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Abstract
Science & education:
Genetic analysis of winter social structure and saal traits
in a migratory sparrow
Teaching argumentafiLon in STEM education
Nina N. Arnberg

Stable social organization in a wide variety ofamgms has been linked to
kinship, which can minimize conflict due to the inadt fitness benefits from
cooperating with relatives. In birds, kin selectltas been mostly studied in the
context of reproduction or in species that areag@ar round. Many birds however
are migratory and the role of kinship in the wirgecieties of these species is
virtually unexplored. A previous study detectedkstg social complexity and
stability in wintering populations of migratory gi@n-crowned sparrowZ@notrichia
atricapilla)—individuals repeatedly form close associationthwhe same social
partners, including across multiple winters.

In chapter one | test the possibility that kinsimght be involved in these
close and stable social affiliations. | examinerglationship between kinship and
social structure for two of the consecutive wintgrseasons from the previous study.
| found no evidence that social structure was grileed by kinship—relatedness
between most pairs of individuals was at most dhéitst cousins (and mostly far
lower) and Mantel tests revealed no relationshigvben kinship and pairwise

interaction frequency. Kinship also failed to prtdiocial structure in more fine-

grained analyses, including analyses of each gearaeely (in the event that sex-

Vi



biased migration might limit kin selection to orexysand separate analyses for each
social community. The complex winter societies oidgn-crowned sparrows appear
to be based on cooperative benefits unrelateditsddection. Although the complex
social structure detected in wintering golden-cred/sparrows is not predicted by
kinship, genetic variation may play a role in véda of winter social traits.

In chapter two, | investigate the genetic causesadhtion in fithess-related
traits in a winter population of golden-crownedrspas. Individuals show great
variation in morphological and behavioral traitattinay play a role in winter
dominance and ultimately survival. | found thatiinduals that were more
heterozygous—based on internal relatedness measfleging individual genetic
variation—were more socially dominant, had largeldgsrown patches (which
predict social dominance in some contexts) andstrasger social connections
within their social networks.

Although the underlying mechanism driving the HFlésected in this study is
unknown, the detection of moderate correlations/een an individual’s
heterozygosity level and social dominance, wintemage, and sociality is
interesting. Theses traits connect in importantssaywinter social behavior,
suggesting that these HFC analyses detected tat@nships. It is therefore feasible
that more heterozygous individuals are more sgegiminant because they may be,
for example, better foragers and have energy terkpn aggressive behaviors.
Another reasonable explanation for the relationbleifpveen heterozygosity and

social dominance could be that more socially domtiérds could be older;

Vii



heterozygosity might be linked to longevity. Altlghua physiological mechanism is
unknown in sparrows, it is possible that plumagg neflect the general quality (e.qg.,
better immune function) of the individual. As wibcial dominance, “core”
individuals of a community (i.e., individuals theae more likely to be found flocking
with other birds of their community) may also bdeyl or higher quality individuals.
“Core” individuals interact and have contact withers in the community and may
therefore be at higher risk of encountering disepamsite, and pathogens. If this
measure of heterozygosity reflects immune fundheterozygosity, then more
heterozygous individuals may be more likely to bere” individuals.

The recent focus on preparing students to pursteiEin science,
technology, engineering, and mathematics (STEMQJdibave resulted in educational
researchers investigating how best to supporigibéd. Government and private
funding has been directed to STEM internship pnogr§articularly at the
undergraduate level). These internship programdesigned to provide workplace
opportunities as well as provide support from thegpam to acquire skills needed by
students to transition from school to the workfotdest of this support has been
developed (by internship programs and researchretlg sciences. Engineers are in
high demand and universities and internship prograra tasked with preparing more
engineering students to be professional engin@ensdevelopment of the Solution
Articulation Framework (SAF), supports learnerstéirns) acquisition of
argumentation skills in engineering; engaging guanentative practices promotes

content knowledge and communication skills in mdisgiplines but has not been
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explored deeply in the engineering education liteea We focused our attention on
improving learners’ engineering argumentation pcastwith a particular emphasis
on articulation of engineering solutions.

In chapter three, | identify a critical componeinctional requirements) to
effectively articulating a proposed engineeringusoh and offer an operational
definition along with suggestions for implementthgse ideas in engineering
education. My findings were immediately used tasewur SAF and warrants
further research on other components of the SAE.r€kearch in this chapter
advances the emerging research field in engineedngation by highlighting the
importance and difficulties associated with teagrangumentation skills in

engineering.
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Introduction

Group living is ubiquitous in animals despite irased competition and
exposure to disease (Krause & Ruxton 2002). Indafisl may benefit from living in a
group, especially when resources are limited. Ahgoaial groups may, for example,
huddle together for warmth, cooperate in herdireyplearn about good feeding sites,
gain access to mates, or lower individual predatisk(Inman & Krebs 1987). Social
groups would be expected in associations wherbehefits of grouping outweigh
the costs. Since the fitness effects of groupidviduals are context dependent,
sociality can change in both space and time (Lemeaml. 2007; Sueur et al. 2011).
A social system can be described in terms of tlyeedeto which it expresses fission-
fusion dynamics, the extent of variation in spat@hesion and individual
membership in a group over time (Aureli et al. 2008

Fission-fusion dynamics have been reported in etyeof species (e.g.,
guppiesPoecilia reticlatain Croft et al. 2003, batglyotis bechsteiniin Kerth et al.
2006, and bird®arus majorin Aplin et al. 2012). Recently, Silk et al. (2014
highlight the importance of using avian systemiutther understand social systems
and how fission-fusion dynamics may have importauications for the evolution
of social behavior, information transfer, and tpeead of diseases. In birds, sociality
in the breeding context has been shown to range $imple pairs to cooperative
breeding groups (Emlen 1982). However, less atiaritas been paid to
understanding social behavior in winter flocks wélb, a frequently observed social

organization. Although social interactions are wjglead during migration and



overwintering even in solitarily breeding speciBkrfan 1989), the few studies on
the dynamics and structure of winter sociality heaenly focused on year-round
resident populations (e.g., western blueb{ialia mexicanajn Kraaijeveld &
Dickinson 2001; house sparroRasser domesticug) Liker et al. 2009; vinous-
throated parrotbil{(Paradoxornis webbianush Lee et al. 2010). Migratory birds

may show less stability across-years since indalglin a single wintering area may
be comprised of individuals from different breedargas (Ryder et al. 2011; Seavy et
al. 2012). Thus, long-term social bonds betweeividdals would have to withstand
breaks in contact between winter seasons.

Shizuka et al. (2014) recently discovered a surgyikevel of social
complexity of a wintering population of a migrat@yngbird, the golden-crowned
sparrow Zonotrichia atricapillg. Although individual membership in short-term
winter flocks is dynamic, the use of social netwartalysis clearly identified three
larger social communities. These communities wise faund to show unexpected
stability across years. This complex social stmectiould be influenced by social
preference of individuals or preference for spaise (Pinter-Wollman et al. 2014). It
is possible that individuals prefer to forage imisar areas independent of benefits of
being social (Ramos-Fernandez et al. 2006). Instedividuals that consistently
seek out other individuals may drive the detectatas structure. Preference for
individuals may be based on previous familiaritykmship.

IN CHAPTER ONE, | explore the relationship betwegnter social structure

formation in golden-crowned sparrows and kinshipe ©f the most important, and



well documented, genetic drivers that influencemasitive behavior in animals is
the genetic relatedness (kinship) of group mem@daschwell 2009); individuals that
join groups based on kinship may increase thelusgiee fitness. However, studies in
birds have been mainly conducted in reproductiveéngs or on organisms that are
social year round despite the fact that many speaie migratory and/or non-
cooperative breeders. Since social interactiongase conflict between individual
actors, the presence of related individuals maya@xphe formation of social groups
during the nonbreeding season. Kin selection (Hamil964; Wilson 1975) may
increase benefits and decrease costs to indivigvalgoin winter social
communities by increasing the inclusive fitnessatdted group members. Based on
kinship detected using 14 microsatellite loci, uid no evidence that the formation
of winter social communities is due to underlying &tructure. The data also
suggests that social communities are not simplgssortment of individuals into
groups originating from the same breeding poputatid hese findings, along with a
few recent studies on wintering flocks of birddfeti significantly from data on
cooperative breeding birds, which may form kin-lagasecial communities in the
winter. Therefore, social cohesion of winteringchke may be a result of other factors
outside of genetic relatedness.

This wintering population of golden-crowned sparsdvas been the focus of a
long-term study conducted by Bruce Lyon and collesg Over the course of ten
years, detailed observational data shows that idhgials show tremendous variation

in winter behavior and morphology, characteristicd may be important to winter



survival. Individuals vary in body size and in #ige of two plumage patches, central
gold plumage patch flanked by two black stripeshBdumage patches are more
variable in winter than during the breeding seg&E. Lyon, D. Shizuka & A.S.
Chaine, unpublished data). Chaine et al. (2011nddbat these plumage traits were
correlated with social dominance in encounters betwunfamiliar individuals. In
addition to morphological variation, there is greatiance—independent of sex—in
several behavioral traits such as social dominé@baine et al 2011), sociality
(Shizuka et al. 2014), and winter singing behatiigon et al., unpublished data).

Are these traits, which may be important to ovetes survival, underpinned
by genetic variation? One approach taken to unaledsihe genetic causes of
variation in fitness in populations is to exploetationships between within-
individual variations at genetic marker loci (someasure of heterozygosity) and
variation in fitness (or traits that are potengiathportant to fitness). Collectively,
studies that have compared individual genetic ditewvith fitness-related traits
(measures of life-history, morphological, physiotad, and behavioral traits) are
referred to as heterozygosity-fitness correlati@tiSC) and have been studied and
debated for over three decades (reviewed in Colé@n&fate 2003; Kempenaers
2007; Chapman et al. 2009; Szulkin et al. 2010).

Three hypotheses have been proposed to accoudEfos (reviewed in
Hansson & Westerberg 2002), all of which rely oa éissumption that genetic
diversity at a suite of marker loci reflects geadiversity at loci that affect variation

in traits. First, the ‘direct effect hypothesisegicts that the loci used in the HFC



exhibit heterozygote advantage. This hypothesiemniatlly explains HFCs detected
in allozyme studies (Mitton 1997), but are les®infative in noncoding and neutral
markers, such as microsatellites (Pogson & Zoué&1Thelen & Allendorf 2001).
Second, the ‘general effect’ hypothesis predicis idividual heterozygosity reflects
genome-wide heterozygosity and such only correlatgsfitness if it also correlates
with individual inbreeding level. For example, iedrindividuals with lower fitness
than their ancestors exhibit inbreeding depressiathred individuals with higher
fitness than their ancestors exhibit heterosisémwed in Charlesworth & Willis
2009). Both inbreeding and outbreeding simultanousdify heterozygosity across
all loci of a genome; therefore if heterozygossgtycorrelated among loci markers,
then multi-locus heterozygosity may be an inforratneasure of inbreeding
(Balloux et al. 2004). Third, the ‘local effect’ pgthesis predicts that HFCs could be
the result of some of the molecular loci used mgtudy being in physical linkage
with genes that influence fitness (Slate et al.£00

IN CHAPTER TWO, | explore the relationship betweaedividual genetic
variation—heterozygosity calculated using data flehmicrosatellite loci—with
variation in traits thought to affect fitness, mding both morphological traits (size
and color of gold and black crown patches, bodg)sind behavioral traits (social
dominance, singing, and three measures of indiVvislu@ality). | included the same
individuals that were used in chapter one. | fotlvat multi-locus heterozygosity was
significantly correlated with two behavioral tra{scial dominance, sociality) and

one morphological trait (gold patch size). Sinoesls of heterozygosity among



markers within individuals were not correlated, fimelings do not provide evidence
for the role of genome-wide heterozygosity. HowevVveannot rule out that
inbreeding depression did not cause the detect€sH&lso, no direct evidence for
local effects driving detected HFC patterns wastbusing the procedure outlined in
Szulkin et al. (2010) and no homology was foundveen the markers used in this
study and published avian expressed-sequenceAkigsugh the underlying
mechanism driving the HFCs detected in this stgdynknown, other examples
suggest there is a true pattern that warrantsdustudy.

Since the context of my last chapter deviates filoenprevious chapters, |
describe the experiences that motivated the redseBreing my tenure as a graduate
student, | worked with three programs that focusegreparing undergraduate
students for careers in science, technology, ergimg and mathematics (STEM)
fields. | held positions as a graduate studentarebefor the University of California's
L eadershigexcellence througihdvancedegres (UC LEADS), a fellow for the
Institute for Scientist & Engineer Educators (ISE&)d a communication instructor
for the Akamai Internship Program (AIP). In eachttadse roles, | was tasked with
supporting students in STEM communication.

Communication itself is a valuable skill for stutketo develop and is
intertwined with thinking and understanding. Egrhilosophers—Plato, Socrates,
and Aristotle—regarded the construction of reasargdments as the core of
thinking. Toulmin (1958) published a seminal boaktbe advantages of regarding

thinking as argument and developed essential coergsrof practical arguments



including claim, data, and warrant (i.e., a stateimstifying movement from data to
the claim). Based on Toulmin’s original framewaskience education researchers
have developed a claims-evidence-reasoning modsienhtific argumentation
(McNeill et al. 2006; McNeill & Krajcik 2008; Sampr & Clark 2008). According

to this model, scientific argumentation is charazesl by attempts to establish
warrants for interpretive claims through reasorabgut evidence. Berland & Reiser
(2009) suggest that scientific explanation and exgntation inform one another,
“explanations of scientific phenomena can proviggaduct around which the
argumentation can occur,” and “argumentation ceeateontext in which robust
explanations...are valued” (p. 28). Staff and edocetesearchers at ISEE drew from
this research as we developed a conceptual frankeamar educational tool to support
students in understanding and developing scierdifitiments and articulating these
understandings. While this framework and tool waisrapriate in the context of
science, it was less useful for students whoseept®centered on designing an
engineering solution.

Scientists study the natural world. They ask qoestabout the world around
us—what is out there, how do things work, and whkgs can be deduced to explain
the patterns we see. In contrast, engineeringiptbcess of designing the human-
made world. Engineers design the world to satisfipanities needs and wants
(Katehi et al. 2009). Although science and engimgenform one another, there are
inherent differences between the scientific metiiod an engineering design. By

understanding these differences, we can begiretatii key components of



engineering argumentation while drawing from resleaonducted on scientific
argumentation (for review see Sampson & Clark 2088hough the field of
scientific argumentation is well supported in tlieieation literature, research in
engineering argumentation is sparse and is mastiyd in non-educational contexts
(e.g., Stouffer et al. 2004; Robertson & Robert20h2).

IN CHAPTER THREE | focused my attention on improving learners
engineering argumentation practices with a pawictdcus on their articulation of
engineering solutions. This work builds on the @ptaal framework for engineering
argumentation, developed concurrently by my colleggand me (J. Shaw, L. Hunter,
& N. Arnbergin prep). A review of the current literature (e.g., Wegaet al. 2006)
and interviews we conducted with engineering pitasls highlight the importance
of engineers’ ability to persuasively argue foraatigular engineering solution. Our
previous work focused on the development of a swiwrticulation framework
[SAF], a tool used throughout the internship proagsacommunication curriculum.
The goals of this research were to clarify ouriprglary conceptualization of
engineering argumentation by (1) operationallyrafy a key component in the
articulation of engineering solutions: requiremeants (2) providing engineering
educators and mentors with suggestions for prddtigaications to improve learners
articulation of engineering solutions. A qualitatianalysis of 12 self-reported AIP
intern responses using the SAF and 12 final pratiens resulted in the identification
of three key challenges interns faced when idengfgngineering requirements—a

key component of the SAF. Informed by these findjigdentified three key



challenges faced by interns when articulating mtajequirements. Interns identified
constraints as requirements, identified non-fumatioequirements as functional
requirements, and did not state functional requemetsiin a verifiable manner. To
address these challenges, | propose an operatiefiaition of requirements in
engineering that has three components: functi@plirements (what a solution must
do), non-functional requirements (qualities thablution must have), and constraints
(limitations on possible solutions). Of the threectional requirements are most
relevant because a viable solutimnstmeet all functional requirements.
Furthermore, functional requirements must (1) bevent to the problem/need (2)
focus on what the solution must do or accomplisiigas a solution must take) and
(3) be verifiable, stated in a manner where aasaompleted or not completed. |

conclude with ideas for implications of our findgm engineering education.
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CHAPTER 1

Complex social structure in wintering golden-crowne sparrows
is not predicted by kinship

Introduction

Group living is common in a wide diversity of orgems. Understanding why
social groups arise in populations remains an inambrfocus of social evolution
research. Kinship is often an important correldteamnplex societies (Hamilton
1964, Alexander 1974, Wilson 1975). For example,dfable complex cooperative
societies of many birds, mammals, invertebrated,naicrobes often involve family
groups or extended families (Bourke and Franks 188%mon and French 1996,
Koenig and Dickinson 2004, Clutton-Brock 2006, Hhatell 2010, Strassmann et al.
2011, Kuzdzal-Fick et al. 2011, Kamel and Grosl#843). The observation that
many of these societies combine high levels of ecafon and even altruism with
associations between close kin has made thesdiseaigodel systems for
understanding the relevance of kin-selection tead@wolution. However, kin
structured populations are also common in non-cape animals (reviewed in
Hatchwell 2010), and could have much more gendi@tts on social behaviors
beyond cooperation.

Social organization and kinship have both beenqaairly well studied in
birds, but the vast majority of this research twsi$ed either on reproduction or
societies that remain together year round—typicatigperative breeding species
(Emlen 1982, Koenig and Dickinson 2004, Ekman 2008)ny species of birds

however are migratory, and for these species we fiaxy rudimentary

14



understanding of social behavior on migration otl@wintering grounds. For
example, the most basic pattern of whether indadslare solitary or live in groups
(flocks) is well understood, but we know little atbdhe composition or stability of
these groups. The conceptual framework of fissimein dynamics (Aureli et al.
2008) provides a useful perspective for thinkingwtihe range of possible social
patterns that flocking migratory birds could haveenfi completely dynamic and
unstable groupings to social groups with consideratability. In general fission-
fusion societies in non-avian taxa are beginninget@al that complex and stable
societies may be more widespread than previousalizesl. The societies that are
particularly stable and close knit are also thesomkere kinship may be most likely
to be involved (e.g. Kraaijeveld and Dickinson 20Rdutzen 2003, Archie et al.
2006, Ostrowski et al. 2008, Portelli et al. 20R8]lins et al. 2012; see also Silk et al.
2014).

Here we explore the relationship between socialpgterity and kinship in
wintering communities of a migratory sparrow. Oecent study of winter social
organization in the golden-crowned sparr@erfotrichia atricapillg revealed
unsuspected social complexity and associationsdetwndividuals that persist
across several years (Shizuka et al. 2014). Gatdenned sparrows forage in flocks
on their wintering grounds, and a key issue wagtstdnding the fission-fusion
dynamics of these flocks—is flock membership stabldynamic, and a what
temporal and spatial scales? Using social netwoakyais, we found that although

individual membership in short-term foraging floeckslynamic, flock members
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come from larger, more stable social communitidsz($ka et al. 2014). The three
communities we detected each year had spatiallstap@ng home ranges but also
had relatively discrete and non-overlapping coeasr The communities were also
very stable across years in both membership aneange location (Shizuka et al.
2014). Social affiliations play some role in thegstence of these communities
across years—returning sparrows prefer to assom#ttehe same individuals with
whom they had associated in the previous yearsanalyses show that this pattern is
explained more by social preference than sharediusgace (Shizuka et al. 2014).
This suggests that some individual sparrows fowseclassociations with others that
could last their entire lifetimes, at least durthg winter portions of their lives. The
guestion we address here is whether kinship playsae in these tight social
affiliations in particular, and community structurmre generally.

Determining patterns of kinship in social groupsmfiratory species is
somewhat more challenging than for breeding grdagesiuse we lack information on
pedigrees and must use indirect approaches toastipair-wise relatedness patterns.
We used multi-locus genotype data (microsatelliADto estimate patterns of
relatedness and quantify the genetic structureiostudy population. We used the
same individuals used in our social network stuslyifuka et al. 2014), which allows
us to determine whether degree of relatednesslatasewith social network metrics.
We investigated the relationship between kinshgb gotial structure in two different
ways. First, we determined whether pairwise rela¢sd estimates correlate with the

strength of the social affiliation between pairsrafividuals. Second, we investigated
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whether relatedness estimates were higher witlarsdicial communities we detected
than across social communities.
Materials & Methods
Study site and subjects

We studied golden-crowned sparrow flocks at thevehsiity of California,
Santa Cruz Arboretum. The approximate 7 hectagysitea includes a mixture of
shrubs, trees and open grassy areas where thefdmagde in flocks. We conducted
flock observations from October to February dutiwg consecutive non-breeding
seasons: fall 2009 through spring 2010 (hereafi®®pand fall 2010 through spring
2011 (hereafter 2010.) To determine the identiidsirds in flocks, we caught birds
using Potter style traps baited with millet at Hagd@ieeding stations and gave each
bird a unique color-band combination. Each captbietiwas given a unique
combination of colored vinyl leg bands (Hill 199)d we also collected a blood
sample to be used for genetic determination of geadd microsatellite analysis.
Behavior data to determine social structure

We used flock censuses to determine the socialtateliof the population
(further details presented in Shizuka et al 20pur study, flocks are short-lived
associations of individuals and flock membership daange dramatically over short
periods of time. We defined a flock as a groupicddwithin an approximately 5-
meter radius. To minimize the potential effecte@ficentrated resources on social
structure, we include flocks censused on days wweedid not seed feeders, or seen

away from feeders. For each flock, we recorded asyncolor-banded individual as
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could be accurately identified. To ensure thatftmaks represent independent
observations, we excluded flocks that were seehinv0 minutes of each other and
contained two or more of the same individuals.

Using these flock censuses, we built a social netwbflock co-membership.
Nodes represent individual birds and edges reptéisersimple ratio association
index (Cairns & Schwager 1987). We then applie@tavark-based community
detection process to identify clusters of individuhat are more strongly associated
with each other than with others (Newman & Girv@942). Specifically, we used the
algorithm proposed by Clauset et al. (2004) to finoupings that maximize the
proportion of association indices that occur witbliasters. . The result is an
assignment of individuals into social communitigéhm a network as well as a
measure of discreteness of the social clustemnhémmodularity). Our previous work
showed that this population contained three macmascommunities in both 2009
and 2010 seasons, and these assignments were tolsastpling error (Shizuka et al.
2014).

Genetic data

We collected small blood samples (1#Bdrom the brachial vein of each
individual and stored it in Queen’s lysis bufferaifisonet al. 1998). Samples were
then frozen (-20C). DNA extraction was performedthvgither standard phenol-
chloroform procedure, or Qiagen DNeasy Blood & TiesKit (QIAGEN). The

phenol-chloroform procedure produced higher DNAdse
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Sexing protocol

We used the primers P2 and P8 for sexing indivel(@tiffiths et al. 1998).
PCR amplification was carried out in a total voluafid.OpL. The final reaction
conditions were as follows: 08 of 25 mM MgCI2, 1.5uL of 2mM dNTPs, L of
2.5uM of each primer, 200 ng template DNAuL of 10X buffer (Qiagen), LL of
1 mg/mL BSA, 0.12.L of Taqg DNA polymerase (Qiagen), 1.88 ddH20. PCR was
performed on a thermal cycler. An initial denatgrstep at 92°C for 2 min followed
by 26 cycles of 92°C for 30 sec, 54°C for 45 s@CCrfor 45 sec. Final extension
was 72°C for 5 min. Bands were scored by hand damals present for a female and
one band present for a male.

Microsatellite protocol

Since there were no published microsatellite prinvasmailable for golden-
crowned sparrows, we screened potential primers bither closely related species
(Primmer et al 1996; Stenzler et al 2004; Poesal 2009). Thirty primers were
initially screened of which 24 were optimized faCR reactions. The final 14 primers
that were selected for genetic analysis (see b&owxplanation) were initially
optimized for white-crowned sparrow®notrichia leucophry¢13 primers from
Poesel et al 2009) and golden-winged warbEmsmivora chrysoptergl primer
from Stenzler et al 2004.)

PCR reactions were carried out for all individu&ige set up 2L PCR
reactions containing 10 ng template DNA, Bk Tagbuffer (Mg free), 0.2 mM

each dNTP, between 1.0 and 3.5 mM MgOI05 UTaKaRa Ex Tagolymerase
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(Takara Bio Inc.), 0.015 mM forward primer taileittwM13 (Boutin-Ganache et al
2001), 0.2 mM reverse primer, and 0.2 mM M13 |atheleth fluorescent dye (Table
1). We used the Dye Set DS-33 (Applied Biosystemas) Ito fluorescently label
primers with 6-FAM, VIC, NED, and PET.

PCR reactions were run under the following condgianitial denaturation at
94°C for 3 min, then 33 cycles of denaturation &t®4for 30 s, annealing at 99 for
40 s (65C for 40s for GCSPR19 only), extension at@2or 40 s, concluding with a
final extension at 7Z for 5 min. We verified PCR amplification by vidizang PCR
products on 3% agarose gels stained after casiithg&el Red Nucleic Acid Gel
Stain, 3X in water (Biotium).

To identify alleles, all amplified PCR products wesuspended in formamide
and analyzed on an ABI Prism 3100 Genetic Analyaeplied Biosytstems Inc.) at
the University of California, Berkeley DNA SequemgiFacility using LIZ-labeled
600 internal standard (Applied Biosystems Inc.)e tiata were analyzed visually
using Peak Scanner Software v1.0 (free, Appliegdgtems Inc.). All samples were
retyped, 98% were confirmed correct. Scores tHédréd by 1bp or less were
considered to be equal for all tetranucleotide agpe

Since our study solely relies on microsatelliteadat quantify both kinship
and population structure measures, we were diligeotir selection of appropriate
loci by utilizing a microsatellite screening probd¢Selkoe & Toonen 2006). Loci
that were included in our study 1) were accuraselyred genotypes (we re-scored a

subset of genotypes and calculated an error rdesstthan 1%) 2) were void of null
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alleles and 3) adhered to linkage equilibrium. Altgh we sought to maximize the
number of loci used in our study, we were aware lt@ that did not pass this
screening process would decrease the accuracy geoetic estimates. We
compared observed and expected heterozygosityandtidbns from Hardy-
Weinberg (HW) expectations calculated using ML-Re[&alinowski et al. 2006)
(Table 2). Although GCSPR17 deviated from HW edpuilim, it did not after
Bonferroni correction of alpha levels for multiplemparisons, and was included in
subsequent analyses. Linkages between the miclldedtei were investigated using
GENEPOP version 4.0.10 (Raymond and Rousset 19854t 2008). To test for
the presence of null alleles, we used Microchefan Oosterhout et al. 2004).

Relatedness estimation

Relatedness coefficients were calculated usinditiaé 14 microsatellite loci.
These genotypes were used to generate a pairwesigcant of relatedness between
all pairs of individuals using ML Relate softwakea{inowski et al. 2006) to calculate
maximum likelihood estimates. This method is coesad to be more accurate than
other estimators (Milligan 2003). Pairwise coe#iais of relatedness between
individuals were calculated separately for 2009 2010. Estimation of pairwise
genetic relatedness was done by entering the gee®uf all individuals in the
program as if the individuals comprised a singlpylation, as no prior reference data

were available about this population.
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Statistical Analysis

Correlating social associations with genetic ret#ess

Our goal was to determine if relatedness and dexfrsecial association were
correlated. Our sample included all 31 individualthe network for 2009, and 40 of
43 individuals in the network for 2010 (3 individsi@xcluded due to lack of DNA
sample). . We conducted three separate analysek tdifferent question. First, we
tested for correlations between pairwise relatesigesfficients and association
indices for all dyads. The second set of analyses data for sex-specific dyads
(females only and then males only) to test forgbssibility that relatedness might
affect associations in only one of the sexes. Thugtested whether kinship
influenced associations only within social commisit by comparing relatedness
and association indices within each of the six comitres as determined by social
network analysis (3 communities in 2009; 3 commagiin 2010). All correlations
of pairwise matrices were tested by the Mantel oamdation tests with 10,000
permutations using the Ecodist package (GosledJaiban 2007) using R statistical
computing software.
Winter social structure in relation to breeding pigtion structure

One alternative mechanism could influence the ges#ucture of winter
populations and lead to the appearance of kindfegts. Specifically, individuals
within communities might share alleles not duediatedness but due to shared
breeding population with distinctive allele frequess. This type of connectivity

between breeding populations and social communitisn wintering grounds
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could lead to the appearance of kinship. The thisaitdalse signature of kinship we
suggest here is related to the Wahlund effect, @dhepopulation substructure can
lead to a reduction in heterozygosity relativeeeels expected for a panmictic
population (Sinnock 1975). If birds from distinaekding populations form social
communities within our winter population, then thaauld bias our estimates of
kinship. We currently do not have data on whaebiteg population(s) our wintering
study population originates from. However, a statlgolden-crowned sparrows in a
nearby population found that 4 birds from one wipepulation all bred in separate
breeding populations along the Pacific coast oERéa(Seavy et al. 2012). In order to
rule out the Wahlund effect (where results from bonmg populations with different
allelic frequencies in a single sample could prediatse kinship results) we
calculated Evalues and noted if there was a deficiency of loetggotes. Pairwise
Fst values within and between social communities amdss all loci were calculated
separately for years 2009 and 2010 using the omkngion of GENEPOP v. 4.2.
(Raymond & Rousset 1995). A null distribution @f Values was generated through
1,000 permutations of the haplotypes between ptipukand the value represents
the proportion of permutations leading to apvBlue larger than or equal to the
observed value.

We then used Structure, a Bayesian, model-basedtaly used for
clustering genetic data, to test whether therepegsilation structure within our
wintering population (Pritchard et al 2000). Giwbe number of cluster&j and

assuming Hardy—Weinberg and linkage equilibriumhimitclusters, Structure
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estimates allele frequencies in each cluster apdlption memberships for every
individual.

Initial structure analysis was run using the adortmodel with correlated
allele frequencies with no location prior infornmati(all individuals run for 2009 and
2010 separately). In order to help identify morbtkupopulation structure, we then
reran the analysis with location prior informatigtubisz et al 2009). Location prior
was assigned to individuals based on their memigensione of the three social
communities. The number of clusters (K) was deteealiby plotting the mean of
estimated In probability of data, In [P(X|K)], ch& model as a function of K. To
confirm these results we calculated #tehocstatistic delta K suggested by Evanno
et al. (2005) and visualized the results usingcdune Harvester v.0.6.93 (Earl 2012).
Results
Social association and genetic relatedness

Most dyads show low relatedness based on our dssnoé pairwise
relatedness values (Figure 1). Nonetheless, a yf@dsdshowed relatedness estimates
consistent with first or second-order kinship (Fea), suggesting the potential for
some kin associations. In 2009, ~6% of relatednakses were = 0.25 or higher
while ~85% of values were less thaa 0.10. In 2010, ~7% of relatedness values
werer = 0.25 or higher while ~82% of values were less tha 0.10.

We found no significant correlation between soasdociation and genetic
relatedness at the population level, within sexasithin social communities

(summarized in Table 3).
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Social association and population structure

Across the 14 microsatellite loci, we detected J#tlg genetic structure
across social communitiesg{Fange 0 - 0.06 in 2009, 0 - 0.01 in 2010; Table 4
Pairwise k; values between each of the three social groupsetim2009 and 2010
were each 0. The detection of non-positivev&lues and a lack of deficiency of
heterozygotes suggest that our study does not saampbss subpopulations and any
detection of kinship would be due to relatednesstdicommon ancestry.

We sought to determine if there were subsets optpailation that comprised
distinct clusters based on their genotypes. Thatsesf the analysis with Structure
provided no evidence for a difference in allelegfrencies between any numbers of
subpopulations, the data was first run without fimeaprior and then with location
prior (Figure 2). Calculating delta K values fockavalue of K confirmed this
finding. Although the delta K value is highest at3this does not provide evidence
for K > 1 since small values in delta K likely rett small inter-run differences and
not population structure. Thus, the data suggestthiere is no evidence for
population structure in 2009 or 2010 in our ovetetimg population.

We then ran the Structure analysis using locatr@r for each social
community that was assigned using the social nétaoalyses (Shizuka et al. 2014).
The location prior was included in order to detacre subtle population structure

(i.e., whether social structure reflected gendiadiktinct breeding populations.)
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Discussion

Our previous work demonstrated unexpectedly stemuial structure in this
nonbreeding population of golden crowned sparravith the population subdivided
into relatively discrete social communities witlhich most flock associations
occurred (Shizuka et al. 2014). Here, we testedhyipethesis that this social
structure was correlated with kinship. Our studgdosively shows that social
structure in our wintering population is not hegwiifluenced by kinship. Theverall
average relatedness was low during the nonbreesgiagpn with social interactions
occurring mostly between unrelated birds. Only ~&%ll genotyped birds’
relationships were considered close kin (pair-vasgignments af> 0.25 by
maximum likelihood method). In some species olbthe sexes show different
migration patterns (Liu et al 2013; Altwegg et 80P) and migrate different
distances (Ketterson &Van Nolan Jr 1983), whicheptally could lead to kinship
associations being feasible in one sex but notther. To provide a more direct test
of this possibility, we analyzed the data sepaydtal each sex. Again, there was not
a detectable relationship between genetic relas=sdamed social associations within
the sexes. Finally, we isolated social associatemsgenetic relatedness within
social communities (as detected by social netwaogtysis) to test if we could detect
even subtle patterns found only within a commuhitydid not. Thus according to
our analyses, pair-wise genetic relatedness (Kistoes not predict the social

associations in this wintering population of gola@owned sparrows.
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Our analyses can also be used to test the hypsttiegisocial communities
arise from assortment of individuals into groupsdzhon shared breeding population.
If social communities represent groups that bregéther in the same population, we
might have observed genetic structure between conti@sieven in the absence of
kin-based social cohesion. However, our resulteateshow any such genetic
structure, suggesting that there is unlikely t@bwg effects of breeding provenance on
winter social structure. It is worth noting thaisthack of population genetic structure
may be attributable to a couple of different caubedividuals sampled in our
wintering population may be arriving from a singleeding location thus while there
may be population structure on the breeding grouthésabsence of population
structure on the wintering grounds reflects the fiaat only one breeding population
is present in our study site. However, anotherglde explanation is that there is no
population genetic structure across the breedisigiblution of golden-crowned
sparrows. The absence of population structure a¢hasbreeding grounds may arise
for a variety of reasons including high levels ohtemporary gene flow and/or a
rapid post-glacial range expansion out of a singlegia. Conclusively ruling out
connectivity between social communities and bregg@impulation would require an
examination of the genetic structure of breedingybations, or more directly,
tracking individual migrations using geolocatorgvdrtheless, even if there were
social associations that span both the breedingvameér seasons, these associations

do not seem to be based on kinship.
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Our results align with other recent studies thathaso detected low
percentages of close kin in winter bird aggregatifinker et al 2009; Fleskes et al
2010; Lee et al 2010; Liu et al 2013). These starslark contrast to cooperative
breeding birds which may form kin-based winter gr®(e.g., Kraaijeveld &
Dickinson 2001). More broadly, the emerging literaton genetic structure of animal
social networks suggest that social groups witlpypations can represent highly
cohesive kin-based groups (e.g., African elephagkrshie et al. 2006; spotted
hyenas: Holekamp et al. 2012), groups with moddeatels of genetic relatedness
due to limited dispersal (e.g., Galapagos sea Wolf & Trillmich 2008; eastern
grey kangaroos: Best et al. 2014; vinous-throatedopbills: Lee et al. 2010), or
groups with little to no genetic relatedness (dhgs study: golden-crowned sparrows;
tufted ducks: Liu et al. 2013).

There are several factors that could contribusotmal cohesion without
kinship, ranging from non-social factors such aarsti preferences for location to
social factors such as preference for familiar grmembers. Our previous study in
this population suggested that the complex sotiat&ire was shaped by across-year
fidelity in flockmates—individuals that return the population across years flock
with the same birds as the previous year (Shiztikh €014). The current study
provides additional evidence that familiarity need be related to genetic kinship.
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Table 1.1 Primer sequences listed by locus. PCR &#ns were optimized given
the following salt concentrations (MgCl2) and annelang temperatures (TA). The
repeat motif for each microsatellite is given in bae pairs (bp). NA provides the

number of unique alleles for that locus across alamples.

Tables and Figures

Locus Primer Sequence (5'-3") MgCI2 TA Repeat Motif (bp) | NA | Size Range (bp)

GCSPR1 F: TATCGAGCATTGCCCTCCC 2.5 ul 59C 4 3 300-524
R: GCAGAGTATGAGGTTTTCCTTCC

GCSPR2 F: GCAGCCATTTTGCTGTCATTC 3.5ul 59C 4 11 167-207
R: CCATCTGTCTGTCTTTCTGTCTG

GCSPR3 F: ACCCAAAGTGCAAATCCCATC 3.5ul 59C 4 9 252-288
R: ACAAAGTCCCGTTTTCCTTGC

GCSPR5 F: GCCAAACTCAGTGACCTGC 2.5ul 59C 4 12 226-274
R: AGTTCCTGCACGGTTCTTC

GCSPR9 F: CCAGCCTGATTTCCCATGC 2.5 ul 59C 4 g 194-243
R: TGTTGAGCATCTCTGGAGG

GCSPR10 | F: TGCCAGCAACTCTGCCTC 25ul 59C 4 1 186-279
R: TGAGCTTCCAGCCCTTCAG

GCSPR11 F: TCCATGCTTCTGAACTGCC 3.5ul 59C 4 1p 171-215
R: ACACCTGCTTTTCCTGACTG

GCSPR12 F: TAGGCAGGGACAGCAAGAC 3.5ul 59C 2 1 221-261
R: ACTACCAGAACCAACTAGGGG

GCSPR14 F: AGAATGCTCTGGAACCGGC 3.5ul 59C 4 al 188-244
R: AGGACCTGTGTGCCAATTAAG

GCSPR15 | F: CAGCCTGTTCCATGCATCC 25ul 59C 4 1 186-230
R: GCTCGGTTCTTGCTCACAG

GCSPR16 F: AACCAAGCCACCACAATGC 3.5ul 59C 4 12 230-278
R: GACAGGCACTAGGATGGGAG

GCSPR17 F: GCCACGTTACACATCCTGC20 2.5ul 59C 4 1 200-288
R: CTGGCATTCCAAAGCTGGG

GCSPR19 F: ACTGTTCTTTTCTCCACCCAC 2.5ul 65C 4 1p 172-216
R: GGTTGAATCCCAGGTGGAAAC

GCSPR30 | F: TGTCCTCCCCCTGTTTGTTTTA 1.5ul 59C 3 1 313-352

R: ATTGTCCCCACTGCATCCTTCA
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Table 1.2 Fourteen microsatellite loci that were usd to calculate genetic

relatedness. *Poesel et al. 2009Stenzler et al. 2004

. No. of |Observed heterozygosity [ Expected heterozygosity P value for

Locus \Size Range | ) les (HO) (HE) Hardy-Weinberg test
GCSPR1* |300-524 34 0.978 0.96 0.5051
GCSPR2* |167-207 11 0.966 0.87 0.903
GCSPR3* 252-288 9 0.903 0.83 0.5908
GCSPRS5*  226-274 12 0.915 0.85 0.1453
GCSPRY9* |194-243 9 0.919 0.83 0.7627
GCSPR10* |186-280 18 0.9 0.9 0.25
GCSPRI11* |171-215 12 0.881 0.89 0.2763
GCSPR12* |221-261 18 0.951 0.87 0.9348
GCSPR14* |188-244 13 0.919 0.87 0.7336
GCSPR15* |186-230 10 0.857 0.83 0.6874
GCSPR16* |230-278 12 0.932 0.86 0.87
GCSPR17* |200-288 16 0.722 0.89 0.0036
GCSPR19* |172-216 12 0.622 0.58 0.1568
GCSPR30% |312-352 13 0.812 0.8 0.1568
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Table 1.3 Correlation between pairwise genetic retadness and social association
(simple ratio) among golden-crowned sparrows. Corrdation coefficients ) were
calculated by matrix correlation, associated® values were calculated by Mantel
randomization tests with 10,000 permutationsn = number of individuals with
number of dyads used in the tests give in parenthes.P values are one-tailed, as
provided by the software (Ecodist).

2009 2010

n mantel n mantel
Sample (dyads) r P (dyads) r P
All dyads 31(930) -0.003 0.505 40 (1560) -0.045 898.
Male-male dyads 8 (56) -0.188 0.827 10 (90) -0.300.995

Female-female dyads 23 (506) -0.019 0.593 30 (870).019 0.328
Social Community 1 9 (72) -0.112 0.729 - - -
Social Community 2 17 (272) -0.058 0.753 - - -
Social Community 3 5 (20) 0.426 0.203 - - -
Social Community 4 - - - 11 (110) -0.098 0.789

Social Community 5 - - - 17 (272) 0.036  0.297
Social Community 6 - - - 11 (110) -0.096 0.713
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2009

Loci
GCSPR 1
GCSPR 2
GCSPR 3
GCSPR 5
GCSPR 9
GCSPR 10
GCSPR 11
GCSPR 12
GCSPR 14
GCSPR 15
GCSPR 16
GCSPR 17
GCSPR 19
GCSPR 30

Fst

0.005
0
0
0

0.016
0
0
0
0
0
0
0

0.061
0
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Table 1.4 Fst values for each loci calculated witB ENEPOP.

2010

Loci
GCSPR 1
GCSPR 2
GCSPR 3
GCSPR 5
GCSPR 9
GCSPR 10
GCSPR 11
GCSPR 12
GCSPR 14
GCSPR 15
GCSPR 16
GCSPR 17
GCSPR 19
GCSPR 30

Fst

0.009
0.001
0.018

o O O O o o o o

0.007



Figure 1.1 Distributions of pairwise relatedness Maes {) for 2009 (n = 465) and
2010 (n =781).
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Figure 1.2 Results of population structure analysisising STRUCTURE.
Individuals are shown in each column with their repective allele frequencies at
K=3.

From top to bottom: A. 2009 without location prior B. 2009 with location prior
C. 2010 without location prior D. 2010 with locatio prior

1.00

1.00

1.00

0.80

0.60

0.40

0.20

0.00

44



CHAPTER 2

Variation in behavioral and morphological traits correlates with heterozygosity

in a wintering population of a migratory bird

Introduction

Investigating the genetic causes of variationtimefss among individuals in a
population informs our understanding of evolutie(ila & Sheldon 1999; Merila
& Sheldon 2001; Leinonen et al 2008; Chapman 2088) and helps predict the
consequences of decreased genetic diversity (Rde@dugkham 2003). A useful
approach has been to relate within-individual \taora(e.g., measures of
heterozygosity using molecular tools) to variatiofritness, or characters that are
potentially related to fitness. Associations betwheterozygosity and fithess can be
complex and have been studied and debated fortlonesx decades. Many studies
have found a correlation between individual mudtitls heterozygosity at molecular
loci and fitness-related traits [heterozygositydiss correlation (HFC)] (reviewed in
Coltman & Slate 2003; Kempenaers 2007; Chapmah2€0®). HFC studies rely on
a simple assumption; individuals with high hetegsity levels are expected to have
a selective advantage over less heterozygous thdils in a population.

Three biological mechanisms could account for $icgmt positive HFCs
(Hansson & Westerberg 2002; Chapman et al 20085t, fine ‘direct effect
hypothesis’ predicts that the loci used in the HE@ibit heterozygote advantage.
This hypothesis potentially explains HFCs deteateallozyme studies (Mitton
1997), but are less informative in noncoding andtra¢ markers, such as
microsatellites (Pogson & Zouros 1994; Thelen &ealliorf 2001). Second, the
‘general effect’ hypothesis predicts that indivibbaterozygosity reflects genome-
wide heterozygosity and such only correlates witiess if it also correlates with
individual inbreeding level. For example, inbrediinduals with lower fitness than
their ancestors exhibit inbreeding depression;regtindividuals with higher fitness
than their ancestors exhibit heterosis (reviewe@harlesworth & Willis 2009). Both
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inbreeding and outbreeding simultaneously moditgfwzygosity across all loci of a
genome; therefore if heterozygosity is correlateag loci markers, then multi-
locus heterozygosity may be an informative meastinebreeding (Balloux et al
2004). ‘General effects’ are commonly suggestegkjain HFCs in natural
populations (reviewed in Chapman 2009) althougtettient to which heterozygosity
measured by a few marker loci can truly reflecelewof genome-wide heterozygosity
is still questioned (Balloux et al 2004, Slate l2@04; Hansson & Westerberg 2008;
Kardos et al 2014). Furthermore, caution shouldsssl when using ‘general effects’
as an explanation for HFCs since cryptic populasivacture could incorrectly detect
a HFC due to variation in heterozygosity levelsoasrsubpopulations (Szulkin et al
2010). Third, the ‘local effect’ hypothesis predithat HFCs could be the result of
some of the molecular loci used in the study bainghysical linkage with genes that
influence fitness (Slate et al 2004). Although salstudies have published evidence
for ‘local effects,” (Hansson and Westerberg 2d82nsson et al. 2004; Da Silva et
al. 2006; Lieutenant-Gosselin and Bernatchez 2B@#isson and Westerberg 2008;
Vilhunen et al 2008) Szulkin et al (2010) argue geculations on local effects have
not been supported by relevant and significanissiizg. Although the existence of
‘local effects’ is not in contention, methods usedtatistically explore whether a
large, or detectable, part of the overall HFC is tlulocal effects are questioned
(Szulkin et al 2010).

Studies reporting correlations between heterozygasd traits that vary
among individuals have used a variety of fitnedatee traits. In many study systems,
direct measures of fitness traits are not attag#hls traits that correlate with fitness
have be used (Merila & Sheldon 1999; Hansson & ¥bstg 2002). Three main
categories of trait types used in the literatudude morphological traits (e.g., size
and shape), life-history traits (e.g., survival &mededing success) and physiological
traits (e.qg., parasite load and immune responsgjefived in Kempenaers 2007,
Chapman et al 2009). More recently, behavioratdiaave been explored in HFC

studies as some behaviors vary among individualsvaay be important for fitness.
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Aggression and boldness are the best-studied bmtatraits (Reale et al 2007) and
may affect fitness (Smith & Blumstein 2007). SeVétRC studies have found links
between heterozygosity and a variety of behavioags. Individual heterozygosity
was positively correlated with social dominanceliown trout; Tiira et al. 2006),
aggressive behavior (in salmon; Tiira et al., 20@3Yitorial status (in males of the
lekking black grouse; Hoglund et al. 2002), temjiteize and song structure (in a
cooperatively breeding bird, the subdesert mebitmias benschj Seddon et al.
2004), and competitive ability (in salmon; Blancketl 2009). However, the fitness
conseqguences of behaviors can depend on the cohégxare exhibited. For
example, aggressive individuals may have increfisesks in situations where
individuals compete for limited resources but may p cost for exhibiting
aggression when, for example, avoiding predatoas@ et al 2012).

Studies exploring the evolutionary significanceasian behaviors have
primarily centered within the breeding context. Hwer, behaviors that increase
reproductive success in a breeding context magrmiifbm behaviors that increase
survival in a non-breeding context (Reale et aQ7)0Survival outside the breeding
season depends on, for example, habitat seleftiaying, efficiency, and
aggression within and between species, as welhgsiglogical and morphological
features (Baker and Fox 1978a). Winter survival i@yarticularly important for
migratory species since individuals may encoundesin conditions during migration
(Newton 2006). Individual variation in behaviorphysiological, and morphological
traits in wintering populations are well documenbed little is known about the
influence of genetic diversity on such traits ie titon-breeding context (see
exceptionsJunco hyemaligh Baker & Fox 1978bAnas americana Rhodes et al.
1993;Anas platyrhynchom Rhodes et al. 1996).

We investigate HFCs in a migratory passerine ltivd golden-crowned
sparrow Zonotrichia atricapillg, as individuals show tremendous variation in @tint
behavior and morphology that may be important totevisurvival. Individuals vary

in body size and in the size of two plumage patcbestral gold plumage patch
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flanked by two black stripes. Both plumage patdresmore variable in winter than
during the breeding season (B.E. Lyon, D. Shizuk&.&. Chaine, unpublished data),
after a post-breeding molt in the fall. We previgdsund that these plumage traits
were correlated with social dominance in encourttetaseen unfamiliar individuals
(Chaine et al. 2011). In addition to morphologicatiation, there is great variance—
independent of sex—in several behavioral traith gsocial dominance (Chaine et
al. 2011), sociality (Shizuka et al. 2014), andysgig behavior (Lyon et al.
unpublished data). We could expect HFCs in wildytatons of golden-crowned
sparrows as a study on a congener, mountain wiotered sparrowsZonotrichia
leucophrys orianthashowed that individuals infected with a bloodgsate (parasites
reduce fitness) were less heterozygous than unedecdividuals, parasite load
decreased with increasing heterozygosity (MacDdjadckleton et al. 2005). Also,
any HFCs detected in our study population wouldb®oa result of population
structure (Balloux et al. 2004). We recently optied 14 microsatellite markers for
golden-crowned sparrows and found no populatiarcsire in this wintering
population (Arnberg et al. manuscript).

In this study we assess the genetic correlationdividual variation in
behaviors and phenotypic traits potentially linkeditness in a long-distance
migratory bird, the golden-crowned sparrow. Wetfingestigate the relationship
between genetic variation—heterozygosity calculatgadg data from 14
microsatellite loci—with variation in traits thougto affect fitness, including both
morphological traits (size and color of gold anddil crown patches, body size) and
behavioral traits (social dominance, singing amde¢tmeasures of individual
sociality) in a winter population over two seasdie then test whether HFCs in this
study are driven by genome-wide heterozygosity uttftegeneral effect hypothesis
(Hansson & Westerberg 2002) or by a single locweuthe local effects hypothesis
(Hansson & Westerberg 2002; procedure describ&tutkin et al. 2010). Finally,
we explore if any of the microsatellite loci usedhis study are homologous with

functional genes in the avian genome (Olano-Marial.€2010).
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Methods:
Study System

We studied a population of migratory golden-crowspdrrows on their
wintering grounds at the Arboretum of the Universit California, Santa Cruz.
Individuals arrive at the study site in OctobeNmvember and leave for their
breeding grounds, likely in different areas along toast of British Colombia and
Alaska (Seavy et al. 2012), in March or April. midiuals included in this study were
observed at the study site during one or both ofrtan-breeding seasons: October
2009—March 2010 (season 1) and October 2010-Fgb2041 (season 2). Although
golden-crowned sparrows are territorial on the dhiregegrounds, they are social in
winter (Norment et al. 1998, Shizuka et al. 20T4ey forage in small flocks and,
although flock composition is ephemeral, flocks mandomly comprise subsets of
individuals that belong to very stable communitiegh different communities using
different small areas of the study site (Shizukal e2014). Golden-crowned sparrows
are dull-colored birds except for the conspicuanlsring of their crowns; a central
gold plumage patch is flanked by two black stripesither side (starting from the
beak and extending towards the back of the headyidus experiments showed that
the crown patches function as badges of statusétt¢ social dominance in some
social contexts (Chaine et al. 2011, 2013).

Each season, we captured birds using baited tvdpsanded each bird with
a metal band and a unique combination of coloredi®#o allow us to recognize
individuals. We took several morphological measieets (plumage crown patch
sizes, body size; Chaine et al. 2011) from eaathdmd collected a small blood
sample for genetic analysis.
Genetic Analyses

We used 14 microsatellite primers to quantify hetggosity in our
population. These were initially optimized for waricrowned sparrows Zonotrichia
leucophrys (13 primers from Poesel et al. 2009)goiden-winged warblers

Vermivora chrysoptera (1 primer from Stenzler e804.) We genotyped 52
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individuals; multi-locus heterozygosity measuresengalculated using all
microsatellite loci.

We set up 25tL. PCR reactions containing 10 ng template DNA, E8XTaq
buffer (M free), 0.2 mM each dNTP, between 1.0 and 3.5 m\CMd.05 U
TaKaRa Ex Tagolymerase (Takara Bio Inc.), 0.015 mM forward mrtailed with
M13 (Boutin-Ganache et al. 2001), 0.2 mM reversmer, and 0.2 mM M13 labeled
with fluorescent dye. We used the Dye Set DS-33(igd Biosystems Inc.) to
fluorescently label primers with 6-FAM, VIC, NEDna PET.

PCR reactions were run under the following condgianitial denaturation at
94°C for 3 min, then 33 cycles of denaturation &t®4for 30 s, annealing at 99 for
40 s (65C for 40s for GCSPR19 only), extension at@2or 40 s, concluding with a
final extension at 7Z for 5 min. We verified PCR amplification by vidizang PCR
products on 3% agarose gels stained after casiihgGel Red Nucleic Acid Gel
Stain, 3X in water (Biotium).

To identify alleles, all amplified PCR productsre@suspended in formamide
and analyzed on an ABI Prism 3100 Genetic Analyaeplied Biosytstems Inc.) at
the University of California, Berkeley DNA SequemgiFacility using LIZ-labeled
600 internal standard (Applied Biosystems Inc.)e Benetic profiles were analyzed
visually using Peak Scanner Software v1.0 (AppBezkystems Inc.).

We compared observed and expected heterozygodigt for deviations
from Hardy-Weinberg (HW) equilibrium expectatiorsdaulated using ML-Relate
(Kalinowski et al. 2006). Although GCSPR17 was #igantly different from HW
equilibrium predictions, the contrast was no longjgnificant after Bonferroni
correction of alpha levels for multiple comparisgRé&ce 1989), and this locus was
included in subsequent analyses. There was nomeder linkages between the
microsatellite loci investigated using GENEPOP wer<.0.10 (Raymond and
Rousset 1995; Rousset 2008). Also, based on asalgsig Microchecker (Van

Oosterhout et al. 2004) there was no evidencentptesence of null alleles.
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Multi-locus Heterozygosity

Heterozygosity was estimated using five frequenfigd measures: the
proportion of heterozygous loci in an individuidl, the genetic distance between an
individual's gametesneand? (Coulson et al. 1998); the standardized heterozigos
Hs (Coltman et al. 1999); the internal relatedn#&Rs(Amos et al. 2001); and the
homozygosity by locud{lL (Aparicio et al. 2006).

H is the simplest measure but may be inappropriaenwhe number of markers used
is small, when loci differ in number and frequendyalleles or when the individuals
of a sample are not all typed at the same loci (ipaet al. 2006)Heterozygosity at
a single locus was coded as a binary variable, Y&ithepresenting a heterozygous

state and “0” a homozygous one.

H = number of heterozygous loci

number of genotyped loci

Hsis used to standardize individual heterozygositsitoid the problem of not all
individuals being typed with the same panel of reatkci or if some loci did not
amplify for some individuals (Coltman et al. 1998his method gives equal weight

for all loci examined regardless of their alleliequencies .

Hs = proportion of heterozygous typed loci

mean heterozygosity of typed loci

IR measures heterozygosity based on allele shanmmimp@ividual has two copies of
the same allele at a given locus) where the frecpueheach allele counts towards
the final score and thus allows the sharing of tesamon alleles to be weighted

more than the sharing of common alleles (Amos.€2@01). IR measures vary
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between —1 and 1. Negative values correspond tehigeterozygosity and positive

values indicate higher homozygosity.

IR = (H —Zfi)_
(N - 1)

whereH is the number of loci that are homozygohss the number of loci anigd
is the frequency of thieh allele contained in the genotype.

HL gives a higher weight to more informative locg(eloci with more alleles which
are more evenly distributed). In simulated popoladisubjected to migration and
admixture, HL correlates better with the inbreediongfficient and with genome-

wide heterozygosity than other heterozygosity irdefAparicio et al. 2006).

HL = S E,
ZEh'FZEj

whereE;, andE; are the expected heterozygosities of the locidhat
individual bears in homozygosik)(and in heterozygosi$){( respectively
(Aparicio et al 2006). This index varies betweent@n all loci are
heterozygous and 1 when all loci are homozygous.

Mean o is estimated from the two alleles each indivichas at a locus and is a
measure of the stepwise difference in microsagelépeats between the gametes that
formed the individual (Coulson et al. 1998). Thea®d distance (in microsatellite
repeat units) between the two alleles within a $oistthen averaged over all loci
analyzed in an individual. Mearf thay detect events (e.g., population admixture)

deeper in an individual’'s ancestry (Coulson e1888).

Mean o = En’|:1_(ig;it_3)_2

n
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wherei, andi, are the lengths in repeat units of alledeendb at locus
i, andn is the total number of loci at which an individuas scored.

Measures oH andmean d were calculated by hand. Measure$ief IR, andHL
were calculated using the R package ‘Rhh’ (Alhale2010) in R v2.15.1 (R
Development Core Team 2012). We calculated fiveswmes of heterozygosity to
test the sensitivity of the models to the choiceeterozygosity measure.

To test whether the number of genetic markers irsedr study was
sufficient to make appropriate inferences on genwae heterozygosity, we also
calculated heterozygosity—heterozygosity corretaf®alloux et al. 2004) using the
‘h_cor’ function in the R package ‘Rhh’ (Alho et @010). This test repeatedly and
randomly divides the loci in half and calculates torrelation between them. If
neutral markers such as microsatellites carry médion about genome-wide levels
of heterozygosity, then comparing two random sugogesuch markers should yield a
positive, significant correlation (Balloux et aD@; Alho et al. 2010). To obtain
confidence intervals for mean heterozygosity-hetggosity correlations, we ran
1000 randomizations of the markers for three esémaf heterozygosity—¢ IR,
and HL If neutral markers such as microsatellites carfgrmation about genome-
wide levels of heterozygosity, then comparing tandom subsets of such markers
should yield a positive, significant correlationa{®ux et al. 2004; Alho et al. 2010).
Correlated heterozygosity between loci is refetceds identity disequilibrium (Weir
& Cockerham 1973; Szulkin et al. 2010). Tests between pairs of loci
throughout the genome can be used to determinehethah observed HFC could be
caused by inbreeding depression.

Single-locus Effects

Testing whether a large part of an HFC is duedimgle locus effect (e.g.
‘local effects’) requires appropriate statisticadts. Many studies test each locus
separately, exploring whether the slope of theaggjon of fithess or fithess-related
traits on single-locus heterozygosity differs fraero for a given locus (e.g., Hansson
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et al. 2004, Lieutenant-Gosselin & Bernatchez 2@lrpentier et al. 2008;
Vilhunen et al. 2008). A more appropriate approctest for local effects is to test
whether a multiple regression including individeé#fects for each locus explains
more variance than a simple regression on a nagdtid heterozygosity measure
(David 1997).

To test if local effects are driving any of oursebved HFCs, we ran a
multiple regression following Szulkin et al. (201@here each locus (N = 14) was
included as an individual predictor; all loci faxah individual were recorded as 0
(homozygous) or 1 (heterozygous). If this modellaixig significantly more variance
than a basic model where a multi-locus measuretarbzygosity is included as a
single predictor, then this lends support for thaal effects hypothesis. For each trait,
we compared a multiple regression model to its\edent—where only one multi-
locus measure is fitted as a main effect. We usdétatio test to determine whether
both models explain the same variance or if thégdin the amount of variance
explained. To compare the two models, we replaasding genotypes for
individuals with the mean population heterozygo$atythat locus (Szulkin et al.
2010; Chapman & Sheldon 2011). Doing so does mbiaag information on the
status of the individual relative to the populatanerage yet it allows the use of the
information obtained at other loci and increasesaverall power of the test (Szulkin
et al. 2010).

Classifying loci as neutral or functional

To explore whether loci used for this study wereated near functional genes
on chromosomes, we followed the guidelines of Oltawin et al. (2010) by
assessing the homology of the microsatellite priseguences to avian expressed-
sequence tags (ESTs). Markers with no homologyitneESTSs are considered
neutral. We performed a ‘blast’ search of all segpes against the EST database of
zebra finch Taeniopygia guttatausing the NCBI blast suite
(http://blast.ncbi.nim.nih.gov/). We queried onhetEST database and allowed for

both somewhat similar sequences (blastn) and hgjhijfar sequences (megablast).
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We accepted matches with an expected (E) value2 Tbe E value is a parameter
that describes the number of hits expected by ehaten searching a database of a
particular size; lower E values represent moreisagmt matches.
Behavioral Traits

Five behavioral traits were used for this studgigodominance, three
measures of sociality, and singing. Social domiramas calculated using David’s
score, a weighted version of the average sociaimkmse index (the average
percentage with which an individual wins in intérags with each of its group
members) (Gammell et al. 2003). This measure adelsagpeated interactions
between group members when calculating social danac@ hierarchy and the
relative success is weighted by the social domieafithe opponent. Sociality
measurements were calculated based on a sociabrkedwalysis on the same
population of sparrows used in this study (Shizeikal. 2014). Three measures
extracted from those analyses were node strengiinvcommunity node strength,
and betweenness. The nodes in the social netwertharndividual birds with the
links between nodes showing relationships betwedividuals.Node strengtlis the
sum of all association weights connected to arviddal. Within-community node
strengthis restricted to the node strengths that occuniwi social community (see
within-community degree measures in Guimera & Arha@85).Betweenness a
measure of the centrality of a node in a netwdris talculated as the fraction of
shortest paths between node pairs that pass thtbegiode of interest (Freeman
1977; Freeman 1979). Finally, we also observed kdrehdividuals were ever
observed singing. A moderate proportion of the &iiing population, both males and
females, is observed singing each season. Indigdibat were seen singing at least
once in either of the two seasons were categoagesingers. Winter song is related
to social dominance in some species (Kriner andv@bh1991, Katti 2001).
Morphological Traits

We examined the relation between heterozygositytandlumage traits in

golden-crowned sparrows— a central gold patch veddby two black stripes
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extending from the beak to the back of the headr{iéat et al. 1998). We quantified
crown patch sizes by taking digital photographs ianthting and calculating the
areas (mrf) of the gold and black portions of each individsi@rown (Chaine et al.
2011). We also quantified mass corrected for barly, & potential indicator of
condition (Brown 1996), by calculating the residobimass regressed on a body size
principal component [factor loadings: tarsus length 77, beak length = 0.71, and
wing chord = 0.67] (details in Chaine et al. 2011).

Statistical Analyses

All response variables (behavioral and morpholdgredts) were normally
distributed with the exception of singing statubjatr was binary. Some individuals
(n = 18) were observed across both seasons. Seftzdvioral and morphological
trait values were obtained for each of these imldigls per season. To pool the data
across field seasons we tested for independenaigsefvations across seasons for all
heterozygosity-fitness correlations using lineadeis that included individuals as a
fixed effect. Since alP values for individuals as fixed effects were nayngicant
for all models P > 0.39), individual effects are insignificant andrev@ot included in
any subsequent analyses.

To test the effects of heterozygosity acrossdocgolden-crowned sparrow
behavior and morphology, we used the ‘Im’ functiokR v2.15.1 (R Development
Core Team 2012) to fit linear models for all norrdata. Separate analyses were run
for each response variable (social dominance, stvdagth, within-community node
strength, betweenness, gold patch area, gold paetsity, black patch area, black
patch intensity, and mass corrected for body siza)each model, we used H, mean
d?, Hs, HL, and IR as predictors. Models also included (seale or female) and
season (1 or 2) as an additional fixed effect. \&k&dua stepwise backwards procedure
to screen candidate predictors for possible inclugi the model and retained
variables withP < 0.05. After running the full model, we removezhrsignificant

single effects in a sequential fashion. This proceds considered to represent a
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conservative method for choosing the best modekpdain each response variable
and is as thorough as modern algorithms (Murta@gl®

To test if singers were more heterozygous thansnogers, we ran a
Wilcoxon rank sum test using all individuals (n 2) 5Separate tests were run for
each estimate of heterozygosity (H, mearH, HL, and IR).

Results

In our study population, all loci were highly polgnphic and the mean
number of alleles per locus was 14 (range 9 toradje 1). Mean expected
heterozygosity (H) was 0.85 £ 0.09, slightly lower than the meanepbsd
heterozygosity (id) of 0.88 + 0.09. There was no evidence for sigatfit deviation
from Hardy-Weinberg and none of the markers welekage disequilibrium with
each other. Thus, all 14 loci were used for subsetcalculations.

Of the five heterozygosity measures calculatedyiddal Hs, HL, and IR
measures were highly correlated with each otherHlRr = - 0.97, P < 0.001,N =
52; IR/HL:r=0.98,P<0.001N= 52; HL/ Hs: r = - 0.99,P < 0.001 N = 52).
Also, there were no significant interactions betwheterozygosity measures H or
mean d and any behavioral or morphological traits. Therefwe only present
statistics and figures using the IR measure bedaetseozygosity levels were high
and IR weighs sharing of less common alleles muaia the sharing of common
alleles.

Multi-locus heterozygosity and traits

Multi-locus heterozygosity calculated from all lagas significantly
correlated with three behavioral traits (social dwmnce, node strength, within-
community node strength) and one morphological (gald patch size). Recall that
negative IR values correspond to higher heterozgygddore heterozygous
individuals (based on IR) had higher social domagameasures (Figure & =
0.084,F15:=4.71,P = 0.034). IR was also significantly associatechvitto
measures of sociality, with more heterozygous iildizls having metrics that denote

higher sociality. Node strength was positively uefhced by increased heterozygosity
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(Figure 2A:RP = 0.082F1 65 = 6.04,P = 0.017). This positive relationship was
slightly stronger when we looked within social coomities (i.e. the analysis only
includes estimates based on nodes connecting thailg from the same communities
and not all possible dyads; 2B* = 0.11,F; gs= 8.491P = 0.004). A single
morphological trait, gold patch size, was signifittg influenced by heterozygosity.
Birds with larger gold patch sizes (f)mvere also more heterozygous (FigureRs:
=0.077,F1,49=4.061P = 0.05).

A Wilcoxon test showed that multi-locus heterozsigplevels (using any of
the five heterozygosity measures) did not diffemieen singing and non-singing
birds. We report the findings using IR as the eatarof heterozygosity (Figure W
=278,P=0.81).

No evidence for genome-wide heterozygosity

Multi-locus heterozygosity is not a predictor ohgene-wide heterozygosity
in this population of golden-crowned sparrows. &wlhg the method outlined in
Balloux et al. (2004), we found no significant @ations between randomly
assigned subsets of loci for any of the three betgjosity estimates—4lIR, or HL
(Table 2).

No evidence for single-locus effects

Since social dominance, node strength, within-comitgunode strength, and
gold patch size showed significant associationk witerall heterozygosity measures,
we also tested these four traits for possible leffalcts. For all four traits, models run
with single measures of multi-locus heterozygosigye better fits than equivalent
models using the 14 separate loci. Heterozygosity@ loci had significant effects
on node strength (positive effect on Locus 13,s6= 1.85,P = 0.011, Locus 12,
negative effect onizs6=1.85, P = 0.031) and within-community nodersgta
(positive effect on Locus 3,%56= 1.66, p = 0.036; Locus 12, negative effect on
Fi3s6= 1.658, p = 0.024). However, we have no evide¢hatthese significant loci
have a stronger effect than others on sociality.
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The fourteen loci appear to be neutral

None of the ‘blast’ searches resulted in signiftdamologies of
microsatellite loci to ESTs for zebra finch. Folliowgy the guidelines suggested in
Olano-Marin et al (2010), we suggest that all @ 14 loci used for this study can be
considered neutral.

Discussion

Individuals that were more heterozygous—based tamnal relatedness measures
reflecting individual genetic variation—were moae®lly dominant, had larger gold
crown patches (which predict social dominance meagontexts) and had stronger
social connections within their social network¥e tested for Pearson’s correlations
between the four traits that contributed to sigmifit HFCs. As would be expected,
the two sociality measures were significantly claed with each other (node
strength vs. within-community node strengsh= 0.93P = 0.00). The correlations
between behavioral and morphological traits wettesignificant (social dominance
vS. node strengthy; = 0.23P = 0.11; social dominance vs. gold patch sige= 0.09
P = 0.57; node strength vs. gold patch sige= 0.04P = 0.77). The traits we
selected to use in our study connect to key ategoaof the winter social lives of
golden-crowned sparrows and social dominance, fiticpéar, has been shown to be
important to fitness.

Interpreting significant results of heterozygostyfitness-related traits
requires considering processes that may have sh#p€d, which may be species
and context specific. Two explanations have be@sidered. First, inbreeding can
decrease fitness of inbred individuals relativeutbred ones, inbreeding depression
(Keller & Waller 2002). Inbreeding can lower indivial heterozygosity across the
entire genome of an individual and increases tlpeession of recessive deleterious
alleles (Charlesworth & Willis 2009). Inbreedinghcarise via within and among
population processes, which are not mutually exetu@eller & Waller 2002).
Within-population inbreeding is a result of relatadividuals mating. Among-

population inbreeding is a result of subdivided ydapons with small, isolated
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groups undergoing genetic drift. HFC studies hawneléd to focus on the former
explanation despite the importance of the latterainsing inbreeding depression
(with some recent exceptions, Von Hardenberg é1Gfl7; Garcia-Navas et al. 2009;
Hoffman et al. 2010; Luquet et al. 2011; Olano-Maet al 2011). Second, HFC may
result from local effects at single loci and cardieéected when neutral markers are
linked to functional loci, which can happen throwgsociative overdominance
(Frydenberg, 1963; Ohta, 1971). However, this exagian has recently been
criticized. Evidence for local effects driving detied HFCs in the absence of
inbreeding implies that levels of linkage diseduilim in the genome is high
(Balloux et al. 2004), that many loci show ovetadterozygote advantage (Mueller et
al. 2010), or that the effects of the linked lo@ atrong (Szulkin et al 2010). Also,
statistical tests used in studies prior to Szuéktial (2010) may have been
inappropriate for testing for local effects. Thedbeffects explanation can be
strengthened by understanding the function or lonaif the marker loci in the
genome (Olano-Marin et al 2011), as it would infdyimlogically relevant
explanations for detected HFCs.

Winter can be a particularly stressful period fagmatory birds. For example,
variable food availability can lead to starvati@pecially for small birds (Houston &
McNamara 1993). Traits shown to be important twisaf include social dominance
(in great tit,Parus major Lambrechts & Dhondt 1986; in song sparrodsg)ospiza
melodig Acrese & Smith 1985; in willow tit$?arus montanysEkman 1990; in
white-throated sparrowgonotrichia albicollis Piper & Wiley 1990; in great tits
(Parus majojJ and pied flycatcherd={cedula hypoleuca Rgskaft et al 1986; in
serins,Serinus serinus, Figuerola & Senar 2003ociality (in Barbary macaques,
Macaca sylvanysMcFarland & Majolo 2013), plumage used in intasfic
signaling in wintering house sparrowasser domestic ®akagawa et al. 2008),
and body mass (in wintering white-crowned sparrd@esiotrichia leucophrys
Ketterson and King 1977). Positive associations/éeh heterozygosity and winter

survival have been show in earlier studies in @&taof organisms (summarized in
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Allendorf & Leary 1986). For example, a study omkdayed juncos experimentally
investigated the relationship between heterozygdg¢ag measured by a peptidase
locus) and survival (Baker & Fox 1978). Heterozygdividuals survived longer
when exposed to competitive conditions for foodvwraries; this suggests that there
may be no effect of heterozygosity on survival whenditions are less stressful.
Survivorship of individuals was predicted by hemygosity levels (21% of variance
in survivorship explained by genotype). Interedigurvivorship was also predicted
by social dominance, body weight, and hood coloratOur findings, along with
these studies, suggest that heterozygosity mayguiamportant role in winter
survival of individuals and their overall fitness.

Social dominanceOur results suggest that heterozygosity may bengoitant

factor in predicting the social dominance statugafien-crowned sparrows. These
findings are consistent with studies in salm8al(no salay, where fish with higher
heterozygosity behaved more aggressively thanaighlower heterozygosity (Tiira
et al. 2003; Tiira et al. 2006). Significant reteiships are more likely to be detected
during periods of adverse conditions, when indigidware energetically challenged
(e.g., Lens et al 2000). Associations detected &etwnetabolic rates and activity,
exploration, boldness and aggressiveness (Catealu2008, 2011; Biro & Stamps
2010) suggests that individual behavior could h@ared by intraspecific variations
in energy metabolism (Careatial. 2008). Studies on salmon have found that
dominant individuals have a higher standard metabate (Cuttst al. 1998, 1999;
Lahti et al.2002) and thus have the capacity to engage inycostiavior (Reid et al.
2012). In our population of golden-crowned sparrivis therefore feasible that more
heterozygous individuals are more dominant becthesemay be, for example, better
foragers and have energy to expend on aggresshavioes. Another reasonable
explanation for the relationship between heterogifg@nd social dominance could
be that more socially dominant birds could be glteterozygosity might be linked

to longevity.
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Plumage.We have previously shown that both the gold aadlktrown patches in
golden-crowned sparrows operate as multiple sggmls that settle contests over
food when unfamiliar individuals meet. The sizd¢ld yellow patch and the
brightness of the black patch each predict diffeesspects of the social interaction
(Chaine et al. 2011). The relative size of the gutth, which we have here found to
correlate with heterozygosity, predicts whethema&g@n will occur in a contest—
individuals with similar gold crown patch sizes amere likely to escalate, the
interaction and engage in aggressive behaviorsif€let al. 2011). Gold crown
feathers depend on the acquisition of carotenoikkoutes from external food
sources (Hill & Montgomerie 1994; McGraw 2006a) eTfositive relationship
detected between gold crown patch sizes and ireddasterozygosity (Figure 3) may
be a result of carotenoid-based plumage colordtedng an indicator of nutritional
condition during molt (Hill & Montgomerie 1994). Mation in nutritional condition
could result from differences among individual®ither their foraging ability or their
health (Hill & Montgomerie 1994). The effect size walculated for this gold patch
size and IR (0.077) is much higher than effectssjzeviously reported for
morphological traits in general (average effecesiaf 0.013 for 29 reported effect
sizes reviewed in Chapman et al. 2009; these a®dban IR estimates of
heterozygosity). Although the physiological meclsamidriving the relationship
between heterozygosity and plumage in golden-craveparrows is unknown, an
increasing number of examples suggest there isegptattern. It is possible that
plumage may reflect the general quality of thevidiial. Dunn et al. (2012) report
links between badge size and immune function heygasity in common
yellowthroats Geothlypis trichak the size of the melanin based plumage mask
correlates with MHC heterozygosity and also withvatal and mating success. In
three-spined sticklebacks@sterosteus aculeafysviHC heterozygosity correlates
with red coloration in males, a carotenoid basgdai(Jager et al. 2007).

Sociality. While HFCs with life-history, morphological, antysiological traits are

common in the literature (Chapman et al 2009), ie&sown about the influence of
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heterozygosity on social behaviors (see exceptiare)cial primates, Charpentier et
al. 2008; in nine-spined sticklebadRungitius pungitiusLaine et al. 2012). In this
study, non-kin individuals (Arnberg et al. manuptrin a social population of
golden-crowned sparrows (Shizuka et al. 2014) skdaaveositive relationship
between heterozygosity and two measures of socidlihce both measures were
highly correlated, we focus on the within-commursibcial measure since this
measurement standardizes the node strength mdgsooenmunity. Within-
community node strength is a measure of the deégredich an individual is a
“core” individual of a given community. Nodes witigh within-community strength
are more likely to be found flocking with otherdsrof the community. Furthermore,
the results of social structure in this populai®strongly influence by social
preference of individuals and not by spatial segtieg of individuals (Shizuka et al.
2014). To our knowledge, no study has investighttdrozygosity affects on
sociality, as calculated by metrics used to comssacial networks. As with social
dominance, “core” individuals of a community magabe older or higher quality
individuals. “Core” individuals interact and haventact with others in the
community and may therefore be at higher risk @oeamtering disease, parasite, and
pathogens. If our measure of heterozygosity reflentmune function heterozygosity,
then more heterozygous individuals may be moréyitebe “core” individuals.
Whether the underlying mechanism behind assocstetween
behavioral/morphological traits and genetic divigrare driven by general effects or
local effects remains a key area of discussionanyrstudies (Laine et al. 2012;
Szulkin et al. 2010). Evidence for genome-wide mhitg driving significant patterns
include repeated random subsets of markers givsego strong heterozygosity-
heterozygosity correlations, however this usuatigsinot hold for randomly mating
populations (Slate & Pemberton 2002). Since legklseterozygosity among markers
within individuals were not correlated in our studwr findings do not provide
evidence for the role of genome-wide heterozygasigyerlying relationships with

behavioral/morphological traits in golden-crown@arsows in a nonbreeding
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context. However, failure to detect genome-widestetygosity using HHC should
not be interpreted as strong evidence that our Hi#Zs not caused by inbreeding
depression (Kardos et al. 2014).

The underlying mechanism driving the HFCs detettezlr study is
unknown. Associations between unlinked loci (iigentify disequilibrium; Weir &
Cockerham 1973) are generated by inbreeding ipdpelation and are detected by
calculating heterozygosity-heterozygosity correlasi (HHC) under the assumption
that heterozygosity at marker loci reflects genammge variation. We have no direct
evidence for general effects driving HFCs in oudstsince our HHC were non-
significant. However, Kardos et al. (2014) sugdleat identity disequilibrium may
not be detectable for a large proportion of popaoitest with statistically significant
HFCs unless many loci were used (100 microsatg)l®ee also Miller & Coltman
2014). They conclude that their results suggedtftiling to detect identity
disequilibrium in HFC studies should not be takere@dence that inbreeding
depression is absent. Also, the fact that we diddatect identity disequilibrium does
not then provide support for a local effects exptaon (Kuepper et al. 2010).

We have no direct evidence for local effects aigviletected HFC patterns.
Although the procedure outlined in Szulkin et 2D10) allows for statistically
appropriate and rigorous testing of local effetta/ould be difficult to detect local
effects since the multi-locus heterozygosity resj@ss are already weaRirange
from 0.077 to 0.11). Although our data detect wealkelations, they are similar to
many studies that report significant but moder#ecesizes (reports d& < 0.10 for
a variety of traits; Coltman & Slate 2003). Theosatgest correlations have been
published from studies on inbred rablits/ctolagus cuniculu§?? = 0.31 using 29
loci; Gage et al 2006) and on common fr&gma temprarigR® values ranged
between 0.36 and 0.51 using 4 loci; Lesbarreres @005). Even with weak
correlations, many studies have detected locatesfiey searching for significant
HFCs at a single locus (e.g., Hansson et al. 2084;00sterhout et al. 2004). Earlier

papers suggest that significant correlations wathdr loci are likely to be due to local
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effects through linkage to candidate regions, geed to general effects (Hoffman
et al. 2010). We therefore tested for marker nétytrand found no homology
between the markers we used in this study and ghedi avian ESTs. However, most
of these studies were published before Szulkirh. 2@10) and may have used
inappropriate tests to detect correlations betwediridual markers and fithess-
related traits by calculating correlations betwakindividual loci with each of those
traits. These results should be interpreted withesoaution since this approach
increases the probability of Type | statisticabesr(Kempenaers 2007). We are
confident in our single locus effect results bageaur current data since we
compared models using multi-locus heterozygositgsuees with models using a
multiple regression with each individual locus dodnd that the models that used the
multi-locus heterozygosity measure (IR) were bdttenodels.

A proposed explanation for the presence of HFGpitielack of evidence for
either general or local effects is the possibibtyopulation structure in a study
population (Slate & Pemberton 2006). HFC could éected if there is systematic
variation in mean heterozygosity across each suldptpn, and subpopulations vary
in fitness-related traits (i.e., variation acrosgieonmental quality across geographic
areas). Although it is possible that cryptic p@ian structure could drive HFCs
detected in our study even in the absence of geaeddocal effects, we have
previously shown that there is no genetic struciutbis wintering population of
golden-crowned sparrows (Arnberg et al. manuscripgeems unlikely then that
population structure explains the HFCs observemlimstudy.

There are studies that report significant HFCs euitttlearly establishing the
causes behind the HFC (e.g., Foerster et al. 2p03%ibly a result of a limited data
set. We suggest screening more individuals at hoci¢o have greater power to
detect whether general effects are driving the Hir@ar study. Furthermore, to our
knowledge, there have been no published studi¢ptbeide evidence for local
effects using the procedure outlined in Szulkiale{2010).
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Tables and Figures

Table 2.1 Features of the 14 microsatellite loci &8l in this study to calculate
heterozygosity, including the size range (base paily, number of alleles, annealing
temperature (T), observed heterozygosityHo), expected heterozygosityHg),

and accession number. *Poesel et al. 200%tenzler et al. 2004

Locus Size Range  # T Ho He | Accession #
Alleles | (°C)
GCSPR1* 300-524 34| 59 0.98| 0.96| EU410382
GCSPR2* 167-207 11| 59 0.97| 0.87| EU410383
GCSPR3* 252-288 9| 59| 0.90| 0.83| EU410384
GCSPR5* 226-274 12| 59 0.92| 0.85]| EU410386
GCSPRY9* 194-243 9| 59 0.92| 0.83| EU410390
GCSPR10* 186-280 18| 59| 0.90| 0.90| EU410391
GCSPR11* 171-21% 12| 59 0.88| 0.89| EU410392
GCSPR12* 221-261 18| 59 0.95| 0.87| EU410393
GCSPR14* 188-244 13| 59 0.92| 0.87| EU410395
GCSPR15* 186-230 10| 59 0.86| 0.83| EU410396
GCSPR16* 230-278 12| 59 0.93| 0.86| EU410397
GCSPR17*§ 200-288 16| 59| 0.72| 0.89| EU410398
GCSPR19* 172-216 12| 65 0.62| 0.58| EU410400
GCSPR30 312-352 13| 59 0.81| 0.80| AY542879

8Loci significantly deviated from Hardy-Weinbergudibrium but not after
sequential Bonferroni correction for multiple tests
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Table 2.2Heterozygosity-heterozygosity correlations (Ballouwet al. 2004) for 53
individuals using 14 microsatellite loci. None oftte three heterozygosity
measures show significant correlations in 1000 rarmmizations.

Heterozygosity measure Mean 95% Quantile

Hs 0.013 —-0.105-0.148
IR —-0.001 -0.128 - 0.123
HL -0.029 -0.151 -0.104
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Figure 2.1 Relationship between internal relatedness, a multicus heterozygosity
measure, and social dominance in golden-crowned spaws: R* = 0.084 F1 5, =
4.709,p = 0.034.
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Figure 2.2 Relationships between internal relatedness and twmeasures of
sociality in golden-crowned sparrows.
A: Node strength
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Figure 2.3Relationship between internal relatedness and pluntge (gold patch
size) in golden-crowned sparrows.

120
|
O

100
|
O

Gold Patch Size (mm2)

-0.2 -0.1 0.0 0.1 0.2

Internal Relatedness

79



Figure 2.4 Singing status is not associated with heterozygogitBar lines at
median, boxes outline quartiles, and dashed lineg minimums and maximums.
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CHAPTER 3

Supporting the articulation of engineering solutiors:

An operational definition of engineering requiremerns
Abstract
Background Engineers solve problems and justify their solwgiohrgumentation is
the means by which engineers rationally solve gnoisl Engaging in argumentative
practices promotes content knowledge and commuaicakills in many disciplines
but has not been explored deeply in the engineedlgation literature. We focused
our attention on improving learners’ engineeringuanentation practices with a
particular emphasis on articulation of engineesolyitions.
PurposeThe goals of this research were to clarify ouriprglary conceptualization
of engineering argumentation by (1) operationa#firdng a key component in the
articulation of engineering solutiongquirementsand (2) providing engineering
educators and mentors with suggestions for prdcditgaications to improve
learners’ articulation of engineering solutions.
Method Collected data from self-reported answers fromnlees (interns) and from
their final presentations were analyzed using thestant comparative method. We
focused on one critical content component, requares) for the rest of the study as
we found it to be central and challenging to thecalation of an engineering
solution.
ResultsWe identified three key challenges faced by intevhen articulating project

requirements. Interns identified constraints asliregnents, identified non-functional
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requirements as functional requirements, and digtabe functional requirements in
a verifiable manner. To address these challengegrapose an operational
definition of requirements in engineering that ttaee components: functional
requirements (what a solution must do), non-fumaioequirements (qualities that a
solution must have), and constraints (limitationgossible solutions). Of the three,
functional requirements are most relevant becawsabde solutiormustmeet all
functional requirements. Furthermore, functiongluieements must (1) be relevant to
the problem/need (2) focus on what the solutiontrdasor accomplish (actions a
solution must take) and (3) be verifiable, stated manner where action is
completed or not completed.

ConclusionWe argue that identifying an engineering projeftisctional
requirements is critical to effectively articulajia proposed engineering solution.
Our operational definition of requirements, speseilly the description and examples
of functional requirements, may be used by engingexducators and mentors to
support learners’ and interns’ articulation of simns. We also offer a number of

suggestions for implementing these ideas.
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Introduction

Engineers solve problems; engineering practiceablpm solving (Sheppard
et al. 2009). Engineers seek to generate well-¢eadesolutions to technological
challenges (National Academy of Engineering 2008}he course of their work, they
sift and sort through many variables, settle oreptal solutions, and attempt to
persuade others regarding the merit of these sokitin so doing, they make claims
that must be supported by evidence. Establishiag#hdity and viability of such
claims entails the ability to clearly state a casspond to questions, and defend a
position; argumentation, in a word.

Argumentation is the means by which we rationadlsolve questions, issues,
and solve problems (Siegel 1995). Engaging in asguative practices promotes
content knowledge and communication skills in mdisgiplines. Science education
researchers have extensively studied argumentediociuding that it is central to
scientific thinking (Driver et al. 2000; Kuhn 1998ewton et al. 1999). More
recently, a few studies have highlighted the imgnace of argumentation as an
essential skill in learning to solve problems (&s@m 2007, 2010). Finally,
argumentation is part of meaningful participatiarscience or engineering, and has
cultural norms that may differ significantly fronomns that apprentices are used to.
Thus, gaining proficiency with argumentation camiediated by an apprentice’s
sociocultural background. Although it is centrati@ssential to the process of
engineering (Rugarcia et al. 2000), engineeringr@antation has not been given the

attention it merits.
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Argumentation has been shown to support learnirsphee complex and ill-
structured problems. Cho & Jonassen (2002) invatstththe production of coherent
arguments to justify solutions and actions and ¢otimo be an important skill for
solving ill-structured problems. lll-structured ptems are the kinds of problems that
are commonly encountered in everyday engineeriagtige and are characterized as
having (a) alternative solutions to problems, @jwely defined or unclear goals and
constraints (c) multiple solution paths, and (d)tiple criteria for evaluating
solutions (Jonassen 2000). Unlike well-structurezbjems encountered in formal
education, ill-structured problems do not have Isisglutions and learners are tasked
with constructing arguments that justify their ppspd solution (Voss and Post 1988;
Kuhn 1991; Jonassen 1997; Cho and Jonassen 2002tSH. 2003).

Despite the important role of argumentation in s@\wcomplex engineering
problems, research in engineering argumentatigpasse and is mostly found in
non-educational contexts (e.g., Robertson & RobarB012; Stouffer et al. 2004). In
the present study we focus on developing furthisremerging concept. Our work is
informed by research in scientific argumentatioer{8nd & Reiser 2009; Brewer,
Chinn, & Samarapungavan, 1998; Giere, 1988; McNeitlotte, Krajcik, & Marx,
2006; McNeill & Krajcik, 2008; Nagel, 1979; Samps&rClark, 2008; Toulmin
1958). We recognize that, although there are areagerlap between scientific and
engineering argumentation, there are fundamentalsavhere the two differ
significantly (reviewed in J. Shaw, L. Hunter, Nenderg,in prep. Recently, the

importance of understanding distinctions betweégnse inquiry and engineering
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design have been highlighted the newly publisNegt Generation Science Standards
(NGSS Lead States 2013), which requires that steddso learn about engineering
design.

One way to appreciate these differences has toitthathre use of theories and
models. Scientists regularly use theories andpné¢models to explain empirical
regularities in the world and to provide a prinegbbasis for generalizing to novel
cases. Engineers use theories and interpret mmdelgerstand the advantages and
limitations of design-solutions to problems givgesified parameters and criteria
(Deek et al. 1999; NRC, 2009). In both cases sisisind engineers develop
conceptual understanding as they engage in argatmantThus, while a scientist’s
claim may be analogous to an engineer’s solutlmafarmer may be generalizable
while the latter is typically suitable for one pamtar context.

While both processes are non-linear, science depamdhe inquiry process,
the equivalent for engineering is the design preedsose components include
“identifying the problem; specifying requirementstiaoe solution; decomposing the
system; generating a solution; testing the solys&etching and visualizing the
solution; modeling and analyzing the solution; eatihg alternative solutions, as
necessary; and optimizing the final design” (NR@)2p. 120). For example, a
major practice of scientists is planning and cagyout systematic investigations,
which require identifying data to be recorded a#i a®dependent and independent
variables (NRC, 2013). Engineers use investigatimik to gain data essential for

specifying design requirements and to test thesigahes. Like scientists, engineers
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must identify relevant variables, decide how thely lve quantified, and collect data
(NRC, 2013) but engineers use this informatiorustify a solution.

Although engineering solutions are highly contgx¢dfic, as with the
engineering design process there are ways to caralge the articulation of such
solutions in a more generalizable manner. Our eéwgleonceptual framework
currently considers the generation of solutionsaslving the application of
problem solving skills which themselves rely ons@ang, in general, and
argumentation, in particular. A review of the cumtrterature and interviews we
conducted with engineering professionals both lghihithe importance of engineers’
ability to persuasively argue for a particular eregring solution (e.g., Weiringa et al.
2006). We refer to the use of argumentation witheacontext of the engineering
design process as “engineering argumentation’H@urtleveloped in J. Shaw, L.
Hunter, N. Arnbergin prep).

The research team’s interest in engineering argtatien stems from our
initial work and continued involvement with an imehip program aimed at
broadening participation in the science, technoleggineering, and mathematics
(STEM) workforce. Within this context, we focuseudr @ttention on improving the
undergraduate interns’ engineering argumentatiantjwes with a particular
emphasis on the articulation of engineering soh#id his work yielded a tool called
the Solution Articulation Framework or SAF, whicke wescribe in more detail
below. Using the SAF as an organizing frame, weayaed intern comments about

their projects as well as formal presentationshair fprojects to identify three key
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challenges interns faced when identifying engimggrequirements—a key
component of the SAF. Informed by our findings, de¥eloped an operational
definition of engineering requirements to addréeseé specific challenges. We
conclude with ideas for implications of our findgm engineering education.
Context for Study

As mentioned above, this study was conducted icoiméext of an
undergraduate STEM workforce development initigtn@mely the Akamai
Internship Program, and involves a tool known &sSblution Articulation
Framework (both of which are further describedhiis section). The study was
conducted by a three person research team, alhoimaare based at the Santa Cruz
campus of the University of California and have tie@ the Akamai Internship
Program. Nina Arnberg is a doctoral student in Htiohary Biology & Education.
During her tenure as a graduate student, she leastbe lead instructor for
communication courses with two internship progrdonscience and engineering
undergraduates, including the Akamai InternshiggRam. Lisa Hunter directs the
Akamai Internship Program. Jerome Shaw is a profesfsscience education whose
research and teaching focuses on improving sci@aohing and learning for
culturally and linguistically diverse students. khsolvement with the Akamai
Internship Program has included instructing ondsgiuch as scientific explanations
and engineering solutions in addition to reseagimitern’s understanding of and

engagement with those processes.
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Akamai Internship Program

The Akamai Workforce Initiative (AWI) partners higéch industry,
astronomical observatories, cutting-edge researuthjnventive education to meet
needs in astronomy, remote sensing, and other aémwnindustries in Hawai‘i. The
AWI provides training for a diverse student popwlathrough an innovative,
culturally relevant curriculum designed to meet kforce needs. At the heart of the
AWI are two internship programs that use a modeetiged by UC Santa Cruz’'s
Center for Adaptive Optics to retain and advanadests into science and
technology careers (Hunter et al. 2008). The Matgrhship Program places students
at sites on the island of Maui, primarily high tesdmpanies, for a seven-week
research experience. On Hawai'i Island, the Akalmt@rnship Program uses the
same model, but places students at astronomicahadisries. Through a carefully
designed set of programs and activities, the AWhades students into the
technology workforce on Maui, and, more broadlypas Hawai'i.

To meet the goal of broadening participation ingbence, technology,
engineering, and mathematics (STEM) workforce jibernship program was
designed to increase retention of college studar8§EM, in particular those from
groups underrepresented in STEM and/or from comnasniinderserved. Like many
internship or research experience programs, theeadivity for the students is an
authentic experience in STEM. However, the progd#fers from others through an
array of program components that provide extensiygort for program participants

to successfully complete a productive STEM proj&be program is interwoven with

88



a professional development program for scientistsengineers that focus on how to
teach STEM practices, and has served as a teadelfiagtory for more than a
decade. For example, each year a team of eadgcacientists and engineers in the
professional development program design and teacharatory course for the
interns to improve their proficiency with the STHivactices they will be expected to
use in their coming project (e.g. supporting animegying solution). The research
team became involved at a time when leaders oéttves intertwined programs were
grappling with defining argumentation in an engnireg context. It had become clear
that imposing the structure and components ofensific explanation on an
engineering solution was not adequately suppotéamers. The research team
identified a need for a framework for engineerinfusons to complement existing
frameworks for scientific explanations, and becambegrated into a mature
infrastructure of programs and people engagednaovative science and engineering
education. As will be described below, SAF is enteteuristic as well as practical
tool to help interns and others understand and aomoate key components of a
solution to an engineering problem.
The Solution Articulation Framework

In order to support interns’ understanding of eegimg argumentation, Shaw
and colleaguesr( prep have proposed an engineering Solution Articutatio
Framework (SAF). Development of the SAF is ongomg@prtion of the process
occurred concurrently with the research presentéee.The SAF builds on the

“claim-evidence-reasoning” model of scientific angentation (McNeill, Lizotte,
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Krajcik, & Marx, 2006; McNeill & Krajcik, 2008; Sapson & Clark, 2008), the
complementary notion of argumentation and explanatnd the dynamic
engineering design process. This process begitsamnted/problem and an
investigation of that need/problem and includesattieulation of a new solution and
a validation process of that solution resultingimidea, theory, process, or physical
product (Stouffer et al. 2004).

The SAF was developed to support learners’ undeastg of how
professional engineers justify proposed engineesaigtions by articulating how
they arrived at the proposed solution. In its cotrstate, the SAF lists six components
considered essential to articulating an engineesaigtion: context, need,
requirements, constraints, solution, and justiiczatAn engineeringolutionis a
potential way to address a specific humaedor problem. To providgustification
for the solution, evidence must be presented thiatioces the audience that the
solution meets eadlequirement—need-related specificationsynstraints and
parameters. The componentoohtextwas included in the framework to ensure that
individuals articulating their solutions providedaeigh background information for
an audience to understand the engineering neetvésabeing addressed.

As described above, an earlier version of the S#&fssmedonstraintsunder
the component aequirementsDiscussions between program instructors andriater
highlighted the complexity of differentiating betarethe two, which led to calling
out constraints as its own component in subsequegsions Requirementsame to

be described as “what the solution must do or aptishi” while constraintsare
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“limits on tasks and resources used to reach theign.” This separation of
constraints from requirements in the SAF sparkedrdarest in developing a more
comprehensive definition for engineering requiretaen

WHY FOCUS ON REQUIREMENTS?

Our research team focused on defining requirentsagsd on several lines of
evidence pointing to its importance. First, theeegsh team’s own experience with
the challenging task of defining the requirememmisigonent in the Solution
Articulation Framework paralleled interns’ challesgn defining an engineering
project’s requirements. lll-defined or undefinedqugements led to unsupported
justification for solutions. Second, interviews hwfrofessional engineers highlighted
the importance of understanding engineering requerds as an early step that is
revisited throughout the design process. Thirddewac literature in engineering
suggests that requirements must be specified baftempting to seek an appropriate
solution. Finally, since developing the original SAhe research team has continued
to find the component of defining engineering reguoients challenging. Our first-
hand experience working alongside interns to supoticulation of their engineering
projects’ solutions peaked our interest in investigg ways in which to support
interns’ articulation of requirements. We argue thalear and effective definition of
requirements is a crucial step in the iterativecpss of improving our SAF, in
particular, and engineering argumentation, in ganer

Subsequently, the research team solicited twoodetterviews, a one-on-one

and focus group interview with professional engiage/ho were themselves mentors
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of the engineering interns). Our first interviewsa@nducted with a senior engineer
with more than 16 years of experience in enginggpiojects. The interview was
structured around discussing components that shmuldcluded in a comprehensive
explanation of an engineering solution, particylavhat information it should

contain. The engineer repeatedly referred to tbegss of engineering a solution as a
life cycle, the first step after identifying an eémgering need should be identifying
requirements. The engineer goes further by diffeméng between different types of
requirements: functional, parametric, operatiomatrumental, and lifetime
requirements.

“We talk about projects in engineering solution ikela life cycle.

You start with ... the big picture ... why is thereeed for it. From

there you flow [to] the requirements and betweenrdguirements and

solutions there is a huge amount of work there. her& are all

different kinds of requirements generally you hisarterm functional

requirements.”

We then conducted an interview with a focus grolfoor professional
engineers centered on gathering feedback for theenband language included in the
SAF framework. Some specific recommendations atfmuframework included
focusing on requirements statements and ensuratgriterns differentiated between
mandatory, recommended, and desired requiremeinéy. diso suggested that these
statements should be discrete (where an engineeguirement was met or not met

by the engineering solution). Since interns worlaorariety of projects spanning

many disciplines, it is helpful to be explicit albovhat is included as a requirement.
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“When you deal with people from different backgrdandifferent

disciplines, they have different words for the sdahieg. It's like, ok:

What does “requirements” mean, because it comédn a lot of things

to a lot of people. Not just what is written irabk and white on a

[presentation] slide.”

As the research team’s importance on identifyingjregering requirements
were echoed by interviews with engineering profasals, we then referenced
academic literature that could provide additionaight. To the best of our
knowledge, there is no research on identifying @githing engineering requirements
in the engineering education literature. We theeefelied on resources in the
engineering literature. The process of engineasinglution involves creating the
solved state while satisfying the solution requieats and constraints (Nickols
2003). Requirements play a major role in engingeoina system; they serve the role
of defining the engineering design problem and wapg the key information needed
to describe design decisions (Buede 2009). Furditi@guirements are statements of
the specific performance of a design, i.e., whatshlution should do. A clear
definition of the functions is essential in desigtause the function is an abstract
formulation of the task that the solution must aapbsh but it is independent of any
particular solution that is used to meet the rexquegnts (Otto & Wood 2000).
Requirements do not provide solutions but rathéndehe problem to be solved.
Identifying requirements correctly is a very ditflctask; requirements are not static
throughout a project and may change as the prpjeceeds. The software

engineering literature has recently focused on twdesign solutions given dynamic

requirements (see Agile Software Development, 8eck et al. 2001).
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Driving Questions
We argue that the support for and articulationroéagineering solution relies
on the solution meeting the engineering requiremeafith the original SAF as our
template, the research presented in this papedrgen by 2 central questions.
1) What difficulties do learners face with definireguirements?

2) How can requirements be operationally definesijgport their understanding and
articulation by learners and educators?

Methodology

In a recent article in the Journal of Engineerimgi€ation, Case & Light
(2011) outline emerging methodologies in the figléngineering education
highlighting the need for researchers to expligitistify decisions made when
choosing study methodologies. We explicitly discuby we chose this focus, what
guestions we were asking, how and why we desigmedtudy and how we ensured
our confidence in the data gathered and in ouryaralof those data. We also justify
the use of qualitative methods for this study bgodéing the framework within
which they are situated.
Grounded Theory & Constant Comparative Method

Grounded theory (Glaser and Strauss 1967) was fahe @rst
methodological positions supporting the use of itgtale data in social research.
Corbin & Strauss (1994) describes it as “a genaethodology for developing theory
that is grounded in data systematically gathereaaralyzed”. Olds and colleagues
(2005) define qualitative research as charactetigeitie collection and analysis of

textual data (surveys, interviews, focus groupsgeolmation, etc). While numbers are
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used to summarize qualitative data, answering gesearch questions requires rich,
contextual descriptions of the data, also refetoess “thick” description (Borrego et
al. 2009). It is important to differentiate quatie research (which is rigorous and
involves data collection and analysis) with aneabtiofformation. Anecdotal
information is collected haphazardly as it becoaneslable, while qualitative
research involves the careful planning of a resedesign that considers the research
guestions and what data to collect (Borrego €2@09).

Borrego and colleagues (2009) further argue thattmcept of
generalizabilityin quantitative studies is replaced by the ténansferabilityin
gualitative studies. Quantitative research is fedusn generalizing to the larger
population independent of context, and thus threeeheavy emphasis in the research
design on random sampling and statistical sigmiftea In contrast, qualitative
research seeks to generalize through thick degmript a specific context, allowing
the reader to make connections between the studiziaror her own situation. In
short, quantitative research places the burderfoohstrating generalizability on the
researcher, while qualitative research places tingdm of identifying appropriate
contexts for transferability on the reader. Jusigmrous statistical analysis is
essential in quantitative research to ensure étiabnd generalizability of the
results, so too is rich description of the contaxtl experiences of the participants
essential in qualitative research to ensure trushireess of the findings to transfer to

other contexts.

95



Central to grounded theory is the idea that th&ogenerated from gathered
data, instead of already existing theory being usattive data analysis. This is
particularly useful in studies such as ours whieeed are a limited number of studies
and theories to guide the specifics of our resedrobs, we kept an open mind in the
early phases of the research allowing emergingpettin the data to drive the
direction of the study.

A method that provides a clear outline of a prodesanalyzing such
gualitative data is the constant comparative metfibés method generates theory
systematically and compares the meaning of indisatith one another to build or
define a concept (Glaser 1978; Glaser & Straus3 )1 #6recent paper published by
Ahn and colleagues (2014) utilized this methodédwaliop an operational definition
of leadership, change, and synthesis in engine€Fimg approach is appropriate for
studies, like ours, where there are a limited nunolbstudies and theories to guide
the research.

The constant comparative method follows a seriesteyfs. In Phase I, the
gualitative data is first transcribed into textritmded according to a phrase or an
idea (rather than individual words). In Phased§aarchers descriptively label coded
text. This allows for relationships to be identifiamong labels and categories can be
generated. In Phase lll, categories are then cathstaompared to other categories
with the aim to ground the categories in the datmstantly comparing phrases and
ideas for similarities and differences is an ite&process and was guided by

guestions proposed by Glaser (1978): What is gombere? What category or what
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property of category does this incident indicate?at\is actually happening in the
data? Finally, in Phase IV of the analysis, theaeshers discuss emerging themes,
such as common challenges faced by interns whkadasith identifying
engineering requirements.

Data Sources & Collection

The primary source of data for this study was mtesponses to a worksheet
that asks them to describe the components of pineject as outlined on the SAF
(i.e., context, need, requirements, constraintsitisn, and justification). Referred to
as theClarifying Your Projectworksheet (provided in Figure 1), 14 interns ia th
2012 Akamai program completed this worksheet twice.

Interns attended a Solution Articulation Framewwdtkshop that the
research team designed and conducted during thgomidbf the internship. We
discussed the various components of the framev@uk.goal was to make the interns
aware of these important components as they wegapng to produce and present a
final presentation on their summer engineeringgutsj. In order to discuss these
components as would be relevant to their projeetspresented a previous intern’s
project using th€larifying Your Projectworksheet. We then asked the interns to
reflect on their own projects and presentationllinyg out a Clarifying Your Project
worksheet for their own work. Interns also complea€larifying Your Project
worksheet at the end of the internship programedhe final symposium had been

held. As a precursor, all Akamai interns were idtroed to the SAF as part of the
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pre-work site placement short course held the vibedére the start of the internship
program.

We also examined PowerPoint presentations subnbitede interns after the
final symposium. We considered information includlethe presentation notes
section. Data from the following responses was gaiol) interns’ self-reported
answers from th€larifying Your Projectworksheets, 2) final PowerPoint
presentations. The rationale behind pooling the dats that project requirements
may not have been reported in larifying Your Projectvorksheets but may have
been presented in the PowerPoint. We used botlee®of data to assess whether
requirements had been articulated for each intgmogect.

Data Analysis

Our analysis was divided into four phases. In Tdble provide examples
for each of these phases for the purpose of aatifn. In phase I, we listed all
interns’ a) self-reported responses from the regouént component of the SAF and b)
translated into text requirements that were preskmt interns’ final presentations.
All of the responses were written in response tiee“§olution must
We initially reviewed all 14 of the intern project&/e excluded two projects from
further analysis as they were primarily focusedcompleting tasks rather than
justifying a solution. Our original SAF was devedajpto support interns’ justification
of a solution to problem or need. Justifying a 8olurequires that there are alternate
solutions to compare to, or some other means opeaison. If a project turned out to

be more along the lines of a repair or the comghetif a task, it was outside the
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boundary of what the SAF was designed for (andadvbbnot what one would refer
to as an engineering project).

In phase Il, we generated descriptive labels feheaquirement statement.
For example, an intern’s requirements statement‘b@asable to read a specified
wavelength coverage of 1.2-1.8 micrometer”. We gateel labels that described
what this statement included (e.g., action solutiarst take, stated in a manner where
action is completed or not completed, measuraaiget value presented, relevant to
engineering problem/need).

In phase lll, we identified relationships amongdistand created preliminary
categories. Phases Il and Ill informed one anatherthe research team worked
iteratively between these phases to develop apipteptescriptive labels and
categories. For example, statements that includetich solution must take” were
categorized as “functional requirements”. The inestatement presented in phase Il
included the following categories: functional regmnents, verifiable, measurable,
and relevant to engineering problem/need.

Finally, in phase IV, we compared and contrastedgmaies for overlap. We
looked across categories and highlighted the nmggbrtant relationships among
labels that would allow a requirement statemetetgustified. For example, the
previous statement included functionality and wassfiable. We present the findings
of this process as main challenges interns facezhwdentifying project

requirements that could be justified.

99



In this study, the focus of our analysis was onghality of the interns’
requirement statements. Whether or not an indivichdern’s ability to articulate a
requirement changed over time (e.g., as a restifteomid-point workshop) was
beyond the scope of this study.

Findings

Our analysis led to the three main challengesititetns faced when defining
their project’s requirements: identifying consttaias requirements, identifying non-
functional requirements as functional requiremesutsl not stating requirements in a
verifiable manner. Although non-functional requikams and constraints are
important to the design process and ultimatelyhejustification of a proposed
solution, the most important component is identifyand articulating the project’s
functional requirements. We provide empirical exaelow to clarify our
findings. Informed by these challenges, we promrseperational definition of
requirements relevant to engineering education.

Challenge 1: Identifying constraints as requiremers.

Given the definitions provided on tiidarifying Your Projectworksheet,
interns were incorrectly stating as requirementsafvthe solution must do or
accomplish) aspects of their project’s solutiort thare actually constraints (limits or
restrictions placed on a solution). Robertson & &tdon (2012) suggests that
requirements must take an action — check, calgulaterd, and retrieve. In other
words, the solution must (action the sotutust take). We argue that

constraints are limits that constrain the way trabfem must be solved.
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One example of this confusion was a project forolhhe intern was to design an
alternative cooling system for a computer roomettuce power usage and cooling
costs. As one of the requirements, the interndiSkeep the room within ASHRAE
A2 accepted standard temperatures and humidityHRSE (American Society of
Heating, Refrigerating, and Air-conditioning Engang) publishes guidelines for
temperature and humidity operating rages of IT gapaint. A2 refers to the class of
equipment that the given conditions are recommeffale@.g., volume servers,
storage products, personal computers, and worstatdustifying and testing for
adherence to these guidelines is an important caerddo arguing for a proposed
solution. However, keeping the computer within thetandards is a design constraint
on any proposed solution. Adherence to ASHRAE stedglwould be a constraint
and not a project requirement.

In this example, the intern fails to communicateguirement, there is no
description of what the solution must do or accastplExamples of appropriate
functional requirements for this project may in@dwstatements identifying what data
must be received by the solution or what data hegiroduced by the solution?
Central to the redesign of the computer room isithraust maintain its current
functionality (a point that the intern fails to rdy). For example a solution that
meets ASHRAE standards, but in which the compw@ae¥so longer working
properly is not a reasonable solution.

Confusing constraints for requirements may hindeerns from identifying

any requirements, which brings into question tHatsm. That is, how did the intern
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test his solution? Was he satisfied that it met R3H standards and did not consider
the functionality of the computers? The lack otifygg that a proposed solution
meets requirements (because no requirements werédewntified) weakens the
overall argument for such a solution. Although werwot differentiate between an
intern’s lack of communication and lack of undenstiag of their project’s
requirements, it is important to highlight thatueg@ments statements are essential to
the justification of an engineering solution.

Challenge 2: Identifying non-functional requirement as functional

requirements.

In their review of the literature, Chung and L€R&09) describe non-
functional requirements as “how well” a solutioroshd function (e.g., usability,
flexibility, and security). This distinction proved be another area that was
challenging for interns. Intern responses to fuoral requirements included many
non-functional requirements. Similar to the inctusdf constraints as functional
requirements, when interns included non-functisaglirements as functional

requirements the intern may also fail to identifly &unctional requirements.

Robertson & Robertson (2012) defines non-functiseglirements as
properties (characteristics or qualities) thatgbkition must have. They divide the
properties into 8 categories (Table 2). An areeaoitention for the research team was
distinguishing some requirements from constraifite non-functional requirements
described by Robertson & Robertson (2012) allonsetbbetter define functional

requirements by separating the qualities of how avélinctional requirement (i.e.,
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non-functional requirements) from the actual fumeél requirement. We used these
non-functional categories to separate intern reguént statements into those that are
truly functional requirements and those that amne-fumctional requirements and

include some examples in Table 2.

We present an example of an intern that identéiewn-functional
requirement and how this may have hindered them fdentifying functional
requirements. An intern’s project was to desidayaut for an updated wireless
network at an observatory. The intern was to deategriocations throughout the
building that would optimize placement of wirelegsess points (WAP). A project
requirement identified by the intern for this pijgvas to minimize the security risks
from signal bleeding. Stating that a project reginent is to minimize security risks
is, informed by the categories posed in Robertsd®okertson (2012), a non-
functional requirement. Although a design (solu}itiat minimizes security risks
may be a high priority for the observatory sta#tttvill implement this design, if the
design does not meet necessary functional requiresntieen it is not a viable
solution. A possible functional requirement forstproject may have been to provide
wireless Internet access to all computers currgiilged within the building. The
non-functional requirement of minimizing securitgkrcould then be used to assess
the quality of the proposed solution, but this vebohly be useful if all the functional
requirements are met (i.e., a design solutionrthaimizes security risk but does not
provide wireless Internet to half of the compuisrsot a viable solution.) Thus,

when the intern justifies the proposed solutias iinclear whether the solution meets
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the project’s functional requirements. In this case cannot evaluate the
appropriateness of the solution because we arprasénted with functional
requirements and whether the solution meets them.

For comparison, we also present an example wheirgen identified both a
non-functional requirement and a functional requieat for a project. The intern’s
project was to design an electronic equivalentagfgy observing logs used by
astronomers at an observatory. Astronomers must what happens during their
observing runs in order to properly utilize theiresice data later. Each measurement
that is taken needs to be logged along with inféionaabout the telescope and
weather conditions. This data was documented mnoralpaper logs. Some of the
requirements identified by the intern included fibléowing: allow observer
comments on everything, generate and email redotes,data views. The intern’s
proposed solution was a viable solution becauséutietional requirements (i.e.,
“what” the solution must do) were met. The intelspancluded non-functional
requirements (e.g., be user-friendly and intuitive)ich falls under the usability
requirement category (Table 2). The non-functioeglirements that this intern
included as part of their requirements statemeahndt hinder them from also
identifying functional requirements, unlike the yims example. Thus, the
separation of requirements into non-functional fumattional may focus the interns’
attention to identifying functional requirements.

Although non-functional requirements may improvgivgen solution,

identifying the functional requirements of an eregiring project is needed to justify
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the appropriateness of the solution. Non-functiosaglirements can be addressed to
qguantify how well a solution meets the requirememts/or to choose been several
possible solutions. However, when interns presentfanctional requirements in lieu
of functional requirements, the validity of a prgpd solution cannot be evaluated.
Challenge 3: Not stating functional requirements ira verifiable manner.

Stating what a solution must do (i.e., its funcéibrequirements) means some
action is to be completed (Otto & Wood 2000). Asetver should be able to tell
whether this action was completed or not, in otherds, the requirement should be
verifiable. Conveying this aspect of a functioreuirement emerged as another
characteristic of identifying requirements thaemmis grappled with.

We initially divided intern’s functional requiremesnstatements into two
groups, functional requirements that were veriafal.g., solution could be tested to
show whether functional requirement was met ormet) or verifiable with
benchmark values (e.g., solution could be testesthéov whether functional
requirement met benchmark values). Although someistents could be changed to
include benchmark values, for some requiremengistants setting a benchmark
value was arbitrary. For this reason, we do nogesggimposing benchmark values if
they are not appropriate. We then compared veldiadnctional requirements to
requirements statements that were not stated aniable way.

We provide examples of requirements from intermtggrts and describe the
importance of stating functional requirements wedfiable manner. Examples of

verifiable and non-verifiable requirements statete@ne presented in Table 3. Un-
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verifiable requirements that are ambiguous mayceth requirement that is not
correctly understood (Robertson & Robertson 20b2)j@& unverified after the
solution has been proposed. McConnell (2004) anthbéeg (1997) estimate that as
many as 60 percent of failed solutions stem frorarermade while requirements
were being defined. Also, when interns are artiogga solution, verifiable
requirements should be specific so that a solwiadherence to a functional
requirement can be verified, for example, throwggtihg. Intern examples of
ambiguous and unverifiable requirements includestants that the solution must
“have same functionality as current implementation“continue operations”. The
interns have not articulated what the componentsradtionality are so justification
of the solutions’ adherence to the requirementsossible. It is therefore critical to
both the intern’s understanding and to their alditon of a solution to state
requirements in a verifiable manner.

Unverifiable requirements that are less ambiguoag omly require
rephrasing to be stated in a verifiable manner.example, an intern identified a
requirement as “align the file systems”. Althouglststatement is a functional
requirement, justifying that the solution has niést tequires rephrasing. Will the file
systems be aligned with one another or with anreatdile system? If more detail is
included, then the specific functional requiremeant be verified. Similarly, another
intern identified a requirement as “filter datawg?. It is unclear, for example,

whether filtered material will be included or exdéd from the solution. Overall,
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when the requirements are less ambiguous and stetedear, verifiable manner
interns can justify that their solution meets ttedesd requirements.

To ensure confidence in our data analysis, we coled by revisiting all
requirements statements and categorizing thenoimoof the three challenges to
ensure accuracy of fit. We determined that theetlocteallenges reflected the
responses provided. Commonalities of descriptibbellanot presented here were left
for further analyses. Our goal was to focus ortlinee challenges that may be
addressed in revisions of the SAF. We consideresktimewly identified challenges
when we developed our operational definition oluiegments for engineering
projects.

Discussion

Operational Definition of Engineering Requirements

We considered these newly identified challengeswire developed our
operational definition of requirements for enginegr We propose that an
operational definition of requirements in enginegrinclude three components—
functional requirements, non-functional requirenseanhd constraints (Figure 2).
Functional requirements are key to articulatingieeering solutions because a viable
solution must meet all functional requirements.

Functional requirementsiust (1) be relevant to the problem/need (2) focus
on what the solution must do or accomplish (actswiation must take) and (3) be
verifiable, stated in a manner where action is deteg or not completed.

Furthermorefunctional requirementare not (1) non-functional requirements
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(qualities that the solution must have) nor (2)stoaints (limitations imposed on
possible solutions.)
Implications

Establishing an operational definition of enginegniequirements provides a
common language around which improvements for titeerstanding and articulation
of engineering solutions can be developed. We siggeral implications of our
findings based on the three key challenges leafaeesl when articulating project
requirements identified in this study.
A. Diagnosing difficulties with articulating engineering requirements

We have produced a preliminary rubric to assegsnst articulation of
engineering requirements using the language pregémiour operational definition.
Recently, an article on the development and vabdatf a rubric for diagnosing
students’ experimental design knowledge and diltiiesi was published (Dasgupta et
al. 2014) and informs our continued developmera nfbric to assess understanding
and articulation of engineering requirements. Thlwic has great potential for
diagnosing articulation of engineering solutionsfdagusing on identifying and
articulating functional requirements, a key findwoigthis study. The development of
this rubric may also guide a discussion within 2P design group, which could
facilitate revisions of the rubric as well as hight areas for improvement in existing
instructional designs. The rubric will also be ieplented in the Akamai Internship
Program’s communication curriculum and could bézagtil more broadly by

engineering educators in formal and informal sg#tjrby practicing engineers who
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are mentoring the work of junior engineers or inggrand by learner’'s themselves as
a tool to self-assess their own understanding gineering requirements.
B. Providing feedback

The language used in our operational definitiorrgineering requirements
will be incorporated throughout the Akamai InteripsBrogram. Interns have varying
backgrounds and engage in engineering design psajea variety of contexts and
work sites. Program staff and mentors also vath@ir educational and work
backgrounds. We believe that providing interns, toe) and staff with an
operational definition of engineering requiremefotuses the attention on the
essence of what constitutes an engineering reqame(particularly functional
requirement) and away from semantics. We develdgaailitate mentor workshops
before the program start date; mentors will pracpioviding feedback to interns by
engaging in discussions around previous interngegts.
C. Learning an expert practice through reflection

While schools and programs have been relativelgessful in conveying
concepts and facts, less attention is paid to thegsses that experts engage in to use
or acquire knowledge in carrying out complex aralisic tasks (Collins et al. 1989).
One such process skill that engineers engage éh¢amiral to engineering design, is
articulating an engineering solution (Clough 2004 )order to make a difference in
learners’ acquisition of this skill, it is first cessary to understand the nature of
expert practice before devising methods appropt@atearning that practice (Collins

et al. 1989). In developing an operational defamtof engineering requirements, we
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make tangible a skill that is often invisible. ms study we have identified three key
challenges learners face when identifying engimgereéquirements and provide
empirical examples.

Informed by the role of reflection in cognitive appticeship (Collins et al.
1989), we will revise the peer-review activity thia¢ interns participate in during the
mid-point of the internship. Pairs, or groups, catiqgue each others’ articulation of
engineering requirements and self-assess theimpoagress using a revis@ioject
Clarification worksheet that we will produce based on a revi&&H. This
opportunity for reflection provides interns witltlance to revise and improve their
engineering requirement statements. Engineeringa¢dcs can integrate activities of
reflection around articulating engineering requiesns in classroom settings (e.g.,
students completing capstone projects) where lesaréiculate solutions to an
engineering need or problem.
Conclusions

A clear definition of an engineering project’s ftina(s) is essential to the
engineering design process. When faced with a proldr need, engineers need to
describe in a clear and reproducible manner tlaioeilship between each of the
inputs and each of the required outputs. Thesé@arkhips establish the function of
the solution. In essence, the function is a formaof the task that is to be
accomplished and is independent of any particalution that is used to achieve the
required result (Otto & Wood 2000). The requireddtions to address a need or

problem are not static. In software engineering,ftitt that requirements change
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during the design process is embraced and includgte design process in agile
software development. Therefore clearly articuldtegttional requirements are
important to both the design process and are k@ystdying a viable solution. Once
potential solutions have been generated and oné@ohas been settled on, the
validity of that solution can be evaluated oncedhgineer has justified that it meets
all of the final functional requirements. Thus,alg identifying and articulating
functional requirements are important aspectsealtsign process and is key to
justifying a viable solution, particularly when swlg ill-structured problems
encountered in workplace engineering practice.

This qualitative study identified three key chalies that engineering interns
experienced when identifying functional requirenseiot their internship projects—
identifying constraints as functional requiremerdsntifying non-functional
requirements as functional requirements, and maihgt functional requirements in a
verifiable manner. We propose an operational dafimiof requirements based on the
challenges we discovered in our research. Requireniie engineering include three
components—functional requirements, non-functiosaglirements, and constraints.
Functional requirements, what the solution mustidaccomplish, are key to
articulating engineering solutions because a viablation must meet all functional
requirements. We then translate our findings intplications for engineering
education in general, and, in particular, for sufipg learners’ articulation of
engineering solutions in STEM internship prograwe. highlight the importance of

identifying and articulating functional requirememt engineering argumentation and
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suggest further research in this area as well #geimther components included in
our Solution Articulation Framework.

Insights from this research will be used to rewseoriginal SAF with
continued feedback from Akamai staff and engine@ts. operational definition of
functional requirements also provides a commonudagg to use throughout our
program with staff, educators, interns, and mentdese we have generalized our
key exploratory findings. Future studies shouldude testing a revised SAF
(Creswell et al. 2004) and generalizing our quiiearesults more broadly to include
groups in other contexts (Morse 1991).
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Tables & Figures

Table 3.1The four phases of data analysis used to explorefficulties of defining
requirements with examples. Descriptive labels intpase Il correspond to

examples written in phase I.

Phases

Examples

Phase I:

Write down requirements statements
gathered from interns’ self-reported
responses and transcribed from
presentations

The solution must

(1) Keep computer room within set
standards of temperature and humidity

(2) Ensure code is understandable

(3) Use faults to create an intelligent
response

(4) Be able to read a specified
wavelength coverage of 1.2-1.8
micrometer

Phase II:

Generate descriptive labels for each
requirement statement

(1) Limitation on possible solutions,
measurable, target value possible,
relevant to engineering problem/need

(2) Maintainability, quality the solution
must have, not stated in a manner where
action is completed or not completed,
relevant to engineering problem/need

(3) Action solution must take, not stated
in a manner where action is completed
or not completed, relevant to
engineering problem/need

(4) Action solution must take, stated in
a manner where action is completed or
not completed, measurable, target value
presented, relevant to engineering
problem/need
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Phase IlI: (a) Functional requirements
Identify relationships among labels andb) Non-functional requirements
produce preliminary categories

(c) Verifiable

(d) Measurable

(e) Relevant to engineering
problem/need

(f) Constraints

Phase IV: Challenge I:
Identifying constraints as requirements
Categorize findings according to main
challenges Challenge II:
Identifying non-functional requirements
as functional requirements

Challenge llI:
Not stating functional requirements in a
verifiable manner
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Table 3.2Non-functional requirement categories (Robertson 8Robertson 2012)
and examples of intern responses (when availabld)at we identified as non-
functional requirements.

Non-functional Description The solution must
requirement

Look and feel Solution’s appearance
requirements

Usability Solution’s ease of use *have an easy and collalverat
requirements environment for end users
*have an extremely intuitive user
interface
Performance How fast, how safe, *reduce cooling costs
requirements how many, how *protect racks from seismic
accurate the events

functionality must be *reduce power usage

Operational The operating *integrate with existing
requirements environment of the infrastructure
solution *be compatible with Web
browser

Maintainability Expected changes, and *address downtime
and portability time allowed to make *be accessible for future

requirements them troubleshooting and maintenance
Security Security and *minimize security risk
requirements confidentiality of

solution
Cultural and Special requirements
political that come about
requirements because of the people

involved in the
solution’s development
and operation

Legal What laws and
requirements standards apply to the
solution
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Table 3.3Examples of verifiable requirements statements fronnterns. We also
include examples of how unverifiable requirementstatements could be edited to
make them verifiable. The solution must . Suggested translation
into a verifiable statement presented in italics.

Verifiable Requirements Statements

Pull records from database

Determine whether faults should be reset

Log faults and actions to text file

Use a configuration file to get user input

Get and process 5K bytes of data from the serverahtime

Update displays at a minimum of 15Hz

Non-verifiable Requirements Statements

Have same functionality as current implementation
Display information as images in real time

Continue operations
Provide employees with continued access to servers

Align the file systems
Align the file systems with following array vendbest practices

Filter data views
Filter data views into separate folder
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Figure 3.1 Clarifying Your Project worksheet presented to interns that asks them
to describe the components of their project as outied on the SAF (i.e., context,
need, requirements, constraints, solution, and justcation).

Clarifying@ our ENGINEERING®Project

Intern:E Site:E
e d
Mentor:2 Date:

Project:@
| SOLUTIONARTICULATIONIFRAMEWORKTomponents®
CONTEXT®
Background@nformationfecessary@o@inderstandhefeed.?

NEEDQ
TheBpecificroblembeing@ddressedBbyBourfroject.?

REQUIREMENTSH
WhatheRBolutionEnust@oBr@Accomplish.B

CONSTRAINTSH
Limits@n@asks@nd@esourcesfised@ofeachihe®olution.?

SOLUTIONR
AlvayfloBAddresshefeed.?

JUSTIFICATIONE
SupportforEheBolutionEhatEddresses@ach@equirement@among@ther@hings).a

©R012@kamailnternship®Program@
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Figure 3.2In order to argue for a particular engineering soluion to a problem
or need the solution must meet the requirements. Reirements in general can
be divided into 3 subcategories. Functional requin@ents specify what the
solution must do. Non-functional requirements are poperties (characteristics or
qualities) that the solution must have. A viable dation must meet all functional
requirements while considering any limiting constrants. The quality of the
solution can be improved by meeting non-functionalequirements.

Requirementst:

Non-functional®
Requirementsp

] CONSTRAINTS

¥

ProposedBolutionf

123



Synthesis:

Motivated by our recent study that detected compteial associations
between individuals of wintering golden-crownedrspas, | investigated the
possibility that relatedness plays any role in tusplex social structure. The
composition of sparrow foraging flocks is dynaniat is not random. Instead,
sparrow flocks are subsets of “communities” of spas that show long-term
stability in both space and membership. As a resudhy individual sparrows appear
to form long-term and perhaps even lifelong assimeia with other sparrows. | tested
for kinship in two ways—whether pairwise relatednestimates correlates with
degree of sociality between pairs of individualsigkip) and whether relatedness
estimates were higher within than between socialroanities (a general assessment
of population structure that could pick up moretiupatterns of kinship as well as
other factors that could lead to differences inggenstructure among communities).
Relationships between kinship and social strudgtu@ganisms with stable and
cooperative societies have been extensively studmzkcially in cooperative
breeding birds, mammals and insects. Given evid#rateinship could also shape
social evolution in seemingly non-cooperative anga.g., in golden-crowned
sparrows who display fission-fusion dynamics dummgration and winter but are
territorial during breeding), it is surprising thratatively few studies explore the
relationship between genetic and social structutlis context.

In chapter one, my findings conclusively show tatial structure is not

affected by kinship in this wintering populatioro Test for potential differences in
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migration patterns and distances between male$eamales, | analyzed the data
separately for each sex and found no detectalda@arship between genetic
relatedness and social associations. | then téstgubtentially subtle relationships
between genetic relatedness and social associdhianmay have been detected
within each social community (as detected by sawéivork analysis) and again
found no detectable relationship. My results cdesity show that kinship does not
predict the complex social associations in thistaring population of golden-
crowned sparrows. Furthermore, | used this datadiofor potential genetic structure
between communities; social communities may forsedaon populations of
individuals that breed together. My results doingily any such genetic structure;
individuals in this wintering population may beiaimg from a single breeding
population (although a recent study using geolasatacked individuals from a
nearby wintering site and found individuals migngtto several breeding sites) or
there may be recent gene flow and/or rapid exparfsomn a single glacial refugia
such that breeding populations lack genetic stractlhus, social cohesion without
kinship may be a result of other factors, for exeEmgimilar preferences for locations
or preference for familiar group members. The fatta particularly interesting
explanation for the persistence of stable socialroanities across years because
despite each community losing 30-50% of individusdsveen years, new members
join established social communities. Our understandf the complex social
structure of wintering golden-crowned sparrows dde¢ informed by more detailed

studies on their breeding populations and migrgpatterns between breeding and
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wintering sites to confirm that genetic structuoesl not play a role in social
organization. It would also be informative to expl@ther mechanisms that favor
cooperation (e.g., reciprocal altruism).

Winter can be a particularly stressful period fogratory birds (e.g., variable
food availability can lead to starvation especi&dlysmall birds). In chapter two, |
investigate the genetic causes of variation ireBsirelated traits in this winter
population of golden-crowned sparrows. Individualghis population show great
variation in morphological and behavioral traitattmay play a role in winter
dominance and ultimately survival. | found thatiinduals that were more
heterozygous—based on internal relatedness measfleging individual genetic
variation—were more socially dominant, had largeldgsrown patches (which
predict social dominance in some contexts) andstrasger social connections
within their social networks. | identified and tedtfor two processes that may have
shaped these significant heterozygosity-fitnessetations (HFC). First, inbreeding
depression can lower individual heterozygosity ssrbie entire genome of an
individual and decrease fitness of inbred individisance the expression of recessive
deleterious alleles increases. | found no evidéoseipport this explanation. Second,
HFCs may result from local effects at single lanidlanay be detected when neutral
markers are linked to functional loci. | also foumal evidence to support this
explanation using a statistical test recently dgvedl for this purpose.

Although the underlying mechanism driving the HFlésected in this study is

unknown, the detection of moderate correlations/een an individual’s
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heterozygosity level and social dominance, wintemage, and sociality is
interesting. Theses traits connect in importantsmaywinter social behavior,
suggesting that these HFC analyses detected tat®nships. In this population of
golden-crowned sparrows it is therefore feasibée thore heterozygous individuals
are more socially dominant because they may beefample, better foragers and
have energy to expend on aggressive behaviorsh&natasonable explanation for
the relationship between heterozygosity and saldalinance could be that more
socially dominant birds could be older; heterozytyamight be linked to longevity.
Although a physiological mechanism is unknown iarspws, it is possible that
plumage may reflect the general quality (e.g.,dvethmune function) of the
individual. To my knowledge, no previous study iragestigated heterozygosity
affects on sociality, as calculated by metrics ad&@ by social network analysis. As
with social dominance, “core” individuals of a commnity (i.e., individuals that are
more likely to be found flocking with other bird§their community) may also be
older or higher quality individuals. “Core” individls interact and have contact with
others in the community and may therefore be didrigisk of encountering disease,
parasite, and pathogens. If our measure of hetgosaty reflects immune function
heterozygosity, then more heterozygous individosy be more likely to be “core”
individuals. Future work should focus on directlgasuring fitness of individuals in
this population and see if, for example, survivarelates with heterozygosity. Also,

if these correlations are driven by variation irmome function, genetic data that
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reflects variation in MHC genes would be informatand/or measurements of
parasite or disease loads in individuals.

The recent focus on preparing students to pursteiEin science,
technology, engineering, and mathematics (STEMJdibave resulted in educational
researchers investigating how best to supporigibéed. Government and private
funding has been directed to STEM internship pnogr§articularly at the
undergraduate level). These internship programdesigned to provide workplace
opportunities as well as provide support from thegpam to acquire skills needed by
students to transition from school to the workfotdest of this support has been
developed (by internship programs and researchetlg sciences. Engineers are in
high demand and universities and internship prograra tasked with preparing more
engineering students to be professional engin@ensdevelopment of the Solution
Articulation Framework (SAF), supports learnerstérns) acquisition of
argumentation skills in engineering; engaging guanentative practices promotes
content knowledge and communication skills in mdisgiplines but has not been
explored deeply in the engineering education liteea We focused our attention on
improving learners’ engineering argumentation pcastwith a particular emphasis
on articulation of engineering solutions.

In chapter three, | identify a critical componeinctional requirements) to
effectively articulating a proposed engineeringuisoh and offer an operational
definition along with suggestions for implementthgse ideas in engineering

education. My findings were immediately used tasewur SAF and warrants
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further research on other components of the SAE.r€kearch in this chapter
advances the emerging research field in engineedngation by highlighting the
importance and difficulties associated with teagrangumentation skills in

engineering.
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