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Abstract

Large carrion beetles (Silphidae) are the focus of ongoing behavioral ecology, forensic,
ecological, conservation, evolutionary, systematic, and other research, and were recent-
ly reclassified as a subfamily of Staphylinidae. Twenty-three analyses in 21 publications
spanning the years 1927-2023 that are relevant to the question of the evolutionary ori-
gin and taxonomic classification of Silphidae are reviewed. Most of these analyses (20)
found Silphidae nested inside Staphylinidae (an average of 4.38 branches deep), two
found Silphidae in an ambiguous position, and one found Silphidae outside Staphylin-
idae, as sister to Hydrophilidae. There is strong evidence supporting the hypothesis
that large carrion beetles evolved from within Staphylinidae and good justification for
their classification as the subfamily Silphinae of the megadiverse, and apparently now
monophyletic, Staphylinidae. Considerable uncertainty remains regarding the interrela-
tionships and monophyly of many staphylinid subfamilies. Nonetheless, the subfamily
Tachyporinae was found to be the sister of Silphinae in more analyses (7) than any
other subfamily.

Key words: Monophyly, Nicrophorini, Nicrophorus, paraphyly, rove beetles, Silphidae,
Silphini

“Silphidae may instead be a sister group to Staphylinidae, or an isolated
basal lineage within it, and its exact relationship to Staphylinidae sensu
latissimo is in our opinion the most difficult remaining issue concerning

the monophyly of Staphylinidae.” — Grebennikov and Newton 2009

Introduction

Paraphyly is a common classification error often resulting from a lineage evolv-
ing into a new ecological space that differs significantly from its closest rela-
tives. Classic examples include tetrapods from fish (Irisarri and Meyer 2016),
birds from dinosaurs (Feduccia 2002), hexapods from Crustacea (von Reumont
et al. 2012), termites from Blattodea (Inward et al. 2007), and parasitic lice from
Psocodea (Johnson et al. 2018). At the family level, and within beetles, a well-
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known and relevant example of paraphyly is that of the economically important
bark beetles, formerly the family Scolytidae, now a subfamily within Curculion-
idae (Crowson 1955; Jordal et al. 2014). Often, the morphology of the group
evolving into the new ecological space is so modified from its ancestral condi-
tion that the value of morphology for understanding the phylogenetic placement
of the taxon is diminished. This led many early taxonomists to separate these
groups into their own higher taxa with their sister lineages often enigmatically
unknown. With advances in dataset types (e.g., larval morphology, molecules)
and dataset sizes (e.g., phylogenomics), and phylogenetic methods, for the ex-
amples listed above and many more, researchers found taxonomic solutions
to restore monophyly of the “parent” taxa by sinking the aberrant lineages into
their parents. This yields a more phylogenetically accurate classification corre-
sponding to the tree of life and employs best taxonomic practices (Vences et
al. 2013) but can confuse people who have trouble envisioning these often-rad-
ical evolutionary transformations. To this list we propose to add the large carri-
on beetles having evolved from within Staphylinidae.

Large carrion beetles are a relatively well-known small monophyletic group
of approximately 189 extant species worldwide. They have traditionally been
treated as a family (Silphidae) with two subfamilies: Nicrophorinae and Silph-
inae (Sikes 2016). Their large body size (7-45 mm, usually 12-20 mm), low
species richness, parental care (in the genus Nicrophorus), diverse ecology
(primarily necrophagy), and ease of capture, identification, and culturing have
made them a popular group for study in many fields of biology, e.g., behavior
(Trumbo et al. 2016), ecology (Anderson 1982), conservation biology (Hollo-
way and Schnell 1997), forensic entomology (Jakubec et al. 2019), and evo-
lution (Ikeda et al. 2012). The group is well-known among the public and is
one of the families most students who have taken a general entomology class
have learned. The group is also taxonomically well-known (Anderson and Peck
1985; Peck and Anderson 1985; Sikes et al. 2002) with few new species expect-
ed, and each subfamily has received phylogenetic investigation (Dobler and
Miiller 2000; Ikeda et al. 2012; Sikes and Venables 2013). The family Staphylin-
idae, commonly known as rove beetles, is the largest family of life on earth,
with 66,928 species grouped into one extinct and 34 extant (including Silphi-
nae) subfamilies (Newton 2022). Most rove beetles are much smaller-bodied
(< 1-35 mm, usually 2-8 mm) than large carrion beetles and primarily predato-
ry, but also mycophagous and detritivorous with various minor exceptions (e.g.,
species of the genus Aleochara are parasitoids and Eusphalerum species, inter
alia, feed on pollen).

Although there has long been consensus that Silphidae are monophyletic
(Sikes 2016) and belong to the superfamily Staphylinoidea (e.g., Peck 2000),
consensus was lacking regarding the relationship of Silphidae to Staphylini-
dae. Anincreasing number of phylogenetic analyses, using both morphological
and molecular data, have found the lineage rooting inside Staphylinidae. Hatch
(1927) was the first to formally classify the large carrion beetles as a subfamily
of the Staphylinidae, but his proposed reclassification was not accepted by the
scientific community. Almost a century later, Cai et al. (2022), based on their
reanalysis of data from Zhang et al. (2018) and other studies that had found
similar results, again formally classified the large carrion beetles as a subfam-
ily of Staphylinidae. During the 95 years between these works, many phyloge-
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netic studies on beetles have been published, some of which are relevant to
the relationship of Silphidae to Staphylinidae. Herein we review chronologically,
based on year of publication, works from 1927-2023 that are relevant to the
question of how Silphidae are related to Staphylinidae. We aim to provide a
concise summary of the evidence supporting the classification of large carrion
beetles as a subfamily of Staphylinidae.

Methods

We limit our review to works that were conducted in such a way that Silphidae
could root inside or outside the Staphylinidae. Thus, we excluded works that
used Silphidae as an outgroup of Staphylinidae (Zhang and Zhou 2013; Liu et
al. 2021), used family-only terminals (Beutel and Leschen 2005), or included no
non-staphylinids (Yamamoto 2021). We also excluded works that did not bring
new data to bear on the question. Thus, we excluded works that were entirely
re-analyses of datasets from prior works we review (Toussaint et al. 2016; Gu-
sarov 2018; Cai et al. 2022) and all publications that simply treated Silphidae as
a family without evolutionary analysis or other justification, following the con-
sensus classification of the time. We also excluded works investigating Cole-
optera or Staphyliniform evolution prior to the 1990s, such as Jeannel and Jar-
rige (1949), Coiffait (1972), Crowson (1981), and Naomi (1985), except for two
that had novel findings regarding Silphidae (Hatch 1927; Lawrence and Newton
1982). Our goal was to focus on works that represent independent tests, using
modern phylogenetic methods, of the hypothesis that Silphidae evolved from
within Staphylinidae. None of these works were focused only on this question,
however. Herein, we use the staphylinid subfamily name Silphinae in the new
sense of Cai et al. (2022), which corresponds to the former family Silphidae
(~ 189 species), not the former subfamily Silphinae (~ 119 species). We use
Silphidae or Silphinae depending on context, but in all cases are referring to
the same ~ 189 species. We use the current classification of Staphylinidae
in our reference to the separate subfamilies Tachyporinae and Mycetoporinae
(Yamamoto 2021).

For each study we provide information to help judge the robustness of the
analysis and its findings relevant to the placement of Silphinae. We include
the number and type of datasets used. Number of datasets was approximate-
ly equivalent to number of genes analyzed (we counted mitogenome analysis
as 16 datasets because there are 15 non-tRNA genes in beetle mitochondrial
genomes and we count all the tRNAs as a single gene because of their small
size). Generally, phylogenetic accuracy increases with the number of genes and
number of taxa used in an analysis. We indicate what type of analysis was
performed (viz. non-algorithmic, parsimony, Maximum Likelihood, Bayesian).
Using subfamilies as terminals, we provide a simplified figure, built using MES-
QUITE v. 3.6 (Maddison and Maddison 2018), depicting each work’s preferred
phylogeny, limited to only Staphylinidae, for all but Korte et al. (2004). Korte et
al. (2004) was the only study to find Silphinae external to Staphylinidae, so to
depict their phylogeny we had to include non-staphylinid terminals. We provide
a count of how many branches deep Silphinae join within Staphylinidae, based
on our simplified tree figures. This count is equal to the number of branches that
would need to collapse for Silphinae to be in a polytomy with basal Staphylini-
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dae. We also provide a count of how many of these branches are strongly sup-
ported, using the branch support criteria of each analysis (if applicable). Based
on Erixon et al. (2003) and Hoang et al. (2017) we interpreted strong branch
support as Bayesian Posterior Probabilities = 0.90, bootstrap values = 84%, and
ultrafast bootstrap values = 95% and indicate well-supported branches on our
figures. Finally, we provide counts of the total OTUs in each analysis, counts of
the total Staphylinidae (including Silphinae) OTUs, and what percent of those
OTUs were families of Staphylinoidea. Because there is no doubt that Silphidae
evolved within the superfamily Staphylinoidea (Lawrence and Newton 1982),
the strongest tests should have the diversity of this superfamily well represent-
ed in case Silphidae is more closely related to a non-staphylinid staphylinoid
family. An analysis with many non-staphylinoid families represented but with
the only staphylinoid families being Silphidae and Staphylinidae would be a
weak test because these two families would be expected to join together re-
gardless of the true relationship between them. Staphylinoidea currently con-
tains six families besides Silphidae and Staphylinidae (Cai et al. 2022; Newton
2022), so we indicate which and provide a percentage of these six families
(Agyrtidae, Colonidae, Hydraenidae, Jacobsoniidae, Leiodidae, Ptiliidae) repre-
sented in each analysis. Most works had a single dataset and corresponding
preferred analysis, but some had multiple datasets and corresponding analy-
ses, so we review 23 analyses from 21 works. If the authors did not indicate a
preferred analysis and used multiple methods (parsimony, Bayesian, Maximum
Likelihood) we chose to present and discuss their most statistically justified
analysis (Bayesian or Maximum Likelihood). We also provide brief commentary
on the findings of each study. Our primary goal is to provide a concise summa-
ry of the evidence for why the family Silphidae has been sunk into the family
Staphylinidae, not to provide an in-depth review of each study’s strengths and
weaknesses. Finally, because Hatch (1927) was the first to propose that Silph-
inae evolved from within Staphylinidae, for conciseness we sometimes refer to
this as “Hatch’s (1927) hypothesis.”

Results

Hatch (1927), using evolutionary taxonomic methods (non-algorithmic) and
morphological characters, explicitly classified silphids as a subfamily of
Staphylinidae nine “branches” deep. He was using a now antiquated concept
of Silphidae that included current Silphinae and beetles since moved to their
own families (Agyrtidae and Leiodidae). We believe he was the first to formally
propose that silphids should be sunk into staphylinids and thus his work is his-
torically significant for this review. A large section of his text and correspond-
ing key was devoted to a discussion of characters supporting this change. His
key was not artificial, that is, it was intended to reflect phylogeny by arranging
taxa in a natural sequence with supporting “derivative characters” (akin to syn-
apomorphies) indicated in his key. We have mapped the hierarchically nested
taxa within his key to an interpretation of his intended phylogeny (Fig. 1A). He
included 31 beetle OTUs, 19 of which were Staphylinidae, and included three
additional staphylinoid families: Ptiliidae, Leiodidae, and Colonidae (Table 1).
Lawrence and Newton (1982), using cladistic reasoning (but non-algorithmic)
and phenotypic characters (morphology and behavior) of adults and larvae, de-

ZooKeys 1200: 159-182 (2024), DOI: 10.3897/z0okeys.1200.122835 162



Derek S. Sikes et al.: Large carrion and burying beetles evolved from Staphylinidae
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Figure 1. Simplified Staphylinidae phylogenies from A Hatch (1927) with non-staphylinids removed B Beutel
and Molenda (1997: fig. 50), parsimony tree C Hansen (1997: fig. 5), parsimony tree, and D Ballard et al.
(1998: fig. 3a), parsimony tree. Silphinae indicated in red, asterisks indicate well-supported branches.

limited groups of staphylinid subfamilies and commented on the family Silphi-
dae. Their “staphylinine group” contains many mostly predatory species which
share the behavior of extraoral digestion, among other characters. They added
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Table 1. Analyses relevant to the evolutionary origin of the Silphinae. In/out: whether Silphinae joined inside Staphylini-
dae. Depth: number of branches that would need to collapse for Silphinae to fall into a polytomy with basal Staphylinidae.
Depth Strength: number of such branches well supported. Methods: NA, non-algorithmic; MP, maximum parsimony; ML,
Maximum Likelihood; BI, Bayesian Inference. % St-oidea: Percentage of the six families of Staphylinoidea represented,
not counting Silphidae and Staphylinidae.

10
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22
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Analysis

Hatch

Lawrence
and Newton

Beutel and
Molenda

Hansen

Ballard et al.

Korte et al.

Caterino
etal.

Hunt et al.

Grebennikov
and Newton

Lawrence
etal.

Grebennikov
and Newton

Bocak et al.

McKenna
etal.

Timmermans
etal.

Zhang et al.

Kypke (PhD
diss: fig4)

Kypke (PhD
diss: fig. 5)

McKenna
etal.

McKenna
etal.

Li et al.

Cai and Li

Song et al.
Zhao et al.

Year

1927
1982

1997

1997

1998

2004

2005

2007

2009

2011

2012

2014

2015

2016

2018

2018

2018

2019

2019

2019

2021

2021
2022

In/
out

in
in

Datasets/
genes

1
1

16

95

993

1,033

4,818

89

13

16
16

Data description | Method(s)

morphology
morphology

morphology

morphology

rDNA (12S),
mtDNA (Cyt b),
morphology

rDNA (18S, 28S)

rDNA (18S) and
morphology

rDNA (18S),
mt-rDNA (16S)
and COI

rDNA (18S)
morphology
morphology

rDNA (18S, 285),
mMtDNA (rrnL,
col)

rDNA (28S), CAD
mitogenomes

protDNA (Amino
Acids)

genomics

genomics

genomics
DNA

nDNA (CAD,
Wg, 28S, 18S),
mtDNA (Cyt b,
16S)
mtDNA (protein
coding genes
only)
mitogenomes

mitogenomes

NA
NA

MP

MP

MP

MP, BI

MP, ML, BI

MP, BI

MP, NJ, BI

MP

MP

ML

BI, ML

ML, Bl

ML, Bl

ML

ML

ML

ML

ML

ML

BI
ML

Depth

+9

n/a

+5
+4

n/a

+3

+6

+5

+4

+8

+3

+4

+5

+3

+2

+2

+4

+6

+4

+6
+7

Depth
Strength

n/a
n/a

n/a

n/a

+1

n/a

+1

+2

0?

+3

+3

+2

+3

+2

+2

+3
+5

OTUs

31

n/a

29

37

25

35

105

340

93

359

36

8,441

282

245

373

33

57

146

521

664

40

107
93

Staph
OTUs

19

n/a

22

22
23

35

20

75

LAl

34

349

51

11

16

25

41

20

614

11

95
85

% St-
oidea

50
100

50

83

33

33

67

67

67

100

33

67

83

33

83

50

83

50

83

83

50

17
50

Sister to Silphinae

5 subfam. incl. Tachyporinae
n/a

All remaining Staphylinidae
Apateticinae
In polytomy with

Tachyporinae

n/a
Phloeocharinae

Tachyporinae

Tachyporinae
Tachyporinae+Staphylininae
All remaining Staphylinidae

Tachyporinae

Tachyporinae

Habrocerinae and
Aleocharinae (in part)

Apateticinae, Scaphidiinae,
and Osoriinae
Oxytelinae
many subfamilies
Staphylininae
Apateticinae, Scaphidiinae,

and Osoriinae

Tachyporinae

Staphylininae

Tachyporinae (in part)
Tachyporinae (in part)

that the families Silphidae and Scydmaenidae share traits with this subfamily
group and these families may have evolved from Staphylinidae. They did not
include a phylogenetic analysis in their work, but their comprehensive review of
staphylinid higher taxon relationships warrants review here. This work is histor-
ically important in being the first of the modern phylogenetic era (post-Hennig)
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to suggest that Silphidae may belong inside Staphylinidae. We categorized their
findings as support for Hatch's (1927) hypothesis because they included poten-
tial synapomorphies shared by Silphinae and Staphylinidae (Table 1). They con-
sidered all beetle families known at the time, including all current staphylinoid
families, but did not mention Jacobsoniidae in the context of Staphylinoidea
because it had yet to be recognized as a member of Staphylinoidea.

Beutel and Molenda (1997) investigated staphylinoid relationships using in-
ternal and external larval head morphology and parsimony methods. They, or
Hansen (1997), were the first to use a modern algorithmic phylogenetic method
that addressed this question. Silphidae was inferred to be the sister lineage
to the remaining Staphylinidae (Fig. 1B). We categorized this finding as am-
biguous because it could also be interpreted as the Silphinae being the basal
lineage within Staphylinidae, depending on one’s delimitation of Staphylinidae.
This work therefore does not reject Hatch’s (1927) hypothesis. They included
29 OTUs, 22 of which were Staphylinidae, and included three additional staphyli-
noid families: Hydraenidae, Leiodidae, and Agyrtidae (Table 1).

Note that the larva identified as “Euaesthetus sp.” in Beutel and Molenda
(1997) was misidentified and actually is Mycetoporinae, as can be seen by
comparing their figures to those of larvae of both these groups in Kasule
(1966). These groups are superficially similar in having six stemmata arranged
in a circle on each side of the head and lacking a very distinct labrum but differ
in several characters (listed here with reference to the figures in Kasule 1966).
Euaesthetus larvae have a distinct antebasal neck constriction (fig. 58), the la-
brum completely fused to the head capsule to form a nasale bearing one or
more pairs of apical teeth (fig. 57), and a maxilla with an extremely small mala
that extends barely as far as the first palpomere (fig. 60). In contrast, myce-
toporines lack an antebasal neck constriction (fig. 38) and have an indistinctly
articulated labrum without anterior teeth (fig. 38) and a maxilla with a very large
mala that extends to about the middle of the third palpomere (fig. 40). Beu-
tel and Molenda (1997) also miscoded the labrum of this larva as completely
fused (their character state 7-2) rather than partly fused (state 7-1) to the head,
which probably affected the placement of the larva in their tree. In our represen-
tation of their tree here (Fig. 1B) we therefore replaced the name Euaesthetinae
with Mycetoporinae.

Hansen (1997) conducted a phylogenetic analysis of staphyliniform beetles
using morphology of adults and immatures with parsimony methods. Hansen’s
preferred tree has Silphinae five branches deep and sister to Apateticinae,
within what modern workers would define as Staphylinidae, with Empelinae,
Scaphidiinae, and Scydmaeninae joining closer to the base than Silphinae
(Fig. 1C). Although Hansen (1997) did not use a statistical method such as
bootstrapping to assess branch support, he did indicate the number of charac-
ter state changes (apomorphies) estimated for each branch. His root branch
of Staphylinidae had 17 apomorphies inferred. About this clade (Staphylinidae
in the modern sense) he wrote “A very well defined and undoubtedly monophy-
letic group, characterized by several very weighty apomorphies, some of which
are unique.” He included 37 OTUs, 22 of which were Staphylinidae, and included
five additional staphylinoid families: Ptiliidae, Hydraenidae, Leiodidae, Coloni-
dae, and Agyrtidae (Table 1).
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Ballard et al. (1998) used three datasets, one of adult morphology and two
molecular (12S ribosomal RNA and cytochrome b mitochondrial DNA) using
parsimony methods to infer relationships among 25 staphylinoid OTUs, 23 of
which were Staphylinidae, and included two additional staphylinoid families:
Leiodidae and Agyrtidae. They were the first to bring molecular data to bear
on this question. Their preferred tree has Silphinae four branches deep with-
in Staphylinidae in a polytomy with Tachyporinae among other subfamilies
(Fig. 1D). One of these four branches was well supported. The only silphine
they included, Oiceoptoma, was sister to the genus Tachinus (Tachyporinae)
and supported by a 70% bootstrap in their conditional data combination boot-
strap consensus tree (not shown).

Korte et al. (2004) used two molecular datasets of nuclear ribosomal DNA
(18S, 28S) to infer the relationships among 35 beetle OTUs, 6 of which were
Staphylinidae. They included two additional staphylinoid families: Hydraenidae
and Leiodidae, using parsimony and Bayesian methods (Table 1). Their Bayes-
ian analysis found a polyphyletic Staphylinidae with both Silphinae (monophy-
letic) and Scydmaeninae joined as sister taxa to non-staphylinid lineages, viz.
Hydrophilidae and Ptiliidae, respectively (Fig. 2A). Of all the works we review
herein, this is the only one that found Silphinae neither inside nor as the sister
group of Staphylinidae. Ribosomal DNA is notoriously hard to align properly,
especially when secondary structure is not used (Buckley et al. 2000). Although
these authors did due diligence in their use of a variety of phylogenetic meth-
ods that were welljustified at the time, and even explored a variety of align-
ments (but did not use secondary structure), some of their results were not
entirely credible. They stated as much in the final sentence of their abstract
“Some results, such as a placement of Silphidae as subordinate group of Hy-
draenidae (parsimony tree), or a sistergroup relationship between Ptiliildae and
Scydmaenidae, appear unlikely from a morphological point of view.”

Caterino et al. (2005) used two datasets, one of morphological characters
derived and slightly modified from Hansen (1997) and the other of nuclear
ribosomal DNA (18S) to infer relationships among 105 beetle OTUs, 35 of
which were Staphylinidae. They included four additional staphylinoid fami-
lies: Ptiliidae, Hydraenidae, Leiodidae, and Agyrtidae, using parsimony, Max-
imum Likelihood, and Bayesian methods (Table 1). Their Bayesian analysis
recovered a monophyletic Staphylinidae with a monophyletic Silphinae three
branches deep, one of which was well supported (Fig. 2B), with Phloeochari-
nae sister to Silphinae.

Hunt et al. (2007) used three molecular datasets, one of nuclear ribosomal
DNA (18S), one of mitochondrial ribosomal DNA (16S), and one of protein-cod-
ing mitochondrial DNA (COI) to infer relationships using parsimony and Bayes-
ian methods among 340 beetle 0TUs, 20 of which were Staphylinidae, and four
additional staphylinoid families: Ptiliidae, Hydraenidae, Leiodidae, and Agyrti-
dae, (Table 1). Their Bayesian analysis recovered a polyphyletic Staphylinidae
with Silphinae six branches deep; none of these branches were well supported
(Fig. 2C). This analysis found Tachyporinae sister to Silphinae.

Grebennikov and Newton (2009) used one molecular dataset of nuclear ri-
bosomal DNA (18S) to infer relationships among 93 beetle OTUs, 75 of which
were Staphylinidae, and included four additional staphylinoid families: Ptiliidae,
Hydraenidae, Leiodidae, and Agyrtidae, using parsimony, neighbor-joining, and
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Figure 2. Simplified Staphylinidae phylogenies from A Korte et al. (2004: fig. 3), Bayesian tree B Caterino
et al. (2005: fig. 5) Bayesian tree C Hunt et al. (2007: fig. 2) Bayesian tree, with non-staphylinids removed,
and D Grebennikov and Newton (2009: fig. 12) Bayesian tree, with non-staphylinids removed. Because Korte
et al. (2004) was the only study to find the Silphinae external to the Staphylinidae A is our only figure that
includes non-staphylinid OTUs. Silphinae indicated in red, asterisks indicate well-supported branches.
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Bayesian methods (Table 1). They also prepared and analyzed a morphological
dataset, but they did not do a combined molecular-morphological analysis. Be-
cause their morphological data were improved upon and formed the basis for
their later work (Grebennikov and Newton 2012) we discuss their morphologi-
cal findings later. Their 18S Bayesian analysis found a monophyletic Silphinae
five branches deep, two of which were well supported (Fig. 2D). This was within
a Staphylinidae made paraphyletic by Ptiliidae (not shown). They, like Hunt et
al. (2007), found Tachyporinae sister to Silphinae.

Lawrence et al. (2011) used a single morphological dataset and parsimo-
ny methods to infer relationships among 359 beetle OTUs, 11 of which were
Staphylinidae, and included all six additional staphylinoid families: Ptiliidae, Hy-
draenidae, Leiodidae, Colonidae, Agyrtidae, and Jacobsoniidae (Table 1). Their
analysis recovered a monophyletic Silphinae four branches deep within a mono-
phyletic Staphylinidae, as sister to a clade of Tachyporinae and Staphylininae
(Fig. 3A). None of these branches were well supported. This and Hansen (1997)
were the only morphology-only studies to find the Silphinae rooting deeply in-
side the Staphylinidae since Hatch (1927), rather than as a sister lineage.

Grebennikov and Newton (2012), who built upon the morphological data-
set they prepared for their 2009 study, used this single dataset and parsimo-
ny methods to infer relationships among 36 beetle OTUs, 34 of which were
Staphylinidae, and included two additional staphylinoid families: Leiodidae
and Agyrtidae. Their analysis inferred Silphinae to be the sister lineage to the
remaining Staphylinidae (Fig. 3B). We categorized this finding as ambiguous
because it could also be interpreted as Silphinae being the basal lineage within
Staphylinidae, depending on how the family Staphylinidae was delimited. This
work therefore does not reject the hypothesis of Silphinae as Staphylinidae.
The synapomorphies they inferred and nicely illustrated for the branch unit-
ing Silphinae and Staphylinidae can be used to diagnose Staphylinidae in its
current sense (see discussion). Although these authors used parsimony boot-
strapping to assess branch support, they did not present bootstrap values on
their preferred analysis tree (their fig. 3) and none of the bootstrap values pre-
sented in their table 3 for their preferred analysis (#9) were above 83% for any
of the non-terminal branches we depict in Fig. 3B.

Bocak et al. (2014) used four datasets, two nuclear (ribosomal 18S, 28S) and
two mitochondrial (ribosomal rrnL and protein-coding COI) to infer relationships
using Maximum Likelihood methods among 8,441 beetle OTUs, 349 of which
were Staphylinidae. They included four additional staphylinoid families: Ptilii-
dae, Hydraenidae, Leiodidae, and Agyrtidae (Table 1). We were not able to de-
termine if they included Colonidae. Their analysis found a monophyletic Silphi-
nae nested eight branches deep in Staphylinidae and sister to Tachyporinae.
However, we were unable to determine the branch support of these branches,
or if these authors calculated branch support. We were unable to reconstruct a
simplified phylogeny from this work because of the unintelligible coding system
they used to label branch tips and the lack of a taxa-included list. This work rep-
resents the largest beetle taxon sampling of those we have reviewed.

McKenna et al. (2015) used two datasets, nuclear ribosomal DNA (28S),
and nuclear protein-coding DNA (CAD), to infer relationships using Maximum
Likelihood and Bayesian methods among 282 beetle OTUs, 51 of which were
Staphylinidae, and included five additional staphylinoid families: Ptiliidae, Hy-
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Figure 3. Simplified Staphylinidae phylogenies from A Lawrence et al. (2011: cladogram 2), parsimony tree
B Grebennikov and Newton (2012: fig. 3), parsimony tree C McKenna et al. (2015: fig. 3), Bayesian tree,
D Timmermans et al. (2016: fig. 1), Bayesian tree. Silphinae indicated in red, asterisks indicate well-support-
ed branches.
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draenidae, Leiodidae, Colonidae, and Agyrtidae (Table 1). They found a mono-
phyletic Silphinae nested three branches deep in a monophyletic Staphylin-
idae as sister to Tachyporinae (Fig. 3C). All three branches were strongly
supported in their Bayesian analysis but weakly supported in their Maximum
Likelihood analysis.

Timmermans et al. (2016) used entire mitochondrial genomes, which con-
tain 16 genes (13 protein coding and 2 ribosomal), and 22 transfer RNAs (which
we treat as one gene-equivalent ‘dataset’ because of the small size of tRNASs)
to infer the relationships using Maximum Likelihood and Bayesian methods of
245 beetle OTUs, 11 of which were Staphylinidae; they included two addition-
al staphylinoid families: Leiodidae and Agyrtidae (Table 1). Their results had
their one Silphinae (Necrophila) nested four branches deep in a monophylet-
ic Staphylinidae as sister to a clade of Habrocerinae and some Aleocharinae
(Fig. 3D). Three of these branches were well supported. Mitochondrial DNA
in animals evolves faster than nuclear DNA, so is easier to use to infer recent
splits (Avise 1986). Ancient splits are more challenging to resolve properly
in mitochondrial DNA-only analyses and require careful model specification
(Cameron 2014), as Timmermans et al. (2016) appear to have done.

Zhang et al. (2018) also used phylogenomic methods. They built a dataset
of 95 protein coding nuclear genes and analyzed their amino acid sequences
using Maximum Likelihood and Bayesian methods to infer the relationships
of 373 beetle OTUs, 16 of which were Staphylinidae. They included five addi-
tional staphylinoid families: Ptiliidae, Hydraenidae, Leiodidae, Agyrtidae, and
Jacobsoniidae (Table 1). Their analysis found a monophyletic Silphinae nested
five branches deep within a monophyletic Staphylinidae, as sister to a clade
containing Apateticinae, Scaphidiinae, and Osoriinae (Fig. 4A). Two of these
five branches were well supported. Tachyporinae was the sister group to the
Silphinae et al. clade, though with weak support.

Kypke (2018) conducted two analyses relevant to Hatch’'s (1927) hypoth-
esis for her dissertation. She was one of the first to apply a phylogenomics
approach to inference of staphylinoid relationships. One of her analyses used
993 genes and Maximum Likelihood methods to infer the relationships of 33
OTUs, 25 of which were Staphylinidae. She included three additional staphyli-
noid families: Hydraenidae, Leiodidae, and Agyrtidae (Table 1). This phylogeny
had a monophyletic Silphinae three branches deep, sister to Oxytelinae within
a monophyletic Staphylinidae (Fig. 4B). All three of these branches were well
supported. Her second analysis used 1,033 genes to infer the relationships of
57 OTUs, 41 of which were Staphylinidae. In this analysis she included five ad-
ditional staphylinoid families: Ptiliidae, Hydraenidae, Leiodidae, Agyrtidae, and
Jacobsoniidae (Table 1). This phylogeny found a monophyletic Silphinae two
branches deep but as sister to a large clade of many subfamilies (Fig. 4C). Nei-
ther of these two branches was well supported.

McKenna et al. (2019) performed two phylogenomic analyses relevant to the
evolutionary origin of the Silphinae. Their first had the largest dataset size of
all the studies we review, 4,818 genes, but the smallest sampling of Staphylini-
dae (four OTUs representing three subfamilies) among their total taxon sample
of 146 beetle OTUs. They included three additional staphylinoid families: Hy-
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Figure 4. Simplified Staphylinidae phylogenies from A Zhang et al. (2018: fig. 2), ML+Bayesian tree B Kypke
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draenidae, Ptiliildae, and Jacobsoniidae. This analysis used Maximum Likeli-
hood methods and found a monophyletic Silphinae nested two branches deep,
as sister to Staphylininae, within a monophyletic Staphylinidae (Fig. 4D). Un-
surprisingly, given their enormous dataset, both branches were well support-
ed. Their second analysis, presented in the appendix of their paper, had better
taxon sampling with 521 beetle OTUs, 20 of which were Staphylinidae, and in-
cluded five additional staphylinoid families: Ptiliidae, Hydraenidae, Leiodidae,
Agyrtidae, and Jacobsoniidae. They used 89 genes analyzed by Maximum Like-
lihood methods (Table 1). This analysis found a monophyletic Silphinae nested
four branches deep within a monophyletic Staphylinidae, as sister to a clade
containing Apateticinae, Scaphidiinae, and Osoriinae (Fig. 5A), similar to the
finding of Zhang et al. (2018). Two of these four branches were well supported.

L et al. (2019) used six genes in total, four nuclear (CAD, Wg, 28S, 18S) and
two mitochondrial (Cyt b, 16S) to infer relationships among 664 beetle OTUs,
614 of which were Staphylinidae, representing the largest staphylinid taxon
sampling of any of our reviewed works (Table 1). They included five additional
staphylinoid families: Ptiliidae, Hydraenidae, Leiodidae, Colonidae, and Agyrti-
dae. Using Maximum Likelihood methods, they found a monophyletic Silphinae
nested six branches deep within a monophyletic Staphylinidae (Fig. 5B), as sis-
ter to Tachyporinae. However, none of these six branches were well supported.

Cai and Li (2021) used a dataset of all 13 protein-coding mitochondrial genes
analyzed with Maximum Likelihood methods to infer the relationships of 40 bee-
tle OTUs, 11 of which were Staphylinidae. They included three additional staphyli-
noid families: Ptiliidae, Hydraenidae, and Leiodidae (Table 1). Their analysis found
a monophyletic Silphinae as sister to Staphylininae, nested four branches deep
within Staphylinidae (Fig. 5C), but none of these branches were well supported.

Song et al. (2021), like Timmermans et al. (2016), used entire mitochondrial
genomes analyzed using Bayesian methods to infer the relationships of 107
beetle OTUs, 95 of which were Staphylinidae, and included only one additional
staphylinoid family, Leiodidae (Table 1). Their analysis, which had numerous
genera assigned to the wrong subfamilies (corrected in our figure), found a
monophyletic Silphinae as sister to part of Tachyporinae nested six branches
deep in a monophyletic Staphylinidae (Fig. 5D). Three of these six branches
were well supported.

Zhao et al. (2022) used entire mitochondrial genomes and Maximum Like-
lihood methods to infer the relationships among 93 beetle OTUs, 85 of which
were Staphylinidae. They included three additional staphylinoid families: Ptili-
idae, Hydraenidae, and Leiodidae (Table 1). They conducted four similar anal-
yses and did not select a preferred tree. We selected their best-supported tree
(their fig. 5a) to illustrate and discuss. All four analyses found Silphinae inside
Staphylinidae, and this one found a monophyletic Silphinae as sister to part of
Tachyporinae, nested seven branches deep within Staphylinidae (Fig. 6). Five of
these seven branches were well supported.

Discussion

Considering all 23 analyses, it is apparent that the data type, number of genes,
and analysis method do not matter: 97% failed to reject Hatch's (1927) hypoth-
esis. The only analysis to reject it was Korte et al. (2004), in which the authors
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Figure 5. Simplified Staphylinidae phylogenies from A McKenna et al. (2019: fig. S10), ML tree B Lii et al.
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Figure 6. Simplified Staphylinidae phylogeny from Zhao et al. (2022: fig. 5a),
ML tree. Silphinae indicated in red, asterisks indicate well-supported branches.

themselves expressed reservations about the reliability of their results. Two
analyses found ambiguous results, both based on morphological data (Beutel
and Molenda 1997; Grebennikov and Newton 2012). These two found Silphinae
as sister to Staphylinidae, which could be interpreted as indicating these taxa
share a staphylinid ancestor and thus do not reject Hatch’s (1927) hypothesis.
As mentioned in the introduction, when a lineage evolves into a new ecological
space (in this case, necrophagy), the associated morphological changes can
be so dramatic that phylogenetic inference with morphological data alone can
be challenging because synapomorphies have evolved further into autapomor-
phies. It is thus not surprising that two of the four morphology-only analyses
did not find Silphinae inside the Staphylinidae, as most of the molecular studies
did. It is more surprising that the other two morphology-only studies (Hansen
1997; Lawrence et al. 2011) found Silphinae nested within the Staphylinidae.
With analyses ranging from a single gene to 4,818 genes and having a range
of staphylinid OTUs from four to 614 with an average of 71.5, including a me-
ga-analysis with 8,441 beetle OTUs, and most analyses including three or more
of the six additional staphylinoid families, the evidence is strong for Hatch's
(1927) hypothesis. There were ample independent opportunities to reject it.
However, there is still room to improve. Some of these analyses had enormous
dataset sizes and others enormous taxon sampling, but none had both.
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Could all these independent analyses be wrong about the Silphinae
rooting inside the Staphylinidae?

We do not think so. Systematic errors that are known to reduce phylogenetic
accuracy, such as long branch attraction and other forms of model misspec-
ification, do not seem to explain these results — particularly since some were
based on morphological data and many used inference methods (e.g., Maxi-
mum Likelihood) known not to be predisposed to such biases. Could we have
missed a significant number of publications that found contrary results? We do
not think so. It is possible we have missed some analyses but doubt we have
missed any large-scale, well-done, and relevant phylogenetic works that fit our
criteria for inclusion and rejected Hatch’s (1927) hypothesis.

Sister taxon to the Silphinae?

The reviewed analyses found a variety of different possible sister taxa of Silph-
inae, but Tachyporinae was found to be the sister group more often than any
other subfamily (7 times in 19 analyses that included Tachyporinae). Three
analyses did not include any Tachyporinae (Korte et al. 2004; Timmermans et
al. 2016; McKenna et al. 2019: analysis 1) and Lawrence and Newton (1982)
did not infer a tree. Although found as the sister group of Silphinae more often
than any other (and three of these seven times were well supported branches),
it is odd that, if Tachyporinae is the actual sister group, why this was not found
in the large-dataset phylogenomic studies (e.g., Zhang et al. 2018; Kypke 2018).

Considerable uncertainty remains in our understanding of the intrafamilial
relationships of the Staphylinidae. Although costly and difficult to accomplish,
it would be ideal to have an analysis with hundreds of Staphylinidae represent-
ing all the subfamilies and most tribes, many outgroups including all staphyli-
noid families, hundreds of genes, as well as a morphological dataset, and no
missing data. Given the apparent conflicting phylogenetic signal among many
of the analyses we review, we suspect that even with such an ideal study de-
sign, the analysis will encounter many difficult challenges.

Monophyletic Staphylinidae?

We conclude that with the addition of Silphinae as the 34" subfamily of
Staphylinidae, this megadiverse family is finally monophyletic. Grebennikov and
Newton’s (2012) morphological investigation included 18 synapomorphies for
Staphylinidae in this modern sense that separate this clade from closely related
staphylinoids like agyrtids and leiodids (character #-state#: 8-0, 10-0, 13-1, 22-2,
38-0, 44-0, 45-1, 48-0, 66-0, 138-1, 160-2, 171-1,218-0, 219-0, 228-0, 231-1, 247-1,
250-1). Seven of the most promising are: (44-0): Larval mandible lacking a mo-
lar lobe; (160-2): Adult with truncate elytra generally exposing 3+ terga; (171-1):
Adult hind wing costal hinge present proximal to radial sector; (218-0, 219-0):
Adult lacking wing-folding setal patches on terga VI-VII; (231-1): Adult abdomi-
nal intersegmental membranes with minute sclerites (though lost in some sub-
families); (250-1): Aedeagus with large basal bulb, small foramen. As discussed
by Lawrence and Newton (1982) and Grebennikov and Newton (2012), many of
these adult characters are probably functionally correlated with shortened elytra
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and the resultant exposure of multiple abdominal segments that need protection
(hence the minute sclerites of the intersegmental membranes) and wings that
need to be folded more compactly under the reduced elytra (hence the novel,
more basal hinge). The aedeagal and larval characters, however, have no such
apparent correlation with elytral length, and provide independent morphological
confirmation that Staphylinidae including Silphinae is a monophyletic group, as
suggested by the many molecular phylogenetic studies we review above.

Fossil record

Fossils were not formally included in any of the phylogenetic analyses discussed
above, even those based at least in part on morphology. This is partly because of
the lack, until recently, of fossils that are adequately preserved and clearly attribut-
able to Silphinae until the mid—-late Tertiary (ca 35 Mya or younger), when fossils
resembling or placed in modern genera of Silphinae appear (e.g., Cai et al. 2014,
Chatzimanolis 2018). This situation has changed with the recent discovery of
well-preserved compression fossils from the mid-Jurassic and early Cretaceous
of China and South Korea, and mid-Cretaceous amber fossils from Myanmar, re-
viewed by Grebennikov and Newton (2012), Cai et al. (2014) and Sohn and Nam
(2021). These discoveries encourage us to briefly discuss whether these fossils
lend support to, or help refute, the general conclusion of our review of modern
phylogenetic studies above that silphines are derived from within Staphylinidae.
Only one of these Mesozoic silphine fossils, Cretosaja jinjuensis Sohn and Nam
from the early Jurassic of South Korea, is formally named (Sohn and Nam 2021),
but the others are extensively described, illustrated, and discussed in the reviews
of Cai et al. (2014) and Sohn and Nam (2021), on which the following comments
are based. The earliest fossils, from the mid-Jurassic Daohugou Formation in
China (ca. 165 Mya), closely resemble in habitus and many other characters
small specimens of Nicrophorini, with strongly truncate elytra exposing at least
four abdominal segments dorsally. They differ from modern Nicrophorini in being
smaller (6.5-13.5 mm), with a more weakly developed antennal club (resembling
modern Silphini), and notably lack any trace of stridulatory files on the abdominal
terga. The early Cretaceous fossils, from the Yixian Formation of northeastern
China and Jinju Formation of South Korea (both ca 125 Mya) closely resemble
the Jurassic fossils in habitus and many structures, but have a more strongly
developed antennal club resembling that of the modern nicrophorine genus Pto-
mascopus, and most notably have a pair of distinct stridulatory files on abdomi-
nal tergite V similar in placement and structure to those of modern Nicrophorini,
suggesting that their biology, including subsocial behavior, may have resembled
that of modern Nicrophorini. Finally, mid-Cretaceous amber fossils from Myan-
mar (ca 100 Mya) resemble the modern genus Nicrophorus so closely, including
having the unique lamellate antennal club of this genus, that they were referred
to this genus (Cai et al. 2014). In contrast to all these fossils referable to Nicro-
phorini, fossils referable to Silphini, including those with long or entire elytra, are
still not known until the mid-late Tertiary (ca 35 Mya or younger).

Based on this current state of knowledge of silphine fossils, we can conclude
that the known age of silphines is comparable to that of the earliest known fos-
sils reliably attributable to any other group of Staphylinidae, i.e., mid-Jurassic
(e.g., Cai and Huang 2010, Chatzimanolis 2018, Cai et al. 2022). Older fossils
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of Triassic age (genus Leehermania Chatzimanolis et al.), originally attributed
to Staphylinidae in Chatzimanolis (2018), were subsequently shown to belong
to Hydroscaphidae (Fikacek et al. 2019). Furthermore, the earliest known sil-
phines (i.e., all known Mesozoic fossils) have very truncate elytra and a robust
habitus that at least superficially resembles many Jurassic Staphylinidae (e.g.,
Cai and Huang 2010) and even some modern Staphylinidae, including mem-
bers of Apateticinae, Trigonurinae, some Omaliinae, and even large Tachinus
spp. (Tachyporinae). These results are fully consistent with our conclusion
from the review of modern phylogenetic analyses that Silphinae evolved from
within Staphylinidae and share a suite of derived characters related to having
truncate elytra as an ancestral feature. The longer elytra of many modern Silphi-
ni are thus likely to be a more recent and secondary development.

Conclusion

From the multiple lines of phylogenetic evidence presented above, supported
by the ever-expanding fossil record of Staphylinidae (29, possibly 30, of the 34
subfamilies now known), it seems well justified to treat Silphinae as a subfam-
ily of a strongly supported monophyletic Staphylinidae.
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