WR
XQGHUVWDQG DQG UHVSRQVH HIIHFWV DUH KDUGHU WR XQGHUVWDQG RQ D UHODWLYH VFDOH �)LJ� �%&��
'XSOLFDWLRQ HYHQWV FRPSOLFDWH 613 DQDO\VLV� VLQFH ZH REVHUYH WKDW GXSOLFDWLRQ HYHQWV OHDG WR
DQ LQIODWHG 613 FRXQW ZKHUHE\ PDQ\ RI WKH 613V H[KLELW LQWHUPHGLDWH $)� +RZHYHU� ZH VHH
WKDW FRS\ QXPEHU YDULDWLRQV RI VSHFLILF ORFL VXFK DV JHQHV VHHP WR EH D ELRORJLFDO SURFHVV
OLQNHG�ZLWK�$%�VHOHFWLRQ�DQG�ILOWHULQJ�RI�WKHVH�YDULDQWV�DUH�QRQ�WULYLDO�

,W ZDV VKRZQ WKDW EDFWHULDO SHUVLVWHUV IRUP D VXESRSXODWLRQ RI DQWLELRWLF�WROHUDQW FHOOV WKDW IRUP
ZLWKLQ D SRSXODWLRQ RI JHQHWLFDOO\ DQWLELRWLF�VXVFHSWLEOH EDFWHULD DQG PXOWLSOH JHQHWLF SDWKZD\V
LQYROYHG LQ SHUVLVWHU IRUPDWLRQ ZHUH LGHQWLILHG �+DUPV HW DO� ������ VXFK DV 5HO$� 6SR7� WKH
SURWHDVH /RQ� DQG WR[LQ�DQWLWR[LQ �7$� PRGXOHV �&RKHQ� /REULW]� DQG &ROOLQV ������ ZKLFK
UHOHDVH WR[LQV WR LQKLELW FHOOXODU SURFHVVHV LQ WXUQ VORZLQJ GRZQ SURWHLQ V\QWKHVLV �.RUFK�
+HQGHUVRQ� DQG +LOO ������ ,QWHUHVWLQJO\� ZH VHH D 613 ZLWKLQ WKH FRGLQJ UHJLRQ RI WKH
WR[LQ�DQWLWR[LQ �7$� V\VWHP LQ )� SODXWLL� EXW� KRZHYHU� QR VLJQLILFDQW GLIIHUHQFH RI WKH 613 LQ WKH
WUHDWPHQW JURXSV LQ UHVSHFW WR FRQWURO� )XUWKHUPRUH� VRPH JHQHV HQFRGHG RQ WKH UHJLRQ �
ZKHUH ZH REVHUYH GLIIHUHQFHV LQ UHDG FRXQWV� SRWHQWLDOO\ GXH WR SKDJH DFWLYDWLRQ� HQFRGH
JHQHV UHODWHG WR WKH 7$ V\VWHP ZKLFK FRXOG WULJJHU D SHUVLVWHU SKHQRW\SH� $ UHGXFHG JURZWK
UDWH DIWHU WUHDWPHQW FRXOG EH DWWULEXWDEOH WR WKH VHOHFWLRQ RI SHUVLVWHU FHOOV WKDW DUH UHVLVWDQW EXW
H[KLELW D VLJQLILFDQWO\ UHGXFHG JURZWK UDWH� 7KH JURZWK UDWHV ZH REVHUYH ZRXOG EH LQ OLQH ZLWK
WKH�VHOHFWLRQ�RI�SHUVLVWHU�FHOOV�DIWHU�WUHDWPHQW�

2EVHUYHG $%5 VHQVLWLYLW\ RI FRPPXQLW\ PHPEHUV RQ WKH SRSXODWLRQ OHYHO LV LQ OLQH ZLWK 0,&
FRQFHQWUDWLRQV REVHUYHG LQ PRQRFXOWXUHV �0HWKRGV� 6XSSOHPHQWDU\ )LJXUH 6��� 'LIIHUHQFH LQ
JURZWK UDWH LV D IXUWKHU IDFWRU WKDW FRXOG FDXVH WKH REVHUYHG UHVSRQVH SDWWHUQV� %DFWHULD ZLWK
UHODWLYHO\ VORZ JURZWK UDWHV LQ PRQRFXOWXUHV �6XSSOHPHQWDU\ 7DEOH ��� IRU H[DPSOH� %�
FDHFLPXULV DQG $� PXFLQLSKLOD VKRZ LQWULQVLF UHVLVWDQFH DJDLQVW DOO WKUHH $% XVHG LQ WKLV VWXG\�


,W ZDV VKRZQ WKDW $% HQKDQFHV WKH JHQRPH�ZLGH PXWDWLRQ UDWHV �/RQJ HW DO� ������ :H REVHUYH
WKLV SKHQRPHQRQ RQ WKH LVRODWHV RI HYROYHG FRPPXQLW\ PHPEHUV RI (� IDHFDOLV� EXW DOVR RQ WKH
FRQWURO�JURXS�DQG�WHWUDF\FOLQH�JURXS�EXW�QRW�RQ�FLSURIOR[DFLQ�DQG�YDQFRP\FLQ�JURXSV��

� SRWHQWLDOO\ GXH WR WKH SUHVHQFH RI VXESRSXODWLRQV ZLWK D K\SHUPXWDWRU SKHQRW\SH ZKHUH WKH
PXWDWLRQV�DUH�VFDWWHUHG�DURXQG�WKH�ZKROH�JHQRPH��)LJ� �% ERWWRP��RU�EH�RI�D�WHFKQLFDO�RULJLQ�

8QGHUVWDQGLQJ WKH IDFWRUV FRQWULEXWLQJ WR UHVLOLHQFH DQG G\VELRVLV DUH FUXFLDO IRU WKH VXFFHVV RI
IDHFDO WUDQVSODQWDWLRQ DQG WKHUDSHXWLF PDQLSXODWLRQ RI WKH JXW PLFURELRPH �.RRWWH HW DO� ������
)XUWKHUPRUH� WKLV VWXG\ ZLOO SURYLGH JXLGDQFH RQ KRZ WR WDFNOH WHFKQLFDO FKDOOHQJHV WKDW DULVH
ZKHQ DQDO\VLQJ PHWDJHQRPLF FRQWHQW RI JQRWRELRWLF PRXVH PRGHOV� 3UHYLRXV VWXGLHV



FKDUDFWHUL]HG WKH VKRUW DQG ORQJ WHUP HIIHFW RI FRPSRVLWLRQDO DQG IXQFWLRQDO FKDQJHV FDXVHG E\
DQWLELRWLF WUHDWPHQW LQ PLFH LQ WKH FRQWH[W RI KLJK�IDW GLHW DQG REHVLW\ �1REHO HW DO� ����� DQG
LGHQWLILHG HIIHFWV RI $% WR KLJK�IDW GLHW LQGXFHG REHVLW\� 7KH HIIHFWV RI $% WUHDWPHQW KDYH DOVR
EHHQ VWXGLHG DQG VKRZHG WKDW DQWLELRWLF SUHVVXUH UHVXOWHG LQ UHSURGXFLEOH� ORQJ�ODVWLQJ
DOWHUDWLRQV RI WKH JXW PLFURELRPH� LQFOXGLQJ D GHFUHDVH LQ RYHUDOO GLYHUVLW\ �$QWRQRSRXORV HW DO�
����� DQG LQ WKH FRQWH[W RI VXVFHSWLELOLW\ WR LQIHFWLRQV �7KHULRW HW DO� ������ :KLOH WKH DERYH
PHQWLRQHG VWXGLHV DUH YDOXDEOH� FXUUHQW VWXGLHV RQ $% DUH XVLQJ FRQYHQWLRQDO PRXVH
PLFURELRPHV� ZKLFK KDV EHHQ VKRZQ WR EH D FRQIRXQGLQJ IDFWRU� VLQFH PLFH UDLVHG LQ GLIIHUHQW
UHVHDUFK LQVWLWXWLRQV RU REWDLQHG IURP GLIIHUHQW YHQGRUV FDQ H[KLELW SURIRXQG GLIIHUHQFHV LQ
PLFURELRWD FRPSRVLWLRQ �6WHFKHU HW DO� ������ *QRWRELRORJ\ LV D PHWKRG WR PHFKDQLVWLFDOO\
LQYHVWLJDWH PLFURELRWD IXQFWLRQLQJ DQG WR DVVHVV FDXVDOLW\ LQ DOWHUDWLRQV RI JXW PLFURELRWD
FRPSRVLWLRQ� 7KH XVH RI JQRWRELRWLF PRXVH PRGHOV FRXOG EH YDOXDEOH WR VWXG\ FRPPXQLW\
DGDSWDWLRQ DQG WKH FRQVHTXHQFHV RI $% WUHDWPHQW LQ D PHFKDQLVWLF PDQQHU� IRU H[DPSOH� E\
FRQWUROOLQJ IRU LQWHUDFWLRQ QHWZRUNV� VXFK DV FURVV�IHHGLQJ RU FRPSHWLWLRQ �:HLVV HW DO� ������ ,Q
SDUWLFXODU� LW LV XQFOHDU� WR ZKLFK H[WHQW WKH PLFURELRWD UHWXUQV WR WKH SUH�DQWLELRWLF VWDWH DQG
ZKLFK IDFWRUV SOD\ D UROH LQ PHGLDWLQJ UHVLOLHQFH VXFK DV HQYLURQPHQW VXFK DV GLHW DQG WKH UROH
RI�EDFWHULD�DFTXLULQJ�$%�UHVLVWDQFH�DV�D�FRQVHTXHQFH�

0HWKRGV

$QLPDO�H[SHULPHQWV
,Q RUGHU WR HIIHFWLYHO\ FDSWXUH WKH DGDSWDWLRQ RI WKH EDFWHULDO FRPPXQLW\ WR WKH $% FKDOOHQJH� WKH
VWXG\ GHVLJQ LQFOXGHG D WRWDO RI � WUHDWPHQW SHULRGV� LQWHUVSDFHG E\ UHVLOLHQFH SKDVHV RI YDU\LQJ
OHQJWKV UDQJLQJ IURP � GD\V XS WR �� GD\V� ZKLFK DOORZHG XV WR VWXG\ WKH LQIOXHQFH RI UHSHDWHG
DSSOLFDWLRQV RI $% WR WKH PLFURELDO FRPPXQLW\ G\QDPLFV� :H WUHDWHG DGXOW PLFH VWDEO\ FRORQL]HG
E\ WKH GHILQHG 200�� FRPPXQLW\ ZLWK SK\VLRORJLFDOO\ UHOHYDQW FRQFHQWUDWLRQV RI DQWLELRWLFV�
YDQFRP\FLQ �5RWK� �������� WHWUDF\FOLQ �6LJPD�$OGULFK� 7����� DQG FLSURIOR[DFLQ �6LJPD�$OGULFK�
������ YLD GULQNLQJ ZDWHU ������PJ�PO� DQG KRXVHG WKHP XQGHU JHUP�IUHH FRQGLWLRQV �� PRXVH
SHU VWXG\ JURXS� RU FRQWURO �)LJ� �$�� :H REVHUYHG QR GLIIHUHQFH LQ WKH TXDQWLW\ RI ZDWHU
FRQVXPHG EHWZHHQ WKH JURXSV� 'XULQJ WKH VWXG\ SHULRG RI �� GD\V� IHFDO VDPSOHV IURP HDFK
PRXVH ZHUH FROOHFWHG RQ D ZHHNO\ EDVLV� DPRXQWLQJ WR D WRWDO RI ��� VDPSOHV� $OO DQLPDO
H[SHULPHQWV ZHUH DSSURYHG E\ WKH ORFDO DXWKRULWLHV �5HJLHUXQJ YRQ 2EHUED\HUQ� DQG DQ HWKLFV
FRPPLWWHH��DQG�ZHUH�SHUIRUPHG�DFFRUGLQJ�WR�WKH�OHJDO�UHTXLUHPHQWV�

4XDQWLWDWLYH�3&5�RI�EDFWHULDO���6�U51$�JHQHV
:H GHWHUPLQHG WKH DEVROXWH DEXQGDQFH RI WKH LQGLYLGXDO VWUDLQV RI WKH 200�� FRQVRUWLXP DW
GLIIHUHQW�WLPH�SRLQWV�YLD�T3&5�DV�RXWOLQHG�LQ�%UXJLURX[�HW�DO���%UXJLURX[�HW�DO��������

5HLVRODWLRQ�RI�HYROYHG�VWUDLQV
&HFDO FRQWHQW IURP 200�� PLFH ZDV WDNHQ DQG GLOXWHG ZLWK VWHULOH 3%6 �GLOXWLRQ VHULHV�� 6HYHUDO
GLOXWLRQV ZHUH VSUHDG RQ $$0 DJDU SODWHV WR REWDLQ VLQJOH FRORQLHV &RORQLHV ZHUH SLFNHG EDVHG
RQ FRORQ\ PRUSKRORJ\ DQG XVHG IRU LQRFXODWLRQ RI OLTXLG $$0 FXOWXUHV� .%� FORQHV ZHUH JURZQ
DHURELFDOO\ DV WKLV LV WKH RQO\ EDFWHULXP LQ WKH FRPPXQLW\ WKDW FDQ JURZ DHURELFDOO\� ,�� FRORQLHV
ZHUH UHVWUHDNHG RQ IUHVK SODWHV WR REWDLQ VLQJOH FRORQLHV� &XOWXUHV ZHUH DQDO\]HG YLD
*UDP�VWDLQLQJ WR FKHFN IRU FRQWDPLQDWLRQV� &XOWXUHV ZHUH XVHG WR VWRFN WKH LVRODWHG FORQHV�



5HVLGXDO � PO FXOWXUHV ZHUH XVHG IRU FKURPRVRPDO '1$ LVRODWLRQ XVLQJ WKH 7XUQEDXJK PHWKRG
�EHDG�EDVKLQJ���SKHQRO�FKORURIRUP�H[WUDFWLRQ��

*HQRPH�VHTXHQFLQJ��PDSSLQJ�DQG�YDULDQW�FDOOLQJ
:H HPSOR\HG VKRWJXQ 1RYD6HT S\URVHTXHQFLQJ �a��� 0EDVHV� SHU VDPSOH RQ D VXEVHW RI ���
VDPSOHV RQ VHOHFWHG WLPH SRLQWV �:*6 SURILOH RI DOO WLPH SRLQWV IRU RQH PRXVH SHU JURXS SOXV
WZR ELRORJLFDO UHSOLFDWHV SHU JURXS RI VHOHFWHG WLPH SRLQWV� �)LJ� �$�� :H DQDO\VHG VHTXHQFHG
VDPSOHV YLD D VQDNHPDNH SLSHOLQH �.|VWHU DQG 5DKPDQQ ������ 7KLV LQFOXGHV 4&¶LQJ UHDGV YLD
IDVWS XVLQJ GHIDXOW DUJXPHQWV �6� &KHQ HW DO� ������ :H PDSSHG DOO :*6 VDPSOHV WR WKH
FRPELQHG UHIHUHQFH JHQRPH FROOHFWLRQ� 7KLV FROOHFWLRQ FRQVLVWV RI KLJK�TXDOLW\ UHIHUHQFH
JHQRPHV �/DP\�%HVQLHU HW DO� ������ 7KHVH UHIHUHQFH JHQRPHV DUH RSWLPL]HG XVLQJ
FKURPRVRPH FRQIRUPDWLRQ FDSWXUH �+L�&� GDWD WR UHRUJDQL]H� FORVH� DQG LPSURYH WKH TXDOLW\ RI
WKHVH �� JHQRPHV� EDVHG RQ WKH UHIHUHQFH JHQRPHV ZH KDYH SXEOLVKHG UHFHQWO\ �*DU]HWWL HW DO�
������ :H XVH EZD PHP ZLWK WKH ³�[ LQWUDFWJ´ WR PDS 4&¶HG UHDGV WR WKH UHIHUHQFH JHQRPHV�
0DSSLQJ IUDFWLRQ WR WKH UHIHUHQFH VHW ZDV YHU\ KLJK �!����� :H WKHQ UHPRYHG GXSOLFDWHG UHDGV
DQG UHDGV WKDW PDS WR PXOWLSOH SRVLWLRQV XVLQJ ³VDPWRROV IL[PDWH � �� DQG ³ VDPWRROV YLHZ �ET �´�
9DULDQW FDOOLQJ ZDV SHUIRUPHG XVLQJ /R)UHT �:LOP HW DO� ����� XVLQJ WKH RSWLRQV ´ORIUHT YLWHUEL´
DQG �ORIUHT LQGHOTXDO ��GLQGHO´ DQG ³ORIUHT FDOO�SDUDOOHO ��VLJ �(�� ��PLQ�FRY �� ��PLQ�ET ��
��PLQ�DOW�ET������PLQ�PT������G��������

&RYHUDJH�TXDQWLILFDWLRQ
:H FDOFXODWHG FRYHUDJH SHU VDPSOH XVLQJ WKH ³EDP&RYHUDJH´ FRPPDQG RQ WKH ³EDP´ ILOHV WKDW
DUH ZULWWHQ E\ WKH ³ORIUHT YLWHUEL´ DQG ³ORIUHT LQGHOTXDO´ VWHS� 7KHVH �EDP ILOHV FRQWDLQ WKH
DOLJQPHQW LQIRUPDWLRQ RI UHDGV DIWHU UHPRYLQJ H[DFW GXSOLFDWHV DQG UHDGV WKDW DUH PDSSLQJ WR
PXOWLSOH�SRVLWLRQV�

$FNQRZOHGJHPHQWV

3�&�0��UHFHLYHG�IXQGLQJ�IURP�WKH�*HUPDQ�5HVHDUFK�)RXQGDWLRQ��*UDQW�QXPEHU������������

5HIHUHQFHV
$QWRQRSRXORV��'LRQ\VLRV�$���6XVDQ�0��+XVH��+LODU\�*��0RUULVRQ��7KRPDV�0��6FKPLGW��0LWFKHOO

/��6RJLQ��DQG�9LQFHQW�%��<RXQJ��������³5HSURGXFLEOH�&RPPXQLW\�'\QDPLFV�RI�WKH
*DVWURLQWHVWLQDO�0LFURELRWD�)ROORZLQJ�$QWLELRWLF�3HUWXUEDWLRQ�´ ,QIHFWLRQ�DQG�,PPXQLW\ �������
����±���

$UFLROD��&DUOD�5HQDWD��'DYLGH�&DPSRFFLD��DQG�/XFLR�0RQWDQDUR��������³,PSODQW�,QIHFWLRQV�
$GKHVLRQ��%LRILOP�)RUPDWLRQ�DQG�,PPXQH�(YDVLRQ�´ 1DWXUH 5HYLHZV��0LFURELRORJ\ �������
���±����

$UQGW��'DYLG��-DVRQ�5��*UDQW��$QD�0DUFX��7DQYLU�6DMHG��$OOLVRQ�3RQ��<RQJMLH�/LDQJ��DQG�'DYLG
6��:LVKDUW��������³3+$67(5��$�%HWWHU��)DVWHU�9HUVLRQ�RI�WKH�3+$67�3KDJH�6HDUFK�7RRO�´
1XFOHLF�$FLGV�5HVHDUFK ����:����:��±���

%DUURVR�%DWLVWD��-RmR��0LJXHO�)��3HGUR��-RDQD�6DOHV�'LDV��&DWDULQD�-��*��3LQWR��-HVVLFD�$�
7KRPSVRQ��+HOHQD�3HUHLUD��-RFHO\QH�'HPHQJHRW��,VDEHO�*RUGR��DQG�.DULQD�%��;DYLHU�



������³6SHFLILF�(FR�(YROXWLRQDU\�&RQWH[WV�LQ�WKH�0RXVH�*XW�5HYHDO�(VFKHULFKLD�&ROL
0HWDEROLF�9HUVDWLOLW\�´ &XUUHQW�%LRORJ\��&% ������� ����±���H��

%D\VDURZLFK��-HQQLIHU��.DOLQND�.RWHYD��'RQDOG�:��+XJKHV��/LQGD�(MLP��(PPD�*ULIILWKV��.XQ
=KDQJ��0XUUD\�-XQRS��DQG�*HUDUG�'��:ULJKW��������³5LIDP\FLQ�$QWLELRWLF�5HVLVWDQFH�E\
$'3�5LERV\ODWLRQ��6WUXFWXUH�DQG�'LYHUVLW\�RI�$UU�´ 3URFHHGLQJV�RI�WKH�1DWLRQDO�$FDGHP\�RI
6FLHQFHV�RI�WKH�8QLWHG�6WDWHV�RI�$PHULFD ��������� ����±���

%UXJLURX[��6DQGULQH��0DUNXV�%HXWOHU��&DULQD�3IDQQ��'HERUD�*DU]HWWL��+DQV�-RDFKLP
5XVFKHZH\K��'LDQD�5LQJ��0DQXHO�'LHKO��HW�DO��������³*HQRPH�*XLGHG�'HVLJQ�RI�D�'HILQHG
0RXVH�0LFURELRWD�7KDW�&RQIHUV�&RORQL]DWLRQ�5HVLVWDQFH�DJDLQVW�6DOPRQHOOD�(QWHULFD
6HURYDU�7\SKLPXULXP�´ 1DWXUH�0LFURELRORJ\ ���1RYHPEHU�� ������

&DVLUDJKL��$QGUHD��/RUHQ]R�6XLJR��(UPDQQR�9DORWL��DQG�9DOHQWLQD�6WUDQLHUR��������³7DUJHWLQJ
%DFWHULDO�&HOO�'LYLVLRQ��$�%LQGLQJ�6LWH�&HQWHUHG�$SSURDFK�WR�WKH�0RVW�3URPLVLQJ�,QKLELWRUV
RI�WKH�(VVHQWLDO�3URWHLQ�)WV=�´ $QWLELRWLFV��%DVHO� 6ZLW]HUODQG� ������
KWWSV���GRL�RUJ���������DQWLELRWLFV��������

&DWDUD��*LXOLDQD��$QQXQ]LDWD�&RUWHJJLR��&DUPHQ�9DOHQWH��*LRYDQQD�*ULPDOGL��DQG�/XFD
3DOD]]R��������³7DUJHWLQJ�$'3�5LERV\ODWLRQ�DV�DQ�$QWLPLFURELDO�6WUDWHJ\�´ %LRFKHPLFDO
3KDUPDFRORJ\ �����6HSWHPEHU�����±���

&KHQ��+RQJ�+DQ��&KLHQ�&KH�&KDQJ��<X�+DQ�<XDQ��DQG�6KZX�-HQ�/LDZ��������³$
&S[5�5HJXODWHG�]DS'�*HQH�,QYROYHG�LQ�%LRILOP�)RUPDWLRQ�RI�8URSDWKRJHQLF�3URWHXV
0LUDELOLV�´ ,QIHFWLRQ�DQG�,PPXQLW\ ��������KWWSV���GRL�RUJ���������,$,����������

&KHQ��6KLIX��<DQTLQJ�=KRX��<DUX�&KHQ��DQG�-LD�*X��������³)DVWS��$Q�8OWUD�)DVW�$OO�LQ�2QH
)$674�3UHSURFHVVRU�´ %LRLQIRUPDWLFV ���������L���±���

&RKHQ��1DGLD�5���0LFKDHO�$��/REULW]��DQG�-DPHV�-��&ROOLQV��������³0LFURELDO�3HUVLVWHQFH�DQG�WKH
5RDG�WR�'UXJ�5HVLVWDQFH�´ &HOO�+RVW�	�0LFUREH ������� ���±���

&URVZHOO��$P\��(ODG�$PLU��3DXO�7HJJDW]��0HOLVVD�%DUPDQ��DQG�1LWD�+��6DO]PDQ�������
³3URORQJHG�,PSDFW�RI�$QWLELRWLFV�RQ�,QWHVWLQDO�0LFURELDO�(FRORJ\�DQG�6XVFHSWLELOLW\�WR�(QWHULF
6DOPRQHOOD�,QIHFWLRQ�´ ,QIHFWLRQ�DQG�,PPXQLW\ ������� ����±���

'URVWH��-��+���0��+��:LHULQJD��-��-��:H\OHU��9��-��1HOHQ��3��$��9HUPHLUH��DQG�+��3��9DQ�%HYHU�
������³'RHV�WKH�8VH�RI�$QWLELRWLFV�LQ�(DUO\�&KLOGKRRG�,QFUHDVH�WKH�5LVN�RI�$VWKPD�DQG
$OOHUJLF�'LVHDVH"´ &OLQLFDO�DQG�([SHULPHQWDO�$OOHUJ\� -RXUQDO�RI�WKH�%ULWLVK�6RFLHW\�IRU
$OOHUJ\�DQG�&OLQLFDO�,PPXQRORJ\ �������������±���

'XUDQG�+HUHGLD��-RUJH��(XJHQH�5LYNLQ��*XR[LDQJ�)DQ��-RUJH�0RUDOHV��DQG�$QXUDGKD
-DQDNLUDPDQ��������³,GHQWLILFDWLRQ�RI�=DS'�DV�D�&HOO�'LYLVLRQ�)DFWRU�7KDW�3URPRWHV�WKH
$VVHPEO\�RI�)WV=�LQ�(VFKHULFKLD�&ROL�´ -RXUQDO�RI %DFWHULRORJ\ ��������������±���

(EHUO��&ODXGLD��'LDQD�5LQJ��3KLOLSS�&��0�QFK��0DUNXV�%HXWOHU��0DULMDQD�%DVLF��(PPD�&DUROLQH
6ODFN��0DUWLQ�6FKZDU]HU��HW�DO��������³5HSURGXFLEOH�&RORQL]DWLRQ�RI�*HUP�)UHH�0LFH�:LWK
WKH�2OLJR�0RXVH�0LFURELRWD�LQ�'LIIHUHQW�$QLPDO�)DFLOLWLHV�´ )URQWLHUV�LQ�0LFURELRORJ\ ���
�����

(O�4DLGL��6DPLU��&RQJUXL�=KX��3HWHU�0F'RQDOG��$QXUDGKD�5R\��3UDGLS�.XPDU�0DLW\��'LJDPEHU
5DQH��&KDPDQL�3HUHUD��DQG�3KLOLS�5��+DUGZLGJH��������³+LJK�7KURXJKSXW�6FUHHQLQJ�IRU
%DFWHULDO�*O\FRV\OWUDQVIHUDVH�,QKLELWRUV�´ )URQWLHUV LQ�&HOOXODU�DQG�,QIHFWLRQ�0LFURELRORJ\ �
�'HFHPEHU�������

)DLWK��-HUHPLDK�-���-DQDNL�/��*XUXJH��0DUN�&KDUERQQHDX��6DWKLVK�6XEUDPDQLDQ��+HQQLQJ
6HHGRUI��$QGUHZ�/��*RRGPDQ��-RVH�&��&OHPHQWH��HW�DO��������³7KH�/RQJ�7HUP�6WDELOLW\�RI
WKH�+XPDQ�*XW�0LFURELRWD�´ 6FLHQFH ��������������������

*DU]HWWL��'HERUD��6DQGULQH�%UXJLURX[��%R\NH�%XQN��5�GLJHU�3XNDOO��.DWK\�'��0F&R\��$QGUHZ�-�
0DFSKHUVRQ��DQG�%lUEHO�6WHFKHU��������³+LJK�4XDOLW\�:KROH�*HQRPH�6HTXHQFHV�RI�WKH
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