ABSTRACT

HESS, BENJAMIN MATTHEW. Distribution an@axonomicStatus othe Shorttailed Shrew
(GenusBlarina) in North Carolina. (Under the directiaf Roger A. Powell).

Identifying and describing species is a key component in the study of biclogyeSpe
concepts are used to define species based on a specific set of criteria. The phenetic or
morphological species concept uses measured characters to create clusters that represent the
separation of species or subspecies. The genetic species concefjate® differences in
genetic material to separate species or subspecies with a common gene pool. | examined the
taxonomic status of the shadiled shrew (GenuBlarina) in North Carolina using both the
morphological and genetic species concepts.

Short-tailed shrew have gone through several taxonomic revisions in North Carolina and
throughoutheir rangesn North America. In North Carolindhe northern shottiled shrew
(Blarina brevicaudawith multiple subspecieendthe Dismal Swamp shetailed shrew B.
telmalesteswere recognized in the state. CurrenBybrevicaudaknoxjonesandB. b. talpoides
are recognized as the northern shaited shrew subspecicandB. carolinensiscarolinensiss
recognized as the northemmostsubspecies of theouthern shostailed shrew in North Carolina.
B. b. talpoidespopulations are founith the mountains and the northeast part of North Carolina,
where these populations are connected ®Rith talpoidespopulations in VirginiaB. b.
knoxjonesivas identfiied as a disjunct population in the southeast part of North Carolina.

Morphological analyses done witlhe measurementsn skulls and mandiblesom museum
specimengn North Carolinaconfirmed thaB. brevicaudaandB. carolinensisare distinct
speciesB. b. knoxjonesandB. b. talpoideshave substantial overlap in multivariate analyses

(principal componentanalysis,lineardiscriminantfunctionanalysisandclassificationtree



analysis) and exhibit coredge population size variation in eastern N@#nolinabased orthe
classificationtreeanalysiswith localities Genetic analysedone with the cytochromle gene
extracted from liver tissue from museum specimens also coBfibrevicaudaandB.
carolinensisasdistinctspeciesA small samples siz@g=1) forB. b. knoxjonesdoes not provide
substantial evidence for subspecies status, but this sample grouped with all saBpbes of
talpoidesin the phylogram created with the cytochremsequence data Bayesian and
maximum likelihood analyse8oth morphological and genetic analyses showed little variation
within B. b. caradinensisconfirming one subspecies is in North Carolina.

My resultsconfirmthat two species of the shddiled shrew(genusBlarina) exist in North
Carolina. The subspeciestus for the northern shesiled shrews questionable based on
morphological analyses, but requires more reseaitthgenetic analysesdore B. b. knoxjonesi
specimens should be analyzeih additional mitochondrial DNA genes sequentederify if

the status based on genetic analyses is in congruence with the morphological analyses.
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Chapter 1

Introduction: Defining and Designating Species, and the Taxonomic History of the Shert

tailed Shrew (GenusBlarina) with an Emphasis on North Carolina

Defining and designating species and subspecies should be done with care. Designating a new
taxonomic name with few samples can give the impression of differences where they may not
exist, and can give implications of a threatened population witheutgsthe whole picture of
the species or subspecidslarger sample size can more clearly document the variation in
morphology, genetics, ecology, developméehaviorand other traitsThis leads to a better
understanding of the variatidghat informs g&axonomist before categorical naming or separation
is determined.

One of the key components of species is barriers to genelflabarrierexists,reproductve
isolation combined with differences in habitat can promote variation in morphology, genetics
ecology and behavior, which can send different groups of organisms on their own evolutionary
trajectores(Mayr, 1942; 1996)When identifying species and subspecies, a large sample size
can distinguish the difference between a gradual change of chistaxgesuggesting
environmental variation versus an abrupt chasgggesting a barrier to gene flohe splitting
of species into subspecies is equally diffictgquiring the identification dbcalized populatios
of a specieshathave distinct habiats, andecologesandthat arereproductively isolated from
the main species distribution. To improve this distinctiarge sample sizdrom a large spatial

scale can aid in examining the variation. Identifying species and subspecies is a crufoal step



improving or maintaininghe protection ofone or morespecies or the land that the species
inhabit.

Biology is the study of life and organisms, and identifying species is a way to group or
categorize organismSpecies concepts use different setsludracteristics of organisms to
designate species. The biological species concept (Dobzhansky, 1935; Mayr, 1942) identifies
interbreeding populations that are reproductively isolated as species. The phenetic or
morphological species concept (Beckner 195@nquist, 1978; Smith, 1994; Sokal and Sneath,
1963) groups individuals that share a set of unique physical characteristics. The genetic species
concept (Dobzansky, 1950; Mayr, 1969; Simpson, 1943) identifies a species as those individuals
with a common gne poolContraditions amondeseand other speciencepthaveled to
discussiorabout how we define and designate spe@esQuerioz, 1998Wlayden, 1997,

Mishler, 2010)

De Queroz (2005, 20073evelopeda unified concept ofpeciesasa lineage of
metapopulationsvhere the traits of divergent lineagesy over time. Thelifferentspecies
concepts take different positions along liheage In other words, a lineage only has to be
separately evolving from other lineages (De Quieroz, 2I7¥pecies havecharacteristics that
describe them, but taxonomists must determihat characteristics delimit specessd
systematists must determine the evolutionary relationships bespeeies.

As for all organisms, early descriptions of species of mamwele based on variations in
external morphology. For mammals, species descriptions often usarsttkternal
morphologicakcharactergoften called traits or characteristic€haracter®n skulls provide
i nformation about ayperarmimeadwihsdiety) whether i{is apeedatort o ot h

or prey (i.e. eye orbit positions differ between predators and prey) and what senses are dominant



(i.e. sizes of nasal openings, auditory bullae and orbits correlated with use of smell, hearing and
vision). Characters of the skulls of mammals can exhibit convergent evolution. Therefore, skull
characterslo not always indicate phylogenetic relatedness.

Closely related cryptic species can not always be identified gkirbcharacters alone.
Often, crypticspecies can be identified by quantifying genetic differences among individuals.
Currently,mostmammalian taxonomic revisions must tgh morphological and genetic
analysesMy research ugkboth morphological and genetic analyses to evaluate the status
short-tailed shrews of the gen@sarina in North CarolinaHistorically, shrews of the genus
Blarina were divided into two specidblall, 1981) but are now classified as four species
(Wilson and Reeder, 2005). Many subspecies havedassified andeclassified as well.

Species of shrews and moles are grouped within the order Soricimorpha (Wilson and Reeder,
2005). The systematic relationships within the family Soricidae, thtoogtled shrews, have
been relatively well studied, especially withirethener&orex(Diersing, 1980; Foresman and
Jensen, 1992; Huggins and Kennedy, 1989; Van Zyll De Jong, 1980; Van Zyll De Jong and
Kirkland, 1989) andBlarina (Genoways and Choate, 1998).

Shrews in the genwlarina are shortailed shrews, which have rélaely short tails
compared to their body lengths. These shaiked shrews are easily distinguished from the
genusCryptotis which also have a short tail relative to their body length, by the presence of 5
unicuspids and 32 total teeth as compare@ryptotis, whichhave 4 unicuspids with only 3
visible from a lateral view and 30 total teeth (George et al., 1986; Whitaker, 83irdyvs of the
genusBlarina are large shrews living only in North America and have dense short gtapisin
to dark gray dosal pelage with lighter ventral pelage. Their small ears are concealed by their

pelage; they have tiny eyes and pointed snouts. &itatl shrews live throughout most of the



central and eastern United States from eastern Texas to Florida and noutinéonso

Saskatchewan and Nova Scotia (George et al., 1986; Hall, 1981; Kurta, 1995; McCay, 2001;
Thompson et al., 2011). They are mostly nocturnal and are considered habitat generalists, living
in coastal salt marshes, old fields, deciduous and mixed$apdtother diverse habitats (Trani

et al., 2007; Whitaker and Hamilton, 1998). Shaited shrews may be soil specialists because
they are often associated with loose damp soil, allowing-&esaorial movements within

habitats.

The original use oBlarinais credited to Gray (1838), aflarina was elevated to the genus
level by Lesson (1842Merriam (1895) considerdglarina a subgenus ddorexand designated
three speciesSoreX B.] brevicauda(Baird, 1858; Say, 1823gorex[B.] carolinensisBachnan,
1837) andSorexB.] telmalestesHall (1981) designated two species in the gdBlasina: B.
brevicauda with 15 subspecies, al telmalestegswamp or Dismal Swamp shesiled
shrew), without any subspecies. More recent analyses have reveaémie3 8pbrevicauda
(northern shortailed shrewi Baird, 1858; Say, 1833B. carolinensig(southern sho+tailed
shrewi Bachman, 1837 andB. hylophagal E| | i o-tai@dsshrewh Eliotf 1899 based on
multiple studies (Baumgardner et al., 1992yl&nd and Heidt, 198%enoways and Choate,
1998; George et al., 1981; George et al., 1986; McCay, Zudinidly and Brown, 1979;
Thompson et al., 2011). Wilson and Reeder (2005) designated a fourth dpgossnsulae
(Everglades shotthiled shrewi Merriam, 1895) based on the taxonomic work on the short
tailed shrews in Florida (Benedict et al., 2006; Genoways and Choate, 1998; George et al., 1981;
Wilson and Ruff, 1999).

Molecular phylogenetic research Brarina supports the marphyly of the gensiand

suggests that speciation occurred 3.7 to 4.6, bgf@re the onset of Pleistocene glaciations



(Brant and Orti, 2002 Fossil records suggest that thiregins ofB. brevicaudadate tothe
Pliocene (~2 myalp. carolinensisdates to the late Plioceneotearly Pleistocene (~1.7 mya) and
B. hylophagadates to the latePleistocene (Brant and Orti, 2002arris, 1998. The earliest
specimens oB. brevicaudawere recovered from fauna in Kansas, and specimeBs of
carolinensiswerefirst known from fauna inwestern Floridan theearly Pleistocenglones et al.,
1984) Handley (1971indicatedthat thecurrentrange ofB. carolinensisesmanated fromvestern
Florida Cave deposits near Savanna, Georgia, conteét@dna of two sizes suggesting that
ancestraspecies oBlarina could have exhibited sypatryin this region(Hulbert and Pratt,
1998).Recent distributionshowever pf B. brevicaudaandB. carolinensisappear parapatric,
segregated by both temperature and moisture extremes (Graham and SemkeonE37&; al.,
1984).

Lee et al. (1982) created an early distribution map (Figure 1.1) of the Biminga in North
Carolina, showing. brevicaudaelmalestegMerriam, 1895) in the Dismal Swamp regid@h,
brevicaudakirtlandi (Bole and Moulthrop, 1942t low elevations in the mountains and in the
upper piedmontB. b. churchi(Bole and Moulthrop, 1942) at the high mountain elevatiand,
B. carolinensiscarolinensig(Bachman, 187) in the Coastal Plain regioA. brevicauda
telmalestesvas consideredmaller than the other northern shiaited shrew subspecies, and
was thought to be isolated within the Dismal Swamp in North Carolin¥mgichia (Handley,
1979; Lee et al., 1982; Paul, 1965; Rhoads and Young, 1897). Nonethelesgildtbshrew
spe@menscollected from the southeast partNigrth Carolinavere comparable in size B b.
telmalesteswhere onlyB. carolinensiswvas assumed to be foufferench, 1981; Webster et al.,

1984). Clark et al. (1985) identified specimens from upland areashee@arolina Bays of



Bladen County aB. carolinensis They presumed that large specimens in areas with wet forest
floors to beB. b. telmalestesThus, the taxonomy dlarina in North Carolina was confused.

Using moreBlarina specimens from North Caroh, Webster et al. (1985) described the
distribution ofB. carolinensisto be throughout the piedmont and the coastal plain, and the
distribution ofB. brevicaudato be split between the foothills and mountain regions in the west
and 2 disjunct populati@nn the northeastern and southeastern coastal plain (Figure 1.2). In a
study ofB. brevicaudan eastern North Carolina, Webster (1996) described a new subsj@cies,

b. knoxjonesiin the southeastern coastal plain. In this research, he defined aisap=rtte

speci es bas edB.camolinersisocctiped relativMele dryewelifir ai ned upl and s
while B. brevicaudainhabits areas that retain more moisture. The most recent update on the

taxonomy ofB. brevicaudacombined the subspeciBsb. churchi, B. b. kirtlandi andB. b.

telmalestesnto B. b. talpoides(Gapper, 1830), buttained the subspeciBsh. knoxjonesi

(Figure 1.3; Webster, 1996; Webster et al., 2011).

The goal of my research was to examine the current taxonomy of theastedrshrews of
the genuBlarinain North Carolina. used phenotypic and genetic data frBlarina specimens
collected in North Carolina. From museum specimens, | analyzed skull and mandible
measurements and analyzed mtDNA sequences extracted from livestisanultiplespecies
andsubspecies exist in North Carolina, the analyses done with skull and mandible measurements
and mtDNA should separaspecimensnto groups. Using a historical perspective of the
classification for the shottiled shrew in North Carolindkcompared past and present species
and subspecies designations in the state, mapped the species and subspecies ranges using locality
information available with specimens, and investigated areas where species or subspecies may

overlap to determine if anyabriers may exist.
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Blarina brevicauda telmalestéMerriam)
Blarina brevicauda kirtland{Bole and Moulthrop)
Blarina brevicauda church{Bole and Moulthrop)

»p w D

Blarina carolinensigBachman)

Figure 1.1: Proposed distributiof species and subspecies designations for the-tiled

shrews in North Carolinhy Lee et al (1982). Three subspeciesRifrina brevicaudawvere

proposedo occur in North Carolina. b. telmaleste¢1) was thought to be confined to the

Dismal Swamp regioonly, B. b. kirtlandi (2) was thought to occupy most of the upper

piedmont and lower el@tions of the mountains, aldb. churchi(3) was documented as the
largest subspecies in North Carolina and was thought to only be found at the highest elevations
of the mountains. The shesiled shrews in southeast North Carolina were classifi@&l as
carolinensig(4) and thought to be found in the coastal plain and lower piedmont rdguanor
more museum records in cl ose prrdoxriefilteyctasr ea irne
indicatingonly the county level localityThe North American diribution map was split as

Blarina brevicaudgA) to the north an@. carolinensis(B) to the southThis figure was taken

from A Distributional Survey of North Carolina Mammals by Lee et al. (1982).
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Northern shortailed shrew Southern shottailed shrew

Figure 1.2: Proposed distributicgof the shortailed shrewsin North Carolinaby Webster et al.
(1985). The map on the left shows the distribution of the northerntstied shrew Blarina
brevicaudd, while the map on the right shows the distribution of the southern-stied shrew
(B. carolinensi3. A disjunct population of the northern shtatled shrew is showim
southeasteriorth Carolina. These figures were taken from Mammals of the Cardliings)ia,
and Maryland by Webster et al. (1985).
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| S—|
100 kilometers

Figure 1.3: Geographic distribution of northern shéailed shrew Blarina brevicaudain the

United States and southern Canada based on museum voucher spbygilivetster et al.

(2011) Eachsynmbol represents an operational taxonomic unit (OTU) that is combination of

multiple samples in a given geographic regibhesubspecies designatioass A B.B.) =
brevicauda B @&)errychoatej C B.G falpoides D B.b.jloggE( y)B. =

b. delmarvensis F R lzeumberlandensjsG (+) = B. b. knoxjonesiShaded areas indicate

peripheral subspecies distribution wighb. aloga( not shaded) occurring on
and Nantucket Island, Massachusetts. This figure attadvith minor changes were taken from

the Systematic Revision of the Northern SHaited ShrewBlarina brevicauda(Say) by

Webster et al. (2011).
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Chapter 2

Morphological Variation in Short -tailed Shrews (GenusBlarina) in North Carolina

ABSTRACT

How we define speciagepends othe questions being asked and the methodolegg.ur he
phenetic (or morphological) species concept is used in systematzmmals to group
organisms based on measureable differences. | examined the current taxorfwrshoftailed
shrews in the genwlarina in North Carolina by comparing the morphological variation in
skulls and mandibles from museum specimerBlafina brevicauda knoxjoneds. b. talpoides
andB. carolinensiscarolinensis | aged individuals wit a fourpart classification criterion, and
compared multivariate analyses conducted on 9 skull and 6 mandible variables to separate
species antb look for subspecies. Each specimen was georeferenced with a point radius
uncertainty to map the distributiarf Blarina brevicaudaandB. carolinensisin North Carolina.
Throughout the Blue Ridge and Piedmont ecoregions, the species are parapatric in distribution.
In the Middle Atlantic Coastal Plain and the southern part of the Southeastern Plains, the two
spedes appear more sympatric. In southeastern North Carolina, specimens desigBated as
knoxjonesare not as disjunct as previously thought and taxonomic revisions are warkéyted.
analyses suggest that reclassifyipg@mens identified a3. b. knoxjmesiasB. b. talpoides

should beconsidered
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taxonomy

INTRODU CTION

Themorphological (or phenetic @herotypic) gecies concept is used in systematics to group
organisms based on measureable (or quantitative) physical differences (Ridley, 1989; Simpson,
1961; Smith, 1994; Sneath and Sokol, 1973). These measucbabdeters are used to cluster
individual characters statistically to distinguish grotigg separate visually when plotted
(Michener, 1970; Sokol and Crovello, 1970; Sneath and Sokol, 1973). Very occasionally, one or
two quantitative characters are atwesplit groups (Handley and Varn, 1994; Kirkland et al.,

1987; Schmidly et al., 1988) but, almost universally, using all the measured characters in a
multivariate approach is required (Fisher, 1936; Johnson and Wichern, 2007).

Multivariate analysis canebused t@ombineobserved or measured variabiet® a reduced
set of independent variabldsat separate the groups the best. In mammals, skulls exhibit many
critical, diagnostic characters that have been used to separate spatielis involved wih
environmental interactionike eating movement and sensdisat can influencekull size and
shape (Holmes et al., 2016). The most common multivariate analyses used for group separation
are principal component analysis (Jackson, 1993), discriminactida analysis (Mitteroecker
and Bookstein, 2011) and canonical variate analysis (Albrecht, 1980). Combinations of these
analyses are often used when separating mammal species by measurements done on skulls

(Bronner et al., 2007; French et al., 1988; laydeand Kennedy, 1988; Patton, 1973). Despite
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their wide usemultivariateapproaches must be applied and interpreted withasaderived

factors or clusters do not necessarily reflect those in n@tanees and McCulloch, 1990).
Principal components anais (PCA) is exploratory in nature, and describes the varance

covariance structure in a dataGkthnson and Wichern, 2007). PCA is often visualized as a

scatter plot to see if the data splits into cluséers reduces the number of observed variables

that can describe the variancevariance structure. Linear discriminant function analysis

(LDFA) examines which variables discriminate betwdefinedgroups(Johnson and Wichern,

2007) LDFA is often visualized graphically as a frequency histogram whereaimbination of

the variables that are most common cause separation between the knownQ@moopgal

variate analysi$ also called canonicabrrelation analysis is equivalent to discriminant

function analysis in some instances, especially in howraal variates and discriminant

functions are extracted in linear combinations (Glahn, 1968; Hastie et al;,H&®@8ing, 1936.

Visually, canonical analysis is often presented with either a scatter plot, a histogram, or both.
In addition to the tradional multivariate analyses used to separate or group individuals,

decision trees can split data based on classes or values. Classification and regression tree

(CART) analysis is an umbrella term where classification trees split data into a finite nefmber

classes, and regression trees sjata withcontinuousealnumbes (Brieman et al., 1984; Loh,

2011). In classification tree analysis, recursive partitioning creates a decision tg@ith#be

data into a finite number of classes, and continoaspliteachnew subgroup of data until an

end criterion is reached (Therneau and Atkinson, 1997). Classification trees have an advantage

of examining individual variable importance that have the greatest impact on splitting the finite

number of classg$trobl et al., 2009).
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Shorttailed shrews of the gen@arina were once considered two species (Hall, 1981).
Additional samples examined and advances in systematics has now revealed four species within
this genus (Wilson and Reeder, 2005). Variationsystematics in shrews of the geridlarina
were studied in Pennsylvania (Guilday, 1957), Kentucky (Rippy, 1967), Nebraska (Genoways
and Choate, 1972), Connecticut (Choate, 1972), lllinois (Ellis et al., 1978);cnttial
Virginia (Tate et al., 1980), Kesaslowa-Missouri (Moncrief et al., 1982), Tennessee (Braun
and Kennedy, 1983), Arkansas (Garland and Heidt, 1989), Texas (SclamidBrown 1979
Baumgardner et al., 1992), eastern North Carolina (Webster, 1996) and Florida (Benedict et al.,
2006). Inthe studiesthat examined what are now consideBtarina brevicaudaandB.
carolinensis the distributions showed a narrow zone of ovelilajgoutheastern Virginia and
eastern North Carolinapkvever,the distributions seem to haleoadoverlap.

If the distributiors of two speciesabut, butdo not overlapthe specieareconsidered
parpapatriclf the distributionsoverlap thetwo speciesare sympatricNo two speciesccupy
the exact same plagat the sameme (i.e. syntopic distributiorgs some ources differ
between themBenedict (1999) suggested that gotential movement of a parapatric boundary
could give the impression of broad sympatry between spiéspscimens were collected over a
long period of timeWhether the distributions @&larina brevicaudaandB. carolinensisare
actually sympatric in eastern North Carolina or have a moving line of parapatry is not known.

Historically, only the northern shetailed shrew Blarina brevicauda carolinensis,.B.
churchi andB. b. kirtlandi) and the Dismal Swamp shetdiled shrew B. telmalesteswere
recognized in North Carolina (Hall, 1981; Paul, 1965). George et al. (1986) continued to
acknowledgeB. b. churchiandB. b. kirtlandi, but change®. telmalesteso B. b. telmalestesn

North Caolina and southeastern Virgini@enoways and Choate (1998) examined the natural
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history of the southern shetdiled shrew Blarina carolinensiy, anddetermined correct species
designations fospecimens that had originally been designasdsl brevicauda They
summarized potential areas of overlap with the northern-tgatet shrew in North Carolina

This taxonomicconfusion meant that many museum specimens collected prior to 1998 were
potentially identified aslarina brevicaudaasB. telmalestesr asold B. brevicaudasubspecies
and may warrant updates within museum collections.

Lee et al. (1982) proposed distributionBtdirina species and subspeci&s Brevicauda
churchi B. b. kirtlandi, B. b. telmalestegndB. carolinensi$ in North Caroina. Intheir state
distribution map foBlarina, B. carolinensisvasmapped asonfined to the eastern third of the
state. The distributisof the two species d@larinain North Carolina was updated by Webster
et al. (1985)and Webster (1996) designdie new subspecie8.(brevicaudaknoxjonesiin the
southeastern portion of the statéebster et al. (2011) conducted a systematic revision of the
northern shortailed shrewn North America. InNorth Carolinathey combinedlarina
brevicaudachurchi B. b. kirtlandi andB. b. telmaleste#nto B. brevicaudatalpoides but
maintainedB. brevicaudaknoxjonesasa current subspecies in the st@féebster et al., 2011)
Although many changes in the distributions and species designati@iarafa have ocarred in
North Carolina just since 1981, additional samples and analyses may show that further revisions
are still needed.

The goal of my research was to examine the current taxonomy of theasleattshrews of
the genuBlarinain North Carolina. To dthis, lusedthe phenetic species concept to examine
the morphological variation iBlarina specimensn the collections of theNorth Carolina
Museum of Natural Sciences (NCSMormerly the North Carolina State Museum of Natural

Sciences) and the Univegof North Carolina Wilmington (UNCW) mammal collections.
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These museum collections offer the best array of specimens over space and time in North
Carolina. | usd measurements from museum specimens to confirm or correct species
identification and investafed subspecies designatioris.my research, | determined species
where analyses on measured characters completely separate groups with no overlap. |
determined subspecies where analyses on measured characters show some overlap within a
species, but shoan abrupt change that occurs at some geographic region separated from
different subspecies$.also usd the locality information from the specimens to create an updated
distribution map foBlarina in North Carolina. With the map showing the presendélafinain
North Carolina, | examirgeareas wher8. brevicaudaandB. carolinensisare in contact to

determinghe extent of overlap

MATERIALS AND METHODS

| collected data ancheasured museum specimens from the mammal collections at the
University d North Carolina at Wilmington (UNCW) and the North Carolina Museum of
Natural Sciences (NCSM) (Table 2.1). For each individual specimen from UNCW, | took 15
cranial and mandibular measurements (Figure 2.1) with a Mitutoyo Absolute Digimatic caliper
(ModelNo. NTD126 0 iCle¢el of accuracy, 0.01 mm) and Input ToolQT2U) for the
transfer into an Excel spread shegpecimens from the NCSM were corrected for species
identification based on UNCW specimen data analysis. See Appdiodixformation abot
museum specimens used in this study.

Choate (1972) established a basic list of skull measurements that have beeiritlusene

variation by other researchers (Braun and Kennedy, 1983; Ellis et al., 1978; Genoways and
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Choate, 1972; George et al., 198Gndley and Varn, 1994; Moncrief et al., 1982; Tate et al.,
1980). I looked for a consensus on skull and mandible characters that provided a good overall
comparison and were good predictors for splitting taxa.

Descriptive statisticef all external measements from the museum specimens, skull and
mandiblemeasurementand all analyses were done in RStudio statistical software (RStudio and
Inc., 2014; R package Version 0.98.1102).

| assessed first how well the currently designated taxa match theorapétritical
morphological characters 8larina skulls from North Carolina. To gain a rough overview of
the variation found in the skulls and mandibles, | used bivariate scatter phets.used
multivariate analyses to examine wiantributed tahe variation, and if the variation
corresponddto current taxonomy. For multivariate analyses, | used only data from specimens
with complete data. | created separate data sets for the@lager and the mandilde

To test if any variation was due taxsar age, | ran a or@ay multivariate analysis of
variance (MANOVAS Johnson and Wichern, 2007) on a dataset with complete sex, age and
measurement data. | used sex and age as the independent variables, and the 9 skull characters or
the 6 mandibular charaas as response or dependent variables to determine if there were
differences between means of each group. The sex was used only when indicated from specimen
data (Table 2.1), and | designated the @ge subadult, adultor old adult)by a 4part
classfication criterionlooking at degree of tooth wear (Pearson, 1945), upper incisor root
exposure (Diersing, 198@Guilday, 1957, cranial suture closure (Guilday, 1957) and the degree
to which the cranial suture was pronounced (Table 32jews generallgevote much of their
time foraging, and consequentlgpthwearoccursearly in development due to the nature of

their diet(Churchfield, 1990)Therefore, | weighted tooth wear and upper root exposure more
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heavily than the cranial suture closure andtcpeonouncing (Table 2.2f.either sex or age was
significant, | ran an analysis of variance on each dependent skull and mandible character to
determine exactly what charact@rerevariable with the independent class selection.

| performed a principatomponents analysis to see specifically what skull and mandible
characters combined bestexplain the observed variatiofi.scree plot determirsghe
minimum number of principal components needed to explain the variation, but | examined the
first three pincipal componentsSince all the measured charactersiatbe same ung | used a
covariance matrix as no standardization of measure was needed.

| performed a linear discriminant function analysiséparate group membership based on a
linear combmnation of the skull and mandible characters. | ran one discriminant analysis with
species as thenowngroups, and ran one with subspecies a&mtiogvn grougs for both skull and
mandible characters.

My final analyses generated taxonomic relationships based on tharskmandible data. |
performed a classificatioinee analysis to generate taxonomic trees based on measured
charactersising the RPART (Recursive PARTIntioning; Therneau and Atkinson, 1997) package
in R.

The RPART package allows the option of two $jpig indices. A Gini splitting index looks at
the probability of a class being chosen times the probability of a mistake in categorizing (Strobl
et al., 2007), and splits data based on the largest improvement (i.e. gain or impurity reduction)
thatalsohas he | owest compl exity parameter (1. e.
terminal nodes) and the lowest expected loss. An information splitting index fsesaition
gain, which is the probability of a randomly chosen example belonging &ssahd a

classification entropy that involves a logarithmic transformation (Berzal et al., 2003; Raileanu
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and Stoffel, 2004). The information gain is also called the Kullhtasskler divergence
(Kullback, 1959; Kullback and Leibler, 1951), and is most cmmly used in the iterative
dichotomiser 3 (ID3 Quinlan, 1986) and the C4.5 (Quinlan, 1993) algorithms. The Gini
splitting index is recommended folassificationtreeanalysis, so | have used this for the
analysis.

| calculated two measures of misclassificatrates. The rgubstitution error rate is the error
rate computed on the training data in the decision Treerfeau and Atkinson, 1997 his
misclassification is calculated by multiplying the root node error (i.e. total number of specimens
not of thepredicted class divided by the total number of total specimens) and the relative error
(i.e. error on the observations used to estimate the regression model; one minus the root mean
squared error; Rs similar to linear regression). The crasgidated eror rate uses a iold
cross validatiorthat is arobjective indicator of predictive accuraciherneau and Atkinson,
1997. This misclassification is calculated by multiplying the root node error and the apparent
error (i.e. error on the observationerfr the cross validation data; predicted residual error sum of

squares).

Georeferencing museum voucher specimens

| obtained latitude and longitude coordinates based on the locality information provided for
each specimen usirige mapping software Topo US&rsion 6.0 (DeLorme, 2006) and Topo
North America version 10.0 (DeLorme, 201Bor specimens located only to theunty level, |
used the geographic center of the county abdisécoordinatedor the true location of a
specimenlf a specific town wassed, | used the population center or specific locale as
designated by the DeLorme software. | determined the coordinates for distance and directional
localities (e.g. Raleigh, 5 mi E; Stumpy Point, on US 264, 1 mi S from Navy Shell Rd) with the
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6 Dr a wcfion dr nontouring the roads and determining the road length. For locations, historic
landmarks or old road names that were unable to be found, | used the larger general location that
encompassed the detailed locality or used the geographic centecotittig.

The confidence for each point is distance away from the given latitude/longitude point where
it is assumed that the true point exists. | used a diameter based confidence (Table 2.3: Metzler,
1992; Metzler, 1994) with early specimens, but was caesdo a pointadius confidence
interval in meters representing the measurement error. Specimens that were georeferenced with
the Topo North America software used a poadius uncertainty specific to the variations in the
written locality Wieczorek etl., 2004) Specimens with localities and uncertainties beyond the
county level were not used in the final distribution map. Figure 2.2 gives examples for the

latitude and longitude coordinates and the point radius uncertainty measurement errors.

RESULTS

Taxa selection
| examined and measured the skulls of #8al specimens from UNCW of sheaeiled
shrews (13Blarina brevicaudaknoxjonesi197B. b. talpoides and 163B. carolinensis
carolinensi$ because initially, only these specimens were idedtifiethe subspecies ldvall
the UNCW specimemeasurements were used in the descriptive statistics and bivariate analysis.
For the multivariate analysis, | reduced this original data set to 448 total specimens with
complete skull measurements and 46altspecimens with complete mandibular measurements.
| also reduced this for a complete sex and age data set of 304 total specimens. | examined 584

shorttailed shrews (38. b. knoxjonesi207B. b. talpoides and 341B. c. carolinensi$ from
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NCSM. | proded and corrected species identifications on all NGBaMina specimens in North
Carolina based on the UNCW findings. NC&Wb. knoxjonestdesignations were made based

on subspecies distribution range (Webster, 2011).

Descriptive statistics and bivariate scatter plots

Table 2.4 shows the descriptive statistics of external measurements from specimen data, and
all skull and mandible measurementsBdarina brevicaudaandB. carolinensis All mean
comparisons were significant, while the variance compaskowed all measurements were
significant except tail vertebrae and ear lengths. Table 2.5 shows the descriptive statistics
betweerB. b. knoxjonesandB. b. talpoides where the mean comparisons were all significant (P
< 0.01) except the tail vertebrdend foot and ear. The subspecies variance comparison showed
only UCL, MNH, ARB and CorHt as significant (P < 0.01) measuremé&igsre 2.1 defines the
abbreviationsised for all the skull and mandible variables measured in this analysis.

Bivariate scatr plots showed some poor (i.e. with overlap) and some good (i.e. little to no
overlap) separation fd. brevicaudaandB. carolinensiswith combinations of measured skull
or mandible characterB. b. knoxjonesandB. b. talpoidesshowed consistent ouap when
using both the skull and mandible characters. Figure 2.3 shows skull character combinations, and
Figure 2.4 shows mandible character combinations illustrating this. Bog&ed or coefficient
of determination value ranged from 0.6231 to 0.94r4lfe skull and mandible bivariate plots,
where the higher the value, the better one value can predict another. Consequently, bivariate
plots were adequate in separating spewids characters dbw or high measured valuésat did
not overlap but dida poor job in separating species and subspegiecharactersf

intermediate valuethat overlapped
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Multivariate analysis of variance

| ran a oneway multivariate analysis of variance (MANOVA) with sex and age as the
independent variables and the cehmeasurements as the dependent variables. 304 samples (75
Blarina brevicaudaknoxjonesi 146B. b. talpoides and 83B. carolinensiscarolinensi$ of
known sex and ag®ith completemeasurements were used in this analysis. Sex (163 females
and 141 malgswas not significant (p = 0.2609) as a single dependent variali}eftssexes
were pooled for the future analyses.

Combining thed-part classification criteria (Table 2.2) resulted in 117-adblts, 151 adults
and 36 oldadults in the analysi®\ge was significant (p < 0.001) as a single dependent variable,
but an analysis of variance done on each skull and mandible character only showed UTR (p =
0.0113) and UCL (p < 0.001) as significant characters. Boxplots of age versus these toothrow
variablesand MdbTR(Figure 2.5)showa slightly lower median and mean for the old adults, but
are very similafor thevaluesin the sulbbadult and adult age class@&tese boxplots also show
overlap between th@easured characters across esgh classes. ABlarina shrews agehe
angle of their upper incisor changeausing the UTR to decrease, and wear and loss of the
unicuspids can decrease the UCL significanily tootlhow characters decreaseBlarina, other
characterdlike MAB, CRB and CorHtjncreasgFigure 2.6) Sincemultivariate analyses
combine multiple measured skull and mandible charadtemsnbinedall age classe®r future
analysesbutchecked ithe UTR and UCL wersignificant in multivariate analyseBigure 2.1

defines theabbreviationsised for all tie skull and mandible variables measured in this analysis.
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Principal components analysis

| performed a principal components analysis (PCA) orBthana skull data (n = 448) with a
covariance matrix, which explains the variance of each measured vafiablscree plot (Figure
2.7) showed that 2 principal components were appropriate to compare the total sample variance,
and is a plot of the magnitude of an eigenvalue (i.e. measure of the amount of variation explained
by the principal component) verstie principal componemiumber(i.e. PC1, PC2, PC3, etc.)
The scatter plot of the first two principal components sepaBitetha brevicaudaandB.
carolinensis but showed some overlapBab. knoxjonesandB. b. talpoides(Figure 28). The
first principal component (PC1) had an eigenvalue of 7.192. Since this value was greater than 1,
it indicated that the principal component accounts for more variance than is explained by one of
the original variables alone in standardized data. The second prinaigabeent (PC2) is
calculated in the same way as the first, with the condition that it is uncorrelated with (i.e.,
perpendicular to) the first principal component and that it accounts for the next highest variance.
PC2 has an eigenvalue of 0.182, and threl giincipal component (PC3) has an eigenvalue of
0.059. PC1 explains 94.9% of the total sample variance, while PC2 explains 2.4%, and the first
two principal components collectively explain 97.3% of the total sample variance. PC3 only
explains 0.8% of theotal sample variance, so adding this to the first two principal components
results in 98.1% of the total sample variance explained by the collective sum. The eigenvalues
and the percent of sample variance support the scree plot to show that only tigajprin
components are needed to sufficiently explain the total sample variance.

PC1 is a weighted sum of GRL, OPML, CRB and UTR as determined by their respective

weighted eigenvector scores (i.e. weights of the original variables used to calculatedipalprin
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component) 0f0.608,-0.571,-0.313 and0.305 respectively with the other variables being less
of an influence. PC2 is a weighted difference primarily between the variables CRB and MAB,
and the variables GRL and UTR with respective weight§.G5, -0.382, 0.281 and 0.249. The
correlation coefficients, which are the correlations of the original variables with the principal
components, show a slightly different order of the variables. PC1 shows the most correlated
variables are a weighted sum of GROPML, UTR and MTL with correlation coefficients of
0.995,-0.993,-0.972 and0.950. PC2 has a weighted difference primarily between the variables
CRB and MAB, and the variables UCL and UTR with the correlation coefficien@389,-
0.301, 0.186 an@.126.Table 26 summarizes the skull covariance matrix PCA Biiire 2.1
defines theabbreviationsised for all the skull and mandible variables measured in this analysis.

| also examined thBlarina mandible data (n = 461) PCA with the covariance mafrne
scatter plot of the first two principal components from the mandible data (Fi@leeparated
Blarina brevicaudaandB. carolinensiswith some overlap between the species, but showed more
overlap in the subspecies than with the skull data. PC2,&ad PC3 had eigenvalues of 3.235,
0.130 and 0.085 with a cumulative proportion of the sample variance explained as 0.9300,
0.9674 and 0.9917 respectively. PClwas a weighted sum of GrLgt, MNL, MNH and €orHt (
0.634,-0.515,-0.378 and0.354), with the arrelation coefficients weighted by GrLgt, MNH,
CorHt and MNL (0.984,-0.959,-0.956 and0.952). PC2 was a weighted difference primarily
between the MNL and the variables MNH and CorHt (0.708,30 and0.422). The correlation
coefficients also showealweighted difference between MNL and the variables CorHt, ARB and
MNH (0.287,-0.228,-0.220 and0.219). Table Z. summarizes the mandible covariance matrix

PCA.
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In addition, Iperformeda PCA with the covariance matnwth only Blarina brevicauda
sampeson both the skull (n = 297) and mandible (n = 306) datavestigate subspecies
separation antheasured characters used. There was no improvement in the separation of the
subspecies in the scatter plot from the first two principal components. Footieeithe weighted
characters in both PC1 and PC2 weearlyidentical to the PCA including bo® brevicauda
andB. carolinensis Thereweresome differaces, howevelin the order of charactengeighted

to explain the variation in each principal compaine

Discriminant function analysis
The linear discriminant function analysis histogram created from the skull characters separate
Blarina brevicaudaandB. carolinensis(Figure 210) with approximate group centroids .0
and 2.5 respectively. The higiam forB. b. knoxjonesandB. b. talpoides(Figure 211) do not
show a clear group subspecies separation with their overlapping distributions, but their group
centroids of1.1 and 1.1 suggest a slight separation. The skull species misclassificatiaaterr
of 0.0045 indicates that 99.55% of the species were classified correctly, while the skull
subspecies had a higher misclassification error rate of 0.1852 indicating that only 81.48% of the
subspecies were classified correcllize error rate may alssuggest that some specimensld
be mislabeledThe ratio of betweerand withingroup standard deviations for the linear
discriminant variables 3251.4560r the species group, agd1.329%or the subspecies group.
Beyond the differences betwedmetclassification error and group comparison, the first
discriminant function (i.e. LD1 the factor that separates the species or subspecies by contrasts
of the measured variables) also has its differences (Ta)lerRe skull species comparison

shows ID1 to be acontrast between the highest factor loadings of UPRI92), MTL (1.782),
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OPML (-1.417), 10B {1.244) and MAB (1.206) with less emphasis on the UCL, GRL, CRH and
CRB (-0.906, 0.62150.269 and0.042 respectively)lhe skull subspecies compamnsshowsa

factor loading contrast between the UTR (1.283), UCL (1.264), CRB (1.189),-GRRY) and

MAB (0.737) with less emphasis on MTL, OPML, IOB and CRH (0.511, 0.452, 0.192 and 0.060).
Figure 2.1 defines thebbreviationsised for all the skull anchandible variables measured in this
analysis.

The mandible measurements showed a slightly higher percent for the species (99.57%)
and the subspecies (83.33%) classified correctly when compared to the skull measurements
(Table 29). The mandible specie®mparison had group centroids-2f5 and 2.2 foB.
brevicaudaandB. carolinensis(Figure 212) with the ratio of betweerand withingroup
standard deviations of 2434.129, and the subspecies comparison had group cent@dmof
0.8 forB. b. knoxonesiandB. b. talpoides(Figure 213) with a ratio of 259.4218The mandible
species factor loadings of LD1 contrasted Gre$ji907), MdbTR {1.742) and ARB (0.938) with
less weight on CorHt, MNH and MNL (0.37-D.106 and 0.101). The factor loadings the
mandible subspecies contrasted ARB (1.265), MNH (1.142) and MNL (0.741) with little emphasis

on GrLgt, MdbTR and CorHt (0.379).302 and 0.265).

Classification tree analysis

| performed a classificatioineeanalysis on th&larina skull (n = 448)and mandible (n =
461) data using a Gini splitting index. Figuref2shows & of the skulls identified aBlarina
carolinensis carolinensisad a smaller occipitadremaxilla skull length (OPML < 19.735, as the
first split or node, where all the skuitgentified asB. brevicaudahad a larger skull length

(OPML O 19.735). The second split at node
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Node 5 split 65.1% of all the skulls identifiedBih. talpoideswith a larger cranial breadth.
This node also split 8 skulls (UNCW 488101, 3682, 2610, 3595, 792, 11938 and 4975)
identified asB. b. knoxjonesiwith a larger cranial breadth. 55.2% of all remaining skulls
identified asB. b. knoxjoneshave a more narrow maxillary breadth (MAB < 7.165), but there
are also 11 skulls ideffied asB. b. talpoideswith a narrow maxillary breadth at node 6.
For the remainder of the skulls with a larger maxillary breatthmain tree splits are OPML,
MAB, OPML, UTR (upper tooth row) and CRH (cranial heigft)is resulted in 1B. b.
knoxjoneai and 39B. b. talpoidesspecimens being grouped as thpoidesgroup to the right
side of the tree, while 3B. b. knoxjonesand 10B. b. talpoidesspecimens were grouped to the
left as theknoxjonesgroup(Figure2.14). The skullclassificationanalysis had a resubstitution
error rate of 0.0893 or 91.07% classified correctly and a-s@gated error rate of 0.1674 or
83.53% classified correctli{fhe error rate may also suggest that some specimens could be
mislabeledTable 2.10 summarizes eachtloé tree nodes in the skglassificationanalysis.
Theclassificationanalysis performed on the mandible data showed nearly a perfect split of
Blarina brevicaudaandB. carolinensis(Figure 2.5). All of the mandibles identified & c.
carolinensishad a shorter greatest length of mandible including the incisor (GrLgt < 13.18), but
2 mandibles (UNCW 3596 and 0477) identifiedBab. knoxjonesalso had a short mandible
length. The next split at node 3 showed 66.1% dBail talpoidesspecimens witla taller
coronoid process height (CorHt >6.095), but 3 specimens (UNCW 11938, 1480 and 11554)
identified asB. b. knoxjonesalso grouped here. The last split at node 4 separated the remaining
specimens with a length of mandible without the incisor (MNL2<94), where 88.7% of &i.
b. knoxjoneshad a shorter mandible were classified aktiexjonesgroup. However, this

small mandible size also grouped 33 specimens identifiBdlagalpoides For the remaining
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mandi bl es with a |longer |l ength (MNBbO 12.94)
knoxjonesand 28 specimen identified Bsb. talpoideswere classified as thtalpoidesgroup.
The mandibleclassificationanalysis had a rsubgitution error rate of 0.1063 or 89.37%
classified correctly and a cresalidated error rate of 0.1280 or 87.20% classified correctly.
Table 2.11 summarizes each of the tree nodes in the maaoldisdeficationanalysis.
See Appendix Il for information @it the specimens split in tieassificationanalysis.
Additional analyses that support the spliBddirina brevicaudaandB. carolinensisand
acknowledge the difficulty in splittinB. b. knoxjonesirom B. b. talpoidescan be found in

Appendix ll1.

Georeferencing museum voucher specimens

All georeferenced specimens were placed on a geographic information system (GIS) map
layer by M. B. Nortori NCSM Database and GIS Manager. | had 1BR8ina specimens
georeferenced for the maps, comprising 58MfINCSM and 642 from UNCW. Of the total
number examined, 169 (34 NCSM and 135 UNCW) specimens were identiBetr@avicauda
knoxjonesi505 (210 NCSM and 295 UNCW) specimens were identifiégl bstalpoides and
552 (340 NCSM and 212 UNCW) specimerergvidentified a8. carolinensiscarolinensis

Based on the museum records from NCSM and UNCW,$hitet! shrews are present in all
the Level Il North Carolina ecoregions: Blue Ridge, Piedmont, Southeastern Plains and Middle
Atlantic Coastal PlaiifFigure 2.5). Blarina brevicauda talpoidesccupies the Blue Ridge to
the western extent of the Piedmont in western NC, and the northeast corner of the state in the
Middle Atlantic Coastal PlairB. b. knoxjonesis found south of the Pamlico River iretMiddle

Atlantic Coastal Plain and Southeastern Plains within the Sandhills r&gicarolinensis
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carolinensisdoes not occur in the Blue Ridge, but occurs through the remaining eastern
ecoregions. In the southern portion of the Southeastern Plairiseahtiddle Atlantic Coastal
Plain, there appears to be overlap between the two specieB.@alylinensiscarolinensishas
been documented on the Outer Banks, but samples are very limited.

The species dBlarina were found in 87 of the 100 NC coieg excludingAnson, Bertie,
Cherokee, Cleveland, Davidson, Green, Lenoir, Lincoln, Martin, Pamlico, Person, Warren and
Yadkin. Theyundoubtedly exist in these countiast simply were not samplé&igure 2.5). In
the western counties, only Burke and i&ud County have both species present from museum
records with no apparent overlap. In the eastern countidgvEboth species present with most
of the counties being found in the Middle Atlantic Coastal Plain. In Currituck, Camden, Chowan
and HertfordCounties in the northeast corner of the state, the species show more overlap than
appears in the Alligator River National Wildlife Refuge and Lake Mattamuskeet area in Dare and
Hyde Counties. The other counties making up this peninsular region westdiigheor River
NWR only show the presence of the southern stailgd shrew. For the eastern counties south
of the Pamlico River, the speciesRiarina appear to overlap more with some locations showing

both species in close proximity.

DISCUSSION

Shat-tailed shrews (genuBlarina) live in all the major ecoregions amatesumablyall the
counties in North Carolina. In the western part of the state, the northern and southetailsHort
shrews B. brevicaudaandB. carolinensi$ are parapatric in thredistributiors based on museum

records Theyseparate roughly by the delineation between the Blue Ridge and Piedmont
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ecoregions. In the Middle Atlantic Coastal Plain and the southern part of the Southeastern Plains,
the two species of shetdiled shrewsppear tdhaveoverlapping distributions in select areBs.
b. knoxjonesiwvas designated as a disjunct population of the northerntsiled shrew in
southeastern North Carolina brgcently collected specimens show that the distribution of the
supspeies is not truly disjunct from that & b. talpoidesin northeastern North Carolina.

The goal of my research was to examine the current taxonomy of theasleattshrews of
the genuBlarinain North Carolina with the aid of the phenetic species qundde results of
my morphological analyses on skulls and mandibles from-shiteti shrew specimens clearly
separatdlarina brevicaudafrom B. carolinensis The analyses comparing the subspeBids
knoxjonesandB. b. talpoidesshow overlap in indidual measurements (i.principal
componentanalysisi PCA andlineardiscriminantfunctionanalysisi LDFA) that involve a
combination of measurements. The branching ircldmsificationtreeanalysis equally had
overl ap betweendtbéeéabbonoxdpedesi asaification
measurements used to split thekithough the skull characters of UTR and UQipper
toothrow and unicuspid lengtshowed a significant variation with age, UTR was not weighted
heavily in the PCA pthe classification tredout UTR was heavily weighted in the LDF#pecies
split and UTR and UCL was heavily weighted with the LDFA subspecies Epétcombination
of these tooth row characters with otskull characters, however, did not change theralV
interpretation of the multivariate analysé&berefore] propose thaBlarina brevicauda
knoxjonesshouldbe synonymizedwvith B. b. talpoides and thaB. b. knoxjonesdoes not
represent a distinct morphological subspecies.

In the systematic revisn of the northern shottiled shrewBlarina brevicaudy, Webster et

al. (2011) used operational taxonomic units (OTUs) that combined a sample of specimens for a
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particular geographic region. The OTUs have the advantage of comparing variation across a
large geographic spatial area. The disadvantage of OTUs is that if small, continuous variation
exists, the average value of a trait or traits may show a difference when one does not exist across
a localized spatial area. Webster et al. (2@1499considerd s ampl es t hat showed
changes in size or morphological features between populatiddrdvicaud® t o fAi ndi cat
evolutionary significance an dlassifecatiovieeeanadysist t a x o
shows a gradual change when youwlatser at the locations of the samples split as detailed in
Appendix Il.

As with most of the multivariate analys®&arina brevicaudaandB. carolinensissplit almost
perfectly.B. c. carolinensiscontinues north from North Carolina to sowtntral Viginia and
south into Florida (Bennedict et al., 2006; Genoways and Choate; 1998; McCay, 2001; Webster,
1985). The largest skulls 8 carolinensisn North Carolinaare generally in the Coastal Plain
ecoregion and near the center of their range in #te,sthile the smaller skulls 8f
carolinensistend to be at edges of their range in the state. NCSM 16800 is from Morganton in
Burke County and represents a county record and the wastatnspecimen in North Carolina.
This is an old adult male withx&ensive tooth wear and dental abnormalities, but is smaller than
most specimens toward the center of the state
within the Piedmont #Apeninsulad created by th
2.16).

The subspecieB. b. knoxjonesandB. b. talpoideshave a fair amount of overlap in the size
of the skulls. With the skull data, the specimens identifiel &stalpoidesthat split inthe
classificatiortreeanalysiswi t h t he 6t al postiy tloenshé Blue Ridge pcoregeom e m

at the highest elevation for the largest skulls, and in the NE Coastal Plain for the smallest skulls.
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Ot her smal |l skulls that grouped with oO0tal poid
Blue Ridge and the Aljator River National Wildlife Refuge region north of the Pamlico River.

The specimens identified &b. knoxjonest hat al so were in the oO0talp
primarily near the center of the Southeastern and Coastal Plain ecoregion north of thea€ape Fe

River. The largest specimens identifiedBab. knoxjonest hat wer e i n the &kno»

were also near the center of the known subspecies distribution.

What can account for thisdifferencein size?

Population densiésare often greatestt the core ofadistribution angthus factors like
competition, environmental interactions, resource partitignifeghistory and demographics
influence dispersal (Brown, 1984; Brown et al., 199®iis can cause the larger, and more fit,
individualsto befound at the core of a distributiolmter- and intraspecific competition also
affects where shrew species exist. Competition appears to have led to partitioning of habitat and
food sources among the shrew species, creating differences in niche shap@mdChurchfield,
1991, Kirkland, 1991; Brannon, 2000). Fox and Kirkland (1992) demonstrated that soricid
functional groups are defined by their body size, and that the largest body size yields a
competitive advantage for the highest quality fdbdhore than one species exists in the same
time and space, there must be a way to reduce this competiidtand (1991) found thaive
or moreshrewspeciesexistedin some areag hese shrew assemblages vary with latitude and
environmental moisture (Bein et al., 2007), elevation and forest type (Ford et al., 2005) or diet
and vertical foraging mode (McCay et al., 200&Fherefore, these factors allow shrew species to

coexist by partitioning habitat and resources.
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Generally, body size increases wisttitude for most vertebrates (McNab, 1971). This
rul e 1 s cal | eTis rBledoes mappiyntonsanymannespeciesdue to factors
like temperature, range in elevation, precipitation and land cover (Blackburn and Hawkins, 2004;
McNab, 1971)At low latitude,sizesof some mammal species da@large where temperature is
low, where elevation is high, or where annual precipitation is figalargestskullsin my
analysis werdrom the highest elevations in North Carolina, whieraperatures gehe coldest
and land cover isontinuous forest.

Geology and climate may also have an important impact on the coexistdhdg@ficauda
andB. carolinensisin eastern North Carolina. The dunes and Carolina Bayshanay resources
that may allowthe wo species of shrews to coexist (Soller, 1988ese physical features
presentelatively dry upland areato beadjacent to wet regia{Webster, 1996)The eastern
coast of North Carolina has higher annual precipitation, esperiallyly through Septaber,
than the rest of the stateatingmoist soil moisture

(http://climate.ncsu.edu/climate/monthlyprecip.Qtrithese two factors can partition both the

land and resources to promatexistence of the twBlarina species.

Potential issues with georeferencing

Species distribution modelling is used increasingly in both applied and theoretical
research to predict how species are distributed and to understand environmental requirements
affectingthem. With this modelling, species occurrence daggombined with spatial data to

predict suitability of any location for that species. While data sharing initiatives (i.e. VertNet,

| Di gBi o and GBI F) involvingdoverphepgasttewyeargccurr en
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various data quality and methodological concgrelated to using these data for species
distribution modellinghave not been addressed adequately (Graham et al., 2008).
Georeferencing museum voucher specimens is only asagoibe data provided by the
collector. Using locality coordinates whose GPS precision or uncertainty is at the county level
may not give enough detail for habitat modeling. Coordinates derived from a cellyshuaiky
have greateerror thancoordinates érived frommost GPS units, but still offer adequate
precision for many applications (Zandbergen, 2009, Zandbergen and Barbeau, 2011). Changes in
best practices for georeferencing museumdoltections are continually improving the standard
and quantity blocalities that can bgeoreferenceth a batch (Chapman and Wieczorek, 2006;
Rios and Bart, 2010; Wieczorek et al., 2004). These improvements will continue to make
collection specimens more valuable. The latitude and longdatiefor recenspecimensn the
NCSM and UNCW mammal collections represent the best practices coordinates with the given
data. The point radius uncertainty for the coordinates of these samples reflect a measurement
error that was the best practice from when it was determinedpbatnot reflect a maximum

error distance that adds additional uncertainties (Wieczorek and Wieczorek, 2015).
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Table 2.1:List of data recorded from museum records Bhespecimen examined from North

Carolina.
Data Description
Museum University of North Carolina at Wilmington (UNCW) or North Carolir
Acronym Museum of Natural Sciences (NCSM)

Museum Number

Genus
Species
subspecies
Sex
Reproduction
State

County
Locality

Latitude

Longitude

Elevation
Confidence
Date
Collector
Field Number
Total Length

Tail Vertebrae

Museum number associated with respective museum aur@@ny.
NCSM 18)

Blarina

brevicaudaor carolinensis

talpoides knoxjonesbr carolinensis

M = male or F = female

Testes (length x width) or female reproductive status

NC = North Carolina

countywithin state (e.g. Wake County)

major or minor town within county (e.g. Raleigh)

Decimal degrees from World Geodetic System 1984 (WGS84) deriy
from verbal locality information in DeLorme topographical software
(e.g. 35.780102)

Decimal degrees from WGS84 derived from verbal locality informa
in DeLorme topographical software (e-g8.638820)

Elevation in meters for given coordinates (e.g. 109 meters)

Point radius uncertainty for locality (e 26470 meters)

Date specimen was collected (e.g. 23 June 1975)

Full name, or portion indicated with voucher specimen data

Other number and acronym associated with specimen

TL = Total lengthi distance from tipf nose to the end of the tall

TV = Tail vertebrad distance from the sacral/caudal vertebrae junct
to the last caudal vertebrae

HF = Hind footi greatest distance from calcaneus to the distal phal:

Hind Foot . >

excluding the nail
Ea E = Ear length greatest distance from ear attachment to tip of pinne
Weight Wt = Weighti measured in grams for specimen prior to preparation
Nature of Nat_of spec = material collected and retained in collection: SS =s
Specimen and skull, SO skin only, SK = skull only, SN = skull and skeleton
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Table 2.2: Age classification criteria for each shtailed shrew skull examined. Every skull was
characterized by the amount tdothwearevident upper incisoroot exposure, cranial suture
closure andcrest pronouncedualitative characteristics were recorded at the time of skull
examination, and converted to a gtitative scalevith a detailed descriptioimdicated below.
Each of the 4 observations were combined to determine the agelotass 49 = subadult, 1.0

19 = adult, 223 = old adult.

Qualitative Quantitative  Detailed description of agingcriteria based on each respective
characteristic conversion  qualitative characteristic

Tooth wear eviderit especially in skull, unicuspidare first 5 teeth after incisor, followed by molariforms
Little to no 1 perfect points evident on all teeth especially to unicuspids

Little 2 almost all teeth have perfect points, little flattening to first 2 unicuspids

Little to some 3 some wear evight to first 2 unicuspids, some wear noted on 3rd and 4t}

Some 4 some rounding to tips of all unicuspids, very little wear noted on incisot
molariform teeth

Some to moderate 5 some to a medium level of roundness to unicuspid tips, litierwoted on
incisor and molariform teeth

Moderate 6 medium wear to tips of incisors with evidence to incisors and molarifor

Moderate to 7 relative flattening to cusps of all teeth

excessive

Excessive 8 excessive flattening and wear evident driedth especially molariform

Upperincisorrootexposurei upper incisor will change angle with wear resulting in tooth root being visible
Little to no 1 no root evident

Little 2 little root of upper incisor visible

Little to some 3 little to some root eviderit no change in angle of incisor

Some 4 some root eviderit little change in angle of incisor

Some to moderate 5 some root eviderit some change in angle of incisor

Moderate 6 noticeable root evideritchange in angle of incisor

Moderate to 7 noticeable to large amount of root evidérdiose to vertical angle of

excessive incisor

Excessive 8 large amount of root evidehtalmost complete vertical angle of incisor

Cranial siture closuré looking at suture between parietal bones paudetatoccipital suture

open 1 cranial sutures almost completely open, little cartilage evident and
parietal/occipital bones very thin/translucent

< 1/2 closed 2 cranial sutures mostly open with excessive cartilage evident

>1/2 closed 3 cranial suture mostly closed with some cartilage evident

closed with 4 cranial sutures completely closed with very little cartilage evident

cartilage evident

fused (no cartilage 5 cranial sutures completely fused with no signs of cartilage, parietal/otc

evident) bones opaque

Crest pronouncesdsagittal crest (parietgbarietal suture) and nuchal crest (parietedipital suture)

not pronounced 1 no rise in sagittal crest, or nuchal crest

lightly pronounced 2 slight rise to sagittal crest, no rise in nuctrast

pronounced 3 rise to sagittal crest, and slight rise to nuchal crest

excessively 4 rise to sagittal crest, and rise to nuchal crest

pronounced
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Table 2.3:List of confidence intervals used for georeferenced specimens, and point radius
converson. The latitude and longitude are in the center of the interval, and the confidence shape
(circular or linear) is determined by the written locality associated with the museum voucher
specimens. The contents were taken from the Scale of Relative Cenathtglight

modification) which was written by Dr. Eric H. Metzler and published in the Association of
Systematics Collections October 1994/ vol. 22 no. 5 newsletter.

Confidence Description Point radius (meters)

Code

SO Location known to be within aircle 200 foot 30.48
in diameter

S1 Location known to be within a circle 0.25 mile in 201.168
diameter

S2 Location known to be within a circle 0.5 mile in 402.336
diameter

S3 Location known to be within a circle 1 mile in 804.672
diameter

S4 Location known to be within a circle 2 miles in 1609.34
diameter

S5 Location known to be within a circle 5 miles in 4023.36
diameter

S6 Location known to be within a circle 15 miles in 12070.1
diameter

S7 Location known to be within county or marine are 40233.6
50 miles in diameter

S8 Location known to be within ¥ of the state or 80467.2
marine area 100 miles in diameter

S9 Location known to be within the state or marine ¢ 402336
500 miles in diameter

S10 Location unknown

LO Precise locatioknown

L1 The linear site is known to be no more than 0.5 r 402.336
long

L2 The linear site is known to be no more than 1 mil 804.672
long

L3 The linear site is known to be no more than 2 mil 1609.34
long

L4 The linear site is known to be mwore than 6 miles 4828.03
long

L5 The linear site is known to be no more than 25 20116.8
miles long

L6 The linear site does not exceed a distance equal 40233.6
14 the state

L7 The linear site does not exceed a distance equal

diameter of the sta
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Table 2.4:Descriptive statistics of measurements from museum specimens between species of

shorttailed shrewsHlarina brevicaudaandB. carolinensi3 in North Carolina. Description of
external measurement data provided in Table 1.1, and destmbtooanial measurement data

provided in Figure 1.4-or each character measurement, the mean, standard deviation, and the

minimum and maximum range in parentheses are provided. A Welch two saegilempared
the means and atést compared the varie@s for the measured characters with tvalpes

provided.
Blarina Blarina Comparison of Means Comparison of Variance
brevicauda carolinensis
n =328 n=163 t statistic p-value F statistic p-value

TL 110.8 + 8.58 92.6 + 6.25 23.6654 <2.2el6 1.8831 9.13e05
(8371 145) (7871 112)

TV 21.61 £ 3.09 16.76 + 2.67 15.8955 <2.2el6 1.3351 0.06831
(107 30) (107 23)

HF 14.04 £ 1.70 11.16 £ 0.81 22.7617 < 2.2el6 4.4361 <2.2el6
(77 20) (107 13)

E 3.758 = 1.84 1.846 £ 1.41 3.7911 0.0007112 1.7104 0.3238
(17 8) (17 6)

Wt 13.88 + 4.04 8.417 = 1.74 14.9646 <2.2el6 5.3926 2.22e15
(4.87 27) (4.57 14)

GRL 22.69 = 0.73 19.54 + 0.45 57.5649 <2.2el6 2.5618 2.351e10
(20.631 24.51) (18.311 20.73)

OPML 21.7 + 0.69 18.71 £ 0.45 56.2325 <2.2el6 2.3144 1.129e08
(19.777 23.55) (17.67i 19.7)

MAB 7.417 £ 0.39 6.528 + 0.25 30.2713 <2.2el6 2.3886 2.375e09
(6.467 8.49) (5.8471 7.24)

10B 5.827 + 0.24 5.112 + 0.17 37.8022 <2.2el6 2.0125 1.288e06
(5.181 6.47) (4.761 5.53)

CRB 11.67 + 0.61 10.13 + 0.35 35.0516 <2.2el6 3.066 9.637el4
(10.067 13.17) (9.17 10.95)

CRH 6.94 + 0.33 6.09 + 0.22 33.4434 <2.2el6 2.2889 1.811e08
(5.9471 7.83) (5.461 6.64)

UTR 10.33 £ 0.37 8.707+ 0.25 56.4573 <2.2el6 2.0977 2.927e07
(9.167 11.25) (7.981 9.28)

MTL 5.944 + 0.22 5.203 +0.16 42.2733 <2.2el6 1.9744 2.239e06
(5.127 6.5) (4.7871 5.58)

UCL 2.924 + 0.18 2.309 + 0.15 39.76 <2.2el6 1.4482 0.008652
(2.51 3.47) (1.897 2.66)

GrLgt 1455 + 0.54 12.32 + 0.34 54.4597 <2.2el6 2.564 3.091el0
(12.85i 15.97) (11.33i 13.04)

MNL 12.66 + 0.63 10.97 £ 0.39 35.5515 <2.2el6 2.6457 8.685el1l
(11.241 14.75) (9.971 11.77)

MNH 6.49 + 0.48 5.267 = 0.19 39.1241 <2.2el6 6.7508 <2.2el6
(5.521 7.72) (4.87 5.67)

ARB 2.352 0.19 1.988 +0.11 26.2167 <2.2el6 3.2804 6.661el5
(1.97 2.91) (1.721 2.22)

CorHt 6.027 +0.46 4.882 10.17 38.7004 < 2.2el6 7.6057 <2.2el6
(5.171 7.45) (4.417 5.24)

MdbTR 6.441 +0.21 5.623 +0.15 47.4088 <2.2el6 1.9403 6.134e06
(5.71 7.06) (5.287 6.05)
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Table 2.5:Descriptive statistics of measurements from museum specimens between subspecies
of northern shortailed shrewsHElarina brevicauda knoxjoneandB. b. talpoideg in North

Carolina. Description of external measurement data provided in Table 1.1, and description of
cranial measurement data provided in Figure Ho#.each character measurement, the mean,
standard deviation, and the minimum and maximum range in pasesthses provided. A Welch

two sample-testcompared the means and-#eSt compared the variances for the measured
characters with the-palues provided.

Blarina Blarina Comparison of Means Comparison of Variance
brevicauda brevicauda
knoxjonesi talpoides
n=131 n=197 t statistic p-value F statistic p-value

TL 107.1 + 8.22 113.1 £ 7.97 -5.9243 1.233e08 1.0631 0.7217
(8371 145) (8971 131)

TV 21.13 £ 2.77 21,91+ 3.25 -2.0997 0.03679 0.7288 0.08361
(157 29) (107 30)

HF 13.78 + 1.49 142+ 1.81 -2.0879 0.03784 0.6764 0.03308
(97 19) (77 20)

E 35+ 2 3.84+ 1.82 -0.4276 0.6772 1.2097 0.6709
(271 8) @i 7

Wt 12.29+ 3.69 15.2+ 3.85 -4.958 1.803e06 0.9199 0.7138
(4.87 20.1) (6.47 27.0)

GRL 22.26 + 0.60 22,99+ 0.65 -10.2719 <2.2el6 0.8371 0.2832
(20.6371 23.64) (20.931 24.51)

OPML 21.28+ 0.62 22.0+ 0.57 -10.5136 <2.2el6 1.2008 0.2559
(19.771 22.59) (20.147 23.55)

MAB 7.144 + 0.28 7.604+ 0.34 -13.1961 <2.2el6 0.722 0.04784
(6.497 7.93) (6.467 8.49)

I0B 5.693+ 0.21 592+ 0.22 -9.4113 <2.2el6 0.93 0.6621
(5.187 6.09) (5.371 6.47)

CRB 11.24 £ 0.46 1197+ 051 -13.2923 <2.2el6 0.8247 0.2438
(10.061 12.27) (10.131 13.17)

CRH 6.775 % 0.29 7.055+ 0.0 -8.217 7.595e15 0.9213 0.6227
(5.9471 7.50) (6.1171 7.83)

UTR 10.11+ 0.30 10.48+ 0.33 -10.4621 <2.2el6 0.7913 0.1543
(9.1671 10.99) (9.57 11.25)

MTL 5.809+ 0.20 6.036 + 0.18 -10.2548 <2.2el6 1.1885 0.2783
(5.127 6.30) (5.517 6.5)

UCL 2.857+ 0.14 2.969+ 0.19 -6.104 3.018e09 0.5415 0.0002268
(2.5271 3.21) (2.51 3.47)

GrlLgt 14.17 + 0.42 14.81+ 0.45 -12.8722 <2.2el6 0.857 0.3574
(12.851 15.01) (13.451 15.97)

MNL 12.24 + 0.52 1295+ 0.53 -11.7229 <2.2el6 0.9713 0.8676
(11.2471 13.50) (11.591 14.75)

MNH 6.122 + 0.26 6.748 £ 0.43 -15.7994 <2.2el6 0.3719 1.136e08
(5.521 6.71) (5.641 7.72)

ARB 222 £ 0.13 2.445+ 0.17 -12.993 <2.2el6 0.5698 0.0008975
(1.91 2.51) (1.9971 2.91)

CorHt 5.678 £+ 0.23 6.271 £ 0.43 -15.7743 <2.2el6 0.2852 1.065e12
(5.171 6.30) (5.371 7.45)

MdbTR 6.333+ 0.20 6.516 + 0.19 -8.0689 2.784el4 1.172 0.3295
(5.7071 7.06) (6.091 6.98)
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Table 26: Principalcomponentsanalysis table using the covariance matrix of Bterina

skull data (n = 448) showing what factors contribute to each principal component explaining the

sample variation. The variables are the skull characters (Figure 1.4) measured, while the
eigenvectors (e”_1) and correlation coefficients (ry*1) give the relatighiveach variable

contributes. The variance (lambdar) is an eigenvalue that is the measure of the amount of the

variation explained by the principal component. Each principal component accounts for a
smaller proportion of the total sample variatibnt when combined, the first three principal
components account for most of the total sample variation.

Principal Component 1

Principal Component 2

Principal Component 3

Variable er 1 ry*1 enr 2 ry"2 e™ 3 ry"3

GRL -0.6081996  -0.9954447  0.28116321 0.07315567 -0.012914768 -0.001912321
OPML -0.5709861  -0.9933669  0.16148701 0.04466222 0.565968491 0.089079896
MAB -0.1815011  -0.9000182  -0.38221556 -0.30129985 -0.332204653 -0.149032506
I0B -0.1375705  -0.9137035  -0.13792909 -0.14563116 -0.099930963 -0.060045886
CRB -0.3125942  -0.9232915  -0.78497008 -0.36857808 -0.003747593 -0.001001414
CRH -0.1664465  -0.8926916  -0.16801498 -0.14324958 0.12250895 0.059442615
UTR -0.3052743  -0.9719565  0.2493131 0.12618864 -0.625687557 -0.180225987
MTL -0.143558 -0.9438013 0.03901157 0.04103148 -0.238136027 -0.142538979
UCL -0.1139252  -0.9058453  0.14720746  0.18607265 -0.309758896 -0.222823636

Var i ainc7.191833631

¢ % of Total
Variance

H % of Total
Variance

0.949

0.949

0.181750951

0.024

0.973

0.058863514

0.0078

0.9808
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Table 2.7: Principalcomponentsanalysis table using the covariance matrix of Bterina

mandible data (& 461) showing what factors contribute to each principal component explaining
the sample variation. The variables are the mandible characters (Figure 1.4) measured, while the

eigenvectors (e _1) and correlation coefficients (ry*1) give the relative waaghtvariable

contributes. The variance (lambdar) is an eigenvalue that is the measure of the amount of the
variation explained by the principal component. Each principal component accounts for a

smaller proportion of the total sample variation, bbew combined, the first three principal
components account for most of the total sample variation.

Principal Component 1

Principal Component 2

Principal Component 3

Variable er 1 ry*1 enr 2 ry"2 e™ 3 ry"3
GrLgt -0.63385 -0.98445 -0.114244388 -0.03558 0.666212 0.16734
MNL -0.51539 -0.95165 0.776334136 0.287464 -0.36248 -0.10825
MNH -0.37717 -0.95927 -0.430006963 -0.21931 -0.39281 -0.16157
ARB -0.11632 -0.87157 -0.14620436 -0.21969 -0.17897 -0.21687
CorHt -0.35404 -0.95593 -0.421850626 -0.22842 -0.38239 -0.16698
MdbTR -0.22688 -0.94307 0.003724787 0.003105 0.30367 0.20414
Var i anc3.235202 0.130101955 0.084618

¢ %ofTotal g3, 0.0374 0.0243

Variance

H% of Total ) g0, 0.9674 0.9917

Variance
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Table 28: Character loadings fahe skull measurements on the first coefficient of linear
discriminants for shortailed shrews in North Carolina. The variables in the left hand column are
the skull characters measured (Figure 1.4), which is followed by a species compaBEomaf
brevicauda(Blbr) andB. carolinensig(Blca), and a subspecies comparisoB.df. knoxjonesi

andB. b. talpoides A comparison of the misclassification error rates, percent of specimens
classified correctly anthe ratio of betweerand withingroup standa deviations for the linear

discriminant variables are also provided.

Between species
Blbr (n=297) and

Between Blbr subspecies
knoxjonesi(n=125) and

Blca (n=151) talpoides(n=172)
Factor Factor

Variable LD1 importance LD1 importance
GRL 0.62117339 7 20.7969931 4
OPML -1.41746699 3 0.45245974 7
MAB 1.20602585 5 0.73710139 5
IOB -1.24350704 4 0.19236811 8
CRB -0.04199313 9 1.18936612 3
CRH -0.26935501 8 0.05970473 9
UTR -2.49172784 1 1.2827919 1
MTL 1.7819057 2 0.51086301 6
ucCL -0.90606576 6 1.26408903 2
Misclassification , 544464286 0.1851852
Error Rate
% Classified 99.55357 81.48148
Correctly
Between/Within - 5,5 456 241.3292

Group
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Table 29: Character loadings for the mandible measurements dirgheoefficient of linear
discriminants for shortailed shrews in North Carolina. The variables in the left hand column are
the mandibular characters measured (Figure 1.4), which is followed by a species comparison of
Blarina brevicaudgBlbr) andB. carolinensis(Blca), and a subspecies comparisoB.ds.
knoxjonesandB. b. talpoides A comparison of the misclassification error rates, percent of
specimens classified correctly atie ratio of betweerand withirgroup standard deviations for

the linear discriminant variables are also provided.

Between species Between Blbr subspecies
Blbr (n=306) and knoxjonesi(n=126) and
Blca (n=155) talpoides(n=180)
Factor Factor
Variable LD1 importance LD1 importance
GrLgt -1.9073451 1 0.3789902 4
MNL 0.1005763 6 0.7408481 3
MNH -0.1062194 5 1.1420423 2
ARB 0.9377071 3 1.2651959 1
CorHt 0.377029 4 0.2647015 6
MdbTR -1.7423685 2 -0.30235 5
Misclassification 4 104338395 0.1666667
Error Rate
% Classified 99.56616 83,3333
Correctly
Between/Within 5434 129 250.4218
Group
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Table 2.10:Classification tree table with Gini splitting index frddfarina skull data (n = 448)
showing what factors best split the data into subpecies classes. The subspecies of the southern
shorttailed shrew Blarina carolinensis carolinensis Blcaca) and the northern shagiled

shrew B. brevicauda knoxjone$iBlbrkn andB. b. talpoidesi Blbrta) represent the classes used
while measured cranial characters (Figure 1.4) determine thanyrsplit in the tree. Relative

error (rel error), apparent error (x error) and apparent standard deviation (x std) are given for
each complexity parameter to compute two measures of predictive performance using the root
node error.

Tree Blca Blbr Blbr Total Proportion Complexity Expected Predicted Primary  Improvements
Node ca kn ta at at Node Parameter Loss=#of Class Split = Gain =
# Node (Total / CP = ( other impurity
448) classes / reduction
total at
node
. OPML <
1 151 125 172 448 1.0000 0.5471 0.6161 talpoides 19.735 151.4108
2 151 0 0 151 0.3371 0.0000 carolinensis
3 0 125 172 297 0.6629 0.2065 04209  tapoides o< 505258
4 0 117 60 177 0.3951 0.0199 0.3390 knoxjonesi %68; 11.8522
5 0 8 112 120 0.2679 0.0667 talpoides
6 0 69 11 80 0.1786 0.1375 knoxjonesi
. OPML <
7 0 48 49 97 0.2165 0.0199 0.4948 talpoides 21.08 3.8201
8 0 44 34 78 0.1741 0.0199 0.4359 knoxjonesi oo 3.4375
9 0 4 15 19 0.0424 0.2105 talpoides
. . OPML <
10 0 43 27 70 0.1563 0.0133 0.3857 knoxjoresi 21.885 3.0446
11 0 1 7 8 0.0179 0.1250 talpoides
12 0 12 1 13 0.0290 0.0769 knoxjonesi
13 0 31 26 57 0.1272 0.0133 0.4561 knoxjonesi Lng ';;5 25474
14 0 10 2 12 0.0268 0.1667 knoxjonesi
15 0 21 24 45 0.1004 0.0133 0.4667 talpddes ol 39850
16 0 15 7 22 0.0491 0.3182 knoxjonesi
17 0 6 17 23 0.0513 0.2609 talpoides
CP rel error X error x std
0.5417 1 1 0.0373
0.2065 0.4529 0.4565 0.0345
0.0199 0.2464 0.2935 0.0295
0.0133 0.1848 0.2971 0.0297
0.0100 0.1449 0.2717 0.0286

Root Node Error = 276/448 = 0.6161
Re-substitution Error Rate = 0.6161 * 0. 1449 = 0.0893 or 8.9% misclassified
Crossvalidated Error Rate = 0.6161 * 0.2717 = 0.1674 or 16.7% misclassified
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Table 2.11:Classification tree table with Gini splitting index frdharina mandible data (n =

461) showing what factors best split the data into subpecies classes. The subspecies of the
southern sho#tailed shrew Blarina carolinensis carolinensis Blcacg and the northern shert

tailed shrewB. brevicauda knoxjone$iBlbrkn andB. b. talpoidesi Blbrta) represent the

classes used while measured cranial characters (Figure 1.4) determine the primary split in the
tree. Relative error (rel error), apparembe (x error) and apparent standard deviation (x std) are
given for each complexity parameter to compute two measures of predictive performance using
the root node error.

Tree Blca Blbr Blbr Total Proportion Complexity Expected Predicted Primary  Improvements
Node ca kn ta at at Node Parameter Loss=#of Class Split = Gain =
# Node (Total / (Ccp = other impurity
461) classes / reduction
total at
node
. GrLgt <
1 155 126 180 461 1.0000 0.5516 0.6095 talpoides 13.185 153.3737
2 155 2 0 157 0.3406 0.0127 carolinensis
3 0 124 180 304  0.6594 0.2135 0.4079 talpoides g‘(’gg < 59.8798
4 0 121 61 182 0.3948 0.0605 0.3352 knoxjonesi 2"2'%: 14,5458
5 0 3 119 122 0.2646 0.0246 talpoides
6 0 110 33 143 0.3102 0.2308 knoxjonesi
7 0 11 28 39 0.0846 0.2821 talpoides
CP rel error X error x std
0.5516 1.0000 1.0000 0.0373
0.2135 0.4484 0.4520 0.0341
0.0605 0.2349 0.2598 0.0279
0.0100 0.1744 0.2100 0.0255

Root Node Error = 281/461 = 0.6095
Re-substitution Error Rate = 0.6095 * 0. 1744 = 0.1063 or 10.6% misclassified
Crossvalidated Error Rate = 0.6095 * 0.2100 = 0.1280 or 12.8% misclassified
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Figure 2.1: Description of the skull and mandible characters measured foBé@atha museum
specimen sampled. Character descriptions: GRL = greatest skull length (includes incisor); OPML
= occipitatpremaxilla length (length minus incisor); MAB = maxillary breadth; IOB =

interorbital breadth; CRB = cranial breadth; CRH = cranial helghR = upper toothrow

(includes upper incisor); MTL = length of molariform toothrow {#3); UCL = unicuspid

toothrow length; GrtLt = greatest length of mandible with incisor; MNL = length of mandible
without incisor; MNH = height of mandible; CorHt = commd process height; ARB = articular
breadth; MdbTr = mandibular toothrow. Dorsal, ventral and lateral view of cranium and lateral
view of lower jaw ofBlarina brevicaudgNCSM 14408 male and NCSM 14409 female; NC,

Polk County, Saluda, Green River Game darrawn by L. Bradford. Layout by B. W. Wynne.
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a. County only: Lat/Long taken at geographic center of Lee County NC. Point radius
uncertainty is greatest extent of county.

b. City, town or locale: Lat/Long taken at population center of Raleigh. Padius
uncertainty is greatest extent of locale.

Figure 2.2: Examples of point used for latitude and longitude coordinates, and confidence of
localities usinghe mapping software Topo North America version 10.0 (DeLorme, 2013).
Examples are: a. counpnly; b. city, town or locale; c. stream, creek or branch; d. road distance;

and e. GPS points.
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