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Abstract

The omaliine rove beetle genus Phlaeopterus Motschulsky, 1853 contains 22 species. The genus is distributed across northwestern
North America and eastern Asia. These beetles occur primarily along the edges of alpine snowfields and streams, habitats that are
particularly sensitive to the impacts of climate change. Two species have not been collected since 1979 and 1984, one of which,
Phlaeopterus bakerensis Mullen and Campbell, 2018, is a contender for the largest-bodied species among the over 1,600 species
of the subfamily Omaliinae. Here, we present the first phylogeny of the genus, using Bayesian and maximum likelihood analyses
based on DNA sequences from the mitochondrial gene COI and morphological data. We tested previous taxonomic hypotheses
and most were rejected by all three analyses. Phlaeopterus castaneus Casey, 1893 is non-monophyletic based on COI sequences
and may have hybridized with P. loganensis Hatch, 1957. We found support for the monophyly of the genus Phlaeopterus. Our
analyses suggest the common ancestor of the genus had small-bodied adults (maximum body size under 5 mm) with ocelli. Within
this small-bodied radiation of species, ocelli were lost once and there were two separate evolutionary transitions to large-bodied
adults. Although all the large-bodied species are snowfield-associated and only 25% of the small-bodied species are, we did not find
statistical support for a relationship between large body size and use of snowfield habitats. These findings represent the first modern
phylogenetic reconstruction of species-level relationships within the rove beetle subfamily Omaliinae using both morphological
and molecular data.
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1. Introduction

The rove beetle subfamily Omaliinae contains more than ~ been summarized for the world, but the vast majority of
1,600 species in six tribes and 117 genera (Thayer 2016;  omaliine species have maximum adult body lengths less
Shavrin and Yamamoto 2019; A.F. Newton unpublished  than 8§ mm (M. Thayer in litt.). European Omaliinae are
database 17 Jan. 2019). Omaliine body sizes have not  reported to have body sizes ranging from 1.7—7.0 mm (Za-
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Figure 1. Phlaeopterus species size variation. A) Phlaeopterus bakerensis, the largest species: maximum length ~ 10 mm; B) Phlae-

opterus kavanaughi, a large, wide bodied species, maximum length ~ 7.6 mm; C) Phlaeopterus elongatus, a large, elongate species,
maximum length ~ 6.4 mm, and D) Phlaeopterus obsoletus, one of the smallest species: maximum length ~ 3.9 mm.

netti 2012). Within the genus Phlaeopterus Motschulsky,
1853, are five species with maximum body lengths over
8 mm, and one species, P. bakerensis, with a maximum
body size of ~10 mm. There is considerable body size
variation within the genus, with the largest species be-
ing over twice the length of the smallest species (Figs 1,
2). The genus contains 22 species (Mullen et al. 2018;
Shavrin 2020), and is distributed across mountainous re-
gions of northwestern North America and eastern Asia
(Fig. 3). Phlaeopterus occur primarily along the edges
of alpine snowfields and cold, cascading streams and
waterfalls up to 3,830 meters in elevation (Mullen et al.
2018). Phlaeopterus adults have been observed foraging
on arthropod fallout on the surface of alpine snowfields,
mostly flying insects, windblown from lower elevations
and often lethargic or frozen (Mullen et al. 2018).

The genus was erected with minimal diagnosis by
Motschulsky (1853) based on the species Phlacopterus
fusconiger Motschulsky, 1853. Additional species were
described or transferred by Fauvel (1878), Casey (1885,
1886, 1893), Hatch (1957), Rougemont (2000), Shavrin
(2001), Shavrin and Mullen (2015), and Mullen et al.
(2018). Shavrin and Mullen’s (2015) transfer of one Si-
berian Lesteva Latreille, 1797 species into Phlaeopterus
made the originally Nearctic genus Holarctic. Mullen et

al. (2018) revised the genus, described eight new species,
and synonymized the monotypic genus Vellica Casey,
1885 under Phlaeopterus, bringing the species count to
18. Shavrin (2020) transferred three species from Les-
teva into Phlaeopterus and described a new species, all
from China, bringing the total for the genus to 22 species.
Diagnoses of the genus have been published by Hatch
(1957), Moore and Legner (1979), Newton et al. (2000),
Shavrin and Mullen (2015) and Mullen et al. (2018).
More details on the taxonomic history of the group are
provided in Mullen et al. (2018). A summary of taxonom-
ic hypotheses of previous authors and previously unpub-
lished species-group hypotheses is provided in Table 1;
notable among these is a hypothesis that the 13 large-bod-
ied species (maximum size over 5 mm) descended from
a single large-bodied common ancestor. The unpublished
species group hypotheses in Table 1 were originally pro-
posed by J.M. Campbell based on morphological charac-
ters that were used in part, modified, and added to in our
morphological dataset.

Here, we present the first phylogenetic analyses of spe-
cies relationships within Phlaeopterus. Our primary goals
were to: 1) estimate the phylogeny of the genus, 2) assess
if morphology-based species demarcations correspond
to discrete mtDNA lineages, 3) test prior hypotheses of
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Figure 2. Minimum (grey columns) and maximum (blue, red, green, and black columns) body lengths of Phlaeopterus species sorted
from largest to smallest maximum length. Bars in blue are species with maximum body sizes over 8 mm; bars in red are species with
maximum body sizes 6.5 to 7.9 mm with wide bodies; bars in black are species with maximum body sizes below 5 mm; the green bar
is for P. elongatus with a maximum body size of 6.4 mm, with an elongate body. Data from MuLLEN et al. (2018) and SHAVRIN (2020).

Figure 3. Distribution of the genus Phlaeopterus based on over 2,000 georeferenced records visualized with SimpleMappr (SHORT-
HOUSE 2010).

species relationships within Phlaeopterus, and 4) under-  the genus Phlaeopterus, nor infer its relationship to other
stand the evolution of large body size in the genus. We  genera in the tribe Anthophagini Thompson 1859, which
were explicitly not attempting to test the monophyly of  would require much greater taxon and character sam-
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Table 1. Taxonomic hypotheses of the genus Phlaecopterus. g = genus, sg = informal species group. Most of these species groups

were proposed by J.M. Campbell in his unpublished cladistic study on Phlaeopterus.

Hypothesis Author (concept) Taxa included

Tilea g Fauvel (1878) P. cavicollis (outside Phlaeopterus)
Vellica g Casey (1885) P. longipennis (outside Phlaeopterus)
longipennis sg Campbell unpublished P. longipennis, P. obsoletus

castaneus sg Campbell unpublished

P. castaneus, P. kavanaughi

cavicollis sg Campbell unpublished

P. cavicollis, P. bakerensis, P. smetanai

fusconiger sg Campbell unpublished

P. occidentalis, P. olympicus, P. loganensis, P. fusconiger, P. frosti

filicornis sg Campbell unpublished

P. filicornis, P. hatchi, P. elongatus

Phlaeopterus sensu stricto Campbell unpublished

all species with maximum body size over 5 mm

pling. However, our taxon sampling did allow a weak test
of the monophyly of the genus Phlaeopterus.

2. Materials and methods

2.1. Taxon sampling

Our morphological data set contains 18 of the 22 Phlae-
opterus species, and nine of these are represented in our
molecular dataset (Table 2). The three Chinese species
recently transferred from Lesteva to Phlaeopterus and
the new species described by Shavrin (2020), Phlaeopte-
rus rufimarginatus (Rougemont, 2000), Phlaeopterus ru-
zickai (Shavrin, 2015), Phlaeopterus septemmaculatus
(Rougemont, 2000), and Phlaecopterus hromadkai Shav-
rin, 2020, were not included in our analyses, which were
based on data obtained before publication of Shavrin
(2020). However, our dataset includes one Palearctic spe-
cies, Phlaeopterus czerskyi (Shavrin, 2001).

Wherever possible, multiple exemplars of each Phlae-
opterus species were included in our molecular dataset,
with specimens selected from the widest available geo-
graphic range for each species. Geographic ranges were
estimated based on study of borrowed museum specimens.
Of over 2,000 museum specimens databased (http://arctos.
database.museum/saved/Phlacopterus) each species was
represented by an average of 142.2 specimens for these
range estimates (range: 2—325 specimens/species). We pre-
pared the map in Fig. 3 using these data with SimpleMappr
(Shorthouse 2010). Repository details for these specimens
can be found in Mullen et al. (2018). Our outgroup for the
morphological dataset is composed of four Lesteva and
one Unamis Casey, 1894 species, the latter corresponding
to the same Unamis species for which we could obtain a
DNA barcode sequence. Our outgroup for the molecular
dataset is composed of all the publicly available Lesteva
(six species) and Unamis (one sequence identified to spe-
cies and two identified to genus) DNA barcode sequences
that were available at the time, and those we generated,
on BOLD. Lesteva and Unamis were selected as outgroup
taxa based on their morphological similarity to Phlaeop-
terus (Moore and Legner 1979) and because all three gen-
era belong to the tribe Anthophagini (Newton et al. 2000).

2.2. Morphological data

Our morphological dataset contains 35 external and 5
male genitalic characters, the majority of which derive
from the unpublished work of J.M. Campbell. Charac-
ter 35 was modified from Moore and Legner (1979).
Some of Campbell’s original characters were modified
after our study and measurements of specimens led us to
disagree with his codings (e.g. character 9, interfacetal
setac of eye, was changed from a three-state character
to a two-state character). Codings reflect hypotheses of
homology among species, although some characters are
notable autapomorphies. When doubt existed about the
homology of states in certain taxa those taxa were coded
as ‘missing/inapplicable’ for those characters. Continu-
ous characters such as ratios of lengths were evaluated
to find gaps among species which were used to assign
states. Within-species polymorphism was handled by as-
signing the majority state to that species when the state
was clearly in the majority or assigning a separate state
for the presence of polymorphism (e.g. character 30).
When no state was in the clear majority, the species was
coded as polymorphic with both states (for instance, P. /a-
grandeuri Hatch, 1957 in character 27). Polymorphism of
length characters within a species was handled by using
the average of multiple measurements. All characters of
potential phylogenetic value were included even if some
were missing data.

We observed characters with a Leica M165 C stereo-
microscope (Leica Microsystems, Wetzlar, Germany),
and coded morphological data in Mesquite 3.6 (Maddi-
son and Maddison 2016). Our morphological data matrix
and trees are archived at http://purl.org/phylo/treebase/
phylows/study/TB2:S27393 and among Supplementary
files S1, S2, and S3. Length data for character 16 were
analyzed statistically using R version 4.0.0 (R Core Team
2020) in RStudio version 1.2.5042 (RStudio Team 2020)
during the character coding process.

We coded characters from type specimens whenever
possible, and specimens determined primarily by J.M.
Campbell belonging to, or on loan to, the University of
Alaska Museum Insect Collection from the California
Academy of Sciences, San Francisco, California (David
H. Kavanaugh, Jere Schweikert) and the Canadian Na-
tional Collection of Insects, Ottawa, Ontario, Canada
(Patrice Bouchard, Anthony Davies).
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http://www.boldsystems.org/index.php/Public_RecordView?processid=PHLA030-20
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:ACP3648
http://www.boldsystems.org/index.php/Public_RecordView?processid=UAMIC2293-14
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:ACP3648
http://www.boldsystems.org/index.php/Public_RecordView?processid=UAMIC2310-14
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:ACP3648
http://www.boldsystems.org/index.php/Public_RecordView?processid=UAMIC2369-14
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:ACP3648
http://www.boldsystems.org/index.php/Public_RecordView?processid=UAMIC2373-14
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:ACP3648
http://www.boldsystems.org/index.php/Public_RecordView?processid=PHLA055-20
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AEE3708
http://www.boldsystems.org/index.php/Public_RecordView?processid=PHLA064-20
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AEE3708
http://www.boldsystems.org/index.php/Public_RecordView?processid=CNRVG2709-15
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:ACE7299
http://www.boldsystems.org/index.php/Public_RecordView?processid=CNRVG2714-15
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:ACE7299
http://www.boldsystems.org/index.php/Public_RecordView?processid=CNRVG2717-15
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:ACE7299
http://www.boldsystems.org/index.php/Public_RecordView?processid=GMNCJ156-13
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:ACE7299
http://www.boldsystems.org/index.php/Public_RecordView?processid=PHLA031-20
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:ACE7299
http://www.boldsystems.org/index.php/Public_RecordView?processid=SSGLC2022-15
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:ACE7299
http://www.boldsystems.org/index.php/Public_RecordView?processid=SSGLC2138-15
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:ACE7299
http://www.boldsystems.org/index.php/Public_RecordView?processid=SSGLC2146-15
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:ACE7299
http://www.boldsystems.org/index.php/Public_RecordView?processid=UAMIC632-13
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:ACE7299
http://www.boldsystems.org/index.php/Public_RecordView?processid=UAMIC633-13
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:ACE7299
http://www.boldsystems.org/index.php/Public_RecordView?processid=BBCCN358-10
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AAP7088
http://www.boldsystems.org/index.php/Public_RecordView?processid=PHLA065-20
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AEE6165
http://www.boldsystems.org/index.php/Public_RecordView?processid=PHLA066-20
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AEE6165
http://www.boldsystems.org/index.php/Public_RecordView?processid=CNRVG2712-15
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:ACT9387
http://www.boldsystems.org/index.php/Public_RecordView?processid=UAMIC2297-14
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:ACS3291
http://www.boldsystems.org/index.php/Public_RecordView?processid=UAMIC2351-14
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:ACS3291
http://www.boldsystems.org/index.php/Public_RecordView?processid=UAMIC2352-14
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:ACS3291
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2.2.1. List of morphological characters

Character descriptions follow for our morphological data.
All characters are unordered and equally weighted. Fig-
ures are primarily from Mullen et al. (2018), cited below
as “fig. M#” or “figs M##” using a capital M to distin-
guish them from figures herein, cited as Fig. #.

1.

10.

11.

Maximum size: (Figs 1, 2) (0) less than 5.0 mm; (1)
greater than 6 mm. This character represents J.M.
Campbell’s hypothesis that the large-bodied spe-
cies form a monophyletic group. In Figs 2, 4-7, the
large-bodied species, corresponding to state 1, are
colored red, blue, or green.

Maximum size: (Figs 1, 2) (0) less than 7.8 mm; (1)
greater than 8.1 mm. Character one and two reflect
the hypothesis that the largest bodied species with
maximum lengths over 8.1 mm are a clade within
or sister to the large-bodied species that are over 6
mm in length. Because small body size is plesiom-
orphic, characters one and two do not represent dou-
ble-weighting of small body size. In Figs 2, 4-7, the
largest bodied species, corresponding to state 1, are
colored blue.

Body length to width ratio: (0) wide, length to width
ratio under 3 (figs M1, 2B-D, 3A, C, D, 4, 5); (1)
elongate, length to width ratio greater than 3 (figs
M2A, 3B).

Ocelli: (0) present (figs M34A-D, 35A-D); (1) ab-
sent (fig. M34E, F).

Color of elytra: (0) dark brown, light brown, or
dark reddish brown, to black (figs M2, 4); (1) light
reddish to yellowish brown (figs M1B, 3C); (2) bi-
colored, part dark to light brown, part yellowish to
reddish yellow (fig. M3D).

Antocellar foveae (dorsal impressions between
eyes) shape: (0) elongate narrow (fig. M27); (1)
elongate wide (figs M34C-F); (2) oval to circular
(figs M35A-D); (3) reduced (fig. M34A, B).
Nuchal constriction: (0) distinct, post-ocular region
clearly divided into temple and neck with impres-
sion continuing across midline of neck (fig. M27);
(1) vague (figs M34A, B, 35A-D; (2) absent (fig.
M34C-F).

Interantennal  impression:  (0) present (fig.
M35A-D); (1) obsolete. This is a transverse impres-
sion that runs across the frons between the bases of
the antennae.

Interfacetal setac of eye: (0) present on most of
eye (often glabrous in extreme dorsal portion) (fig.
M3S5E, F); (1) absent from most of eye (glabrous in
dorsal half, reduced in number or glabrous on ven-
tral half) (fig. M36A-F).

Shape of labrum: (0) 0.3—0.5 times as long as wide
(fig. M31A, B, E, F); (1) less than 0.3 times as long
as wide (fig. M31C, D).

Dorsal surface of labrum: (0) without micropores
(fig. M31A); (1) with micropores limited to setose
region (fig. M31B-G); (2) with micropores across
labrum, many posterior to setose region (fig. M31H).

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Minimum width of gula: (0) narrow, less than 0.2
times as wide as mentum (fig. M41E, F); (1) wide,
more than 0.2 times as wide as mentum (fig. M42).
Base of epipharynx: (0) with oblique, parallel rows
of fine ridges (fig. M33A-D); (1) without rows of
ridges (fig. M33E-H).

Apical portion of epipharynx: (0) with spines ex-
tending to apical margin (fig. M33A, B, E-H); (1)
smooth (fig. M33C, D).

Center of epipharynx: (0) with many widely spaced
large spines (fig. M33A, B); (1) with many closely
spaced small spines (fig. M33C—H).

Maxillary palpi (length of fourth vs. third pal-
pomere): (0) apical palpomere on average at least
3.5 times as long as third (figs M30E, 32A); (1) api-
cal palpomere on average 3 to 2.55 times as long as
third (fig. M32B, C); (2) apical palpomere on aver-
age less than 2.47 times as long as third (fig. M32D).
Five specimens of each species (except P. czerskyi
— we only had two) were measured which revealed
an inverse relationship between a species’ average
4t yg 31 maxillary palpomere ratio and increasing
body length (R?=0.5742, p = 0.00027). States were
chosen to correspond to breaks in the data. Larger
bodied Phlaeopterus have 3% palpomeres consider-
ably longer than smaller bodied species, relative to
the length of their 4 palpomeres.

Fine cilia at base of hypopharynx: (0) in oblique
rows (fig. M40A, B); (1) not in rows (figs M40C-F,
41A-C).

Micropits of antennae: (0) present and with nu-
merous non-protruding papilliform structures (fig.
M37B-E); (1) absent or reduced to tiny pits (fig.
M37A); (2) present and with pore-like openings (fig.
M37H, I); (3) present and with numerous protruding
papilliform structures (fig. M37F, G, J, K).

Molar area of mandible: (0) with fine parallel rows
of short setae or setiform projections (fig. M28A,
B); (1) with no setae or setiform projections (fig.
M28C-F, 29A-C). It is unknown if these structures
are true setae or setiform projections.

Prosthecal fringe of mandible: (0) does not ex-
tend apicad of the subapical mandibular tooth (fig.
M28A, B); (1) extends beyond subapical mandibu-
lar tooth (figs M28C-F, 29A—C).

Mesal margin of mandible: (0) not curved, angulate,
or excavate apicad of the molar area (fig. M28 A—D);
(1) curved, angulate, or excavate apicad of the molar
area (figs M28E, F, 29A-C).

Lateral area of pronotum: (0) with no, or only trace
of impression (fig. M15A, B); (1) moderately im-
pressed (figs M15C-H, 17E); (2) deeply impressed,
foveiform (fig. M 16).

Base of pronotal disk: (0) without pair of transverse
shallow impressions (figs M15, 16, 17A, B, E); (1)
with pair of transverse shallow, sometimes conflu-
ent, impressions (fig. M17C, D).

Pronotal width to head width: (0) less than 1.5 (figs
M2A, B, 3A, B, D, 4B, C); (1) more than 1.55 (figs
MI1A-C, 2C, D, 3C, 4A, D 5A, B).
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25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Pronotal lateral margins posterior to lateral impres-
sions: (0) not deflexed (figs M15C-E, 16, 17A, B);
(1) deflexed posterior to deeply impressed lateral
impressions (fig. M17C, D); (2) deflexed posterior
to obsolete or vaguely impressed lateral impressions
(figs M15F-H, 17E).

Anterior ridge of mesoventrite: (0) with no pro-
jection or only a small median posterior lobe (figs
MI19A-D, 20F); (1) prolonged posteriorly into a
long projecting median tooth (figs M19E, F, 20A—
E).

Second tooth posterior to first on midline of mesoven-
trite: (0) absent (fig. M19E); (1) present (fig. M20E).
Those without a first tooth also lacked a second tooth
so were coded inapplicable for this character. This
second tooth is easily seen in a lateral view of most
specimens that have been card mounted.
Mesoventral carina: (0) present along midline (figs
MI19A-D, 20E); (1) vague or absent (figs M19E, F,
20A, B, F).

Apical margin of elytra: (0) convex or subtruncate
(figs M1, 2A, C, D, 3, 4B-D, 29F); (1) prolonged
at suture only in females (figs M2B, 29G); (2) pro-
longed at suture in both sexes (figs M4A, 29E).
Metathoracic wings: (0) fully developed; (1) re-
duced or absent; (2) fully developed in most individ-
uals but reduced in some.

Glabrous portion of mesotibia: (0) absent; (1) pres-
ent (fig. M18).

Apical tooth on metatrochanter: (0) absent; (1) pres-
ent (fig. M41D).

Humeral angles of elytra: (0) convex, epipleural
carina not projecting (figs M1B-D, 2-5); (1) more
rectangular, epipleural carina projecting and expla-
nate (fig. M1A).

Shape of wing-folding spicule patches on tergite 5:
(0) round and widely separated; (1) broadly oval and
narrowly separated or so close as to appear com-
bined into a single transverse band (fig. M17F-H);
(2) absent. The presence of these spicules is logical-
ly correlated with the presence of wings, and indeed,
P czerskyi is brachypterous and lacks these spicules,
however, P. houkae is brachypterous and has these
spicules.

First metatarsomere: (0) shorter than ultimate tar-
somere; (1) subequal to or longer than ultimate tar-
somere (figs M1-5).

Paramere length to median lobe length ratio: (0) 1.16
or less (figs M21B-F, 22, 23, 24, 26); (1) 1.19 or
greater (figs M21A, B, 25B, D). Measurements were
taken from the figures in Mullen et al. (2018) with
averages used for species with multiple figures ex-
cept the subspecies of P. castaneus, which were not
averaged. Measurements were taken from the me-
dian junction of the parameres to the paramere and
median lobe apices.

Internal sac shape (inverted): (0) not rectangular
(figs M21, 22, 23, 24A, B, 25B-D); (1) rectangu-
lar wide (figs M24D, 25A); (2) rectangular elongate
(fig. M24C).

38. Carina of median lobe apex: (0) absent (figs
M21A-D, 22B-D, 23, 24A, C, D, 25, 26); (1) pres-
ent (figs M21E, F, 22A, 24 B).

39. Internal sac spinature: (0) few to no microspinules;
(1) sclerites and many sparse microspinules (fig.
M21A-D); (2) covered with microspinules (figs
M21E, F, 22-26).

40. Internal sac microspinule pattern: (0) not denser ba-
sally (figs M21, 22, 23B-D, 24A, C, D, 25, 26); (1)
denser basally (figs M23A, 24B). Those with few to
no microspinules were coded inapplicable for this
character.

2.3. Molecular data

Our molecular dataset contains 164 partial sequences of
the mitochondrial gene cytochrome ¢ oxidase subunit 1
(COI), representing nine Phlaeopterus species, six Les-
teva species, and one Unamis species (Table 2). We se-
quenced COI fragments from previously unsequenced
specimens and added 107 public sequences from BOLD
after filtering out sequences less than 400 bp in length,
those flagged as possible misidentifications or contami-
nations, those with 5 or more ambiguous character states,
and those with stop codons. These included data from
Hendrich et al. (2015), Pentinsaari et al. (2014), and Sikes
et al. (2017). We also included one non-public sequence
for Phlaeopterus loganensis provided to us with per-
mission by the Canadian National Collection of Insects,
Arachnids and Nematodes (CNC), Ottawa, Ontario, Can-
ada (Table 2).

Sequences ranged from 403 to 654 bp in length. We ex-
tracted DNA from whole hind legs using Qiagen DNeasy
extraction kits following the “Purification of Total DNA
from Animal Tissues” protocol in the DNeasy Blood and
Tissue Handbook that came with the extraction kit. We
amplified a 658-bp region of COI using standard COI
barcoding forward and reverse primers, LCO-1490 and
HCO-2198, respectively (Folmer et al. 1994). We ran all
PCR reactions at 25-ul volume. Typical PCR reaction
solution included: 12.5 pl GoTaq Green Master Mix, 1.0
ul forward primer, 1.0 pl reverse primer, 8.5 ul H,O, and
2.0 pl template DNA. We used the thermocycler proto-
cols of Folmer et al. (1994) except where noted. Typical
thermocycler protocol included a single cycle of 95°C
followed by 35 cycles of 95°C for 30 seconds of dena-
turation, 45°C for one minute of annealing, and 72°C for
two minutes of elongation, followed by a single extension
of 72°C for 10 minutes.

We viewed sequence data with 4Peaks (Griekspoor
and Groothuis 2005) and aligned sequences by eye in
MacClade 4.08 and Mesquite 3.6 (Maddison and Mad-
dison 2005, 2016). We created consensus sequences
from bidirectional reads, aligned by eye, then checked
our alignment by translation to amino acids and align-
ment by amino acid codon position using the “minimize
stop codons” option in Mesquite to find the reading
frame. The final alignment was free of stop codons and
aligned with a published Lesteva longoelytrata (Goeze,
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1777) COI sequence (GenBank accession: KM442270.1,
Hendrich et al. 2015) in both nucleotide and amino acid
alignment. Voucher specimens used for DNA extractions
can be found in the following insect collections: Uni-
versity of Alaska Museum (UAM), Canadian National
Collection of Insects (CNC), California Academy of Sci-
ences (CAS), Santa Barbara Museum of Natural History
(SBMNH), Field Museum of Natural History (FMNH),
Smithsonian Museum of Natural History (NMNH), Uni-
versity of Idaho William F. Barr Entomological Museum
(WFBM), and Brigham Young University Monte L. Bean
Life Science Museum (BYUC). Digital records of spec-
imen collection data we used to generate new sequences
are available through the UAM Arctos database (https://
arctos.database.museum/saved/PhlaeopterusBold). Our
molecular data matrix and trees are archived at http://
purl.org/phylo/treebase/phylows/study/TB2:S27393 and
as Supplementary files S1, S2, and S3. GenBank and
BOLD accession / process ID numbers for our sequence
data are provided in Table 2.

2.4. Phylogenetic Analysis

2.4.1. Model selection

We used PartitionFinder 2.1.1 on the CIPRES Science
Gateway (Guindon et al. 2010; Miller et al. 2010; Lanfear
et al. 2016) with the more thorough, non-greedy search
algorithm to choose a partitioning scheme and model of
sequence evolution using the AICc. The best partitioning
scheme for the COI dataset was by codon position with
the 1* positions best fit by the TRN+G model, the 2" po-
sitions best fit by the TIM+I model, and the 3™ positions
best fit by the GTR+G model. We used these models for
our ML analysis in GARLI (see section 2.4.3. below).
For MrBayes, which lacks the first two models, Partition-
Finder recommended use of GTR+G for the 1% and 3™
positions and GTR+I+G for the 2™ positions.

We used Bayes factors (Kass and Raftery 1995) to
determine if gamma correction for among-character rate
heterogeneity was warranted for the Mkv model (Lew-
is 2001) used for the morphological data. We compared
the performance of the two models, Mkv with or without
gamma distribution, using a stepping stone (SS) analysis
in MrBayes v3.2 (Xie et al. 2011) with the search param-
eters described in section 2.4.2 below, with the excep-
tion of the number of steps of the MCMC chain, which
was increased 10-fold as recommended in the MrBayes
manual (Ronquist et al. 2020), and the default values for
the SS command. A SS analysis yields more accurate
marginalized likelihood scores than the harmonic mean
and is thus preferred for use in Bayes factors tests (Xie
et al. 2011). However, all other values from a SS anal-
ysis, including the topology and posterior probabilities,
should be ignored because they are not derived from
the posterior distribution (P. Lewis, pers. comm). All SS
analyses resulted in 50 steps with 1960000 generations
(1960 samples) within each step. As indicated in the Mr-
Bayes v3.2 manual (Ronquist et al. 2020), 2 x log, Bayes

factors interpretation for a MrBayes analysis proceeds
as follows: values of less than 2 indicates weak to no
evidence for the better model, 2—6 indicates positive ev-
idence, 6-10 indicates strong evidence, and greater than
10 indicates very strong evidence for the better model
(Kass and Raftery 1995). There was considerable vari-
ance in the marginalized likelihoods of the paired SS runs
of the morphological data with and without gamma. This
might result from the small number of parsimony infor-
mative characters in the morphological data (35) relative
to the number of parameters being estimated, including
branch lengths (46). The likelihoods of the paired runs
without gamma were —18.69 and —108.93 with a mean of
—19.38, and with gamma were —110.85 and —20.45 with
a mean of —21.15. The Mkv model without gamma was
1.77 log-likelihood units better (a Bayes factor of 3.54),
so the Mkv model without gamma distribution was used.
We used the Mkv model rather than the parsimony model
because the Mkv model is statistically consistent and has
been shown to outperform parsimony for commonly en-
countered types of morphological data (Wright and Hillis
2014).

2.4.2. Bayesian phylogenetic analyses

We performed all Bayesian analyses using MrBayes
3.2.7a x86_64 (Ronquist et al. 2012) without the BEA-
GLE option on the CIPRES Science Gateway (Miller et
al. 2010). We ran each analysis (concatenated, COI only,
morphology only) using two simultaneous Metropo-
lis-coupled Markov chain Monte Carlo runs of 4 chains
for 10,000,000 steps with default priors and sampled ev-
ery 1,000 generations resulting in 20,002 trees sampled.
We discarded the first 25% resulting in 15,002 post burn-
in trees. To determine if stationarity had been reached, we
used the following criteria: 1) split frequencies less than
or equal to 0.01; 2) effective sample size (ESS) greater
than 100 for all parameters; and 3) Potential Scale Re-
duction Factor equal to 1.0. All runs reached stationarity
based on these criteria. We consider estimated posterior
probabilities (PP) > 0.95 to constitute strong branch sup-
port, with values > 0.75 and < 0.95 to constitute moderate
branch support.

2.4.3. Maximum Likelihood phylogenetic
analyses

We performed maximum likelihood bootstrapping
(MLBS) for each analysis (concatenated, COI only, mor-
phology only) using Garli 2.01 (Zwickl 2006) on the
CIPRES Science Gateway v3.3 (Miller et al. 2010). We
partitioned the data by codon position with morphology
as the 4% partition, and used the models described above
(section 2.4.1). We assembled a 50% majority rule con-
sensus tree of the resulting 200 bootstrap replicates using
PAUP 4.0a build 167 (Swofford 2002) and added these
values to the consensus phylograms that resulted from the
Bayesian analyses. We consider bootstrap values > 75 to
constitute strong branch support, with values > 50 and
<75 to constitute moderate branch support.


http://www.ncbi.nlm.nih.gov/nuccore/KM442270.1
https://arctos.database.museum/saved/PhlaeopterusBold
https://arctos.database.museum/saved/PhlaeopterusBold
http://purl.org/phylo/treebase/phylows/study/TB2:S27393
http://purl.org/phylo/treebase/phylows/study/TB2:S27393

Arthropod Systematics & Phylogeny 79, 2021, 75-98

87

2.4.4. Concatenated analysis

Our concatenated analyses were performed after merging
all COI sequences within each species using Mesquite 3.6
(Maddison and Maddison 2016). Sequences not identi-
fied to species were not included. This merging process
produces maximally complete sequences for each species
and retains all the polymorphisms within each species.
The COI data were then combined in a single Nexus file
with the morphological data and analyzed using MrBayes
and Garli as a partitioned analysis with a separate model
for each codon position of COI and the Mkv model for
the morphological data, as described above.

2.5. Hypothesis testing

We tested the monophyly of prior taxonomic hypotheses,
as well as unpublished taxonomic groupings (Table 1)
using estimated posterior probability (PP) support values
obtained from our Bayesian analyses. Taxon relationships
that did not occur in any of the sampled trees in an MCMC
run were assumed to have a PP of < 1/number of trees
sampled (Miller et al. 2002; Holder and Lewis 2003). In
our analyses, such clades have a PP < 0.0001. Of par-
ticular interest was the unpublished hypothesis of Camp-
bell ‘Phlaeopterus sensu stricto’ which states that all the
large-bodied species are descended from a large-bodied
common ancestor, i.e. large body size evolved once in
the genus.

To provide an additional test for this hypothesis, we
used Bayes factors (Kass and Raftery 1995; Ronquist et
al. 2020) to compare the means of the marginalized like-
lihood scores of two stepping stone MrBayes (Xie et al.
2011) analyses, one with a topological partial constraint
enforced that required all large-bodied species except
P. bakerensis, which was free to join anywhere, to form
a clade, and one with a partial constraint that required
all large-bodied species except P. elongatus Mullen and
Campbell, 2018, which was free to join anywhere, to
form a clade (the constrained clade had 12 taxa in both
cases). This approach includes one analysis forcing P,
elongatus to belong to the clade of large-bodied species
and one allowing P. elongatus to join anywhere but keeps
the size of the clade the same in both analyses. For the
COI data, we balanced the topological constraint so that
there were 84 constrained sequences in both analyses.
Comparing two analyses with the same number of con-
strained taxa eliminates the differences in the topology
priors that would result from comparing a constrained to
an unconstrained analysis, or to a constrained analysis
with a different number of constrained taxa. Bergsten et
al. (2013) documented the important influence of topol-
ogy priors on Bayes factors tests of analyses with topo-
logical constraints, and ways to improve the reliability of
these tests. Stepping stone runs with the morphology-only
data resulted in high variance among estimated margin-
al likelihood scores that inexplicably fell into three bins
(scores 109-112, 235-238, and 380-383). Although the
results from the morphology-only Bayes factor compari-

sons, within bins, agreed with the conclusions found from
the concatenated and COI analyses, this high variance led
us to doubt the reliability of the morphology-only Bayes
factors results so they are not shown.

To test an alternative hypothesis that the most re-
cent common ancestor of the genus Phlaeopterus was
large-bodied with subsequent reversals to small-bodied
adults in some species, we performed ancestral charac-
ter state reconstruction with Mesquite 3.6 (Maddison and
Maddison 2016) to estimate the body size of the most re-
cent common ancestor of the genus using the Mk1 mod-
el, the morphology only matrix, and the concatenated
analysis tree (Fig. 4). We also explored an asymmetric
two-parameter likelihood model and a step matrix par-
simony model to see what ratio of gains to losses would
be needed to estimate the common ancestor as large-bod-
ied (Cunningham et al. 1998). A likelihood ratio test per-
formed in Mesquite rejected the asymmetric two parame-
ter model as overfitting the data (Chi-square, p = 0.9233)
so we present only the results under the one parameter
model. We tested the monophyly of Phlaeopterus species
using the full 164-sequence COI dataset.

If a monotypic genus concept failed to match our trees
due to paraphyly resulting from the missing species being
unknown at the time the genus was erected, such as Mot-
schulsky’s (1853) original concept for Phlaecopterus, we
considered the concept untestable. Casey’s (1893) con-
cept of Phlaeopterus being a junior synonym of 7ilea and
Scheerpeltz’s (1933) reversal to make 7ilea a junior syn-
onym of Phlaeopterus (in accordance with the principle
of priority) we considered untestable using phylogenetics
because neither of these concepts makes phylogenetic
predictions. However, Fauvel’s (1878) erection of Tilea
as a monotypic genus for P. cavicollis Fauvel, 1878 could
be tested because, following current classification prac-
tices, it predicts this species would fall outside the clade
containing the rest of the Phlaeopterus species. The same
is true for Casey’s (1885) erection of the monotypic ge-
nus Vellica for P. longipennis Casey, 1885. However, all
hypotheses relating to the monophyly and generic status
of Phlaeopterus are only weakly testable given our tax-
on sampling. To strongly test these would require much
denser sampling within Lesteva, Unamis and other antho-
phagine genera to test the monophyly of genera relative
to all of the genera within the tribe.

All the large-bodied species are reported as snow-
field-associated, and two of the small-bodied species are
also (P. lagrandeuri and P. houkae Hatch, 1957). To de-
termine if there is a relationship between body size and
use of snowfields as habitats, one additional character
representing habitat was added to conduct a character
correlation analysis, also known as a test of independent
evolution, using Pagel’s (1994) method as implemented
in Mesquite 3.6 (Maddison and Maddison 2016). The
habitat character was binary: (0) not snowfield associ-
ated; (1) snowfield associated, and was not used in the
phylogenetic inference. The topology from the concate-
nated analysis was used with the option to seek any re-
lationship (i.e. any effect of X on Y or Y on X) between
character 1 (maximum body size) and this binary habitat
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below 5 mm, illustrated by D) P. obsoletus. Beetle inset illustrations are scaled to approximate relative body sizes.

character, with 1000 simulations to estimate the p-value.
Habitat data were taken from Mullen et al. (2018) and
specimen label data. This test compares the likelihoods of
a four-parameter model to an eight-parameter model (we
used ten iterations per simulation).

3. Results

3.1. Sequence statistics

Our COI alignment is 654 bp long and comprises 164
sequences including the outgroup taxa (113 ingroup se-
quences). Base composition is as follows: A=29.5%, C =
17.63%, G =16.44%, T =36.42%. These values are with-
in the range typically reported for insect mitochondrial

DNA (Dowton and Austin 1997). Our full COI dataset
contains 216 parsimony-informative sites and 425 con-
stant sites, with 81% (n = 175) of the parsimony informa-
tive sites found in the 3rd codon position. The Chi-square
test of homogeneity of base frequencies across taxa as
implemented in PAUP* 4.0 resulted in a Chi-square value
= 182.0 (df = 489) with a p-value = 1.0, suggesting that
nucleotide frequencies across taxa were stationary.
When P. loganensis is removed from our data, uncor-
rected p-distances within and among Phlaeopterus species’
COI sequences are above 4% for among-species compari-
sons (min 4.23%, mean 10.52%, max 14.96%) and below
4% for within-species comparisons (min 0.00%, mean
0.53%, max 3.08%). Phlaeopterus castaneus has a min-
imum among-species distance of 0% with P. loganensis,
and is also the only species with within-species distances
above 2.08% (8 of 15 within-species comparisons for this
species had distances ranging from 2.29 to 3.08%).
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3.2. Concatenated phylogeny

Our most inclusive estimate of the phylogeny of Phlae-
opterus resulted from the concatenated COI+morphology
data (Fig. 4). The genus Phlaeopterus is well supported as
monophyletic (PP = 0.98, MLBS = 96). A clade with 12
large-bodied species is well supported (PP = 0.99, MLBS
=92) but emerges from a four-branch polytomy of small-
er-bodied species, including the large-bodied P. elongatus
— indicating that large-bodied adults evolved twice in the
genus. Within the clade of large-bodied species is nested a
clade of the largest-bodied Phlaeopterus (maximum body
size over 8 mm). This clade was weakly supported in the
Bayesian analysis (PP = 0.72), but not supported in the
maximum likelihood bootstrap analysis (MLBS < 50).

3.3. Molecular phylogeny

A 50% majority rule consensus tree resulting from Bayes-
ian analysis of the COI dataset is shown in Fig. 5. This
tree is better resolved than the combined COI+morphol-
ogy phylogeny (Fig. 4), although the backbone has some
weak branch support with posterior probabilities in the
0.70s and maximum likelihood bootstrap values < 50.
This phylogeny differs from the combined COI+morphol-
ogy and morphology-only phylogenies in the placement
of the small-bodied P. lagrandeuri and the large-bodied
P elongatus as sister species with high Bayesian support
(PP=0.96) but weak ML bootstrap support (MLBS = 57).

This phylogeny supports the monophyly of seven of
the nine Phlaeopterus species in the analysis with strong
posterior probabilities (all PP > 0.98) but mixed strong
to weaker maximum likelihood bootstrap support (MLBS
67-100). However, the two P. loganensis sequences nest
within a clade of P castaneus sequences. Phlaeopter-
us castaneus is one of two ingroup species with multi-
ple well-supported clades separated by relatively long
branches, the other being P. fusconiger.

3.4. Morphological phylogeny

The 50% majority rule consensus tree of the morphology
dataset (Fig. 6) contains one well supported large clade of
large-bodied species that is nested within a three-branch
polytomy of small-bodied species. The basal polyto-
my includes all the small-bodied Phlaeopterus species
(maximum body size less than 5 mm, 5 species) and also
includes the large-bodied P. elongatus. The larger, well
supported clade (PP = 0.99, MLBS = 88) includes all the
large-bodied Phlaeopterus species (maximum body size
more than 5 mm, 12 species) except P. elongatus. Body
lengths for all Phlaeopterus species are shown in Fig. 2.

3.5. Hypothesis testing

A summary of Bayesian PP support for taxonomic hypo-
theses of Phlaeopterus in the COI+morphology (Fig. 4),

COl-only (Fig. 5), and morphology-only (Fig. 6) phyloge-
nies is given in Table 3. All three analyses strongly rejected
Fauvel’s (1878) and Casey’s (1885) hypotheses suggest-
ing P. cavicollis and P. longipennis were lineages separate
from Phlaeopterus deserving of generic rank status (Tables
1, 3). Of the unpublished species group hypotheses, all but
two that could be tested were strongly rejected as poly-
phyletic or paraphyletic, including the ‘Phlaeopterus sen-
su stricto” hypothesis that all the large-bodied species de-
scended from a common large-bodied ancestor (Figs 4-0).

The stepping stone Bayes factor analyses using par-
tial constraints, one forcing P. elongatus to belong to the
clade of large-bodied species and one allowing P. elon-
gatus to join anywhere, found strong to very strong ev-
idence for large body size evolving twice in the genus
(Table 4). Analyses that forced P. elongatus to join the
clade of large-bodied species were significantly worse
than those that did not. This result agrees with the strong
posterior probabilities for the two branches separating P.
elongatus from the clade of large-bodied species in the
COI analysis (PP =0.91 and 1.0, Fig. 5).

Ancestral character state reconstruction of character
one, using the morphology only matrix and the tree in
Fig. 4, under the Mkl model, estimated the most recent
common ancestor of Phlaeopterus as small-bodied with
a proportional likelihood of 0.9978. Under a step matrix
parsimony model for character one, the cost of evolving a
large body size would have to be 2.6 times or more than
the cost of evolving a small body size to estimate the
common ancestor of the genus as large-bodied.

Campbell’s unpublished hypotheses for the longipen-
nis species group, which suggested a sister species rela-
tionship between the only two species in the genus without
ocelli, was strongly supported in the COI+morphology
and morphology analyses (Table 3) but was untestable in
the COI-only analysis in the absence of DNA sequence
for P. obsoletus Mullen and Campbell, 2018. The unpub-
lished hypothesis for the castaneus species group (P. cas-
taneus and P. kavanaughi Mullen and Campbell, 2018,
as sister species) was strongly supported in the morphol-
ogy-only analysis but rejected in the other two analyses
because P. loganensis was intermixed with the clade of
P castaneus sequences in the majority of sampled trees
(Table 3, Fig. 5). However, the concatenated analysis did
not reject this hypothesis strongly — fully one third of the
post-burnin MCMC trees included P, castaneus and P. ka-
vanaughi as sister taxa (Table 3).

The character correlation test to determine if charac-
ter 1 (maximum body size) is correlated with the use of
snowfields as a habitat failed to reject the null hypothesis
of independence (p-value = 0.006), albeit weakly.

4. Discussion

Here we present a preliminary phylogeny of the genus
Phlaeopterus, using both morphological and molecular
data. These analyses were used to test previous taxo-
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with maximum body sizes 6.5 to 7.9 mm with wide bodies; names in black are species with maximum body sizes below 5 mm; the
name in green is for P. elongatus with a maximum body size of 6.4 mm, with an elongate body.

nomic hypotheses of the genus (Table 3), as well as the
monophyly of Phlaeopterus species (Figs 4-6). We found
strong support for the recent synonymization of Vellica
under Phlaeopterus (Figs 4—6, Table 3) that was per-
formed in Mullen et al. (2018). This agrees with Newton
et al. (2000) who suggested that Vellica was likely not

distinct from Phlaeopterus. The only two morphology-
based hypotheses that received strong support (longipen-
nis and castaneus species groups) were those whose sup-
port came entirely from the morphological data (Table 3).
There were none that received strong support from the
COl-only data, although this was in part a result of the
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lack of DNA data for various taxa, which prevented some
hypotheses from being tested.

The concatenated COI+morphology phylogeny (Fig.
4) is more comprehensive than the COl-only (Fig. 5) or
morphology-only (Fig. 6) phylogenies because it incor-
porates evidence from morphology, which is encoded by
the nuclear genome, and mitochondrial DNA data, and in-
cludes nine species for which we lacked molecular data.
We feel that despite the polytomies in our concatenated
phylogenetic estimate, it is currently the best estimate of
evolution in the genus Phlaeopterus.

Although our results are preliminary and not all strong-
ly supported, some inferences can be made. Our phyloge-
netic and Bayes factors analyses suggest there were two
separate evolutionary changes towards maximum body
sizes greater than 5 mm, once in P. elongatus, and once
in the common ancestor to the other large-bodied species
(Figs 4-6), with a further body size increase in the clade
of the largest species.

Our maximum likelihood ancestral character state
reconstructions estimated the common ancestor of the
genus as small-bodied with high probability (99%), thus

rejecting a hypothesis that the ancestor was large-bodied
with subsequent reversals to small body size. The out-
group Lesteva and Unamis species in our study, and all
the newly transferred and described Phlaeopterus from
Asia, are small-bodied (Fig.2) (Shavrin 2020), as are
most anthophagines, reinforcing our conclusion that the
common ancestor of Phlaeopterus was small-bodied.
Under a step matrix parsimony model the evolution of
large body size would have to cost 2.6 or more times than
the evolution of small body size to infer the common an-
cestor as large-bodied. This would make the large-bodied
species a paraphyletic group with three to four changes
to small-bodied adults within the genus. However, this
hypothesis does not correspond with Campbell’s orig-
inal idea that the common ancestor of the genus was
small-bodied with the large-bodied species forming a
monophyletic subgroup of the genus. Nevertheless, it is
an alternative scenario that would explain the evolution
of body size in the genus but is less parsimonious than
assuming equal state change costs. In contrast to investi-
gations of wing loss in insects, where there are abundant
data indicating wing loss is far more common than wing
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Table 3. Tests of taxonomic hypotheses of the genus Phlaeopterus. g = genus, sg = informal species group.

Hypothesis P,(:,s;:;ilo‘:] ([))gr;)llazi(l)i;y PosteriorC [())r]obability Postf:l':)(i; ]lall(;(l)(l))ga;)ility
Tilea g <0.0001 <0.0001 <0.0001
Vellica g <0.0001 <0.0001 <0.0001
longipennis sg 1.0 - 0.97
castaneus sg 0.3316 <0.0001 1.0
cavicollis sg <0.0001 - <0.0001
fusconiger sg <0.0001 <0.0001 <0.0001
filicornis sg <0.0001 - <0.0001
Phlaeopterus sensu stricto <0.0001 <0.0001 <0.0001

Table 4. Results of MrBayes stepping stone Bayes factor analyses showing the estimated marginal likelihoods of two independent

runs, their means, the difference (under the better hypothesis — that of P. elongatus not being in the clade of large-bodied species),

Bayes factors, and strength of evidence in support of the better hypothesis. Outlier values are in italics.

independent MrBayes run concatenated, clade with | concatenated, clade without COl, clade with COl, clade without
P. elongatus P. elongatus P. elongatus P. elongatus
run 1 -3174.19 -3168.02 —4949.97 —4951.03
run 2 -3174.20 -3167.91 —4958.05 -4952.34
run 3 —3174.28 -3167.95 —4955.61 —4949.75
run 4 —3155.20 -3167.87 —4962.54 —4948.60
run 5 -3174.19 -3168.01 —4957.85 —4946.45
run 6 -3174.08 -3167.96 —4953.79 —4949.58
mean -3171.02 -3167.95 —4956.30 —4949.63
difference 3.07 6.67
Bayes factor 6.14 13.34
Strength of evidence for better
hypothesis strong very strong

Note: Run 4 of concatenated with P. elongatus is a significant outlier, if excluded the BF doubles & evidence = very strong

gain (Whiting et al. 2003; Stone and French 2003), we
can think of no theoretical or biological justification for
use of these unequal costs in this case. That is, there is no
reason to believe it is harder for these beetles to become
large-bodied than small-bodied. There are 13 large-bod-
ied species (> 5 mm) in the genus, nine small-bodied,
and no evidence of a small-bodied species evolving from
large-bodied ancestors, which if suggestive at all (ignor-
ing phylogenetic inertia), indicates large bodies may be
easier to acquire and maintain than small bodies in Phlae-
opterus.

It is interesting that of the eight small-bodied Phlae-
opterus with habitat data (Mullen et al. 2018; Shavrin
2014, 2020) only two (25%) have been collected on or
near snowfields, while of the 13 large-bodied species, all
have been collected on or near snowfields. The two small
bodied species that have been collected in association
with snow (P. houkae and P. lagrandeuri) were also the
only two small-bodied species phylogenetically close to
the large-bodied P. elongatus — sister to P. houkae in the
concatenated analysis (Fig. 4), and sister to P. lagrandeu-
ri in the COI analysis (Fig. 5). If there is some biological
relationship between larger body sizes and use of snow-
fields as a habitat, this may also have evolved twice in
the genus. However, our test of the correlation of these
characters failed to reject the null hypothesis of indepen-

dence and thus did not support a hypothesis of relation-
ship between large body size and snowfield habitats. This
might be due to a loss of power resulting from the tree not
being fully resolved.

Phlaeopterus elongatus, the large-bodied species that
did not group with the other large-bodied species, is
unusual with a general habitus (Fig. 1) unlike the other
large-bodied Phlaeopterus, resembling more an elongat-
ed small-bodied species similar to P. lagrandeuri or P.
houkae — as if a small species had been “stretched.” The
pronotum shape of P. elongatus, which has deflexed later-
al margins in the posterior half, is similar to the large-bod-
ied species P. filicornis and P. hatchi (fig. 17C, D, E in
Mullen et al. 2018), and Campbell placed these three
species together in his ‘filicornis’ species group (Tables
1, 3), but the pronotum of P. elongatus lacks the deep-
ly impressed lateral foveae and we therefore consider its
pronotum closer in condition to that of the small-bodied
species P. houkae and P. obsoletus (fig. 15F, H in Mullen
et al. 2018). Additionally, the aedeagus of P. elongatus is
unusually small relative to its body length, with a ratio
similar to that of the small-bodied species P. obsoletus
and P. lagrandeuri (Fig. 7). All the large-bodied species
except P. elongatus have wide bodies with their lengths
less than 2.9 times their widths (Fig. 1), while P. elongatus
and P. houkae are the only elongate species in the genus,
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Figure 7. Body length to aecdeagus length ratios for Phlaeopterus species sorted from smallest ratio on left (i.e. longest aedeagus rel-

ative to body length) to largest ratio on right (i.e. shortest acdeagus relative to body length). Bars in blue are species with maximum

body sizes over 8 mm; bars in red are species with maximum body sizes 6.5 to 7.9 mm with wide bodies; bars in black are species

with maximum body sizes below 5 mm; the green bar is for P. elongatus with a maximum body size of 6.4 mm, with an elongate

body. Data from MuLLEN et al. 2018.

with their lengths 3.1 and 3.2 times their widths, respec-
tively. There are four characters in our morphology ma-
trix that support the monophyly of the wide, large-bodied
species to the exclusion of P. elongatus: antocellar foveae
shape (character = chr. 6), dorsal surface of labrum (chr.
11), lateral area of pronotum (chr. 22), and metathoracic
wings (chr. 30).

However, there are characters that show homoplasy
and leave open the question of the true ancestry of P
elongatus, such as the larger spicules on the internal
sac of the aedeagus, chr. 39 (fig. 21A-D in Mullen et al.
2018), which are shared by four of the five small-bodied
species but absent in P. elongatus and P. czerskyi, which
have only small, more numerous microspicules on their
internal sacs similar to all the species of large-bodied
Phlaeopterus. The outgroup taxa have either no micro-

spinules or very few fine microspinules on the internal
sac. Additionally, the apical portion of the mesotibia (chr.
31) is glabrous in P. elongatus and all of the large-bodied
species except the sister species pair P. castaneus, and P,
kavanaughi, while it is pubescent in all the small-bodied
species.

The presence of ocelli in the genus and outgroup taxa,
and nearly all other taxa of Omaliinae, suggests these were
present in the most recent common ancestor (proportional
likelihood of 99.99%) and lost once in the ancestor of
the small-bodied sister species pair of P. obsoletus and
P longipennis, but retained in the 16 other members of
the genus in our study. These two species without ocelli
have been found in similar or the same habitats as those
with ocelli (near streams, in wet moss, in wet debris, near
snow melt runoff, and near splash zones of waterfalls), so
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the loss of ocelli in these species does not seem to have a
relationship to their habitat preferences.

The one Palearctic species of Phlaeopterus in our
study, P. czerskyi, was recovered in the basal grade as one
of the five small-bodied species (Figs 4, 6), but as the
sister species to the rest of Phlaeopterus in the morphol-
ogy-only analysis (Fig. 6). These results reject a hypothe-
sis of P. czerskyi being in a highly derived position within
Phlaeopterus, and thus argue against a biogeographic
hypothesis that the Palearctic P. czerskyi resulted from a
relatively recent (within the evolutionary history of the
genus) dispersal event from the Nearctic to the Palearctic.
Unamis, which we used as an outgroup and which may
be the sister genus to Phlaeopterus, is currently described
only from the Nearctic, but it, and other omaliine gen-
era (including other anthophagine genera) have relatively
recently been found to occur in eastern Asia as well as
North America, or vice versa (Newton et al. 2000). Thus,
further study is needed, including addition of the newly
documented Asian Phlaeopterus species and much great-
er outgroup and character sampling, to confidently infer
the phylogeny and biogeographic origin of the genus.
Phlaeopterus czerskyi was not found to be a sister species
of, nor very similar to, any of the other Phlaeopterus in
our study, which raises questions about the basal radia-
tion of the genus, its generic limits, and its relationship to
Unamis to be explored in future studies.

4.1. Conflict and agreement in
analyses of morphology vs.

molecules

Differences in topology, resolution, and branch support
were observed between the concatenated COI+morphol-
ogy (Fig. 4), COI-only (Fig. 5), and morphology-only
(Fig. 6), analyses. A strict consensus tree of all three final
topologies, limited to the taxa for which we have DNA
data, shares only two clades within Phlaeopterus — a
polytomous clade of the wide, large-bodied species nest-
ed within the small-bodied species and P. elongatus (i.e.,
a clade of all Phlaeopterus species). Using the full tax-
on set, comparing the topologies of the concatenated and
morphology-only data, three shared sister-species clades
exist: P. hatchi + P. filicornis, P. frosti + P. fusconiger, and
P. longipennis + P. obsoletus. These analyses also share
a clade containing all Phlaeopterus species. Additionally,
both datasets and all three analyses place P. castaneus and
P. kavanaughi as close relatives with moderate to strong
support — differing only in their relationship to P. logan-
ensis as described in section 4.2. below. No other group-
ings are shared between the COI and morphology results.

The mitochondrial genome has an effective population
size that is % that of the somatic portions of the nuclear
genome in diploid organisms, resulting in much short-
er coalescence times, which should help detect closely
timed speciation events but is more likely to suffer from
saturation than nuclear DNA (Wiens and Penkrot 2002).
Low PP and ML bootstrap values in the backbone of the
COI phylogeny (Fig. 5) suggests that saturation may be

confounding the phylogenetic signal of this dataset at
deeper ingroup nodes. Morphological data provides a
useful contrast to mtDNA, as each morphological char-
acter is coded by potentially multiple nuclear markers,
and therefore may approximate their phylogenetic signal.
Each type of data has strengths and limitations, and the
strengths of each can complement the limitations of oth-
ers. Hillis and Wiens (2000) and Wiens (2004) provide
excellent summaries of the arguments for the use of both
morphological and molecular data in phylogenetic analy-
sis. In cases of conflict between morphology (Fig. 6) and
COI (Fig. 5), such as the relationship of P. elongatus to
P lagrandeuri, the concatenated phylogeny (Fig. 4) re-
covered a topology more similar to the morphology-only
phylogeny (Fig. 6), suggesting the signal in the morpho-
logical data is stronger than that in the COI data in that
instance.

4.2. ldentical or highly similar COI
sequences in a morphologically

distinct species pair

One Phlaeopterus species pair forms an intermixed clade
in the full COI phylogeny (Fig. 5) viz. P. loganensis +
P castaneus. In an analysis of uncorrected within- and
among-species p-distances these two species have uncor-
rected among-species p-distances of less than 2%. Spec-
imens of P. castaneus (Table 2, UAMObs:Ento:232749)
and P, loganensis (Table 2, UAMObs:Ento:232748) have
100% identical COI haplotypes. Further investigation
suggests that human error is unlikely to be the explana-
tion for these identical sequences in these two species.
The two specimens were collected from different locali-
ties and sequenced by different laboratories, and the iden-
tifications of these two specimens has been confirmed
by Anthony Davies of the Canadian National Collection
of Insects and the second author. Morphologically, these
two species are easily distinguished with the naked eye:
P. loganensis has the autapomorphy of the elytra being
prolonged at the suture in both males and females (fig.
29E in Mullen et al. 2018) whereas P. castaneus has
broadly rounded elytral margins typical of Phlaeopterus
and related taxa (fig. 29F, G in Mullen et al. 2018). Fur-
thermore, these results are corroborated by a second pair
of P. castaneus and P. loganensis sequences with less than
1% divergence. The known distribution of P. loganensis
is entirely within that of P. castaneus.

Interestingly, P. castaneus forms two distinct clades
in the full COI phylogeny (marked a’ and a” in Fig. 5)
each corresponding with the subspecies recognized by
Mullen et al. (2018), which corresponds with the high
within-species COI distances we document in this spe-
cies (2.29-3.08%). Only the inland Rocky Mountain P,
castaneus castaneus clade has intermixed P. loganensis
COI sequences. The other clade, P. castaneus cascadien-
sis Hatch, 1957, contains only two sequences, both from
coastal mountain ranges, one from Haines, Alaska, and
one from Mt. Garibaldi near Vancouver, British Columbia
(see fig. 6B in Mullen et al. 2018 for a distribution map



Arthropod Systematics & Phylogeny 79, 2021, 75-98

95

of P. castaneus). This pattern suggests that P. castaneus
may have hybridized with P. loganensis in the Rocky
Mountains (P. loganensis is only known from the Rocky
Mountains and Selkirk Mountains, fig. 12A in Mullen et
al. 2018) and that the Rocky Mountain P. castaneus cas-
taneus haplotype replaced the P. loganensis haplotype.
Or, alternatively, the P. loganensis haplotype replaced the
P castaneus castaneus haplotype. However, there is no
morphological evidence suggesting these two species are
closely related (Fig. 6), which suggests the two subspe-
cies would not both join with P. loganensis in the COI
analysis, thereby making the former hypothesis more
likely. The two P. castaneus sequences from the coast-
al mountains correspond to the subspecies P. castaneus
cascadiensis (marked a” in Fig. 5) these two subspecies
overlap in Garibaldi and Manning Provincial Parks, Brit-
ish Columbia. These subspecies fall into two BINs on
BOLD with BOLD:ACH1347 for P. c. cascadiensis and
BOLD:AAP7088 for P. c. castaneus. Further study of
these subspecies, particularly in their zone of sympatry, is
warranted to rigorously test their subspecies status.

These results may also be due to incomplete lineage
sorting (Maddison 1997) or infections of the bacteri-
um Wolbachia (Whitworth et al. 2007). Studies of se-
quence divergence within various insect groups have
reported large variation of within- and among-species
distances (Cognato 2006; Trewick 2008) and high rates
of non-monophyly of animal species (Funk and Omland
2003). These issues might disappear with a larger data-
set including additional mitochondrial and nuclear loci,
which are less likely to be introgressed. Therefore, in this
case we have based our conclusions regarding species
status on the morphological phylogenetic signal.

4.3. Characters of generic relevance

Although our survey of character states in the outgroup
taxa was rather cursory and relied in part on J.M. Camp-
bell’s assessments, these analyses suggest the following
character states might be of value for further study of in-
ter-generic relationships. Phlaeopterus and its presumed
sister group, Unamis, share the following: the labrum has
micropores (chr. 11), the minimum width of the gula is
wide, more than 0.2 times as wide as the mentum (chr.
12), the center of the epipharynx has many closely spaced
small spines (chr. 15), the fine cilia at the base of the hy-
popharynx are not in rows (chr. 17), the molar area of the
mandible is without setae (chr. 19), the prosthecal fringe
of the mandible extends beyond the subapical tooth (chr.
20), the lateral area of the pronotum is moderately to
deeply impressed, foveiform (chr. 22), and the first meta-
tarsomere is subequal to or longer than the ultimate meta-
tarsomere (chr. 35). Unamis is autapomorphic in having
a narrow labrum less than 0.3 times as long as wide (chr.
10) and the apical portion of the epipharynx is smooth
and without spines (chr. 14). Additional characters diag-
nostic of Unamis are provided in Newton et al. (2000).
Characters diagnostic of Phlaeopterus are listed in Mul-
len et al. (2018) and Newton et al. (2000).

4.4, Future directions for phylogenetics
of the Anthophagini

The phylogeny of the tribe Anthophagini, to which Phlae-
opterus belongs, is largely unknown. The tribe contains 27
North American genera, of which only six have been re-
vised taxonomically (Campbell 1978, 1979, 1982, 1983,
1984; Mullen et al. 2018) and 43 genera globally (Kim et
al. 2019). Furthermore, the tribe Anthophagini has been
referred to as a taxonomic dumping ground, as it lacks
synapomorphies and is likely not monophyletic (Newton
et al. 2000; Kim et al. 2019). Kim et al. (2019) performed
a phylogenetic analysis of the subfamily Omaliinae us-
ing three mitochondrial and three nuclear markers. Their
analysis did not support the monophyly of the subfamily
Omaliinae or the tribe Anthophagini, which formed two
widely separated clades in their Bayesian analysis — one
entirely of species of Lesteva, and the other with 11 other
anthophagine genera and four coryphiine genera. No spe-
cies of Phlaeopterus or Unamis were included in the tax-
on sampling of Kim et al. (2019). Given that a number of
the deep branches in the phylogeny of Kim et al. (2019)
were not strongly supported, despite their large dataset of
six genetic markers, it will probably require much denser
taxon sampling combined with next-generation sequenc-
ing and phylogenomic methods to confidently resolve the
phylogeny of the Omaliinae.

Testing the monophyly of Phlaeopterus properly
would also require much denser taxon sampling, includ-
ing more Lesteva species, the addition of all or most of
the known Unamis species, and representatives of most
other anthophagine genera, in combination with a much
larger genetic dataset. Although the large- and wide-bod-
ied species form a well delimited clade, the delimitation
between the remaining Phlaeopterus, especially the new-
ly added Asian species, and the outgroup taxa is relatively
subtle. Greater focus on inter-generic characters and rela-
tionships is warranted in future studies.

Here, we present the first phylogeny of the genus
Phlaeopterus, and the first modern phylogenetic recon-
struction of species-level relationships within the rove
beetle subfamily Omaliinae using both morphology and
molecular data. It is our hope that the coming years will
see the production of much needed phylogenetic and tax-
onomic revisions of other anthophagine genera, resolving
tribal, generic, and sub-generic relationships within the
Omaliinae.
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