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Skull morphology analysis suggests
the extinct Cape lion, Panthera leo
melanochaita (Smith, 1842), is not
distinctive
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The lion (Panthera leo) was extirpated from the Cape region of South Africa during the mid-
nineteenth century. Whilst historically classified as a distinct subspecies known as the Cape lion (P. [.
melanochaita), recent molecular studies challenge the distinctiveness of this population, suggesting
that it represents the southernmost population of the species' Southern Clade. The Cape lion is often
cited as having a distinctive skull morphology, which has justified its subspecific classification, but
only a limited number of specimens have been available for examination, so that the Cape lion’s skull
morphology has not been satisfactorily understood. In this study we collected morphometric data from
a greatly enlarged sample of 22 Cape lion skulls, including 12 adults, constituting the largest sample
size analysed for this possible subspecies. The results suggest that (1) morphological characteristics
of the skull previously thought to distinguish the Cape lion are not diagnostic, and (2) nor is the skull
morphology of male and female Cape lions distinct from that of males and females of other southern
African lions. Our results independently support those based on molecular investigations, which
suggest that the Cape lion was not distinct from other lions within the Southern Clade.
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The lion, as a phylogenetically coherent species complex, is one of the most charismatic mammals' Molecular
and fossil evidence suggest that the lion diverged from its closest living relative, the leopard, approximately
1.9 (0.9-4.1) million years ago, with the earliest lion appearing in East Africa during the early Pleistocene
shortly after 2 million years ago?*. During the Late Pleistocene it likely held the largest geographical range
amongst terrestrial apex predatorsz’5‘7. However, a sudden, massive range contraction occurred at the end of the
Pleistocene, leading to the extinction of all lion populations except the "modern" lion (Panthera leo, hereafter
referred to simply as the lion) in Africa and southwest Eurasia®>*-%. Subsequently, over the past few thousand
years, human persecution has further decimated lion populations, leaving them surviving only in fragmented
populations in Sub-Saharan Africa and India®. In the last c. 150 years, this human-induced decline has resulted
in the extinction of several lion populations, including that of the Cape provinces, South Africa, which held
prominence during the early days of modern natural history in the eighteenth and nineteenth centuries, and was
designated as a distinct subspecies known as the Cape lion P. I. melanochaita (Smith, 1842)10-17.

The Cape lion inhabited the southern regions of the former Cape Province (currently Eastern Cape, Western
Cape, and the southern part of the Northern Cape Provinces) and the former Orange Free State Province
(current Free State) in the Republic of South Africa'®!8-2. Until relatively recently, the classification of lions
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was based upon their geographical provenance and very small sample sizes biased towards males. The Cape
lion was described as a distinct lion subspecies based upon morphological characteristics including large size,
the presence of a huge black/dark mane extending behind the shoulders and covering the belly, and a facial
appearance said to resemble that of a bulldog!'*?°. However, observations and anecdotes of other contemporaries,
including locals and travellers, are not consistent with such distinctions, including the colour of the mane!!1222,
Additionally, the size and colour of a lion's mane is strongly influenced by environmental factors and the animal's
condition, including ambient temperature and age?>~2°. Therefore, identification of lions to subspecies based on
mane morphology is fraught with problems. For example, a male lion that died in 1809 in the menagerie of King
Louis Napoleon Bonaparte of the Netherlands was initially identified as a Cape lion based on its large mane?’,
only to be later reclassified as an Asian lion (P, I persica) based on skull morphology and genetic analysis?. From
an ecological perspective the existence of a distinct (largely isolated) lion population in the Cape region appears
improbable given the lion’s historical ubiquity throughout the Cape region and into north-eastern South Africa,
and the suitability of favourable habitat between the ranges of the Cape lion and other populations?®*. Recent
genetic research indicates that the Cape lion is likely not as phylogenetically distinct as previously thought,
based on analyses of mitochondrial DNA!®?%3! and whole genome analyses?**?, and that lions from the Cape
region form part of the Southern Clade of the species'®**-%° Tt is worth noting that P. . melanochaita, the name
originally given to the Cape lion by Smith in 1842, represents the oldest trinomial available for any member of the
Southern Clade®. Consequently, according to the rule of priority in zoological nomenclature, P. . melanochaita
is now validated and used for the Southern Clade®™.

Although the Cape lion does not seem to constitute a phylogenetically distinct lion population, it has been
suggested that the Cape lion is distinguishable from other lion populations based on skull morphological traits,
such as the presence of the lower second premolar (pm,), a greater ratio of condylobasal length to greatest length
of the skull, and a greater ratio of rostral depth to greatest length of the nasal bone, as well as multivariate analyses
based on skull morphometrics?**%. In the tiger (Panthera tigris), an intriguing disparity between molecular-
based phylogeny and skull morphology has been observed amongst Southeast Asian populations, particularly
those in the Sunda Islands, where closely-related island populations, Sumatran tiger (P, t. sumatrae), Javan tiger
(P t. sondaica), and Bali tiger (P, t. balica), exhibit marked differences in skull morphologies®*~%. It is important
to adopt an integrative approach to such interpretations by bringing together independent lines of evidence, in
order to understand phenotypic (e.g. morphological) differences among closely-related species/populations and
to contribute to our understanding of evolutionary processes, as well as aiding conservation decision-making**4°.
Therefore, investigating the morphological characteristics of the Cape lion and its distinctiveness compared to
other southern African lion populations will greatly contribute to our understanding of lion evolution and lion
conservation in the region. However, the very limited sample size of Cape lion specimens examined in previous
research!%203846 ig problematic for investigating morphological differences at the population level, and hence, an
investigation based on a larger sample size is needed.

To fill this knowledge gap, we located and physically examined Cape lion skulls in natural history collections
in Europe and southern Africa, and conducted an analysis of Cape lion skull morphology based on the largest-
ever sample set of Cape lion skulls. We aim to determine 1) whether previous assertions regarding Cape lion
skull characteristics are valid, 2) if the Cape lion is distinguishable from other lion populations in southern
Africa based on skull morphology, and 3) to consider potential implications for the restoration of the Cape lion.

Results

Putative Cape lion characteristics

Of the 22 Cape lion skulls, 12 were classified as adult (Table 1), six of which exhibited major damage and/or
missing parts, preventing us from taking every measurement. Although the original description by Lundholm
(1952)* identified the Port Elizabeth specimen of the Cape lion (1468/62: see Table 1) as female, the sexual
dimorphism of upper canine size in lions (Fig. S1) suggests that it is a male. We examined the mandibles of
16 Cape lions, and only two specimens possessed pm, (Table 1). However, it is important to note that out of
the other (i.e. non-Cape lion) 732 lion mandibles we examined, only one specimen had pm, alveolus (on the
left mandible). The ratio of condylobasal length to greatest length of the skull of wild adult Cape lions was not
statistically significantly greater than those of other wild adult southern African lions (ANOVA, males: df=3,
F=1.76, p=0.16, females: df=3, F=1.33, p=0.27, Fig. S2a). Similarly, the ratio of rostral depth to nasal length
of adult Cape lions was not statistically significantly greater than those of other wild adult southern African
lions, although a statistically significant difference was detected amongst wild adult male southern African lions
(ANOVA, males: df=3, F=5.39, p=0.002, females: df=3, F=0.70, p=0.56, Fig. S2b).

Can Cape lion skulls be distinguished from those of other southern African lions?

Principal Component Analysis on all five nominal subspecies extracted five PCs whose eigenvalues were greater
than one for males, explaining 51.9%, 11.7%, 5.3%, 4.4%, and 3.7% of the variance, and six such PCs for females
(explaining 47.0%, 12.0%, 6.0%, 5.1%, 4.3%, and 3.5%) (Fig. 1). The scatter plots based on the first two PCs
suggest that the skulls of Cape lions cannot be differentiated from those of males and females of other southern
African lions, whilst Asian lion skulls are clearly distinguishable from those of southern African lions (Fig. 1).
However, because the foregoing PCA may have been heavily influenced by the differences between Asian lions
and southern African lions, we also conducted PCA only on the four nominal subspecies from southern Africa.
Principal Component Analysis on those four nominal subspecies extracted six PCs, whose eigenvalues were
greater than one for males (explaining 53.9%, 6.8%, 5.1%, 4.0%, 3.8%, and 3.4% of the variance), and seven such
PCs for females (explaining 50.3%, 7.4%, 6.0%, 4.3%, 4.0%, 3.6%, and 3.2%) (Fig. S3). Discriminant Function
Analysis on all five nominal subspecies extracted four Canonical Discriminant Functions (CDFs) for males, each
of which explained 91.4%, 5.8%, 1.8%, and 1.0% of the variance, and four CDFs for females (explaining 88.9%,
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Museum
Museum ID # Year Captive? | Locality Sex | Age | Comments
Bulawayo 61,463 1966 no i(gitc]ilizabeth, Cape, South m |a No mandible, picked up in a sand dune near the sea
Cape Town | 7529 no Beau fort West, Cape, South f a No mandible
Africa
Cape Town | 33,425 1938 no Studtis, Willowmore, Cape, m |a Found in a limestone cave
South Africa
Cape Town | 35,121 yes? Unknown f a Labelled "Cape lion", donated by the South African Institute
No mandible, labelled "Felis leo Kap", acquired from the South African
Copenhagen | 1570 no? Unknown moa Museum, described in Christiansen (2008)38
King King Williams Town, Cape
Williams 15,904 1940 no 8 . &% | |sa | No mandible, found in Welcome Wood, near King William's Town
Town South Africa
&ﬁﬁams 19.150 1962 o Betty's Bay, Western Cape, m s NO mandible, dug up from sand hills near the beach, labelled "female", but
T South Africa likely male
own
Leiden g:)t (663 <1860 | no Kaap m |sa Anatom. Cab. 1860, referred to in Hemmer (1966)"°
Leiden gf)t k(664 <1860 | no Kaap f a Anatom. Cab. 1860, referred to in Hemmer (1966)"°
Leiden <1887 | no Panthera leo melanochaita m |sa
Panthera I I hait . . . .
Leiden 1871 yes 1 g?l, E]:rrf‘;tr:l}i:x;s?eﬁhm m |j Nolmgndlblle, donated by Amsterdam Zoo, labelled female juvenile but likely a
700? male juvenile
London 1846.7.2.6 no Cape? f a Turner Collection
L i t on the left dible, shot in c. 1873 (M , referred t
London 19185232 | ¢. 1873 | no Cape m |a bg‘ﬁ;‘;’;ﬁ;;’;&f‘f nt on the left mandible, shot in c. 1873 (Murray), referred to
L t on both dibles, shot in 1848 (M , referred t
London 1936.5.26.6 | 1848 | no Cape Town m |a b}?ﬁgz};fﬂ;;es)%esen on both mandibles, shot in 1848 (Murray), referred to
Oxford 14,181 no The Cape m | sa
Oxford 14,178 1800s | no South Africa? f a Burchell collection
Oxford 14,179 1800s | no South Africa? m sa Burchell collection
Paris A1838 yes Cap m |sa | Brought back from the Cape by a merchant
Port 1468/62 1952 no Tonderskraal, Murraysburg, m | sa Picked up at Tonderskraal, labelled "female", but likely male, described in
Elizabeth (1-1453?) Cape, South Africa Lundholm (1952)¥, referred to in Mazak (1964, 1975)°72°, Hemmer (1966)"°
Stockholm A58 (3712) | 1874 no South Africa m |a Labelled melanochaitus
Skin length (c. 285 cm), mane very well developed, tail tuft big, no belly mane
Stockholm | A59 (1310) | 1845 no Caffraria interior m |a except a small patch of dark hairs at the groin (Yamaguchi unpublished),
referred to in Mazak (1975)2°
Vienna 1422 1892 yes Unknown (z00?) m |a A deformed skull, described in Hemmer (1966)"°
Table 1. Specimens of the Cape lion that we physically examined. Museums: Natural History Museums of
Zimbabwe (Bulawayo), Natural History Museum of Denmark (Copenhagen), Amathole Museum (King
William's Town), Naturalis Biodiversity Centre (Leiden), Natural History Museum (London), Oxford Museum
of Natural History (Oxford), National Museum of Natural History (Paris), Port Elizabeth Museum (Port
Elizabeth), Swedish Museum of Natural History (Stockholm), Museum of Natural History Vienna (Vienna).
Sex: male (m), female (f). Age: adult (a), subadult (sa), juvenile (j). Viennal422, highlighted in yellow, was not
included in the analysis as it is a deformed skull.
7.2%, 3.8%, and 0.1%). The scatter plots based on the first two CDFs (Fig. 2) and the classification table (Table 2)
suggest that Cape lion skulls are not distinguishable from those of other male and female southern African lions,
whilst Asian lion skulls were clearly distinguishable from those of southern African lions, whilst the skulls of the
nominal subspecies P. . nubica may be tentatively distinguishable from those of other southern African lions.
Discriminant Function Analysis on the four nominal subspecies from southern Africa extracted three CDFs for
males, each of which explained 63.3%, 22.1%, and 14.6% of the variance, and three CDFs for females (explaining
78.1%, 20.7%, and 1.2%). The scatter plots based on the first two DFAs (Figs. S14, S18) and the classification table
(Table 3) suggest that Cape lion skulls are not distinguishable from those of other male and female southern
African lions, whilst skulls of the nominal subspecies P. . nubica may be tentatively distinguished from those of
other southern African lions.
Discussion
Analysis
One of the most critical challenges in interpreting Cape lion skull morphology has been the small number of
surviving specimens, particularly when conducting separate analyses for sex and age classes!*2%384647 (Table 4).
Here, we examined the largest known number of Cape lion skulls (Table 1), and yet, with such a small sample
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Fig. 1. (a) Scatter plots of male Panthera leo melanochaita, Pl. krugeri, Pl. bleyenberghi, and Pl nubica, and P. I.
persica based on the first two Principal Components (PCs) extracted from 30 raw variables (see Table S4). The
PCs-1 and -2 explain 51.9% and 11.7% of the variance, respectively. (b) Scatter plots for females based on the
first two PCs extracted from 31 raw variables (see Table S5). The PCs-1 and -2 explain 47.0% and 12.0% of the

Principal component 1

variance, respectively.
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Fig. 2. (a) Scatter plots of male Panthera leo melanochaita, Pl. krugeri, Pl. bleyenberghi, and Pl nubica, and P,
1. persica based on the first two Canonical Discriminant Functions (CDFs) extracted from the five Principal
Components (PCs) (Table S1 Model-3c). (b) Scatter plots for females based on the first two CDFs extracted
from 4 PCs (Table S1 Model-4c).

size, we faced difficulties in identifying appropriate DFA models (Table S1, Figs. S4-S18). Discriminant Function
Analysis is sensitive to the ratio of sample size to the number of predictor variables, and, at a minimum, the
smallest group size should exceed the number of predictor variables**. A statistically significant p-value for
Box’s M test indicates the violation of an assumption for DFA, which is equal variance/covariance matrices

Scientific Reports|  (2024) 14:24251 | https://doi.org/10.1038/s41598-024-74225-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Predicted group membership

Sex Subspecies | mel kru ble nub per Total
mel 2(28.6) | 1(14.3) | 3(42.9) |1(14.3) | 0(0) 7 (100)
kru 0(0) 7(41.2) | 8(47.1) |1(5.9) |1(5.9) |17(100)

Male ble 0(0) 4(12.1) | 29(87.9) | 0(0) 0(0) 33 (100)
nub 0(0) 1(10.0) | 4(40.0) |5(50.0) | 0(0) 10 (100)
per 000) |0 |0(0) 0(0) 19 (100) | 19 (100)
mel 2(40.0) | 1(20.0) |1(20.0) |1(20.0) | 0(0) 5 (100)
kru 1(6.3) |7(43.8) | 8(50.0) |0(0) 0(0) 16 (100)

Female | ble 2(8.0) |4(16.0) | 17 (68.0) | 2(8.0) |0 (0) 25 (100)
nub 0(0) 0(0) 7(583) |5(41.7) | 0(0) 12 (100)
per 0(0) |00 |00 0(0) | 12(100) | 12 (100)

Table 2. The classification results, number and (%), of Discriminant Function Analyses for the nominal
“subspecies”: Panthera leo melanochaita (mel), PI. krugeri (kru), Pl bleyenberghi (ble), Pl nubica (nub), and
PI. persica (per). For males, the DFA was based on 5 Principal Components (PCs) extracted by a Principal
Component Analysis (PCA) whose eigenvalues were greater than 1. The PCA was performed on the 30 raw
variables (Table S4). For females, the DFA was based on the 4 Principal Components (PCs) extracted by a
Principal Component Analysis (PCA) whose eigenvalues were greatest. The PCA was performed on the 31 raw
variables (Table S5).

Predicted group membership
Sex Subspecies | mel kru ble nub Total
mel 3(429) | 1(14.3) | 3(429) |0(0) 7 (100)
Male kru 0(0) 7(412) |9(52.9) |1(5.9) |17(100)
ble 0(0) 2(6.1) |30(90.9) | 1(3.0) |33(100)
nub 0(0) 1(10.0) | 4 (40.0) |5 (50.0) | 10 (100)
mel 2(40.0) | 1(20.0) |2(40.0) |0(0) 5 (100)
kru 1(63) |6(37.5) [ 8(50.0) |1(6.3) |16(100)
Female
ble 0(0) 5(20.0) | 18(72.0) | 2(8.0) |25(100)
nub 0(0) 0(0) 3(25.0) [9(75.0) | 12 (100)

Table 3. The classification results, number and (%), of Discriminant Function Analyses for the four southern
African “subspecies”: Panthera leo melanochaita (mel), Pl krugeri (kru), PL bleyenberghi (ble), and Pl

nubica (nub). For males, the DFA was based on the 5 Principal Components (PCs) extracted by a Principal
Component Analysis (PCA) whose eigenvalues were greater than 1. The PCA was performed on the 30 raw
variables (Table S4) and only on the 4 nominal “subspecies” of the Southern Africa. For females, the DFA
was based on the 4 Principal Components (PCs) extracted by a Principal Component Analysis (PCA) whose
eigenvalues were the largest. The PCA was performed on the 31 raw variables (Table S5) and only on the 4
nominal “subspecies” of the Southern Africa.

Publication Male Female Total
Lundholm (1952)* 1 (initially classified as female) | 0 1
Hemmer (1966)"° 4(+1)* 1(+1)* 7*
Mazak (1975)% 3(+2)** 0 5%¢
Christiansen (2008)* | 3 0 3

J. Mazak (2010)%° 2 0 2
This study 17 (8 adults) 5 (5 adults) | 22

Table 4. Sample sizes of the Cape lion specimens examined in the previous studies. *Limited tooth
measurements are available for two mounted specimens in Stuttgart. **Two lions from the geographical area
of the Cape lion were not categorised as such, because they did not exhibit morphological characteristics that
were expected.
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across groups’®¥. Also, the greater the difference in the classification results between the original data set
and cross-validation, the lower the reliability of the model (e.g. overfit to the original set of variables)*®*°. In
this context, we employed PCA to reduce the number of predictor variables before conducting a DFA, which
improved the DFA (Table S1). When the PCA extracted a larger number of PCs with eigenvalues greater than
one compared to the smallest group size (female Cape lions, n=5), we suggest including only (n - 1) or fewer
PCs with the greatest eigenvalues (compare Models 4b and 4c in the Supplementary Information). We highlight
the ability of models created using high dimension, low sample size data to categorise individuals into distinct
groupings using DFA (Models 3a and 4a in Table S1). However, cross validation indicates overfitting of the
data (Table S1, Figs S12, S15), Box’s M test shows that the variance/covariance matrices are not equal across
groupings, and therefore such analyses are not statistically appropriate’®4°. The results presented in Christiansen
(2008)*%, where Cape lion skulls were clearly and accurately distinguished from those of other lion subspecies by
DFA, may be partially attributed to the use of 27 predictor variables whilst even the largest comparative group
consisting of only 24 specimens.

Are Cape lion skulls distinctive?

We tested skull characteristics suggested by previous authors to distinguish Cape lions from those of other
lion subspecies (presence of the lower pm,, greater ratio of condylobasal length to greatest length of skull,
and greater ratio of rostral depth to greatest length of nasals®®), as well as conducting multivariate statistics
to determine if Cape lion skulls could be distinctive. The results indicate that these skull characteristics are
not useful for distinguishing Cape lion skulls, and DFA does not differentiate Cape lion skulls from those of
other lion subspecies in southern Africa, at least based on the variables included in the analysis. This lack of
distinction is especially evident among the three subspecies distributed in southern Africa (P. I. melanochaita,
P I krugeri, and P, I. bleyenberghi), while P. I nubica, whose range extends widely to East Africa, appears to
be somewhat distinguishable (Tables 2, 3, Figs. 2, S2b). Phenotypic plasticity has been suggested to explain
differences in the morphology of both the lion and tiger, including areas around the rostrum, mandible, and
sagittal crest, by comparing wild and captive animals®->2. This may suggest that variables such as the ratios of
rostral depth to nasal length or condylobasal length to greatest length may not be very useful for demonstrating
the distinctiveness of the Cape lion, because they are likely influenced by an animal’s behaviour and ecology,
although we do not reject the influence of phylogeny. We also obtained, for the first time, a sample size of female
Cape lions (n=5) large enough for more rigorous statistical analyses than previous investigations. There is no
evidence from either sex to consider the Cape lion a distinct lion population among southern African lions
based on skull morphology. Our results independently support the results obtained by molecular analyses based
on mitochondrial DNA!¢223! and whole genomes®*32,

Avoiding circular arguments

Until the nineteenth century, lions were often classified by geographical provenance, such as Asian, Barbary,
Senegal, or Cape lions!*!25%%, Early authors classified lions into subspecies based on their provenances a priori
rather than testing a posteriori whether geographical varieties/populations were diagnosably distinct. The
distinctiveness of the Cape lion was based upon descriptions of some individuals, typically males, including
arguably the most famous mounted skin kept in the Natural History Museum, London (museum accession
number: NHMUK ZD.1968.268) that was first described by Pocock (1931)%. Probably, one of the most ambitious
attempts to “define” the Cape lion was made by Mazak (1975)%. However, the procedure taken by Mazdk
(1975)?° is circular because 1) the author started his arguments by assuming that the Cape lion was special, 2)
identified characteristics which distinguished some (i.e. NOT all) skulls from the Cape region from other lion
skulls from southern Africa, and used these characteristics to define the Cape lion, and then 3) this arbitrary
definition was used for claiming that the Cape lion was distinctive. For example, Mazék (1975)% assigned some
specimens (London NHMUK ZD.1918.5.23.2, NHMUK ZD.1936.5.26.6, Port Elizabeth 1468/62, in Table 1)
from the southern parts of South Africa to the Cape lion based on his definition, whilst others (Stockholm
A59 (1310), Leiden Cat i (663 Br), in Table 1) from the same region were not. It appears that Mazak (1975)%
did so by (1) assuming the Cape lion was a distinct subspecies, (2) identifying morphological characteristics
for separating the former three specimens from other lions from southern Africa, and (3) classifying the latter
two as non-Cape lions based on these characteristics—in other words, the author probably assigned the latter
two lion specimens to non-Cape lion to provide a basis for claiming the distinction of the Cape lion, which
was the author’s conclusion a priori. Here we did not a priori assume the distinctiveness of the Cape lion in the
way Mazdk (1975)* did, and included all the specimens in the analysis as Cape lions on the condition that they
originated from the range ascribed to this putative form!*18-21 see Fig. 3). The results suggest that all three main
skull characteristics suggested by Mazék (1975)* to distinguish the Cape lion fail to do so, and the DFA fails to
separate skulls of lions from the apparent former range of the Cape lion from those of other southern African
lions.

Paradigm shift from nostalgic sentiment to restoration

Despite the lack of positive supportive evidence, the Cape lion was customarily considered a distinct lion
subspecies, where males were huge and possessed large black manes by some authors™!32%37:55-57_ This sentiment
may have been maintained due to societal preference and nostalgia for the charismatic image of the Cape lion®
along with apparent unfounded emphases on the heritability of males' manes by some early authors, despite
mane morphology likely exhibiting variation due to environmental factors?**242628, However, ecologically and
phylogenetically, it is unlikely that a distinct lion population existed in the Cape region!?22°-32, Two "Cape" lions
analysed by De Flamingh et al. (2024)? are clustered with East African lions based on mitochondrial DNA, and
one of them is classified as an East African lion also based on the whole genome, whilst other molecular results,
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Fig. 3. The distribution ranges of the nominal "subspecies" from the southern Africa, Panthera leo
melanochaita, Pl. krugeri, Pl. bleyenberghi, and Pl. nubica, that we defined and analysed in this study based
on Roberts (1951)'8, Mazak (1968)°°, and Hemmer (1974)°. White lines delineate the national borders of the
countries considered part of the southern Africa in this study.

using Cape lions whose localities were known, put them very close to the other southern African lions!®31:32,
Assuming those "Cape" lions analysed by De Flamingh et al. (2024)?? are genuine, the Cape region might have
been home to a genetically variable lion population, as suggested for eastern-southern Africa®*, and not one
supporting an isolated distinct lion subspecies. This notion may apply to other regional lion populations too
as the current regional differentiations in the lion based on nuclear DNA may have been largely the results of
anthropogenic fragmentation®!.

To judge by the large number of hits on the internet (“Cape lion” resulted in c. 66,300,000 hits on Google
in April 2024), the Cape lion myth remains prominent in public sentiment. Our results do not support the
distinctiveness of the Cape lion. However, its membership as part of the southern African lion clade may make
the restoration of the (Cape) lion in the southernmost part of Africa more acceptable both scientifically and
politically, through lion translocation into areas of its former range from the adjacent regions without concern
about population distinctions®. In this context, we consider retrospectively that it is appropriate that many
lion populations have been established in the Western, Eastern and Northern Cape Provinces and also the Free
State Province through such translocations®®. Nonetheless, some might argue that we should never overlook
the possibility that the Cape lion was subject to region-specific selection, about which we currently have little
information. For example, since 2000, 13 populations of lions have been established in the Eastern Cape
Province of South Africa® (also, Kerley, unpublished), mostly sourced from the Kgalagadi Transfrontier Park
in the Northern Cape and Botswana. Despite these populations now being within the former range of the Cape
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lion, by 2024 so far only one of the males and their male offspring had developed a large mane extending behind
the shoulders and along the belly as is the traditional description of the male Cape lion (Kerley, unpublished,
Simeonovski, unpublished, Yamaguchi, unpublished). These findings may suggest that the famous external
morphology of the male Cape lion, which was manifest in all six of the male Cape lion specimens examined by
Mazék (1975)% (but, see above concerning circular argument), may be the result of some Cape-specific selection,
rather than being characteric of the routine development of male southern African lions in the environment
where the Cape lion used to occur. However, it is also possible that the (male-biased) morphological descriptions
of the Cape lion were always exaggerated, and never truly reflected the population-level pattern; furthermore,
previous researchers may not have assigned a male specimen to the Cape lion if its mane was not luxuriantly
developed. Also, one might argue that changes in the region’s climate during the last c. 200 years may have
influenced the lion’s mane. Despite the lack of information on these various possibilities, the question arises
as to whether conservationists should argue for selective breeding of the imagined stereotype of the Cape lion,
such as male’s huge black mane? This is more a question of consumer choice than of any fundamental precept
of biodiversity conservation, but it prompts us to point out that artificial selection for a specific phenotype often
leads to a loss of genetic diversity in a population insofar as it is typically achieved through inbreeding. In the
absence of genetic and morphometric evidence that the Cape lion ever existed as a separate distinct subspecies,
a more appropriate conservation goal would seem to be the carefully-planned management of Southern African
lions as a functioning metapopulation.

Material and methods

Data collection

Lion skulls were examined, and up to 75 morphometric measurements per skull were collected, at natural
history collections in Europe and Africa, following methodologies of Barnett et al. (2008)% (Table S2, Fig. S19).
We examined 242 lion skulls originated from southern Africa, which we defined as currently comprising Angola,
Botswana, the southern half of the Democratic Republic of the Congo (DRC), Eswatini, Lesotho, Malawi,
Mozambique, Namibia, the Republic of South Africa, Zambia, and Zimbabwe (Fig. 3), and 37 from Asia for
comparison (Table 4). Concerning the presence of the mandibular pm, we examined 748 lion mandibles from all
over its geographical range. The provenance of a specimen was determined based on labels and records kept in
the collections. To facilitate groupings other than national borders and increase the sample size of each group, we
classified specimens into nominal "subspecies”, or local populations, based on Roberts (1951)'8, Mazak (1968)%,
and Hemmer (1974)°, as summarised in Table 5 and Fig. 3. Animals were assigned to age categories (adult,
sub-adult, or juvenile) according to the criteria outlined by Yamaguchi et al. (2013)%!. Sex was identified from
museum labels and records when available, and sexual dimorphism in canine size was utilised for verification
and to determine the sex of unsexed specimens (Yamaguchi et al., 2013)*!. We also assessed whether an animal
was wild or captive based on museum label, record, and skull morphology characteristics known to be associated
with captivity, such as a thicker zygomatic arch®%66:67,

Data analysis

Only skulls of wild adult animals were included in the analysis, except for Asian lions, for which the insufficient
sample size of wild specimens compelled us to include also the skulls of captive individuals. Regarding adult
Cape lions, we excluded a male specimen (Vienna 1422: see Table 1) due to skull deformity, but included a
male (Copenhagen 1570: see Table 1) and a female (Cape Town 35,121: see Table 1) specimen, despite possible
captive origins, to increase sample size. Morphological characteristics previously suggested to distinguish Cape
lion skulls from those of other lions (presence of lower pm,, ratio of condylobasal length to greatest length, and
ratio of rostral depth to nasal length) were compared amongst southern African lion subspecies using ANOVA.
For this analysis, due to differences in measurement orientation, nasal length as defined by Mazak (1975)* was
calculated as follows based on our measurements of nasal length-I and nasal breadth.

Nasal length (Mazak 1975) = \/((nasal length — I)* — ((nasal breadth) /2)*)

Principal Component Analysis (PCA) and Discriminant Function Analysis (DFA) were conducted to assess
whether Cape lion skulls could be differentiated from those of other southern African lions and Asian lions
(see the Supplementary Information for the details). Unfortunately, 13 Cape lion skulls were at least partially
damaged (including one of the most famous Cape lion skulls kept in the Natural History Museum London

Nominal "subspecies" Geographic area #
Panthera leo melanochaita | Southern Cape, southern Natal, and southern Free State, of South Africa 22
D L krugeri South Africa (except southern Cape, southern Natal, and southern Free State), southern half of Mozambique, southern half of 33
AT Namibia, southern half of Botswana, and southern half of Zimbabwe
P 1. bleyenberghi Southern DRC, Angola, Zambia, northern half of Botswana, northern half of Zimbabwe, and northern half of Namibia 109
. East Africa between Sudan and the northern half of Mozambique, including Somalia and central eastern part of the Democratic
P. 1. nubica . 28
Republic of the Congo (DRC)
P I persica Asia 38

Table 5. Definition of the nominal "subspecies” (or local populations) that we used in this study based on
Roberts (1951)'8, Mazak (1968)°, and Hemmer (1974)°. Number of specimens examined: (#).
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(1918.5.23.2: see Table 1) whose occiput area has been cut off) and the mandible was missing in six specimens,
so that we were unable to measure every variable on those skulls. Consequently, we performed analyses on
sample sets that either maximised the number of Cape lions by including only variables measured in all Cape
lion specimens, resulting in 19 variables for both sexes combined, 30 for males, and 31 for females (Tables
$3-S5), or maximised the number of variables, while minimising the exclusion of Cape lions from the analysis,
resulting in 48 variables for both sexes combined (Table S6). Preliminary analyses indicated that DFAs, using
smaller sets of variables (principal components: PCs) extracted by PCA based on correlations, were statistically
more appropriate than using larger sets of original variables, with higher proportions of cases correctly classified
when males and females were analysed separately (for details, see Table S1 and the Supplementary Information).
Therefore, separate analyses were conducted for each sex, and DFA was based on PCs. Given the limited number
of adult female Cape lion specimens (n=5), only the first four PCs with the highest eigenvalues were used, whilst
six PCs with eigenvalues greater than one were extracted (see the Supplementary Information for the details
including Table S1). All statistical analyses were performed using SPSS 29 (IBM, Armonk).

Data availability
Data is provided on request. Contact Nobuyuki Yamaguchi (nobuyuki.yamaguchi@umt.edu.my) for more in-
formation.
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