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Abstract

The mouthparts and protarsi of adult rove-beetles of the Staphylinine group are examined in detail. We provide descriptions and
image plates based on scanning electron micrographs taken from 36 species representing all 10 subfamilies comprising this large
staphylinid subunit. We establish groundplan features of the mouthparts for the Staphylinine group and discuss, in detail, aspects and
functions of structures that compose the feeding apparatus. A phylogenetic scheme is used to conduct an ancestral character recon-
struction of the morphological characters. The potential groundplan features of the characters rendered in our parsimony analysis for
the Staphylinine group are: labrum subquadrate or longer than wide; mandible without subapical teeth and retinaculum, with pros-
theca present, not forming lobe-like projection, and with a mola; maxillary palpomere 4 well-developed, fully sclerotized, similar in
width to palpomere 3; ‘glossa’ integrated with prementum plate, sometimes represented by pairs of sensilla basiconica; ‘paraglossa’
with unmodified antero-lateral lobes; labial palpomere 3 from as wide to half as wide as penultimate palpomere. To explain the shape
variation of the mandibles, a geometric morphometric analysis was carried out. A character mapping analysis of mandible shapes
revealed a trend in the Staphylinine group toward a falcate shape with a narrow base, typically present in some predatory species.
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1. Introduction

The head is the tagma of insects that is responsible, is under constant evolutionary pressure and, therefore,
among other functions such as sensing, for food intake.  under continuing morphological and functional change
An understanding of this process leads to an understand-  across time and taxa. Unsurprisingly, the head and as-
ing of most of an individual’s biology, especially if an  sociated structures are regular subjects of biological
organism that has an active predatory lifestyle is under  studies, in addition to being a crucial region used for
consideration. The apparatus responsible for feeding identifying and distinguishing large taxonomic groups
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from each other. Morphological studies focusing on the
head capsule and associated structures of single species
of insects are abundant (e.g., Chaudonneret 1950; Wenk
1953; Mickoleit 1971; Beutel and Vilhelmsen 2007,
Beutel and Baum 2008; Beutel et al. 2010; Schneeberg
and Beutel 2011; Wipfler et al. 2011; Kubiak et al. 2015;
Randolf et al. 2017; Boudinot et al. 2021; Biisse et al.
2021). Naturally, such studies are of extreme importance
for improving knowledge about the investigated spe-
cies. Moreover, hypotheses can be made or conclusions
can be drawn for groups that are closely related or with
similar habits. However, a comparative study in which
multiple species are analyzed in the same context allows
better insights into the evolutionary history of a partic-
ular group.

Hyperdiverse groups are optimal choices for a detailed
comparative investigation, because phenotypic variations
can be explored more thoroughly. They offer a plethora
of taxonomic entities for an analysis of the phylogenetic
nuances of such groups in more detail. Coleoptera, which
are the most diverse order of organisms (Bouchard et al.
2017), meet this prerequisite not only by having a great
diversity of species, but also by offering a vast number
of morphological and behavioral traits that can be inves-
tigated.

Many studies focusing on the head and feeding appa-
ratus of single species of Coleoptera have been conducted
recently (e.g., Anton and Beutel 2006; Hornschemeyer et
al. 2006; Beutel et al. 2008; Antunes-Carvalho et al. 2017,
Yavorskaya et al. 2018a), some of which focus mainly
on the ultrastructure of the sensilla of the mouthparts and
some functional aspects (e.g., Liu et al. 2019; Hao et al.
2020; Liu and Tong 2023). Staphylinidae, the most di-
verse family within Coleoptera with more than 66,928
described species (Newton 2022), is the posterchild of
many studies of this kind (e.g., Jaloszynski et al. 2020;
Beutel et al. 2021; Luo et al. 2021). However, detailed
investigation of the feeding apparatus in a comprehensive
comparative context (i.e., containing multiple species in
the same study) is not as common (e.g., Dressler and Beu-
tel 2010; Yavorskaya et al. 2017; Antunes-Carvalho et al.
2019). Comparative studies dealing with Staphylinidae
head morphology have previously been carried out by
focusing mainly on the members of the traditional Omali-
ine, Tachyporine, and Oxyteline groups (Betz et al. 2003;
Weide and Betz 2009, 2014; Weide et al. 2010, 2014)
and, particularly, on species that are mainly pollen and/or
spore feeders. Herein, we present a comparative study of
the feeding apparatus of a mostly predatory assemblage,
the Staphylinine group.

The Staphylinine group (sensu Lawrence and Newton
1982; Grebennikov and Newton 2009) is composed of 10
subfamilies: Oxyporinae, Megalopsidiinae, Solieriinae,
Steninae, Euaesthetinae, Scydmaeninae, Leptotyphlinae,
Pseudopsinae, Paederinae, and Staphylininae. Eight of
these subfamilies are considered to be predators, with the
only exceptions being the Oxyporinae, which are myco-
phagous (Newton 1984; Leschen and Allen 1988; Thayer
2016), and the Solieriinae, whose feeding habits are cur-
rently unknown (Thayer et al. 2012; Thayer 2016).

Despite the abundance of recent studies about the
phylogenetic relationships among the subfamilies and
tribes of the Staphylinine and related groups (Clarke
and Grebennikov 2009; Grebennikov and Newton 2009;
Chatzimanolis et al. 2010; Jatoszynski 2014; McKenna et
al. 2015; Brunke et al. 2016; Schomann and Solodovnikov
2017; Chani-Posse et al. 2018; Gusarov 2018; Cai et
al. 2019; Lii et al. 2020; Tihelka et al. 2020; Zyta and
Solodovnikov 2020; Liu et al. 2021; Zyka et al. 2021),
the higher phylogeny of this group and Staphylinidae as a
whole is far from being fully understood. Gusarov (2018)
concluded in his review of recent molecular phylogenetic
studies that “Although a few subfamily-level clades with-
in Staphylinidae have been firmly established, the rela-
tionships among staphylinid subfamilies remain largely
unknown”, and this still holds true. The monophyly of
the Staphylinine group has not been supported by many
of these studies, especially the molecular studies. How-
ever, these studies neither reach a consensus nor correlate
directly with each other in a comprehensive way with the
purpose of examining the Staphylinine group as a whole.
In the absence of such a consensus, Liu et al. (2021) used
the Staphylinine group (sensu Grebennikov and Newton
2009) as the framework for their morphological study of
fossils of this group, and we do the same here. Our cur-
rent study extends the phylogenetic discussion by adding
morphological characters that are sometimes neglected
and aims at contributing to the debate of the relationships
within the Staphylinine group and, in a broader sense,
within Coleoptera. Although our intention has not been
to perform a phylogenetic analysis based on these char-
acters at this time, our character matrix could provide a
fresh impetus for later morphology-based phylogenies.

We have investigated 36 species (Table 1) represent-
ing all 10 subfamilies comprising the Staphylinine group.
Image plates based on scanning electron microscopy fol-
lowed by detailed descriptions are provided in order to
reveal the main differences of the external morphology
of the head and mouthparts of the adult beetles of this
group. Moreover, we illustrate and describe the protarsi
as they play an important role in the predatory hunting
styles observed in some species within the Staphylinine
group (e.g., Betz and Mumm 2001; Stocker et al. 2022).
In addition, we analyze potential groundplan features of
the mouthparts of the Staphylinine group. Finally, a geo-
metric morphometric analysis to explain mandible shape
variation is performed, and its phylogenetic significance
is evaluated via ancestral character state mapping.

We hypothesize that, because of their predominantly
predatory behavior, the representatives of the staphylinine
subfamilies possess mouthparts for which both the fine
structure and the overall arrangement differ from those
previously found in the other (less predominantly preda-
ceous) subfamily groups of Staphylinidae. In potential
adaptation to certain prey-capture and extra-oral feeding
techniques, specific (and highly derived) mouthpart char-
acters can be established that function in both efficient
prey-capture and food processing. Suspected specialists
on certain prey types show considerable specializations
in their mandibles, maxillae, and labium, as shown in



Arthropod Systematics & Phylogeny 82, 2024, 267-303

269

case studies of Scydmaeninae specialized on heavily
sclerotized oribatid or uropodine mites (e.g., Jaloszynski
2018) and of Steninae specialized on elusive prey such as
springtails (Collembola) (e.g., Betz et al. 2018). We also
expect that several character states are of phylogenetic
relevance and form potential autapomorphies for defining
certain subfamilies or tribes.

2. Materials and methods

2.1. Selection of taxa
Thirty-six species were selected to represent the 10 sub-
families of the Staphylinine group (sensu Lawrence and
Newton 1982; Grebennikov and Newton 2009): Oxy-
porinae, Megalopsidiinae, Solieriinae, Steninae, Euaes-
thetinae, Scydmaeninae, Leptotyphlinae, Pseudopsinae,
Paederinae, and Staphylininae. Therefore, the reader
should consider the species limitation of our study when
reading the descriptions that represent each family-group
or genus. To facilitate reading, a description is sometimes
said to be common for a group (e.g., subfamily or ge-
nus), but that may not be true for species not investigated
herein, unless otherwise clearly stated. A complete list of
the species studied is given in Table 1. All specimens of
the Staphylinine group were obtained from the alcohol
collection of the Field Museum of Natural History (Chi-
cago, USA). The list of outgroup species was based on
available unpublished SEM micrographs of OB.
Although the monophyly of the Staphylinine group
has recently been questioned (McKenna et al. 2015; Ky-
pke 2018), we here retain this concept for the following
reasons. Regarding molecular phylogenies, the relation-
ships among staphylinid subfamilies remain largely un-
resolved (Gusarov 2018), i.e., no well-resolved phyloge-
netic scheme is available for use in our character mapping
analyses. For example, in McKenna et al. (2015), a poly-
tomy was obtained that includes part of the Staphylinine
group, namely the subfamilies Scydmaeninae + Solieri-
inae, Euaesthetinae + Steninae, Oxyporinae and Lepto-
typhlinae (called here “Staphylinine 1) together with
clades that include other subfamilies (not considered as
part of the Staphylinine group) such as Aleocharinae as
sister of Scydmaeninae + Solieriinae, and Osoriinae (in
part) + Neophoninae, Dasycerinae, and Pselaphinae. The
only group that seems to be consistently recovered as
monophyletic is Paederinae + Staphylininae (called here
“Staphylinine 2”) (McKenna et al. 2015; Zhang et al.
2018). These findings, however, do not rule out a possible
close relationship of “Staphylinine 1”” and “Staphylinine
27, as this has neither been tested properly, nor been the
main goal of such analyses. The relationships among the
subfamilies that comprise the Staphylinine group cannot
be obtained from these sources, even though they are
probably not monophyletic, because of the distance of the
clades that include “Staphylinine 1”” and “Staphylinine 2”
shown in McKenna et al. (2015). Zhang et al. (2018) have

recovered some subfamilies (Scydmaeninae, Steninae,
Paederinae and Staphylinine) of the Staphylinine group
as monophyletic. However, their taxon sampling does
not cover all the taxa that are included in McKenna et al.
(2015) and that might split them apart. Kypke (2018) used
the data set of Zhang et al. (2018) in one of their analy-
ses, recovering the Staphylinine group (represented by
Scydmaeninae, Steninae, Paederinae and Staphylininae)
as paraphyletic with respect to Tachinus (Tachypo-
rine group) and contradicting the results of Zhang et al.
(2018), who have recovered Tachinus as a sister group
of the Staphylinine group. Other than these higher group
phylogenies, the most recent molecular studies only deal
specifically with Paederinae + Staphylininae or with
(sub)tribal classifications within each of these subfam-
ilies (e.g., Brunke et al. 2016; Zyta and Solodovnikov
2020; Zyta et al. 2021). Therefore, to date, the monophy-
ly of the Staphylinine group remains unclear based on
molecular studies alone. The study of Grebennikov and
Newton (2009) should, however, be mentioned here as
it presents a robust morphological phylogeny based not
only on adult, but also on larval characters, plus the 18S
rDNA nuclear gene. Nonetheless, we recognize the ma-
jor flaw of their study, a limited taxon sampling, possibly
forcing monophyly of the Staphylinine group. Notwith-
standing and regardless of the phylogenetic status of the
Staphylinine group as a monophyletic unit, the analyses
and hypotheses presented here remain useful for an eval-
uation of the evolution of mouthpart characters of subor-
dinate clades.

2.2. Scanning electron microscopy
(SEM) and dissection protocol

The specimens had previously been preserved in 70%
ethanol. The head capsule was separated from the protho-
rax of each specimen. The mouthparts were dissected in
distilled water by using fine insect pins and sharpened
tungsten wire (Bolte 1996). In paired mouthparts, the
left side was chosen, i.e., potential asymmetries between
the sides were not considered in this study. The dissected
head capsules and mouthparts were cleaned in hydrogen
peroxide (Bolte 1996), then stepwise dehydrated in eth-
anol, and finally critical-point dried (Polaron 3100). The
dried samples were fixed to stubs with silver paint, coated
with gold (EmitechK 500X), and viewed using a Scan-
ning Electron Microscope (EVO LS 10). Software GIMP
2.10.32 (GPL) was used to edit micrographs and create
image plates (Figs 1-11).

2.3. Terminology

The morphological orientation of the mouthparts and
their subsets is here given based on the prognathous de-
sign of the staphylinid head. Thus, for instance, the distal
parts of mouthparts are categorized as anterior. The mor-
phological terminology for the mandible regarding mola,
pseudomola, subapical tooth, retinaculum, and prostheca
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Table 1. List of species used to prepare SEM micrographs. The last column “#” corresponds to the species numbers of the dots used

in the correlation analyses between PCs and inlever/outlever ratios (Fig. 16 and Fig. S1).

Subfamily Tribe Subtribe Genus Species Country #
Oxyporinae Oxyporus Oxyporus stygicus Say, 1831 USA 24
Pseudoxyporus | Pseudoxyporus quinquemaculatus LeConte, 1863 USA 32
Megalopsidiinae Megalopinus Megalopinus sanguinitriguttatus (Scheerpeltz, 1972) Chile 23
Solieriinae Solierius Solierius obscurus (Solier, 1849) Chile 35
Steninae Dianous Dianous obliquenotatus Champion, 1921 Thailand 13
Stenus Stenus puthzianus Rougemont, 1981 Thailand 37
Euaesthetinae Austroesthetini Austroesthetus Austroesthetus passerculus Oke, 1933 Australia 10
Euaesthetini Euaesthetus Euaesthetus iripennis Casey, 1884 USA 16
Fenderiini Fenderia Fenderia chandleri Puthz, 2003 USA 18
Stenaesthetini Agnosthaetus Agnosthaetus cariniceps Bernhauer, 1939 New Zealand |7
Scydmaeninae | Cephenniini Cephennodes Cephennodes clavatus (Marsh, 1957) USA 12
Eutheiini Veraphis Veraphis sp. USA 40
Mastigini Palaeostigus Palaeostigus bifoveolatus (Boheman, 1851) South Africa 26
Scydmaenini Scydmaenus Scydmaenus sp. Panama 34
Stenichnini Stenichnus Stenichnus sp. USA 36
Leptotyphlinaec | Neotyphlini Eutyphlops Eutyphlops sp. Chile 17
Neotyphlini Homeotyphlus Homeotyphlus sp. USA 6
Pseudopsinae Pseudopsis Pseudopsis subulata Herman, 1975 USA 31
Zalobius Zalobius nancyae Herman, 1977 USA 41
Paederinae Lathrobiini Astenina Astenus Astenus sp. Mexico 8
Lathrobiini Lathrobiina | Lathrobium Lathrobium sp. USA 21
Lathrobiini Medonina Medon Medon vittatipennis (Fairmaire & Germain, 1862) Chile 22
Lathrobiini Stilicina Stilicoderus Stilicoderus woodwardi (Rougemont, 1986) Australia 38
Paederini Dicaxina Baryopsis Baryopsis sp. Chile 11
Paederini Dolicaonina Gnathymenus Gnathymenus sp. Chile 19
Paederini Cryptobiina Homaeotarsus Homaeotarsus bicolor (Gravenhorst, 1802) USA 20
Paederini Paederina Paederus Paederus littoralis Gravenhorst, 1802 USA 25
Pinophilini Pinophilina | Pinophilus Pinophilus parcus LeConte, 1863 USA 28
Staphylininae Diochini Diochus Diochus schaumii Kraatz, 1860 USA 14
Othiini Atrecus Atrecus punctiventris (Fall, 1901) USA 9
Platyprosopini Platyprosopus Platyprosopus sp. South Africa 30
Staphylinini Erichsoniina | Erichsonius Erichsonius patella (Horn, 1884) USA 15
Staphylinini Philonthina | Philonthus Philonthus politus (Linnaeus, 1758) USA 27
Staphylinini Quediina Quedius Quedius capucinus (Gravenhorst, 18006) USA 33
Staphylinini Staphylinina | Platydracus Platydracus femoratus (Fabricius, 1801) Belize 29
Xantholinini Thyreocephalus | Thyreocephalus albertisi (Fauvel, 1877) USA 39
Outgroup taxa
Tachyporinae Tachinus Tachinus fumipennis (Say, 1832) USA 5
Oxytelinae Anotylus Anotylus sp. USA 2
Omaliinae Eusphalerum Eusphalerum pothos (Mannerheim, 1843) USA 3
Agyrtidae Necrophilus Necrophilus hydrophiloides Guérin-Méneville, 1835 USA 4
Leiodidae Agathidium Agathidium oniscoides Palisot de Beauvois, 1805 USA 1

follows the definitions provided in Betz et al. (2003). The
incisor area of mandible (cf. prostheca, retinaculum, and
subapical tooth in Betz et al. 2003) is the inner continuous
curvature from the apex (incisor) to its end or change of
course, usually attributable to the presence of a retinac-
ulum or a prostheca. It is also the region in which the
subapical tooth (if present) is located. The labium-hypo-
pharynx complex is mainly formed by the prementum
distally and the hypopharynx posterodorsally, usually
more proximally; a membranous joint is present between
these two parts, enabling different degrees of movement,
depending on the species (cf. Weide and Betz 2009). The

labium is composed of submentum, mentum (neither in-
vestigated in the present study) and prementum, the latter
bearing distally a pair of labial palps (Snodgrass 1993).
The paired ‘glossae’ lie between the palps, and the paired
‘paraglossae’ are located lateral to the ‘glossae’ (cf. Bov-
ing and Craighead 1931; Blackwelder 1936; Betz 1996).
The ‘glossae’ can be modified into lobes that are usually
covered with sensilla coeloconica or are integrated with
the prementum and represented externally only by pairs
of sensilla basiconica. The ‘paraglossae’ can be represent-
ed by (1) unmodified antero-lateral lobes of the premen-
tum, (2) anterior digitiform lobes, or (3) adhesive pads.
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Since many authors consider the ‘glossa’ and ‘paraglossa’
to be lacking or completely reduced in Coleoptera (e.g.,
Crowson 1981; Beutel and Lawrence 2016), we use these
terms in quotation marks throughout the text; see more
in the Discussion section. The hypopharynx is integrated
into the dorsal face of the mentum and submentum pos-
terior to (= proximal to) the prementum. In most cases,
a clear delimitation is caused by the anterior part of the
hypopharynx being less sclerotized than the prementum,
by its bearing of different kinds of trichomes, or by being
clearly more membranous when it is glabrous.

In the description of the protarsus below we also in-
clude the propretarsus (to which, e.g., the claws belong),
while acknowledging that the pretarsus is a podomere
separate from the tarsus.

2.4. Homologizing substructures of
the mandible

Some substructures of the mandible are problematic to
homologize across different taxa when many different
studies from a wide variety of groups are considered.
The inconsistent use of the terms prostheca and mola or
the teeth occurring at the incisor area of the mandible or
further proximal to it (here treated as subapical tooth and
retinaculum, respectively) causes potential problems in
how to correctly homologize these substructures. Indeed,
a great variation in the form and position of such substruc-
tures is present across clades, one possible reason being as
follows, with the maxilla being used as an example from
an embryological perspective. Whereas the embryonic
development of the maxilla supports the division of true
distinct endite regions (lacinia and galea) (Coulcher and
Telford 2013), the developmental biology of the mandi-
ble does not. Both the incisor and the mola (or the molar
region in cases when a proper mola is absent) are derived
from only one endite (Coulcher and Telford 2013), some
substructures between those such as the mandibular teeth
or the prostheca are then less obvious to homologize across
different taxa. The maxilla, on the other hand, bears two
endites that can be more easily homologized with the lac-
inia and the galea in different taxa (Coulcher and Telford
2013). Nevertheless, although evolutionary developmen-
tal biology does not yet provide clues for homologizing
the specific structures found at the medial (cutting) edge
of the mandible, structures such as the incisor, subapical
tooth, prostheca, and mola might be homologizable across
staphylinine group members according to their position
and specific quality. Only in some species (i.e., Paederi-
nae and Staphylininae) is a distinction between subapical
tooth and retinaculum doubtful, and hence, we have treat-
ed a structure as a subapical tooth only if it is integrated
with the incisor cutting surface (e.g., Fig. 3E). Once such
a tooth is positioned beyond this area (usually originat-
ing from a more basal region of the mandible (e.g., Fig.
3@G)) and more separated from the mandibular apex, we
have treated it as a retinaculum. Prostheca and retinacu-
lum have been distinguished via their appearance, i.c., a
(semi-)membranous region covered by a row or a brush of

trichomes versus a well-sclerotized tooth-like structure,
although they might be developmentally homologous,
representing two facets of the same structure, and some-
times co-occurring in one mandible. Further studies to es-
tablish the homology of prostheca-like structures across
Pterygota are required (Richter et al. 2002).

2.5. Character mapping analysis

To illustrate the evolutionary history of discrete mouth-
part characters, we created a phylogenetic scheme (used
in Figs 12, 14 and 15) based on previously published
studies. Since the relationships within the Staphylinidae
are far from being resolved, we chose the classic defini-
tion of the Staphylinine group based on the work of Law-
rence and Newton (1982), with the additions made by
Grebennikov and Newton (2009). For the relationships
within the Staphylinine group at the subfamily level, we
used mainly Grebennikov and Newton (2009) as a ref-
erence, despite the Solieriinae relationships presented
being unresolved, and therefore we followed Zyta et al.
(2017) who placed the Solieriinae as a sister group to the
Scydmaeninae + (Steninae + Euaesthetinae). For relation-
ships within the subfamilies, we used the following ref-
erences: Euaesthetinae (Clarke and Grebennikov 2009),
Scydmaeninae (Yin et al. 2019), Paederinae (Zyta et al.
2021), and Staphylininae (Tihelka et al. 2020, also see
Boudinot et al. 2023 for analytical flaws on this study).
As outgroup taxa, we chose the following species from
Betz et al. (2003): Anotylus sp. (Oxytelinae, Staphylini-
dae), Eusphalerum pothos (Mannerheim, 1843) (Omali-
inae, Staphylinidae), Tachinus fumipennis (Say, 1832)
(Tachyporinae, Staphylinidae), Agathidium oniscoides
Palisot de Beauvois, 1805 (Leiodidae), and Necrophilus
hydrophiloides Guérin-Méneville, 1835 (Agyrtidae). To
score the character states of the outgroup taxa, we used as
source literature mainly Betz et al. (2003), plus Wheeler
and Miller (2005) for 4. oniscoides and Grebennikov and
Newton (2009) for N. hydrophiloides.

The ancestral character mapping for discrete (Fig. 12)
and continuous character states (Figs 14, 15) based on
maximum parsimony was prepared using the software
Mesquite 3.61 (Maddison and Maddison 2019). The
character matrix (Table S1) used in the analysis displayed
in Fig. 12 was prepared based on a set of characters and
their states derived from the morphological findings and
listed in section 3.2. All schemes (Figs 12, 14, 15) were
edited on Inkscape 1.2. (GPL) (Fig. 12 was first imported
to FigTree v1.4.4 (Rambaut and Drummond 2016) and
then exported to Inkscape 1.2.).

2.6. Geometric morphometrics

For the recording of (semi-)landmarks with tpsDig2 2.32
(Rohlf 2015), we followed the protocol of Stocker et al.
(2022), which we adapted to our data (see landmarks
added to the consensus shape in Fig. 13). Whereas the
data generated herein were used for landmark placement
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for the ingroup, we used unpublished SEM data from OB
for the outgroup; one specimen per species was used in
this analysis (Table 1). As the data presented here are
morphologically diverse, the homology of some sites
was not possible to establish. We therefore discarded
landmarks 3—5 used by Stocker et al. (2022), and hence,
their landmark number 6 corresponds to our landmark
number 3 and so on up until their landmark number 9,
which corresponds to our landmark number 6. Follow-
ing this adaptation, our semilandmarks are then placed
between 3 and 4 and between 4 and 5. Mandible shapes
were compared using tpsRelw 1.75 (Rohlf 2015). A prin-
cipal component analysis (PCA) was carried out using
tpsRelw from which the deformation grid presented in
Fig. 13 was obtained. Another PCA was performed using
the software PAST 4.03 (Hammer et al. 2001) to obtain
the morphospace and convex hulls presented in Fig. 13.
A list showing the values of the principal components
(PC) 1 and 2 of each species is shown in Table S2. The
final image montage (Fig. 13) was created using Inkscape
1.2, the data obtained from both tpsRelw and PAST being
combined therein. The Eigenvalues and explained per-
centage of variance of principal components 1 and 2 are
shown in Table S3.

In addition, we analyzed the PCA scores as a contin-
uous variable in Mesquite 3.61 (Maddison and Maddi-
son 2019) and performed an ancestral character mapping
analysis. The analyses of PC | and 2 that are illustrated
in Figs 14 and 15 show the distribution of the mandible
shapes across taxa and the evolutionary history of this
character based on the phylogenetic scheme created for
the current study. The hypothetical mandible shapes were
obtained from tpsRelw 1.75. The final image montages
(Figs 14, 15) were created using Inkscape 1.2, the data
obtained from both tpsRelw and Mesquite being com-
bined therein.

Mahalanobis distances (Table 2) were calculated using
a canonical variate analysis (CVA) with 1,000,000 per-
mutations in MorphoJ 1.07a (Klingenberg 2011) to quan-
tify the separation between the subfamilies.

2.7. Lever calculations

Lever arm lengths were measured using distances be-
tween landmarks. Two levers were measured: the inlever,
which is defined as the shortest distance between the ven-
tral mandibular condyle (landmark 1, see Fig. 13) and
the insertion region of the mandibular adductor muscle
(Musculus craniomandibularis internus) (landmark 2, see
Fig. 13), and the outlever, defined as the shortest distance
between the ventral mandibular condyle (landmark 1, see
Fig. 13) and the mandibular apex (landmark 4, see Fig.
13). The ratio between the in- and the outlever can be used
to interpret the relative force output at the tip of the man-
dible, i.e., smaller ratios between in- and outlever mean
smaller force outputs, whereas larger ratios mean larger
outputs. This ratio is also referred to as the “mechanical
advantage” by some authors (e.g., Weihmann et al. 2015;
Blanke 2019). According to the general force-velocity

trade-off inherent to lever systems, this quotient is also
indicative of the kinematic transmission, i.e., lower val-
ues correlate with relatively fast-closing mandibles and
vice versa (e.g., Weihmann et al. 2015).

A list with the ratio between the in- and outlever can
be found in Table S4. Measurements were taken using
tpsDig2 2.32 (Rohlf 2015) and with the same landmarks
as those in the geometric morphometrics analysis being
employed as a reference. For the ingroup, the data gener-
ated herein were used as a reference for landmark place-
ment and measurements, whereas for the outgroup, we
employed unpublished data from OB; one specimen per
species was used in this analysis (Table 1).

2.8. Statistics

Two statistical correlation analyses were performed to
test for any relationship between the log-transformed
mandibular shape variables (PC 1, PC 2) and the inlever/
outlever ratio of the mandibles. The numerical value of
2 was added to each PC value before logarithmization to
avoid negative values. These analyses were performed in
SPSS (IBM SPSS Statistics; Version 28 (IBM, Armonk,
NY, USA)). To take into account phylogenetic non-in-
dependence of the data points, these analyses were re-
peated using phylogenetic independent contrasts that
were calculated using the “ape” package (version 5.7-1).
In this case, Pearson correlations were calculated using
the “Hmisc” package (version 5.0-1) in RStudio (version
2023.3.0.386, Posit team 2023) using R (version 4.3.0, R
Core Team 2023).

3. Results

The following results are given as descriptions and image
plates based on SEM micrographs of the: labrum-epi-
pharynx (Figs 1, 2), mandible (Figs 3, 4), maxilla (Figs
5-7), labium-hypopharynx (Figs 8, 9), and protarsus
(Figs 10, 11).

The protarsus is considered in the present study, in ad-
dition to the mouthparts, because of its observed impor-
tance in the predatory feeding systems of some Philonthus
spp.- and other genera (Betz and Mumm 2001; Barthold
and Betz 2020; Stocker et al. 2022). However, we did
not study other parts of the legs or other tarsi, because
the protarsus is more likely to be the one used (if used at
all) to capture and / or manipulate prey. Additionally, as
we did not record the sex of the specimens, we could not
establish possible sexual dimorphism such as occurs in
related groups, e.g., the Leiodidae (Gnaspini et al. 2017).

The descriptions below relate only to the material an-
alyzed in this study (Table 1) and therefore should not be
considered a general description of the respective taxa.
The genera used in this study are given below, within
each subtopic, between parentheses (for the full scientific
names of the taxa, see Table 1).



Arthropod Systematics & Phylogeny 82, 2024, 267-303

273

3.1. Mouthparts and protarsi descrip-
tion of the Staphylinine group
3.1.1. Staphylinine group

Labrum. Variable, asymmetrical, bifurcate, subquadrate,
or transverse. Epipharynx glabrous to densely covered
with trichomes, forming bristle-trough or not, sometimes
covered with sensilla.

Mandible. Variable in shape; subapical tooth, retinacu-
lum and prostheca absent or present, forming lobe-like
structure or not; mola-like structure usually absent, pres-
ent only in a few groups (Oxyporinae, Solieriinae, Scyd-
maenus, Pseudopsis, and Diochus).

Maxilla. With cardo transverse. Stipes subdivided into
basi- and mediostipes, the latter forming the base for both
galea and lacinia. Lacinia fused with mediostipes. Galea
inserted at mediostipes between lacinia and palpifer. Pal-
pifer distinct, at base of maxillary palps, or also at base of
galea (Megalopinus). Palpi consisting of 4 palpomeres.
Labium-hypopharynx. Prementum covered lateral-
ly with spine- or hair-like trichomes, glabrous medially
or covered with sensilla. Distally with pair of ‘glossae’,
‘paraglossae’, and labial palpi consisting of 3 palpomeres.
‘Glossae’ usually reduced and integrated into prementum
(Oxyporinae, Megalopsidiinae, Solieriinae, Steninae, Eu-
aesthetinae, Scydmaeninae, Zalobius) and represented
by sensilla trichodea or basiconica, or ‘glossae’ modified
into medial lobes (Leptotyphlinae, Pseudopsis, Paeder-
inae, and Staphylininae) that vary in form, usually cov-
ered with sensilla coeloconica. ‘Paraglossae’ unmodified
antero-lateral lobes or modified into anterior digitiform
lobes (Agnosthaetus and Austroesthetus) or modified into
adhesive pads (Stenus). The base of the prementum is
connected to the distal hypopharynx, with a transverse
suture separating them.

Protarsus. Usually consisting of 5 tarsomeres (except
in Leptotyphlinae, consisting of 3, and the Euaesthetinae
genera Austroesthetus and Euaesthetus, consisting of 4),
always with symmetrical pair of claws on pretarsus. Tar-
sal setae present on the ventral region can be divided into
two major groups, i.e., unmodified hair-like (sometimes
spine-like, a difference not taken into consideration in
this context) or modified into a widened adhesive pad,
covered by tenent setae. There is a great variety of tarsal
setae with potential phylogenetic value; however, this is
not within the scope of this study (for more information
about tarsal seta types, see, for example, Stork 1980, Betz
2003, and Gnaspini et al. 2017). The overall width of each
tarsomere is considered, and two main kinds are given:
(1) slender, bearing spine- and/or hair-like setae, and (2)
widened bilobed, bearing distally widened (tenent) setae,
usually spatulate and/or discoid in shape.

3.1.2. Oxyporinae (Oxyporus, Pseudoxypo-
rus)

Labrum (Fig. 1A, B). Asymmetrical, longer than wide,
and strongly emarginate. Epipharynx flat, without fur-
row, covered by mesally directed hair- and scale-like

trichomes; prominent dense medial tuft of posteriorly di-
rected hair-like trichomes.

Mandible (Fig. 3A, B). Somewhat broadened at base,
blade-like shape, only slightly curved. Subapical tooth
absent, incisor area smooth. Retinaculum absent. Small
tooth-like projection (with unclear homology) present at
outer rim of mandible. Prostheca present, not forming
lobe-like projection, arising from elongate ledge-like in-
ner margin, composed of brush-like fringe of fimbriate
hair-like trichomes along medial margin. Mola present,
forming a broad surface provided with grinding surface
resembling a nipple-carpet (Pseudoxyporus) or an almost
flat surface studded with faint ridges (Oxyporus); partial-
ly surrounded by trichomes of prostheca.

Maxilla (Fig. 5A). Lacinia extending toward half the
length of galea; from base nearly to apex densely covered
with anteriorly directed short straight hair-like trichomes.
In apical region, meso-posteriorly directed curved bris-
tle-like trichomes present. Galea elongated, subequal to
lacinia, reaching more than half length of second pal-
pomere and bearing robust brush of posteriorly curved
bristle-like trichomes. Apical palpomere longer than and
similar in width to preceding one.
Labium-hypopharynx (Fig. 8A). Prementum strongly
bilobed and dorsally, along lateral margins, with promi-
nent dense fringe of mesally directed hair-like trichomes;
without spine-like trichomes, densely covered medially
with carpet of cone-shaped trichomes. Palps directed
distad, palpomere 3 distinctly enlarged, flattened and
strongly securiform. Ligula consisting of paired ‘glossae’
and ‘paraglossae’; ‘glossae’ represented by two pairs of
sensilla trichodea; ‘paraglossae’ represented by well-de-
veloped antero-lateral lobes of prementum. Hypopharynx
distally covered with arrays of mesally directed hair-like
trichomes. Proximally, anteriad-directed hair-like tri-
chomes, forming a medial tuft.

Protarsus (Fig. 10A, B): Consisting of 5 tarsomeres, all
slender and subequal in width. Tarsomeres bearing spine-
like setae laterally and medially glabrous in Oxyporus or
hair-like setae completely covering tarsomeres 1-4 ven-
trally and 5 laterally in Pseudoxyporus.

3.1.3. Megalopsidiinae (Megalopinus)

Labrum (Fig. 1C). Longer than wide, strongly bifurcate,
bearing row of long hair-like setae anteriorly and along
inner margins of labral lobes. Lateral lobes bearing lon-
ger hair-like setae at tips. Epipharynx flat, without furrow,
glabrous, except for margins of lateral lobes.

Mandible (Fig. 3C). Broad at base and acute at apex,
strongly curved mediad near apex. Incisor area without
subapical teeth. Retinaculum present with only weakly
developed teeth-like protrusions. Prostheca absent. Mola
absent. Distinct concave area covered with propriorecep-
tive setae near ventral mandibular condyle.

Macxilla (Fig. 5B). Lacinia reaching to apical part of ga-
lea, bearing few rows of hair- and bristle-like trichomes,
basal half with straight trichomes antero-medially direct-
ed, apical half with curved trichomes medially directed,
unarticulated spine present apically. Galea elongated,
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Figure 1. Labrum-epipharynx (ventral aspect), SEM micrographs: A Oxyporus stygicus, B Pseudoxyporus quinquemaculatus,
C Megalopinus sanguinitriguttatus, D Solierius obscurus, E Dianous obliquenotatus, F Stenus puthzianus, G Austroesthetus
passerculus, H Euaesthetus iripennis, 1 Fenderia chandleri, J Agnosthaetus cariniceps, K Cephennodes clavatus, L Veraphis sp.,
M Palaeostigus bifoveolatus, N Scydmaenus sp., O Stenichnus sp., P Eutyphlops sp., Q Homeotyphlus sp., R Pseudopsis subulata.

more than half of lacinia length, reaching base of third Labium-hypopharynx (Fig. 8§B). Prementum dorsally
maxillary palpomere; bearing brush of antero-mesally di-  along lateral margins with dense fringe of mesally di-
rected hair- and bristle-like trichomes. Apical palpomere  rected hair-like trichomes; innermost row of these lat-
longer than and similar in width to preceding one. eral fringes differentiated into spine-like trichomes, me-
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Figure 2. Labrum-epipharynx (ventral aspect), SEM micrographs: A Zalobius nancyae, B Astenus sp., C Lathrobium sp., D Me-

don vittatipennis, E Stilicoderus woodwardi, F Baryopsis sp., G Gnathymenus sp., H Homaeotarsus bicolor, 1 Paederus littoralis,

J Pinophilus parcus, K Diochus schaumii, L. Atrecus punctiventris, M Platyprosopus sp., N Erichsonius patella, O Philonthus

politus, P Thyreocephalus albertisi.

dial surface glabrous. Palpomere 3 slightly wider than
palpomere 2. Ligula consisting of paired ‘glossae’ and
‘paraglossae’; ‘glossae’ represented by pairs of sensilla
basiconica; ‘paraglossae’ represented by well-developed
antero-lateral lobes of prementum. Hypopharynx dorsally
along lateral margins with short mesally directed hair-like
trichomes. Medially glabrous, but distally covered with
loose series of proximally directed bristle-like trichomes.
Protarsus (Fig. 10C). Consisting of 5 tarsomeres, all
slender and subequal in width. Tarsomeres loosely cov-
ered with spine- and hair-like setae, more densely so to-
ward basal tarsomeres.

3.1.4. Solieriinae (Solierius)

Labrum (Fig. 1D). Subquadrate with anterior margin
not bilobed. Epipharynx flat without furrow, mostly gla-
brous, but with two pairs of obliquely anteriorly directed
prominent bristle-like sensilla distally. With larger two
pairs of sensilla at anterior rim. Mesally directed hair-

like trichomes medially forming loose rows and small
brush toward base. Rows of posteriad-directed hair-like
trichomes proximally.

Mandible (Fig. 3D). Strongly broadened at base, acute
at apex. Incisor area with subapical tooth. Retinaculum
absent. Prostheca present, not forming lobe-like projec-
tion, short, bearing brush-like fringe of fimbriate hair-like
trichomes. Mola present, forming smooth flat surface.
Maxilla (Fig. 5C). Lacinia reaching to apical part of ga-
lea; bearing rows of antero-medially directed bristle-like
trichomes, restricted to apical half of lacinia, multi-
branched unarticulated structure present apically. Galea
length subequal to lacinia, reaching second palpomere;
apex bearing rows of anteriorly directed bristle-like tri-
chomes. Apical palpomere reduced and conical.
Labium-hypopharynx (Fig. 8C). Prementum slightly
bilobed and dorsally along lateral margins with parallel
continuous fringes of mesally directed comb-like tri-
chomes; without spine-like trichomes, medially glabrous.
Palpomere 3 distinctly thinner than palpomere 2. Ligula
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consisting of paired ‘glossae’ and ‘paraglossae’; ‘glossae’
represented by pair of sensilla trichodea; ‘paraglossae’
represented by antero-lateral lobes of prementum. Hypo-
pharynx dorsally covered with mesally directed hair-like
trichomes forming a medial tuft.

Protarsus (Fig. 10D). Consisting of 5 tarsomeres, all
slender and subequal in width. Tarsomeres covered with
hair-like setae.

3.1.5. Steninae (Dianous, Stenus)

Labrum (Fig. 1E, F). Strongly transverse, with anteri-
or margin not bilobed. Epipharynx flat, without furrow,
mainly glabrous with two thorn-like projections at proxi-
mal margin (Dianous). Distinct separate plate proximally
covered with campaniform sensilla, with anteriad-direct-
ed hair-like trichomes (Dianous), or with only few lateral
patches of hair-like trichomes (Stenus).

Mandible (Fig. 3E, F). Slender and of falciform shape.
Incisor area with subapical tooth with serrate inner mar-
gin (Stenus) or not (Dianous). Retinaculum, prostheca
and mola absent.

Macxilla (Fig. 5D). Lacinia reaching to nearly the apical
part of galea; bearing a brush of curved bristle- and hair-
like trichomes, ventral fringe anteriorly directed and dor-
sal fringe postero-medially directed (Dianous) or basal
half with straight antero-medially directed trichomes and
apical half of curved postero-medially directed trichomes
(Stenus). Galea length subequal to lacinia, reaching first
palpomere; bearing dense brush of curved bristle- and
hair-like posteriorly directed trichomes. Apical pal-
pomere vestigial and peg-like.

Labium-hypopharynx (Fig. 8D). In Dianous, premen-
tum dorsally along lateral margins with dense fringe of
meso-anteriorly directed hair-like trichomes, without
lateral spine-like trichomes; medially covered with an-
teriorly directed spine-like setae. Palpomere 3 distinctly
thinner than palpomere 2. In Stenus (the typical strikingly
distinct elongated rod-like prementum is present, the dis-
tal part is however similar and comparable to the other
investigated genera), prementum dorsally along lateral
margins with rows of short bristle-like trichomes, becom-
ing longer on the innermost margin, without lateral spine-
like trichomes; single longitudinal row of spine-like setae
is present medially. Ligula consisting of paired ‘glossae’
and ‘paraglossae’; ‘glossae’ represented by two pairs of
sensilla trichodea; ‘paraglossae’ represented by ante-
ro-lateral lobes of prementum, more prominently so in
Stenus, which bears ventrally specialized sticky pads cov-
ered with adhesive trichomes. Hypopharynx in Dianous
dorsally along lateral margins with mesally directed hair-
like trichomes. Medially provided with dense vestiture of
anteriad-directed hair-like trichomes forming medial tuft
and glabrous proximally or with only few scattered short
hair-like trichomes. In Stenus, the hypopharynx sits on the
base of the membranous arthrodial membrane of the elon-
gated labium, forming a roof-shaped fold directed away
from the mouth opening and covered by antero-mesally
directed scale-like trichomes. Distally, it runs out into two
folds that border the recess of the hypopharynx laterally

and that are also occupied by anteriorly directed scale-
like trichomes. SEM images of different species of Stenus
labium and hypopharynx are presented in Betz (1996).
Protarsus (Fig. 10E, F). Consisting of 5 tarsomeres; tar-
someres (especially the antepenultimate and the penul-
timate ones), apart from the tarsi shown here, can vary
from slender and weakly bilobed to wide and bilobed.
Great species-specific diversity in number and shape of
tarsal tenent setae has been recorded (Betz 2003; Betz et
al. 2018).

3.1.6. Euaesthetinae (Austroesthetus, Eu-
aesthetus, Fenderia, Agnosthaetus)

Labrum (Fig. 1G-J). Strongly transverse, anterior mar-
gin denticulate with prominent teeth. Epipharynx flat,
without furrow, glabrous. Medial membranous field bear-
ing sensilla and / or gland openings present. Pair of con-
cavely dented fields present proximally in Fenderia.
Mandible (Fig. 3G-J). Slender and moderately curved.
Incisor area without subapical tooth. Retinaculum pres-
ent, with (Euaesthetus) or without serrate inner margin
(Austroesthetus, Agnosthaetus, Fenderia). Prostheca and
mola absent.

Maxilla (Fig. S5E, F). Lacinia with corrugated ventral
surface, almost completely divided from mediostipes;
reaching half-length of galea; bearing brush of posterior-
ly curved bristle-like trichomes. Galea length subequal to
lacinia, reaching second palpomere; apico-mesally cov-
ered by posteriorly directed curved bristle-like trichomes;
distinct spine on lateral margin in Agnosthaetus. Apical
palpomere vestigial and peg-like.
Labium-hypopharynx (Fig. 8E-H). Prementum deep-
ly emarginate anteriorly (Austroesthetus, Agnosthaetus,
and Fenderia) or not (Euaesthetus), and dorsally along
lateral margins with dense fringe of mesally directed
hair- and spine-like trichomes (Austroesthetus, Agnos-
thaetus, Euaesthetus) or with non-continuous fringe of
mesally directed comb-like trichomes (Fenderia); me-
dially glabrous. Palpomere 3 peg-like, distinctly thinner
than palpomere 2. Ligula consisting of paired ‘glossae’
and ‘paraglossae’; ‘glossae’ represented by pair of sensil-
la trichodea, present medially (Euaesthetus and Fender-
ia) or shifted laterad toward inner margins of ‘paraglos-
sal’ digitiform lobes (Austroesthetus and Agnosthaetus);
‘paraglossae’ represented by unmodified antero-lateral
lobes of prementum (Euaesthetus and Fenderia) or some-
times modified into digitiform lobes (Austroesthetus and
Agnosthaetus). Hypopharynx dorsally along lateral mar-
gins with mesally directed hair-like trichomes. Medially
glabrous.

Protarsus (Fig. 10G-J). Consisting of 5 tarsomeres
in Agnosthaetus and Fenderia, and 4 in Austroesthetus
and Euaesthetus; all tarsomeres slender and subequal in
width. Tarsomeres covered with spine- and hair-like se-
tae in Euaesthetus and Agnosthaetus. In Austroesthetus
and Fenderia, tarsomeres are glabrous medially and bear
lateral rows of spine- and hair-like setae. In Fenderia, the
first two tarsomeres are covered medially with distinct
discoid tenent setae. Austroesthetus and Fenderia have
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Figure 3. Left mandible (ventral aspect), SEM micrographs: A Oxyporus stygicus, B Pseudoxyporus quinquemaculatus, C Mega-
lopinus sanguinitriguttatus, D Solierius obscurus (left and right mandibles), E Dianous obliquenotatus, ¥ Stenus puthzianus,

G Austroesthetus passerculus, H Euaesthetus iripennis, 1 Fenderia chandleri, J Agnosthaetus cariniceps, K Cephennodes clavatus,
L Veraphis sp., M Palaeostigus bifoveolatus, N Scydmaenus sp., O Stenichnus sp., P Eutyphlops sp., mandibular teeth hidden by
prostheca of right mandible, Q Eutyphlops sp. (prostheca damaged, indicated by arrow), mandibular teeth exposed, R Homeotyphlus
sp. subapical tooth hidden because of the direction of view, S Homeotyphlus sp. (prostheca damaged, indicated by arrow), subapical
tooth exposed. — Abbreviations: ml = mola, prst = prostheca, re = retinaculum, sat = subapical tooth.
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Figure 4. Left mandible (ventral aspect), SEM micrographs: A Pseudopsis subulata, B Zalobius nancyae, C Astenus sp., D La-
throbium sp., E Medon vittatipennis, F Stilicoderus woodwardi, G Baryopsis sp., H Gnathymenus sp., I Homaeotarsus bicolor,
J Paederus littoralis, K Pinophilus parcus, L Diochus schaumii, M Atrecus punctiventris, N Platyprosopus sp., O Erichsonius

patella, P Philonthus politus, Q Platydracus femoratus, R Thyreocephalus albertisi. — Abbreviations: dt = dorsal tooth, ml = mola,

prst = prostheca, re = retinaculum, sat = subapical tooth.
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Figure S. Left maxilla (ventral aspect), SEM micrographs: A Oxyporus stygicus, B Megalopinus sanguinitriguttatus, C Solierius
obscurus, D Dianous obliquenotatus, E Euaesthetus iripennis, F Agnosthaetus cariniceps, G Cephennodes clavatus, H Veraphis
sp., I Palaeostigus bifoveolatus, J Scydmaenus sp., K Stenichnus sp., L Eutyphlops sp., M Pseudopsis subulata, N Zalobius
nancyae. — Abbreviations: bs = basistipes, ca = cardo, ga = galea, lac = lacinia, mp = maxillary palp, ms = mediostipes, pf =

palpifer.
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Figure 6. Left maxilla (ventral aspect), SEM micrographs: A Astenus sp., B Lathrobium sp., C Medon vittatipennis, D Stilicoderus
woodwardi, E Baryopsis sp., F Gnathymenus sp., G Homaeotarsus bicolor, H Paederus littoralis, 1 Pinophilus parcus, J Diochus

schaumii, K Atrecus punctiventris. — Abbreviations: bs = basistipes, ca = cardo, ga = galea, lac = lacinia, mp = maxillary palp,

ms = mediostipes, pf = palpifer.
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Figure 7. Left maxilla (ventral aspect), SEM micrographs: A Platyprosopus sp., B Erichsonius patella, C Philonthus politus,

D Quedius capucinus, E Platydracus femoratus, F Thyreocephalus albertisi. — Abbreviations: bs = basistipes, ca = cardo, ga =

galea, lac = lacinia, mp = maxillary palp, ms = mediostipes, pf = palpifer.

distinctly elongated tarsomere 5 when compared with Eu-
aesthetus and Agnosthaetus.

3.1.7. Scydmaeninae (Cephennodes, Ve-
raphis, Palaeostigus, Scydmaenus,
Stenichnus)

Labrum (Fig. 1K-O). Subquadrate (Scydmaenus, Ce-
phennodes, and Veraphis) or transverse (Stenichnus,
Palaeostigus). Anterior margin not bilobed, with single
pair of short and broad tooth-like projections in Palae-
ostigus. Epipharynx flat, without furrow, mostly covered
by mesally directed hair-like (Palaeostigus), scale-like
(Stenichnus), or both (Scydmaenus) trichomes, glabrous
medially. Scydmaenus forming tuft medio-posteriad, and
Scydmaenus and Veraphis forming pair of tufts apico-lat-
erally. Proximal patch of hair-like trichomes anteriad-di-
rected in Palaeostigus. In Cephennodes, the epipharynx
has semi-membranous surface showing irregular folds.

Mandible (Fig. 3K-0). Broad at base, curved, and acute
at apex (Cephennodes, Veraphis, Palaeostigus, Scyd-
maenus), or slender and falciform (Stenichnus). Incisor
area with (Veraphis, Palaeostigus, and Scydmaenus) or
without (Cephennodes and Stenichnus) subapical tooth.
Retinaculum absent (Cephennodes, Veraphis, Scydmae-

nus, Stenichnus) or present (Palaeostigus). Stenichnus,
however, have a serrated inner edge of the mandible.
Prostheca well-developed as dense brush of hair-like tri-
chomes covering nearly half of the ventral surface (Pa-
laeostigus), limited to only medial inner margin (Scyd-
maenus), or close to base of inner margin (Veraphis);
in Veraphis, prostheca is broader than usual and bears
tooth-like structures. Prostheca is absent in Cephen-
nodes and Stenichnus. Mola present in Scydmaenus,
mesal edge flattened surface composed of small rows
of bristle-like trichomes with ridge-studded surface just
lateral to them.

Macxilla (Fig. 5G—K). Lacinia reaching basal (Palaeosti-
gus) or meso-apical (Stenichnus, Cephennodes, Veraphis,
Scydmaenus) part of galea; bearing curved bristle-like
trichomes directed postero-medially and with unarticu-
lated spine apically (Stenichnus, Cephennodes, Veraphis,
Scydmaenus) or curved hair-like trichomes directed pos-
teriorly without unarticulated spine (Palaeostigus). Galea
length subequal to lacinia, reaching second palpomere;
bearing mesally directed curved bristle- (Stenichnus,
Cephennodes, Veraphis, Scydmaenus) or hair-like (Pa-
laeostigus) trichomes. Apical palpomere subequal to pre-
ceding one (Palaeostigus) or much shorter (Stenichnus,
Cephennodes, Veraphis, Scydmaenus).
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Labium-hypopharynx (Fig. 81-M). Prementum' dor-
sally along lateral margins with dense fringe of mesally
directed hair- or spine-like trichomes. Palpomere 3 some-
what (Cephennodes, Veraphis, Stenichnus) to distinctly
(Palaeostigus, Scydmaenus) thinner than palpomere 2.
Ligula consisting of paired ‘glossae’ and ‘paraglossae’;
‘glossae’ represented by pair(s) of sensilla basiconica
(Palaeostigus and Scydmaenus) or trichodea (Veraphis);
‘paraglossae’ represented by antero-lateral lobes of pre-
mentum. Hypopharynx dorsally along lateral margins
with mesally directed hair-like trichomes, medially gla-
brous or with only one single pair of trichomes. More
proximally, dense fringe of anteriad-directed hair-like
trichomes (Palaeostigus and Veraphis). For the genera
Cephennodes, Stenichnus, and Scydmaenus, in which the
hypopharynx overlaps the prementum, the hypopharynx
has a different appearance as follows. Hypopharynx dor-
sally along lateral margin with short thorn-like trichomes
(Cephennodes and Scydmaenus) and, innermost to these,
longitudinal striae, continuing medially (Stenichnus) or
not (Cephennodes and Scydmaenus). More proximally
with dense tuft of hair-like trichomes (Scydmaenus), or
glabrous (Cephennodes and Stenichnus).

Protarsus (Fig. 10K—O). Consisting of 5 tarsomeres, all
slender and subequal in width. Tarsomeres are ventrally
covered with spine- and hair-like setae. Palaeostigus with
pairs of distinct spines laterally on tarsomeres 1-3.

3.1.8. Leptotyphlinae (Eutyphlops, Homeo-
typhlus)

Labrum (Fig. 1P, Q). Transverse, anterior margin slight-
ly denticulate. Epipharynx flat, without furrow, mainly
glabrous. Anteriad-directed hair-like trichomes proximal-
ly, and mesally directed hair-like trichomes lateroproxi-
mally. With few campaniform sensilla medially.
Mandible (Fig. 3P-S). Slightly broadened at base, be-
coming acute toward apex, falciform. Incisor area with
subapical tooth. Retinaculum absent (Homeotyphlus) or
present (Eutyphlops). Prostheca present, forming promi-
nent, robust, sclerotized lobe-like projection with brush-
like fringe of fimbriate hair-like trichomes along medial
margin. Mola absent.

Macxilla (Fig. 5L). Lacinia reaching to apical part of ga-
lea; bearing row of straight mesally directed bristle-like
trichomes, unarticulated spine present apically. Galea
length subequal to lacinia, reaching third palpomere (Eu-
typhlops) or about half of lacinia length, reaching only
base of second palpomere (Homeotyphlus); bearing an-
tero-medially directed slightly curved bristle-like tri-
chomes. Apical palpomere distinctly shorter and thinner
(peg-like) than preceding one.

1 The prementum of some scydmaenines can be covered by the hypo-
pharynx dorsally after dissection (such a case is exemplified here by
the representatives of Scydmaenus, Cephennodes, and Stenichnus),
preventing a clear view of its surface structures (i.e., trichomes and
sensilla types and their distribution). The prementum of Scydmaenus
is described, because we had many specimens at our disposal en-
abling us to remove the hypopharynx to obtain a clear view of the
covered region of the prementum.

Labium-hypopharynx (Fig. 8N). Prementum dorsally
along lateral margins with parallel continuous fringes of
mesally directed comb-like trichomes; without spine-like
trichomes, medially glabrous. Palpomere 3 somewhat
thinner than palpomere 2. Ligula consisting of paired
‘glossae’ and ‘paraglossae’; ‘glossae’ modified into spat-
ulate meso-lateral lobes, projecting anteriad, bearing few
sensilla coeloconica at tip; ‘paraglossae’ represented by
antero-lateral lobes of prementum. Hypopharynx dorsally
with arrays of mesally directed hair-like trichomes distal-
ly and anteriad-directed hair-like trichomes proximally.
Protarsus (Fig. 10P, Q): Consisting of 3 tarsomeres,
all slender and subequal in width. Tarsomeres glabrous
medially. Eutyphlops with spine-like setae and Homeo-
typhlus with spoon-like tenent setaec with distinctly en-
larged adhesive pads.

3.1.9. Pseudopsinae (Pseudopsis, Zalobius)

Labrum (Figs 1R, 2A). Subquadrate, not bilobed. Epi-
pharynx without furrow, with sparsely distributed vesti-
ture, with medio-lateral region covered by rows of me-
sally directed hair-like trichomes, forming bristle-trough.
Campaniform sensilla present medially (Pseudopsis) or
absent (Zalobius). Posteriorly with patches of hair- or
scale-like anteriorly directed trichomes (Zalobius) or a
tuft of hair-like trichomes (Pseudopsis). Short basiconic
(Zalobius) or disc-like (Pseudopsis) sensilla distally.
Mandible (Fig. 4A, B). Broad, abruptly curved at incisor
(Pseudopsis) or only slightly broad at base and falciform
in shape (Zalobius). Incisor area with subapical tooth.
Retinaculum absent (Zalobius) or present (Pseudopsis).
Prostheca well-developed, without lobe-like projection
but with only short extension distally; bearing row of
branched hair-like trichomes along medial margin, ex-
tending anteriorly. Mola present in Pseudopsis, some-
what broad, covered by teeth- and bristle-like trichomes,
thicker on edges and finer on inner region.

Maxilla (Fig. 5M, N). Lacinia reaching to apical part of
galea; bearing few rows of straight bristle- and hair-like
trichomes directed mesally; unarticulated spine present
apically. Galea about half of lacinia length, reaching only
to base of second palpomere (Zalobius) or more than half
length of lacinia, reaching third palpomere (Pseudopsis);
bearing brush of curved hair- and bristle-like trichomes
directed postero-medially. Apical palpomere slightly
longer and thinner (Pseudopsis) than preceding one or
distinctly longer than and same width as preceding one,
tapering apically (Zalobius).

Labium-hypopharynx (Fig. 9A, B). Prementum dorsally
along lateral margins with fringe of mesally directed hair-
like trichomes; innermost row of lateral fringes differenti-
ated into spine-like trichomes (Pseudopsis) or spine-like
trichomes still present (but not on innermost row) and
prementum medially covered with hair-like setae (Zalo-
bius). Palpomere 3 somewhat thinner than palpomere 2.
Ligula consisting of paired ‘glossae’ and ‘paraglossae’;
‘glossae’ spatulate, modified dorsally into medial lobes,
projecting anteriad and covered apically with sensil-
la coeloconica in Pseudopsis. In Zalobius, the ‘glossae’
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Figure 8. Labium-hypopharynx (dorsal aspect), SEM micrographs: A Oxyporus stygicus, B Megalopinus sanguinitriguttatus,

C Solierius obscurus, D Dianous obliquenotatus, E Austroesthetus passerculus, F Euaesthetus iripennis, G Fenderia chandleri,

H Agnosthaetus cariniceps, 1 Cephennodes clavatus, J Veraphis sp., K Palaeostigus bifoveolatus, L Scydmaenus sp., M Stenichnus
sp., N Eutyphlops sp. — Abbreviations: gl = ‘glossa’, hph = hypopharynx, hph scl = hypopharynx sclerite, Ip = labial palp, pgl =
‘paraglossa’, prm = prementum.
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Figure 9. Labium-hypopharynx (dorsal aspect), SEM micrographs: A Pseudopsis subulata, B Zalobius nancyae, C Lathrobium

sp., D Medon vittatipennis, E Stilicoderus woodwardi, ¥ Baryopsis sp., G Gnathymenus sp., H Homaeotarsus bicolor, 1 Paederus
littoralis, J Pinophilus parcus, K Diochus schaumii, L. Atrecus punctiventris, M Platyprosopus sp., N Philonthus politus, O Quedius
capucinus, P Platydracus femoratus, Q Thyreocephalus albertisi. — Abbreviations: gl = ‘glossa’, hph = hypopharynx, Ip = labial
palp, pgl = ‘paraglossa’, prm = prementum.
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Figure 10. Left protarsi (ventral aspect), SEM micrographs: A Oxyporus stygicus, B Pseudoxyporus quinquemaculatus, C Mega-
lopinus sanguinitriguttatus, D Solierius obscurus, E Dianous obliquenotatus, ¥ Stenus puthzianus, G Austroesthetus passerculus,
H Euaesthetus iripennis, 1 Fenderia chandleri, J Agnosthaetus cariniceps, K Cephennodes clavatus, L. Veraphis sp., M Palaeosti-
gus bifoveolatus, N Scydmaenus sp., O Stenichnus sp., P Eutyphlops sp., Q Homeotyphlus sp., R Pseudopsis subulata, S Zalobius
nancyae, T Astenus sp., U Lathrobium sp., V Medon vittatipennis, X Stilicoderus woodwardi.
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are integrated with the prementum plate and probably
represented by hair-like setae, but we were not able to
distinguish these clearly as this area of the prementum
is densely covered by other hair-like setae; ‘paraglossae’
represented by antero-lateral lobes of prementum. Hypo-
pharynx covered dorsally with anteriad-directed hair-like
trichomes, forming small tuft more distally (Zalobius) or
along lateral margins with mesally directed hair-like tri-
chomes and medially mainly glabrous, forming a dense
brush proximally (Pseudopsis).

Protarsus (Fig. 10R, S). Consisting of 5 tarsomeres, all
slender and subequal in width. Tarsomeres in Pseudop-
sis with distinct rows of spine-like setae and in Zalobius
densely covered with spine- and hair-like setae, some-
what longer than Pseudopsis.

3.1.10. Paederinae (Astenus, Lathrobium,
Medon, Stilicoderus, Baryopsis, Gna-
thymenus, Homaeotarsus, Paederus,
Pinophilus)

Labrum (Fig. 2B-J). Transverse, not or only slightly bi-
lobed; subquadrate and strongly bilobed in Lathrobium.
Epipharynx extensively and densely covered by mesal-
ly directed hair- or scale-like trichomes combined with
dense medial tuft of anteriorly directed hair-like trichomes
(Lathrobium, Baryopsis, Homaeotarsus, and Pinophilus),
or with some regions covered by mesally directed hair- or
scale-like trichomes and glabrous furrow medially (4ste-
nus, Medon, Stilicoderus, Gnathymenus, and Paederus);
medially directed trichomes forming bristle-trough in all
species, except Astenus and Medon. Longitudinal furrow
is also present in Pinophilus, but mainly covered with an-
teriorly directed hair-like trichomes medially.

Mandible (Fig. 4C-K). Robust at base and falciform
in shape at apical half (Lathrobium, Medon, Baryopsis,
Gnathymenus, Homaeotarsus, Paederus, Pinophilus),
or slender and strongly falciform (A4stenus), or overall
broad with incisor angled almost 90° in relation to base
(Stilicoderus). Incisor area without subapical tooth. Ret-
inaculum present, with one or two teeth; retinaculum in
Astenus has one tooth with three cusps (tricuspid). Pros-
theca well-developed, forming prominent sclerotized
lobe-like projection, which bears brush-like fringe of
fimbriate hair-like trichomes along medial margin, some-
times extending anteriorly toward most proximal tooth
of retinaculum. Prostheca absent in Astenus, Medon, and
Stilicoderus. Mola absent.

Macxilla (Fig. 6A-I). Lacinia reaching to just basal part of
galea; bearing robust brush of hair-like trichomes, basal
region consisting of straight antero-mesally directed tri-
chomes and apical region of curved trichomes (antero-)
mesally directed. Galea about halflength of lacinia, reach-
ing first palpomere or only to base of second palpomere;
bearing robust brush of curved hair-like trichomes curved
mesally, trichomes sometimes with spatulate tip (Medon,
Stilicoderus, Baryopsis, Homaeotarsus, Paederus). Api-
cal palpomere subequal to longer (Pinophilus), or much
shorter than preceding one (Paederini) or vestigial and
peg-like (Lathrobiini).

Labium-hypopharynx (Fig. 9C-J). Prementum dorsally
along lateral margins with prominent and dense fringe of
mesally directed hair-like trichomes; innermost row of lat-
eral fringes differentiated into spine-like trichomes, me-
dially with sensilla coeloconica (Lathrobium, Baryopsis,
Homaeotarsus), with spine-like erect setae (Stilicoderus)
or glabrous (Medon, Gnathymenus, Paederus, Pinophi-
lus); pair of prominent peg-like protuberances are visible
in Paederus. Palpomere 3 about as wide to half as wide
as, or distinctly (Medon, Stilicoderus) thinner than pal-
pomere 2. Ligula consisting of paired ‘glossae’ and ‘para-
glossae’; ‘glossae’ dorsally modified into anterior lobes,
sometimes bulbous, covered with sensilla coeloconica;
‘paraglossae’ represented by antero-lateral lobes of pre-
mentum. Hypopharynx dorsally mainly with dense ho-
mogeneous array of anteriad-directed hair-like trichomes
(Baryopsis, Gnathymenus). Alternatively, along lateral
margins with mesally directed hair-like trichomes and
medially with dense vestiture of hair-like trichomes con-
verging to form medial tuft (Stilicoderus, Homaeotarsus,
Paederus, Pinophilus). Lathrobium with such vestiture,
but with distinct glabrous furrow medially. In Lathrobi-
ini, the hypopharynx is narrowed distally and suddenly
enlarged proximally where most of hypopharynx sclerite
is present (the connection between these regions is fragile
and susceptible to tearing during dissection).

Protarsus (Figs 10T-X, 11A-E). Consisting of 5 tar-
someres, tarsomeres covered by tenent setae are widened
and bilobed. Tarsomeres 1-4 of Lathrobium, Baryopsis,
Gnathymenus, Paederus, and Pinophilus ventrally dense-
ly covered by distally widened spatulate (tenent) setae.
Pinophilus is much more densely covered by distally
widened spatulate (tenent) setae than the other genera. In
Astenus, the only tarsomere that bears tenent setae is 4,
whereas 1-3 are covered by rows of unmodified prom-
inent spine-like setae. In Medon, Stilicoderus, and Ho-
maeotarsus, tarsomeres 1-5 are mainly covered by spine-
and hair-like setae, and all tarsomeres are subequal in
width.

3.1.11. Staphylininae (Diochus, Atrecus,
Platyprosopus, Erichsonius, Philon-
thus, Quedius, Platydracus, Thyreo-
cephalus)

Labrum (Fig. 2K—P). Transverse, but subquadrate in Di-
ochus and Thyreocephalus, and in Platyprosopus rhom-
boidal, longer than wide including hidden part beneath
clypeus, or, for only externally exposed part, gradually
widening toward exposed base; anterior margin not or
only slightly bilobed. Epipharynx flat, without furrow
(except Platyprosopus), covered by mesally directed
hair-like trichomes, forming dense medial tuft of ante-
riad-directed trichomes medially (Erichsonius, Philon-
thus, Platydracus, Quedius). Platyprosopus distinctly
longitudinally furrowed, with ramified trichomes distally
and anteriad-directed cone-shaped trichomes medially. In
Diochus and Thyreocephalus, epipharynx is mainly gla-
brous, Thyreocephalus with transverse row of anteriorly
directed hair-like trichomes, and grooved peg-like sen-
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Figure 11. Left protarsi (ventral aspect), SEM micrographs: A Baryopsis sp., B Gnathymenus sp., C Homaeotarsus bicolor,

D Paederus littoralis, E Pinophilus parcus, F Diochus schaumii, G Atrecus punctiventris, H Platyprosopus sp., 1 Erichsonius pa-

tella, J Philonthus politus, K Quedius capucinus, L Platydracus femoratus, M Thyreocephalus albertisi.

silla medially, distal to transverse row; and Diochus with
paired patches of anteriad-directed hair-like trichomes
proximally and row of bowl-like (campaniform?) sensilla
proximally and row of prominent peg-like sensilla just
distal to that. Atrecus with loose row of mesally direct-
ed hair-like trichomes laterally, row of anteriad-direct-
ed thorn-like setae distally, and few rows of prominent
peg-like sensilla meso-proximally; medially directed tri-
chomes forming bristle-trough in all species, except Dio-
chus, Atrecus and Thyreocephalus.

Mandible (Fig. 4L-R). Somewhat broadened at base,
acute at apex, falciform (Erichsonius, Philonthus, Que-
dius, Platydracus, Thyreocephalus,); Diochus and Platy-
prosopus with broader base, only slightly falciform and

with blunt incisor; Atrecus with broad base but not falci-
form shape and more robust than other genera studied; in-
cisor blunt. Incisor area with (Atrecus and Platyprosopus)
or without (Diochus, Erichsonius, Quedius, Philonthus,
Platydracus, Thyreocephalus) subapical tooth. Retinacu-
lum absent (Diochus, Atrecus, Platyprosopus) or present
(Erichsonius, Philonthus, Quedius, Platydracus, Thyreo-
cephalus), usually partially covered by more posteri-
or prostheca; Diochus and Thyreocephalus bearing one
dorsal mesal tooth. Prostheca well-developed, forming
prominent sclerotized lobe-like projection bearing brush-
like fringe of fimbriate hair-like trichomes along medi-
al margin, sometimes extending anteriorly toward most
proximal tooth of retinaculum. Mola present only in Di-
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ochus, forming broader region covered with bristle-like
trichomes.

Maxilla (Figs 6J, K, 7A—F). Lacinia reaching to just base
or half-length of galea; bearing brush-like structure with
bristle-like trichomes on basal region directed straight
anteriorly and on apical region curved and directed pos-
tero-medially (Diochus), or hair-like trichomes, basal
region consisting of straight anteriorly directed (Atrecus,
Platyprosopus, Erichsonius, Thyreocephalus), or mesally
directed (Philonthus, Quedius, Platydracus) directed tri-
chomes and apical region with curved mesally directed
trichomes; brush especially dense and long in Platydra-
cus and Platyprosopus and significantly shorter in Di-
ochus. Galea about half lacinia length, reaching first or
second palpomere; apex bearing brush of curved bristle-
(Diochus) or hair-like trichomes (Atrecus, Platyproso-
pus, Philonthus, Quedius, Platydracus, Thyreocephalus)
or curved hair- and bristle-like trichomes (Erichsonius);
brush especially dense and long in Platydracus and Platy-
prosopus. Apical palpomere subequal to or slightly lon-
ger than preceding one, or vestigial (Diochus).
Labium-hypopharynx (Fig. 9K-Q). Prementum dor-
sally along lateral margins with dense fringe of mesally
directed hair-like trichomes; innermost row differentiated
into spine-like trichomes, medially covered with sensilla
coeloconica (Atrecus, Platyprosopus, Quedius, Thyreo-
cephalus), with hair-like setae (Philonthus and Platydra-
cus) or glabrous (Diochus and Erichsonius). Palpomere
3 about as wide to half as wide as palpomere 2. Ligula
consisting of paired ‘glossae’ and ‘paraglossae’; ‘glossae’
dorsally modified into anterior lobes (Platyprosopus and
Staphylinini) covered with sensilla coeloconica, some-
times bulbous, or modified into single medial projection
covered with sensilla coeloconica (Diochus, Atrecus, and
Thyreocephalus); ‘paraglossae’ represented by antero-lat-
eral lobes of prementum. Hypopharynx dorsally along
lateral margins with mesally directed hair-like trichomes.
Medially provided with dense vestiture of hair-like tri-
chomes forming medial tuft (Erichsonius, Philonthus,
Platydracus), medially glabrous or with only few scat-
tered short hair-like trichomes (Diochus, Atrecus, Platy-
prosopus, Quedius, Thyreocephalus).

Protarsus (Fig. 11F-M). Consisting of 5 tarsomeres, tar-
someres covered by tenent setae are widened and bilobed
(except in Thyreocephalus). Tarsomeres 1—4 of all inves-
tigated Staphylininae are covered by distally widened
(tenent) setae of various shapes (depending on species).
Although Thyreocephalus bears tenent setae like the oth-
er genera, they have a different arrangement, forming a
pair of setal patches on each tarsomere.

3.2. Analysis of potential groundplan
patterns of the mouthparts in
staphylinines

The character mapping analysis (Fig. 12) was performed
using the taxa in Table 1 and the character matrix in Ta-
ble S1. The following 13 characters and their states were
defined and mapped:

Labrum-epipharynx

1 Labrum, width vs length: (0) subquadrate or longer
than wide; (1) wider than long, transverse.

2 Anterior margin of labrum: (0) not or only slightly bi-
lobed, not denticulate or serrate; (1) strongly bilobed,
not denticulate or serrate; (2) not bilobed, denticulate
or serrate.

3 Medial surface of epipharynx: (0) with medially posi-
tioned prominent hair tuft of posteriorly directed long
hair- or bristle-like trichomes; (1) without any rows
of medially directed hair- or bristle-like trichomes;
(2) with loose rows of medially directed hair- or bris-
tle-like trichomes; (3) with medially and/or anteriorly
directed hair- bristle-like trichomes, forming a bris-
tle-trough.

Mandible

4 Subapical tooth: (0) absent; (1) present.

5 Retinaculum: (0) absent; (1) present.

6 Prostheca: (0) absent; (1) present, not forming lobe-
like projection; (2) present, forming lobe-like projec-
tion.

7 Mola: (0) absent; (1) present.

Macxilla

8 Apical unarticulated structure (spine or multibranched
structure) of lacinia: (0) absent; (1) present.

9 Maxillary palpomere 4: (0) well-developed, fully
sclerotized, similar in width to palpomere 3; (1) about
half the width of palpomere 3 or much shorter but
similar width, fully sclerotized; (2) less than half the
width of palpomere 3, fully sclerotized; (3) not more
than 1/4 width of palpomere 3, conical or vestigial
and peg-like.

Labium-hypopharynx

10 ‘Glossa’: (0) integrated with prementum plate, some-
times represented by pairs of sensilla basiconica or
trichodea; (1) represented by paired spatulate lobes,
projected anteriad; (2) represented by paired anteri-
or lobes, sometimes bulbous and covered by sensilla
coeloconica.

11 ‘Paraglossa’: (0) represented by inconspicuous ante-
ro-lateral lobes; (1) represented by prominent anterior
digitiform lobes; (2) represented by pads bearing mul-
tiple (adhesive) outgrowths.

12 Trichomes on prementum lateral margin: (0) hair-like;
(1) conspicuous spine-like; (2) comb-like.

13 Labial palpomere 3: (0) about as wide to half as wide
as penultimate palpomere; (1) about third or less as
wide as penultimate palpomere, vestigial; (2) moder-
ately to strongly expanded apically.

3.3. Mandible shape analysis

The first two relative warps or principal components
(PC), PC 1 and PC 2 explain 53.6% and 22.9% of the to-
tal shape variation, respectively. In the morphospace (Fig.
13), convex hulls are used to cluster the subfamilies (or
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Figure 12. Ancestral character state reconstruction of categorical data based on maximum parsimony performed in Mesquite 3.61
(Maddison and Maddison 2019). The characters are mapped on a phylogenetic scheme based on multiple studies cited in the Ma-
terials and Methods section. The numbers on the branches of the tree indicate the character and the state, respectively, according to
list in section 3.2. Each color corresponds to a subfamily as labelled. Pink bars span the members of the Staphylinine group and the

Staphylinidae.

the outgroup species as its own group) that possess more
than three species. The consensus shape of all species is
illustrated in the center (at zero), and a shape at each ex-
tremity of the two axes is provided to achieve a better
understanding of the deformation of the shape depending
on the position of the species in the morphospace.

Shape changes according to PC 1 mainly involve the
inner edge of the mandible with the tip becoming increas-
ingly blunt and the base becoming broader toward the left
side of this axis, whereas higher PC 1 values are associ-
ated with the mandibles becoming laterally compressed,
resulting in increasingly slender and falcate mandible
shapes with a narrow base (Fig. 13). Shape changes along
PC 2 mainly affect the outer edge of the mandible, which
becomes increasingly straight and oblong and with a
slightly narrow base toward lower PC values, but more
strongly curved and with a relatively large base in the op-
posite direction (Fig. 13).

The character mapping analysis of PC 1 is shown in
Fig. 14. Hypothetical mandible shapes are given accord-
ing to the generated color scheme. A tendency to a man-
dible with a blunt apex and broad base is seen among the

species of the outgroup, represented by a lower PC 1. This
finding, together with the most basal groups not having a
high PC 1, leads to the hypothetical ancestral group of
the Staphylinines having a PC 1 between -0.11 and -0.06,
meaning a comparatively blunter apex and broader base
than most of the staphylinines investigated. The same
range of PC 1 of hypothetical ancestral staphylinines has
secondarily evolved in a few other groups independent-
ly (Cephennodes, Veraphis, Leptotyphlinae, Diochus,
Platydracus). However, in most groups, the mandibles
have become more slender with especially falcate man-
dibles in Euaesthetus and Astenus.

The character mapping analysis of PC 2 is shown in
Fig. 15. The outgroup taxa plus the majority of the in-
group species possess intermediate PC 2 values (rang-
ing from -0.04 to 0.62, represented by the green colors).
Whereas in several groups, the mandibles have become
straighter (with a less curved outer edge), in some oth-
er cases such as Stilicoderus and Medon, the mandibles
have become strongly curved and sickle-shaped, with the
special case of Cephennodes, whose mandible tips are
curved inward.



290

Spiessberger EL et al.: Feeding apparatus of Staphylinine beetles

Table 2. Mahalanobis distances between groups. Euae = Euaesthetinae, Lept = Leptotyphlinae, Mega = Megalopsidiinae, Outg =
Outgroup, Oxyp = Oxyporinae, Paed = Paederinae, Pseu = Pseudopsinae, Scyd = Scydmaeninae, Soli = Solieriinae, Stap = Staphyli-
ninae, Sten = Steninae. Significance values (in parentheses) are included after the distance values: * = p < 0.05, ** = p < 0.005,

*#% = p <0.001, and n.s. = not significant.

“Eutyphlops

Stenus

Euae Lept Mega Outg Oxyp Paed Pseu Scyd Soli Stap
Lept | 10.34 (%)
Mega | 12.18 (*) 14.54 (#**)
Outg | 11.16 (*) 13.01 (%) 9.89 (n.s.)
Oxyp | 14.47 (n.s.) | 17.78 (n.s.) | 10.61 (***) | 9.77 (*)
Paed | 5.80 (**) 9.55 (*) 10.38 (n.s.) | 9.54 (***) 12.41 (*%)
Pseu |6.23 (*) 9.93 (n.s.) 10.80 (n.s.) | 10.93 (*) 14.98 (¥**) | 6.52 (*)
Scyd | 7.18 (**) 7.34 (%) 12.21 (%) 10.59 (*%*) 15.56 (¥*%) | 7.52 (***) |8.11 (*)
Soli 14.02 (n.s.) | 11.40 (***) | 19.12 (n.s.) | 14.85 (%) 21.61 (***) | 14.63 (¥) 13.45 (n.s.) | 11.47 (n.s.)
Stap | 10.29 (¥**) | 14.76 (**) 1112 (¥*) | 9.03 (***) 10.73 (*) 9.29 (***) 12.13 (*%*) 11.23 (*¥*%) | 17.52 (*)
Sten | 7.94 (n.s.) 9.89 (**%*) 12.67 (¥**) | 10.15 (*) 15.06 (n.s.) | 6.42 (*) 6.85 (¥**) | 8.69 (*) 12.51 (n.s.) | 12.24 (*¥%*)
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Figure 13. Principal component analysis of mandible shapes. Deformation grids are assigned to the maximum and minimum values
of each axis, and in the center, the deformation grid (upper left) of the consensus shape of all species, with pink dots representing the
landmarks and black dots the semilandmarks. Convex hulls are displayed for subfamilies (and the outgroup) with more than three
species studied. Each dot or convex hull color in the plot corresponds to a subfamily or outgroup species as follows: Oxyporinae =
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phlinae = brown, Pseudopsinae = purple, Paederinae = blue, Staphylininae = red, Outgroup = black.

Mabhalanobis distances based on canonical variate
analysis were calculated between the subfamilies and the
outgroup species as a distinct group (Table 2).

Two correlation analyses were performed, between
PC 1 and the inlever/outlever quotient (Fig. 16), and be-

tween PC 2 and the inlever/outlever quotient (Fig. S1).
They show that falciform mandibles with a narrow base
(i.e., high PC 1 values) tend to correlate with relatively
fast-closing mandibles (i.e., a low inlever/outlever quo-
tient), such as in Astenus and Euaesthetus; and that falci-
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The negative correlation also holds true for an analysis using phylogenetic independent contrasts (r = -0.46**).

form mandibles with a broad base (i.e., high PC 2 values)
tend to correlate with high relative output forces (i.e., a
high inlever/outlever quotient), such as in Cephennodes
and Homeotyphlus. As explained above, the in-lever/out-
lever ratio is indicative of both relative mandible force
output and relative kinematic transmission. Smaller ratios
mean a lower force and faster closure, whereas larger ra-
tios mean a higher force and slower closure (e.g., Weih-
mann et al. 2015; Blanke 2019). However, we need to
consider that the values of the PCs are related to the over-
all shape, and not only to the inlever/outlever ratio, and
that, therefore, the pattern described above is not always
true; nonetheless, this trend is seen.

4. Discussion

In the current study, we focus on the various subfam-
ilies traditionally assigned to the Staphylinine group,
because their head and mouthpart morphology in the
context of feeding has been neglected so far, despite
these clades contributing significantly to the vast diver-
sity of Staphylinidae (26,480 species worldwide, placed
in 63 higher taxa ((sub)tribes): AFN unpublished data).
Stocker et al. (2022) have recently performed an ecomor-
phological analysis of selected species of Staphylininae
and Paederinae; however, this is an exception, and such
studies are rare. Our comprehensive comparison of the
head morphology of representatives of the Staphylinine

group is a contribution to an understanding of mouth-
part divergence across subfamilies within Staphylini-
dae. Both adults and larvae of the selected subfamilies
are predators, many having evolved complex mouthpart
modifications that are correlated with their highly spe-
cialized feeding and extra-oral digestion (e.g., Evans
1964; Betz 1996; Beutel and Molenda 1997; Betz et al.
2003; Leschen and Newton 2003; Jatoszynski and Beutel
2012; Beutel et al. 2021). They include not only preda-
tors (both generalists and specialists), but also obligate
feeders on fungal hyphae and fruit and nectar feeders
(Thayer 2016).

The Staphylinine group is included in the superfamily
Staphylinoidea, one of the most diverse insect groups on
Earth. This superfamily has a relatively basal phyloge-
netic position among the Polyphaga (Hunt et al. 2007;
Zhang et al. 2018; McKenna et al. 2019), and therefore,
such comparative studies are of great importance for our
understanding of the evolution of this suborder. As justi-
fied in the Introduction, although the monophyly of the
Staphylinine group and some of its subfamilies has re-
cently been questioned by molecular studies (McKenna et
al. 2015; Kypke 2018), we retain this morphology-based
concept here because recent studies did not yield a con-
clusive solution yet (Gusarov 2018; also see Zhang et al.
2018 for a contradictory result regarding the Staphylinine
group compared with that of Kypke 2018).

Below, we discuss the functional aspects of the feed-
ing apparatus and the possible morphological groundplan
features of the Staphylinine group based on the species
studied herein and compare them with the complex of
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groundplan features previously assumed to constitute
the groundplan of microphagous mouthparts in basal
staphylinoids (Betz et al. 2003). We also discuss the di-
versity of mouthpart and protarsus morphologies found in
the members of the Staphylinine group and further elab-
orate some details regarding the form and function of the
mandibles.

4.1. Morphofunctional and ground-
plan features of the feeding
dpparatus

41.1. Labrum-epipharynx

In Staphylinoidea, the groundplan condition is the form
that also occurs most often within the Staphylinine group,
with a transverse labrum (Blackwelder 1936; Naomi
1988a). Our analysis regarding the anterior margin of
the labrum and the medial surface of the epipharynx has
yielded the groundplan condition of these characters for
Staphylinine as ambiguous (Fig. 12). On the other hand,
our analysis has shown that the groundplan state of the
epipharyngeal surface in Staphylinoidea is the same as
found in Betz et al. (2003), i.e., bearing a bristle-trough
bordered by hairs or spines involved in concentrating
and directing the food stream in the median line. Half
of the Staphylinine species that we studied possess the
character state of the epipharyngeal surface with a bris-
tle-trough. This fact supports the view that bristle-troughs
in staphylinoids are functionally connected not only to a
microphagous feeding style but might also have an im-
portant role in the context of predation in some members
of the Staphylinine group. The rows of trichomes forming
the bristle-trough have also been described by other au-
thors in Ptiliidae (Yavorskaya et al. 2017) and Leiodidae
(e.g., Wheeler and Miller 2005; Antunes-Carvalho et al.
2017), but also in non-staphylinoid polyphagans (e.g.,
Anton and Beutel 2004, 2012), and in Myxophaga (e.g.,
Anton and Beutel 2006; Yavorskaya et al. 2018b).

The rotary mill behavior as described for Philonthus by
Evans (1964) is closely associated with the labrum-epi-
pharynx complex. The shape of the labrum might give
hints as to the performance of this behavior among the
staphylinines. Evans (1964) provided an illustration and
described how a food item passes through the medial notch
of the labrum during the rotary mill process. Leschen and
Newton (2003) suggested that the mill might serve as
a filter for larger indigestible particles for fluid feeders.
The feature of additional filtering would therefore only be
possible in groups that have such a notch present in the
labrum. Such filtering has been observed in Megalopsidi-
inae (Leschen and Newton 2003) and some Staphylininae
(Philonthus, Evans 1964). The Oxyporinae possess a
notch in the labrum, although the rotary mill behavior has
never been observed in this group, despite studies in which
their feeding behavior has been closely observed (Newton
1984; Leschen and Allen 1988; Lipkow 1997). The rota-
ry mill behavior has also been reported in Steninae (Betz
1999); however, their labrum shape (Fig. 1E, F) is differ-

ent from that of Megalopsidiinae and Staphylininae in that
the medial notch is missing. The absence of the medial
notch prevents the movement of pushing the food dorsal-
ly as in Megalopinus (as shown in Leschen and Newton
2003) and Philonthus (as shown in Evans 1964). There-
fore, a special additional filtering feature of the rotary mill
is unlikely to be present in the Steninae.

The orientation of the trichomes present on the surface
of the epipharynx can be associated with the function of
directing solid food particles, either by preventing the in-
gestion of solid food when they are anteriorly directed
(Evans 1964) or by directing food particles toward the
pharynx when they are posteriorly directed (Yavorskaya
et al. 2017; Antunes-Carvalho et al. 2017), the latter case
being the groundplan condition in Staphylinoidea (Betz
et al. 2003). As shown by our results (Figs 1, 2), the ori-
entation or even presence of the trichomes varies quite
substantially among members of the Staphylinine group.
For example, in Oxyporinae, the epipharynx trichomes
are directed posteriorly (Fig. 1A, B), contradicting its hy-
pothesized function of preventing the ingestion of solid
food. Even though the diet of these beetles consists of
fluid via extra-oral digestion (Newton 1984; Leschen and
Allen 1988; Thayer 2016), when the trichome orientation
is considered, the function of the epipharynx apparently
deviates from the other members of the group regard-
ing at least the way in which the food is directed to the
mouth opening. The high variability found in this char-
acter leads to the hypothesis of the Staphylinine group
members showing a great diversity of feeding styles, the
direction of the trichomes of the epipharyngeal (together
with the hypopharyngeal) tuft being the main indication
for determining whether larger food particles are directed
toward (i.e., trichomes posteriorly directed) or away from
(i.e., trichomes anteriorly directed) the mouth opening.
Megalopsidiinae, Steninae, Euaesthetinae, some Scyd-
maeninae, Leptotyphlinae, and some Staphylininae have
an epipharynx that is completely or mainly devoid of tri-
chomes, so such a function of directing food items seems
to be absent in these species.

4.1.2. Mandibles

The potential groundplan condition of the mandibles in
the staphylinine group according to our character map-
ping analysis based on maximum parsimony (Fig. 12) is
the following: subapical tooth absent; retinaculum ab-
sent; prostheca present, not forming a lobe-like projec-
tion; mola present. Subapical tooth and retinaculum are
terms usually used to refer to mandibular teeth present
in Coleoptera larvae (Boving and Craighead 1931; Law-
rence et al. 2011). In adult beetles, they were consistently
used and clearly differentiated by Betz et al. (2003) in
their study on Staphylinoidea and are similarly interpret-
ed and used herein. Nevertheless, the term retinaculum
has also been used by Ball et al. (2011) in Carabidae but
is not homologous to our usage. Luo et al. (2021), in their
anatomical study of a pselaphine (Staphylinidae) species,
state that it is difficult to interpret the phylogenetic signif-
icance of series of subapical mandibular teeth. Many au-
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thors in their descriptions refer only to “mandibular teeth”
while disregarding their positions (as being on the incisor
area of the mandible or not), thereby making it difficult to
homologize their designation with our current interpre-
tation (sensu Betz et al. 2003). Notwithstanding, Naomi
(1988a) proposed that the likely groundplan condition for
the mandible of staphylinoids is without any teeth, i.e.,
the absence of both subapical teeth and retinaculum. On
the other hand, Betz et al. (2003) found retinacula wide-
spread among adult sporophagous staphylinoids. Two
other groundplan aspects of the assumed microphagous
primitive staphylinoid are the well-developed prostheca
and mola (Naomi 1988a; Betz et al. 2003; Beutel and
Yavorskaya 2019). The Staphylinine group typically
lacks the mola, with few exceptions (Thayer 2016). Our
data show the presence of a mola in the Oxyporinae, So-
lieriinae, Scydmaeninae (Scydmaenus), Pseudopsinae
(Pseudopsis), and Staphylininae (Diochus). According to
our tree, the only group to possess a “true” plesiomorphic
mola is the Oxyporinae, the other groups having a second-
arily evolved (pseudo)mola. This hypothesis is however
difficult to establish, as the relationships of these groups
remain doubtful (Hansen 1997; Grebennikov and Newton
2009; McKenna et al. 2015). Since the absence of a mola
is usually associated with predators (Hansen 1997; Beutel
and Yavorskaya 2019; Krenn 2019) (see discussion fur-
ther below), the secondary evolution of a (pseudo)mola in
these beetles might indicate feeding strategies that differ
from the specialized extra-oral digestion feeding type that
is markedly present in the Staphylinine group.

Steninae have been the subject of several ecomorpho-
logical studies and investigations into feeding behavior
(e.g., Jenkins 1960; Betz 1996, 1998, 1999, 2002, 2003;
Kolsch and Betz 1998), whereas the Euaesthetinae have
largely been neglected in this respect. The only records
known to us are from Remillet (1969) who fed diplurans
to a specimen of Octavius massatensis Coiffait, 1959
and from Orousset (1988) who reported the presence of
a specimen of oribatid mite attached to the mouthparts of
a dead specimen of Tyrannomastax Orousset, 1988. We
can, however, infer, based on their morphology, that the
Euaesthetinae are predators that feed on small arthropods,
because their mandibles are slender and falcate (Clarke
2018), similar to those of Steninae, which are optimized
for hunting agile prey. The retinaculum in the Euaes-
thetinae might function similarly to the subapical tooth
present in the Steninae for holding prey after capture, but
more closely to the body. The size of the lacinia and galea
are notably shorter in Euaesthetinae when compared with
its sister group Steninae. This might also be an adaptation
toward handling food items that are more proximally lo-
cated, as is the retinaculum.

The prostheca can be interpreted as a tool for gather-
ing and transporting food particles toward the mouth, as
stated by Betz et al. (2003), although the taxa that they
studied were microphagous spore feeders. In contrast, the
taxa examined herein are predators that feed on fluids,
and therefore, the prostheca might have evolved a differ-
ent function. Evans (1964) suggests that the prostheca
(referred to as “penicillus™) of Philonthus assists with

both the fluid intake and extrusion of digestive fluids.
Stocker et al. (2022) have also proposed that the presence
of the prostheca in staphylinines allows a “mixed-feeding
strategy”, and that its lack represents a specialized pred-
atory morphology. Veraphis possesses a distinct type of
prostheca (Fig. 3L) that might be used as a pseudomola
because of its morphology and position.

Only six species of the ingroup studied here possess
a developed molar region: the two oxyporine species,
which are interpreted as having retained its plesiomor-
phic form as stated previously, and four other species
(Solierius, Scydmaenus, Pseudopsis, and Diochus) that
evolved it secondarily. Therefore, the feeding condi-
tions that can be linked to the secondary evolution of a
pseudomola are worthy of discussion. Solierius is a rare
group, and nothing is known about its feeding behavior
(Thayer et al. 2012; Thayer 2016). Scydmaeninae feed-
ing habits have been reviewed in Jaloszynski (2018).
According to Jatoszynski (2012a, 2012b), two species of
Scydmaenus have been shown to prefer Collembola or
soft-bodied Acari and display no interest in specimens of
Oribatida under controlled laboratory conditions. Addi-
tionally, that author has reported the scavenging of dead
arthropods and cannibalistic behavior exhibited by these
species. Jatoszynski (pers. comm.) has however pointed
out the difficulties in observing precisely the way that
such small beetles use the specific parts of their mandi-
ble. Therefore, we currently lack information concerning
the employment of the pseudomola of Scydmaenus or the
pseudomola-like prostheca of Veraphis during the feed-
ing process. Regarding the feeding habits of Pseudopsis,
Klimaszewski et al. (2013) found that the gut of these
beetles contains traces of yeast, but no arthropod cuticle.
The authors have nevertheless concomitantly determined
the presence of eight unidentified DNA strands indicating
that an extra-oral digestion feeding strategy is a plausible
explanation for the missing cuticle particles in the exam-
ined gut. Little is known about the biology of Diochus.

As the shape of the mandible might not fit precisely into
a categorical description, we performed a 2D geometric
morphometric analysis based on (semi-)landmarks. The
value of PC 1 in this analysis (Figs 13, 14) refers mainly
to the extent to which the mandibles are sickle-shaped
and their apices are pointed. The value of PC 2 (Figs 13,
15) refers to their overall curvature, ranging from straight
toward strongly curved. Whether the investigated sub-
families have diverged with regard to their mandibular
morphology and their connected feeding ecology (as in-
dicated by their partly exclusive occupation of certain re-
gions of the morphospace in Fig. 13) needs to be substan-
tiated in future studies by examining more representatives
per subfamily. The shape corresponding to lower PC 1
might be functionally associated with: (1) non-predatory
staphylinoids (e.g., Tachinus (Klimaszewski et al. 2013)
and Anotylus (Thayer 2016; Okuzono and Tokuda 2022)),
or (2) more generalist feeders (including predators) pos-
sibly using their mandibles for a wide variety of food
items and using strong force against certain food types,
for example, Platydracus beetles have a relatively robust
mandible (Figs 4Q, 13) used to feed on various kinds of
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prey, ranging from soft and lightly sclerotized dipteran
maggots to hard and heavily sclerotized oribatid mites
(ELS unpublished observations), or (3) more specialized
predators of heavily sclerotized organisms such as some
Scydmaeninae that are specialized for feeding on sclero-
tized mites (Jatoszynski 2018). The more robust shapes
corresponding to lower PC 1 also correspond to high in-
lever/outlever ratios (Fig. 16) because of the increased
length of the inlever and shortened outlever length (see,
for example, the hypothetical model in Fig. 13 at -0.225
along the x-axis), which translate into higher force out-
put but lower velocities to close the mandibles (see Table
S3). The slender falcate and curved shapes corresponding
to higher PC 1 values are characterized by low inlever/
outlever ratios because of the narrow base (small inlever
length) and long length (large outlever length) allowing
faster closing movements and can be considered as adap-
tations by predators specialized on elusive prey that are
not heavily sclerotized (Betz et al. 2018; Stocker et al.
2022). Astenus (Paederinae) is a good representative of
such a specialized predatory mandible shape, and indeed,
members of this genus feed on entomobryid springtails
(Collembola) (Assing 2015). Stocker et al. (2022) sug-
gested that the paederine genus Rugilus, which is closely
related to Astenus (Zyta et al. 2021) and which possesses
falcate mandibles, is also adapted toward feeding on elu-
sive springtails. Other representatives of the Staphylinine
group that fall in the regions of the morphospace of falcate
mandibles (e.g., Pinophilus or Medon) might also repre-
sent predators that are capable of preying upon especially
vigilant prey. In the ancestral character reconstruction of
PC 1 (Fig. 14), the Staphylinine group exhibits lower PC
values, suggesting a tendency towards mandibles with a
predatory shape when compared to the outgroup.

The functional consequences and feeding types that
are related to the shape changes associated with PC 2
(straight versus curved mandibles) remain to be clarified.
Future comparative studies on the feeding ecology of
rove beetles should help to improve our understanding of
relationships between morphology and ecology.

Mahalanobis distances between the subfamilies (and
outgroup species) with resulting p values of the CVA to
quantify the separations between the subfamilies (and the
outgroup species) are shown in Table 2.

41.3. Maxillae

For a definition of the groundplan aspects of the maxilla
in Staphylinoidea, Naomi (1988b) considered the major
parts of the maxilla, i.e., cardo, stipes, palpifer, lacinia,
and galea. Blackwelder (1936) stated that the cardo, sti-
pes, galea and lacinia are subject to much variation and
Hansen (1997) suggested that the lacinia was probably not
a particularly informative character at higher taxonomic
levels because of its high variability. Betz et al. (2003),
however, focused on the functional parts of the maxilla,
i.e., the lacinia and galea, and showed that the groundplan
condition in Staphylinoidea was most likely a micropha-
gous maxilla with brush-, rake-, or comb-like structures
for sweeping in diffuse food material. Yavorskaya et al.

(2017) also paid close attention to some structures of the
maxilla regarding the fimbriate galea and the curved rows
of trichomes. Such features were interpreted by them to
be present in the ancestor of Staphyliniformia and related
to a microphagous feeding style. Our data confirm that
the lacinia and galea are diverse among staphylinines, and
therefore, we follow Hansen’s (1997) interpretation that
these characters are uninformative at higher taxonomic
levels and ignore them in our character mapping analysis.
The high variability reflects the strong selective demands
on these structures, as they probably serve as important
tools in the context of feeding (Betz et al. 2003). Hansen
(1997) nonetheless considered maxillary palpomere 4 to
be informative for higher taxonomic levels, and we also
have included it in our character mapping analysis. In ad-
dition, Betz et al. (2003) pointed out that the palpifer may
serve as a mechanical support for the galea, which can
also be seen in Megalopinus (Fig. 5B).

For the character mapping analysis, we investigated
the apical unarticulated spine of the lacinia and maxil-
lary palpomere 4. The apical unarticulated spine of the
lacinia, even though it was rendered as ambiguous for the
groundplan of the Staphylinine group, was identified as a
groundplan feature of the hypothetical ancestor between
the split of Oxyporinae + the rest of the staphylinines (Fig.
12). Maxillary palpomere 4, on the other hand, was unam-
biguously rendered as “well developed, fully sclerotized,
similar in width to palpomere 3”, as the groundplan state
for the Staphylinine group. Hansen (1997) interpreted
this state as being basal to most of the Staphyliniformia
families and subfamilies. A spine on the lateral margin
of the galea was present in Agnosthaetus, but we did not
score it on our character mapping analysis since it is an
autapomorphic character for this genus and therefore not
informative for our purposes. Nonetheless, this character
was used by Clarke and Grebennikov (2009) as they had
analyzed another genus that also possessed this feature.

No suggestions have been made in the aforementioned
literature that the maxillae are used for fluid uptake. How-
ever, Wilhelmi and Krenn (2012) reported that the max-
illary palps, together with the galea and lacinia, might be
adapted in some groups of beetles to feed on nectar. In
Scarabaeidae, the maxillae have been described as being
moistened with nectar, enabling the adherence of pollen
grains (Karolyi et al. 2009). The maxillary brushes of the
highly specialized leiodid Platypsyllus castoris Ritsema,
1869 were considered a tool for transferring fluid to the
mouth by capillary forces (Yavorskaya et al. 2023). The
feeding behavior of Philonthus was closely studied by Ev-
ans (1964), whose findings confirmed the occurrence of
extra-oral digestion involving a fluid feeding technique.
In addition to these behavioral observations, an analysis
of the gut has revealed the presence of finely divided sol-
id content (Evans 1964). Such information (together with
the maxilla’s dense brushes present on both lacinia and
galea) sustain a hypothesis that in Philonthus and closely
related groups the dense brushes aid the ingestion of a
fluid diet, probably via capillarity, as described in Platy-
psyllus. The combination of dense brushes on the maxil-
lae together with an epipharynx with anteriorly directed
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trichomes might help to determine whether a beetle is an
exclusive fluid feeder. Interestingly, Diochus is the only
member of the Staphylininae that we have studied that
possesses a developed molar region and is the only one to
have a lacinia bearing significantly short trichomes. This
suggests that Diochus does not feed exclusively on fluids.

4.1.4. Labium-hypopharynx

The most phylogenetically informative characters of the
labium-hypopharynx complex probably concern the la-
bial palpomeres. In this study, we have focused on the
apical palpomere, which serves as a diagnostic feature
of some groups, such as the Oxyporinae in which it is
strongly expanded, whereas the Solieriinae and the clade
Steninae + Euaesthetinae have a distinctly reduced type.
According to our results, the most likely hypothesis is
that the staphylinine ancestor would have had a labial pal-
pomere 3 “about as wide to half as wide as penultimate
palpomere”. Naomi (1988b) also considered the labial
palpomere 3 when establishing the groundplan conditions
of Staphylinoidea, considering it as “about as long and a
little thinner than the 2°4”, which does not agree with our
description model but might overlap our definition. Han-
sen (1997), however, considered this to be an informative
character only at lower taxonomic levels.

Another character that has some phylogenetic poten-
tial is the ‘glossa’, which has not previously been ex-
plored in such a context. Our interpretation suggests that
it is a good character for separating the clade Paederinae
+ Staphylininae from the other groups. These subfami-
lies share mainly a ‘glossa’ that is dorsally modified into
anterior lobes, which are sometimes bulbous and cov-
ered with sensilla coeloconica. Naomi (1988b) states
that most staphylinoids have ‘glossae’ and ‘paraglossae’
fused (ligula) in various degrees, characterizing the ligu-
la as synglossa or hologlossa according to its degree of
fusion. Betz et al. (2003) refrained from using the terms
‘glossa’ or ‘paraglossa’ and instead referred to ligula, e.g.,
by saying: “Ligula represented by antero-lateral lobes
of prementum plus anteriorly directed setae in different
numbers and arrangements at distal margin of premen-
tum.” However, in the present work on the Staphylinine
group, we have not followed this terminology any longer,
because, at the distal margin of the prementum, we can
often clearly distinguish between lateral lobe (i.e., the
‘paraglossae’) and a median assemblage of paired sensil-
la or differentiated lobes (i.e., the ‘glossae’) as separate
structures. However, since many authors consider the
‘glossa’, together with the ‘paraglossa’, to be lacking or
completely reduced in Coleoptera (e.g., Crowson 1981;
Beutel and Lawrence 2016), we have put these terms in
quotation marks throughout the text.

A notable feature in the genus Stenus is the ‘paraglos-
sae’ on which the sticky pads of its highly specialized
adhesion-capture apparatus are located (Betz 1996; Betz
et al. 2018). Few studies have been carried out on the
function of this region in other staphylinids. Indeed, the
morphological definition of the ‘paraglossae’ as a distinct
structure is not clear in Coleoptera, it being usually con-

sidered as completely reduced or fused with the ‘glossae’,
forming a ligula (Crowson 1981; Beutel and Lawrence
2016). Clarke and Grebennikov (2009) discussed the po-
tential presence of sticky pads also being present in an
undescribed genus originally suspected of being a mem-
ber of the Euaesthetinae (Leschen and Newton 2003;
Betz and Koélsch 2004). However, following a phyloge-
netic analysis, the genus has ended up being considered
a member of the Steninae, as the potential sister group
of Stenus. In the same study, Clarke and Grebennikov
(2009) pointed out the difficulties of the term ‘paraglos-
sa’ and ‘glossa’ being treated as distinct and cited stud-
ies reinforcing the idea that they are probably fused with
the ‘glossa’ as a ligula. Nonetheless, as explained in the
last paragraph we refer to both ‘glossa’ and ‘paraglossa’
between quotation marks as there are no accepted terms
at the moment for these distinct structures. We score our
character matrix with three distinct states for the ‘para-
glossa’: the highly specialized type present in Stenus, the
type with inconspicuous antero-lateral lobes, and the type
in which the lobes are represented by prominent anteri-
or digitiform lobes. Most members of the Staphylinine
group have the potential groundplan condition of incon-
spicuous antero-lateral lobes (e.g., Figs 8B, 90), whereas
in Euaesthetinae, the genera Austroesthetus and Agnos-
thaetus possess the third type represented as anterior dig-
itiform lobes (Fig. 8E, H), whose specific function (e.g.,
during prey-capture) needs to be elucidated.

The dorsal part of the prementum has been poorly doc-
umented in morphological studies. We have explored it
here, as we consider this region to be closely involved in
the food intake process as this is the side that the food item
will first pass through while being directed to the mouth
opening via the hypopharynx. A glabrous prementum sur-
face is the trend that most repeats within the Staphylinine
group, but it varies considerably in the presence of setae or
sensilla, or both. We have characterized the lateral margin
with regard to the types of trichomes present: hair-like,
conspicuous spine-like, or comb-like. These types have
been used in our character mapping analysis (Fig. 12),
however for the establishment of the groundplan feature
of the Staphylinine group, it was rendered ambiguous.

Betz et al. (2003) designated the groundplan of the
staphylinoid hypopharynx as having a tuft of posteriorly
directed trichomes working together with the epipharynx
to direct food toward the pharynx. In the investigated
staphylinines, hair-like trichomes are usually present on
its surface, but not always forming a tuft. Great variation
has been found in this area within the Staphylinine group.
A comparison of Quedius (Fig. 90) with Platydracus
(Fig. 9P) illustrates its high variability. Even though these
two groups are both members of the same tribe, namely
the Staphylinini, Quedius is medially glabrous, whereas
Platydracus is provided with a dense vestiture, forming
a tuft. We have not included this character in our trait
mapping analysis because of its being a highly variable
(apparently evolutionarily labile) character and therefore
uninformative for higher taxonomic level analysis.

The function of the labium-hypopharynx has been ex-
tensively studied in the extreme case of Stenus (e.g., Betz
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1996, 1998; Kolsch and Betz 1998; Koerner et al. 2012),
which has an elongated labium type with the addition of
adhesive pads at the tip, adapted for sticking to elusive
prey such as collembolans. Another case of a highly mod-
ified labium is found in the scydmaenine Cephennodes,
with labial discs adapted for suction (Jatoszynski and
Beutel (2012). Similarly to the state in some other spe-
cies within Scydmaeninae in our study, this region was
entirely covered by the hypopharynx, which prevented us
from more closely describing these structures. The func-
tional aspect of this region in other Staphylinidae has been
poorly studied. Weide et al. (2010) explored its potential
protrusibility and retractability in species of Aleochari-
nae and the way in which the hypopharynx serves as a
receptacle for receiving spores, which are subsequently
ground by the mola or pseudomola. To infer the degree of
protrusibility and retractability, they used microCT data.
We cannot infer this motility with such precision from our
data, but there are examples of at least potential move-
ments of the prementum-hypopharynx complex in Scyd-
maeninae, as some of the specimens that we studied had
their premental dorsal surface covered by the hypophar-
ynx (see Fig. 8L for both covered/uncovered views in the
same species). Interestingly, Scydmaenus is one of the few
members of the Staphylinine group studied herein to pos-
sess a mola that could potentially work together with the
retractability of the prementum. In Ptiliidae and Leiodidae
(Staphylinoidea), the longitudinal arrangement of abun-
dant trichomes on the dorsal surface of the prementum
and the hypopharynx has been interpreted to work in com-
bination with the epipharyngeal trichomes, gathering and
directing the food flow in the midline (Betz et al. 2003;
Antunes-Carvalho et al. 2017; Yavorskaya et al. 2017).

Functional studies of the ‘glossa’ and ‘paraglossa’ in
beetles are also lacking, as they are usually reduced and
sometimes even considered lost in many groups of Cole-
optera (Crowson 1981; Beutel and Lawrence 2016). In
Coleoptera, the ‘glossa’ and ‘paraglossa’ are usually fused
forming a ligula, which has been reported to be involved,
for example, in fluid (nectar) uptake in Scarabaeidae
(Karolyi et al. 2016) and Lucanidae (Krenn et al. 2002).
Evans (1964) described the function of the labium-hypo-
pharynx complex in Philonthus. He mostly referred to the
hairs present on the hypopharyngeal surface, suggesting
that they help prevent large pieces of food from being
directed to the mouth. He also mentioned the prominent
lateral spine-like trichomes on the dorsal region of the
prementum, assuming that their function is to hold the
food item between the mandibles and maxillae while it is
being processed.

4.1.5. Protarsi

The groundplan tarsal formula for Staphylinoidea is 5-5-5
(Naomi 1989). Several deviations from this can be found
within the family, but, as we have investigated only the
protarsi, we will not explore this character in depth, only
listing the subfamilies that show some variation on the
protarsus regarding the setal type. In the species of Eu-
aesthetinae that we studied, the tarsomeres vary, ranging

from five to four. Both species of Leptotyphlinae analyzed
possess three tarsomeres. In Leptotyphlinae, this reduc-
tion is associated with an endogean lifestyle that leads
to several reductions, such as body miniaturization, eye
reduction, and pigmentation loss (Andujar and Greben-
nikov 2021). This character has been studied in depth in
Steninae (Betz 2003) in which the multiple (currently 14
recognized) types of tenent setac might also have poten-
tial for within-genus phylogenetic analyses. However,
the presence or absence of spatulate and/or discoid tenent
setae is not an informative character for higher level tax-
onomic analysis as this can be variable among the species
of a same genus (see Betz 2003 as an example for the
genus Stenus). Therefore, we did not include this charac-
ter in our character mapping analysis. Another character
system of phylogenetic value for Staphylinoidea that we
have not explored, is the pretarsus and distal margin of
the terminal tarsomere (Antunes-Carvalho and Gnaspini
2016).

While the setal type is not significant at higher tax-
onomic levels for a character mapping analysis, it is a
valuable character that should be considered when the
functional morphology of some species is studied. Some
Staphylinine group species have been reported to use
the first pair of legs to capture prey (Betz and Mumm
2001; Barthold and Betz 2020; Stocker et al. 2022), and
the presence of tenent setae might be a cue for a more
recurrent usage of this prey capturing and handling meth-
od. Another important function associated with the tenent
setae in the Staphylinine group is the ability of the beetles
to climb plants, as observed in the genus Stenus (Betz
2003). In addition, some tenent setae show sexual dimor-
phism and are probably used for mating (Gnaspini et al.
2017). Therefore, the presence of tenent setae in both sex-
es might be indicative of active usage in prey capturing
behavior.

5. Conclusion

In our study we compared 36 species representing all 10
subfamilies assigned to the traditional Staphylinine group.
Together with previous findings from the literature (e.g.,
Naomi 1988a, 1988b; Hansen 1997; Betz et al. 2003;
Jatoszynski and Beutel 2012; Antunes-Carvalho et al.
2017; Yavorskaya et al. 2017), our investigation permits
us to suggest potential groundplan features in the mouth-
parts of the Staphylinine group: labrum subquadrate or
longer than wide; mandible without subapical teeth and
retinaculum, with prostheca present, not forming lobe-
like projection, and with a mola, even though, in the split
between Oxyporinae from the rest of the Staphylinine
group, the mola was lost, and its absence is ultimately
shared by most of the Staphylinine group; maxillary pal-
pomere 4 well-developed, fully sclerotized, similar in
width to palpomere 3; ‘glossa’ integrated with premen-
tum plate, sometimes represented by pairs of sensilla
basiconica; ‘paraglossa’ represented by inconspicuous
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antero-lateral lobes, projected anteriad; labial palpomere
3 about as wide to half as wide as penultimate palpomere.
Because of their seeming evolutionary lability, the setal
types of the protarsi have not been included in our anal-
yses, but their predatory function has been discussed,
and the presence of non-sexually dimorphic tenent setae
might be indicative of its usage for prey-capture in a few
Staphylinine group members, or other functions such as
walking on foliage or flowers (e.g., Stork 1980).

A geometric morphometric analysis was performed
to explain the shape of the mandibles of Staphylinine
group members, a method previously performed for this
group only by Stocker et al. (2022), for members of the
Staphylininae and Paederinae. Our results confirm that
the last common ancestor of the Staphylinine group was
likely a predator as previously hypothesized (Lawrence
and Newton 1982; Thayer 2016), based on our mandi-
ble shape analysis (Fig. 14). In light of the results shown
herein and the hypotheses that can be raised concerning
the mandible shape and feeding preferences, we highlight
the value of this method and the ease with which it can
be applied to future studies of the group. For instance,
our data have been used herein to connect the morpholo-
gy to the behavioral data of Astenus and have allowed us
to predict or hypothesize that Medon and Pinophilus are
also probably adapted to feed on elusive prey items such
as springtails. The method also serves as a viable alter-
native or additional means for analyzing and describing
mandible shapes, as previously published descriptions
are often ambiguous and/or imprecise.
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