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The Eastern ArcMountains (EAMs) in Tanzania and Kenya are renowned for their exceptional species endemism
often restricted to isolatedmountain blocks. Forest fragmentation during the Pliocene–Pleistocene played a sig-
nificant role in shaping the EAMs’ biodiversity by facilitating allopatric speciation between different mountains.
However, only a few studies focused on species diversification within the same mountain block. In this article,
we investigated the taxonomy and evolution of the dung beetle genusGrebennikovius, endemic to the Uluguru
Mountains. Our goal was to unravel factors promoting allopatric speciation within a confined geographic area
like the Ulugurus.We used an integrative taxonomic approach, combining phenotypic data and COI barcodes to
delimit species and reconstructed a timetree of the genus. Molecular and morphological evidence consistently
recovered 4 distinct Grebennikovius species, of which 3 are new to science: G. armiger n. sp., G. basilewskyi
(Balthasar, 1960), G. lupanganus n. sp., and G. pafelo n. sp. Grebennikovius represents a rare case of microal-
lopatry, with all species occurring in close proximity within different regions of the limited Uluguru forest (∼230
km2). We infer that speciation was driven by the interplay between climate fluctuations during the Miocene
and mid-Pleistocene, Uluguru topography, and the stability of rainforest ecological conditions. The latter fac-
tor probably favored the loss of wings and a specialization for Uluguru microhabitats, reinforcing population
isolation and divergence. This study highlights a unique instance of diversification resulting from small-scale
speciation events, providing valuable insights into the evolution of Eastern African rainforest arthropods and
underscoring the importance of microhabitats conservation.
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Introduction

The Eastern Arc Mountains (EAMs) of Tanzania and Kenya are
widely recognized as one of the major biodiversity hotspots on
Earth (Myers et al. 2000). This mountain chain is composed of an
archipelago of 13 crystalline blocks, whose isolated rainforests host
a disproportionate amount of endemic animals and plants (Burgess
et al. 2007). EAMs vertebrates have been the subject of several fau-
nistic, phylogeographic, and taxonomic studies (e.g., Cordeiro et al.
2005; Doggart et al. 2006; Rovero et al. 2014; Menegon et al. 2022;

Kilwanila et al. 2023), whereas their highly endemic invertebrate
fauna remains poorly known (Grebennikov 2015; Grebennikov and
Heiss 2018).

The exceptional biodiversity of the EAMs is largely attributable
to the antiquity of their rainforests. During Paleocene and Eocene
(65.5–33.9Mya), a pan-African rainforest extended from theWest to
the East of Africa. InOligocene (33.9–23.0Mya) and Plio-Pleistocene
(5.3–0.01 Mya), such biota experienced cyclic contractions and
expansions triggered by climatic fluctuations (deMenocal 2004;
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Couvreur et al. 2021). However, the environmental stability of
the EAMs favored a constant vegetation cover possibly since 30
Mya (Lovett et al. 2005; Mumbi et al. 2008; Finch et al. 2009),
making them a unique mosaic of refugia for rainforest-specialized
taxa (Lovett and Wasser 2008; Skarbek 2008). These mountains
are therefore considered “alive museums,” preserving relict lineages
of different ages (Fjeldså and Lovett 1997; Grebennikov 2021).
Additionally, forest fragmentation shaped the current pattern of
endemism by favoring allopatric speciations in forests isolated on
different EAMs blocks. Evidence for this has been found in a
variety of taxa, highlighting the role of Plio–Pleistocene climatic
cycles in the evolution of EAMs endemic lineages (Burgess et al.
2007; Bryja et al. 2014; Ceccarelli et al. 2014; Hemp et al. 2015;
Grebennikov 2017; Dimitrov et al. 2012) as well as other organ-
isms throughout Africa (see Couvreur et al. (2021) and references
therein).

However, only a few studies have examined species diversification
and the factors influencing speciation at small scales within the same
mountain block (Measey and Tolley 2011). Our study focuses on
the dung beetle genus Grebennikovius (Coleoptera: Scarabaeinae),
which represents a case of allopatric speciation occurring within a
single block of the EAMs. The aim of this study is thus to identify the
factors that can promote species divergence on a small geographical
scale.

Dung beetles account for several poorly studied taxa found in
the EAMs, including 2 endemic genera: Grebennikovius Mlambo,
Scholtz &Deschodt, 2019 and Tanzanolus Scholtz &Howden, 1987
(Scholtz and Howden 1987; Davis et al. 2008; Mlambo et al. 2019).
A third genus, Janssensantus Paulian, 1976, was also considered to
be exclusive to the EAMs, until it was recently found in Zambia
(Josso 2022) and Mozambique (Daniel et al. 2023). The mono-
typic genusGrebennikoviuswas established by Mlambo et al. (2019)
for a flightless, forest-dwelling species, Madaphacosoma basilewskyi
(Balthasar, 1960) (currently Grebennikovius basilewskyi), found in
the Uluguru Mountains (Balthasar 1960). Recently, Rossini et al.
(2022) provided an intriguing biogeographic scenario for Greben-
nikovius and allied taxa. In their work, as previously highlighted in
other studies (Monaghan et al. 2007; Wirta and Montreuil 2008;
Mlambo et al. 2014; Tarasov and Dimitrov 2016), Grebennikovius
and its Malagasy sister genus Epactoides Olsouffief, 1947 form a
sister clade to the Oriental Ochicanthon Vaz-de-Mello, 2003. For
these 3 genera, the new tribe Epactoidini Rossini, Grebennikov, Mer-
rien, Miraldo, Viljanen & Tarasov, 2022 was proposed. Accord-
ing to the biogeographic reconstruction, Epactoidini originated in
Africa around 46 Mya and subsequently dispersed to the Oriental
regionwithOchicanthon (∼50 species), and toMadagascar and Réu-
nion island with Epactoides (∼40 species). Surprisingly, the ancestral
Epactoidini seem to have gone almost entirely extinct in continental
Africa, possibly due to periodic fragmentations of the Pan-African
rainforest in which these beetles evolved (Rossini et al. 2022). The
sole African locality where they are known to persist is the forest of
Uluguru Mountains in the East Central EAMs, where to date only
one species has been identified (G. basilewskyi).

The Ulugurus (Figs. 1c and 3b and c) occupy a relatively limited
territory, stretching for ∼45 km from North to South and hosting a
forest cover that currently does not exceed ∼230 km2 (Fjeldså and
Hansen 1995; Kitula et al. 2012). Nevertheless, the diverse topog-
raphy of these mountains, which comprises several peaks, gorges,
and a 2,600 m high plateau, makes the Ulugurus one of the 3 most
important spots for wildlife conservation in the EAMs (Burgess et al.
2002).

Recent fieldwork conducted by one of us (V.V.G.) in the Uluguru
Mountains yielded an unprecedented number of Grebennikovius
specimens, forming the primary material for the present study. We
focus on exploringGrebennikovius species diversity through an inte-
grative taxonomic approach that blends various data sources, allow-
ing us to formulate robust species hypotheses (De Queiroz 2007;
Yeates et al. 2011; Ranasinghe et al. 2022). Specifically, our approach
combines several species delimitation methods: (a) morphological
examination based on distinctive phenotypic traits commonly used in
dung beetle species separation and (b) 3 molecular species delimita-
tion methods relying on COI barcodes. Furthermore, to reconstruct
the evolutionary history of Grebennikovius, we inferred a timetree
and assessed it in a biogeographical and ecological context.

Our results reveal the existence of at least 4 distinct species
of Grebennikovius, which we describe herein and accompany with
an identification key. Notably, Grebennikovius exemplifies a single-
mountain microallopatric speciation, a phenomenon rarely observed
in dung beetles and the fauna of the EAMs. Below, we discuss the
evolutionary history of Grebennikovius in relation to historical for-
est fragmentation, the current Uluguru Mountains environment, and
the flightlessness of these beetles.

Materials and Methods

Specimens Collection
We studied 64 specimens of Grebennikovius, most of which were
recently collected by V.V.G. in several localities in the UluguruMoun-
tains in 2010 and 2012 (Figs. 1 and 3b and c). Specimens were
sampled by litter sifting as described in Grebennikov (2017), stored in
96% ethanol for DNA extraction, and subsequently glued on paper
cardboard. Full specimen data in Darwin Core format, including
GenBank accession numbers, and BOLD identifiers are available in
Supplementary Material (specimens_data.xlsx). The morphology of
3 type specimens of Grebennikovius basilewskyi (Balthasar, 1960),
including the holotype, was also examined.

The studied material is preserved in the following institutes and
private collections:

BDGC–Bruce D. Gill private collection, Ottawa, Canada
JFJC–Jean-François Josso private collection, Muzillac, France
MZH–Finnish Museum of Natural History LUOMUS, Helsinki,
Finland
PMOC–Philippe Moretto private collection, Toulon, France
RMCA–Royal Museum for Central Africa, Tervuren, Belgium

When reporting labels of holotypes, double slashes (//) are used
to separate different labels and single slash (/) for different lines on
the same label. Comments to data and acronyms of the repository
collections are given in square brackets ([]).

Morphological Study
To delimit morphospecies, we investigated external and male genital
morphology in detail. Of the 64 specimens analyzed in this study,
4 were not considered in the morphological assessment due to the
inability to locate their vouchers after DNA extraction. Criteria to
identify putative species are those widely adopted in dung beetle tax-
onomy (see, e.g., Génier andMoretto 2017;Moctezuma andHalffter
2021). Morphology was examined under a Leica S9D stereomicro-
scope.Male genitalia were extracted, dissected, and cleaned in a 10%
KOH solution and stored in a microvial with glycerol. Each vial was
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Fig. 1. Habitat of Grebennikovius species. a) View from the Lukwangule Plateau near whereG. armiger n. sp. andG. pafelo n. sp. were collected. b) Tools used for
litter sifting. c) Map of the Eastern Arc Mountains (in black) with the Uluguru Mountains highlighted in red. Modified from Burgess et al. (2007) (with permission).

pinned underneath the corresponding specimen. Pictures of external
morphology were taken with a Canon EOS 5DS; pictures of genitalia
were taken with a Canon EOS 250D connected to the stereomicro-
scope. Alcohol-based hand sanitizer was used to stabilize the position
of the genitalia during photography.

Species Descriptions, Terminology, and Ontologies
In this article, species descriptions are written in natural language.
Additionally, ontology-based semantic descriptions (Mikó et al.
2021) produced using Phenoscript language (Tarasov et al. 2023)
will be available through an upcoming publication (Montanaro et al.,
in preparation). Phenoscript allows the user to write ontology-based
descriptions, which are understandable by computers. In contrast to

traditional descriptions, this approach makes phenotypic data easily
queryable and accessible for future analytical applications.

Terminology follows Tarasov and Génier (2015), Tarasov and
Solodovnikov (2011), Génier (2019), and Génier and Moretto
(2017). For cuticular structures, we adopted the terminology from
the Insect Anatomy Ontology (AISM, available on Github) (Girón
et al. 2023) and Coleoptera Anatomy Ontology (COLAO, available
on Github) (Girón et al. 2023). The precise definitions of the terms
are available through those references.

We use the term “meso-” and “metaventrite” instead of “meso-”
and “metasternum” (see Lawrence and Slipinski 2013) and “tergite
VIII” instead of “pygidium” (see also Cristovao and Vaz-de Mello
2021). Positional terms refer to the general insect body plan; for
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example, we consider that protibial teeth are positioned on the dor-
sal (and not lateral or external) margin of protibiae. This is because
the traditional “lateral margin” in Scarabaeinae refers, in fact, to
what represents the dorsal margin of an insect leg. Similarly, we use
positional terms referring to the whole insect body, not to specific
body parts. For example, we avoid the use of “basal-apical” axis
for regions of aedeagus, elytron, and tergite VIII. Instead, we use
“proximal-distal” and, for tergite VIII, “anterior-posterior” axes.

Nomenclature
This article and the nomenclatural acts it contains have been
registered in Zoobank (www.zoobank.org), the official regis-
ter of the International Commission on Zoological Nomencla-
ture. The LSID (Life Science Identifier) number of the publi-
cation is: urn:lsid:zoobank.org:pub:0D3E2C9E-8886-41FB-AF78-
702585AA3764.

DNA Dataset Construction
Molecular analyses were performed using the COI barcode region
(Hebert et al. 2003; DeSalle and Goldstein 2019). DNA extrac-
tion and amplification were performed on 28 specimens following
the protocol described in Grebennikov (2017) and resulted in 27
sequences 658–307 bps (mean length = 600 bps). Specimen records
with sequences and other relevant information can be found on
BOLD (Ratnasingham and Hebert 2007). Alignment was obtained
using the online server ofMAFFT v. 7 (Katoh and Standley 2013) and
processed in MEGA v. 10.2.5 (Tamura et al. 2021). Three redundant
sequences were removed and one forEpactoides frontalis (Montreuil,
2003) was retrieved from BOLD (identifier: GBCLS288-14) to be
used as an outgroup. The final dataset (25 sequences, 654 bps long)
is available in Supplementary Material.

Molecular Phylogenetic Inference
We used 2 datasets—unpartitioned and partitioned by codon
position—to reconstruct phylogenetic relationships within Greben-
nikovius. Model selection was performed using JModelTest v. 2.1.10
(Darriba et al. 2012) based on the Akaike information criterion
(AIC). Dated phylogenetic trees were obtained in BEAST v. 2.6.7
(Bouckaert et al. 2019) using the birth–death model with exponen-
tially distributed birth rate prior (mean = 0.1).

We tested 2 different calibration approaches: (a) using a broad
prior for the substitution rate equal to 0.018 substitutions per site
per million years that was suggested by previous studies on insects
(Papadopoulou et al. 2010; Andújar et al. 2012) and (b) using a sec-
ondary calibration point from Rossini et al. (2022) for the tree root.
In the latter approach, the root age prior was set to Normal (mean =

32.28, sigma = 1.66); the standard deviation was found empirically
to fit the 95% interval of the distribution. We tested both strict and a
relaxed lognormal clock models for the secondary point calibration.
The settings for all analyses are summarized in Table 1.

Markov chain Monte Carlo (MCMC) was run for 50M gen-
erations by sampling every 2,500th generation. Convergence was
assessed in Tracer v. 1.7.2 (Rambaut et al. 2018). The trees obtained
from the posterior distribution were processed in TreeAnnotator v.
1.10.4 (Drummond and Rambaut 2007) using a burnin fraction of
25%. The distribution of node ages was plotted in R (script available
upon request).

The fit of strict and relaxed lognormal clock models was assessed
using Bayes factor (Oaks et al. 2019). Marginal likelihoods were cal-
culated using path sampling (Lartillot and Philippe 2006) in BEAST
with alpha = 0.3, 50 steps, and 20M MCMC generations. Two runs
for each BEAST analysis were performed to check convergence.

Lastly, MrBayes (Ronquist et al. 2012) was used to infer a poste-
rior sample of nonultrametric trees used for species delimitation with
bPTP (see below). Settings were similar to those in BEAST analyses
(Table 1 and Supplementary Material).

Molecular Species Delimitation
Molecular species delimitation (MSD) was performed to infer species
boundaries in addition to morphological evidence. Multiple studies
have revealed the unreliability of single MSD methods due to inher-
ent biases. Therefore, it was recommended to prioritize consistency
by employing multiple approaches (Dellicour and Flot 2018; Ranas-
inghe et al. 2022). Herein, we used 3 different methods: (a) GMYC,
the generalized mixed Yule coalescent process (Fujisawa and Barra-
clough 2013; Pons et al. 2006); (b) bPTP, the Bayesian Poisson tree
process (Zhang et al. 2013); and (c) ABGD, the automatic barcode
gap discovery (Puillandre et al. 2012).

GMYC was applied to the ultrametric trees obtained in BEAST
using partitioned datasets; the analysis was performed in R following
the instructions by Michonneau (2016) (see Supplementary Mate-
rial). The trees from MrBayes were used for the bPTP analysis on
the webserver (https://species.h-its.org/ptp). We used default settings
with the burnin set to 0.25 and outgroup removed. The ABGD
analysis was conducted on the webserver (https://bioinfo.mnhn.
fr/abi/public/abgd/abgdweb.html) using 50 steps and relative gap
width = 1.

Mantel Test and Pairwise Distances
We performed aMantel test to assess correlation between genetic and
geographical distances (Diniz-Filho et al. 2013). Genetic distance was
calculated as pairwise FST in Arlequin (Excoffier and Lischer 2010)

Table 1. Settings of phylogenetic analyses using BEAST and MrBayes. The calibration approaches are explained in Materials and Methods

Run Software Dataset
Subst. model

codon 1
Subst. model

codon 2
Subst. model

codon 3
Calibration
approach

Clock type

P1 BEAST Partitioned TRN HKY TRN+I 1 Strict

P2 BEAST Partitioned TRN HKY TRN+I 2 Strict

P3 BEAST Partitioned TRN HKY TRN+I 2
Relaxed

lognormal

UP1 BEAST Unpartitioned TIM3+G+I TIM3+G+I TIM3+G+I 1 Strict

UP2 BEAST Unpartitioned TIM3+G+I TIM3+G+I TIM3+G+I 2 Strict

UP3 BEAST Unpartitioned TIM3+G+I TIM3+G+I TIM3+G+I 2
Relaxed

lognormal

MB MrBayes Partitioned GTR HKY GTR+G — Strict
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using Tamura–Nei substitution model (Tamura and Nei 1993). A
matrix of pairwise geographical distances was obtained in R using
specimen coordinates. The test was performed in R using 9,999 per-
mutations and Spearman’s correction (see Supplementary Material).
Pairwise distances (%) were calculated in MEGA using Tamura–Nei
substitution model.

Results

Morphological Species Delimitation
Based on external and genital morphology, Grebennikovius speci-
mens are unambiguously classified into 4 morphospecies (Fig. 2),
the type species G. basilewskyi, and 3 new species: G. armiger n.

sp., G. pafelo n. sp., and G. lupanganus n. sp. They mainly differ
in male secondary sexual traits, integument punctuation, head and
body shape, and male genitalia (see the Taxonomy section). Partic-
ularly, cuticular protrusions on male legs provide good characters
to distinguish species (Fig. 6). The most striking example is found
between G. armiger and G. pafelo, which differ greatly in the shape
of metafemora.

The 4 morphospecies are found in different localities. Greben-
nikovius basilewskyi occurs in the vicinity of the Bunduki village (cen-
tral Ulugurus); Grebennikovius lupanganus is found at the Lupanga
Peak (North Uluguru); and Grebennikovius armiger and G. pafelo
occur, respectively, in the western and eastern slopes delimiting the
Lukwangule Plateau (South Uluguru) (Fig. 3b and c).

Fig. 2. Male habiti of Grebennikovius species. a) G. armiger n. sp., paratype; b) G. basilewskyi (Balthasar, 1960), recently collected specimen; c) G. pafelo n. sp.,
holotype; d) G. lupanganus n. sp., holotype.
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Fig. 3. a) Timetree and b, c) distribution of Grebennikovius. a) BEAST tree from the analyses with the fixed substitution rate (P1); numbers above and below
nodes indicate posterior probabilities and inferred age means, respectively; error bars on nodes represent 95% HPD age intervals; sequences from holotype
specimens are marked with an asterisk. Density plots next to the node marked with red circle (MRCA of Grebennikovius) show the distributions of node ages
for different partitioned analyses (P1 in red, P2 in green, and P3 in blue). b) Distribution of Grebennikovius species on the Ulugurus (green triangle indicates the
type locality of G. basilewskyi). c) Distribution of Grebennikovius species on elevation profiles of the Ulugurus.

Phylogenetic Reconstructions and Dating
Phylogenetic inference recovers 4 highly supported clades of spec-
imens consistent with morphospecies. The trees obtained with

different calibration approaches yielded largely similar topologies,
which only differ in age estimates (Fig. 3a and Supplementary
Material).
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Marginal likelihoods (ML) were constantly higher in the
trees from the partitioned dataset (Bayes factors = MLpartitioned-
MLunpartitioned > 200). Partitioning is usually favored as it accommo-
dates varying evolutionary substitution patterns among sites (Kainer
and Lanfear 2015). For this reason, we omit the unpartitioned anal-
yses from further discussion. The partitioned model with fixed sub-
stitution rates (P1, Table 1) yielded a substantially better marginal
likelihood score compared to other partitioned analyses (MLP1 =
–1, 671.01 > MLP2 = –1, 686.950.35 > MLP3 = –1, 688.530.15).
Only trees P1 and P2 will be used in the Discussion section here-
after. The topology obtained with MrBayes is consistent with those
obtained with BEAST.

In all analyses,G. lupanganus is the sister species of the remaining
Grebennikovius, while G. armiger and G. pafelo appear as recently
diverged sister species. Age estimates vary considerably between the
2 calibration approaches, with the fixed-rate approach (P1) yield-
ing node ages that are almost half as old as those from the sec-
ondary calibration point approach (P2 and P3). The most recent
common ancestor (MRCA) of Grebennikovius emerged around 8.01
My for P1, 14.90 My for P2, and 16.32 My for P3 (Fig. 3a and
Supplementary Material). P2 and P3 have almost identical age dis-
tributions despite using different clock models (strict vs. relaxed
lognormal).

MSD Results
Regardless of the calibration approach, GMYC recognized 5 species
of Grebennikovius in addition to the outgroup (Fig. 4b). All of
them match the morphospecies, except for G. basilewskyi that
splits into 2 groups corresponding to specimens from 2 different
localities.

bPTP recognizes G. basilewskyi and G. lupanganus but lumps
G. armiger and G. pafelo (Fig. 4a). Lastly, ABGD, for barcode

gaps between 0.31% and 2.02%, finds the same groups as bPTP.
Grebennikovius basilewskyi splits into 3 groups with lower thresh-
olds, while with higher values, all species become lumped (see
Supplementary Material).

Correlation Between Genetic and Geographical
Distances
The Mantel test recovered a strong correlation between FST and geo-
graphical distances (r = 0.68, P-value<0.01). FST values calculated
between populations of different morphospecies range between 0.72
and 0.97, while the 2 sampled populations of G. basilewskyi have
FST = 0.665. Average pairwise distances between different species
range between 7.84% (G. armiger–G. basilewskyi) and 9.34% (G.
basilewskyi–G. lupanganus), with the exception of G. armiger–G.
pafelo where divergence is 1.44%.

Taxonomy

Grebennikovius Mlambo, Scholtz & Deschodt, 2019
Phacosoma Boucomont, 1914: Balthasar 1960: 57.
Madaphacosoma Paulian, 1975: Paulian 1975: 222.
Epactoides Olsoufieff, 1947: Wirta and Montreuil 2008: 652.
GrebennikoviusMlambo, Scholtz & Deschodt, 2019: Mlambo et al.
2019: 113.

Type species: Phacosoma basilewskyi Balthasar, 1960, by mono-
typy.

Diagnosis. Genus of the tribe Epactoidini as defined by Rossini
et al. (2022). It shares the main morphological characters of
Epactoides, including the equally sclerotized ventral membranes
of parameres, the axial and subaxial endophallites fused, and the
absence of frontolateral peripheral endophallite (see Rossini et al.
2022, Fig. 2). Similar to some species of Epactoides,Grebennikovius

Fig. 4. Results of molecular species delimitation for Grebennikovius. a) bPTP recovered 3 species, lumping G. pafelo and G. armiger ; values on nodes are the
support for each clade being a distinct species. b) GMYC recovered 5 species and split G. basilewskyi into 2 groups; support values higher than 0.25 are plotted
on corresponding nodes.
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has a ridge on the anterior edge of mesofemora, a broad procoxal
cavity in males, and a tooth on the ventral carina of procoxae—
the latter being particularly developed in Grebennikovius. Greben-
nikovius species are overall more flattened dorsoventrally, which
makes the lateral edge of the carina on the eighth interstria partic-
ularly evident. Lastly, Grebennikovius is endemic of the Uluguru
Mountains in Tanzania, while Epactoides is found exclusively in
Madagascar and in La Réunion island.

Redescription. Body. Oval-shaped, flattened, surface brown to
reddish brown, darker ventrally, antennae yellowish. Length: 3.0–
4.9 mm. Head. Strongly tapering anteriorly; clypeus with 2 sharp,
upturned triangular teeth in the middle; lateral margin slightly
notched in correspondence of genoclypeal sulcus; covered with sim-
ple punctures, punctures smaller anteriorly; posteromedial edge of
head with small smooth area; antennae with 9 segments. Prono-
tum. Convex on disc, flattened anterolaterally; maximum width on
anterior half; lateral edges obtusely angled on anterior half; poste-
rior angles rounded; base broadly rounded; covered with setigerous
ocellate punctures; lateral region with smooth, glossy area medi-
ally. Elytra and hind wings. With 9 striae; punctures of striae large,
diameter almost 3 times strial width; interstria 8 carinate, sides
below interstria slanted inward, carina almost reaching suture of
elytra distally; scutellum concealed in dorsal view. Wings strongly
reduced. Ventral body surface. Hypomeral depression deep. Pro-
coxal cavities broad, approximately as wide as 3/4 or more of half
pronotal width in males, 1/2 of half pronotal width in females.
Mesometaventral sulcus rounded medially, straight laterally; meso-
and metaventrite covered with simple punctures; metaventrite evenly
convex. Tergite VIII. Entirely bordered, covered with ocellate setiger-
ous punctures. Legs. Protibiae with 3 teeth; middle and hind tibiae
expanded distally. Dorsal margin of metafemur carinate. Pro- and
meta-legs sexually dimorphic.Males: ventral carina of male procoxae
toothed medially (Fig. 5c); profemora and metafemora with protru-
sions; protibiae strongly curved, their apex expanded and bearing
a row of short, thick setae, apex expanded below tarsal insertion;
metatibiae sinuated, expanded distally. Females: legs without protru-
sions; protibiae shorter and less strongly curved; metatibiae straight,
evenly widened distally. Male genitalia. Parameres symmetrical,
notched proximoventrally, narrowing distally. Ventral membranes of
parameres equally sclerotised. Lamella copulatrix elongated. Axial
and subaxial endophallites fused together, frontolateral peripheral
endophallite absent.

Distribution and ecology. Grebennikovius species inhabit the
montane rainforests of the Uluguru Mountains in Tanzania. Noth-
ing is known about their life history, reproductive, and feed-
ing behavior. All known specimens were collected from forest
litter.

Remarks. Morphologically, Grebennikovius species closely
resemble some Epactoides (e.g., E. major (Paulian, 1991) and E.
mangabeensis Wirta & Montreuil, 2008), making it difficult to jus-
tify the separation of the 2 genera on a morphological basis (Rossini
et al. 2022). Mlambo et al. (2019) invoked brachyptery and related
elytral modifications to support the creation of the genus. How-
ever, brachyptery is a very common phenomenon in Coleoptera
(Wagner and Liebherr 1992), and it is suggested to have evolved
2 times in mountain-inhabiting Epactoides (Wirta and Montreuil
2008). The main argument for Grebennikovius’ status as a separate
genus, in addition to its sister-group relationship with Epactoides, is
its unique geographical occurrence. The average COI barcode dis-
tance between the 2 genera (see Supplementary Material) is 15.77%,

which overlaps with both interspecific and intergeneric distances
found in other animals (Ward 2009; Park et al. 2011; Magoga et al.
2018).

Grebennikovius armiger n. sp.
Figs. 2a, 5e, h, 6a, b,i,m–o

(urn:lsid:zoobank.org:act:883D3610-BE9D-4818-AE90-
7D729A205190)

Type locality: Uluguru Mountains, near Tchenzema village, West
of Lukwangule Plateau (Tanzania).

Material examined. Holotype ♂: Tanzania, Uluguru Mts., at
Tchenzema vil., 7◦06’54”S 37◦36’34”E, 2,408 m, sifting, 8.xi.2010,
V. Grebennikov legit [MZH]. Paratypes (8♂♂, 15♀♀): idem holo-
type [1♂♂& 1♀, MZH; 1♂& 1♀, BDGC]; Tanzania, Uluguru
Mts., at Tchenzema vil., 7◦06’44”S 37◦36’16”E, 2,258 m, sifting,
13.xi.2010, V. Grebennikov legit [3♂♂& 1♀, MZH; 1♂& 1♀, JFJC];
Tanzania, Uluguru Mts., at Tchenzema vil., 7◦06’50”S 37◦36’18”E,
2,318 m, sifting, 11.xi.2010, V. Grebennikov legit [1♀, MZH]; Tan-
zania, Uluguru Mts., at Tchenzema vil., 7◦06’48”S 37◦36’18”E,
19.xi.2010, 2,301 m, sifting, V. Grebennikov legit [2♂♂& 10♀♀,
MZH].

Holotype labeling: “TANZANIA, Uluguru Mts. / at Tchenzema
vil., / S07◦06’54” E037◦36’34”, / 8.xi.2010, 2,408 m, / sifting10,
V.Grebennikov [printed in black on white cardboard] // CNC-
COLVG / 00001738 [printed in black on white cardboard] //Greben-
nikovius / armiger n. sp. ♂/ HOLOTYPE [in bold] / Montanaro,
Grebennikov, / Rossini & Tarasov, 2023 [printed in black with Arial
4 on red cardboard; ♂symbol handwritten] // http://id.Luomus.fi/ /
GAC.37252 / Univ. of Helsinki / LUOMUS, 2023 [printed in black
on white cardboard]”.

Diagnosis. Grebennikovius armiger can be readily identified by
the acutely angled and sharp genae (Fig. 5e), which are obtusely
angled and rounded in all other species (Fig. 5f). Additionally, males
can be identified on the basis of the broad triangular tooth on
metafemora (Fig. 6a) (the other species have a small proximal tuber-
cle), the pronotumwider than elytra (Fig. 2a) (narrower than elytra in
the other species), the very slender parameres (Fig. 6m and o), and the
lamella copulatrix not expanded distally and with a small additional
sclerite proximally (Fig. 6n).

Description. Male (holotype). Length: 4.3 mm. Head. Genae
acutely angled, sharp; surface covered with ocellate setigerous punc-
tures separated by approximately 1 diameter on frons, becoming
smaller and sparser anteriorly; posterior edge of vertex with small
smooth space medially. Pronotum. Wider than elytra, very convex on
disc, strongly flattened anterolaterally, steeply declivous posteriorly;
posterolateral edges oblique; longitudinally depressed medially from
base to almost anterior edge; depression smooth, rest of surface cov-
ered with ocellate setigerous punctures separated by 1-2 diameters on
disc; with row of large, oval and ocellate punctures posteriorly. Ely-
tra and hind wings. Elytral surface depressed along proximal edge of
interstriae 5–6; carina of interstria 8 expanded distally. Hind wings
extremely reduced. Ventral body surface. Punctures of metaventrite
separated by 1–2 diameters, becoming smaller posteriorly. Tergite
VIII. Depressed along anterior margin, with single tubercle on each
side. Legs. Ventral margin of profemur expanded and tapering at
middle. Expansion of protibial apex below tarsal insertion rounded.
Ventral margin of metafemur with medial, broad subtriangular
tooth. Metatibia strongly bent at middle, abruptly widened in distal
third, dorsal edge sinuated on distal half. Genitalia. Parameres very
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Fig. 5. a–h) Morphological details of Grebennikovius species. a) Grebennikovius basilewskyi right hind wing (red arrow); b) G. pafelo left hind wing (red arrow);
c) procoxa of G. lupanganus, red arrow pointing at procoxal tooth; d) G. basilewskyi, posterior view of male, red arrow pointing at the tubercle of fifth elytral
interstria, picture by Max Söderholm (MZH); e) G. armiger, dorsal view of male head; f) G. pafelo, dorsal view of female head; g) G. basilewskyi, dorsal view of
male pronotum; h) G. armiger, dorsal view of male pronotum.

elongated. Endophallus bearing elongated, almost straight lamella
copulatrix associated with small additional sclerification.

Female. Pronotum narrower than elytra. Legs without protru-
sions, as described in the genus description.

Variation. Body length ranges from 4.1 to 4.9 mm. Variation
is limited to body size and development of male secondary sexual
characters (i.e., leg protrusions), which are more developed in larger
individuals.
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Fig. 6. Morphological details of male Grebennikovius spp. For each species, in alphabetical order, are depicted: fore leg (ventral view), hind leg (ventral view),
protibial apex (oblique view), aedeagus (lateral view), lamella copulatrix, and parameres (dorsal view). a, b, i, m–o) G. armiger ; c, d, j, p–r)G. basilewskyi; e, f, k,
s–v) G. pafelo; g, h, l, w–y) G. lupanganus .

Distribution. This species was collected in forest litter on the
Western slope of the Lukwangule Plateau, near Tchenzema village
in southern Ulugurus (Figs. 1 and 3b and c).

Etymology. Latin noun meaning “arms-bearer,” referring to the
conspicuously modified legs in males and the pointed genae in both
sexes. Noun in apposition.
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Grebennikovius basilewskyi (Balthasar, 1960)
Figs. 2a, 5a,d,g, 6c–d,j, 6p–r
Phacosoma basilewskyi: Balthasar 1960: 57.
Madaphacosoma basilewskyi: Paulian 1975: 232; Mlambo et al.
2014: 116.
Grebennikovius basilewskyi: Mlambo et al. 2019: 113.

Type locality: Uluguru Mountains, vicinity of Bunduki, Mungula
gorge (Tanzania).

Material examined. Holotype ♂: Tanzania, Uluguru Mountains,
Bunduki, Mungula gorge, 1,500 m, transition forest, 1–6.v.1957
[RMCA]. Paratypes (1♂, 1♀): Tanzania, Uluguru Mountains, top
of Kidunda, 1,800–1,950 m, mountain forest, 3.v.1957 [RMCA].
Other material (20♂♂, 6♀♀): Tanzania, Uluguru Mts. at Bunduki
village, S07◦01’06” E037◦39’45”, 1569m, 26.xi.2010, sifting, V.
Grebennikov legit [15♂♂& 5♀♀, MZH; 1♂& 1♀, BDGC]; Tanza-
nia, Uluguru Mts. at Bunduki village, S07◦01’17” E037◦39’10”,
1,592 m, 22.xi.2010, sifting, V. Grebennikov legit [3♂♂, MZH; 1♂,
PMOC].

Holotype labeling. HOLOTYPUS [printed red label] // Forêt /
transition, / dans l’humus [printed light blue label] // COLL. MUS.
CONGO / Tanganyika Terr.: Bundu- / ki, Uluguru Mts., 1500 m. /
gorge Mungula 1/6-V-1957 [printed white label] // Mission Zoolog.
I.R.S.A.C. / en Afrique orientale / (P. Basilewsky et / N. Leleup)
[printed white label] // Phacosoma / basilewskyi / ♂n. sp. Balth. /
Holotypus [handwritten white label, last line printed] // RMCA ENT
/ 000015068 [printed white label, with a QR code].

Diagnosis. This species can be readily identified by the tubercle
on the fifth interstria (Fig. 5d), absent in the other species. Other
unique features are the evenly punctured pronotal disc, longitudinally
depressed only on the posterior half (Fig. 5g) (with a longitudinal
smooth depression in the other species, Fig. 5h), the sharp tooth on
the ventral edge of male profemur (Fig. 6c) (profemoral ventral edge
rounded or at most obtusely angular in the other species), the medial
bulge in the posterior part of female tergite VIII (absent in the other
species), the short parameres (Fig. 6p and r) and the lamella copula-
trix with a lateral distal protrusion and without additional proximal
sclerites (Fig. 6q).

Redescription. Male (holotype). Length: 3.8 mm. Head. Genae
obtusely angled; surface covered with ocellate setigerous punctures
separated by 1 diameter; posterior edge of vertex with small smooth
space medially. Pronotum. Less wide than elytra, evenly convex on
disc; external edges oblique posteriorly; with longitudinal median
groove posteriorly; evenly covered with ocellate punctures, separated
by 1-2 diameters on disc, punctuation denser laterally, decreasing
in size from base to anterior pronotal edge. Elytra and hind wings.
Interstriae slightly convex; interstria 7 swollen proximally; interstriae
6 and 7 with yellowish spots proximally; interstria 5 tuberculated
distally; sutural interstria raised in distal half; carina of interstria
8 expanded distally. Wings approximately as long as half of elytral
length (Fig. 5a). Ventral body surface. Punctures of mesoventrite sep-
arated by 1–2 puncture diameters, distinctly smaller medially. Tergite
VIII. Depressed anteriorly, strongly transversely swollen medially.
Legs. Ventral margin of profemur with sharp tooth medially. Expan-
sion of protibial apex below tarsal insertion pointed. Ventral margin
of metafemur with bulging on proximal 1/3, femur enlarged dis-
tally to the bulging. Metatibia widening distally, dorsal edge straight
on distal half. Genitalia. Phallobase strongly curved proximally;
parameres relatively short, enlarged proximoventrally, distal end nar-
row. Lamella copulatrix elongated, rounded distally, with small and
sharp projection near the distal apex.

Female. Tergite VIII depressed along anterior margin, with a
median bulge present slightly before the posterior margin. Legs
without protrusions, as described in the genus description.

Variation. Body length ranges from 3.0 to 4.0 mm. Secondary sex-
ual characters of legs are attenuated in smaller males. The proximal
yellowish spots on interstriae 6 and 7 can be more or less visible.

Distribution. The species was collected in forest litter close to
Bunduki village in central Ulugurus (Fig. 3b and c). The holotype
and the paratypes were collected in the “gorge Mungula” and on the
“top of Kidunda,” respectively. The localities could not be georefer-
enced, but according to Basilewsky and Leleup (1960), both of them
are in the vicinity of Bunduki.

Etymology. The species was dedicated by Balthasar (1960) to
Pierre Basilewsky (1913–1993), Russian (in exile) and Belgian ento-
mologist who directed an expedition in East Africa in 1957, during
which the species was collected (source: Wikispecies 2022).

Grebennikovius lupanganus n. sp.
Figs. 2d, 5c, 6g–h,l,w–y

(urn:lsid:zoobank.org:act:1D32A7F2-0376-436B-976F-
54C2EEEC430C)

Type locality: Uluguru Mountains, Lupanga Peak (Tanzania).
Material examined. Holotype ♂: Tanzania, Uluguru Mts.,

Lupanga Peak, 6◦51’54”S 37◦42’28”E, 1,921 m, sifting, 10.i.2012,
V. Grebennikov legit [MZH]. Paratype (♀): idem holotype [MZH].

Holotype labeling: “TANZANIA, Uluguru / Mts., Lupanga
Peak / 6◦51’54”S 37◦42’28”E. / 10.i.2012, 1,921 m, / sift.27,
V.Grebennikov [printed in black on white cardboard] // CNC-
COLVG / 00004077 [printed in black on white cardboard] //Greben-
nikovius / lupanganus n. sp. ♂/ HOLOTYPE [in bold] / Montanaro,
Grebennikov, / Rossini & Tarasov, 2023 [printed in black with Arial
4 on red cardboard; ♂symbol handwritten] // http://id.Luomus.fi/ /
GAC.37250 / Univ. of Helsinki / LUOMUS, 2023 [printed in black
on white cardboard]”.

Diagnosis. This species is distinguishable from others by the com-
bination of the following characteristics: fifth elytral interstria with-
out tubercles, genae with obtuse angles and pronotum with oblique
posterolateral margins. In males, the notched expansion below the
protibial tarsal insertion (Fig. 6l) sets it apart from any other species.

Description. Male (holotype). Length: 4.0 mm. Head. Genae
obtusely angled; covered with ocellate setigerous punctures separated
by approximately 1 diameter; smooth area in the middle of ver-
tex almost null. Pronotum. Less wide than elytra, convex on disc,
strongly flattened anterolaterally; posterolateral edges oblique; lon-
gitudinally depressed in the middle from posterior region to anterior
edge; depression smooth, rest of the surface covered with ocellate
setigerous punctures separated by approximately 1–2 diameters on
disc. Elytra and hind wings. Elytral surface depressed proximally.
Hind wings extremely reduced. Ventral body surface. Punctures of
metaventrite separated by approximately 1 own diameter, becom-
ing smaller posteriorly. Tergite VIII. Convex, flattened posteriorly.
Legs. Ventral margin of profemur slightly expanded medially. Expan-
sion of protibial apex below tarsal insertion notched. Ventral margin
of metafemur with a small bulging on proximal third. Metatibia
widened in distal half. Genitalia. Parameres elongated; lateral edge
of parameres slightly obtusely angled before apex in dorsal view. LC
elongated, apex enlarged and bent, its tip rounded, associated with a
small additional sclerification.

Female. Similar to male, except for the secondary sexual charac-
ters mentioned in the genus description.

Variation. Body length ranges from 4.0 to 4.7 mm. Due to the
limited number of examined specimens, it is challenging to make any
other statement regarding variation.

Distribution. The species was collected in forest litter on Lupanga
Peak in northern Ulugurus (Fig. 3b and c).
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Etymology. Latin adjective referring to the type locality, the
Lupanga Peak.

Remarks. Three additional specimens (CNCCOLVG00004073,
CNCCOLVG00004074, CNCCOLVG00004075) were collected at
Lupanga Peak. They were utilized in the present molecular analy-
ses and possibly referenced in the study by Mlambo et al. (2014).
However, their morphology was not examined in this study as the
specimens could not be located anymore after DNA extraction.

Grebennikovius pafelo n. sp.
Figs. 2c, 5b and f, 6e and f, k, s–v

(urn:lsid:zoobank.org:act:6AA504F4-91BB-4EF9-AF8F-
31EDA06AD5F9)

Type locality: Uluguru Mountains, near Tchenzema village, East
of Lukwangule Plateau (Tanzania).

Material examined. Holotype ♂: Tanzania, Uluguru Mts., at
Tchenzema vil., 7◦07’19”S 37◦37’16”E, 2,429 m, sifting, 7.xi.2010,
V. Grebennikov legit [MZH]. Paratypes (4♀♀): idem holotype [2♀♀,
MZH]; Tanzania, east slope of southern Uluguru Mts., 7◦07’25”S
37◦37’59”E, 2,220 m, sifting, 7.xi.2010, V. Grebennikov legit [2♀♀,
MZH].

Holotype labeling: “TANZANIA, Uluguru Mts., / at Tchen-
zema vil. / S07◦07’19” E037◦37’16”, / 7.xi.2010, 2,429 m, / sift-
ing09. V.Grebennikov [printed in black on white cardboard] //
CNCCOLVG / 00001735 [printed in black on white cardboard] //
Madaphacosoma / basilewskyi (Balth) / det. B.Gill 2011 [white card-
board, first 2 lines and date handwritten, the rest printed in black] //
Grebennikovius / basilewskyi (Balth.) / Det. B.D.Gill 2020 [printed
in black on white cardboard] // Grebennikovius / Grebennikovius /
pafelo n. sp. ♂/ HOLOTYPE [in bold] / Montanaro, Grebennikov, /
Rossini & Tarasov, 2023 [printed in black with Arial 4 on red card-
board; ♂symbol handwritten] // http://id.Luomus.fi / GAC.37245
/ Univ. of Helsinki / LUOMUS, 2023 [printed in black on white
cardboard]”.

Diagnosis. This species can be distinguished fromG. armiger and
G. lupanganus by its posterolateral pronotal margins, which are par-
allel rather than oblique. It can be distinguished from G. basilewskyi
for the absence of tubercles on the fifth interstria. Additionally, in
males, protibiae of G. pafelo differ from those of the morphologi-
cally similar G. lupanganus due to the expansion below the protibial

tarsal insertion (Fig. 6k), which is evenly rounded instead of being
notched.

Description. Male (holotype). Length: 4.9 mm. Head. Genae
obtusely angled; covered with ocellate setigerous punctures sepa-
rated by approximately 1 diameter; posterior edge of vertex with
small smooth space medially. Pronotum. Less wide than elytra, very
convex on disc, strongly flattened anterolaterally, steeply declivous
posteriorly; posterolateral edges parallel; longitudinally depressed
medially from posterior region to almost anterior edge, depression
smooth; rest of surface covered with ocellate setigerous punctures
separated by 1–2 diameters on disc; posterior edge with row of
large, ovalar ocellate punctures. Elytra and hind wings. Elytral sur-
face depressed along proximal edge of interstriae 4–6; elytral surface
strongly depressed along medial side of carina of interstria 8. Hind
wings extremely reduced (Fig. 5b). Ventral body surface. Punctures
of metaventrite separated by approximately 1 diameter, becoming
smaller posteriorly.Tergite VIII. Evenly convex. Legs. Ventral margin
of profemur expanded medially. Expansion of protibial apex below
tarsal insertion rounded. Ventral margin of metafemur with bulging
on proximal third, femur notched and then enlarged distally to the
bulging. Metatibia bent medially, widened in distal third, dorsal edge
slightly sinuous on distal third. Genitalia. Parameres elongated; lat-
eral edge of parameres evenly rounded in dorsal view. Lamella cop-
ulatrix elongated, apex enlarged and bent, its tip angular, associated
with a small additional sclerification.

Female. Tergite VIII transversely swollen on anterior third. Legs
without protrusions, as described in the genus description.

Variation. Body length ranges from 4.0 to 4.9 mm. No other
significant variation was observed.

Distribution. The species was collected into forest litter on the
East side of Lukwangule Plateau, near Tchenzema village in southern
Ulugurus (Figs. 1 and 3b–c).

Etymology. Combination of the first syllable from the first names
of 3 friends of GM: Paolo Majorano (wild naturalist), Federica
Losacco (colleague at MZH), and Lorenza Cutrone (passionate
biotechnologist). GM wants to heartfeltly thank his reckless com-
panions with whom he spent part of his life in Helsinki—and beyond.
Noun in apposition.

Remarks. An additional specimen was collected (CNC-
COLVG00001732) and used for molecular analyses, but could
not be located after DNA extraction.

Identification key to Grebennikovius species
1. Elytral interstria 5 tuberculated distally (Fig. 5d). Pronotum longitudinally depressed only on the posterior region, evenly covered

with punctures ((Fig. 5g). Ventral margin of male profemora with a sharp tooth (Fig. 6c). Female tergite VIII with a ridge-like bulging
close to the posterior margin, slightly swollen at anterior angles, the rest of the surface flat. Male genitalia as in Fig. 6p–r . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .G. basilewskyi (Balthasar, 1960)

– Elytral interstria 5 not tuberculated. Pronotum longitudinally depressed and smooth medially (Fig. 5h). Ventral margin of male
profemora without sharp protrusions. Female tergite VIII without bulging posteriorly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .2

2. Genae acutely angled (Fig. 5e). Male pronotum wider than elytra. Male metafemurs with a broad triangular tooth on the ven-
tral margin (Fig. 6a). Female tergite VIII transversely swollen, with a longitudinal depression medially. Male genitalia as in
Fig. 6m–o . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G. armiger n. sp.

– Genae obtusely angled (Fig. 5f). Male pronotum narrower than elytra. Male metafemurs without broad triangular tooth,
at most with a small bulging proximally. Female tergite VIII transversely swollen on anterior half, only slightly depressed
longitudinally . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .3

3. Posterolateral margins of pronotum parallel. Expansion of male protibial apex below tarsal insertion rounded (Fig. 6k). Phallobase
slender (Fig. 6s); parameres more abruptly curved inwards distally in dorsal view (Fig. 6v) . . . . . . . . . . . . . . . . . . . . . . . . G. pafelo n. sp.

– Posterolateral margins of pronotum oblique. Expansion of male protibial apex below tarsal insertion notched (Fig. 6l). Phallobase
thicker (Fig. 6w); parameres evenly and slightly curved inwards distally in dorsal view (Fig. 6y) . . . . . . . . . . . . . .G. lupanganus n. sp.
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Discussion

Microallopatric Speciation in Grebennikovius
Integration of data from different sources of evidence is very impor-
tant to draw solid conclusions about species boundaries and to avoid
unwarranted taxonomic acts (Luo et al. 2018; Hillis et al. 2021;
Ranasinghe et al. 2022). Overall, our results show that phenotypic
and molecular data are consistent in recovering 4 distinct species of
Grebennikovius.

The morphological examination confidently identified 4 clusters
of specimens, which correspond to 4 clades in the molecular phy-
logenetic trees. However, there are substantial differences in age
estimations depending on the calibration approach used, resulting
in wide credible intervals (CIs) (Fig. 3a). It is challenging to deter-
mine which calibration method is the most reliable, and the inclusion
of additional genetic loci would be necessary to enhance estimation
accuracy.

MSD methods yielded varying but overall consistent results. In
the case of G. basilewskyi, GMYC split the 2 sampled geograph-
ically separated populations. Although biases of GMYC towards
oversplitting were documented (Talavera et al. 2013; Dellicour and
Flot 2018), a significant divergence between individuals of the 2 pop-
ulations seem to really occur, as indicated by a high FST value (0.66).
However, no significant morphological differences were observed
between the 2 groups. This suggests that the populations of G.
basilewskyi are, indeed, well structured based on COI barcodes, but
are likely conspecific. On the other hand, bPTP and ABGD group
together G. armiger and G. pafelo. This grouping can be likely
attributed to their recent divergence, as indicated by a low barcode
distance—1.44% compared to 7.84–9.34% in other species pairs.
In beetles, the barcode distance is usually significantly larger than
2% (Astrin et al. 2012; Magoga et al. 2018; Huang et al. 2020;
Zhang and Bu 2022; Schütte et al. 2023). However, it is impor-
tant to highlight that, despite their minimal genetic divergence, G.
armiger and G. pafelo exhibit significant morphological differences,
leaving little room for doubt that they represent 2 distinct species.
Notably, these differences are not restricted to rapidly evolving sex-
ual traits—typically, male genitalia (Hosken and Stockley 2004) and
male cuticular protrusions (Emlen et al. 2005)—but occur also in
nonsexually dimorphic traits such as the shape of genae.

Each of the 4 species ofGrebennikovius seems to be exclusive of a
different part of the Uluguru Mountains (Fig. 3b), with geographical
proximity reflecting genetic relatedness. Based on available data, it
appears that these species are allopatric. However, since sampling is
geographically limited, the possibility of parapatry or even sympatry
cannot be excluded. For example, because of their geographic prox-
imity, the sister species G. armiger and G. pafelo, separated by the
Lukwangule Plateau, might turn out to be nonallopatric.

Considering that no Grebennikovius species is known outside
of the Uluguru Mountains, it is plausible to assume that speciation
occurred locally within these mountains. The divergence of 4 species
in such a confined forest area is remarkably surprising. To our knowl-
edge, such an exceptional case of microallopatric speciation (i.e.,
allopatry on a very small geographical scale; Fitzpatrick et al. (2008))
was never documented before for scarabaeine dung beetles. It is also
an uncommon phenomenon in the fauna of the EAMs as a whole
since endemic EAM clades are typically represented by one species
per mountain block (Burgess et al. 2007; Lovett and Wasser 2008;
Grebennikov 2017).

Alternative Interpretations
Despite being consistent with the 4-species interpretation advocated
herein, our results may be explained differently. Specifically, an

alternative scenario could invoke the Sisyphean evolution (McKay
and Zink 2015) or the ring species phenomenon (Kuchta and
Wake 2016). The latter is particularly applicable to the Greben-
nikovius populations encircling the unsuitable Lukwangule Plateau.
Remarkably, a similarly structured sampling and analysis of another
forest-dwelling Uluguru clade with low-dispersal ability, the weevil
Typoderus admetus Grebennikov, 2019 (Grebennikov 2019), failed
to detect a correlation between morphology, DNA, and geogra-
phy. As a result, this led to a single-species interpretation. May the
herein documented morphological and genetic divergence ofGreben-
nikovius interpreted as 4 distinct species simply be a consequence of
geographically limited sampling? If so, do we follow in our ignorance
of the 3 blind men who misinterpreted the elephant (a parable for a
single polymorphic species) as a snake, a tree trunk, and a wall (mul-
tiple discrete species)? Only time will tell if this is the case within
Grebennikovius.

Uluguru Forest Fragmentation, Ecological
Specialization, and Flightlessness as Putative Drivers
of Speciation
The exceptional microallopatric speciation observed in Greben-
nikovius can be attributed to an interplay of several factors. A
major role was probably played by past forest fragmentations, a
phenomenon that widely influenced the diversity of specialized taxa
within Afrotropical forests (Davis et al. 2001; Couvreur et al. 2021;
Daniel et al. 2021). Among dung beetles, a similar pattern of isolation
in separate rainforest islands contributed to the radiation of the flight-
less genus Temnoplectron in Australia (Bell et al. 2004, 2007). In the
EAMs, there is substantial phylogeographic evidence indicating that
various taxa diverged allopatrically on different mountain blocks fol-
lowing forest breakups.Many of these diversification events occurred
relatively recently during the Pliocene–Pleistocene climatic cycles
(Dimitrov et al. 2012; Ceccarelli et al. 2014; Bryja et al. 2014; Hemp
et al. 2015; Grebennikov 2017). However, strong within-block popu-
lation differentiation was seldom hypothesized (Menegon et al. 2004,
2009; Müller et al. 2005) and evidence for it is very scarce (Measey
and Tolley 2011).

It is reasonable to propose that forest isolation played a crucial
role in the microallopatric diversification of Grebennikovius. How-
ever, due to uncertainties in age estimates and limited knowledge
about the fine-scale past climatic and vegetational characteristics of
the Uluguru Mountains, only speculative hypotheses can be put for-
ward. Nonetheless, these hypotheses can still provide a plausible
scenario.

In the first place, according to our reconstructions, the split
between Grebennikovius and the Malagasy Epactoides occurred
between 17 Mya (tree P1, CI = 26.9–8.6 Mya) and 32 Mya (tree
P2, CI = 35.3–28.8 Mya), the latter being closer to the age estimated
by Rossini et al. (2022). Credible intervals of different estimations
partially overlap, suggesting that the real age of the divergence is
likely comprised between those dates. Notwithstanding this uncer-
tainty, the split between the 2 genera appears relatively old. Sur-
prisingly, genetic differentiation does not seem to be paralleled by
significant morphological changes. Morphology is in fact rather con-
served between the 2 genera, the main difference being represented
by brachyptery inGrebennikovius (see also Taxonomy section). This
character was gained secondarily by the genus, similarly to what hap-
pened to some species of Epactoides (Wirta and Montreuil 2008)
and Ochicanthon (Latha et al. 2011). Flightlessness probably repre-
sents an adaptation to living in isolated mountain forest habitats, as
already reported for several dung beetle taxa (Kohlmann et al. 2019).

The estimated splits betweenG. lupanganus and the other species
occurred at 14.9-8.0 Mya (CIP2= 20.1 – 9.8 Mya; CIP1= 12.5 – 3.9
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Mya), while the split between G. basilewskyi and G. armiger + G.
pafelo occurred at 13.2–7.1 Mya (CIP2=18.9–8.3 Mya; CIP1=11.4–
3.4 Mya). These time periods roughly align with the repeated
climatic oscillations that took place between the late Miocene and
mid-Pleistocene (11–1.5 Mya) (Couvreur et al. 2021). The Ulugurus
are divided into 2 sub-blocks, Uluguru North and Uluguru South,
separated by the lower altitude Bunduki Gap (Fjeldså and Hansen
1995). Forest connection between them is currently faint and was
historically exposed to interruptions (Nyenza et al. 2013). Greben-
nikovius lupanganus is found in the northern sub-block (Lupanga
Peak), while the other species are located in the southern one. Thus, it
is possible that the reciprocal isolation of Uluguru North and South,
which was reinforced during past forest shrinkage, contributed to
the early divergence of G. lupanganus.

Another interesting case is the divergence time between G.
armiger and its sister G. pafelo (1.06–0.58 Mya; CIP2=1.86–0.37
Mya; CIP1 = 0.94–0.29Mya), as well as between the 2 populations of
G. basilewskyi (0.88–0.48Mya; CIP2 = 1.57–0.28Mya; CIP1 = 0.77–
0.24 Mya). Ages are similar, with broadly overlapping credible inter-
vals. These dates overlap with the mid-Pleistocene transition (1.2–0.7
Mya), a period characterized by changes in the pace of climatic fluc-
tuations and the onset of glacial cycles with alternating warm and dry
periods (0.9–0.6Mya) (Dupont et al. 2001). Particularly, fluctuations
in African rainforests were stronger shortly after 1.05 Mya. During
this time, reduced forest connectivity at the small scale of Uluguru
South may have been sufficient to drive significant population diver-
gence, as observed in the case of Kinyongia chameleons in the Taita
Hills (Measey and Tolley 2011).

Moreover, there exists a current barrier between G. armiger and
G. pafelo, namely the Lukwangule Plateau (Figs. 1a and 3c). This
grassland zone acts as a separation between the western and eastern
forest slopes in southern Ulugurus, and is unsuitable for Greben-
nikovius. Even if the plateau is only 2–4 km wide and the forest
remains continuous to the north and south of it, this area likely
was (Finch et al. 2009) and continues to be an effective barrier
to gene flow. Additionally, the 2 opposing slopes delimiting the
Lukwangule Plateau present slightly different climatic conditions,
with the western side being drier and the eastern side being moister
(Fjeldså and Hansen 1995). Consequently, the separation between
G. armiger and its sister G. pafelo could be the result of ecological
niche differentiation due to adaptations to distinct microclimates.

An additional intriguing observation is that in allGrebennikovius
species, COI sequences coalesce relatively recently, mostly within
a time frame of less than 1 My. This suggests the possibility that
Grebennikovius populations experienced significant bottlenecks dur-
ing the mid and late Pleistocene, likely due to forest contraction
during drier periods. This scenario requires further exploration in
a comprehensive phylogeographic framework.

Lastly, the limited mobility of Grebennikovius species is prob-
ably an additional factor reinforcing the speciation process. These
species are flightless and primarily inhabit forest litter, which signif-
icantly restricts their dispersal ability. Reduced mobility may have
promoted population segregation and divergence in different micro-
habitats within the Ulugurus, a phenomenon commonly observed
in insects (Fattorini 2007; Voje et al. 2009; Bray and Bocak 2016;
Pérez-Delgado et al. 2022).

Conclusions

In this study, we examined the species diversity ofGrebennikovius in
the Uluguru Mountains. We used both morphological and molecular
data to separate species. We recovered 4 distinct species, of which 3

are new to science, occurring in different parts of the block. This
finding is unique, as the presence of several species with microal-
lopatric distribution in such a small forest area has never been docu-
mented before in scarabaeine dung beetles. Moreover, microallopatry
is uncommon for the EAMs in general. According to our evolutionary
scenario, the stem lineage of Grebennikovius diverged from its clos-
est relative Epactoides at a considerable time ago about 32–17 Mya.
Since Grebennikovius species are highly specialized for rainforests,
which provide a relatively stable environment, their morphology
did not undergo substantial change over time, despite the consider-
able divergence period. Furthermore, environmental stability favored
the loss of wings, resulting in further reduced dispersal ability. The
combination of low mobility, preferences for specific microhabitats,
and climatic fluctuations impacting rainforest connectivity during the
Miocene and the mid-Pleistocene has likely promoted the unique case
of microallopatric speciation observed within this genus. These find-
ings provide further evidence of the Pleistocene as a significant period
for species diversification in African rainforest taxa. Once again, the
EAMs demonstrate their role as a natural laboratory for studying
extreme and complex evolutionary phenomena.

Furthermore, we cannot rule out that additional species of
Grebennikoviusmight be found in the Ulugurus, particularly in unex-
plored areas such as the Kimandu Hill peak (Fig. 3c). This study
is based on samples collected using leaf litter sifting, a challenging
yet effective method for capturing a wide range of litter-dwelling
arthropods, including Grebennikovius. By employing this technique
in focused sampling efforts, other rare EAM species may be found.
Additionally, dung beetle researchers could potentially benefit from
using this method in other tropical areas. Other techniques specif-
ically tailored for dung beetles, such as dung-, mushroom-, and
carrion-baited pitfall traps, could also serve as efficient means for
collecting Grebennikovius and providing insights into their feeding
preferences.

Lastly, our findings underscore the significance of preserving
microenvironments. In regions like the EAMs, endemic organisms
may be confined to single peaks or specific areas within forests. Con-
sequently, the destruction of even a small patch of forest can result in
the extinction of entire species. This highlights the critical importance
of conservation efforts in safeguarding these delicate and unique
ecosystems.
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