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ABSTRACT

PHYLOGENETICS OF THE SCOLYTINI (COLEOPTERA: CURCULIONIDAE:
SCOLYTINAE) AND HOST-USE EVOLUTION

By
Sarah Marie Smith

The Nearctic bark beetle genus Scolytus was revised based in part on a molecular
phylogeny. Monophyly of the native species was tested using mitochondrial (COI) and nuclear
(28S, CAD, ArgK) genes and 43 morphological characters in parsimony and Bayesian
phylogenetic analyses. Parsimony analyses of molecular and combined datasets provided
variable results while Bayesian analysis recovered most nodes with posterior probabilities >90%.
Native angiosperm and conifer-feeding Scolytus spp. were recovered as paraphyletic. Twenty-
five species were recognized. Four new synonyms were discovered: Scolytus praeceps LeConte
1868 (=S. abietis Blackman 1934; = S. opacus Blackman 1934), S. reflexus (= S. virgatus Bright
1972; =S. wickhami Blackman 1934). Two species were removed from synonymy: Scolytus

fiskei Blackman 1934 and S. silvaticus Bright 1972. Neotypes were designated for the following
species: Scolytus aztecus Wood 1967, S. hermosus Wood 1968 and S. mundus Wood 1968. A
key, diagnosis, redescription, distribution, host records and images were provided for each

species.

The influence of plants in the diversification of herbivorous insects, specifically those
that utilize moribund and dead hosts, is unclear. Scolytini, a diverse tribe of weevils, specialize

on many different plant taxa as a source of food. The phylogenetics of the Scolytini were



reconstructed using Bayesian analyses to examine the origin, test the monophyly of Scolytini
genera, and illuminate patterns of host-use and feeding habits among the tribe. Analyses were
based on COI, 28S, CAD and ArgK. Ancestral host usage was reconstructed using likelihood
criteria. Diversification of the Scolytini generally occurred well after host taxa diversified, as a
combination of host shifts and lineage tracking. Repeated independent shifts to the same hosts
occurred. Diversification occurred on common and widespread hosts, there was a single
origination of conifer-feeding from angiosperm-feeding species and evolution of fungus-feeding
from phloem-feeding ancestors. Overall, the observed patterns of Scolytini host-use can be

explained by a combination of the sequential evolution and host-use oscillation hypotheses.

The Neotropical bark beetle genera Cnemonyx Eichhoff 1868 and Scolytus Geoftroy1762
were reviewed as part of ongoing research into the higher-level taxonomy of the Scolytini.
Ceratolepsis Chapuis 1869 was removed from synonymy with Cnemonyx and seven new
combinations are reported: Ceratolepsis amazonicus Eggers 1929, C. boliviae (Blackman) 1943,
C. hylurgoides (Schedl) 1948, C. insignis (Wood) 1969, C. jucundus Chapuis 1869, C.
maculicornis Blandford 1896 and C. niger (Eggers) 1929. One new species was described:
Scolytus rabagliatus. Cnemonyx setulosus (Eggers) 1929 was removed from synonymy with C.
panamensis (Blandford) 1896. Four new synonyms were discovered: Ceratolepsis Chapuis (=
Coptosomus Schedl 1952), Cnemonyx setulosus (Eggers) 1929 (= Cnemonyx similis (Eggers)
1929), Scolytus proximus Chapuis 1869 (=Scolytus brevicauda Wichmann 1915) and Scolytus
thoracicus Chapuis 1869 (= Scolytus plaumanni Wood 2007). One new distribution record was

reported: Scolytus multistriatus in South America (Brazil).
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CHAPTER 1

A MONOGRAPH OF THE NEARCTIC SCOLYTUS GEOFFROY (COLEOPTERA:
CURCULIONIDAE: SCOLYTINAE)



Abstract

The Nearctic bark beetle genus Scolytus was revised based in part on a molecular
phylogeny. Monophyly of the native species was tested using mitochondrial (COI) and nuclear
(28S, CAD, ArgK) genes and 43 morphological characters in parsimony and Bayesian
phylogenetic analyses. Parsimony analyses of molecular and combined datasets provided
variable results while Bayesian analysis recovered most nodes with posterior probabilities >90%.
Native angiosperm and conifer-feeding Scolytus spp. were recovered as paraphyletic. Native
Nearctic species were recovered as two lineages with hardwood-feeding species sister to
introduced Palearctic hardwood-feeding species rather than native conifer-feeding species. The
Nearctic conifer-feeding species were monophyletic. Twenty-five species were recognized. Four
new synonyms were discovered: Scolytus praeceps LeConte 1868 (=S. abietis Blackman 1934;
= S. opacus Blackman 1934), S. reflexus (= S. virgatus Bright 1972; =S. wickhami Blackman
1934). Two species were removed from synonymy: Scolytus fiskei Blackman 1934 and S.
silvaticus Bright 1972. Neotypes were designated for the following species: Scolytus aztecus
Wood 1967, S. hermosus Wood 1968 and S. mundus Wood 1968. A key, diagnosis,

redescription, distribution, host records and images were provided for each species.



Introduction

The Scolytinae is comprised of at least 6,000 species in 26 tribes and approximately 225
genera (Wood and Bright 1992; Mandelshtam and Beaver 2003; Oberprieler et al. 2007). These
‘bark beetles’ are ubiquitous in forests worldwide. Many species contribute to the decomposition
of dead vegetation while others are capable of causing substantial host mortality. Bark beetle
adults and larvae feed on phloem and cambium of living, declining, or dead trees (Wood 1982).

Beetle feeding on phloem hastens the decomposition of trees and the introduction of
other xylophagous organisms. Some bark beetle species kill live trees by introducing fungi into
otherwise healthy trees as a by-product of phloem feeding and the galleries may girdle the host
causing mortality (Wood 1982). At high density these species cause widespread destruction of
economically valuable tree species, giving bark beetles their nefarious reputation as ecologically
and economically destructive forest pests (Furniss and Carolin 1977), the most destructive of
which is the mountain pine beetle, Dendroctonus ponderosae Hopkins 1902. This species occurs
in Rocky Mountains states and provinces of the US and Canada (Furniss and Carolin 1977).
During part of an outbreak that began in the early 1990’°s more than four million hectares of pine
forest were infested in British Columbia alone (Ebata 2004; Taylor and Carroll 2004). Ips
typographus (L.) 1758, the European spruce bark beetle, is the most destructive species in
Europe and during an outbreak between 1990 and 2001 infested more than 2.8 million hectares
of spruce (Grégoire and Evans 2004). Scolytus Geoffroy 1762, contains six potential tree killing
species that cause significant mortality of both conifers (Cibrian Tovar et al. 1995) and Carya
spp. (Furniss and Carolin 1977) in the Nearctic region. Scolytus multistriatus (Marsham) is a key

vector of the fungi associated with lethal Dutch elm disease, a pathogen that has killed millions



of Ulmus spp. trees in forest and urban areas across much of the US (Furniss and Carolin 1977).
Mortality caused by various Scolytus species is often sporadic and short-term, although some
outbreaks locally affect thousands of acres a year (Furniss and Carolin 1977). Damage is most
severe in times of environmental stress, which is mostly associated with drought and other insect
infestations. For example, Scolytus ventralis LeConte killed approximately 72,843 hectares of
Abies spp. in California alone in a year (Furniss and Carolin 1977).

In addition to destruction caused by native North American scolytines, introductions of
exotic bark beetle species threaten native forests (Haack 2001, 2006; Brockerhofft et al. 2006;
Aukema et al. 2010, 2011; Hulcr and Dunn 2011). Exotic scolytines are among the most
frequently intercepted species from shipping dunnage and packing crates (Haack 2001, 2006).
The ability to detect and manage both native and exotic species relies on a solid understanding of
systematics, phylogenetics, and taxonomy, which has not been achieved for most groups of bark
beetles on a worldwide scale (Wood and Bright 1992). Other economically important bark beetle
genera such as Dendroctonus Erichson 1836 and Ips DeGeer 1775 have received considerable
attention and therefore have a reasonably solid understanding of the taxonomy (Wood and Bright

1992) but Scolytus is also important and notoriously difficult to identify.

Natural History

Scolytus are distributed in the Nearctic, Palearctic and Neotropical regions and some
Palearctic Scolytus species have been introduced to the Nearctic, South Africa, Australia, New
Zealand and temperate South America (Rosel and French 1975; Bain 1990; Wood and Bright
1992; Six et al. 2005; Wood 2007). In the Nearctic region, Scolytus species occur from the

Atlantic to Pacific Oceans and from the boundary of the Neotropical region to within the Arctic



Circle. In the Nearctic, native angiosperm feeders are generally found from the Atlantic coast to
Texas and west to the foothills of the Rocky Mountains. With the exception of S. piceae
(Swaine), conifer-feeding Scolytus are restricted to the occurrence of host trees in western
mountain ranges including the Rockies. Scolytus piceae has an expansive range from the east and
west coasts of North America and from northern California and Colorado north to the Arctic
Circle. Introduced Scolytus species are found throughout the US, northern Mexico and Southern
Canada (S. mali (Bechstein) 1805, S. multistriatus (Marsham) 1802, S. rugulosus (Miiller 1802),
and S. schevyrewi Semenov 1902).

Members of the Scolytus conifer-feeding clade feed exclusively on Pinaceae genera,
including Abies Mill., Larix Mill., and Picea D.Don. ex Loudon, Pseudotsuga Carricre, and
Tsuga Carriére, but with the notable exception of Pinus L. (Wood and Bright 1992) (Table 1.1).
Members of the angiosperm feeding clade, S. muticus Say, S. fagi Walsh, S. quadrispinosus Say,
feed on the families Cannabaceae (Celtis L.), Fagaceae (Fagus L., Quercus L.) and Juglandaceae
(Carya Nutt.) respectively (Table 1.2).

All Nearctic Scolytus species are monogamous. Females select brood material, begin galley
construction and are subsequently joined by males. Males walk across the host material in search
of females. Mating occurs with the female in the gallery and the male on the bark. The female
creates an entrance tunnel at a 45-degree angle, boring through the bark to the cambium. From
the entrance tunnel, she excavates a nuptial chamber and depending on the species, also one or
two egg galleries in either direction of the entrance tunnel. The nuptial chamber and galleries are
excavated in the cambium but also etch the sapwood. Females excavate egg niches on both sides
of the egg galleries and a single egg is deposited in each niche. Adult males assist in removing

frass and generally stay with the female until egg gallery construction is complete. The male then



leaves the gallery and the female dies in the entrance tunnel with her abdomen projecting onto
the bark surface. Larval galleries radiate away from the egg tunnels as they feed on phloem, also
etching the sapwood. Once larvae mature, the prepupae burrow into the outer sapwood where
pupation occurs. The brood overwinters as pupae and adults emerge in the spring (Edson 1967).
Upon emergence, species may engage in maturation feeding on twig crotches and/or leaf petioles
for S. mali, S. multistriatus, S. quadrispinosus, S. rugulosus, S. schevyrewi (Hoffman 1942;
Baker 1972; Negron et al. 2005), and within small twigs for S. fiskei (as S. unispinosus in
McMullen and Atkins 1962).

Gallery shape is directly related to the resin system of the host genus. Larix, Picea and
Pseudotsuga possess an elaborate system of resin ducts with vertical and radial ducts that are
connected to each other (Lieutier 2004). Scolytus galleries in these tree genera are consistently
parallel to the grain of the wood. The vertical ducts are abundant in these tree genera and when
the beetle constructs a vertical egg gallery both ducts are severed. As the gallery is elongated,
only vertical canals are severed. This minimizes exposure of Scolytus to host resins (Lieutier
2004). Abies and Tsuga lack resin canals and instead possess resin blisters in these genera
galleries are less constrained because there are no resin canals to avoid (Lieutier 2004). Galleries
in these genera are quite variable and may be transverse, “V” or epsilon shaped depending on the
species.

All conifer-feeding Scolytus exhibit primary attraction to host volatiles rather than to
pheromones produced by conspecifics (Macias-Samano et al. 1998a). The attraction of
angiosperm-feeding species is not well understood but primary attraction, attraction to the host,
seems likely for native S. quadrispinosus and the invasive species S. rugulosus and S. schevyrewi

(Goeden and Norris 1964a; Kovach and Gorsuch 1985; Lee et al. 2010). Scolytus multistriatus



exhibits secondary attraction, attraction using pheromones, to the pheromones 4-methyl-3-
heptanol and multistriatin in combination with alpha-cubene (Lanier et al. 1977). In endemic
populations, Scolytus will infest over-mature or weakened standing trees, shaded out branches,
fresh logging slash, windthrown trees and fallen branches. During outbreaks, vigorous trees may
be colonized by more aggressive species such as S. quadrispinosus, S. mundus and S. ventralis
(Edson 1967; Furniss and Carolin 1977) and secondary species such as S. monticolae, S.
unispinosus (McMullen and Atkins 1959). While Scolytus species are generally common in the
forest they are rarely abundant and seldom encountered by collectors. Scolytus prefer fresh and
moist host material. Sun-baked material is not preferred, but Scolytus galleries may be present in
cooler, moister areas that receive a lot of shade or on the underside of fallen trees and branches.
Infested branches and trees typically still bear green needles (Smith, pers. obs.). The entrance can
be identified by peeling off the bark flakes with a knife and searching for white to tan colored
boring dust or by close examination of the lateral and ventral sides of trunks and branches of
smooth barked hosts. In Pseudotsuga, the entrance tunnels of Pseudohylesinus Swaine 1917 can
be easily confused with those of Scolytus, but Scolytus entrance tunnels are at a steeper angle and
the boring dust is reddish. Some Scolytus species, including S. piceae, S. monticolae and S.
subscaber typically attack shaded out branches on standing trees. Infested material can be
recognized by yellowing needles. Scolytus females typically conceal their entrance tunnels under

bark flakes (common in Picea, Pseudotsuga, Tsuga) or in rough patches of bark (4bies, Larix).

Systematics
The Scolytini currently contains 209 species and six genera including Camptocerus

Dejean 1821, Ceratolepsis Chapuis 1869, Cnemonyx Eichhoff 1868, Loganius Chapuis 1869,



and Scolytopsis Blandford 1896 and Scolytus. With the exception of Camptocerus, the tribe
consists of cambium feeding bark beetles. Scolytus is unusual among scolytines because it is one
of five genera in the subfamily that contain some species that feed exclusively on angiosperms
and others that feed exclusively on conifers (Wood 1986). Twenty Nearctic and three Palearctic
species feed on conifers. A single apical, unarmed spine-like process that curves toward and
extends beyond the process of the inner apical angle of the protibia and a seven-segmented
funicle readily distinguishes the tribe. All display a strongly sexually dimorphic head bearing
hair-like setae, with the male frons variously excavated and female frons typically flat to convex.
The eye is entire and the posterior area of the head is subtruncate. The pronotum is unarmed with
a costate lateral margin. In addition, the metapleural suture descends subventrally to the groove,
receiving the groove on the costal margin of the elytra, then turns abruptly and parallels the
groove near the metacoxal process (Wood 1972, 1978, 1982, 1986). Scolytus is perhaps one of
the easiest bark beetle genera to recognize with its distinctive ascendant second abdominal
sternite, the slightly if at all declivous elytra and by the basal area of the elytra that is depressed

around the triangular scutellum (Wood 1982).

Sexual Dimorphism

Scolytus species are sexually dimorphic. Sexually dimorphic structures are typically on
the frons and epistoma (Figure 1.9) and the abdominal sternites and vary by clade (see clade
discussions in results). Males typically have a flattened, impressed frons when viewed laterally
and the female frons is always more strongly convex. The male frons is more strongly and
coarsely longitudinally aciculate than the female and covered with longer, more abundant and

dense erect setae. The epistomal process (when present) is more strongly developed in the male



and less developed in the female. With the exception of S. piceae, the spines, tubercles, denticles,

carinae and tumescence on the venter are more pronounced in males.

Taxonomic History
There are currently 125 recognized Scolytus species around the world (Wood and Bright

1992; Wood 2007; Knizek 2011). Twenty-three species occur in the Nearctic region, including
four invasive Palearctic species. Several Nearctic Scolytus species were described as the North
American continent was explored. General entomologists including Say (1824), Riley (1867) and
Walsh (1867) first described the eastern angiosperm feeders. LeConte (1868, 1876) described the
most common California species and species native to the interior mountain ranges. The
prominent scolytine taxonomists Swaine (1910, 1917), Blackman (1934), Wood (1962, 1967,
1968) and Bright (1964, 1972) also described several Scolytus species. Scolytus californicus
LeConte (1868) was described from “California” but Blackman (1934) deemed this species a
synonym of S. scolytus (F.). Blackman also suggested that the specimen given to LeConte might
have been incorrectly labeled with the “California” locality. This species has been intercepted
within the United States on numerous occasions but has never established a population
(Blackman 1934; Wood 1982). Scolytus scolytus was therefore excluded from this monograph.

Historically, there has been a great deal of uncertainty regarding the status of several
Scolytus species, particularly: S. monticolae (Swaine) and S. tsugae (Swaine), S. abietis
(Blackman) and S. opacus (Blackman), S. reflexus Blackman and S. wickhami Blackman, and S.
fiskei Blackman and S. unispinosus LeConte. Blackman (1934) and Wood (1982) formally
revised the Nearctic Scolytus. A third revision by Edson (1967) applied as a M.S. thesis, was

never published. Wood (1982) synonymized several species described by Blackman including S.



abietis, S. wickhami and S. fiskei. However, Edson (1967) recognized these species based on
morphological, ecological and geographical differences. One of these species, S. abietis
Blackman, was recently removed from synonymy because of such differences (Equihua-
Martinez and Furniss 2009). Within Scolytus, species are generally recognized based on
differences in male morphology, specifically the shape, concavity or lack thereof, ascending
angle and protrusion of the basal margin of the second abdominal sternite, the placement and
shape of the spine or lack thereof on the second sternite, presence or absence of a spine on the
margin of sternite 2 and 3 and the frons aciculation and vestiture. Differences among species are
generally subtle, and substantial knowledge of the intraspecific variation is needed for accurate
identifications. Also, diagnostic morphological characters are absent for females; to date
diagnostic characters are known only for females of angiosperm feeding species (Smith and
Cognato 2010a). Association with a male or comparison to previously identified females is
needed to identify female specimens of conifer feeders. Previous keys (LeConte 1876; Swaine
1918; Blackman 1934; Chamberlin 1939, 1958; Edson 1967; Bright and Stark 1973; Bright
1976; Wood 1982; Furniss and Johnson 2002) did not address the above deficiencies in species
identification. In addition, previous authors were not explicit about their species concepts, raising
doubts about the species boundaries.

Unlike previous investigations (Blackman 1934; Edson 1967; Bright 1976; Wood 1982),
this study incorporates molecular and morphological data in phylogenetic analyses, which
provides a basis for assessing species boundaries. This is the first modern taxonomic treatment of
any group of Scolytus species and will serve as the basis from which the rest of the genus will be
revised. This regional monograph of the Nearctic Scolytus provides a thorough review of

taxonomic characters, an assessment of their phylogenetic utility, an evaluation of intraspecific
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variation for each species, a key to both sexes and fully illustrates each species and diagnostic

characteristics. There are currently 25 Nearctic Scolytus species.

A checklist of the Nearctic Scolytus species

Scolytus aztecus Wood 1967
Scolytus dentatus Bright 1964
Scolytus fagi Walsh 1867
Scolytus fiskei Blackman 1934 removed from synonymy
Scolytus hermosus Wood 1968
Scolytus laricis Blackman 1934
Scolytus mali (Bechstein) 1805 — Introduced

= Scolytus sulcatus LeConte 1868
Scolytus monticolae (Swaine) 1917
Scolytus multistriatus (Marsham) 1802 - Introduced
Scolytus mundus Wood 1968
Scolytus muticus Say 1824
Scolytus obelus Wood 1962
Scolytus oregoni Blackman 1934
Scolytus piceae (Swaine) 1910
Scolytus praeceps LeConte 1876

= Scolytus abietis Blackman 1934 syn. n.

= Scolytus opacus Blackman 1934 syn. n.

Scolytus quadrispinosus Say 1824
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= Scolytus carya Riley 1867

= Scolytus caryae Walsh 1867
Scolytus reflexus Blackman 1934

= Scolytus virgatus Bright 1972 syn. n.

= Scolytus wickhami Blackman 1934 syn. n.
Scolytus robustus Blackman 1934
Scolytus rugulosus (Miiller) 1818 - Introduced
Scolytus schevyrewi Semenov 1902 - Introduced
Scolytus silvaticus Bright 1972 removed from synonymy
Scolytus subscaber LeConte 1876
Scolytus tsugae (Swaine) 1917
Scolytus unispinosus LeConte 1876

= Scolytus sobrinus Blackman 1934

Scolytus ventralis LeConte 1868

Materials and Methods
Materials
Morphology
This revision is based upon examination of 4,957 adult ingroup specimens and 447
outgroup specimens. Specimens were obtained from field collecting events, reared from host
material, or on loan from North American and European collections. The Palearctic species
Scolytus intricatus (Ratzeburg) 1837, S. laevis Chapuis 1869, S. mali, S. multistriatus, S.

propinquus Blandford 1896, S. pygmaeus (F.) 1787, S. ratzeburgii Janson 1856, S. rugulosus, S.
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schevyrewi, S. scolytus (F.) 1775, S. sinopiceus Tsai 1962, and S. sulciforns Rey 1892 were

selected as outgroups. Scolytus propinquus, a Neotropical species, was selected as the root taxon.

The following entomological collection abbreviations (most following Arnett et al. 1993) are

referenced in the text. Names of the curators that prepared loans are listed in parentheses.

ANSP

CASC

CSCA

CNCI

CSuC

CUIC

DEBC

EMEC

FMNH

ISNB

MCZC

Academy of Natural Sciences, Philadelphia, Pennsylvania

California Academy of Sciences, San Francisco, California (David Kavanaugh)
California State Collection of Arthropods, Sacramento, California (Andrew Cline
and Jacqueline Kishmirian)

Canadian National Collection of Insects, Ottawa, Ontario, Canada (Hume
Douglas, Patrice Bouchard)

C. P. Gillette Museum of Arthropod Biodiversity, Colorado State University, Fort
Collins, Colorado (Boris KondratiefY)

Cornell University Insect Collection, Cornell University, Ithaca, New York
(James Liebherr)

Donald E. Bright, Jr. Collection, Fort Collins, Colorado (Donald E. Bright, Jr.), to
be housed at the CNCI

Essig Museum of Entomology, University of California Berkeley, Berkeley,
California (Cheryl Barr)

Field Museum of Natural History, Chicago, Illinois (James Boone)

Institut Royal des Sciences Naturelles de Belgique, Brussels, Belgium (Pol
Limbourg)

Museum of Comparative Zoology, Harvard University, Cambridge,
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Massachusetts (Philip Perkins)
MSUC Albert J. Cook Arthropod Research Collection, Michigan State University, East
Lansing, Michigan (Gary Parsons)
NHMW Naturhistorisches Museum Wien, Vienna, Austria (Harald Schillhammer)
OSAC Oregon State Arthropod Collection, Oregon State University, Corvallis, Oregon

(Christopher Marshall)

RJRC Robert J. Rabaglia Collection, Annapolis, Maryland (Robert J. Rabaglia)

SBMN Santa Barbara Museum of Nature, Santa Barbara, California (Michael Caterino)

SMEC Snow Entomological Museum, Lawrence, Kansas (Zachary Falin)

THAC Thomas H. Atkinson Collection, Austin, Texas (Thomas Atkinson)

WFBM William F. Barr Entomological Collection, University of Idaho, Moscow, Idaho
(Frank Merickel)

UMMZ Museum of Zoology, University of Michigan, Ann Arbor, Michigan (Mark
O’Brien)

USNM National Museum of Natural History, Smithsonian Institution, Washington, DC

(Including Stephen L. Wood Collection) (Natalia Vandenberg)

Additional distribution records were compiled from the following publications:
Blackman 1922, 1934; Doane et al. 1936; Edson 1967; Bright and Stark 1973; Bright 1976;
Furniss and Carolin 1977; Furniss and Johnson 1987; Gast et al. 1989; Wood and Bright 1992;
Cibrian Tovar et al. 1995; Furniss and Johnson 2002; Furniss et al. 2002; Lee et al. 2006;

Humble et al. 2010; Smith and Cognato 2010a; Furniss and Kegley 2011; Lee et al. 2011). Plant
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nomenclature was verified using the Missouri Botanical Garden’s Tropicos database

(www.tropicos.org) and the International Plant names index (www.ipni.org).

Specimens were examined using either a Leica (Wetzlar, Germany) MZ125 or MZ16
compound microscope and illuminated with a SCHOTT (Mainz, Germany) 150W halogen light
source (model ACE®1). Images were taken with a Visionary Digital Passport II system
(Palmyra, VA) using a Canon EOS 5D Mark II, 58mm Canon Macro photo lens, Canon
Speedlite transmitter ST-E2, two Canon Speedlite 4303X 1I flashes and a Stack Shot (Cognisys,
Inc, Kingsley, MI). Montage images were assembled using Helicon Focus Mac Pro 4.2.8
(Helicon Soft, Kharkov, Ukraine). Measurements were made using an ocular micrometer on the
same microscope and with the same light source as above and calibrated with ROK (Shenzhen,
China) 150mm digital calipers (model DC-122A) following the protocol of Smith and Cognato
(2010b). Measurements were taken from the specimen’s dorsal surface. Length was measured
from the pronotum apex to the elytral apex. Width was measured at the widest part of the
pronotum. Proportions are given as the ratio of length to width. A maximum of 50 specimens
were measured for each species and were selected to encompass the known distribution.

If important locality data such as state or county was missing from specimen labels, the
information was inserted between square brackets in the material examined. Locality data was
obtained through examination of atlases and Google Earth. Holotypes of Scolytus sulcatus and
Scolytus californicus LeConte 1868 were not physically examined. Type images were examined

from the MCZ type database (http://insects.oeb.harvard.edu/mcz/) and the synonymy of these

species was confirmed. Scolytus californicus was not included in this revision because it is a

synonym of S. scolytus, which is not established in the Nearctic.
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Taxonomic Characters

External anatomical terminology followed Hopkins (1909) subsequently used by Schedl
(1931), Kaston (1936), Edson (1967) and Wood (1982, 1986, 2007). Sculpture terminology
followed Torre-Bueno (1989). Several highly informative recently described Scolytini characters
were also scored (Smith and Cognato 2010b). Provisional morphological homology was assessed
by similarity and relative positions of characters as previously described. Sternites 1 and 2 are
internal and are not externally visible (Hopkins 1909) so only visible sternites are referred to in
the text. The third and fourth sternites are respectively referred to as the first and second sternites
etc., as in Smith and Cognato (2010b).

Characters were scored from both sexes unless otherwise noted. Scolytus exhibits strong
sexual dimorphism of the frons and abdominal venter; males display a wide array of
morphological features, particularly on the venter, whereas females are conserved. As a
consequence, characters were predominately male based. Characters and character state numbers
correspond to data coded in the morphological data matrix for each taxon. The character matrix
(Table 1.3) was constructed and edited using the online database MX (Yoder et al. 2006).
Character transformations were evaluated using MacClade 4.0 PPC (Maddison and Maddison
2000) and homology of characters and definitions of characters states were re-examined and
modified if necessary.

Ecological characters such as gallery pattern and host were scored. Character states were
assigned based on a comprehensive literature review (e.g. von Butovitsch 1929; Chamberlin
1939; Schedl 1948; Balachowsky 1949; Stark 1952; Chamberlin 1958; Edson 1967; Bright and
Stark 1973; Michalski 1973; Bright 1976; Furniss and Carolin 1977; Wood 1982; Atkinson and

Equihua-Martinez 1986a; Wood and Bright 1992; Pfeffer 1994; Cibrian Tovar et al. 1995; Bright
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and Skidmore 1997, 2002; Furniss and Johnson 2002), and with field notes, and label data on
pinned museum specimens.

A total of 43 characters were used in this study (19 binary and 24 multistate). Ten
characters were coded from the head, two from the thorax, ten from the elytra, one from the
metepimeron, 17 from the venter and three ecological characters. Consistency and retention
index values (ri and ci respectively) from the morphological phylogeny (Figure 1.1) and
generated from MacClade are listed next to each character. Characters, states as follows:

1. Epistomal emargination (ci = 0.22; ri= 0.22): (0) weak; (1) moderate; (2) strong.

2. Male epistomal process (ci = 0.25; ri = 0.63): (0) absent; (1) present.

3. Male frons shape (ci =0.25; ri = 0.45): (0) convex; (1) flat; (2) impressed.

4. Male frons vestiture distribution (ci = 0.33; ri = 0.20): (0) glabrous; (1) uniform; (2)
predominately on margins; (3) epistomal region.

5. Male frons vestiture length (ci =0.4; ri = 0.0): (0) less than width of eye; (1) equal to width of
eye; (2) greater than width of eye.

6. Male frons sculpturing (ci =0.38; ri = 0.50): (0) coarsely aciculate; (1) weakly aciculate; (2)
rugose-reticulate; (3) smooth.

7. Male frons punctures (ci =0.33; ri = 0.71): (0) small, fine; (1) small, coarse; (2) impunctate.
8. Female frons shape (ci =0.67; ri = 0.50): (0) flat; (1) impressed; (2) convex; (3) excavated.
9. Female frons sculpturing (ci =0.29; ri = 0.44): (0) coarsely aciculate; (1) finely aciculate; (2)
reticulate.

10. Female frons punctures (ci =0.14; ri = 0.54): (0) small, fine; (1) small, coarse.

11. Pronotum length to width (ci = 0.50; ri = 0.50): (0) as long as wide; (1) wider than long.
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12. Metepimeron length (ci =0.29; ri = 0.50): (0) less than half-length of metepisternum; (1) half
length of metepisternum; (2) greater than half-length of metepisternum.

13. Elytral sides sub-parallel (Michalski 1973) (ci =0.25; ri = 0.50); (0) on basal half; (1) on
apical half.

14. Interstrial setae (ci =0.22; ri = 0.56); (0) glabrous; (1) sparse; (2) moderate.

15. Interstrial impression (ci =0.13; ri = 0.42): (0) not impressed; (1) faintly impressed.

16. Interstrial width (ci =0.29; ri = 0.44): (0) equal to striae; (1) twice width of striae; (2) more
than twice the width of striae.

17. Relative size of interstrial punctures (ci =0.25; ri = 0.25): (0) equal to strial; (1) smaller than
strial.

18. Strial impression (ci =0.40; ri = 0.70): (0) not impressed; (1) weakly impressed; (2)
moderately impressed

19. Male elytral apex shape (ci =0.25; ri = 0.67): (0) rounded; (1) subquadrate.

20. Elytral apex emargination (ci=0.38; ri = 0.76): (0) absent; (1) weak; (2) moderate; (3)
strong.

21. Apical margin of elytra serrate (ci =0.20; ri = 0.33): (0) absent; (1) present.

22. Punctures on elytral apical margin (ci=0.20; ri = 0.53): (0) impunctate; (1) small, fine; (2)
large, coarse.

23. Venter appearance (Blackman 1934) (ci =0.11; ri = 0.50): (0) smooth, shining; (1)
shagreened, dull.

24. Venter setae length (ci1 =0.23; ri = 0.50): (0) less than 1 diameter of a puncture; (1) less than
width of segment 3; (2) greater than width of segment 3; (3) glabrous.

25. Female second sternite (ci =0.60; ri = 0.50): (0) unarmed; (1) apical; (2) basal; (3) medial.
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26. Suture between first and second sternites (Wood 1982) (ci =0.50; ri = 0.0): (0) clearly
visible; (1) obsolete.

27. Male first sternite apical margin (ci = 0.42; ri = 0.68): (0) rounded, on vertical face; (1)
weakly elevated; (2) lip; (3) weakly produced; (4) strongly produced; (5) flush, not on vertical
face.

28. Male second sternite armature (ci =0.36; ri = 0.42): (0) unarmed; (1) basal spine; (2) medial
spine; (3) apical spine; (4) carina on basal half; (5) carina on apical half.

29. Male second sternite face (ci =0.33; ri = 0.67): (0) convex; (1) weakly concave; (2) strongly
concave; (3) flat.

30. Second sternite punctures (ci =0.25; ri = 0.63): (0) small, fine; (1) small, coarse.

31. Setal tuft on male second sternite (ci =1.00; ri = 0.0): (0) absent; (1) present.

32. Second sternite lateral spines (ci = 0.50; ri = 0.0): (0) absent; (1) present.

33. Third sternite lateral spines (ci = 0.50; ri = 0.0): (0) absent; (1) present.

34. Fourth sternite lateral spines (ci = 0.50; ri = 0.0): (0) absent; (1) present.

35. Male fourth sternite armed medially (ci= 0.17; r1 = 0.29): (0) absent; (1) present.

36. Male fifth sternite (ci =0.60; ri = 0.75): (0) unarmed - lacking carina; (1) midpoint of the
carina closer to apex; (2) midpoint of the carina closer to base; (3) carina midpoint equidistant
from base and apex.

37. Relative size of male fifth sternite compared to the third and the fourth (ci =0.15; ri = 0.48):
(0) 5 larger; (1) 3+4 larger; (2) equal.

38. Male fifth sternite setal patch (ci =0.33; ri = 0.50): (0) absent; (1) present.

39. Male fifth sternite with a median depression (ci =0.33; ri = 0.50): (0) absent; (1) present.
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40. Male metatibial setae (ci =0.50; ri = 0.0): (0) not conspicuously longer than those of other
tibiae; (1) much longer and more abundant than those of other tibiae.

41. Mating system (ci = 1.00; ri = 0.0): (0) monogamy; (1) polygamy.

42. Gallery type (ci =0.50; ri = 0.70): (0) vertical; (1) transverse; (2) epsilon; (3) multi-branched.
43. Host (c¢1=0.73; ri = 0.73): (0) Fabaceae; (1) Pseudotsuga; (2) Abies; (3) Picea; (4) Larix; (5)
Tsuga; (6) Ulmaceae; (7) Rosaceae; (8) Fagaceae; (9) Cannabaceae; (A) Juglandaceae; (B)

Betulaceae.

Taxa, DNA sequences and Alignment

Iincluded 83 specimens (Table 1.4) representing 32 Scolytus species to reconstruct
phylogenies using DNA sequences from mitochondrial and nuclear genes and morphology. The
same Palearctic outgroup species used in the morphological analyses were included in the
molecular dataset. As many Nearctic species as possible were included in the analysis. I was
unable to collect fresh material for Scolytus dentatus, S. hermosus, S. mundus, and S. silvaticus,
which were therefore excluded from the molecular analyses. Sequences of the following species
were obtained from GenBank and included in the analyses: S. intricatus (HQ883677, HQ883589,
HQ883820, HQ883909) and S. scolytus (HQ883678, HQ883590, HQ883821, HQ883910). To
assess mitochondrial cytochrome oxidase I (COI) intraspecific variation, I included 88 specimens
(Table 1.5) representing 30 Scolytus species from as many populations as possible. Specimens
were included in the four-gene phylogeny only if molecular characters were available for at least
two genes.

DNA was extracted from freshly collected specimens preserved in 200 proof ethanol and

from pinned specimens that had been killed in sawdust impregnated with ethyl acetate and then
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immediately pinned. Specimens were dissected by removing the head and thorax from the
abdomen. DNA extractions were performed on the head and thorax using a Qiagen DNEasy
blood and tissue kit (Hilden, Germany) following the manufacturer protocols except for the DNA
elution procedure, which consisted of a single elution of 100-200ul of buffer AE depending on
the size of the specimen, with specimens measuring less than Smm in length receiving 100 pl
and those greater than Smm in length receiving 200 pl. After the extraction process was
completed, the body parts were rinsed in 70% ethanol, glued onto a mounting board, pinned,
labeled and are vouchered in the MSUC. The resulting purified DNA was used to amplify partial
gene regions of COI, D2 region of nuclear ribosomal 28S, CAD, and Argenine Kinase (ArgK)
using the PCR primers listed in Table 1.6. The COI barcoding primers LCO 1490 and HCO 2198
did not consistently amplify scolytine COI sequences, which necessitated the construction of the
degenerate scolytine specific primers, 1495b and rev750. These primers worked best for Scolytus
specimens and have proven to be effective on a broad array of scolytine taxa (Cognato et al.
unpublished). The 1495b and rev750 primers were used to create the Scolytus specific F215 and
Rev453 primers, respectively for 5-20 years or older pinned specimens. All PCR cocktails
consisted of a total volume of 25ul and included 14.25-17.25 pl ddH20, 2.5ul 10X PCR buffer
(Qiagen), 1.0ul 25mM MgCI2 (Qiagen), 0.5ul ANTP mix (Qiagen), 2-5u1 DNA template, 0.25ul
HotStar Taqg DNA polymerase (Qiagen). PCR reactions were performed on a thermal cycler
(PTC-2000, MJ Research, Waltham, MA or MyCylcer Thermocycler, BioRad, Hercules, CA)
under the following conditions: one cycle for 15 min at 95°C, 40 cycles for 30 (COI) — 45 (288,
CAD, ArgK) sec at 94°C, 45 sec at 50-58°C (see Table 1.5 for specific annealing temperatures),
1 min at 72°C and a final elongation cycle of 5 min at 72°C. PCR products were cleaned using

ExoSAP-IT (USB Corp., Cleveland, OH) and following the manufacturer protocols. Cleaned
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PCR products were then prepared for sequencing. Each reaction contained 3.5ul of cleaned PCR
product, 1ul 33pM/ul sequencing primers (identical to those used in PCR), and 7.5ul of ddH20.

Samples were sequenced in the Michigan State University Genomics Core facility using an ABI
3730 Genetic Analyzer (Applied Biosystems, Foster City, CA).

Sequences were received as chromatograms and the sense and antisense strands were
compiled using Sequencher (Ann Arbor, MI) to trim sequences, examine for ambiguities and
create consensus sequences. Sequences were blasted in GenBank to examine for paralogous
copies and other potential problems including contamination and pseudogenes. Sequences for
COI, CAD and ArgK were aligned using SE-AL v.2.0al1 Carbon

(http://tree.bio.ed.ac.uk/software/seal/). Sequence length variation was only observed in 28S.

Sequences of 28S were either manually aligned in SE-AL using a scolytine-specific secondary

structure model (Jordal et al. 2008). Nexus files are available at http://www.scolytid.msu.edu.

Methods

Morphology

Phylogenetic analysis. The phylogeny was reconstructed using the criterion of parsimony
implemented in PAUP*4.0 b10 PPC (Swofford 2002). A heuristic search with 1,000 stepwise
random additions with tree bisection-reconnection (TBR) for 37 taxa (25 ingroup, 12 outgroup)
was performed. Characters were unordered and equally weighted. Bootstrap values were
calculated by performing 1,000 pseudoreplicates with simple additions in PAUP*. Bremer
support values were calculated by creating a constraint tree in TreeRot v.2 (Sorenson 1999) and

analyzed in PAUP* using a heuristic search with 100 addition-sequence replicates.

Molecular
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Likelihood Phylogenetic Analyses. 1 analyzed the molecular and morphological datasets using
Bayesian estimation of phylogeny with MrBayes 3.2.1 (Huelsenbeck and Ronquist 2001). There
were two Bayesian analyses, one with a molecular dataset (79 taxa) and one with a combined
molecular and morphological dataset (83 taxa). Each dataset was divided into partitions, with 4
gene partitions for the molecular dataset and 5 partitions (4 gene and 1 morphological) for the
combined dataset. I selected the best model for each data partition using MrModeltest (Nylander
2004). The GTR+I+ I' (general time reversible with a proportion of invariant sites and a gamma-
shaped distribution of rate variation across sites) model selected by Akaike Information Criterion
(AIC) was found to have the optimal fit for the gene partitions and I' (gamma) was chosen for
the morphology partition. Taxa that were unable to be sequenced were included in the
morphology partition of the combined dataset.

The molecular dataset was analyzed with four Metropolis-Coupled Markov Chain Monte
Carlo searches (3 heated, 1 cold) for 2 million generations with sampling every 100" iteration.
Approach to stationarity (burn-in) was 0.25. All parameters reached stability at 2 million
generations and the split deviation between runs was 0.011074. Bayesian posterior probabilities
of clades were calculated by a majority-rule consensus of those trees after the burn-in (15,000
trees).

For the combined analysis, four Metropolis-Coupled Markov Chain Monte Carlo
searches (3 heated, 1 cold) were performed for 6.5 million generations with sampling as
described for the molecular dataset. Scolytus dentatus, S. hermosus, S. mundus, and S. silvaticus
were included in this analysis with only morphological characters. All parameters reached

stability at 6.5 million generations and the split deviation between runs was 0.024100. Bayesian
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posterior probabilities of clades were calculated by a majority-rule consensus of those trees after

the burn-in (48,750 trees).

Parsimony Phylogenetic Analysis. Two heuristic searches with 100 stepwise random additions
with tree bisection-reconnection (TBR) for 79 taxa (56 ingroup, 23 outgroup) were performed on
the molecular dataset. In the first analysis, gaps were treated as missing data and in the second
analysis, gaps were treated as a fifth character state. Partition Bremer support (PBS) values were
calculated by creating a constraint tree in TreeRot v.2 (Sorenson 1999) and analyzed in PAUP*
using a heuristic search with 100 addition-sequence replicates. Intraspecific and interspecific
differences were generated by computing pairwise distances for each gene in PAUP*.

A single gene phylogeny was reconstructed using COI using a heuristic search with 100
stepwise random additions with TBR for 89 taxa (59 ingroup, 23 outgroup).

The combined dataset was analyzed using two heuristic searches with 100 stepwise
random additions with TBR for 83 taxa (71 ingroup, 12 outgroup) and were analyzed following

the protocols listed above.

Species Concept

Species are hypotheses of unique evolutionary entities, which are tested by monophyly
(sensu Wheeler and Platnick 2000). These monophyletic groups of individuals are named if they
are diagnosable by synapomorphies or a unique combination of homoplastic characters. If
diagnostic characters are not found, the clade will retain the original species name or will be

synonymized with the sister clade. Therefore, based on species level morphological and
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molecular phylogenies, species revisions will be based on monophyly of multiple individuals

from disjunct populations.

Results
Phylogenetics of Nearctic Scolytus
Morphology

The native Nearctic Scolytus were recovered as polyphyletic with native species forming
two clades, the native hardwood and conifer clades (Figure 1.1). The parsimony analysis
produced 1,016 most parsimonious trees with a length of 262 steps and 41 of 43 parsimony
informative characters. There was a moderate amount of homoplasy among the character states
(CI=0.332, RI=0.539). Overall the phylogeny was weakly supported at the peripheral nodes
and poorly supported at deeper nodes with many nodes unresolved.

The morphological phylogeny was poorly resolved and few synapomorphic characters
were found (Figure 1.1). This reflects the morphologically similarity of many taxa and
homoplasy of many characters. The morphological phylogeny recovered two clades of native
species, the native hardwood clade and the conifer clade. Two additional clades of Eurasian
species were also recovered. The outgroup taxa were poorly resolved except for S. rugulosus and
S. sinopiceus, which were recovered as sister taxa. Scolytus fiskei was found to be a distinct
lineage separate from S. unispinosus in which it was considered a synonym. The relationship
among S. obelus, S. praeceps, S. abietis and S. opacus was unresolved and S. reflexus, S. virgatus
and S. wickhami were strongly supported as monophyletic. The lack of phylogenetically
informative characters necessitated the need for further investigation using molecular characters

to illuminate species boundaries.
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Molecular

Bayesian analysis recovered most nodes with posterior probabilities >90%. The native
Nearctic Scolytus were recovered as paraphyletic with Palearctic species (Figure 1.2). The
Bayesian analysis recovered all taxa found to be monophyletic in the morphological phylogeny
as monophyletic and the native species were recovered in two clades: native hardwood (S. fagi,
S. muticus and S. quadrispinosus) and a second clade of conifer feeders (S. aztecus, S. fiskei, S.
laricis, S. monticolae, S. obelus, S. oregoni, S. piceae, S. praeceps, S. reflexus, S. robustus, S.
subscaber, S. tsugae, S. unispinosus, and S. ventralis) (Figure 1.2). In addition, two species were
not monophyletic. Scolytus reflexus was polyphyletic with S. virgatus and S. wickhami, and S.
praeceps with S. abietis and S. opacus. Scolytus unispinosus and its synonym, S. fiskei, were not
monophyletic and were recovered as two lineages. Scolytus rugulosus, Palearctic hardwood
feeder, was sister to the conifer clade. The parsimony analysis of mitochondrial COI produced
2,958 most parsimonious trees with a length of 1,434 steps and 606 of 616 characters were
parsimony informative (CI=0.356, RI1 =0.809) (Figure 1.3).

The parsimony analysis of the molecular dataset with gaps treated as missing data
produced 94,002 most parsimonious trees with a length of 2,451 steps and 604 of 2,296
characters were parsimony informative (Figure 1.4). There was strong signal within the
phylogeny with the tree exhibiting a relatively low amount of homoplasy (CI=0.479, RI=0.773).
The relationships within the phylogeny were strongly supported. Support values for each node
were relatively high as compared to when gaps were treated as a fifth character (Table 1.9).
Parsimony analysis of the combined dataset with gaps treated as missing data (Figure 1.7)

produced a topology that is very similar to that of the molecular dataset except S. hermosus, S.
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dentatus, S. mundus and S. silvaticus have been placed sister to taxa which they most strongly
resemble.

The parsimony analysis of the molecular dataset with gaps treated as a fifth character
produced 59,010 most parsimonious trees with a length of 2,647 steps and 636 of 2,296
characters were parsimony informative (Figure 1.5). Treating gaps as a fifth character resulted in
an additional 32 characters and slightly reduced the amount of homoplasy within the phylogeny
(CI=0.479, RI=0.773). However the topology was mostly unresolved and the overall support for
each node and the tree was less than the analysis with gaps as missing data (Table 1.10, Figure
1.4). The native Nearctic Scolytus were recovered as polyphyletic and the native species
occurred in three clades: conifer-feeding species; S. fagi and S. muticus sister to a clade
consisting of S. quadrispinosus and Palearctic species. Parsimony analysis of the combined
dataset with gaps treated as a fifth character state (Figure 1.8) produced a topology that is very
similar to that of the molecular dataset except the native hardwood clade was monophyletic and
S. dentatus, S. hermosus, S. mundus and S. silvaticus have been placed sister to taxa which they

most strongly resemble.

Combined Analyses

Bayesian analysis of the combined dataset recovered the native Nearctic Scolytus as
paraphyletic with native species found in two clades: native hardwood and conifer (Figure 1.6).
Bayesian analysis of the combined dataset (Figure 1.6) recovered all taxa found to be
monophyletic in the morphological phylogeny as monophyletic and the native species were
recovered in two clades: native hardwood (S. fagi, S. muticus and S. quadrispinosus) and a

second clade of conifer-feeders (S. aztecus, S. dentatus, S. fiskei, S. hermosus, S. laricis, S.
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monticolae, S. mundus, S. obelus, S. oregoni, S. piceae, S. praeceps, S. reflexus, S. robustus, S.
silvaticus, S. subscaber, S. tsugae, S. unispinosus, and S. ventralis) sister to S. rugulosus. The
topology is almost identical to the topology of the Bayesian molecular phylogeny except S.
hermosus (unresolved), S. dentatus (unresolved), S. mundus (2 synapomorphies) and S. silvaticus
(2 synapomorphies) have been placed sister to taxa that they most strongly resemble.

Parsimony analysis of the combined dataset with gaps treated as missing data produced
22,003 most parsimonious trees with a length of 2,902 steps and 647 of 2,339 characters were
parsimony informative (Figure 1.7). There was a low amount of homoplasy in the phylogeny and
the phylogeny was strongly supported but less so than the molecular phylogeny (CI=0.458,
RI=0.769) (Table 1.11). The native Nearctic Scolytus were recovered as polyphyletic and the
native species occurred in three clades: conifer-feeding species; S. fagi and S. muticus sister to S.
quadrispinosus, the Palearctic species, as in the molecular analysis. The parsimony analysis of
the molecular dataset with gaps treated as missing data (Figure 1.4) had greater support at each
node that treating gaps as a fifth character state (Table 1.9, 1.10). The native Nearctic Scolytus
were recovered as polyphyletic with native species found in three clades, conifer, S. fagi and S.
muticus forming one lineage and S. quadrispinosus as sister to a clade of Palearctic species.
Three species were recovered polyphyletic. Scolytus reflexus was polyphyletic with S. wickhami
and S. virgatus, S. praeceps with S. abietis and S. opacus and S. fiskei with S. laricis. Scolytus
sinopiceus was sister to the conifer clade.

Parsimony analysis of the combined dataset with gaps treated as a fifth character state
produced 13,003 most parsimonious trees with a length of 3,097 steps and 679 of 2,339
characters were parsimony informative (Figure 1.8). There was a low amount of homoplasy in

the phylogeny (CI=0.48, RI=0.771) and the combined analysis was more resolved and more
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nodes received support than the molecular analysis, which was almost completely unresolved
(Tables 1.10 and 1.12). The native Nearctic Scolytus were recovered as paraphyletic with native
species found in two clades, native hardwood and conifer. The parsimony analysis of the
molecular dataset with gaps treated as a fifth character (Figure 1.5) had much less support than
treating gaps as missing data (Table 1.12.). Treating gaps as a fifth character resulted in the
placement of S. rugulosus as sister to the conifer clade. The hardwood clade was paraphyletic
with S. fagi and S. muticus forming one lineage and S. quadrispinosus as sister to a clade of
Palearctic species. Scolytus reflexus was polyphyletic with S. virgatus and S. wickhami, as well
as S. praeceps with S. abietis and S. opacus. Scolytus oregoni was also not recovered as
monophyletic. This species is morphologically and biologically distinct. The placement on the
phylogeny is likely due to the fact that Sco ore 5 is missing some data for COI. Both Sco ore 5

and 71 were collected from the same branch and directly compared to the holotype.

Discussion

Phylogenetic Analyses

As in other phylogenetic studies, the mitochondrial COI data failed to recover many
species as monophyletic (Figure 1.3) (Cognato et al. 2005; Jordal and Hewitt 2005). Many of the
relationships found in this phylogeny did not agree with the topologies obtained from different
analyses. For example a hardwood-feeder, S. rugulosus, was found to be sister to the conifer
clade in the Bayesian analysis and the parsimony analyses with gaps treated as a fifth character,
while S. sinopiceus, a conifer-feeder, was found to be the sister taxa in the parsimony analyses
with gaps treated as missing. In addition, the hardwood clade was paraphyletic with S. fagi and S.

muticus forming one lineage and S. quadrispinosus as sister to S. multistriatus. Saturation of
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nucleotide substitutions and a lack of lineage sorting are potential reasons for the discordance
among these mitochondrial and nuclear phylogenies (Sota and Vogler 2001; Funk and Ohmland
2003; Lin and Danforth 2004). The mitochondrial phylogeny may suffer from both phenomena
because of the observed poor resolution and support for deeper nodes and short-branch lengths
among the conifer-feeding species (Figure 1.3). As with other studies, concatenating the COI
dataset with multiple genes and morphology remedied its deficiency and elucidated the
relationships among the Scolytus species (Jordal and Hewitt 2004).

In some other molecular phylogenetic studies, treating gaps as fifth character states help
to improve phylogenetic resolution (e.g. Cognato and Vogler 2001; Lee 2001; Ruiz et al. 2009;
Dole et al. 2010). Insertion/deletion events presumably represent heritable traits, which are
potentially phylogenetically informative (Phillips et al. 2000). It was surprising that treating gaps
as fifth character states in a parsimony analysis only slightly affected species relationships
(Figures. 1.5 and 1.8) and resulted in reduced support (Tables 1.10, 1.12). Treating gaps as fifth
character states caused conflict among the molecular data, given that morphology provided the
most support (Tables 1.11, 1.12). Suboptimal alignment of length variable regions is a one
reason for reduced support and poor tree resolution (Cognato and Vogler 2001; Simmons et al.
2011). However, only 32 gaps were necessary to align our 28S data in reference to a secondary
structure model (Jordal et al. 2008) suggesting it is unlikely that the alignment is the cause of the
poor results treating gaps as fifth character states. Unraveling the cause of this underlying issue is
beyond the scope of this taxonomic revision.

When analyzed together, the genes used in this study (COI, 28S, CAD, ArgK) were
useful in resolving the Scolytus phylogeny. These genes have demonstrated similar phylogenetic

utility in other scolytine studies (Cognato and Sperling 2000; Farrell et al. 2001; Jordal et al.
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2002; Jordal and Hewitt 2004; Jordal et al. 2004; Cognato et al. 2005; Cognato and Sun 2007;
Jordal et al. 2008; Dole et al. 2010; Cognato et al. 2011; Jordal et al. 2011; Jordal and Cognato
2012). In the four gene parsimony phylogenies, most support for each node derived from the
COI dataset followed by CAD, ArgK and 28S (Tables 1.11-1.12). A similar pattern was
observed combined analysis with gaps treated as missing data except morphology had the lowest
contribution to the phylogeny (Tables 1.9-1.10). Overall, the model-based rates of nucleotide
evolution utilized in Bayesian analysis combined with all four genes and morphology allowed us
to recover a well-supported and sufficiently resolved phylogeny which enabled the revision of

Scolytus (Figure 1.6).

Taxonomic Implications

The Nearctic Scolytus were not recovered as monophyletic but as two clades (native
hardwood and conifer) and a group of introduced Palearctic species (Figure 1.6). Members of the
native hardwood clade are sister to the Scolytus subgenus scolytus of von Butovitsch (1929)
rather than the native conifer clade. This is supported by morphological similarities between the
native hardwood clade and the Scolytus subgenus scolytus and the disparate morphology between
the conifer clade. The Scolytus subgenus scolytus clade and the native hardwood feeders share a
median impression on male sternite 5 (except S. laevis and S. quadrispinosus) and a setal patch
on sternite 5 (except S. laevis and S. quadrispinosus). Several species in these groups share the
absence of a carina on the male sternite 5 (S. laevis, S. mali, S. ratzeburgii, S. fagi and S.
muticus).

Based on the results of our phylogenetic analyses, 25 valid species occur in the Nearctic.

Several species were not recovered monophyletic in any analysis and had less than 1% difference
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in COI sequences and were thus placed in synonymy with the oldest described species. The
following synonyms were discovered: S. praeceps (= S. abietis; = S. opacus), S. reflexus (=S.
virgatus; = S. wickhami). Scolytus fiskei was recovered as monophyletic and is removed from
synonymy with S. unispinosus. Further detail regarding the taxonomic changes are found in the

discussion section for each species.

Scolytus Geoffroy
Scolytus Geoffroy 1762; type species: Bostrichus scolytus Fabricius 1775.
Ekkoptogaster Herbst 1793; type species: Bostrichus scolytus Fabricius 1775.
Coptogaster Illiger 1807, type species: Bostrichus scolytus Fabricius 1775.
Eccoptogaster Gyllenhal 1813; type species: Bostrichus scolytus Fabricius 1775.
Scolytochelus Reitter 1913; type species: Ips multistriatus Marsham 1802.
Ruguloscolytus Butovitsch 1929; type species: Bostrichus rugulosus Miiller 1818.
Etymology. Scolytus is derived from ‘Le Scolyte’, the French common name for ‘bark beetle’
(Geoftroy 1762).
Taxonomic History. For a complete discussion, see Blackman (1934) and China (1962, 1963).
Diagnostic characteristics. Scolytus is easily distinguish