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Abstract

The Miocene Randeck Maar (southwestern Germany) is one of the only sites with abundant material of
fossil honey bees. The fauna has been the focus of much scrutiny by early authors who recognized multiple
species or subspecies within the fauna. The history of work on the Randeck Maar is briefly reviewed and
these fossils placed into context with other Tertiary and living species of the genus Apis Linnaeus (Apinae:
Apini). Previously unrecorded specimens from Randeck Maar were compared with earlier series in an
attempt to evaluate the observed variation. A morphometric analysis of forewing venation angles across
representative Recent and Tertiary species of Apis as well as various non-Apini controls was undertaken to
evaluate the distribution of variation in fossil honey bees. The resulting dendrogram shows considerable
variation concerning the wing venation of Miocene Apini, but intergradation of other morphological
characters reveals no clear pattern of separate species. This suggests that a single, highly variable species
was present in Europe during the Miocene. The pattern also supports the notion that the multiple species
and subspecies proposed by eatlier authors for the Randeck Maar honey bee fauna are not valid, and all

are accordingly recognized as Apis armbrusteri Zeuner.
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Introduction

Honey bees (Apini Latreille: Apis Linnaeus) are among the most familiar of animals,
with a tight association with humans since their domestication and use worldwide
in agricultural ecosystems as crop pollinators (e.g., Partap 2011) and for the honey
they produce. Species of Apis, particularly the familiar Western Honey Bee, Apis mel-
lifera L., have been transported throughout the globe and are today cosmopolitan,
with intensive research programs focusing on apiculture and related topics in every
corner of the world. However, like most groups of Apoidea, little attention has been
paid to the historical record of honey bees, outside of their most recent history since
domestication. The more ancient, fossil record of Apis has become the focus of more
critical research efforts only within the last 10-15 years (e.g., Engel 1998, 2006; Nel
et al. 1999). This is partly owing to a dearth of material but also to the slow devel-
opment of paleomelittology which has expanded significantly during the last two
decades (Engel 2011).

The earliest definitive members of the tribe Apini are known from the Oligocene
of France and Germany. These comprise A. henshawi Cockerell, and under some clas-
sificatory schemes A. vetusta Engel, from Rott and Enspel, Germany (e.g., Cockerell
1907; Statz 1931, 1934; Engel 1998, 1999; Wedmann 2000), and A. cuenoti Théobald
from Céreste, France (Théobald 1937; Nel et al. 1999), the latter of which is some-
times considered a synonym of A. henshawi (Engel 1999). Generally the forewing
venation of these Oligocene honey bee populations resembles that of Recent A. dorsara
Fabricius, but the species are distinctly smaller, more typical of the averaged-sized A.
mellifera and A. cerana Fabricius (e.g., Nel et al. 1999, Wedmann 2000). Apini from
the Oligocene and Miocene are known from Spain and France (e.g., Arillo et al. 1996,
Nel et al. 1999), Italy (Handlirsch 1907), Germany (e.g., Zeuner 1931; Pongréicz
1931; Armbruster 1938a; Prokop and Fikd¢ek 2007), Austria (Nel et al. 1999), the
Czech Republic (Riha 1973; Prokop and Nel 2003), China (Hong 1983; Zhang 1989,
1990), Japan (Engel 2005, 2006), and most surprisingly the western United States
(Engel et al. 2009). For most of the Late Oligocene and Miocene forms, the specific
status remains questionable (Nel et al. 1999; Engel 2006). There are no unquestion-
able fossils of Apis from the Pliocene, and only records of modern A. mellifera in East
African copal of Late Pleistocene or younger age (e.g., Foord 1890; Cockerell 1909;
Zeuner and Manning 1976) as well as petrified combs of A. cerana from the Malay
Peninsula (Stauffer 1979). Among all of these records, the honey bees from Rott and
the Randeck Maar in Germany are the most abundant, particularly from the latter
deposit.

William Scheuthle was the first to discover honey bees at the Randeck Maar
(Early Miocene, southwest Germany) in 1926, and in 1928 he and Ludwig Arm-
bruster, a prominent apiculturist of the day, excavated more material. Finally, in
1938 the accumulated material was first formally described based on an examination
of 72 specimens (Armbruster 1938a, 1938b, 1938c¢). Armbruster (1938a) classified
the material into three species of a then new genus, dubbed Hauffapis, although he
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himself pointed to the obvious similarities of Hauffapis to Apis and especially to Re-
cent A. dorsata and the contemporaneous fossil species A. armbrusteri Zeuner from
the nearby Béttingen Marmor (Zeuner 1931). The generic name Haujffapis, unfortu-
nately, was not validly proposed and so is not nomenclaturally available (Michener
1990, 1997; Engel 1999). Armbruster (1938a) also noted that some specimens re-
sembled A. mellifera in terms of forewing venation (vide infra), which further con-
vinced him that he was dealing with multiple species and which he named Hauffapis
scheuthlei, H. scheeri, and H. scharmanni (naming them for his collecting partners,
along with various infraspecific forms). Subsequently, Zeuner and Manning (1976)
united all of these taxa, including that from Béttingen Marmor, into a single spe-
cies and under the name A. armbrusteri, considering Armbruster’s three forms to be
separate subspecies. The fossil bees from the Bottingen Marmor are preserved only
as hollow imprints and, while they can be attributed to Apis, many features remain
unknown from the type series (Zeuner 1931, Zeuner and Manning 1976). In order
to stabilize the application of names for these bees a petition has been submitted to
the ICZN to conserve universal usage of the name A. armbrusteri by designation of
a neotype (Engel et al. in press).

The abundance of material from Randeck Maar represents a wonderful opportuni-
ty to evaluate more critically these fossil honey bees, since from most localities only one
or a very few specimens are typically available. Unfortunately, several of the diagnostics
used for the determination of extant Apis species or subspecies cannot be used for the
differentiation of fossil Apini, even when excluding the obvious biochemical attributes.
For example, A. cerana, A. mellifera, and their subspecies, along with A. koschevnikovi
Enderlein and A. nigrocincta Smith, are generally recognized from differences in size,
coloration of setae and integument, distribution and proportions of setal bands on the
metasoma, length of the proboscis, sternal and leg podite proportions, the presence or
absence of a distal abscissa to M in the hind wing (absent in A. mellifera), structure of
the drone legs and endophallus, and behavioral aspects such as the time of drone mat-
ing flights, structure of brood cell caps, or the position of a worker while wing-flapping
in front of the hive (e.g., Ruttner 1988; Verma et al. 1994; Hadisoesilo and Otis 1996,
1998; Damus and Otis 1997; Sheppard et al. 1997; Sheppard and Meixner 2003;
Radloff et al. 2010, 2011). Several of these are highly variable (e.g., size, coloration,
time of drone flights), while more consistent traits such as those from the hind wing are
infrequently preserved in fossil Apis. Moreover, behavioral aspects are rarely detectable
in the fossil record unless they leave a discrete trace or physical structure suitable for
fossilization [e.g., traces of leaf-cutter bees (Wappler and Engel 2003; Wedmann et al.
2009), fossilized nests (Stauffer 1979)]. To date no fossil of a drone honey bee has been
recovered and, indeed, male bees of any tribe or family are exceptionally rare as fossils
(e.g., Camargo et al. 2000; Engel 2001a; Hinojosa-Diaz and Engel 2007). Thus, using
only the typical criteria for segregating species such as A. cerana, A. mellifera, or their
relatives, and particularly subspecies within each of these forms, it would be nearly
impossible to distinguish these taxa in the fossil record. This has greatly hampered any
understanding of fossil Apis.
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In order to circumvent these extreme limitations in studying fossil Apini, herein
we follow the approach of DuPraw (1965), Ruttner (1988), Rinderer et al. (1989,
1995), Wedmann (2000), and other apiculturists to analyze forewing venation angles
(hereafter “FWVA”), i.e., the angles between specific landmarks (vein and crossvein bi-
furcations or fusions) in the forewing remigium. Given that the forewing is often very
well preserved in fossil insects it permits a more meaningful comparison between Re-
cent and fossil Apini. The approach to measure FWVA is the least complicated method
for recording numerous wing characteristics (DuPraw 1965, Ruttner 1988). We agree
with Engel (2006) that the recognition of taxa in Apini based solely on morphometric
measurements of the forewing venation should be regarded with caution (vide etiam
Radloff and Hepburn 1998; Hepburn 2000; Hepburn and Radloff 2002). However,
forewings are one suite of morphological features that can permit the assignment of
individuals to genera or sometimes even species for numerous kinds of insects, even if
all other attributes are missing. For example, automatic bee identification systems that
are based on forewing analyses (e.g., Steinhage et al. 2006) have met with some success.
In addition, Tofilski (2008) has shown that identification of A. mellifera subspecies
based on forewing morphometry is >80% successful. In contrast with some other mor-
phological features such as setal length or lengths of extremities, FWVA are probably
not associated with environmental parameters such as elevation, rainfall, temperature,
and latitude, as has been demonstrated for Recent populations of A. cerana (Tan et al.
2003), although note that the relative proportion of presence of some wing features do
occur along weak latitudinal or longitudinal clines (e.g., the proportion of individuals
with an adventitious Rs, in the forewing: Tan et al. 2008). Naturally, any consideration
of fossil wings must also take into consideration possible deformation resulting from
fossilization or subsequent tectonic activity. Fortunately, deformations of wing vena-
tion are relatively easy to recognize, and the approach of Rinderer et al. (1989, 1995)
and Wedmann (2000), which includes the complete wing venation, is more objective
and less bias-prone than the methods employed by earlier authors who studied only
a few cells (e.g., Armbruster 1938a, 1938b, 1938c¢). Thus, despite its obvious limita-
tions, we believe FWVA analysis is perhaps the most reliable suite of data currently
available for statistically comparing living and fossil Apini.

While we are well cognizant of the fact that dendrograms resulting from cluster (phe-
netic) analyses cannot be equated with phylogenies owing to the inability of such meth-
ods to distinguish plesiomorphic and apomorphic features or homologies from analogies,
and that these are more useful at the level of tokogenetic relationships (e.g., Hennig 1966;
Wiley 1981; Schuh 2000), such analyses are nonetheless informative heuristic methods
for evaluating the general similarity of populations and lineages and may provide novel
insights for fossil Apis. Accordingly, herein we evaluate the forewing morphometrics of
the Randeck Maar honey bees, including the three subspecies of Armbruster, and provide
descriptive notes and analysis of previously unstudied specimens.
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Recent honey bee species

The number of Recent species of Apis and their respective diagnoses has been a
matter of debate over the last couple of decades. Interpretations vary between six or
seven species on the conservative end (Alexander 1991a, 1991b, Engel and Schultz
1997, Engel 1999: Fig. 1) and 10 or 11 (e.g., Arias and Sheppard 2005; Lo et al.
2010), or even as many as 24 (Maa 1953) at the higher extreme. Most of the con-
troversy surrounds the status of some Southeast Asian populations (Koeniger et al.
2010; Radloff et al. 2011). While several analyses have examined Apis phylogeny,
most recent investigations have relied solely on DNA sequence data and sometimes
with exceptionally small samples across the diversity of honey bee populations (e.g.,
Willis et al. 1992; Tanaka et al. 2001; Arias and Sheppard 2005; Raffiudin and
Crozier 2007; Lo et al. 2010). Only one analysis has synthesized data from multi-
ple sources — adult morphology, larval morphology, DNA sequences, and behavior
(Engel and Schultz 1997). The species recognized in the Engel and Schultz (1997)
combined analysis were A. mellifera, A. florea Fabricius, A. andreniformis Smith, A.
koschevnikovi, A. cerana, and A. dorsata (these authors did not consider A. nigrocincra
specifically distinct from A. cerana at that time). Apis nigrocincta was subsequently
added to this list of honey bee diversity (Hadisoesilo et al. 1995; Hadisoesilo and
Otis 1996, 1998; Engel 1999; Smith et al. 2000, 2003) (Fig. 1). While the species
recognized in the diversity of phylogenetic treatments varies under the biological,
phylogenetic, or evolutionary species concepts, there remains broad congruence as
to the principal clades within the genus and their interrelationships (e.g., Engel and
Schultz 1997; Engel 1998, 1999, 2006; Leelamanit et al. 2004; Arias and Sheppard
2005; Raffiudin and Crozier 2007; Lo et al. 2010). These studies agree that the line-
age of dwarf honey bees, A. florea and A. andreniformis, diverged early on from the
remainder of Recent Apis clades, with the giant honey bees, A. dorsata and its prede-
cessors, diverging from the common ancestor of a clade comprising A. mellifera and
the “cerana” group of species (i.e., A. cerana, A. koschevnikovi, A. nigrocincta). These
three groups are sometimes accorded subgeneric status as Micrapis Ashmead, Megapis
Ashmead, and Apis s.str. (e.g., Engel 1999, 2001b, 2002, 2006; Engel et al. 2009;
Koeniger et al. 2011), although some less widely employed classifications have con-
sidered them as separate genera in their own right (e.g., Ashmead 1904; Maa 1953;
Wu and Kuang 1987). Apis mellifera is the most widespread of these species, occur-
ring throughout Europe, Africa, northernwestern Asia (e.g., Ponto-Caspian and as
far East as the Tien Shan), the Levant, Caucasia, and the Iranian Plateau (Ruttner
1988, 1992; Ruttner et al. 1985; Sheppard and Meixner 2003), as well as adventive
in the Americas and Australia (e.g., Kerr 1957; Sheppard 1989; Engel 1999; Moritz
etal. 2005). The remaining Recent honey bees are largely restricted to Asia (Michen-
er 2007; Radloff et al. 2011), with the exception of A. florea which is known also
from Jordan, the eastern Arabian Peninsula, and northeastern Africa (Lord and Nagi
1987; Mogga and Ruttner 1988; Engel 1999; Michener 2007; Dathe 2009; Haddad
etal. 2009; Moritz et al. 2010). The precise distributions of the remaining Asian spe-
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Figure |. Modern honey bee diversity (all bees are workers and to the same scale). A Apis mellifera Lin-
naeus B A. koschevnikovi Endetlein C A. nigrocincta Smith D A. cerana Fabricius E A. dorsata Fabricius
F A. florea Fabricius G A. andreniformis Smith. After Engel et al. (2009).

cies and morphotypes are summarized by Otis (1996), Engel (1999), Oldroyd and
Wongsiri (2006), and Hepburn and Radloff (2011). We did not attempt to evaluate
the morphometrics of the complete suite of forewing variation in modern Apis spe-
cies, which is well beyond the scope of the current study. Instead, for the purposes of
our analyses (vide infra), it was most critical to simply represent the broadest sample
of variation across the genus. Accordingly, we employed representatives of the three
principal clades, or subgenera, of Apis.

Geological setting

The Randeck Maar is located in southwest Germany, southeast of Stuttgart at the
escarpment of the Swabian Alb (48°71'N, 9°31.8'E, 750m elevation) and originated
during the Miocene. During this epoch, the Mesozoic rocks of the Swabian Alb were
penetrated by numerous volcanic dykes leading to phreatomagmatic eruptions when
the rising nepheline-melilithitic magma contacted groundwater (Bleich 1988). The
Maar deposits consist of volcanoclastic limestones overlain by Miocene sediments
(Krautter and Schweigert 1991), which are dated as Early/Middle Miocene (Burdiga-
lian, Karpatian, MN 5, ca. 16-18 Ma) after the mammal fauna (Heizmann 1983). In
one phase of sedimentation, bituminous laminites (‘dysodiles’) and laminated, varve-
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like limestones were deposited. These limestones contain exceptionally well preserved
fossil insects (e.g., Armbruster et al. 1938a, 1939; Schawaller 1986; Kotthoff 2005;
Kotthoff and Schmid 2005).

Material and methods

The fossil material studied originates from the Staatliches Museum fiir Naturkunde,
Stuttgart (SMNS), the Heimatmuseum Géppingen Jebenhausen (HM]J), and the
Paliontologisches Museum Nierstein (PMN) (Figs 2-5). Additional A. armbrusteri
specimens are present in the Urwelt-Museum Hauff but were already considered in
detail by Armbruster (1938a). A re-examination of the majority of the specimens de-
scribed in Armbruster (1938a) was impossible since many of these were covered in
Canada balsam, ironically used by Armbruster to preserve the bees (Armbruster 1938a,
1939), but which has darkened over time. Removing the balsam likely will lead to the
destruction of many important features. In total, 18 not yet described specimens of A.
armbrusteri are introduced in this work (Table 1).

Table I. List of not-yet described specimens of Apis armbrusteri presented in this work.

Museum/number body length | forewing hindwing | Sediment/Annotations
(mm) length (mm) |length (mm)
Wing venation not well preserved:
HMJ] |A817 12.6 7.5 - light varve layer
SMNS | 64674/17a 21.6 - - dark grey limestone
SMNS | 64674/21a/b 16.9 8.9* 6.0* dark grey limestone
SMNS | 64674/28 15.0 - - dark varve layer
SMNS | 64674/31 13.9 - - dark varve layer
SMNS | 64674/38 16.0 - - light limestone
SMNS | 64674/50a 24.3 >15 - dark varve layer
PMN | SSN10RM12 16.9 9.1 - light varve layer
Wing venation well preserved:
SMNS | 64674/11a 13.2 >7.9 - light varve layer
SMNS |64674/11b & 11c | 14.1 >8.7* - dark varve layer
SMNS |64674/12a & 12b | 15.7 9.9 7.3 dark grey calcareous marl
SMNS | 64674/18 17.4 9.7* 7.8* dark varve layer
SMNS | 64674/19 17.0 >10.3 - dark varve layer
SMNS | 64674/30 - 8.4 - dark varve layer
SMNS | 64674/35 >15.0** >11.2 dark varve layer
SMNS | 64674/36 >14.7** 10.0 dark varve layer
SMNS | 64674/49 9.9%* >9.0 light varve layer
SMNS | 64675 14.3 8.1 dark varve layer

* distal part reconstructed based on similar complete wings of other specimens
** head missing



18 Ulrich Kotthoff et al. | ZooKeys 96: 11-37 (2011)

Figure 2. Photomicrographs of representative Randeck Maar honey bees (Apis armbrusteri Zeuner). A
SMNS 64675 (neotype) [Morphotype D] B SMNS 64674/12 [Morphotype D] € SMNS 64674/11b
[Morphotype D?] D SMNS 64674/11a [Morphotype CM] E SMNS 64674/21 F SMNS 64674/28.

Scale bar = 2 mm.



Miocene honey bees from the Randeck Maar of southwestern Germany (Hymenoptera, Apidae) 19

Fossils were examined with a stereomicroscope, while drawings were prepared us-
ing a camera lucida. Photographs were taken with a digital camera and the software
“Analysis Pro Version 3.1” (SIS) used for distance and angle measurements. The soft-
ware “PAST” version 1.75b (Hammer et al. 2001) was used for cluster analyses. No-
menclature of wing veins and cells follows that of Engel (2001a), while landmarks
and angles for FWVA analysis follow those of previous authors (e.g., Ruttner 1988;
Rinderer et al. 1989, 1995; Wedmann 2000).

FWVA measurements of all specimens documented herein and with well-preserved
forewings were subjected to a cluster analysis together with measurements of repre-
sentative Recent Apini from Europe (A. mellifera; eleven specimens) and Asia (A. florea
Fabricius; four specimens; A. dorsata; twelve specimens; A. cerana; 14 specimens). So
as to expand our comparative treatment we included other Miocene and Oligocene
honey bees that had sufficiently well-preserved forewings to permit meaningful meas-
urement and comparison. These included the European material of A. henshawi (ten
specimens; Cockerell 1907; Wedmann 2000); A. cuenoti (two specimens; Théobald
1937; Nel et al. 1999); Arillo et al. (1996) and Nel et al. (1999) Oligocene and Mio-
cene A. aquisextana (two specimens; erroneously as “A. aquisextusensis” in the latter
publication: Engel 20006), and forms B, C, E, E G, H, I, and J (twenty specimens; Nel
et al. 1999); A. lithohermaea Engel from Japan (Engel 2006); and A. nearctica Engel
et al. from North America (Engel et al. 2009). For comparative purposes, we included
FWVA measurements from other Eocene Apidae (Electrapis Cockerell, Electrobombus
Engel, Succinapis Engel, Thaumastobombus Engel, Melikertes Engel, and Pygomelissa
Engel and Wappler; one or two specimens per taxon), as well as other tribes of Re-
cent corbiculate (Bombus Latreille, Euglossa Latreille, Eufriesea Cockerell; one specimen
each) and non-corbiculate Apinae (Centris Fabricius, Epicharis Klug, Xeromelecta Lins-
ley, and Zacosmia Ashmead; one specimen each). In total, 97 forewings were analyzed,
and additionally, 19 measurements taken by Wedmann (2000) were added for the
cluster analysis (see Appendix I).

While it would have been ideal to make the analysis more robust with the inclu-
sion of more of Armbruster’s original material, this was not possible. Most of the speci-
mens described by Armbruster (1938a) are now lost and many of the few remaining
are rendered useless for examination owing to the unfortunate application of Canadian
balsam (Armbruster 1939). As such, only Armbruster’s (1938a) photographs and il-
lustrations were of use.

Although the venation of drones does not differ significantly from that of workers,
in order to completely eliminate potential caste differences two drones of A. cerana
from Pakistan were added to the analysis as a control. While the drones were separated
from workers, they were still more similar to conspecific workers than to specimens
of any other taxon. Further tests which included drones of A. mellifera found similar
results (Kotthoff 2002). Thus, gender did not introduce any bias into the results even
though all fossil Apis discovered to date are workers (Engel 1998, 2006; Nel et al. 1999;
Engel et al. 2009; herein).
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Figure 3. Photomicrographs of representative Randeck Maar honey bees (Apis armbrusteri Zeuner).
A SMNS 64674/18 [Morphotype D] B SMNS 64674/49 [Morphotype D] € SMNS 64674/30 [Mor-
photype D] D SMNS 64674/35 [Morphotype D] E SMNS 64674/19 [Morphotype D] F SMNS
64674/36 [Morphotype CM]. Scale bar = 2 mm.
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Figure 4. Representative Randeck Maar honey bees (Apis armbrusteri Zeuner). A SMNS 64675 (neo-
type) [Morphotype D] B SMNS 64674/11a [Morphotype CM]. Scale bar = 2 mm.

Systematic paleontology

Genus Apis Linnaeus
Apis armbrusteri Zeuner

Refer to Engel et al. (2009) for a complete taxonomic summary for the species, and to
Engel et al. (in press) for details on the neotype (SMNS 64675: Figs 2a, 4a). Herein
we provide descriptive notes for a series of specimens not previously documented by
earlier authors. For those that are most completely preserved we have noted whether
the specimens are of a ceranal mellifera-like morphotype (CM) or a dorsata-like mor-
photype (D). All metrics are provided in millimetres.

Specimens with poorly-preserved or missing wings

HM]J A 817. Metrics: body length 12.6; metasoma 7.3; mesosoma 3.2; head 1.8; fore-
wing 7.5. Descriptive notes: Ventral view on light varve layer; preservation exceptionally
poor; legs missing except for a few fragments, apparently preserving only metatibiae,
which are relatively long and slender; wings only fragmentarily preserved, fragments
match forewings of other A. armbrusteri; no counterpart.

SMNS 64674/17a. Metrics: body length 21.6. Descriptive notes: Ventral view on
dark grey limestone; fossil re-crystallized and fragmented; metasoma highly deformed
and obviously swollen, resulting in extra-ordinary high body length; forewing venation
poorly preserved; left hind leg positioned parallel to metasoma, revealing a slender me-
tabasitarsus; head ventrally directed; compound eyes small in proportion to head and far
apart from each other; counterpart is SMNS/17b, which is even more poorly preserved.
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Figure 5. Representative Randeck Maar honey bees (Apis armbrusteri Zeuner). A SMNS 64674/19
[Morphotype D] B SMNS 64674/30 [Morphotype D]. Scale bar = 2 mm.

SMNS 64674/21a. Metrics: body length 16.9; metasoma 9.9; mesosoma 4.7; head
2.8; mesofemur 1.2; mesotibia 1.6; mesobasitarsus 1.6; metafemur 2.1; metatibia 3.2;
metabasitarsus 2.7; forewing (reconstructed) 8.9; hind wing (reconstructed) 6.0. De-
scriptive notes: Ventral view on dark grey limestone; parts of dorsal cuticle apparent;
right forewing well preserved, but folded; metasoma very long (probably resulting
from swelling in water after death) and well preserved, but not completely exposed
from matrix; sting apparatus apparent; left metatibia long and slender; metabasitarsus
very long and broadened; setae preserved in some areas of metabasitarsus; glossa and
galeae evident between mandibles; counterpart is SMNS 64674/21b.

SMNS 64674/28. Metrics: body length 15.0; metasoma 9.0; mesosoma 4.7; head
2.1; glossa 2.9; profemur 2.2; protibia 1.6; probasitarsus 1.3; mesofemur 2.3; mes-
otibia 1.9; metabasitarsus 2.5. Descriptive notes: Lateral view of inner surface on dark
varve layer; fossil slightly turned ventral; right forewing venation only partly visible;
fragment of left forewing preserved; metatibia and metabasitarsus appear flattened and
short; mesoscutum broken; mandibles well preserved; glossa appears protruded; coun-
terpart (SMNS, not registered) exhibits a few dorsal elements, fragments of left fore-
wing, and parts of the other lateral side.

SMNS 64674/31. Metrics: body length 13.9; metasoma 7.6; mesosoma 3.8;
head 3.1; metafemur 2.8; metatibia 2.9; metabasitarsus 1.8. Descriptive notes: Later-
ally embedded on dark varve layer; head turned upwards; mandibles well preserved;
right hind leg exposed above metasoma; metatibia and metabasitarsus appear short
and broadened; metabasitarsus partly covered by metasoma; wings not preserved; no
counterpart.

SMNS 64674/38. Metrics: body length 16.0; metasoma 9.0; mesosoma 5.5; head
2.8; metatibia 2.7; metabasitarsus 1.8. Descriptive notes: Laterally embedded on light
limestone; fragmentary preservation of head and mesosoma; metabasitarsus of presum-
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ably left hind leg flat and short; metasoma obviously swollen and compressed; wings
not preserved.

SMNS 64674/50a. Metrics: body length 24.3; forewing >15; mesosoma+head 8.8.
Descriptive notes: Largest specimen known among Miocene honey bees from Randeck
Maar; preserved on dark varve layer; metasoma, especially first metasomal segment, very
well preserved; mesosoma poorly preserved except for slightly arched mesoscutums; legs
missing; wings oriented parallel to metasoma, wing venation not apparent; compound
eyes especially well preserved; counterpart is SMNS 64674/50b. Remarks: Even though
the metasoma may have swollen due to postmortem processes, the specimen is extraor-
dinarily large. Additionally, the forewing length indicates that this specimen approxi-
mated an A. dorsata worker in size. The average forewing length of the specimens pre-
sented here is 9.6 mm, thus the wing of SMNS 64674/50 is >50% longer. The second
largest forewing length of specimen SMNS 64674/35 is more than 3 mm shorter. Due
to this difference in size, we believe SMNS 64674/50 may have been an A. armbrusteri
queen. According to Ruttner (1988), in Recent Apini the size difference between the
female castes are greatest in the dwarf honey bee A. florea (worker: 6.26+0.10 mm fore-
wing length, queen: ~-35% longer), slightly less in A. cerana (worker: 7.54+0.14 mm
forewing length, queen: ~24% longer) and significantly lower in A. mellifera and the gi-
ant honey bee A. dorsata. An unequivocal identification of SMNS 64674/50 as a queen
is not possible. However, we believe that the occurrence of a queen among the >90 Apis
specimens from the Miocene Randeck Maar is more probable than the presence of one
isolated giant honey bee worker. SMNS 64674/50 may be the first honey bee queen
from the fossil record. The specimen is not a drone as evidenced by the relatively small
size of the compound eyes rather than the nearly holoptic eyes of male honey bees.

PMN SSN10RM12. Metrics: body length 16.9; metasoma 10.0; mesosoma 4.8;
head 2.5; mesofemur 1.5; mesotibia 1.8; metafemur 2.2; metatibia 2.7; metabasitarsus
1.9; scape (reconstructed) 0.6; flagellum 2.6; forewing 9.1. Descriptive notes: Dors-
oventrally embedded and very well preserved on light varve layer; antennae very well
preserved; third submarginal cell of forewing broader than that of A. cerana or A. mel-
lifera (unfortunately the wings could not be analyzed in detail); metatibiae and meta-
basitarsi rather slender; specimen somewhat resembles A. henshawi.

Specimens with well preserved forewings

SMNS 64674/11a [Morphotype CM]. Merrics: body length (reconstructed) 13.2;
metasoma 7.0; mesosoma 3.7; head 2.4; mesofemur 2.1; metafemur 1.7; metabasitar-
sus 2.3; forewing >7.9 (most distal part not apparent). Descriptive notes: Dorsoventrally
compressed, ventral view on light varve layer (Figs 2d, 4b); posterior metasoma not
preserved, head only partially preserved; a fragment, possibly part of head, lies next to
specimen; mesosoma, left forewing, and legs completely preserved; extremities ven-
trally exposed; one setal row of left metabasitarsus evident, number of setae estimated
at 28-30; metatibia and metabasitarsus laterally flattened and short in proportion to
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width; some setae of rastellum preserved at metatibial apex; forewing with third sub-
marginal cell extraordinarily long; 1m-cu with a small distal process in second medial
cell; hind wing with a distal process of vein M preserved; no counterpart. Remarks: This
specimen is small in comparison to other bees from the Randeck Maar. The forewing
length of SMNS 64674/11a (>7.9, but probably not >8.5 mm) is similar to a small A.
cerana worker (7.5-9 mm) and shorter than the average forewings from the Miocene
honey bees from Randeck (9.6 mm). The long third submarginal cell is reminiscent of
A. cerana, A. mellifera, and their relatives, but the process of 1m-cu is not present in
these modern species, while this aberrant veinal stub appears in several individuals of
A. armbrusteri. The distal process of M in the hind wing does not occur in A. mellifera
but is present in all other Recent Apis species (Alexander 1991a; Engel 1999). The
number of setae (28—30) in one of the setal comb rows of the metabasitarsus is similar
to A. mellifera (Maa 1953). Apis mellifera has ten setal comb rows, of which the median
has about 30 setae (Maa 1953; Nitschmann and Hiising 1987; Lutz 1993). By contrast
A. henshawi only has 24 setae in the medial comb (Zeuner and Manning 1976). In this
regard, the specimen is more similar to A. mellifera and the ‘cerana’ group than to A.
dorsata and A. henshawi. Accordingly we ascribe the specimen to the CM morphotype.

SMNS 64674/11b [Morphotype D2]. Metrics: body length 14.1; metasoma 8.5;
mesosoma 3.5; head 2.5; metatibia 2.2; metabasitarsus 1.9; forewing (reconstructed)
> 8.7; mandible 1.5. Descriptive notes: Dorsoventrally compressed on dark varve layer
(Fig. 2¢); anterior part (head in particular) slightly rotated around axis of body length;
mandibles, compound eyes, and antennae well preserved; antennae with at least nine,
perhaps 10, flagellomeres preserved; parts of the legs compressed close to body; left
hind leg positioned lateral of metasoma; metatibia and metabasitarsus do not appear
flattened or shortened in respect to homologous appendages of SMNS 64674/11a;
part of metasoma re-crystallized, probably pyritized; parts of sting apparatus apparent;
forewing 1m-cu with a very short process; counterpart is SMNS 64674/11c. Remarks:
The wing venation of this specimen is generally similar to that of A. dorsata; however,
the third submarginal cell is not completely preserved. The shape and relative length of
the metatibia and metabasitarsus are also similar to those of A. dorsata but the speci-
men is smaller than typical workers of this species.

SMNS 64674/12b [Morphotype D]. Metrics: body length 15.7; metasoma 9.7;
mesosoma 4.3; head 1.8; profemur 1.5; protibia 1.5; probasitarsus 1.1; mesofemur
1.6; mesotibia 1.6; metatibia 2.4; metabasitarsus 1.8; forewing 9.9; hind wing 7.3. De-
scriptive notes: Laterally compressed on dark grey calcareous marl (Fig. 2b); body parts
well preserved except for head; wing venation outstandingly well preserved; third sub-
marginal cell rather short and meeting 2m-cu strongly distad; 1m-cu broken, with a
short medioapical process projecting into second medial cell; mesosomal cuticle partly
fragmented; distal five segments of metasoma stressed horizontally owing to postmor-
tem processes; metabasitarsi fragmented but revealing a relatively slender shape; setae
clearly preserved distally on metasoma; counterpart 64674/12a not preserving further
details. Remarks: The shape of the short submarginal cell and relatively slender shape
of the metabasitarsi are reminiscent of those of A. dorsata. While the length of the
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forewing exceeds the typical length of A. mellifera, it does not reach the length of A.
dorsata.

SMNS 64674/18 [Morphotype D]. Metrics: body length 17.4; metasoma 10.2;
mesosoma 3.8; head 3.3; metafemur 2.4; metatibia 3.2; metabasitarsus 2.3; metaba-
sitarsal width 0.9; forewing (reconstructed) 9.7 (minimal); hind wing (reconstructed)
7.8 (minimal). Descriptive notes: Ventral aspect on dark varve layer, very well preserved
but metasoma probably swollen during rest in water column and subsequently com-
pressed during compaction, with metasoma appearing artificially lengthened and
broadened; specimen length was probably ~15 mm in life (reaching general size of A.
dorsata); forewing venation well preserved (Fig. 3a); third submarginal cell short and
broad; process of 1m-cu present; rastellum of left metatibia apparent; setal comb rows
of right metabasitarsus consist of 20-25 setae; left metabasitarsus shorter and broader
than that of SMNS 64674/11b but more slender than that of 64674/11a; sting very
well preserved; no counterpart; next to head is wing of Bombylius sp. (Kotthoff 2005).
Remarks: The short, broad third submarginal cell is similar to that of A. dorsaza and A.
henshawi. The number of setae in the setal comb rows of the right metabasitarsus are
also somewhat similar to that of A. henshawi (Lutz 1993).

SMNS 64674/19 [Morphotype D]. Metrics: body (without head) 17.0; meta-
soma 8.3; mesosoma 5.6; metatibia 2.9; metabasitarsus 2.3; forewing (reconstructed)
>10.3. Descriptive notes: Partly laterally, partly dorsoventrally compressed on dark varve
layer (Figs 3e, 5a); head missing; right hind leg extended laterally; right metatarsus not
completely excavated from matrix; rastellum well preserved; wing venation of right
forewing well preserved except for apicalmost area; third submarginal cell short; 1m-
cu with long medioapical process projecting into second medial cell; one hind wing
compressed under right forewing; distal abscissa of M apparently present; left forewing
obscured by metasoma; sting preserved but sting device not apparent owing to re-
crystallization in center of metasoma; no counterpart. Remarks: The body size of this
individual is quite large and cannot be explained solely by broadening and lengthening
of the metasoma from postmortem swelling given that the terga are positioned close
to and largely overlapping each other. The right forewing has a short, broad third
submarginal cell somewhat similar to A. henshawi, with a general length presumably
reaching a similar proportion to that of A. dorsata. The forewing is generally similar to
the forewing of SMNS 64674/18. The metabasitarsus is relatively slender.

SMNS 64674/30 [Morphotype D]. Metrics: metasoma 9.1; metabasitarsus 1.8;
forewing 8.4. Descriptive notes: Parts of metasoma and fragments of mesosoma, legs
and wings preserved on dark varve layer (Figs 3¢, 5b); metasoma mainly represented
by setae and tergal fragments, presumably ventral view of dorsal elements; no coun-
terpart. Remarks: The wings are similar to those of A. dorsata and A. henshawi, and the
fragments of the hind legs indicate that the metatibia and metabasitarsus were slender,
similar to those of A. dorsata.

SMNS 64674/35 [Morphotype D]. Metrics: body length (metasoma + meso-
soma) 15.0; metasoma 9.5; mesosoma 4.8; metatibia 3.3; metabasitarsus 1.9; fore-
wing >11.2. Descriptive notes: Laterally compressed, with head missing, on dark varve
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layer (Fig. 3d); mesosoma fragmentarily preserved; mesoscutum turned upwards; one
forewing well preserved in basal part; one hind leg obscured by dorsal part of meta-
soma; other hind leg positioned on top of ventral part of metasoma; metatibia slen-
der; metabasitarsus apparently broad and short, but more slender than that of SMNS
64674/11a. Remarks: The complete forewing was perhaps 12 mm long in life and
therefore as long as an A. dorsata forewing.

SMNS 64674/36 [Morphotype CMz2]. Metrics: body (metasoma + mesosoma)
14.7; metasoma 9.7; mesosoma 4.9; forewing (reconstructed) 10.0. Descriptive notes:
Laterally compressed, with head missing, on dark varve layer; mesosoma and hind legs
only fragmentarily preserved; right (presumably, could be left) metabasitarsus posi-
tioned along ventral part of metasoma, very broad and short; metasoma not well pre-
served; terga not in contact with each other; one forewing very well preserved (Fig. 3f),
revealing long third submarginal cell; distal absicssa of vein M apparently present in
hind wing; no counterpart. Remarks: The forewing of this specimen is very similar to
those of A. cerana and A. mellifera. The shape of the metabasitarsus is also reminiscent
of these species but possibly the metabasitarsus was deformed during fossilization. The
size of the specimen exceeds the typical size of both A. cerana and A. mellifera.

SMNS 64674/49 [Morphotype D]. Metrics: body length (without head) 9.9;
metasoma 4.7; mesosoma 4.6; mesofemur 1.9; mesotibia 1.6; mesobasitarsus 1.6;
metafemur 1.8; metatibia 2.9; metabasitarsus 1.6; forewing (reconstructed) >9.0. De-
scriptive notes: Interior apparent in ventral view on light varve layer (Fig. 3b); head not
preserved; terga still connected (indicating that metasoma was barely swollen); terga
slightly laterally inflected; sting apparatus well preserved; setae of a single setal comb
row evident in basal part of left mesobasitarsus, consisting of ~25 setae; metabasitar-
sus slender and somewhat triangular in shape; forewing venation preserved except for
distalmost part; no counterpart. Remarks: While the lengths of the mesosoma and
forewings are comparable to those of other bees from the Randeck Maar, the metasoma
is noticeably shorter. The forewing length and venation appear similar to that of A. dor-
sata. In addition, the slender metabasitarsi are reminiscent of A. dorsara, even though
the specimen does not approximate this species in size.

SMNS 64675 (neotype) [Morphotype D]. Mezrics: body length 14.3; metasoma
8.1; mesosoma 3.4; head 2.6; metatibia 2.4; metabasitarsus 1.1; forewing 8.1. Descrip-
tive notes: Dorsoventrally compressed on dark varve layer (Figs 2a, 4a); sterna fragmen-
tarily preserved, setae of sterna nearly completely preserved; wax mirrors apparent as
orange-brown areas (cf. Ansorge and Kohring 1995: fig. 5.1), evident on third metaso-
mal sternum; mesosoma revealing dorsal elements; legs fragmentarily preserved; hind
legs positioned next to metasoma; very slender metatibiae and metabasitarsi; metabasi-
tarsi probably not completely preserved; some wing areas not apparent, but all cells of
right forewing visible; compound eyes evident; clypeus and frons not discernible (gap
in matrix separates parts of mandibles and right protarsus from remainder of speci-
men); fossil leaf preserved behind metasoma; another leaf positioned in same varve
layer at right side of bee; wing not preserved in contact zone of leaf and wing, perhaps
result of earlier preparation. Remarks: The forewing of this individual was probably
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Figure 6. Dendrogram resulting from FWVA cluster analysis described in the text. Recent specimens of
Apis and associated clusters are marked in the following colors: red, A. dorsata Fabricius; yellow, A. florea

Fabricius; green, A. mellifera Linnaeus; blue, A. cerana Fabricius; cyan, ceranalmellifera, morphotype.
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longer than 8.1 mm, presumably reaching a length of 9.5-10 mm, and is similar to
that of A. dorsata. Although all phylogenetic evidence indicates that fossil Apis built
combs like their modern counterparts (Ruttner 1988; Engel 1998), the wax mirrors
confirm that the honey bees from the Miocene Randeck Maar constructed combs. The
presence of leaves in the same layer may indicate that the specimen died in Autumn.

Results

As to be expected given the unique venation of honey bees, all non-Apini were grouped
together relative to Apis in the FWVA cluster analysis (Fig. 6). Among the Apini,
all Recent forms were grouped in general accordance with their systematic position,
and independent of whether the measurements were based on the literature or newly
measured forewings. This underlines both the utility of the method and the quality of
metrics and drawings made by different authors (e.g., Armbruster 1938a; Nel et al.
1999; Engel 20006).

The dendrogram (Fig. 6) reveals two main clusters, the first of which comprises
the FWVAs of melliferal cerana and, on a subbranch of their own, the specimens of
A. florea. The second major cluster consists of FEWVAs of A. dorsata and A. henshaws,
with both species well segregated from each other. These groups do not necessarily rep-
resent clades given that undoubtedly some grouping is based on symplesiomorphies.
In regard to the specimens of A. armbrusteri, most specimens group with A. dorsata,
while some specimens (e.g., SMNS 64674/11a and SMNS 64674/36) are positioned
within the ceranal mellifera group (Fig. 6). The dendrogram supports the observations
described above, that at least some of the specimens newly documented herein are
superficially more similar in forewing venation to ceranal mellifera-like bees than to A.
dorsata, the latter phylogenetically outside of the Apis s.str. clade (Engel and Schultz
1997; Engel 2006; Raffiudin and Crozier 2007; Lo et al. 2010).

Apis henshawi from the Oligocene grouped nearest to those A. dorsata and dorsara-
like fossils (Fig. 6). Not surprisingly, A. cuenoti from the Oligocene of Céreste groups
within A. henshawi, generally supporting the synonymy of these taxa (Engel 1999).

The probably Late Oligocene-aged specimens from Aix-en-Provence, however,
showed a different clustering pattern. Some of the specimens of the debated species
“A. aquisextana” (Arillo et al. 1996; Nel et al. 1999; Engel 2006) grouped with the
melliferal cerana branch, while another specimen (“B” of Nel et al. 1999) grouped
outside all other Apini. However, Nel et al. (1999) noted that for this material the
apical portions of the wings were destroyed and it is, therefore, very possible that
the wing venation was altered by postmortem processes. As such, this specimen may
represent merely a damaged individual of A. armbrusteri of the “CM” morphotype
and its current clustering position should be considered dubious. A fourth specimen
(“C” of Nel et al. 1999) was positioned on a branch together with other Miocene
bees whose FWVA are generally similar to A. dorsata and A. armbrusteri of the “D”
morphotype (Fig. 6).
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The Apini from the Miocene are, independent of their geographical origin, scat-
tered across the principle clusters (i.e., the branches on which either melliferal cerana
or A. dorsata and A. henshawi are positioned). In addition to the specimens SMNS
64674/11a and 64674/39, six other individuals from the Miocene of Randeck showed
a forewing venation more similar to that of ceranal mellifera-like bees than to that of A.
dorsara. The distribution of Armbruster’s specimens (based on his 1938a photographs
and figures) in the dendrogram was independent of the “Hauffapis’-species designated
by Armbruster (1938a). For example, forewings of “H. scheuthlei” occur next to both
the cerana/mellifera and A. dorsata clusters, indicating that the subdivisions of A. arm-
brusteri into the several species or subspecies as advocated by Armbruster (1938a) and
Zeuner and Manning (1976) are effectively meaningless. The pattern was the same for
the other European Miocene fossillagerstitten, namely that the Apis from Montagne
d’Andance and Sainte-Reine (Miocene, France) are positioned on both major branches
as for the material from Randeck (Fig. 6).

Discussion

Naturally, as noted previously, dendrograms cannot be interpreted as phylogenies
owing to an inability to distinguish homology from analogy and plesiomorphy from
apomorphy. This is immediately evident in that, while all Apis group together, the
corbiculate Apinae do not form a cluster, nor do the Centridini, or other well-defined
taxa based on larger suites of characters (Fig. 6). Moreover, A. florea phylogenetically
lies outside of an Apis s.str.+ Megapis clade (Alexander 1991a, 1991b; Engel and Schultz
1997; Engel 2006; Rafhiudin and Crozier 2007; Lo et al. 2010), while nonetheless
sharing more plesiomorphic similarities in FWVA with Apis s.str. relative to Megapis
and thereby resulting in the grouping of Micrapis with Apis s.str. in a cluster analysis
(Fig. 6). Despite this inability to equate the dendrogram with a phylogeny, the FWVA
analysis supports the general systematic division of the Oligocene and Recent honey
bees as well as the three principle lineages of modern Apis (Megapis, Micrapis, and Apis
s.str.) (e.g., Engel 1998, 1999, 20006).

The newly documented honey bees from the Randeck Maar exhibit, similar to the
specimens described by Armbruster (1938a), a considerable variability in size, body
shape, and forewing venation. Among the ten specimens newly considered in detail,
two are remarkably similar to the cerana/mellifera group. Specimen 64674/11a in par-
ticular probably could not be differentiated from a fossil of A. cerana in many respects,
although the presence of the small process of 1m-cu is not found in the former species.
However, other specimens such as 64674/19 are seemingly more similar to A. henshawi
and A. dorsata, but putatively only in plesiomorphic features. However, there are also
specimens for which the assignment to one or the other of the two morphotypes em-
ployed herein must remain questionable and, in general, when characters other than
wing venation are examined there is gradation between these morphological extremes.
It is thus not entirely clear whether the environment around the Randeck Maar hosted
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two different Apis species [or even more, as suggested by Armbruster (1938a)], or only
one variable species, a phenomenon known in modern taxa such as A. mellifera, A. cer-
ana, Accipiter tachiro (Daudin) (e.g., Hepburn and Radloff 1998; Radloff et al. 2010;
Louette 2007), and particularly for variable wing morphologies in species of lower
termites, bark lice, halictine bees, and many other insect lineages (e.g., Emerson 1933;
Coaton 1949, 1958; Kucerovd 1997; Grimaldi et al. 2008; Gibbs 2010). A clear divi-
sion into two species would make sense if there were other supporting characters (e.g.,
leg shape, size, hind wing venation). Though, as noted, this cannot be demonstrated
for any of the bees from the Miocene of Randeck. Additionally, other European sites
also show the presence of different morphotypes within the same locality, particularly
Montagne d’Andance and Sainte-Reine (Miocene, France) (vide supra). Conversely,
Recent honey bees in Asia, while broadly overlapping, tend not to occur in the same
microhabitats. For example, A. dorsata is more common at higher elevations, and A.
florea uses a special ecological niche in the stratum of dense bushes and small trees in
tropical areas (e.g., Wu and Kuang 1987; Ruttner 1988). Apis mellifera and A. cerana
do not occur in the same regions naturally, and where A. mellifera is introduced, it can
result in the competitive exclusion of A. cerana (Ruttner 1988), depending on which
subspecies are involved (e.g., Manila-Fajardo and Cleofas 2003).

We conservatively suggest that European Apini of the Miocene exhibited a con-
siderable morphological diversity, even somewhat more so than in modern congeners.
This is supported by the fact that among the specimens from Randeck, even those
within morphotype D, showed a remarkable variation in body size, which cannot be
explained solely by postmortem effects, by caste differences, or biological phenomena.
The heterogeneity is further supported by the considerable variability in leg shape and
the varying presence or absence of the small process of 1m-cu, all of which are appar-
ently independent of the two morphotypes recognized on the basis of FWVA.

Noteworthy, our results show a much lower variability for the Oligocene Apini
from Germany and France. As shown by the Honeybee Genome Sequencing Consor-
tium (2006), the rate of evolution in Apis is slow compared to other insects. This may
perhaps explain how European populations of Apis maintained such hyper-variability
within an otherwise single evolutionary species for such a considerable time throughout
the Miocene. Consequently, the various morphotypes observed across these European
populations would perhaps all represent a single, widespread species, much like mod-
ern widespread species such as A. mellifera and A. cerana. The historical biogeography
and nest evolution of the genus shall be discussed elsewhere (Kotthoff et al. in prep.).

Acknowledgements

We thank the personnel of the Landesanstalt fiir Bienenkunde, Universitit Hohenhe-
im; Fachgruppe Biologie, Universitit Bonn; and Institut fiir Bienenkunde, Universitit
Frankfurt; as well as several apiculturists for providing extant honey bee specimens. We
are also grateful to Jes Rust, Sonja Wedmann, James Nebelsick, and Oliver Friedrich



Miocene honey bees from the Randeck Maar of southwestern Germany (Hymenoptera, Apidae) 31

for discussions; to the Staatliches Museum fiir Naturkunde Stuttgart, the Paliontolo-
gisches Museum Nierstein, the Urweltmuseum Hauff, Holzmaden, and the Stidtisch-
es Naturkundliches Museum Goéppingen for access to fossils from the Randeck Maar;
and to two anonymous reviewers for their thoughtful comments on an earlier version
of the manuscript. Partial support was provided by US National Science Foundation
grant DEB-0542909 (to MSE). This is a contribution of the Division of Entomology,
University of Kansas Natural History Museum.

References

Alexander BA (1991a) Phylogenetic analysis of the genus Apis (Hymenoptera: Apidae). Annals
of the Entomological Society of America 84(2): 136-149.

Alexander BA (1991b) A cladistic analysis of the genus Apis. In: Smith DR (Ed) Diversity in the
Genus Apis. Westview Press, Boulder, 1-28 [total volume pages xiv+265 pp.].

Ansorge ], Kohring R (1995) Insekten aus dem Randecker Maar. Fossilien 1995(2): 80-90.

Arias MC, Sheppard WS (2005) Phylogenetic relationships of honey bees (Hymenoptera: Api-
nae: Apini) inferred from nuclear and mitochondrial DNA sequence data. Molecular Phy-
logenetics and Evolution 37(1): 25-35. doi:10.1016/j.ympev.2005.02.017

Arillo A, Nel A, Ortuio VM (1996) Two fossil bees from the Oligocene of Izarra (Alava, Spain)
(Hymenoptera, Apoidea). Bulletin de la Société Entomologique de France 101(1): 59-64.

Armbruster L (1938a) Versteinerte Honigbienen aus dem obermiocinen Randecker Maar. Ar-
chiv fiir Bienenkunde 19(1): 1-48.

Armbruster L (1938b) Versteinerte Honigbienen aus dem obermiocinen Randecker Maar. Ar-
chiv fiir Bienenkunde 19(2): 73-93.

Armbruster L (1938¢) Versteinerte Honigbienen aus dem obermiocinen Randecker Maar. Ar-
chiv fiir Bienenkunde 19(3—4): 97—-133.

Armbruster L (1939) Eine miocine Insectenfauna (mit meinem Priparierverfahren). Verhan-
dlungen der VII Internationaler Kongress fiir Entomologie, Berlin [Band I-1V] 1938(2):
1365-1371.

Ashmead WH (1904) Remarks on honey bees. Proceedings of the Entomological Society of
Washington 6: 120-122.

Bleich KE (1988) Entwicklung und Umwelt des miozinen Randecker Maarsees (Schwibische
Alb, SW-Deutschland). Neues Jahrbuch fiir Geologe und Paldontologie, Abhandlungen
177: 263-288.

Camargo JME Grimaldi DA, Pedro SRM (2000) The extinct fauna of stingless bees (Hyme-
noptera: Apidae: Meliponini) in Dominican amber: Two new species and redescription of
the male of Proplebeia dominicana (Wille and Chandler). American Museum Novitates
3293: 1-24. d0i:10.1206/0003-0082(2000)293<0001: TEFOSB>2.0.CO;2

Coaton WGH (1949) Notes on some South African species of the families Hodotermitidae
and Kalotermitidae. Journal of the Entomological Society of Southern Africa 12: 13-77.

Coaton WGH (1958) The hodotermitid harvester termites of South Africa. Union of South Af-
rica Department of Agriculture Science Bulletin (Entomology Series No. 43) 375: 1-112.


http://dx.doi.org/10.1016/j.ympev.2005.02.017
http://dx.doi.org/10.1206/0003-0082(2000)293<0001:TEFOSB>2.0.CO;2

32 Ulrich Kotthoff et al. | ZooKeys 96: 11-37 (2011)

Cockerell TDA (1907) A fossil honey-bee. Entomologist 40: 227-229.

Cockerell TDA (1909) Some European fossil bees. Entomologist 42: 313-317.

Damus MS, Otis GW (1997) A morphometric analysis of Apis cerana F and Apis nigrocincta
Smith populations from Southeast Asia. Apidologie 28(5): 309-323. doi:10.1051/api-
do:19970507

Dathe HH (2009) Order Hymenoptera, superfamily Apoidea, families Colletidae, Andreni-
dae, Halictidae, Melittidae, Megachilidae and Apidae. Arthropod Fauna of the UAE 2:
335-432.

DuPraw EJ (1965) Non-Linnean taxonomy and the systematics of honeybees. Systematic Zool-
ogy 14: 1-24. doi:10.2307/2411899

Emerson AE (1933) A revision of the genera of fossil and Recent Termopsinae (Isoptera). Uni-
versity of California Publications in Entomology 6(6): 165-196.

Engel MS (1998) Fossil honey bees and evolution in the genus Apis (Hymenoptera: Apidae).
Apidologie 29(3): 265-281. doi:10.1051/apido:19980306

Engel MS (1999) The taxonomy of Recent and fossil honey bees (Hymenoptera: Apidae; Apis).
Journal of Hymenoptera Research 8(2): 165-196.

Engel MS (2001a) A monograph of the Baltic amber bees and evolution of the Apoidea
(Hymenoptera). Bulletin of the American Museum of Natural History 259: 1-192.
doi:10.1206/0003-0090(2001)259<0001:AMOTBA>2.0.CO;2

Engel MS (2001b) The honey bees of Thailand (Hymenoptera: Apidae). Natural History Bul-
letin of the Siam Society 49: 113-116.

Engel MS (2002) The honey bees of India, Hymenoptera: Apidae. Journal of the Bombay
Natural History Society 99(1): 3—7.

Engel MS (2005 [2006]) The giant honey bee, Apis lithohermaea Engel, from the Miocene of
Japan and the geological history of Apis (Hymenoptera: Apidae). Honeybee Science 26(4):
141-144. [In Japanese, with English summary]

Engel MS (2006) A giant honey bee from the middle Miocene of Japan (Hymenoptera: Apidae).
American Museum Novitates 3504: 1-12. doi:10.1206/0003-0082(2006)504[0001:AGH
BFT]2.0.CO;2

Engel MS (2011) Systematic melittology: Where to from here? Systematic Entomology 36(1):
1-14.

Engel MS, Schultz TR (1997) Phylogeny and behavior in honey bees (Hymenoptera: Apidae).
Annals of the Entomological Society of America 90(1): 43-53.

Engel MS, Hinojosa-Diaz IA, Rasnitsyn AP (2009) A honey bee from the Miocene of Nevada
and the biogeography of Apis (Hymenoptera: Apidae: Apini). Proceedings of the California
Academy of Sciences, Series 4 60(3): 23-38.

Engel MS, Kotthoff U, Wappler T (in press) Apis armbrusteri Zeuner, 1931 (Insecta, Hyme-
noptera): Proposed conservation by designation of a neotype. Bulletin of Zoological No-
menclature.

Foord AS (1890) Note on a collection of East Coast amber belonging to Mrs. Burwood of Yar-
mouth. Transactions of the Norfolk and Norwich Naturalist’s Society 5(1): 92-95.

Gibbs ] (2010) Atypical wing venation in Dialictus and Hemihalictus and its implications for
subgeneric classification of Lasioglossum. Psyche 2010: 1-6.


http;//dx.doi.org/10.1051/apido:19970507
http://dx.dio.org/10.2307/2411899
http://dx.doi.org/10.1051/apido:19980306
http;//dx.doi.org/10.1206/0003-0090(2001)259<0001:AMOTBA>2.0.CO;2
http://dx.doi.org/10.1206/0003-0082(2006)504[0001:AGHBFT]2.0.CO;2

Miocene honey bees from the Randeck Maar of southwestern Germany (Hymenoptera, Apidae) 33

Grimaldi DA, Engel MS, Krishna K (2008) The species of Isoptera (Insecta) from the Ear-
ly Cretaceous Crato Formation: A revision. American Museum Novitates 3626: 1-30.
doi:10.1206/616.1

Haddad N, Fuchs S, Hepburn HR, Radloff SE (2009) Apis florea in Jordan: Source of the
founder population. Apidologie 40(4): 508—512. doi:10.1051/apido/2009011

Hadisoesilo S, Otis GW (1996) Drone flight times confirm the species status of Apis nigrocincta
Smith, 1861 to be a species distinct from Apis cerana F, 1793, in Sulawesi, Indonesia. Apid-
ologie 27(5): 361-369. doi:10.1051/apido:19960504

Hadisoesilo S, Otis GW (1998) Differences in drone cappings of Apis cerana and Apis nigro-
cincta. Journal of Apicultural Research 37(1): 11-15.

Hadisoesilo S, Otis GW, Meixner M (1995) Two distinct populations of cavity-nesting honey
bees (Hymenoptera: Apidae) in south Sulawesi, Indonesia. Journal of the Kansas Entomo-
logical Society 68(4): 399—-407.

Hammer @, Harper DAT, Ryan PD (2001) PAST: Palacontological statistics software package
for education and data analysis. Palacontologia Electronica 4: 1-9.

Handlirsch A (1907) Die fossilen Insekten und die Phylogenie der rezenten Formen: Ein
Handbuch fiir Paldontologen und Zoologen. Engelmann, Berlin, 641-1120 pp.

Heizmann EPJ (1983) Die Gattung Cainotherium (Cainotheriidae) im Orleanium und Astra-
cium Siiddeutschlands. Eclogae Geologicae Helvetiae 76: 781-825.

Hennig W (1966) Phylogenetic Systematics. University of Illinois Press, Urbana, ii+263 pp.

Hepburn HR (2000) Honeybee (Apis mellifera) classification and the confounding effects of
trinomial nomenclature. In: Bitondi MMG, Hartfelder K (Eds) Anais do IV Encontro
sobre Abelhas. Universidade de Sao Paulo, Ribeirdo Preto, 188—196 [total volume pages
xxix+[1]+363 pp.].

Hepburn HR, Radloff SE (1998) Honeybees of Africa. Springer Verlag, Berlin, xv+370 pp.

Hepburn HR, Radloff SE (2002) Apis mellifera capensis: An essay on the subspecific classifica-
tion of honeybees. Apidologie 33(2): 105-127. doi:10.1051/apid0:2002001

Hepburn HR, Radloff SE (2011) Honeybees of Asia. Springer Verlag, Berlin, xii+669 pp.

Hinojosa-Diaz 1A, Engel MS (2007) A new fossil orchid bee in Colombian copal (Hy-
menoptera: Apidae). American Museum Novitates 3589: 1-7. doi:10.1206/0003-
0082(2007)3589([1:ANFOBI]2.0.CO;2

Honeybee Genome Sequencing Consortium (2006) Insights into social insects from the ge-
nome of the honeybee Apis mellifera. Nature 443(7114): 931-949.

Hong Y-C (1983) Fossil insects in the diatoms of Shanwang. Bulletin of the Tianjin Institute of
Geology and Mineral Resources 8: 1-11. [In Chinese, with English summary]

Kerr WE (1957) Introdugao de abelhas africanas no Brasil. Brasil Apicola 3: 211-213.

Koeniger N, Koeniger G, Tingek S (2010) Honey Bees of Borneo: Exploring the Centre of Apis
Diversity. Natural History Publication (Borneo), Kota Kinabalu, xix+[i]+262 pp.

Koeniger N, Koeniger G, Smith D (2011) Phylogeny of the genus Apis. In: Hepburn HR, Ra-
dloff SE (Eds) Honeybees of Asia. Springer Verlag, Berlin, 23—50 [total pages xii+669 pp.].
doi:10.1007/978-3-642-16422-4_2


http://dx.doi.org/10.1206/616.1
http://dx.doi.org/10.1051/apido/2009011
http://dx.doi.org/10.1051/apido:19960504
http://dx.doi.org/10.1051/apido:2002001
http://dx.doi.org/10.1206/0003-0082(2007)3589[1:ANFOBI]2.0.CO;2
http://dx.doi.org/10.1007/978-3-642-16422-4_2

34 Ulrich Kotthoff et al. | ZooKeys 96: 11-37 (2011)

Kotthoff U (2002) Fossile Honigbienen (Apis armbrusteri) und andere Holometabola des Ran-
decker Maars (Untermiozin, Schwibische Alb, Baden-Wiirttemberg). Diploma Thesis, In-
stitute of Geosciences, Tiibingen, 105 pp.

Kotthoff U (2005) Uber einige Hymenoptera (Insecta) aus dem Unter-Miozin des Randecker
Maars (Schwibische Alb, Stidwestdeutschland). Stuttgarter Beitrige zur Naturkunde, Serie
B (Geologie und Paliontologie) 355: 1-25.

Kotthoff U, Schmid U (2005) A new fossil hoverfly (Insecta, Diptera: Syrphidae) from the
Randeck Maar (Early Miocene, south-west Germany). Palacontology 48(5): 1091-1096.
doi:10.1111/j.1475-4983.2005.00500.x

Krautter M, Schweigert G (1991) Bemerkungen zur Sedimentation, Flora und dem Palioklima
des Randecker Maars (Unter-/Mittel-Miozin, Schwibische Alb). Neues Jahrbuch fiir Ge-
ologie und Paliontologie, Monatshefte 1991: 505-514.

Kucerova Z (1997) Macropterous form of Dorypteryx domestica (Psocoptera: Psyllipsocidae).
European Journal of Entomology 94(4): 567-573.

Leelamanit W, Neelasaewee S, Boonyom R, Panyim S, Hayashi T, Yasue H, Amano K (2004)
The NADH dehydrogenase genes of Apis mellifera, A. cerana, A. dorsata, A. laboriosa and A.
florea: Sequence comparison and genetic diversity. Journal of Animal Genetics 31(2): 3—12.

Lo N, Gloag RS, Anderson DL, Oldroyd BP (2010) A molecular phylogeny of the genus Apis
suggests that the giant honey bee of the Philippines, A. breviligula Maa, and the plains
honey bee of southern India, A. indica Fabricius, are valid species. Systematic Entomology
35(2): 226-233. doi:10.1111/j.1365-3113.2009.00504..x

Lord WG, Nagi SK (1987) Apis florea discovered in Africa. Bee World 68(1): 39-40.

Louette M (2007) The variable morphology of the African Goshawk (Accipiter rachi-
ro). Ostrich: Journal of African Ornithology 78(2): 387-393. doi:10.2989/0OS-
TRICH.2007.78.2.43.123

Lutz H (1993) Eckfeldapis electrapoides nov. gen. n. sp., eine “Honigbiene” aus dem Mittel-Eo-
zin des “Eckfelder Maares” bei Manderscheid/Eifel, Deutschland (Hymenoptera, Apidae,
Apinae). Mainzer Naturwissenschaftliches Archiv 31: 177-199.

Maa TC (1953) An inquiry into the systematics of the tribus Apidini or honeybees (Hym.).
Treubia 21: 525-640.

Manila-Fajardo AC, Cleofas R (2003) Performance of honeybees (Apis mellifera L.) in three
ecosystems in Laguna, Philippines. Philippine Agricultural Scientist 86(2): 146-157.
Michener CD (1990) Classification of the Apidae (Hymenoptera). University of Kansas Sci-

ence Bulletin 54(4): 75-153.

Michener CD (1997) Genus-group names of bees and supplemental family-group names. Sci-
entific Papers, Natural History Museum, University of Kansas 1: 1-81.

Michener CD (2007) The Bees of the World [2nd Edition]. Johns Hopkins University Press,
Baltimore, xvi+[i]+953 pp., +20 pls.

Mogga JB, Ruttner F (1988) Apis florea in Africa: Source of the founder population. Bee World
69(3): 100-103.

Moritz RFA, Hirtel S, Neumann P (2005) Global invasions of the western honeybee (Apis
mellifera) and the consequences for biodiversity. Ecoscience 12(3): 289-301. doi:10.2980/
i1195-6860-12-3-289.1


http://dx.doi.org/10.1111/j.1475-4983.2005.00500.x
http:/dx.doi.org/10.1111/j.1365-3113.2009.00504.x
http://dx.doi.org/10.2989/OSTRICH.2007.78.2.43.123
http://dx.doi.org/10.2980/i1195-6860-12-3-289.1

Miocene honey bees from the Randeck Maar of southwestern Germany (Hymenoptera, Apidae) 35

Moritz RFA, Haddad N, Bataieneh A, Shalmon B, Hefetz A (2010) Invasion of the dwarf hon-
eybee Apis florea into the Near East. Biological Invasions 12(5): 1093-1099. doi:10.1007/
$10530-009-9527-z

Nel A, Martinez-Delclos X, Arillo A, Penalver E (1999) A review of the Eurasian fossil species
of the bee Apis. Palacontology 42(2): 243-285. doi:10.1111/1475-4983.00073

Nitschmann J, Hiising JO (1987) Lexikon der Bienenkunde. Tosa Verlag, Vienna, 402 pp.

Oldroyd BP, Wongsiri S (2006) Asian Honey Bees: Biology, Conservation, and Human Interac-
tions. Harvard University Press, Cambridge, xv+[i]+340 pp.

Otis GW (1996) Distribution of recently recognized species of honey bees (Hymenoptera:
Apidae: Apis). Journal of the Kansas Entomological Society, Supplement 69(4): 311-333.

Partap U (2011) The pollination role of honeybees. In: Hepburn HR, Radloff SE (Eds) Honey-
bees of Asia. Springer Verlag, Berlin, 227-255 [total pages xii+669 pp.]. doi:10.1007/978-
3-642-16422-4_11

Pongrdcz A (1931) Bemerkungen iiber die Insektenfauna von Oeningen nebst Revision der
Heer’schen Typen. Verhandlungen des Naturhistorisch-medizinischen Vereins zu Heidel-
berg 17: 104-125.

Prokop J, Fikd¢ek M (2007) Early Oligocene insect fauna from Seithennersdorf (Saxony, Ger-
many). Sbornik Ndrodniho Muzea v Praze, Rada B, Ptirodni Védy [Acta Musei Nationalis
Pragae, Series B, Natural History] 63(2—4): 205-213.

Prokop J, Nel A (2003) New fossil Aculeata from the Oligocene of the Ceské Sttedhoif Mits.
and the Lower Miocene of the Most Basin in northern Czech Republic (Hymenoptera:
Apidae, Vespidae). Sbornik Ndrodniho Muzea v Praze, Rada B, Ptirodni Védy [Acta Musei
Nationalis Pragae, Series B, Natural History] 59(3—4): 163—171.

Radloff SE, Hepburn HR (1998) The matter of sampling distance and confidence levels in
the subspecific classification of honeybees, Apis mellifera L. Apidologie 29(6): 491-501.
doi:10.1051/apid0:19980602

Radloff SE, Hepburn C, Hepburn HR, Fuchs S, Hadisoesilo S, Tan K, Engel MS, Kuznetsov V
(2010) Population structure and classification of Apis cerana. Apidologie 41(6): 589-601.
doi:10.1051/apido/2010008

Radloff SE, Hepburn HR, Engel MS (2011) The Asian species of Apis. In: Hepburn HR, Ra-
dloff SE (Eds) Honeybees of Asia. Springer Verlag, Berlin, 1-22 [total pages xii+669 pp.].
doi:10.1007/978-3-642-16422-4_1

Raffiudin R, Crozier RH (2007) Phylogenetic analysis of honey bee behavioral evolution. Mo-
lecular Phylogenetics and Evolution 43(2): 543-552. doi:10.1016/j.ympev.2006.10.013

Riha P (1973) Synapis petrefacta sp. n., eine neue Bienenart aus dem Tertidr des Bohmischen
Mitelgebirges. Véstnik Ustedniho tstavu geologického 48: 217-220.

Rinderer TE, Koeniger N, Tingek S, Mardan M, Koeniger G (1989) A morphological com-
parison of the cavity dwelling honeybees of Borneo Apis koschnevnikovi (Buttel-Reepen,
1906) and Apis cerana (Fabricius, 1793). Apidologie 20(5): 405-411. doi:10.1051/api-
do0:19890505

Rinderer TE, Oldroyd BP, Wongsiri S, Sylvester HA, de Guzman LI, Stelzer JA, Riggio RM
(1995) A morphological comparison dwarf honey bees of southeastern Thailand and Pala-
wan, Philippines. Apidologie 26(5): 387-394. do0i:10.1051/apido:19950504


http://dx.doi.org/10.1007/s10530-009-9527-z
http://dx.doi.org/10.1111/1475-4983.00073
http://dx.doi.org/10.1007/978-3-642-16422-4_11
http://dx.doi.org/10.1051/apido:19980602
http://dx.doi.org/10.1051/apido/2010008
http://dx.doi.org/10.1007/978-3-642-16422-4_1
http:/dx.doi.org/10.1016/j.ympev.2006.10.013
http://dx.doi.org/10.1051/apido:19890505
http://dx.doi.org/10.1051/apido:19950504

36 Ulrich Kotthoff et al. | ZooKeys 96: 11-37 (2011)

Ruttner F (1988) Biogeography and Taxonomy of Honeybees. Springer, Berlin, xii+284 pp.

Ruttner F (1992) Naturgeschichte der Honigbienen. Ehrenwirth, Munich, 357 pp.

Ruttner E Pourasghar D, Kauhausen D (1985) Die Honigbienen des Iran. 2. Apis mellifera meda
Skorikow, die persische Biene. Apidologie 16(3): 241-264. doi:10.1051/apido:19850302

Schawaller W (1986) Fossile Kifer aus miozinene Sedimenten des Randecker Maars in Siid-
westdeutschland (Insecta: Coleoptera). Stuttgarter Beitrdge zur Naturkunde, Serie B (Ge-
ologie und Paldontologie) 126: 1-9.

Schuh RT (2000) Biological Systematics: Principles and Applications. Cornell University Press,
Ithaca, ix+236+[3] pp.

Sheppard WS (1989) A history of the introduction of honey bee races into the United States.
American Bee Journal 129: 617-619, 664—667.

Sheppard WS, Meixner MD (2003) Apis mellifera pomonella, a new honey bee subspecies from
Central Asia. Apidologie 34(4): 367-175. doi:10.1051/apido:2003037

Sheppard WS, Aris MC, Grech A, Meixner MD (1997) Apis mellifera ruttneri, a new honey bee
subspecies from Malta. Apidologie 28(5): 287-293. doi:10.1051/apido:19970505

Smith DR, Villafuerte L, Otis G, Palmer MR (2000) Biogeography of Apis cerana F. and A. ni-
grocincta Smith: Insights from mtDNA studies. Apidologie 31(2): 265-279. doi:10.1051/
apido:2000121

Smith DR, Palmer MR, Otis G, Damus M (2003) Mitochondrial DNA and AFLP markers
support species status of Apis nigrocincta. Insectes Sociaux 50(2): 185-190.

Statz G (1931) Eine neue Bienenart aus Rott am Siebengebirge. Ein Beitrag zur Kenntnis der
fossilen Honigbienen. Wissenschaftlichen Mitteilungen des Vereins fiir Natur- und Hei-
matkunde, Kéln 1: 39-60.

Statz G (1934) Neue Beobachtungen {iber fossile Bienen aus dem Tertidr von Rott am Sieben-
gebirge. Archiv fiir Bienenkunde 15(1): 1-10.

Stauffer PH (1979) A fossilized honeybee comb from Late Cenozoic cave deposits at Batu
Caves, Malay Peninsula. Journal of Paleontology 53(6): 1416-1421.

Steinhage V, Schréder S, Roth V, Cremers AB, Drescher W, Wittmann D (2006) The science
of “fingerprinting” bees. German Research 28(1): 19-21. doi:10.1002/germ.200690003

Tan K, Fuchs S, Koeniger N, Ruiguang Z (2003) Morphological characterization of Apis cerana
in the Yunnan Province of China. Apidologie 34(6): 553-561.

Tan K, Fuchs S, Engel MS (2008) An adventitious distal abscissa in the forewing of honey bees
(Hymenoptera: Apidae: Apis). Apidologie 39(6): 674—682. doi:10.1051/apido:2008052

Tanaka H, Roubik DW, Kato M, Liew F, Gunsalam G (2001) Phylogenetic position of Apis
nuluensis of northern Borneo and phylogeography of A. cerana as inferred from mitochon-
drial DNA sequences. Insectes Sociaux 48(1): 44-51. doi:10.1007/PL00001744

Théobald N (1937) Les Insectes Fossiles des Terrains Oligocenes de France. George Thomas,
Nancy, 473 pp.

Tofilski A (2008) Using geometric morphometrics and standard morphometry to discriminate
three honeybee subspecies. Apidologie 39(5): 558-563. doi:10.1051/apido:2008037
Verma LR, Mattu VK, Daly HV (1994) Multivariate morphometrics of the Indian honey-
bee in the northwest Himalayan region. Apidologie 25(2): 203-223. doi:10.1051/api-

do:19940208


http://dx.doi.org/10.1051/apido:19850302
http://dx.doi.org/10.1051/apido:2003037
http://dx.doi.org/10.1051/apido:2000121
http://dx.doi.org/10.1002/germ.200690003
http://dx.doi.org/10.1051/apido:2008052
http://dx.doi.org/10.1007/PL00001744
http://dx.doi.org/10.1051/apido:2008037
http://dx.doi.org/10.1051/apido:19940208

Miocene honey bees from the Randeck Maar of southwestern Germany (Hymenoptera, Apidae) 37

Wappler T, Engel MS (2003) The middle Eocene bee faunas of Eckfeld and Messel, Germany
(Hymenoptera: Apoidea). Journal of Paleontology 77(5): 908-921. doi:10.1666/0022-
3360(2003)077<0908: TMEBFO>2.0.CO;2

Wedmann S (2000) Die Insekten der oberoligozinen Fossillagerstitte Enspel (Westerwald,
Deutschland). Systematik, Biostratinomie und Paldockologie. Mainzer Naturwissen-
schaftliches Archiv, Beiheft 23: 1-154.

Wedmann S, Wappler T, Engel MS (2009) Direct and indirect fossil records of megachilid bees
from the Paleogene of central Europe (Hymenoptera: Megachilidae). Naturwissenschaften
96(6): 703—712. doi:10.1007/s00114-009-0525-x

Wiley EO (1981) Phylogenetics: The Theory and Practice of Phylogenetic Systematics. John
Wiley & Sons, New York, xv+439 pp.

Willis LG, Winston ML, Honda BM (1992) Phylogenetic relationships in the honeybee (genus
Apis) as determined by the sequence of the cytochrome oxidase II region of mitochon-
drial DNA. Molecular Phylogenetics and Evolution 1(3): 169-178. doi:10.1016/1055-
7903(92)90013-7

Wu 'Y, Kuang B (1987) Two species of small honeybee — a study of the genus Micrapis. Bee
World 68(3): 153—-155.

Zeuner FE (1931) Die Insektenfauna des Bottinger Marmors. Fortschritte der Geologie und
Palacontologie 9(28): 247-406.

Zeuner FE, Manning FJ (1976) A monograph on fossil bees (Hymenoptera: Apoidea). Bulletin
of the British Museum (Natural History), Geology 27(3): 151-268.

Zhang J-F (1989) Fossil Insects from Shanwang, Shandong, China. Science and Technology
Publishing House, Jinan, 459 pp. [In Chinese, with English summary]

Zhang J-F (1990) New fossil species of Apoidea (Insecta: Hymenoptera). Acta Zootaxonomica
Sinica 15(1): 83-91. [In Chinese, with English summary]

Appendix |

Forewing venation angle measurements. (doi: 10.3897/zookeys.96.752.app) File for-
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