

































































































































































































































































































































































































































































































































































































































































shape space and they are the only ones available to us that represent the actual distances

between taxa, all other values are approximations of these distances.

ANALYSIS OF THE VARIATION BETWEEN TAXA USING THE NONAFFINE SHAPE
VARIATION (RELATIVE WARPS)
In order to relate trends in shape change, relative warp analyses (RWA) were performed. An
RWA is a principal components analysis (PCA) of the covariance matrix of the partial warp
scores and is performed by the program, where 4=0 (Bookstein, 1991). In other words,
relative warps with =0 is just a PCA of shape, and the shape is expressed in terms of
partial warps, but not dependent upon them (Rohlf, personal communication). An alternative
is also to perform a PCA of the aligned specimens, this will result in an identical ordination.
Rohlf (1993b) suggested that 4=0 should be used in these types of analyses, because 4=0
presents morphometric differences at all scales (when & is greater that 0, geometrically
small-scale variation is given less weight than the large-scale variation, the result is that of
reducing the weight given to regions having more landmarks relative to the weight given to
regions having fewer and therefore more widely spaced landmarks (Rohlf, et al., 1996)).
Relative warps are computed, using tpsRelw (James Rohlf, Version 1.16), to summarise the
variation among the specimens (with respect to their partial warp scores) in as few
dimensions as possible. Each relative warp can be plotted as a deformation of the space of
the reference configuration of landmarks. The deformation can be viewed as displacements
in which the reference object is deformed as a thin-plate spline in the positive or negative
direction along a selected relative warp. The relative warp analyses are based on the
nonaffine components of shape variation, which, according to Rohlf et al. (1996) dominate
the estimate of overall morphological relationships. The first two relative warps usually are
indicative of most of the variation between taxa, and therefore their scatter plot presents the
most visual information about variation between families. Shape changes implied by
variation along the first two relative warp axes can be shown as deformations using thin-plate
splines. Thin-plate splines of the variation between any of the taxa can be drawn and shape
variations between taxa, because of positional movement of landmarks, visualised. Shape
features that are shared by phenetically close taxa can therefore be described, and

compared to the respective phenograms of the data sets.
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Results

ILLUSTRATIONS OF THE METENDOSTERNITES

Drawings of the metendosternites of the superfamily are presented in figures 10.1 to 10. 63.
Landmark positions are shown on the different metendosternite views of the Glaresis sp.
(Glaresidae). A list of studied species in each taxon is provided in Table 10.1. Note that scale

is not important, because this is an analyses of shape.
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Table10.1 List of code numbers, families and species of Scarabaeoidea used in this study.

Family Family Species names (and subfamilies for
number Scarabaeidae)

1 Glaresidae Glaresis sp.

2 Lucanidae Prosopocoilus natalensis, Macrodorcus rectus,

Platyceropsis sp., Nippodorcus rubrofemoratus,
Syndesus  cornutus,  Sinodendron  rugosum,

Ceruchus sp.

3 Diphyllostomatidae | Diphyllostoma sp.
4 Glaphyridae Lichnanthe rathvoni
5 Trogidae Omorgus melancholicus, Omorgus suberosus,

Omorgus squalidus, Trox consimilis, Polynoncus

pedestris

6 Bolboceratidae Prototrupes  copridoides, Eucanthus lazarus,
Pseudathyreus orientalis, Athyreus bifurcatus,

Neoathyreus panamensis

7 Pleocomidae Pleocoma  shostensis, Pleocoma  simbriata,

Pleocoma richseckeri, Pleocoma sp.

8 Geotrupidae Frickius variolosus, Taurocerastes sp., Geotrupes

spiniger, Thorectus cheisinus, Lethrus carinatus

9 Ochodaeidae Ochodaeus kansasus, Ochodaeus repondus,
Synochodaeus cucullus

10 Ceratocanthidae Ceratocanthidae sp.

11 Hybosoridae Phaeochrous  mashunus,  Hybosorus llegri,

Liparochrus fossulatus, Coelodus cataneus
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12

Scarabaeidae

Aphodiinae:  Aphodius russatus, Aphodius
septemmaculatus, Aphodius porcus, Colobopterus
maculicollis, Pseudaphodius rufiventris, Ataenius
alternatus

Scarabaeinae: Onthophagus ferrox, Sisyphus sp.,
Kheper sp., Circellium bacchus, Coprini sp.,
Cephalodesmius armiger

Orphninae: Orphnus capensis

Melolonthinae: Isonychus pictus, Liparetrus sp.,
Melolonthinae sp. 2, Melolonthinae sp. 3,
Melolonthinae sp. 6, Melolonthinae sp. 7

Rutelinae: Anomala daimaina, Anomala
testaceipennis, Callcodes frenchi, Stigoderma
sulcipennis, Rutelinae sp. 1, Rutelinae sp. 2
Hopliinae: Hopliinae sp. 1, 2 and 3

Dynastinae:  Heteronychus arator, Dyscinetus
dubius, Aspidolea sp., Dynastinae sp. 1

Trichiinae: Gnorimella sp.

Cetoniinae: Cetonia roelofsi, Porphyronota
maculatissima, Hypselogenia geotrupina,
Diplognatha silicea

Valginae: Valginae sp.
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FRONTAL VIEWS OF METENDOSTERNITES
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Fig. 10. 1 A
Fig 10.2 A Fig. 10.2 B

Fig. 10.1 Frontal view of metendosternite: A, Glaresis sp. (Glaresidae), with landmark
positions
Fig. 10.2 Frontal view of metendosternite: A, Prosopocoilus natalensis and B, Macrodorcus

rectus (Lucanidae)
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N N

Fig. 10.2 C Fig. 10.2 D
Fig.10.2 E Fig 10.2 F Fig. 10.2 G

Fig 10.2 Frontal view of metendosternite: C, Platyceropsis sp.; D, Nippodorcus
rubrofemoratus; E, Syndesus cornutus; F, Sinodendron rugosum and G, Ceruchus sp.

(Lucanidae)
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A

Fig. 10.3 A Fig. 104 A
Fig. 10.5 A Fig. 10.5B

Fig. 10.3 Frontal view of metendosternite: A, Diphyllostoma sp. (Diphyllostomatidae)
Fig. 10.4 Frontal view of metendosternite: A, Lichnanthe rathvoni (Glaphyridae)
Fig. 10.5 Frontal view of metendosternite: A, Omorgus melancholicus and B, Omorgus

suberosus (Trogidae)
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Fig. 10.5 C Fig. 10.5 D

Fig. 10.5 E

Fig. 10.5 Frontal view of the metendosternite: C, Omorgus squalidus D, Trox consimilis and

E, Polynoncus pedestris (Trogidae)
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Fig. 10.6 A Fig. 10.6 B

=

Fig. 10.6 C Fig. 10.6 D

Fig. 10.6 Frontal view of Metendosternite: A, Prototrupes copridoides; B, Eucanthus lazarus;

C, Pseudathyreus orientalis and D, Athyreus bifurcatus (Bolboceratidae)
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Fig. 10.6 E

Fig. 10.7 A Fig. 10.7 B

Fig. 10.6 Frontal view of the metendosternite: E, Neoathyreus panamensis (Bolboceratidae)
Fig. 10.7 Frontal view of the metendosternite: A, Pleocoma shostensis and B, Pleocoma

simbriata (Pleocomidae)
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A

Fig. 10.7C Fig. 10.7D
Fig. 10.8 A Fig. 10.8 B

Fig. 10. 7 Frontal view of the metendosternite: C Pleocoma richseckeri and D Pleocoma sp.
(Pleocomidae)
Fig. 10.8 Frontal view of the metendosternite: A, Frickius variolosus and B, Taurocerastes

sp. (Geotrupidae)
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S

Fig. 10.8 C Fig. 10.8 D

Fig. 10.8 E

Fig. 10.8 Frontal view of the metendosternite: C, Geotrupes spiniger, D, Thorectus cheisinus

and E, Lethrus carinatus (Geotrupidae)
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Fig. 10.9 A Fig.10.9 B

Fig. 10.9C Fig. 10.10

Fig. 10.9 Frontal view of metendosternite: A, Ochodaeus kansasus; B, Ochodaeus repondus
and C, Synochodaeus cucullus (Ochodaeidae)

Fig. 10.10 Frontal view of metendosternite: A, Ceratocanthidae sp. (Ceratocanthidae)
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R

Fig. 10.11 A Fig.10.11 B
Fig.10.11 C Fig.10.11D

Fig. 10.11 Frontal view of metendosternite: A, Phaeochrous mashunus; B, Hybosorus illegri,

C, Liparochrus fossulatus and D, Coelodus cataneus (Hybosoridae)
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A

Fig. 10.12 A Fig. 10.12 B
Fig. 10.12 C Fig. 10.12 D

Fig. 10.12 Frontal view of metendosternite: A, Aphodius russatus; B, Aphodius
septemmaculatus, C, Aphodius porcus and D, Colobopterus maculicollis (Scarabaeidae:

Aphodiinae)
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Fig. 10.12 E Fig. 10.12 F

\

Fig. 10.13 A Fig. 10.13 B

Fig. 10.12 Frontal view of metendosternite: E, Pseudaphodius rufiventris and F, Ataenius
alternatus (Scarabaeidae: Aphodiinae)
Fig. 10.13 Frontal view of metendosternite: A, Onthophagus ferrox and B, Sisyphus

sp.(Scarabaeidae: Scarabaeinae)
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N

Fig. 10.13 C Fig. 10.13D

Fig. 10.13 E Fig. 10.13 F

Fig. 10.13 Frontal view of metendosternite: C, Kheper sp.; D, Circellium bacchus; E, Coprini

sp. and F, Cephalodesmius armiger (Scarabaeidae, Scarabaeinae)
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A

Fig. 10.14 A Fig. 10.15 A
Fig. 10.15B Fig.10.15C

Fig. 10.14 Frontal view of metendosternite: A, Orphnus capensis (Scarabaeidae: Orphninae)
Fig. 10.15 Frontal view of metendosternite: A, Isonychus pictus B, Liparetrus lepidopygus

and C, Diphucephala sp. (Scarabaeidae: Melolonthinae)
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Fig. 10.15 D Fig. 10.15 E

Fig. 1015 F Fig.10.15G

Fig. 10.15 Frontal view of metendosternite: D, Melolonthinae sp 2; E, Melolonthinae sp. 3; F,

Melolonthinae sp. 6; G, Melolonthinae sp. 7 (Scarabaeidae: Melolonthinae)
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Fig. 10.16 A Fig. 10.16 B

Fig. 10.16 C

Fig. 10.16 Frontal view of metendosternite: A, Hopliinae sp. 1; B, Hopliinae sp. 2 and C,

Hopliinae sp. 3 (Scarabaeidae: Hopliinae)
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Fig. 10.17 A Fig. 10.17 B

3

Fig. 10.17 C Fig.10.17 D

Fig. 10.17 Frontal view of metendosternite: A, Anomala daimaina; B, Anomala
testaceipennis; C, Callcodes frenchi and D, Stigoderma sulcipennis (Scarabaeidae:

Rutelinae)
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Fig. 10.17 E Fig. 1017 F
ﬁ §
Fig. 10.18 A Fig.10.18 B

Fig. 10.17 Frontal view of metendosternite: E, Rutelinae sp. 1; F, Rutelinae sp. 2
(Scarabaeidae: Rutelinae)

Fig. 10.18 Frontal view of metendosternite: A, Heteronychus arator and B, Dyscinetus

dubius (Scarabaeidae: Dynastinae)
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A

3

Fig. 10.18 C Fig. 10.18 D
Fig. 10.19 A Fig. 10.20 A

Fig. 10. 18 Frontal view of metendosternite: C, Aspidolea sp. and D, Dynastinae sp. 1
(Scarabaeidae: Dynastinae)

Fig. 10.19 Frontal view of metendosternite: A, Gnorimella sp.(Scarabaeidae: Trichinae)

Fig. 10.20 Frontal view of metendosternite: A, Cetonia roelofsi (Scarabaeidae: Cetoniinae)
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N

Fig. 10.20 B Fig.10.20 C
Fig. 10.20 D Fig. 10.21 A

Fig. 10.20 Frontal view of metendosternite: B, Porphyronota maculatissima; C, Hypselogenia
geotrupina and D, Diplognatha silicea (Scarabaeidae: Cetoniinae)

Fig. 10.21 Frontal view of metendosternite: A, Valginae sp. (Scarabaeidae: Valginae)
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DORSAL VIEWS OF METENDOSTERNITES
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Fig. 10. 22 A
Fig.10.23 A Fig. 10.23 B

Fig. 10.22 Dorsal view of metendosternite: A, Glaresis sp. (Glaresidae), with landmark
positions
Fig. 10.23 Dorsal view of metendosternite: A, Prosopocoilus natalensis and B, Macrodorcus

rectus (Lucanidae)
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B

Fig. 10.23 C Fig. 10.23 D
Fig. 10.23 E Fig. 10.23 F

Fig 10.23 Dorsal view of metendosternite: C, Platyceropsis sp., D, Nippodorcus

rubrofemoratus; E, Syndesus cornutus and F, Ceruchus sp. (Lucanidae)
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]

Fig. 10.24 A Fig. 10.25 A
Fig. 10.26 A Fig. 10.26 B

Fig. 10.24 Dorsal view of metendosternite: A, Diphyllostoma sp. (Diphyllostomatidae)
Fig. 10.25 Dorsal view of metendosternite: A, Lichnanthe rathvoni (Glaphyridae)
Fig. 10.26 Dorsal view of metendosternite: A, Omorgus melancholicus and B, Omorgus

suberosus (Trogidae)
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Fig. 10.26 C Fig. 10.26 D

Fig. 10.26 E Fig. 10.27 A
Fig. 10.26 Frontal view of the metendosternite: C, Omorgus squalidus, D, Trox consimilis
and E, Polynoncus pedestris (Trogidae)

Fig. 10.27 Dorsal view of metendosternite A, Neoathyreus panamensis (Bolboceratidae)
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Fig. 10.27 B Fig. 10.27 C

s

Fig. 10.27 D Fig. 10.27 E

Fig. 10.27 Frontal view of Metendosternite: B, Eucanthus lazarus, C, Pseudathyreus

orientalis; D, Athyreus bifurcatus and E, Prototrupes copridoides (Bolboceratidae)
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Fig. 10. 28 A Fig. 10.28 B
Fig. 10.28 C Fig. 10.29 A

Fig. 10.28 Dorsal view of the metendosternite: A, Pleocoma shostensis and B, Pleocoma
richseckeri and C, Pleocoma sp. (Pleocomidae)

Fig. 10.29 Dorsal view of metendosternite: A, Frickius variolosus (Geotrupidae)
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Fig. 10.29 B Fig. 10.29 C

Fig. 10.29 D Fig.10.29 E

Fig. 10.29 Dorsal view of the metendosternite: B, Taurocerastes sp.; C, Geotrupes spiniger,

D, Thorectus cheisinus and E, Lethrus carinatus (Geotrupidae)
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Fig. 10.30 A Fig.10.30 B
3
Fig. 10.30 C Fig. 10.31 A

Fig. 10.30 Dorsal view of metendosternite: A, Ochodaeus kansasus; B, Ochodaeus
repondus and C, Synochodaeus cucullus (Ochodaeidae)

Fig.10.31 Dorsal view of metendosternite: A, Ceratocanthidae sp. (Ceratocanthidae)
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Fig. 10.32 A Fig. 10.32 B
Fig. 10.32 C Fig. 10.32 D

Fig. 10.32 Dorsal view of metendosternite: A, Phaeochrous mashunus; B, Hybosorus illegri,

C, Liparochrus fossulatus and D, Coelodus cataneus (Hybosoridae)
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Fig. 10.33 A Fig. 10.32 B
Fig. 10.33 C Fig. 10.33 D

Fig. 10.33 Dorsal view of metendosternite: A, Aphodius russatus, B, Aphodius
septemmaculatus, C, Aphodius porcus and D, Colobopterus maculecollis (Scarabaeidae:

Aphodiinae)
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I

Fig. 10.33 E Fig. 10.33 F
Fig. 10.34 A Fig.10.34 B

Fig. 10.33 Dorsal view of metendosternite: E, Pseudaphodius rufiventris and F, Ataenius
alternatus (Scarabaeidae: Aphodiinae)
Fig. 10.34 Dorsal view of metendosternite: A, Onthophagus ferrox and B, Sisyphus

sp.(Scarabaeidae: Scarabaeinae)
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1

Fig. 10.34 C Fig. 10.34 D
Fig. 10.34 E Fig. 10.34 F

Fig. 10.34 Dorsal view of metendosternite: C, Kheper sp.; D, Circellium bacchus; E,

Canthon sp. and F, Onitis caffer (Scarabaeidae, Scarabaeinae)
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Fig. 10. 34 G Fig. 10.34 H
Fig. 10. 341 Fig. 10. 35 A

Fig. 10.34 Dorsal view of metendosternite: G, Cephalodesmius armiger, H, Coprini sp.; and
I, Pinotini sp. (Scarabaeidae: Scarabaeinae)

Fig. 10.35 Dorsal view of metendosternite: A, Orphnus capensis (Scarabaeidae: Orphninae)
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T

Fig. 10.36 A Fig. 10. 36 B
Fig. 10.36 C Fig. 10.36 D

Fig. 10.36 Dorsal view of metendosternite: A, Isonychus pictus B, Liparetrus lepidopygus C,

Diphucephala sp. and D, Melolonthinae sp. 2 (Scarabaeidae: Melolonthinae)
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)

Fig. 10.36 E Fig. 10.36 F

A

Fig. 10.36 G

Fig. 10.36 Frontal view of metendosternite: E, Melolonthinae sp 3; F, Melolonthinae sp. 6

and G, Melolonthinae sp. 7; (Scarabaeidae: Melolonthinae)
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Fig. 10.37 A Fig. 10.37 B

T

Fig. 10.37 C

Fig. 10.37 Dorsal view of metendosternite: A, Hopliinae sp. 1; B, Hopliinae sp. 2 and C,

Hopliinae sp. 3 (Scarabaeidae: Hopliinae)
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Fig. 10.38 A Fig. 10.38 B
%
Fig. 10.38 C Fig. 10.38 D

Fig. 10.38 Dorsal view of metendosternite: A, Anomala daimaina; B, Anomala

testaceipennis, C, Callcodes frenchi and D, Stigoderma sulcipennis (Scarabaeidae:

Rutelinae)
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3

Fig. 10.38 E Fig. 10.38 F
Fig. 10. 39 A Fig. 10.39 B

Fig. 10.38 Dorsal view of metendosternite: E, Rutelinae sp. 1; F, Rutelinae sp. 2
(Scarabaeidae: Rutelinae)
Fig. 10.39 Dorsal view of metendosternite: A, Heteronychus arator and B, Dyscinetus dubius

(Scarabaeidae: Dynastinae)
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'\

Fig. 10.39 C Fig. 10.39 D
Fig. 10.40 A Fig. 10.41 A

Fig. 10. 39 Dorsal view of metendosternite: C, Aspidolea sp. and D, Dynastinae sp. 1

(Scarabaeidae: Dynastinae)
Fig. 10.40 Dorsal view of metendosternite: A, Gnorimella sp. (Scarabaeidae: Trichiinae)

Fig. 10.41 Dorsal view of metendosternite: A, Cetonia roelofsi (Scarabaeidae: Cetoniinae)
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b

Fig. 10.41 B Fig. 1041 C

A

Fig. 10.41 D Fig. 10.41 E

Fig. 10.41 Dorsal view of metendosternite: B, Porphyronota maculatissima; C, Hypselogenia
geotrupina, D, Plaesiorrhinella ftrivittata and E, Diplognatha silicea (Scarabaeidae:

Cetoniinae)
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Fig. 10.42 A

Fig. 10.42 Dorsal view of metendosternite: A, Valginae sp. (Scarabaeidae: Valginae)
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LATERAL VIEWS OF METENDOSTERNITES
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Fig. 10.43 A
Fig. 10.44 A Fig. 10.44 B
Fig. 10.44 C Fig.10.44 D

Fig. 10.43 Lateral view of metendosternite: A, Glaresis sp. (Glaresidae), with landmark
positions
Fig. 10.44 Lateral view of metendosternite: A, Prosopocoilus natalensis;, B, Macrodorcus

rectus; C, Nippodorcus rubrofemoratus; and D, Syndesus cornutus (Lucanidae)
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Dl e

Fig. 10.44 E Fig. 10.44 F
Fig. 10.45 A Fig. 10.46 A

Fig 10.44 Lateral view of metendosternite: E, Sinodendron rugosum and F, Ceruchus sp.
(Lucanidae)
Fig. 10.45 Lateral view of metendosternite: A, Diphyllostoma sp. (Diphyllostomatidae)

Fig. 10.46 Lateral view of metendosternite: A, Lichnanthe rathvoni (Glaphyridae)
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Fig. 10.47 A Fig. 10.47 B

Fig. 10.47 C Fig.10.4 D

Fig. 10.47 E
Fig. 10.47 Lateral view of metendosternite: A, Omorgus melancholicus, B, Omorgus
suberosus; C, Omorgus squalidus; D, Trox consimilis and E, Polynoncus pedestris
(Trogidae)
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Fig. 10.48 A Fig. 10.48 B

Fig. 10.48 C Fig. 10.48 D

Fig. 10.48 Lateral view of Metendosternite: A, Prototrupes copridoides; B, Eucanthus

lazarus; C, Pseudathyreus orientalis and D, Athyreus bifurcatus (Bolboceratidae)
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Fig. 10.49 A Fig. 10.49 B
Fig. 10.49 C
Fig. 10.50 A Fig 10.50 B

Fig. 10.49 Frontal view of the metendosternite: A, Pleocoma shostensis; B, Pleocoma
simbriata and C, Pleocoma sp (Pleocomidae)
Fig. 10.50 Lateral view of the metendosternite: A, Taurocerastes sp. and B, Geotrupes

spiniger (Geotrupidae)
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Fig. 10.50 C Fig.10.50 D

Fig. 10.51 A Fig. 10.51 B

X~ O

\

Fig. 10.51 C Fig. 10.52 A

Fig 10.50 Lateral view of the metendosternite; C, Thorectus cheisinus and D, Lethrus
carinatus (Geotrupidae)

Fig. 10.51 Lateral view of metendosternite: A, Ochodaeus kansasus; B, Ochodaeus
repondus and C, Synochodaeus cucullus (Ochodaeidae)

Fig. 10.52 Lateral view of metendosternite: A, Ceratocanthidae sp. (Ceratocanthidae)
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Fig. 10.53 A Fig. 10.53 B
Fig. 10.53 C Fig. 10.53 D

Fig. 10.53 Lateral view of metendosternite: A, Phaeochrous mashunus; B, Hybosorus illegri,

C, Liparochrus fossulatus and D, Coelodus cataneus (Hybosoridae)

223

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



= =

Fig. 10. 54 A Fig. 10.54 B
Fig. 10.54 C Fig. 10.54 D

Fig. 10.54 E Fig. 10.54 F

Fig. 10.54 Frontal view of metendosternite: A, Aphodius russatus; B, Aphodius
septemmaculatus, C, Aphodius porcus; D, Colobopterus maculecollis; E, Pseudaphodius

rufiventris and F, Ataenius alternatus (Scarabaeidae: Aphodiinae)
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Fig. 10.55 A Fig.10.55B

Fig. 10.55C Fig. 10.55D

Fig. 10.55 E Fig. 10.55 F

Fig. 10.55 Lateral view of metendosternite: A, Onthophagus ferrox; B, Sisyphus sp.; C,
Kheper sp.; D, Circellium bacchus;, E, Coprini sp. and F, Cephalodesmius armiger

(Scarabaeidae: Scarabaeinae)
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Fig. 10.56 A Fig. 10.57 A

Fig. 10.57 B Fig. 10.57 C

Fig. 10.57 D Fig. 10.57 E

Fig. 10.56 Lateral view of metendosternite: A, Orphnus capensis (Scarabaeidae: Orphninae)
Fig. 10.57 Lateral view of metendosternite: A, Isonychus pictus B, Liparetrus lepidopygus ;C,
Diphucephala sp.; D, Melolonthinae sp. 2 and Melolonthinae sp. 3 (Scarabaeidae:

Melolonthinae)
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Fig. 10.57 F

N

Fig. 10.58 A Fig. 10.58 B

Fig. 10.58 C

Fig. 10.57 Lateral view of metendosternite: F, Melolonthinae sp 6 (Scarabaeidae:
Melolonthinae)
Fig. 10.58 Lateral view of metendosternite: A, Hopliinae sp. 1; B, Hopliinae sp. 2 and C,

Hopliinae sp. 3 (Scarabaeidae: Hopliinae)
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Fig. 10.59 A Fig. 10.59 B

Fig. 10.59 C Fig. 10.59 D

Fig. 10.59 Lateral view of metendosternite: A, Anomala daimaina, B, Anomala

testaceipennis; C, Callcodes frenchi; D, Stigoderma sulcipennis.
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Fig. 10.59 E Fig. 10.59 F

Fig. 10.59 Lateral view of metendosternite: E, Rutelinae sp. 1 and F, Rutelinae sp. 2

(Scarabaeidae: Rutelinae)
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Fig. 10.60 A Fig. 10.60 B

Fig.10.60 C Fig. 10.60 D

Fig. 10.60 Lateral view of metendosternite: A, Heteronychus arator ; B, Dyscinetus dubius;

C, Aspidolea sp. and D, Dynastinae sp. 1 (Scarabaeidae: Dynastinae)
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Fig. 10.61 A Fig. 10.61 B

Fig. 10.61 C Fig. 10.61 D

Fig. 10.61 Lateral view of metendosternite: A, Cetonia roelofsi ; B, Hypselogenia geotrupina;

C, Diplognatha silicea and D, Eudicella smithii (Scarabaeidae: Cetoniinae)
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Fig. 10.62 A Fig. 10.63 A

Fig. 10.62 Lateral view of metendosternite: A, Gnorimella sp. (Scarabaeidae: Trichiinae)

Fig. 10.63 Lateral view of metendosternite: A, Valginae sp. (Scarabaeidae: Valginae)
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DETERMINING WHETHER AMOUNT OF VARIATION IS SMALL ENOUGH FOR
STATISTICAL ANALYSIS

The correlation (uncentered) between the tangent space, Y, regressed onto Procrustes
distance (geodesic distances in radians) for the frontal view data set is 0.999987; dorsal view
is 1.000000 and the lateral view is 0.999994. The scatters for all three data sets are nearly

perfect, implying that the approximation is good enough for these data.

DETERMINING THE CONSENSUS CONFIGURATION FOR EACH TAXON

Figures 10.64 to 10.126 indicate consensus configurations of different taxa examined. In
cases where a single species was used, only landmark positions are provided because it
was not possible to compute a mean consensus configuration for the taxon. The landmarks
of the single species were, therefore, taken as representative consensus configurations for
the taxon. Consensus configurations of the individual subfamilies of the Scarabaeidae were
computed, where after a consensus configuration of the family was computed using the

consensus configurations of the individual subfamilies.

Metendosternite morphology of members of the same taxa shows very little variation in all
three views. There are however small differences — this is ascribed to within species
variation. If the consensus configuration for each taxon is therefore compared to the
individual landmark positions of the members of the specific taxon, little deviations are
present. The consensus configuration for the Scarabaeidae (the most derived family) was
compiled by using the landmark positions of the consensus configurations of all the members
of the subfamilies The landmark positions of the consensus configuration of the
Scarabaeidae deviate more from the individual subfamily consensus configurations; this is
especially clear in the lateral views. The more primitive members of the Scarabaeidae (e.g.
Aphodiinae and Scarabaeinae) have a flatter ventral rib, while the more derived members
(Rutelinae, Cetoniinae etc.) possess a wider ventral rib. In the consensus configuration of
the family, this wider ventral rib is seen. A clear pattern can already be noted by examining

the consensus configurations of the different taxa.
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RESULTS OF THE CONSENSUS CONFIGURATION OF THE FRONTAL VIEWS OF THE
METENDOSTERNITES OF THE SCARABAEOIDEA TAXA

belre’
o

W3
L]

l:::l

Fig. 10.64 Lucanidae Fig 10.65 Diphylostomatidae

Fig. 10.66 Glaphyridae Fig. 10.67 Trogidae

Fig. 10.64 Consensus configuration of landmarks of all studied species of Lucanidae; Fig.
10.65: Landmark positions single species of Diphyllostomatidae; Fig. 10.66 Landmark
positions single species of Glaphyridae; Fig 10.67 Consensus configuration of landmarks of

all studied species of Trogidae.
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Fig. 10.68 Bolboceratidae Fig 10.69 Pleocomidae

Fig 10.70 Geotrupidae

Fig. 10.68 Consensus configuration of landmarks of all studied species of Bolboceratidae;
Fig 10.69 Consensus configuration of landmarks of all studied species of Pleocomidae;Fig.

10.70 Consensus configuration of landmarks of all studied species of Geotrupidae.
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Fig 10.71 Ochodaeidae Fig 10.72 Ceratocanthidae

Fig. 10.73 Hybosoridae Fig. 10.75 Scarabaeidae: Aphodiinae

Fig. 10.71 Consensus configuration of landmarks of all studied species of Ochodaeidae;
Fig. 10.72 Landmark positions of single species of Ceratocanthidae studied; Fig. 10.73
Consensus configuration of landmarks of all studied species of Hybosoridae; Fig. 10.74

Consensus configuration of landmarks of all studied species of Aphodiinae (Scarabaeidae)
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Fig. 10.75 Scarabaeidae: Scarabaeinae Fig. 10.76: Scarabaeidae:
Orphninae

Fig. 10.77 Scarabaeidae: Melolonthinae Fig. 10.78 Scarabaeidae: Hopliinae

Fig. 10.75 Consensus configuration of landmarks of all studied species of Scarabaeinae
(Scarabaeidae); Fig. 10.76  Landmark positions of single species of Orphninae
(Scarabaeidae) studied; Fig. 10.77 Consensus configuration of landmarks of all studied
species of Melolonthinae (Scarabaeidae); Fig. 10.78 Consensus configuration of landmarks

of all studied species of Hopliinae (Scarabaeidae)

237

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



Fig. 10.79 Scarabaeidae: Rutelinae Fig. 10.80 Scarabaeidae: Dynastinae

Fig. 10.81 Scarabaeidae: Trichiinae Fig. 10.82 Scarabaeidae: Cetoniinae

Fig. 10.79 Consensus configuration of landmarks of all studied species of Rutelinae
(Scarabaeidae); Fig. 10.80 Consensus configuration of landmarks of all studied species of
Dynastinae (Scarabaeidae); Fig. 10.81 Landmark positions of single species studied of
Trichiinae (Scarabaeidae); Fig. 10.82 Consensus configuration of landmarks of all studied

species of Cetoniinae (Scarabaeidae).
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Fig. 10.83 Scarabaeidae: Valginae Fig. 10.84 Scarabaeidae

Fig. 10.83 Landmark positions of single species studied of Valginae (Scarabaeidae); Fig.
10.84 Consensus configuration of landmarks of Scarabaeidae compiled from consensus

configurations all subfamilies studied.
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RESULTS OF THE CONSENSUS CONFIGURATION OF THE DORSAL VIEWS OF THE
METENDOSTERNITES OF THE SCARABAEOIDEA TAXA

L

Fig. 10.85 Lucanidae Fig. 10.86 Diphyllostomatidae

Fig. 10.87 Glaphyridae Fig. 10.88 Trogidae
Fig. 10.85 Consensus configuration of landmarks of all studied species of Lucanidae;Fig.
10.86 Landmark positions single species of Diphyllostomatidae; Fig. 10.87 Landmark

positions single species of Glaphyridae; Fig 10.88 Consensus configuration of landmarks of

all studied species of Trogidae.
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Fig. 10.89 Bolboceratidae Fig. 10.90 Pleocomidae

Fig. 10.91 Geotrupidae Fig. 10. 92 Ochodaeidae

Fig. 10.89 Consensus configuration of landmarks of all studied species of Bolboceratidae;
Fig 10.90 Consensus configuration of landmarks of all studied species of Pleocomidae; Fig.
10.91 Consensus configuration of landmarks of all studied species of Geotrupidae; Fig.

10.92 Consensus configuration of landmarks of all studied species of Ochodaeidae.

241

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



-———

Fig. 10.93 Ceratocanthidae Fig. 10.94 Hybosoridae

Fig. 10. 95 Scarabaeidae: Fig. 10.96 Scarabaeidae:

Aphodiinae Scarabaeinae

Fig. 10.93 Landmark positions of single species of Ceratocanthidae studied; Fig. 10.94
Consensus configuration of landmarks of all studied species of Hybosoridae; Fig. 10.95
Consensus configuration of landmarks of all studied species of Aphodiinae (Scarabaeidae);
Fig. 10.96 Consensus configuration of landmarks of all studied species of Scarabaeinae

(Scarabaeidae).
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Fig. 10.97 Scarabaeidae: Fig. 10. 98 Scarabaeidae:

Orphninae Melolonthinae
Fig. 10.99 Scarabaeidae: Fig. 10.100 Scarabaeidae:
Hopliinae Rutelinae

Fig. 10.97 Landmark positions of single species of Orphninae (Scarabaeidae) studied; Fig.
10.98 Consensus configuration of landmarks of all studied species of Melolonthinae
(Scarabaeidae); Fig. 10.99 Consensus configuration of landmarks of all studied species of
Hopliinae (Scarabaeidae); Fig. 10.100 Consensus configuration of landmarks of all studied

species of Rutelinae (Scarabaeidae).
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Fig. 10.101 Scarabaeidae: Fig. 10.102 Scarabaeidae: Trichiinae
Dynastinae

z
Fig. 10.103 Scarabaeidae: Fig. 10.104 Scarabaeidae:
Cetoniinae Valginae

Fig. 10.101 Consensus configuration of landmarks of all studied species of Dynastinae
(Scarabaeidae); Fig. 10.102 Landmark positions of single species studied of Trichiinae
(Scarabaeidae); Fig. 10.103 Consensus configuration of landmarks of all studied species of
Cetoniinae (Scarabaeidae); Fig. 10.104 Landmark positions of single species studied of

Valginae (Scarabaeidae).
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Fig 10.105: Scarabaeidae

Fig. 10.105 Consensus configuration of landmarks of Scarabaeidae compiled from

consensus configurations all subfamilies studied.
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RESULTS OF THE CONSENSUS CONFIGURATION OF THE LATERAL VIEWS OF THE
METENDOSTERNITES OF THE SCARABAEOIDEA TAXA

Fig. 10.106 Lucanidae

Fig. 10.107 Diphyllostomatidae
Fig. 10.106 Consensus configuration of landmarks of all studied species of Lucanidae; Fig.

10.107 Consensus configuration of landmarks of all studied species of Diphyllostomatidae.
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Fig. 10.108 Glaphyridae

Fig. 10.109 Trogidae

Fig. 10.108 Consensus configuration of landmarks of all studied species of Glaphyridae;

Fig. 10.109 Consensus configuration of landmarks of all studied species of Trogidae.
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Fig. 10.110 Bolboceratidae

Fig. 10.111 Pleocomidae

Fig. 10.110 Consensus configuration of landmarks of all studied species of Bolboceratidae;

Fig. 10.111 Consensus configuration of landmarks of all studied species of Pleocomidae.
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Fig. 10.112 Geotrupidae

Fig. 10.113 Ochodaeidae

Fig. 10.112 Consensus configuration of landmarks of all studied species of Geotrupidae;

Fig. 10.113 Consensus configuration of landmarks of all studied species of Ochodaeidae.
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Fig. 10.114 Ceratocanthidae

Fig. 10. 115 Hybosoridae

Fig.10.114 Consensus configuration of landmarks of all studied species of Ceratocanthidae,

Fig. 10.115 Consensus configuration of landmarks of all studied species of Hybosoridae.
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Fig. 10.116 Scarabaeidae: Aphodiinae

Fig. 10.117 Scarabaeidae: Scarabaeinae

Fig. 10.116 Consensus configuration of landmarks of all studied species of Aphodiinae

(Scarabaeidae); Fig. 10.117 Consensus configuration of landmarks of all studied species of
Scarabaeinae (Scarabaeidae).

251

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



Fig. 10.118 Scarabaeidae: Orphninae

Fig. 10.119 Scarabaeidae: Melolonthinae
Fig. 10.118 Consensus configuration of landmarks of all studied species of Orphninae
(Scarabaeidae); Fig. 10.119 Consensus configuration of landmarks of all studied species of

Melolonthinae (Scarabaeidae).

252

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



Fig. 10.120 Scarabaeidae: Hopliinae

Fig. 10.121 Scarabaeidae: Rutelinae
Fig. 10. 120 Consensus configuration of landmarks of all studied species of Hopliinae

(Scarabaeidae); Fig. 10.121 Consensus configuration of landmarks of all studied species of

Rutelinae (Scarabaeidae).
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Fig. 10.122 Scarabaeidae: Dynastinae

Fig. 10.123 Scarabaeidae: Trichiinae

Fig. 10.122 Consensus configuration of landmarks of all studied species of Dynastinae
(Scarabaeidae); Fig. 10.123 Consensus configuration of landmarks of all studied species of

Trichiinae (Scarabaeidae).

254

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



Fig 10.124 Scarabaeidae: Cetoniinae

Fig. 10.125 Scarabaeidae: Valginae

Fig. 10.124 Consensus configuration of landmarks of all studied species of Cetoniinae
(Scarabaeidae); Fig. 10.125 Consensus configuration of landmarks of all studied species of

Valgiinae (Scarabaeidae).
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Fig. 10.126 Scarabaeidae

Fig. 10.126 Consensus configuration of landmarks of Scarabaeidae compiled from

consensus configurations all subfamilies studied.
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UNWARPED IMAGES OF EACH SPECIMEN WITHIN A TAXON

Unwarped images were computed only to acquire a general feeling for the data, and to
determine the amount of morphological variation between the different species of each
taxon. No statistical data are derived from unwarping images. Where a single species was
used, no unwarped image could be derived as there was only one set of landmarks
representing the consensus configuration of the taxon (these include Diphyllostomatidae,
Glaphyridae, Ceratocanthidae, Orphninae (Scarabaeidae), Trichiinae (Scarabaeidae) and

Valginae (Scarabaeidae)).

The pattern that emerged from the consensus configurations of the different taxa is more
clearly visible in the unwarped images, where the different landmarks of individual species
are plotted onto one another. Within species differences are clearly visible, but general
trends within taxa are prominent. An example of this (the three different views of Trogidae
and Cetoniinae) is given below (Fig 10.127 A, B, C and Fig. 10.128 A, B, C).
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Fig. 10.127 A Unwarped images of frontal views of metendosternites of all studied Trogidae
species.
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Fig. 10.127 B Unwarped images of dorsal views of metendosternites of all studied Trogidae

species.
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Fig. 10.127 C Unwarped images of lateral views of metendosternites of all studied Trogidae

species.
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Fig. 10.127 A Unwarped images of frontal views of metendosternites of all studied

Cetoniinae species.
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Fig. 10.127 B Unwarped images of dorsal views of metendosternites of all studied

Cetoniinae species.
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Fig. 10.127 C Unwarped images of lateral views of metendosternites of all studied

Cetoniinae species.
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ANALYSIS OF METENDOSTERNITES USING THIN-PLATE SPLINES

As mentioned previously, Glaresidae is the ancestor of the superfamily. In order to visually
determine the correlation between Glaresidae and the rest of the taxa, Cartesian grids of the
three views for each consensus configuration of the different taxa as deformations of
Glaresidae are given in figures 10.129 to 10.195. The more primitive the taxon, the less

deformed the Cartesian grid (this is a general pattern that can be detected in all three views).

Cartesian grids of primitive members of the Scarabaeoidea seem to show less defbrmation if
compared to Glaresidae while landmark positions of members of Scarabaeoidea show more
differences compared to Glaresidae. Within the Scarabaeidae, the Cartesian grid for the
Aphodiinae (the most primitive members of the taxon) compared to that of Glaresidae shows
the least deformation, while the Cartesian grid of Valginae (one of the most derived members

of the Scarabaeoidea) compared to that of Glaresidae, shows the most deformation.
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RESULTS (THIN-PLATE SPLINES) FROM THE FRONTAL VIEW
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Fig. 10.129 Glaresidae
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Fig 10.131 Diphylostomatidae

Fig. 10.130 Lucanidae

Landmark configuration of Glaresidae; Cartesian grids of consensus

10.129
configurations of different taxa as relative deformations of Glaresidae Fig. 10.130

Fig.

Lucanidae; Fig. 10.131 Diphyllostomatidae
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Fig. 10.135 Pleocomidae
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Glaresidae Fig. 10.132 Glaphyridae; Fig. 10.133 Trogidae; Fig. 10.134 Bolboceratidae;

Cartesian grids of consensus configurations of different taxa as relative deformations of
Fig. 10.135 Pleocomidae.

Fig. 10.134 Bolboceratidae
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Fig. 10.138 Ceratocanthidae

Cartesian grids of consensus configurations of different taxa as relative deformations of
Glaresidae Fig. 10.136 Geotrupidae; Fig. 10.137 Ochodaeidae; Fig. 10.138

Ceratocanthidae.
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Fig. 10.140 Scarabaeidae: Aphodiinae

Fig. 10.139 Hybosoridae

Fig. 10.142 Scarabaeidae: Orphninae
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Glaresidae Fig. 10.139 Hybosoridae; Fig. 10. 140 Aphodiinae (Scarabaeidae); Fig. 10.141

Cartesian grids of consensus configurations of different taxa as relative deformations of
Scarabaeinae (Scarabaeidae); Fig. 10.142 Orphninae (Scarabaeidae).

Fig. 10.141 Scarabaeidae: Scarabaeinae
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Fig 10.144 Scarabaeidae: Hopliinae

Fig. 10.143 Scarabaeidae:

Melolonthinae
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Fig. 10.146 Scarabaeidae: Dynastinae

Fig. 10.145 Scarabaeidae:

Rutelinae

Cartesian grids of consensus configurations of different taxa as relative deformations of

Hopliinae

10. 144

Fig.

10.143 Melolonthinae (Scarabaeidae);

Glaresidae Fig.

10.146  Dynastinae

Fig.

Rutelinae (Scarabaeidae);

10.145

Fig.

(Scarabaeidae);

(Scarabaeidae).
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Fig. 10.147 Scarabaeidae: Trichiinae Fig. 10.148 Scarabaeidae: Cetoniinae
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Fig. 10.149 Scarabaeidae: Valginae

Cartesian grids of consensus configurations of different taxa as relative deformations of

Glaresidae Fig. 10.147 Trichiinae (Scarabaeidae); Fig. 10.148 Cetoniinae (Scarabaeidae);
Fig. 10.149 Valginae (Scarabaeidae).
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Fig. 10.150: Scarabaeidae
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Fig. 10.150 Cartesian grid of consensus configuration of Scarabaeidae as deformation of

Glaresidae.



RESULTS FROM THE DORSAL VIEWS
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Fig. 10.152 Lucanidae Fig. 10.153 Diphyllostomatidae

Fig. 10.151 Landmark configuration of Glaresidae; Cartesian grids of consensus

configurations of different taxa as relative deformations of Glaresidae Fig. 10.152

Lucanidae; Fig. 10.153 Diphyllostomatidae.
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Fig. 10.155 Trogidae

Fig. 10.154 Glaphyridae
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Fig. 10.157 Pleocomidae
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Glaresidae Fig. 10.154 Glaphyridae; Fig. 10.155 Trogidae; Fig. 10.156 Bolboceratidae; Fig.

Cartesian grids of consensus configurations of different taxa as relative deformations of
10.157 Pleocomidae.

Fig. 10.156 Bolboceratidae



Fig. 10.159 Ochodaeidae

Fig. 10.161 Hybosoridae

10.160

Ochodaeidae; Fig.

10.159

Fig.

Geotrupidae;
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10.158

Ceratocanthidae; Fig. 10.161 Hybosoridae.
Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021

Cartesian grids of consensus configurations of different taxa as relative deformations of

Fig. 10.158 Geotrupidae
Fig. 10.160 Ceratocanthidae

Glaresidae Fig.



Scarabaeinae

10.163

Fig. 10.165 Scarabaeidae:

Melolonthinae

(Scarabaeidae); Fig.

Aphodiinae

Orphninae (Scarabaeidae); Fig. 10.164 Melolonthinae
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10.162

(Scarabaeidae); Fig. 10.164

(Scarabaeidae).
Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021

Cartesian grids of consensus configurations of different taxa as relative deformations of

Fig. 10.164 Scarabaeidae:

Orphninae
Glaresidae Fig.



Fig. 10.168 Scarabaeidae: Rutelinae

Fig. 10.167 Scarabaeidae: Hopliinae

Fig, 10.170 Scarabaeidae: Trichiinae

Fig. 10.169 Scarabaeidae:

Dynastinae

Cartesian grids of consensus configurations of different taxa as relative deformations of

Glaresidae Fig. 10.167 Hopliinae (Scarabaeidae); Fig. 10.168 Rutelinae (Scarabaeidae);

Fig. 10.169 Dynastinae (Scarabaeidae); Fig. 10.170 Trichiinae (Scarabaeidae).
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Fig. 10.172 Scarabaeidae: Valginae

Cartesian grids of consensus configurations of different taxa as relative deformations of

Glaresidae Fig. 10. 171 Cetoniinae (Scarabaeidae; Fig. 10.17 Valginae (Scarabaeidae).
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Fig. 10.173 Scarabaeidae

Fig. 10.173 Cartesian grid of consensus configuration of Scarabaeidae as deformation of

Glaresidae.
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RESULTS FROM THE LATERAL VIEWS
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Fig. 10.174 Glaresidae
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Fig. 10.175 Lucanidae

Fig. 10.174 Cartesian grid of Glaresidae; Cartesian grids of consensus configurations of

different taxa as relative deformations of Glaresidae Fig. 10.175 Lucanidae.
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Fig. 10 177 Glaphyridae

Cartesian grids of consensus configurations of different taxa as relative deformations of

Glaresidae Fig. 10.176 Diphyliostomatidae; Fig. 10.177 Glaphyridae.
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Fig. 10.179 Bolboceratidae

Cartesian grids of consensus configurations of different taxa as relative deformations of
Glaresidae Fig. 10.178 Trogidae; Fig. 10.179 Bolboceratidae.
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Fig. 10.180 Pieocomidae

Fig. 10.181 Geotrupidae

Cartesian grids of consensus configurations of different taxa as relative deformations of

Glaresidae Fig. 10.180 Pleocomidae; Fig. 10.181 Geotrupidae.
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Fig. 10.182 Ochodaeidae

Fig. 10.183 Ceratocanthidae

Cartesian grids of consensus configurations of different taxa as relative deformations of

Glaresidae Fig. 10.182 Ochodaeidae; Fig. 10.183 Ceratocanthidae.
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Fig. 10.185 Scarabaeidae: Aphodiinae

Cartesian grids of consensus configurations of different taxa as relative deformations of

Glaresidae Fig. 10.184 Hybosoridae; Fig. 10.185 Aphodiinae (Scarabaeidae).
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Fig. 10.186 Scarabaeidae: Scarabaeinae
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Fig. 10.187 Scarabaeidae: Orphninae

Cartesian grids of consensus configurations of different taxa as relative deformations of
Glaresidae Fig. 10.186 Scarabaeinae (Scarabaeidae); Fig. 10.187 Orphninae

(Scarabaeidae).
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Fig. 10.188 Scarabaeidae: Melolonthinae
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Fig. 10.189 Scarabaeidae: Hopliinae
Cartesian grids of consensus configurations of different taxa as relative deformations of
Glaresidae Fig. 10.188 Melolonthinae (Scarabaeidae); Fig. 10.189 Hopliinae

(Scarabaeidae).
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Fig. 10.191 Scarabaeidae: Dynastinae

Cartesian grids of consensus configurations of different taxa as relative deformations of

Glaresidae Fig. 10.190 Rutelinae (Scarabaeidae); Fig. 10.191 Dynastinae (Scarabaeidae).
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Fig. 10.193 Scarabaeidae: Cetoniinae

Cartesian grids of consensus configurations of different taxa as relative deformations of

Glaresidae Fig. 10.192 Trichiinae (Scarabaeidae); Fig. 10.193 Cetoniinae (Scarabaeidae).
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Fig. 10.195 Scarabaeidae

Fig. 10.194 Cartesian grid of consensus configuration of Valginae (Scarabaeidae) as

deformation of Glaresidae and Fig. 10.195 Cartesian grid of consensus configuration of all
studied subfamilies of Scarabaeidae as deformation of Glaresidae.
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CONSTRUCTION OF PHENETIC TREES TO DETERMINE PHENETIC RELATIONSHIPS
BETWEEN THE FAMILIES

Triangular matrices of 55 Procrustes distances were computed for each view (three matrices
for the three views of the Scarabaeidae and three matrices for the three views of the 12
families, including Scarabaeidae but excluding Passalidae). The six triangular matrices of
Procrustes distances were subjected to UPGMA cluster analysis (unweighted pair-group
method using arithmetic averages) using NTSYS-pc to generate phenetic trees to determine
phenetic relationships between taxa. The UPGMA algorithm computes average similarity or
dissimilarity of a taxon to an extant cluster weighting each taxon in that cluster equally

regardless of its structural subdivision (Sneath & Sokal, 1973).

Phenetic trees of the 12 Scarabaeoidea families are presented in Figure 10.196 to Figure
10.198 and phenetic trees of the three views of the Scarabaeidae subfamilies are presented
in figure 10.199 to Figure 10.201.

The vector distributions of the members of the “final” clusters of each phenogram (consisting
of only two families) are plotted against one another to indicate the similarity of their
landmark positions. The phenogram depicts the taxa within the “final” clusters as phenetically
close to one another. In addition to this, the vector distributions of the landmark positions of
Glaresidae are compared with that of Lucanidae and Diphyllostomatidae. Lucanidae and
Diphyllostomatidae do not appear near Glaresidae on the phenograms, the reason being
that their landmark positions in comparison to the Glaresidae, vary. These three families are,
however, phylogenetically very close to one another and belong to the more primitive
families within the Scarabaeoidea. They also appear close to one another on the cladogram
produced by Browne & Scholtz (1995; in press). The phenogram depicts only positional and
shape differences in the landmarks among the families and not ancestor/descendant
relationships. (These three families are taken only as an example, the same comparisons

can be made by using other families within the Scarabaeoidea).
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1 Glaresidae

8 Geotupidae

2 Lucanidae 6

12 Scarabaeidae 10

G Bolboceratidae

9 Ochodaeidae

3 Diphyllostomatidae

14

5 Trogidae 7 3

15

11 Hybosoridae

4 Glaphyridae 1

7 Pleocomidae

10 Ceratocanthidae

Fig. 10.196 Phenetic tree of the frontal view of metendosternite landmarks compiled using
NTSYS-pc and UPGMA statistical methods on Procrustes distances between the twelve

families of Scarabaeoidea.

There are two main clusters present in the frontal view of the 12 studied families of the
Scarabaeoidea (Fig. 10.196). The first cluster (cluster 3) consists of all the families, except

Ceratocanthidae, that is in a cluster of its own (cluster 2).

Cluster 3 is divided into two again, the first (cluster 4), consisting of Glaresidae, Geotrupidae,
Lucanidae, Scarabaeidae, Bolboceratidae, Ochodaeidae, Diphyllostomatidae, Trogidae and
Hybosoridae. The second cluster (cluster 5) consists of two families, the Glaphyridae and

Pleocomidae. -
Within cluster 4 there are two main clusters, the Glaresidae, Geotrupidae, Lucanidae,
Scarabaeidae, Bolboceratidae and Ochodaeidae cluster (cluster 6) and the

Diphyllostomatidae, Trogidae and Hybosoridae cluster (cluster 7). Diphyllostomatidae and

Trogidae form cluster 14 in cluster 7 with Hybosoridae in a cluster of its own (cluster 15).
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Glaresidae and Geotrupidae (cluster 8) form a loose cluster on its own, while Lucanidae,
Scarabaeidae, Bolboceratidae, Ochodaeidae (cluster 9) form another cluster. Cluster 9 is
divided into cluster 10 consisting Lucanidae, Scarabaeidae and Bolboceratidae (with
Lucanidae and Scarabaeidae forming cluster 11). Cluster 10 is divided into cluster 12 (with

Lucanidae and Scarabaeidae) and cluster 13 (consisting only of Ochodaeidae).

In order to try to understand why certain families cluster together in the way they do, the
vectors of the landmark positions of families in the “final” clusters, relative to each other,
were studied. In the case of the frontal landmark phenogram, the “final” clusters are:

e Glaresidae and Geotrupidae (families 1 and 8),

e Lucanidae and Scarabaeidae (families 2 and 12),

e Diphyllostomatidae and Trogidae (families 3 and 5) and

¢ Glaphyridae and Pleocomidae (families 4 and 7).
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Fig. 10.197 Vector diagram of the frontal view metendosternite landmarks of Glaresidae
(represented by the dot) in comparison to landmarks of Geotrupidae (landmark positions

situated at arrow head). Vectors represent the differences in landmark positions.

o™

Fig. 10.198 Vector diagram of the frontal view metendosternite landmarks of Lucanidae
(represented by the dot) in comparison to landmarks of Scarabaeidae (landmark positions

situated at arrow head). Vectors represent the differences in landmark positions.
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Fig. 10.199 Vector diagram of the frontal view metendosternite landmarks of
Diphyllostomatidae (represented by the dot) in comparison to landmarks of Trogidae
(landmark positions situated at arrow head). Vectors represent the differences in landmark

positions.

e//&

Fig. 10.200 Vector diagram of the frontal view metendosternite landmarks of Glaphyridae
(represented by the dot) in comparison to landmarks of Pleocomidae (landmark positions

situated at arrow head). Vectors represent the differences in landmark positions.
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The differences in positions of the landmarks between one member of the each of the final
clusters, compared to the second member, (Fig. 10.197 to 10.200) indicate that there are

small differences between the landmark positions of each of the two taxa.

If the phylogeny of the groups are taken into account, Lucanidae, is phylogenetically one of
the most primitive Scarabaeoidea. Phenetically, however, Lucanidae is clustered together
with Scarabaeidae, the most derived family. The form and shape of the frontal view of the
metendosternite of these two families, however, do not vary much (Fig. 10.198). The
phenogram placement is totally in contrast to all previous cladistic analysis. It should,
however, be remembered that we are analysing shape and landmark positions, not

phylogenetic relationships.

In order to try to find phenetic reasons why phylogenetically primitive taxa like the
Glaresidae, Diphyllostomatidae and Lucanidae are not situated close to one another on the
phenogram, the vector distributions of their landmarks were studied. The overall distribution
of the landmarks vary a lot, and that is why they are placed far apart in the phenogram (Fig.
10.201 and Fig. 10.202). Glaresidae and Lucanidae are closer on the phenogram than
Glaresidae and Diphyllostomatidae - the landmark positions of Glaresidae compared to

Lucanidae therefore vary more that that of Glaresidae compared to Diphyllostomatidae.
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Fig. 10.201 Vector diagram of the frontal view metendosternite landmarks of Glaresidae
(represented by the dot) in comparison to landmarks of Lucanidae (landmark positions

situated at arrow head). Vectors represent the differences in landmark positions.
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Fig. 10.202 Vector diagram of the frontal view metendosternite landmarks of Glaresidae
(represented by the dot) in comparison to landmarks of Diphyllostomatidae (landmark

positions situated at arrow head). Vectors represent the differences in landmark positions.
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1 Qaresidae

& Trogdae

4 laphyridac 10

B Bolboceratidae 4

g Ceotrupidas 12

12 Scarabaeidae

11 6
7 Pleocormudae 2

9 Ochodaeidas

11 Hybosoridae

TS

10 Ceratocanthidae

2 Lucardae

3 Diphyllostormatidae

Fig. 10.203 Phenetic tree of the dorsal view of metendosternite landmarks compiled using
NTSYS-pc and UPGMA statistical methods on Procrustes distances between the twelve

families of Scarabaeoidea.

Two main clusters (clusters 2 and 3) are visible in the dorsal landmark phenogram (Fig.
10.203) of the Scarabaeoidea families, consisting of the Glaresidae, Trogidae, Glaphyridae,
Bolboceratidae, Geotrupidae, Scarabaeidae, Pleocomidae, Ochodaeidae, Hybosoridae and

Ceratocanthidae (cluster 2), and the Lucanidae and Diphyllostomatidae cluster (cluster 3).

Cluster 2 is divided into two again (cluster 4 and 5), consisting of all the above mentioned
families in cluster 4, except Ceratocanthidae that is on its own in cluster 5. Cluster 4 is
divided into the Glaresidae and Trogidae cluster (cluster 7) and the Glaphyridae,
Bolboceratidae, Geotrupidae, Scarabaeidae, Pleocomidae, Ochodaeidae and Hybosoridae
cluster (cluster 6). Cluster 6 is divided into the Glaphyridae, Bolboceratidae, Geotrupidae,
Scarabaeidae and Pleocomidae cluster (cluster 8) and the Ochodaeidae and Hybosoridae

cluster (cluster 9). Bolboceratidae and Geotrupidae (cluster 14) form a cluster within cluster
8.
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There are four “final” clusters within this phenogram:

e Lucanidae and Diphyllostomatidae (families 1 and 2),
e Glaresidae and Trogidae (families 1 and 5),

e Ochodaeidae and Hybosoridae (families 9 and 11) and

e Bolboceratidae and Geotrupidae (families 6 and 8).

The vector distribution of the landmarks of the families in the final clusters (Fig. 10. 204 to

10.207) are arranged very closely, as was the case in the frontal view final clusters.

Fig. 10.204 Vector diagram of the dorsal view metendosternite landmarks of Lucanidae
(represented by the dot) in comparison to landmarks of Diphyllostomatidae (landmark

positions situated at arrow head). Vectors represent the differences in landmark positions.
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Fig. 10.205 Vector diagram of the dorsal view metendosternite landmarks of Glaresidae
(represented by the dot) in comparison to landmarks of Trogidae (landmark positions

situated at arrow head). Vectors represent the differences in landmark positions.

Fig. 10.206 Vector diagram of the dorsal view metendosternite landmarks of Ochodaeidae
(represented by the dot) in comparison to landmarks of Hybosoridae (landmark positions

situated at arrow head). Vectors represent the differences in landmark positions.
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Fig. 10.207 Vector diagram of the dorsal view metendosternite landmarks of Bolboceratidae
(represented by the dot) in comparison to landmarks of Geotrupidae (landmark positions

situated at arrow head). Vectors represent the differences in landmark positions.

The vector distributions of the landmarks of the three phylogenetically primitive taxa
(Glaresidae, Diphyllostomatidae and Lucanidae) were once again compared. These families
are not situated close to one another on the phenogram. Fig. 10.208 represents the
landmark positions of Lucanidae relative to that of Glaresidae, and Fig. 10.209 represents
the landmark positions of Glaresidae relative to Diphyllostomatidae. The Lucanidae and
Diphyllostomatidae are placed as a terminal cluster by the dorsal view phenogram, and
therefore agrees with the cladogram placement of Browne & Scholtz (1995; in press), also

placing them as terminal taxa.
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Fig. 10.208 Vector diagram of the dorsal view metendosternite landmarks of Glaresidae
(represented by the dot) in comparison to landmarks of Lucanidae (landmark positions

situated at arrow head). Vectors represent the differences in landmark positions.
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Fig. 10.209 Vector diagram of the dorsal view metendosternite landmarks of Glaresidae
(represented by the dot) in comparison to landmarks of Diphyliostomatidae (landmark

positions situated at arrow head). Vectors represent the differences in landmark positions.
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1 Garesidae
12

11 Hybasoridae

5 Ceotrupidae

13

9 Ochodaetdae

B Balhoceratidae

12 Scarabagidae

2 Lucandae

14
7 Pleocomidae

3 Diphyllostomatidae 15

4 Qaphyridae

5 Trogdae

10 Ceratocanthidae

Fig. 10.210 Phenetic tree of the lateral view of metendosternite landmarks compiled using
NTSYS-pc and UPGMA statistical methods on Procrustes distances between the twelve

families of Scarabaeoidea.

Two main clusters (cluster 2 and 3) are present in the lateral view phenogram of the families
of Scarabaeoidea (Fig. 10.210) the first consisting of all the families (cluster 2) except
Ceratocanthidae (cluster 3), that is in a cluster of its own. Cluster 2 is divided into the
Glaresidae, Hybosoridae, Geotrupidae, Ochodaeidae, Bolboceratidae Scarabaeidae,
Lucanidae, Pleocomidae and Diphyllostomatidae (cluster 4) cluster and the Glaphyridae and

Trogidae cluster (cluster 5).

Cluster 4 is divided into the Glaresidae, Hybosoridae, Geotrupidae, Ochodaeidae,
Bolboceratidae and Scarabaeidae cluster (cluster 5) and the Lucanidae, Pleocomidae and
Diphyllostomatidae cluster (cluster 7). Lucanidae and Pleocomidae form a cluster (cluster
14) within the Lucanidae, Pleocomidae and Diphyllostomatidae cluster (cluster 7).
Glaresidae, Hybosoridae, Geotrupidae, Ochodaeidae and Bolboceratidae form a cluster
(cluster 10), with Scarabaeidae in a cluster of its own (cluster 9). Glaresidae and
Hybosoridae form a cluster (cluster 12), Geotrupidae and Ochodaeidae form a cluster

(cluster 13) and Bolboceratidae is on its own in a cluster (cluster 11).
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The “final” clusters are:

e Glaresidae and Hybosoridae (families 1 and 11),

e Geotrupidae and Ochodaeidae (families 8 and 9),
¢ lLucanidae and Pleocomidae (families 2 and 7) and

e Glaphyridae and Trogidae (families 4 and 5).

The vector distribution of the landmarks of the families in the final clusters is also arranged
very closely, as was the case with the final clusters of the previous two views (Fig. 10.211 to
10.214).
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Fig. 10.211 Vector diagram of the lateral view metendosternite landmarks of Glaresidae
(represented by the dot) in comparison to landmarks of Hybosoridae (landmark positions

situated at arrow head). Vectors represent the differences in landmark positions.
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Fig. 10.212 Vector diagram of the lateral view metendosternite landmarks of Geotrupidae
(represented by the dot) in comparison to landmarks of Ochodaeidae (landmark positions

situated at arrow head). Vectors represent the differences in landmark positions.
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Fig. 10.213 Vector diagram of the lateral view metendosternite landmarks of Glaresidae
(represented by the dot) in comparison to landmarks of Diphyllostomatidae (landmark

positions situated at arrow head). Vectors represent the differences in landmark positions.
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Fig. 10.214 Vector diagram of the lateral view metendosternite landmarks of Glaphyridae
(represented by the dot) in comparison to landmarks of Trogidae (landmark positions

situated at arrow head). Vectors represent the differences in landmark positions.

Landmark positions of the three primitive taxa (Glaresidae, Diphyllostomatidae and
Lucanidae) were once again compared. These taxa are not situated close to one another on
the phenogram. Fig. 10.215 represents the landmark positions of Lucanidae relative to that
of Glaresidae, and Fig. 10.216 represents the landmark positions of Glaresidae relative to
Diphyllostomatidae. Lucanidae and Diphyllostomatidae are situated in the same cluster

(cluster 7) of the lateral view phenogram.
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Fig. 10.215 Vector diagram of the lateral view metendosternite landmarks of Glaresidae
(represented by the dot) in comparison to landmarks of Lucanidae (landmark positions

situated at arrow head). Vectors represent the differences in landmark positions.
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Fig. 10.216 Vector diagram of the lateral view metendosternite landmarks of Glaresidae
(represented by the dot) in comparison to landmarks of Diphyllostomatidae (landmark

positions situated at arrow head). Vectors represent the differences in landmark positions.

The phenetic placement of the subfamilies of the Scarabaeidae was also studied. Figures

10.217 — 10.219 represent the phenograms of these subfamilies.
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Fig. 10.217 Phenetic tree of the frontal view of metendosternite landmarks compiled using
NTSYS-pc and UPGMA statistical methods on Procrustes distances between the 10 studied

Scarabaeidae subfamilies.

There are two main clusters in the frontal view phenogram of the subfamilies of the
Scarabaeidae (Fig. 10.217) the first (cluster 2) with all subfamilies except Valginae present
in cluster 3. Cluster 2 is divided into the Aphodiinae, Melolonthinae, Hopliinae, Dynastinae,
Rutelinae, Cetoniinae and Trichiinae cluster (cluster 4) and the Scarabaeinae and Orphninae

cluster (cluster 5).

Cluster 4 is divided into the Aphodiinae and Melolonthinae cluster (cluster 6) and the
Hopliinae, Dynastinae, Rutelinae, Cetoniinae and Trichiinae cluster (cluster 7). Cluster 7 is
divided into the Hopliinae, Dynastinae, Rutelinae and Cetoniinae cluster (cluster 8), with
Trichiinae in a cluster of its own (cluster 9). Hopliinae and Dynastinae are in cluster 10 and

Rutelinae and Cetoniinae are in cluster 11.
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Fig. 10.218 Phenetic tree of the dorsal view of metendosternite landmarks compiled using
NTSYS-pc and UPGMA statistical methods on Procrustes distances between the 10 studied

Scarabaeidae subfamilies.

There are two main clusters in the dorsal view phenogram of the subfamilies of the
Scarabaeidae (Fig. 10.218), cluster 2 contains all the subfamilies except Valginae (cluster 3).
Cluster 2, consisting of Aphodiinae, Melolonthinae, Hopliinae, Rutelinae, Dynastinae,
Scarabaeinae, Orphninae, Cetoniinae and Trichiinae is divided into clusters 4 and 5.
Trichiinae is the only taxon in cluster 4. The Aphodiinae, Melolonthinae, Hopliinae,
Rutelinae, Dynastinae, Scarabaeinae, Orphninae and Cetoniinae cluster (cluster 5) is
divided into two clusters, the first (cluster 6) consisting of all the taxa except Cetoniinae
(found in cluster 7). The Aphodiinae, Melolonthinae, Hopliinae, Rutelinae, Dynastinae,
Scarabaeinae and Orphninae cluster (cluster 6) is divided into clusters 8 and 9. Only
Orphninae is present in cluster 9. Cluster 8 is divided into cluster 10 and 11, with cluster 11
only consisting of Scarabaeinae (cluster 11). The Aphodiinae, Melolonthinae, Hopliinae,
Rutelinae and Dynastinae (cluster 10) is divided into clusters 12 and 13. Aphodiinae,
Melolonthinae and Hopliinae is present in cluster 12 and cluster 13 consists of Rutelinae and
Dynastinae. Cluster 12 is divided into the Melolonthinae and Hopliinae cluster (cluster 15)

and Aphodiinae in a cluster of it’s own (cluster14).
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Fig. 10.219 Phenetic tree of the lateral view of metendosternite landmarks compiled using
NTSYS-pc and UPGMA statistical methods on Procrustes distances between the 10 studied

Scarabaeidae subfamilies.

There are two main clusters (cluster 2 and 3) in the lateral view phenogram of the
subfamilies of Scarabaeidae (Fig. 10.219). Cluster 2 consists of Aphodiinaé, Scarabaeinae,
Orphninae, Melolonthinae, Hopliinae and Valginae while cluster 3 consists of Rutelinae,

Dynastinae, Trichiinae and Cetoniinae.

Cluster 2 is divided into the Aphodiinae and Scarabaeinae cluster (cluster 4) and the
Orphninae, Melolonthinae, Hoplinae and Valginae cluster (cluster 5). Orphninae and

Melolonthinae (cluster 6) and Hopliinae and Valginae (cluster 7) form two clusters.

Cluster 3 is divided into the Rutelinae, Dynastinae and Trichiinae cluster (cluster 8) with
Cetoniinae in a cluster of its own (cluster 9). Rutelinae and Dynastinae are in a very tight

cluster of their own (cluster 10), with Trichiinae alone in cluster 11.

The frontal and dorsal view landmark phenograms are very close to one another, but the

lateral view phenogram is probably resembles the predicted phylogeny of the family most
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closely (Scholtz, personal communication). At this stage there is no comprehensive
cladogram of the family to which the phenograms can be compared. The consensus
configuration of the landmark positions of all the subfamilies, were generated by the tps
series of programs and used in the data that produced the phenograms of thefamilies of the

Scarabaeoidea.

RELATIVE WARP ANALYSIS OF THE THREE VIEWS OF THE METENDOSTERNITES
OF THE SCARABAEOIDEA FAMILIES

The first two relative warps (using a=0) of the frontal view landmarks account for 83.03% of
the variation among the specimens. These two relative warps also account for 67.17%
variation in the dorsal views and 70.35% variation in the lateral views (this is based on a
matrix of singular values from a singular-value decomposition of the weight matrix (Rohlf,
1993b).

Table 10.2 A, B and C represents the singular values and percentage variation attributed to
each relative warp. If the first two relative warps of each of the three views are plotted
against each other, an idea can be formed of which metendosternite forms are closerto one
another, by looking at the placements of the families on the two axes. Fig. 10.220, 10.223
and 10.227 respectively show a two-dimensional ordination of the overall diversity (relative
warp 1 (x-axis) plotted against relative warp 2 (y-axis)) of the 12 families in terms of their
non-affine components of shape variation for each of the three metendosternite views. The
tpsRelw program (as mentioned previously) was used to explore the changes in shape
corresponding to different positions in the ordinations. It is possible to view the splines of
taxa situated closely together on the ordination and to visually establish, because of the

relative positions of certain landmarks, why these taxa are grouped closely together.
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Table 10.2A Singular values and percent explained for relative warps of the frontal views

Rel.W Singular value %

1 0.51113 60.23%
2 0.31451 22.80%
3 0.17665 7.19%
4 0.13538 4.23%
5 0.10252 2.42%
6 0.09262 1.98%
7 0.05469 0.69%
8 0.03915 0.35%
9 0.01835 0.08%
10 0.00823 0.02%
11 0.00647 0.01%

Table 10.2B Singular values and percent explained for relative warps for the dorsal views

Rel.W  Singular value %

1 0.24540 48.62%
2 0.15159 18.55%
3 0.15021 18.22%
4 0.09455 7.22%
5] 0.06701 3.63%
6 0.04132 1.38%
7 0.04043 1.32%
8 0.02288 0.42%
9 0.01993 0.32%
10 0.01719 0.24%
11 0.01019 0.08%
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Table 10.2C Singular values and percent explained for relative warps of the lateral view

Rel.W  Singular value %

1 0.45420 52.08%
2 0.26904 18.27%
3 0.24540 15.20%
4 0.13426 4.55%
5 0.12667 4.05%
6 0.09112 2.10%
7 0.07153 1.29%
9 0.04588 0.53%
10 0.02934 0.22%
11 0.02539 0.16%
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RELATIVE WARP | AND 2 OF THE FRONTAL VIEW

The distribution of families on this plot (Fig. 10.220) follows the same pattern as represented
in the frontal view phenogram. The families are scattered relatively widely apart on the plot,
but definite groupings are visible. Glaresidae and Geotrupidae (families 1 and 8) are
relatively close to each other on the scatter plot. This is also the case in the phenogram,
where Glaresidae and Geotrupidae are clustered together, forming a terminal cluster.
Lucanidae, Scarabaeidae and Bolboceratidae (families 2, 12 and 6) are placed relatively
close to one another, with Ochodaeidae (family 9) also near this cluster. The same
clustering is present in the phenogram (these four families are situated on cluster 9).
Diphyllostomatidae and Trogidae (families 3 and 5) are situated close on the scatter plot, and
these two families form a terminal cluster on the phenogram (cluster 14), with Hybosoridae
(family 11, cluster 15) grouped together in a cluster (cluster 7) with Diphyliostomatidae and

Trogidae.

Glaphyridae and Pleocomidae (families 4 and 7) form a terminal cluster on the phenogram
(cluster 5) and they are clustered relatively far away from each other, but with no other family
in their immediate vicinity on the relative warp 1 and 2 plot. Shape changes between these
two families, shown as deformations of the reference configuration (using thin-plate splines
produced by tpsRelw) indicate little variation, and one can establish the exact landmarks
responsible for the differences between the taxa. Splines of Lucanidae, Bolboceratidae,
Scarabaeidae and Ochodaeidae (families 2, 6, 12 and 9) are shown in Fig.10.221 A to D.
The spline of Scarabaeidae (family 12) (Fig. 10.221C) is also the closest to the reference
configuration of landmarks (as it is situated the closest to the origin on the scatter plot, and
the origin represents the reference configuration), and it's spline shows the least

deformation.
Fig. 10.222A and B are thin-plate splines of Diphyllostomatidae and Trogidae respectively to
indicate the shape changes as deformations. The thin-plate splines are very similar, these

two families are situated quite close on the plot, and form a terminal cluster (cluster 5) on the

phenogram (Fig. 10.196).
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Fig. 10.220 Relative warp | (x-axis) and 2 (y-axis) computed from the frontal view data set,
plotted against one another to indicate positions of the families relative to one another and to

the reference configuration (situated at the origin). These two relative warps represent

83.03% of the variation between families.

Fig.10.221 Shape change implied by variation along the first two relative warp axes. Shape
changes are shown as deformations using thin-plate splines. A, Lucanidae; B,
Bolboceratidae; C, Scarabaeidae and D, Ochodaeidae (GLS reference used). Frontal view

data set.
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Fig.10.222 Shape change implied by variation along the first two relative warp axes. Shape
changes are shown as deformations using thin-plate splines. A, Diphyllostomatidae and B,

Trogidae. (GLS reference used). Frontal view data set.

RELATIVE WARP | AND 2 OF THE DORSAL VIEW

The scatter plot of relative warp 1 plotted against 2 of the dorsal view data set of the
Scarabaeoidea families (Fig. 10.223) also coincides with the respective phenogram (Fig.
10.203). Families Scarabaeidae, Geotrupidae, Bolboceratidae (cluster 12) and Hybosoridae

(cluster 9) appear close on the phenogram and also close on the scatter plot (Fig. 10.223).

Lucanidae and Diphyllostomatidae (appearing as a terminal cluster on cluster 3 of the
phenogram) are situated relatively far apart on the scatter plot of relative warp 1 and 2, there
are, however, no other families situated close to them. Shape changes between these two
families are represented as deformations using thin-plate splines (Fig. 10.226). The general
trend of the landmark positions of the two families is the same, and no other landmark

distribution is comparable with them.
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Fig. 10.223 Relative warp | (x-axis) and 2 (y-axis) computed from the dorsal view data set,
plotted against one another to indicate positions of the families relative to one another and to
the reference configuration (situated at the origin). These two relative warps represent

67.17% of the variation between families.

Fig.10.224 Shape change implied by variation along the first two relative warp axes. Shape
changes are shown as deformations using thin-plate splines. A, Scarabaeidae and B,

Geotrupidae. (GLS reference used). Dorsal view data set.

316

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



Fig.10.225 Shape change implied by variation along the first two relative warp axes. Shape
changes are shown as deformations using thin-plate splines. A, Bolboceratidae and B,

Hybosoridae (GLS reference used). Dorsal view data set.

A B

Fig.10.226 Shape change implied by variation along the first two relative warp axes. Shape
changes are shown as deformations using thin-plate splines. A, Lucanidae and B,

Diphyllostomatidae. (GLS reference used). Dorsal view data set.

RELATIVE WARP | AND 2 OF THE LATERAL VIEW

Relative warp 1 plotted against 2 of the lateral view data set of the Scarabaeoidea families
also coincides with the respective phenogram (Fig. 10.210). Glaresidae, Ochodaeidae,
Hybosoridae and Geotrupidae appear relatively close to one another on the scatter plot (Fig.
10.227). These families also appear on cluster 10 of the phenogram. Shape changes shown

as deformations of thin-plate splines of these four families are shown in Fig 10.228A to D.

Lucanidae, Pleocomidae and Diphyllostomatidae also appear close on the scatter plot (Fig.
10.227). These families are grouped together in a cluster (cluster 15) of the phenogram.

Shape changes as deformations of thin-plate splines of the three families areshown in Fig,
10.229A to C.
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Fig. 10.227 Relative warp | (x-axis) and 2 (y-axis) computed from the lateral view data set,
plotted against one another to indicate positions of the families relative to one another and to
the reference configuration (situated at the origin). These two relative warps represent

83.03% of the variation between families.

Fig.10.228 Thin-plate spline of relative warp 1 and 2 of A, Glaresidae; B, Ochodaeidae; C,

Hybosoridae and D Geotrupidae. (GLS reference used). Lateral view data set.
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Fig.10.229 Thin-plate spline of relative warp 1 and 2 of A, Lucanidae; B, Pleocomidae and

C, Diphyllostomatidae. (GLS reference used).
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DISCUSSION

As mentioned earlier, the Passalidae were not included in the analysis of the
metendosternites. Although there can be little doubt about the monophyly of the
Scarabaeoidea (Browne & Scholtz, in press) the Passalidae possess a suite of unique adult
and larval morphological characters and behavioural traits which have led students of the
group to consider them to represent an independent lineage within the superfamily, and to be

only distantly related to the other groups.

The family Passalidae, with approximately 40 genera and 500 species (Reyes-Castillo,
1970) is essentially pantropical in distribution (Crowson, 1967). Adult members of the family
are usually large, elongated, flattened beetles with distinctly striated elytra. The antennae
are curved and the different segments of the antennal club do not fit close together,
something that distinguishes them from other scarabaeoids. Larvae are elongate and not
typically C-shaped (as are most other scarabaeoid larvae) and their hind legs are reduced to
stumps. Adults and larvae are found in decaying hardwood logs where they live in family
groups consisting of up to a few dozen individuals. Adults feed the larvae on prepared
stomodeal food and assist them in the construction of pupal cocoons (Reyes-Castillo &
Halffter, 1984).

Passalidae have traditionally been considered one of the primitive scarabaeoid families
(Crowson, 1967, 1981; Reyes-Castillo, 1970; Howden, 1982; Scholtz, 1990; Browne &
Scholtz, 1995) but their distinctive combination of plesiomorphic and highly apomorphic
characters have historically led to controversy about their phylogenetic placement. However,
in spite of reservations expressed in the past about the family’s relationships Browne and
Scholtz (in press) unequivocally placed it amongst the “primitive” scarabaeoids, as sister-
group to a lineage containing the Lucanidae, Diphyllostomatidae, Glaphyridae, Trogidae,

Pleocomidae and Bolboceratidae.

The passalid metendosternite (Appendix 10.1) is very different compared to that of any of the
other scarabaeoids, resembling rather that of a typical Histeridae most closely. The
metendosternite is continuous with the ventral body wall forming a “pipe” dorsally (this is not

so in any of the Scarabaeoidea, as the typical other metendosternite is attached by a thin

320

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



area at the margin of the thorax and abdomen) (see dorsal views of passalid
metendosternites, Appendix 10.1). The beginning of this “pipe” is visible as a hole in the
frontal view, but absent in the rest of the taxa (see frontal views of passalid
metendosternites, Appendix 10.1). The passalid metendosternite is also more flattened and
elongated than a typical scarabaeoid metendosternite. The third pair of legs articulate in
sockets (situated in the ventral body wall). These sockets are continuous with the lateral
sides of the metendosternite (see lateral views of passalid metendosternites, Appendix 10.1).
This similarity in a complex morphological structure between a member of the
Scarabaeoidea and one of the Histeroidea implies some additional support for the now
largely disused grouping of primitive beetle superfamilies into the Haplogastra. Although
there is little evidence to support the Haplogastra (Hydrophiloidea, Staphylinoidea,
Histeroidea and Scarabaeoidea) as a monophyletic entity there is general consensus
amongst coleopterists that some relationships exist between the various superfamilies.
Staphylinoidea are currently considered the most likely sister-group of the Scarabaeoidea
although there is also some evidence for Histeroidea being closely related. Close similarity
in complex metendosternite structure between Passalidae and Histeridae may indicate

stronger relationship than is currently the view.

Because of the doubt about identifying homologous landmarks on the Passalidae
metendosternite as compared to those in the othertaxa, and because of the clear similarity
between passalid and histerid metendosternite structure, it was decided to omit Passalidae
from the current study and to investigate this phenomenon in a subsequent study. Although
we feel uncomfortable with the greater similarity between these two distantly-related taxa

than with more closely related ones we are unable at present to offer an explanation for it.

The metendosternite is one of the internal anatomical structures that has largely been
neglected in systematic studies in the past. Exceptions are Crowson (1938, 1944) and
lablokoff-Khnzorian (1977). Crowson (1944) discussed the forms of the metendosternites
and together with other morphological characters, philosophised on the possible phylogeny
of the Coleoptera. He used the structure of the metendosternites to come to certain
phylogenetic conclusions about the families and superfamilies of the Coleoptera. The main
purpose of his paper was also to establish the ancestral metendosternite form of the

Polyphaga. He named this ancestral furca the Hylecoetoid type and suggested that it is
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monophyletic in origin and because of this should be a character of major importance in
taxonomy and phylogeny. The present study supports Crowson’s theory that the
metendosternite may be of taxonomic and phylogenetic importance. If the general form of
the metendosternites of each of the families of the Scarabaeoidea (excluding the Passalidae)
is examined, general trends are clearly recognisable. It can without prior knowledge of which
species (genus or family) it belongs to, be placed in the correct family just by noting these
general trends. Crowson’s claim of the phylogenetic importance of the structure is
consequently apparently substantiated and is therefore accepted, but there is a need to take
it further from here. This paper therefore aimed to explore the possibilities of statistically

describing the form of these metendosternites.

A question that might be raised from a statistical point of view, is whether the amount of
variation among the members of a superfamily is small enough for statistical analysis to be
permitted. Because the morphology of members of a superfamily is studied, there will be
much more diversity among the structures than is present among species of the same
genus. If too much diversity is present in the study group, how will that affect the
approximation of shape space? The tpsSmall program in the tps series of programs, can
determine the uncentered correlation between the tangent space, regressed onto Procrustes
distance (geodesic distances in radians). Analyses using tspSmall of the data sets from the
three views, indicated that for all three views of the metendosternites, an excellent
correlation between the tangent and the shape space exists. The tangent space is useful in
most studies (such as this study) when the shape variation is small, as it aliows simpler
standard multivariate methods. Geometric morphometric methods are, however, being
developed to work directly on shape space, useful when shape variation is not small
(personal communication, Rohlf). There is little doubt, on the basis of the results from
tpsSmall, that families within a taxon such as a superfamily can be analysed by geometric
morphometric methods since the results from the statistical test performed by tspSmall

proves the acceptability of the data sets for further statistical analysis.

The question of which reference configuration (used to define the point of tangency between
the non-linear shape space and the approximating linear tangent space) should be used for
the data sets, has been debated in the past (Swiderski, 1993; Fink & Zelditch, 1995; Rohlfet

al., 1996; Adams & Rosenberg, 1998). In order to produce Procrustes distance matrices of
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the three views (to produce the different phenograms) the tangent or reference configuration

as defined by Rohlf et al. (1996) for each of the three data sets should be determined.

The results indicated a good correlation between the scatter plots of the first two relative
warps of all three data sets and the respective phenograms (produced from the Procrustes
distances). Families clustering together in the phenograms, were closely situated on the
scatter plots of the first two relative warps. The scatter plot and phenogram produce the
same results, but the scatter plots perhaps more than the phenograms indicate associations
“better” between the families of the Scarabaeoidea. This is because clusters are placed
relative to each other in a visual way, and relationships are therefore noticed at first glance.
PCA ordinations tend to show distant relationships better and cluster analysis tends to show

close relationships better. Thus, both are useful and are complementary.

The usefulness of geometric morphometric results in determining evolutionary relationships
and whether indeed these results can be used in evolutionary studies has been a
speculation point (Adams & Rosenberg, 1998; Rohlf, 1998). Although we tried to compare
the results of this geometric morphometric study to those of the results from the cladistic
analysis of Browne and Scholtz (in press), there are clearly too many unresolved problems.
The cladogram of Browne and Scholtz was based on a phylogenetic analysis of 134
characters, and the most comprehensive up to date. My only conclusion after the
comparison, is that there is not enough evidence form the geometric morphometrics study of
the metendosternites to indicate evolutionary trends similar to those depicted by the Browne
and Scholtz’s (in press) cladogram. Similarities between the lateral view phenogram and the
cladogram are, however, presented in the following paragraphs. (The lateral view
phenogram (Fig. 10.210) and scatter plot (Fig. 10.227) results compare the most favourably
to those of their cladogram). The most important reason why the best correlation was
obtained between the cladogram and the lateral view phenogram/scatter plot is probably
because more landmarks were used in the analysis of the data set that produced the lateral
view results of the metendosternites. The lateral view data set consists of 19 landmarks,
while fewer landmarks were identified from the dorsal (12 landmarks) and frontal view (9
landmarks). When using more landmarks, more information about the form and structure is

gathered (subtle variation differences are then also picked up) and therefore a better
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comparison between the variation in the form between members of the data set can be

made.)

Browne and Scholtz's cladistic analysis indicated two basal lineages, the glaresid lineage
and a second lineage that is divided into two lower level lineages, the passalid and
scarabaeid lineages. The passalid lineage contains two lines, the glaphyrid and geotrupid
line. The glaphyrid line contains Passalidae, Lucanidae, Diphyllostomatidae, Trogidae,
Bolboceratidae, Pleocomidae and Glaphyridae. On the lateral view phenogram (Fig. 10.210),
Lucanidae, Pleocomidae and Diphyllostomatidae (cluster 7) form a cluster, while Trogidae
and Glaphyridae are in a cluster (cluster 5). These 5 families are loosely grouped together
on the relative warp one and two scatter plot.  They, however, do not appear together in a
direct cluster on the phenogram, as is the case in the clusters of the cladogram.

The geotrupid line of the cladogram contains Geotrupidae, Ochodaeidae, Ceratocanthidae
and Hybosoridae. The phenogram cluster, cluster 10 consists of Glaresidae, Hybosoridae,
Geotrupidae and Ochodaeidae, while Ceratocanthidae appears in a cluster of its own
(cluster 3) and is apparently morphologically quite distinct from the rest of the families.
Ceratocanthidae also appears removed from the rest of the families on relative warp one and
two lateral view scatter plot, but with the nearest taxa, Geotrupidae, Hybosoridae and

Ochodaeidae.

Geometric morphometrics is a powerful tool and its uses in taxonomy, phenetics and even
cladistics have not yet been fully explored. | believe that this thesis paves the way for
geometric morphometric research on higher level taxa, as it has proved that it can present
additional information about the phenetic relationships between taxa of the Scarabaeoidea.
Phenetic relationships between taxa have been neglected in the past and many traditional
cladists in effect ignored results from phenetic analysis. The main reason perhaps is
because evolutionary or phylogenetic relationships are not explicitly sought after in
phenetics, but they are nevertheless supposed to be reflected in phenetic classifications
(Skelton, 1993).

Because of strong criticism against the lack of subjectivity in phenetic procedures and
because a phenogram depicts a hierarchy of relative phenotypic similarity of a set of species,

it has not widely been used in phylogenetics (Wiley, 1981; Skelton, 1993). Although | would
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have liked the phenogram to reflect the phylogeny of the families, 1 was unable to do that.
But instead of trying to compare cladistic results with the phenetic results of the geometric
morphometric analysis, or prove that the one is “better” than the other, the aim of this thesis

is to present phenetic results of the first geometric morphometric analysis at family level.

Perhaps geometric morphometrics is the key to re-opening the debate on the usefulness of
phenetics, especially in helping to overcome the subjectivity problem. This time around
pheneticists have an additional and powerful statistical tool to defend their beliefs, but before
we can even start to think about how we can compare and bring phenetics and cladistics
together, we must first explore new areas and different possibilities of geometric
morphometric analysis. Only after “all” the possibilities have been examined, can cladistic

implications be explored.
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APPENDIX 10.1

———
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S

Fig. 1

Fig. 1 Dorsal view of the metendosternite of Orgyges marculasea (Passalidae).
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Fig. 2

Fig. 3

Fig. 2 Frontal view of the metendosternite of Orgyges marculasea (Passalidae).

Fig. 3 Lateral view of the metendosternite of Orgyges marculasea (Passalidae).

327

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



Fig. 4
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Fig. 5

=2

Fig. 6

Fig. 5 Frontal view of the metendosternite of Passalus punctiger (Passalidae).

Fig. 6 Lateral view of the metendosternite of Passalus punctiger (Passalidae).
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Fig. 7

Fig. 7 Dorsal view of the metendosternite of Odontotaeinius zodiacus (Passalidae).
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Fig. 8

Fig. 9

Fig. 8 Frontal view of the metendosternite of Odontotaeinius zodiacus (Passalidae).

Fig.9 Lateral view of the metendosternite of Odontotaeinius zodiacus (Passalidae).
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