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ii. Abstract

Spotted hyaena(rocuta crocut&rxleben, 1777) are today restricted to sBaharan Africa, yet
during the Pleistocene, they ranged throughout Eurasia and were subject to widely fluctuating
climatic and environmental conditions. This study assesses palaeodietary and morphometric
variabilty in the spotted hyaena against this backdrop of Pleistocene palaeoenvironmental
change in Europe. The study comprises first a detailed examination of mGdecatafrom subs
Saharan Africa, in order to establish baseline parameters of body mass variaéigual
dimorphism, tooth wear/breakage and the impact of competition and local environment. It is
followed by a detailed examination of fos€itocutafrom the Middle and Late Pleistocene of
Britain, paired with a study of Late Pleistoce@eocutafrom Ireland, Belgium, Spain, Italy,

Austria, the Czech Republic and Serbia.

Influences upon preserday C. crocutgoopulation biomass were compared with those of its
main competitor, the lion FPanthera led, revealing a stronger relationship between
environmenal conditions andC. crocutebiomass, than between the environment afd leo
Morphometric analysis of presemtay C. crocutarevealed ontogenetic variation in the
craniodental and postranial elements, in addition to a lack of sexual size dimorphismaimy
features. Finally, the frequency of broken teeth varied according to sex and age. The results of

these analyses were then used to aid interpretation of the fossil assemblages.

Reconstructed Pleistocene body masse€ .ofrocutacoupled with the morpometric analyses,
indicated a lack of consistent body size response to environmental changes (in contrast to
patterns seen in other large carnivores), although the Island Rule was manifested in individuals
from Sicily. Body mass, morphometrics and toatbdikage frequencies suggested palaeodietary
variation, particularly regarding the degree of bone consumption and predation behaviours.
Finally, the reasons fo€. crocutaextirpation from Europe focussing on climate, vegetation,

presence of prey speciesp@competition for food and shelter were examined.
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Table 5.1: Results of KolmogofSmirnov tests of distribution siitarity for the biomass data
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L. pictus The top figure in each box is the test statistic, and the bottom figure is teye.

Where the p@ | t dzS A & nadinlplOSR GIKES Wl f dzS ¢l a a2 26 (K
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Table 5.2: Biomasslues forC. crocutaandP. lecin the Ngorongoro Crater and the Serengeti

ecosystem, from Hattort al. (2015) and references therein. Thguftes illustrate temporal
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Table 5.6: Standardised coefficient means and confidence intervals (Cl) for repeated runs of PLS
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logarithmically tranSfOrmMEd.............uuiiiiiiiiiiiiiieeeeee e -.202-
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204-

Table 5.12: Tests for significant differences of fen@lecrocutamandibular measurements
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10 logarithmically transformed..............ooo oo +.206-

Table 5.13: Tests for significant differences of m@lecrocutamandibular measurements
between different ages. Measurements used in the tests were ratios withemgths and base

10 logarithmically transformed. Shaded boxes indicate significant difference at 95 % confidence.
Where measurements belong to different ANOVA categories, there is a significant difference.
207-

Table 5.14: Rece@. crocutaalculations of sexual size dimorphism SSD. Positive values indicate
that TeMAIES Are TAargEL..... .o -223-
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Table 5.21: Spearman Rank Order statistic€ofcrocutacraniodental SSD values against
environmental variables. The top number is the rs value. The bottom number svatkee. All
variables except vegetation were baté logarithmically transformed prior to the analyses. The
vegetation variables were centred log ratio transformed. Bonferroni correctealye = 0.0071.
Shaded section is significant at 95 % uncorrecaufidence (p<0.05)........cccccevvveeeee... 2.243-

Table 5.22: Sexual size dimorphism values of predanC. crocuta Positive values indicate
females ardlarger. Negative values indicate males are larger. A = Site 6.11, Parc National de
I'Upemba, Democratic Republic of Congo. B = Site 10.5,Mount Kenya National Park,.Kenya.
245-

Table 5.23: Mean female and male body mass (BM) data of prelsen@. crocuta!Mean value
calculated from the minimum and maximum valuy@8.02 and 78.47 kg; Wood, n.d., cited in
SNOMHAGE 1934). ..t e e e e e e e e e e nnnrees - 253-

Table 5.24: Spearman Rank Correlation statistics of fe@atrocutebody mass and mal€.
crocutabody mass against environmental variables (n = 9). All variables, except for vegetation
cover, were basd0 logarithmically transformed prior to analyses. Vegetation cover variables
were centred log ratio transformed. Bonferroni correctedvgdue = 0.0045Grey shaded
sections are significant at 95 % uncorrected confidence (p<0.05). Orange shaded sections are
also significant at 95 % corrected confidence (P<0.0045).........cccovirieeriiiiiiiinieeennnns : 254-

Table 5.25:%values and gvalues for PLS regressions run with each ofG@herocutadental
measurements as dependent variabl&éRerun without Site 17.1, Mpumalanga Province, South
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Yo 101 AN o> WU PPRRPPPRPRSRRRE 24 o |0 &

Table 5.28: ¥values of repeated runs of PLS 31, withcrocutacondylobasal length as the
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Table 5.29: Standardised coefficient means and confidence intervals (Cl) for repeated runs of
PLS 31, witle. crocutacondylobasal length as the dependent variable...................... .264-
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Table 5.32: Spearman Rank Order correlation€.oérocutgpostcranial measurements with
environmental variables. Top figure = Spearman Rank Order statiptiBd¢ttom figure = p

value. GL = greatest length. BFcr = greatest breadth of the cranial articular surface. LAPa =
greatest length of the arch. BPtr = greatest breadth across the transverse process. SBV = smallest
breadth. SLC = smallest length of the ng8kP = greatest length of the glenoid process. LG =
length of the glenoid cavity. BG = breadth of the glenoid cavity. Dp = greatest depth of the
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= greatest beadth of the proximal end. Bonferroni correcteevplue = 0.0071. Grey shaded
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sections are significant at 95 % uncorrected confidence (p<0.05). Orange shaded sections are
also significant at 95 % corrected confidence (P<0.00.71)........cueeveeeeierieeiieieieeeeaaann. = 271-

Table 5.33: Sample sizes included in the percentage calculations in Figure 5.44 to Figwre 5.46.
286-

Table 6.1: Number of body mass reconstructions for each site in Figure.6.3........... - 300-

Table 6.2: Results of the Tukey Pairwise Comparisons, run after the ANOVA test, on predicted
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indicate significant differences at 95 % confidence. See Table 6.1 for sample.sizes.301-

Table 6.4: Tests for significant difference of reconstrucedrocutaPleistocene body masses
from different British sites combined for MIS 5e (n = 62), 5¢ (n = 67) and 3 (n = 323). Shaded
boxes indicate significant differea@t 95 % confidence...........cccvvveveeeieeiieeieeiieeeeeeen. - 302-

Table 6.5: Comparison of Pleistoce@ecrocutabody mass reconstructions from the present
study and prewus studies. LHS = Lower Hyaena Stratum. UHS = Upper Hyaena StBaim

Table 6.7: Results of reduced major axis regressions, withXagegarithmically transformed

C. crocutdower premolar measurements. For each pair of measurements, the first named is on
the xaxis and the second named is on thaxis. Statistics includé KS t S NE2y Qa NJ
and associated walue. Also shown are the regression slope values with associated 95 %
bootstrapped confidence intervals of the SIOPE..........ccccciiiiiiiiiiiie e -337-

Table 6.8: Results of reduced major axis regressions, withtagegarithmically transformed
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Table 6.9: Cranial measurements of Pleistodgnerocutdrom Europe. Measurements included
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Table 7.1: Climatic conditions and vegetation reconstructed from assemblages in @hich
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-15-



Table 7.2: Potential competitors and large potential prey speci€s ofocutaAll assemblages

are assumed to be accumulations in dens by the authors, or inferred from the presence of
coprolites, juvenileC. crocutar carnivoredamaged bones. All assemblages are dated to MIS 3.
Domestic species were not included. Where there is no indication of a stratigraphic level, only
species exhibiting cle&. crocutadamage are listed. Where only the genus is listed, a number
indicates hav many species were present, where known. P = present, includingpmdies. p =
presence of remains identified to same genus or family. ? = uncertainty about identification. A
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otherwise damaged, potentially b9. crocutal = isotopic evidence of consumption of species
by C. crocuta*Some uncertainty over contemporaneity with C. crocuta...................n415-
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Table 10.1: Details of sites included in the Pleistocene morphological and palaeodietary studies.
Where stratigraphic information is available, only layers that had includedCherocuta
specimens included in this study are detailed. Where necessary, species names have been
changed to follow the current nomenclature. Where marine oxygen isotope stages of British
assemblages were not specified in the literature, the mammal species wengarethto those

of mammal assemblage zones in Schreve (2001) and Currant and Jacobi (2011) to determine the
Age OF the JEPOSITS-...cceiiiiiiiiiiiee et re e e s snnnneeeeee e e T 486

Table 10.2: Details of Tornewton, Devon, Britain. References: Widger (1892) and Sutcliffe and
Zeuner (1962) both cited in Currant (1998) and Gilmetual. (2007), Sutcliffe and Kowalski
(1976), Currant (1998), Gilmoet al. (2007), Lewis (2011)........cccccvvvvvvnrrerrenerereeeeenn. - 505-

Table 10.3: Details of Goyet caves, Namur Province, Belgium. References: Dupont (1873),
Germonpre (1997), Germonpré (2001), Germonpr& &ablin (2001), Germonpré and
Hamaldinen (2007), Germonpré et al. (2009), Peggre. (2009), Stevenst al. (2009), Stuart

and Lister (2012), Germonpré (unpublished) cited in Comeyne (2013), Comeyne (2013), Rougier
et al. (2016), supplemented by musedabels from RBINS...................ccecvvvveeerernnnns 506

Table 10.4: Dating of sites included in this studyTHJ= uraniursthorium dating. UF =
ultrafiltrated gelain, radiocarbon prdreatment. 14C = radiocarbon date. OSL = Optically
stimulated luminescence Radiocarbon dates calibrated using OxCal 4.3 and IntCall3, with 95.4
% confidence range (Bronk Ramsey, 2009; Readtrady, 2013) For references se€able 10.10

Table 10.3Where possible, the radiocarbon dates displayed are only those that included the
ultrafiltrated radiocarbon prereatment. There are additional, younger dates from Gogete
Caverne, 1 Niveau Ossifere, inhamber A ork. carcelini O. moschatusCanissp. (likely wolf)

and C. antiquitatis which range from 16,320+14¢C BP = 20,0709,337 cal BP to 12,560+50

14C BP = 15,14P4,529 Cal BPo......ooiieeceeccie ettt =507 -

Table 10.5: Spearman Rank Order correlations between variables included irARiig T.
crocutaandP. lecbiomass as the dependent variable. Top value is dsttistic. Bottom value

is the pvalue. Yellow shaded boxes show correlations significant at 95 % confidence, and thus
indicating MUItICOIINEANTTY.........ooiiiiiiiiii e -516-

Table 10.6: Subample 1 of randomly sufampled repeated linear measurements fronCa
crocutacranium held in the Department of Geography, Royal Holloway University of London. A
= total length of the cranium. B = length of the m1=@vidth of the ml1. D = depth of the
mandible at the p2/p3 interdental gap. E = width of the mandible at the p2/p3 interdental gap.
F = distance from the mandibular articular condyle to the p2/p3 interdental. gap.....- 518-

Table 10.7: Subample 2 of randomly sufampled repeated linear measurements fronCa
crocutacranium held in the Department of Geography, Royal Holloway Univerditynofon. A
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= total length of the cranium. B = length of the m1. C = width of the m1. D = depth of the
mandible at the p2/p3 interdental gap. E = width of the mandible at the p2/p3 interdental gap.

F = distance from the mandibular articular condyle to thép2nterdental gap............- 519-
Table 10.8: Sample sizes of boxplots in Figure 10.1. F = female. M =.male.............525-
Table 10.9: Sample sizes of boxplots in Figure 10.2. F = female. M =.male.............531-

Table 10.10: Recel@. crocutanean female and male body mass (BM) values, and associated
calculations of sexual size dimorphism SSD. Positive SSD values thdicieales are larger.

Table 10.11: RecerR. leomean female and male body mass (BM) values, and associated
calculations osexual size dimorphism SSD. Positive SSD values indicate that males are larger.
533-

Table 10.12: Receft. pardugnean female and na body mass (BM) values, and associated
calculations of sexual size dimorphism S8Id-aged adults’Prime-aged adults. Positive SSD
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534-
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534-
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Table 10.16: Spearman Rank Order correlations on variables included in the PLS regressions with
presentday C. crocutaraniodental measurements as the dependent variables. Top figuge is r
statistic. Bottom figure is waue. Yellow shaded boxes show correlations significant at 95 %
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Table 10.17: Leverage values of PLS regressions run on tooth measurements ofgags&nt
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Table 10.22: Resultsf ANOVA with poshoc Tukey's tests for Pleistocene upper dentition
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Figure 4.13: [agrams of dentition measurements, following von den Driesch (1976) and
Werdelin (1989). a. Upper dentition, showing the length (L) and width (W) of the premolars,
illustrated on the P2. L, W and greatest width (GW) of the P4. b. Lower dentition, shoavidg L
W of the premolars, illustrated on the p2. L and W of the.ml.............cccooiinninninnns -139-

Figure 4.14: Diagrams of cranial measurements, followingieonDriesch (1976) and Emerson
and Radinsky (1980). 1. Total length. 2. Upper neurocranium length. 3. Facial length. 4.
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23. Breadth dorsal to the external auditory meatus. 24. Greatest mastellin. 25. Greatest
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breadth of the foramen magnum. 28. Height of the foramen magnum. 29. Skull height. 30.
Height of the occipital triangle. 31. Greatestdidi of the orbit. 32. Temporal fossa length..-

140-

Figure 4.15: Diagrams of mandibular measurements, following von den Driesch (1976), Emerson
and Radinsky (1980), Van Valkenburgh and Ruff (1987), Therrien (2005) and Patmajvist
(2011). 1. Angular process to symphysis length. 2. Condyle to sympeygt.| 3.
Condyle/angular process indentation to symphysis length. 4. Angular process to posterior edge
of c alveolus length. 5. Condyle to posterior edge of ¢ alveolus length. 6. Condyle/angular process
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coronoid process. 19. Distance from the dorsal surface of the condyle to the ventral border of
the angular process. 20. Distance from the back of the dentty the anterior rim of the
masseteric fossa. 21. Mandibular depth at p2/p3. 22. Mandibular depth of p3/p4. 23.
Mandibular depth at p4/m1. 24. Mandibular depth at pesiL.. 25. Mandibular width at p2/p3.

26. Mandibular width at p3/p4. 27. Mandibular widgh p4/m1. 28. Mandibular width at post

Figure 4.16: Diagrams of pestanial measurements with corresponding abbreviations,
following von den Driesch (1976).caAtlas. €. Axis. ¢h. Sacrum.-}. Scapula. k. Pelvism.
Humerus. ro. Ulna. p. Radius.-ig Femur. s. Fibula. t. Tibia. u. Patella. v. Scdphar. w.
Navicular. x. Astragalus. y. Calcaneum. z. Metapodialg@atest length. GLF = greatest length

from the cranial to caudal articular surfaces. LAd = length of the dorsal arch BFcr = greatest
breadth of the cranial articular surface. BFcd = greatest breadth of the caudal articular surface.
H = height. LAPa = gitest length of the arch. LCDe = greatest length in the region of the corpus.
SBV = smallest breadth of the vertebra. BFacd = greatest breadth across the caudal articular
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greatest height of the cranial articular surface. SLC = smallest length of the neck of the scapula.
GLP = greatest length of the glenoid process. LG = length of the glenoid cavity. BG = breadth of
the glenoid cavity. LAR = length of the acetiain on the rim. GL = greatest length. GLC =
greatest length from the caput. SD = smallest breadth of the diaphysis. Dp = depth of the
proximal end. Bp = greatest breadth of the proximal end. Bd = greatest breadth of the distal end.
BPC = greatest breadticross the proximal articular surface. SDO = smallest depth of the
olecranon. DPA = depth across the anconeal process. DC = greatest depth of the femoral head.
GB = greatest Dreadth...........oo i -144-

Figure 4.17: From Therrien (2005). Crssstional view through the mandibular corpus. Ix = the
distribution of bone in the dorsoventral plane or around the x axis. ly = the distribution of bone
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dorsoventral plane or around thea«is. zy = the mandibular bending strength in the labiolingual

plane or around the YmaXiS........cioiiiiiiiie e -147-
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Figure 4.21: Partially healed alveoli of left i1, healed alveoli of right il1. Specimen AMNH 187780
from 10.3 Garissa County, Kenya. Held atAhserican Museum of Natural History, New York.
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vertical line represents the leverage reference line boundary. The numbers on the points
correspond to sites as follows: 1. Amboseli National Park, 2007, 2. Hluhluwe iMfolozi National
Park, 1982, 3. Hluhluwe iMfolozi National P&®Q0, 4. Hwange National Park, 1973, 5. Kalahari
Gemsbok National Park, 1979, 6. Kidepo Valley National Park, 2009, 7. Kruger National Park,
1975, 8. Kruger National Park, 1984, 9. Kruger National Park, 1997, 10. Kruger National Park,
2009, 11. Lake ManyarNational Park, 1970, 12. Maasai Mara National Reserve, 1992. 13.
Maasai Mara National Reserve, 2003, 14. Mkomazi Game Reserve, 1970 (dikofazi

Game Reserve, 1970 (wet), 16. Nairobi National Park, 1966, 17. Nairobi National Park, 1976, 18.
Nairobi National Park, 2002, 19. Ngorongoro Crater, 1965, 20. Ngorongoro Crater, 1978, 21.
Ngorongoro Crater, 1988, 22. Ngorongoro Crater, 1997, 23. Ngorongoro Crater, 20Q4e24.
Elizabeth National Park, 2009, 25. Serengeti ecosystem, 1971, 26. Serenggst&mo 1977,

27. Serengeti ecosystem, 1986, 38rengeti ecosystem, 2003, Z@rangire National Park, 1962

(dry), 30. Tarangire National Park, 1962 (WeL)........ccccurrrimiieiiierieiiieieeeeeee e eee e e -178-

Figure 5.5: Standardised residuals against leverage values for each site in PLE 2¢cnithta
biomass as the dependent variable. The horizontal lines irglitteg outlier boundaries. The
vertical line represents the leverage reference line boundary. The numbers on the points
correspond to sites as follow$: Amboseli National Park, 2007, 2. Hluhluwe iMfolozi National
Park, 1982, 3. Hluhluwe iMfolozi Natiodrk, 2000, 4. Hwange National Park, 1973, 5. Kidepo
Valley National Park, 2009, 6. Kruger National Park, 1975, 7. Kruger National Park, 1984, 8.
Kruger National Park, 1997, 9. Kruger National Park, 2009, 10. Lake Manyara National Park, 1970,
11.Maasai Maa National Reserve, 1992. 12. Maasai Mara National Reserve, 2003, 13. Mkomazi
Game Reserve, 1970 (dry), Mkomazi Game Reserve, 1970 (wet), 15. Nairobi National Park,
1966, 16. Nairobi National Park, 1976, 17. Nairobi National Park, 2002, 18. NgorGngtang

1965, 19. Ngorongoro Crater, 1978, 20. Ngorongoro Crater, 1988, 21. Ngorongoro Crater, 1997,
22. Ngorongoro Crater, 2004, Z3ueen Elizabeth National Park, 2009, 24. Serengeti ecosystem,
1971, 25. Serengeti ecosystem, 1977, 26. Serengeti ecosy$886, 27 Serengeti ecosystem,

2003, 28. Tarangire National Park, 1962 (dry), 29. Tarangire National Park, 1962.(\&9-

Figureb.6: Standardised coefficients from PLS 1 (with Kalahari) and PLS 2 (without Kalahari) with
C. crocutdbiomass as the dependent variahle...........ccccvveviieiiieiieiiiiiiiiieeeeeeeeee, -180-

Figure 5.7: Standardised coefficients from repeated runs of PLS Z; witbcutdiomass as the
dependent variable...............oeviiiiiiiiiii e L83

Figure 5.8: Standardised residuals against leverage values for each site in PLSP3, |ledith
biomass as the dependent variable. The horizontal lines indicate the outlier boundaries. The
vertical line represents the leverage referenliee boundary. The numbers on the points
correspond to sites as follows: Amboseli National Park, 2007, 2. Hluhluwe iMfolozi National
Park, 1982, 3. Hluhluwe iMfolozi National Park, 2000, 4. Hwange National Park, 1973, 5. Kalahari
Gemsbok National Part979, 6. Kidepo Valley National Park, 2009, 7. Kruger National Park,
1975, 8. Kruger National Park, 1984, 9. Kruger National Park, 1997, 10. Kruger National Park,
2009, 11. Lake Manyara National Park, 1970, 12. Maasai Mara National Reserve, 1992. 13.
Maasa Mara National Reserve, 2003, 14. Mkomazi Game Reserve, 1970 (driy)kdibazi

Game Reserve, 1970 (wet), 16. Nairobi National Park, 1966, 17. Nairobi National Park, 1976, 18.
Nairobi National Park, 2002, 19. Ngorongoro Crater, 1965, 20. Ngorongoro, Qiaié&;, 21.
Ngorongoro Crater, 1988, 22. Ngorongoro Crater, 1997, 23. Ngorongoro Crater, 20Q4e24.
Elizabeth National Park, 2009, 25. Serengeti ecosystem, 1971, 26. Serengeti ecosystem, 1977,
27. Serengeti ecosystem, 1986, 3@rengeti ecosystem, A6, 29. Tarangire National Park, 1962
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Figure 5.9: Standardised residuals agalastrage values for each site in PLS 4, WitHeo
biomass as the dependent variable. The horizontal lines indicate the outlier boundaries. The
vertical line represents the leverage reference line boundary. The numbers on the points
correspond to sites@afollows:1. Amboseli National Park, 2007, 2. Hluhluwe iMfolozi National
Park, 1982, 3. Hluhluwe iMfolozi National Park, 2000, 4. Hwange National Park, 1973, 5. Kidepo
Valley National Park, 2009, 6. Kruger National Park, 1975, 7. Kruger National P4rk3.198
Kruger National Park, 1997, 9. Kruger National Park, 2009, 10. Lake Manyara National Park, 1970,
11.Maasai Mara National Reserve, 1992. 12. Maasai Mara National Reserve, 2003, 13. Mkomazi
Game Reserve, 1970 (dry), Mkomazi Game Reserve, 1970 (wet), 15. Nairobi National Park,
1966, 16. Nairobi National Park, 1976, 17. Nairobi National Park, 2002, 18. Ngorongoro Crater,
1965, 19. Ngorongoro Crater, 1978, 20. Ngorongoro Crater, 1988, 21. Ngorongoro Crater, 1997,
22. Ngoongoro Crater, 2004, 28ueen Elizabeth National Park, 2009, 24. Serengeti ecosystem,
1971, 25. Serengeti ecosystem, 1977, 26. Serengeti ecosystem, 198@r@igeti ecosystem,

2003, 28. Tarangire National Park, 1962 (dry), 29. Tarangire National ®@2kwet)....- 185-

Figure 5.10: Standardised coefficients from PLS 3 and PLSR {eithiomass as the dependent
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Figure 5.11: Standardised coefficients for repeated runs of PLS 4Pwi#tobiomass as the
dependent variable..............ooviiiiiiiiiiii e s 1895

Figure 5.12: Boxplots of female (F) and male@rocutaranial measurements divided by m1
length, basel0 logarithmically transformed-axis numbers are P3/p3 wear stages...- 198-

Figure 513: Boxplots of female (F) and male (@&)crocutanandibular measurements divided
by m1 length, bas&0 logarithmically transformed-axis numbers are P3/p3 wear stageX)0

Figure 5.14: Mandibular bending strengths of fem@lerocutdrom Balbal, Tanzania. The upper
x-axis values (46) are P3/p3 wear stages. The loweaxs labels are the interdental gaps. zx/L
indicates stragth in dorsoventral bending. zy/L indicates strength in labiolingual bending. zx/zy
is mandibular crossectional SNAPE.............ooo oo -210-

Figure5.15: Mandibular bending strengths of male crocutdrom Balbal, Tanzania. The upper

x-axis values (37.5) are P3/p3 wear stages. The loweaixis labels are the interdental gaps.

zx/L indicates strength in dorsoventral bending. zy/L indicates stheingabiolingual bending.

zx/zy is mandibular crossectional shape. Sample sizes for p2/p3: stage 3 (n = 2), stage 3.5 (n =

0), stage 4 (n = 9), stage 5 (n = 2), stage 6 (n = 2), stage 7 (n = 0), stage 7.5 (n = 1). Sample sizes
for p3/p4: stage 3 (n = 2¥tage 3.5 (n = 0), stage 4 (n = 9), stage 5 (n = 2), stage 6 (n = 2), stage

7 (n=1), stage 7.5 (n = 1). Sample sizes for p4/m1: stage 3 (n = 2), stage 3.5 (n =0), stage 4 (n =
9), stage 5 (n = 2), stage 6 (n = 2), stage 7 (n = 0), stage 7.5 (rampdle Sizes for posnl:

stage 3 (n = 2), stage 3.5 (n = 0), stage 4 (n = 9), stage 5 (n = 2), stage 6 (n = 2), stage 7 (n = 0),
1 r= T I A ST (T ) SRR -211-

Figure 5.16: Bite forces of female crocutdrom Balbal, Tanzania. The uppeaxs values (4

6) are P3/p3 wear stages. The loweaxis labels are the positions along the mandible. Sample

sizes for mechanical advantagetioé temporalis at c: stage 4 (n = 11), stage 5 (n = 5), stage 6 (n

= 1). Sample sizes for mechanical advantage of the temporalis at p2/p3: stage 4 (n = 11), stage 5

(n=7), stage 6 (n = 1). Sample sizes for mechanical advantage of the temporalis astp8p4:

4 (n=11), stage 5 (n=7), stage 6 (n = 1). Sample sizes for mechanical advantage of the temporalis

centre of ml: stage 4 (n = 11), stage 5 (n = 7), stage 6 (n = 1). Sample sizes for mechanical

advantage of the superficial masseter at c: stage4 12), stage 5 (n = 5), stage 6 (n = 1). Sample

sizes for mechanical advantage of the superficial masseter at p2/p3: stage 4 (n =12 ), stage 5 (n

=7), stage 6 (n = 1). Sample sizes for mechanical advantage of the superficial masseter at p3/p4:
-26-



stage 4(n = 12), stage 5 (nh = 7), stage 6 (n = 1). Sample sizes for mechanical advantage of the
superficial masseter at centre of m1: stage 4 (n = 12 ), stage 5 (n = 7), stage 6 (n = 1). Sample
sizes for mechanical advantage of the deep masseter at c: stage #2n stage 5 (n = 5), stage

6 (n = 1). Sample sizes for mechanical advantage of the deep masseter at p2/p3: stage 4 (n = 12),
stage 5 (n = 7), stage 6 (n = 1). Sample sizes for mechanical advantage of the deep masseter at
p3/p4: stage 4 (n = 12), sta§gn = 7), stage 6 (n = 1). Sample sizes for mechanical advantage of
the deep masseter at centre of m1: stage 4 (n = 12), stage 5 (n = 7), stage 6.(n.=.1p12-

Figure 5.17: Bite forces of male crocutdrom Balbal, Tanzania. The uppeaxs values (8

7.5) are P3/p3 wear stages. The lowearxis labels are the positions along the mandible. Sample

sizes for c: stage 3 (n = 1), st&y® (n = 0), stage 4 (n = 8), stage 5 (n = 2), stage 6 (n = 1), stage

7 (n =1), stage 7.5 (n = 0). Sample sizes for p2/p3: stage 3 (n = 2), stage 3.5 (h =0), stage 4 (n =
9), stage 5 (n = 2), stage 6 (n = 2), stage 7 (n = 1), stage 7.5 (n = 1). Rasfde g3/p4: stage

3 (n = 2), stage 3.5 (n = 0), stage 4 (n = 9), stage 5 (n = 2), stage 6 (n = 2), stage 7 (n = 1), stage
7.5 (n = 1). Sample sizes for centre of m1: stage 3 (n = 2), stage 3.5 (n = 1), stage 4 (n = 9), stage
5(n=2),stage 6 (n=2jage 7 (N =0), stage 7.5 (N = L)ueeereeeiiiiiiiiiieeeeeriiiieeeee e :213-

Figure 5.18: Presesttay C. crocutgost-cranial measurements divided by m1 length, andda

10 logarithmically transformed. F = female. M = male. GL = greatest length. GLC = greatest length
from the caput. DP = greatest depth of the proximal end. SD = smallest breadth of the diaphysis.
BD = greatest breadth of the distal end. DPA = depth a¢hesanconeal process. SDO = smallest
depth of the olecranon. BPC = greatest breadth across the proximal articular surface. DC =

Figure 5.19: Box plot of sexual size dimorphism values of recent large carnivore body masses
from sites in Africa. Positive values @rcrocutandicate that females are larger. Positive values

for P. leqP. pardusA. jubatusP. brunneandL. pictusndicate that males are large€. crocuta
n=14P.leon = 11P. pardus) = 7.A. jubatusn = 4.P. brunnean = 6.L. pictusn = 1.....- 224-

Figure 5.20: Reduced major axis regression of i@sgarithmically transforme. crocuta
female body mass and bad® logarithmically transforme@. crocutanale body mass (n = 9).
225-

Figure 5.21: SSD valuegbfcrocutalental measurements from localities across Africa. Positive
values indicate females are larger, negative values indicate males are larger.
AP=anteroposterior. ML = mediolateral............ccccuuiiiiiiiiiiiiieee e -226-

Figure 5.22: SD values df. crocutaranial measurements from localities across Africa. Positive
values indicate females are larger, negative values indicate males are targetal length of
cranium (9). 2. Condylobasal length (9). 3. Basal length (Bpsicranial axis (5). 5. Basifacial
axis (5). 6. Upper neurocranium length (9). 7. Viscerocranium length (6). 8. Facial length (10). 9.
Greatest length of the nasals (6). 10. Snout length (9). 11. Median palatal length (9). 12. Length
of the horizontal parof the palatine (10). 13.ength of the cheektooth row (FR4) (10). 14.
Length of the cheektooth row (FR3) (9). 15Greatest diameter of the auditory bulla (9). 16.
Greatest mastoid breadth (9). 17. Greatest breadth of the bases of the paraoccipitalspes

(9). 18. Greatest breadth of the foramen magnum (9).Héight of the foramen magnum (9).

20. Greatest neurocranium breadth (9). 21. Zygomatic breadth (9). 22. Least breadth of the skull
(10). 23. Least breadth between the orbits (11). 24. Grgialatal breadth (9). 25. Least palatal
breadth (10). 26. Greatest height of the orbit (10). 27. Skull height (9). 28. Height of the occipital
triangle (9). 29. Temporal fossa length (9). Numbers in brackets indicate sample.sSiZ&/ -

Figure 5.23: SSD values@f crocutamandibular measurements from localities across Africa.

Positive values indicate females are larger, negativeegaindicate males are larger. 1. Condyle

to symphysis length (8). 2. Angular process to symphysis length (10). 3. Condyle/angular
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indentation to symphysis length (10). 4. Condyle to c alveolus length (10). 5. Condyle/angular
indentation to c alveolus lenlg (10). 6. Angular process to c¢ alveolus length (10). 7. c alveolus
to m1 alveolus length (10). Bength of cheektooth row (p2 m1) (9). 9. Length of cheektooth
row (p3¢ m1l) (10). 10. Length of premolar row (Rd4) (10). 11. Height of the verticalmas

(10). 12. Mandibular width at p2/p3 (9). Idandibular width at p3/p4 (9). 14. Mandibular
width at p4/m1 (9). 15. Mandibular width at pesil (9). 16. Distance from p2/p3 to middle of
articular condyle (9). 17. Distance from p3/p4 to middle of artica@londyle (9). 18. Distance
from p4/m1 to middle of articular condyle (9). 19. Distance from po&tto middle of articular
condyle (9). 20. Moment arm of the superficial masseter (10). 21. Moment arm of the temporalis
(10). 22. Masseteric fossa lengt®)123. Moment arm of resistance at m1 (9). 24. Moment arm
of resistance at ¢ (8). Numbers in brackets indicate sample sizes..................ccc..... -228-

Figure 5.24: SSD values©f crocutebreadth dorsal to the external meatus. From localities in
- PO -230-

Figure 5.25: SSD valuesbfcrocutareadth of the occipital condyles, from localities in Africa.
230-

Figure 5.26: SSD valueshfcrocutdrontal breadth, from localities in Africa............... - 230-

Figure 5.27: SSD valuedbfcrocutanandibular depths at each interdental gap, from localities
in Africa. 1V, V and VI indicate P3/p3 wear Stages............cvveeeriiiirmrieeeeniiiniieee e -231-

Figure 5.28: SSD values@f crocutamandibular bending strength in the dorsoventral plane
(zx/L) at each interdental gap, from locations in AffiCa...........ccccevviiiieiiiiineiiiieee ~231-

Figure 5.29: SSD valueshftrocutanandibular bending strength in the labiolingual plane (zy/L)
at each interdental gap, from locations in AfriCa........cccccciiii -232-

Figure 5.30: Figure 5.28: SSD value§.afrocutaelative mandibular bending strength in the
dorsoventral and labiolingual planes (zx/zy) at each interdental gap, from locations in Africa.
232-

Figure 5.31: SSD valueshbfcrocutandices of mechanical advantage of the masticatory muscles
from localities in Africa. Positive values indicate females are larger, negative values indicate
males are larger. Sample sizes for mechanicahaihge: at the canines (n = 8), at p2/p3 (h = 9),
atp3/pd (N=19), at ML (N = Q)i e 2.233-

Figure 5.32: Reduced major axis regressibhanl0 maleC. crocutameasurements against
Log10 femaleéC. CroCutan@asUremMENTS.. .......ooeuvrrriieeeiiiiirieieeeeeesiieeeeeee e s ssienneeeeee e 239 -

Figure 5.33: Standardised residuals agdmstrage values for each site in PLS 31, @itbrocuta
condylobasal length of the skull as the dependent variable. See Appendix 10.6, Table 10.16 for
site numbers corresponding to each leverage point............cccceeevviiiiieeeeeeiiniiieeeenn ~261-

Figure 5.34: Standardised coefficients from PLS 31 @ittrocutacondylobasal length as the
dependent variable. All variables had been ba8dogarithmically transformed..........- 262-

Figure 5.35: Standdised coefficients from reruns of PLS 31, v@ticrocutaondylobasal length
as the dependent variable.................uuiii s - 264-

Figure 5.36: Standardised residuals against leverage values for each site in PLSB4radiita
length between the c and m1 alveoli as the dependent variable. See Appendix 10.6, Table 10.17
for site numbers corresponding@ ach leverage pPoint..........cccccoviuiiiiiienniniiinieeeeennd - 265-

Figure 5.37: Standardised coefficients from PLS 64Qvitmocutdength between the c and m1
alveoli @ the dependent variable. All variables had been HeZéogarithmically transformed.
266-
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Figure 5.38: Standardised coefficients from reruns of PLS 64 Qwithocutdength ¢ to m1
alveoli as the dependent variable............cccooviviiii e 2. 268 -

Figure 5.39: Reduced major axis regressio@.afrocutd.og10 condylobasal length against the
log10 length between the ¢ and M1 aIVEOML.........ccooiiiiiiiiiiiee e - 269-

Figure 5.40: Number of a) female or b) male pres#antC. crocutavith either: no broken teeth,
broken teeth without lost teeth, partially or fully healed alveoli without broken teeth, broken
teeth and partially or fully healed alveoli. Speciradrom Site 21.12, Ngorongoro Conservation
YN LT T = 10 V- 1= VT -278-

Figure 5.41: Number of preseday C. crocutawith either: no brokenteeth, broken teeth
without lost teeth, partially or fully healed alveoli without broken teeth, broken teeth and
partially or fully healed alveoli. Data from all sites in Africa....................coeeveeiiiiieeas 279-

Figure 5.42: Condition of teeth as a percentage of teeth of known condition. a) f€natecuta
and b) maleC. crocutdrom Site 21.12, Ngorongoro Conservation Area, Tanzania...- 279 -

Figure 5.43: The proportion of preseday C. crocutandividuals with either no broken teeth,

only broken teeth, only partially of fully healed alveoli, or both broken teeth and partially or fully
healed alveoli. The proportion of broken, broken and partially or fully healed alveoli as a
proportion of all teeth of known condition. a) Individuals with wear stage V. b) Individuals with
wear stage V. c) Individuals with wear stage VI. Site 3.1 = Chobe National Park, Savuti Chobe
National Park, Botswana. Site 6.9 = Parc National des Virunga, Democratic Republic of the Congo.
{AGS codmm ' tIFND bridA2yL+f RS fQ!LISYOGlLY 58Y20
Bomet County, Kenya. Site 11.1 = Tete Province, Mozambique. Sike=2Bdlbal, Ngorongoro
Conservation Area, Tanzania. Site 24.1 = Eastern Province, Zambia. See Table 5.33 for sample

Figue 5.44: Condition of teeth as a percentage of all teeth of known condition for each group.
Data are ofC. crocutawith P3/p3 wear stage IV. F = female. M = male. Site 10.2 = Narok and
Bomet County, Kenya, 21.12 = Ngorongoro Conservation Area, Tanzamigs@}, b) canines,

c) premolars, d) molars. See Table 5.33 for sample sizes..........cccooeciiiiiiiiinniiinnnee. - 283-

Figure 5.45: Condition of teeth as a percemtay all teeth of known condition for each group.
Data are ofC. crocutavith P3/p3 wear stage V. F = female. M = male. See caption for Figure 5.43

Figure 5.46: Condition of teeth as a percentage of all teeth of known condition for each group.
Data are ofC. crocutawith P3/p3 wear stage IV. F = female. M = male. Site 3.1 = Chobe National
Park, Savuti Chobe National Park and Mababe Zokotsama Comr@amitgssion, Botswana,

21.12 = Ngorongoro Conservation Area, Tanzania. a) incisors, b) canines, c) premolars, d) molars.
See Table 5.33 fOor SAMPIE SIZES.........cueviiiiei e -.285-

Figure 6.1: Regression model and outliers for OLS1. Dashed lines indicate the outlier threshold
values. W_Kenya refers to the Sotik anddsiaviara locations. C_Kenya refers to the Aberdare,
Archers Post and Mount Kenya locations. In calculation of the %PE (see Equation 4.17) the
detransformed predicted body mass values were multiplied by the SE correction factor, as this
factor is larger tha the RE but smaller than the QMLE.............cccooiiiiiieniiiiiiiiiee - 295-

Figure 6.2: Regression model and outliers for OLS2. Dashed lines indicate the outlier threshold
values. W_Kenya refers to the Sotik and Masai Mara locations. C_Kenya refers to the Aberdare,
Archers Post and Mount Kenya locations. In calculation of the &g#@EEquation 4.17) the
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detransformed predicted body mass values were multiplied by the RE correction factor, as this
factor is larger than the SE but smaller than the QMLE............cc.ocoiiiiiiiiiiiiiienn - 296-

Figure 6.3: Body mass reconstructions and prediction interval of each estimate of Pleigibcene
crocutafrom Europe. See Table 6.1 for sample Sizes............ccoccvviieeeiiiiiiiiieeneen.n. 299

Figure 6.4: Body mass estimates with prediction intervals of Pleistdceaecutdrom Britain,

placed in chronological order. See Appendix 10.1, Table 10.1 and Table 10.4 for full details and
references, and Table 6.1 for sample sizes. Dashed line (a.) indicates the assemblages dated prior
to the earliest arrival of modern humans int@in (42,350¢ 40,760 cal BP; Highaet al,, 2011;
Proctoret al,, 2017). Dashed line (b.) indicates the assemblages dated prior to 36.5 b2k, a point
after which interstadials become shorter and less frequent, as evidenced by the Greenland ice
O 2 NS¥® data (Andersert al., 2004; Rasmussest al., 2014; Seierstadt al,, 2014).....- 303-

Figure 6.5C. crocutabody mass reconstructionsategorised by dominant vegetation cover.
See Appendix 10.1 Table 10.1 and Table 10.2 for further details and references. See Table 6.1
fOr SAMPIE SIZES. ..o e e e e e e e e e e e e e e - 304-

Figure 6.6: Pleistocen@. crocutdbody masses an@. lupusnean body masses with associated
prediction intervals (from Flower, 2016). Sample size<farrocutaMIS 9 (n = 1), later MIS 7
(n=1),MIS5e (N=62), MIS5¢C (ITE BIIS 3 (N =323)cccciiiiiiiiieee e - 305-

Figure 6.7: Pleistocen€. crocutaand other carnivore mean body masses with standard
deviations (from Collinge, 2001).@. arctos b.P. leo(spelaea). MIS 5 = undifferentiated306

Figure 6.8C. crocutaand Cervidae species mean body masses with standard deviations (from
Collinge, 2001). &. elaphusb.C. capreolusc.M. giganteus d.R. taranduse.D. dama MIS 5
N (o 1= =] 1 1 F=1 (=T o A - 307-

Figure 6.9C. crocutaand Bovidae mean body masses with standard deviations (from Collinge,
2001). aB. priscusb.B. primigeniusMIS 5 = undifferaiated..............cccccooviiviiiieennnne - 309-

Figure 6.10C. crocutaand Rhinocerotidae species mean body masses with standard deviations
(from Collinge, 2001). MIS, 5 and 5e { ® K S Y A MI8 8 6K dadtiquitatisMIS 5 =
UNAIfTEIENTALIEU. ... .cei i e e e e e e e e e e e e e e e e eaaaeens = 310-

Figure 6.11C. crocutaand potentialE. ferusmean body masses with standard deviations (from
Collinge, 2001). MIS 5 = undifferentiated..............ccoo oo -310-

Figure 6.12: Boxplot of Pleistoceri crocutaC anteroposterior diameter measurements.
Numbers on top of the graph indicate Marine Oxygen Isotope Stdde= Late Pleistocene-
322-

Figure 6.13: Boxplot of Pleistoce@ecrocutaC mediolateral diameter measurements. Numbers
on top ofthe graph indicate Marine Oxygen Isotope Stages. LP = Late Pleistocene.322-

Figure 6.14: Boxplot of Pleistoceri crocutac anteioposterior diameter measurements.
Numbers on top of the graph indicate Marine Oxygen Isotope Stages.................... =.323-

Figure 6.15: Boxplot of Pleistoce@ecrocuta mediolateral diameter measurements. Numbers
on top of the graph indicate Marine Oxygen Isotope Stages. LP = Late Pleistocene323-

Figure 6.16: Boxplot of Pleistoce@ie crocutdP2 length measurements. Numbers on top of the
graph indicate Marine Oxygen Isotope Stages. LP = Late Pleistocene.................... -.325-

Figure 6.17: Boxplot of Pleistoce@e crocutedP2 width measurements. Numbers on top of the
graph indicate Marine Oxygen Isotope Stages. LP Pladocene..............cceeeeeeeee -325-
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Figure 6.18: Boxplot of Pleistoce@e crocutdP3 length measurements. Numbers on top of the
graph indicate Marin®©xygen Isotope Stages. LP = Late Pleistocene...................... -326-

Figure 6.19: Boxplot of Pleistoce@e crocutédP3 width measurements. Numbers on top of the
graph indicate Marine Oxygen Isotope Stages. LP = Late Pleistocene.................... -.326-

Figure 6.20: &xplot of Pleistocen€. crocutg?2 length measurements. Numbers on top of the
graph indicate Marine Oxygen Isotope Stages. LP = Late Pleistocene.................... -327-

Figure 6.21: Boxplot of Pleistoce@e crocutgp2 width measurements. Numbers on top of the
graph indicate Marine Oxygen Isotope Stages. LP = Late Pleistocene.................... -327-

Figure 6.22: Boxplot of Pleistoce@e crocutg3 length measurements. Numbers on top of the
graph indicate Marine Oxygen Isotope Stages. LP = Late Pleistocene. EMP = early Middle
[ (=TI (0Tt =Y [P SOUPPRRP R POTPPPRPP ~.328-

Figure 6.23: Boxplot of Pleistoce@e crocutgp3 width measurements. Numbers on top of the
graph indicate Marine Oxygen Isotope Stages. LP = Late Pleistocene. EMP = early Middle
[ (=TI (Tt =Y [T PRRT PRSPPI ».328-

Figure 6.24: Boxplot of Pleistoce@e crocutgp4 length measurements. Numbers on top of the
graph indicate Marine Oxygen Isotope Stages. LP = Late Pleistocene. EMP = early Middle
o [T (o o =T o 1= VPSP +.329-

Figure 6.25: Boxplot of Pleistoce@e crocutgp4 width measurements. Numbers on top of the
graph indicate Marine Oxygen Isotope Stages. LP = Late Pleistocene. EMP Midsidy
o [T o o =T o 1= VPSP +.329-

Figure 6.26: Boxplot of Pleistoce@e crocutdP4 length measurements. Numbers on top of the
graph indicateMarine Oxygen Isotope Stages. LP = Late Pleistocene..................... -331-

Figure 6.27: Boxplot of Pleistoce@ecrocutd4 greatest width measurements. Numbers on top
of the graph indicate Marine Oxygen Isotope Stages. LP = Late Pleistocene.......... -331-

Figue 6.28: Boxplot of Pleistocer@ crocutédP4 width measurements. Numbers on top of the
graph indicate Marine Oxygen Isotope Stages. LP = Late Pleistocene.................... -332-

Figure 6.29: Boxplot of Pleistoce@e crocutanl width measurements. Numbers on top of the
graph indicate Marine Oxygen Isotope Stages. LP = Late Pleistocene.................... -.333-

Figure 6.30: Reduced major axis regressions of-h@degarithmically transforme@. crocuta
lower premolar MEASUIEMENTS. .........cooiiiiii i ee e e e e e e e e e e e e e e e aaeaaaaaeas +.338-

Figure 6.31: Reduced major axis regressions of-b@degarithmically transforme@. crocuta
PremOolar MEASUIEIMENTS........coi i it e e e e e e e e e e e e e e e e eaaaaaaaaaaaas -340-

Figure 6.32: Correlations df. crocutapremolar length and width measurements from
Pleistocene deposSitsS iN BrtaIN............uuuuiiiiiiiiiiiiiiiiiiereier e e e eaaeaeeeee e e e e e e ese s e s e e 2.342-

Figure 6.33: Individual value plots©f crocutaranial measurements from Pleistocene deposits
in Europe. Numbers along the top are Marine Oxygen Isotope Stages. lePRiistbcene... -
345-

Figure 6.34: Individual value plots and boxplot€otrocutéPleistocene mandible lengths. Top
numbers are Mane Oxygen Isotope Stages. LP = Late Pleistocene. Sample sizes in Table 6.10..
347-
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Figure 6.35: Boxplots @f. crocutdleistocene mandibular width measurements. Numbers along
the top of the graphs indicate Marine Oxygen Isotope Stages. LP = Late Pleistocene. See Table
6.12 for sample sizes of the DOXPIOLS........ccccciiiiiiiiiiiereee e, - 349-

Figure 6.36: Individual value plots ©f crocutePleistocene mandibular depth measurements.
Numbers along the top of the graphs indicate Marine Oxygen Isot8fages. LP = Late
Pleistocene. Dashed lines group sites of the same age. Solid black lines group sites from the same
country. Solid red lines group data from with the same P3/p3 wear stage (IV, V.. etc352-

Figure 6.37: Mandibular profiles of zx/L value€o€rocutdrom Pleistocene deposits in Europe.

Figure 6.40: Individual value plots ©f crocutaPleistocene muscle moment arms. Numbers
along the top of the graphs indicate Marine Oxygen Isotope Stages. LP = Late Pleistdgéne.

Figure 6.41: Mandibular profiles of the mechanical advantage of the superficial masseter of
I @® O N@ CRlzistbcene deposits iN EUMOPE........ccovveveveieeeerereeeetee et -361-

Figure 6.42: Mandibular profiles of the mechanical advantage of the deep massétap of O N2 O dzii |
from Pleistocene deposits iN EUMOPE...........uuiiiiiiiiiiiiiie e - 362-

Figure 6.43: Mandibular profiles of the mechanical advantage of the temporalistof O N2 O dzii |
from Pleistocene deposits IN EUIOP ... . .uuuiiiiiiiiiiieeieeeeeeeeee e : 363-

Figure 6.44: Individual value plots and boxplots of Pleistoc€necrocutapostcrania
measurements from Europe. Numbers on top of the graphs indicate Marinee@xggtope
Stages. LP = Late Pleistocene. See Table 6.13 for sample sizes of the baxplots....- 365-

Figure 6.45: Percentage @f crocut P3/p3 wear stages from Pleistocene deposits. Numbers
along the base of the bars are sample SiZeS..........cccvvviiiiiiiiiiiiiiiiieeeeeeeeeeeee, -381-

Figure 6.46: Percentage obar stages of all. crocutdeeth from Pleistocene deposits. S = slight
wear. S/M = slight/medium wear. M = medium wear. M/H = medium/heavy wear. H = heavy
wear. Numbers along the base of the bars are sample sizeS......ccccccevvveviviiiennnnnn....- 382-

Figure 6.47: Percentage Gf crocutdeeth that are broken, and alveoli that are fully or partially
healed, from Pleistocene deposits. Values above the bars are the total number of teeth of known
condition: unbroken, broken and (partially) healed alveoli. Values in brackets are the number of
(partially) healed alveoli that make up the total number of observatians..................~.385-

Figure 6.48: Percentage of Pleistoc&hecrocutdeeth that are broken, and alveoli that are fully

or partially healed. a. incisors. b. canines. c. premolars. d. carnassials. Values above the bars are
the total number of teeth of known condition. Valuesbrackets are the number of (partially)
healed alveoli that make up the total number of observations...............ccccvvveeeneneee. - 388-

Figure 7.1: Model of rddcarbon dates oi€. crocutaspecimens across Europe. Dates have been
split into regions using overlapping phases. Calibrated values show the 68.2 and 95.4 %
confidence ranges. Model run using OxCal 4.3 (Bronk Ramsey, 2009) and the IntCall3 calibration
curve (Reimeetald> W 1 Mo U POGeEdRd (Andevseat al., 2004) is displayed.- 398-
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Figure 7.2: Model of radiocarbon dates Bnleo(spelaed specimens across Europe. Dates have
been split into regions using overlapping phases. Calibrated values show the 68.2 and 95.4 %
confidence ranges. Model run using OxCal 4.3 (Bronk Ramsey, 2009) and the IntCall3 calibration
curve (Reimeet al., 2013). KS b D“@Llreicordi (Anderseat al.,, 2004) is displayed.- 400-

Figure 7.3: Model of radiocarbon dates Gnantiquitatisspecimens across Europe. Dates have
been split into regions using overlapping phases. Calibrated values show the 68.2 and 95.4 %
confidence ranges. Model run using OxCal(8:®nk Ramsey, 2009) and the IntCal calibration
curve (Reimeetald> H 1 Mo U POGeEdEd (AnBevseéat al,, 2004) is displayed.- 402-

Figure 7.4: Model of radiocarbon dates Gnelaphuspecimens across Europe. Dates have been
split into regions using overlapping phases. Calibrated values show the 68.2 and 95.4 %
confidence ranges. Model run using OxCal 4.3 (Bronk Ramsey,&2@Dhe IntCall3 calibration
curve (Reimeetald> H 1 Mo U POGeEdBd (Andevseat al., 2004) is displayed.- 404 -

Figure 75: Model of radiocarbon dates dR. tarandusspecimens across Europe. Dates have
been split into regions using overlapping phases. Calibrated values show the 68.2 and 95.4 %
confidence ranges. Model run using OxCal 4.3 (Bronk Ramsey, 2009) and the IntCall13 calibration
curve (Reimeet al., 2013). TB b D W@ record (Anderseat al.,, 2004) is displayed.- 405-

Figure 10.1: Boxplots of female (F) and male@Wrocutaranial mesurements divided by m1
length, baselO logarithmically transformed.-axis numbers are P3/p3 wear stages. $able
10.8f0r SAMPIE SIZES.. ..o i e e e e e e a e e e e -520-

Figure 10.2: Boxplots of female (F) and male @Vigrocutanandibular measurements divided
by m1 length, bas&0 logarithmically transformed.-axis numbers are P3/p3 wear stages. See
Table 10.90r SAMPIE SIZESu ... uiiiiiiiiiiiiiieeeiee e reeeesd -526-

Figure 10.3: Boxplots dE. crocutadental measurements. Numbers along the top indicate
marine oxygen isotope stages. LP = Late Pleistocene. See Table 10.21 for sample Sb&es.

Figure 10.4: Individual value plots of Pleistoc&hecrocutacranial measurements. Numbers
along the top of the graphs indicate marine oxygen isotope stages. LP = Late Pleistt&he.

Figure 10.5: Boxplots and individual value plots of Pleistoc€necrocutamandibular
measurements. Numbers along the top of the graphs indicate marine oxygen isotope stages. LP
= Late Pletecene. See Table 10.53 for sample sizes in the boxplats...................... -582-

Figure 10.6: Boxplots and individual value plots of Pleistoc€necr@uta post-cranial
measurements. Numbers along the top of the graphs indicate marine oxygen isotope stages. LP
= Late Pleistocene. See Table 10.55 for sample sizes of the baxplots..................... - 586-
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1. Introduction

1 Introduction

1.1 Background

This thesis will explore the responses of the spotted hya@naduta crocutaErxleben 1777) to
Pleistocene environmental changes in Europe. The first known occurrenCe @focutain
Europe was around 85080,000 years agd3arcia and Arsuaga, 200T)he spotted hyaena is
an excellent model for studying the impacts of palaeoclimatic change on a praftator, since
they were present in both warm and cettimatic periodge.g.Currant and Jacobi, 2011gnd
in a diverse range of habitats. Furthermore, there abeindant remains, particularly from the
Late Pleistocene, with some sites yielding hundreds.afrocutaspecimengEhrenberg, 1966a;
Currant, 1998)together with abundant remains of their prég.g.Currant and Jacobi, 2011)
During the Pleistoaee, C. crocutahad an extremely wide distribution outside Africa, from
Portugal at the western margin of Eurofeg. Davigt al., 2007)across to Ukraine and further
east into AsigBaryshnikov, 1999pand from in Britain in the nortfCurrant and Jacob2011)
through to southern ItalyBonfiglioet al., 2001)

Despite ranging across Eurasia during the Pleistoc€nerocutaare now restricted to sub
Saharan AfricgHofer and Mills, 1998a)Today, they demonstrate considerable behavioural
flexibility, including generalist dieg@lills, 1990; Holekampt al., 1997; Hayward, 2006}the
ability to obtain food from both predation and scavengif@gg. Henschel and Skinner, 1990;
Gasawayet al,, 1991; Coopeet al, 1999)and the ability to alter the areas they preferentially
occupy in response to disturban¢Boydstonet al., 2003) They are capable of successfully
competing against other larger carnivores in direct interactidnidls, 1990; Volmer and Hertler,
2016)or through environmental partitiomg (e.g. Schaller, 1972; Hayward and Kerley, 2008)
They are also capable of consuming bpan act that is particularly important during periods of
low food availabilityKruuk, 1972; Egelaret al., 2008) and to which they are morphologically
well-suited (e.g. Werdelin and 8lounias, 1991; Raia, 2004; Therrien, 2005; Ferretti, 2007)
Except for two other hyaenids (striped hyaehlyaena hyaenand brown hyaenaParahyaena
brunneg, the bonecracking behaviour exhibited ly. crocutas not seen in their competitors
(Werdelin and Solounias, 1991)C.crocuta are also morphologically responsive to
environmental conditions such as temperature,idanced by variation in the size of some
craniodental measurements across AfriBberts, 1951; Klein, 198@)hese characteristics will

be discussed in more detail in Chapters 2 and 3.

Gwen the aforementioned characteristics©f crocutait is therefore interesting to explore how

the species withstood a wider range of environmental conditions in Pleistocene Europe than
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1. Introduction
those experienced today, particularly whether their body size varidakther certain conditions
created dependency on scavenging to obtain food, and whether they experienced periods of
dietary stress leading to increased bone consumption. Although morphometric and body size
variation in Pleistocen€.crocutahas alreadypeen explored, particularly bjurner(1981)and
Collinge(2001) this thesis will present a reassessment of the evidence, including samples from

a wider geographical area and utilising additional methods.

Finally given the apparent behavioural adaptations and morphological robustn&ssapbcuta

it is relevant to examine the conditions that eventually led the species to disappear from Europe
during the Late Pleistocene. Although a chronology of the extirpatic crocutahas recently

been constructed byStuart and Lister(2014) the publication of an updated radiocarbon
calibration curvgReimeret al, 2013)and more stringent date selection criteria necessitate a

reanalysis of these data.

This thesis will therefore focus @ crocutdrom Britain throughout much of its presence in the
country, coupled with Late Pleistocefi crocutarom Austria, Belgium, the Czech Republic,
LNBfFYRE LGFEf&TX {SNBAF FyR {LIAYyIZ (Kdza O2 SN
Specificallychanges in body mass and morphometrics of craniodental andgpastal elements

of C. crocutawill be examined, in order to assess changes in size, palaeodiet (with a particular
focus on bone consumption) and predation behaviours. Any changes, ohkaeof, in these

features may have affected the ability Gfcrocutato withstand the changes in environment

and competition from other members of the large carnivore guild in Europe. This may in turn

shed new light on the potential reasons behind thefiaxtirpation ofC. crocutdrom Europe.

1.2 Aims
The aims of this thesis are as follows:

1 To assess the body mass and morphometric responsés. afocutato Pleistocene

environmental changes in Europe

1 To assess the palaeodiet Gf crocutdrom Pleistocendeurope, with a particular focus

on bone consumption and frequency of predation versus scavenging

I To reassess the timing and potential reasons for the extirpatio@.ofrocutafrom

Europe

These aims will be accomplished first through an investigation of prelsn€. crocutain

Africa. The influences affecting the population biomassCofcrocutawill be examined and
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1. Introduction
compared to those of a competitor, the lioRdnthera led, which will al in understanding the
potential environmental influences upon Pleistocefle crocutapopulations. The changes
through ontogeny (of cranial and pestanial measurements) and sexual size dimorphism (in
body mass, craniodental and pestanial elements) of. crocutawill also be assessed. This is an
important step prior to the Pleistocene morphological analysis as it will highlight any areas that
might otherwise be misinterpreted as reflecting a climatic influence, for example whether some
elements are larer in females or males, or whether some elements continuously change in size
through life. Environmental correlates with body mass, craniodental andqrasial elements
will be established in order to aid interpretation of any changes in the Pleistocexterial.
Finally, the degree of tooth breakage will be assessed in prag€. crocutdo highlight how

this signal increases with age, and to examine any differences between males and females.

Secondly, the Pleistocene material will be assessed dimguhe identification of any temporal
and spatial changes in body mass, craniodental andqastial across Europe. This will highlight

any morphological responses to environmental changes.

Conclusions regarding palaeodietary and predation behavidubgdrawn from the body mass
reconstructions, in addition to some of the morphometric measurements, reconstructions of

bite force and mandibular bending strength, and degree of tooth breakage.

Finally, investigation of the causes ©f crocutaextirpation from Europe will be undertaken
GKNRdAAK | NBlFaasSaavySyid 2F (GKS GAYAy3a 2F (K
Oxygen lIsotope Stage (MIS) 3 and its final known appearance. This will be coupled with a
reassessment of the chronologies of a potehttampetitor, the cave lionRanthera leo
(spelaed), and three prey species, woolly rhinocer6®¢lodonta antiquitatis red deer Cervus

elaphug and reindeer Rangifer tarandups Information will be taken from the literature about

the environmental coditions experienced byC. crocutaduring the Pleistocene, including
temperature, precipitation, vegetation, presence of competitor species, presence of prey
species, and competition for the use of caves. This information will complement the biomass,
morphometric and palaeodiet results and allow reassessment of the probable cauggs of

crocutaextirpation from Europe.

1.3 Thesis structure
The structure of the thesis is as follows:

1 Chapter 2 reviews the literature on both preseddy and Pleistocen€. crocuta
focusing on diet, competition, denning, important factors influencing mortality, and
GKS2NRASE 0SKAYR (KS aLISOASEQ SEGANLI GAZY
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Chapter 3 established influences upon body mass and sexual size dimorphism. The
functional features of the craniodéal and postcranial elements are then discussed,

including those related to the brain, the senses, diet, predation and locomotion.

Chapter 4 first outlines details of the sites yielding pres#ay and Pleistocene data.
Methods are then presented, inclidy explanation of the morphometric
measurements, reconstruction of bite force and mandibular bending strength, the
calculation of postranial indices, and records of dental macrowear, tooth loss and

tooth breakage. Finally, the statistical analyses aqganed.

Chapter 5 presents the results of the investigations of presEytC.crocutabiomass,
body mass, morphometrics and tooth breakage. Along with an assessment of the
environmental influences upon these data, there will be analyses of sexual dimaerp

and ontogenetic change, where relevant.

Chapter 6 comprises the results of analyses of Pleistodede O NdBdy dréss,
morphometrics and tooth breakage. This will involve investigations of the
palaeoenvironmental influences upon these data. Preaxatibehaviours and

palaeodietary information will be drawn from these data.

Chapter 7 focuses on the timing and potential causes of the extirpati@h ofocuta
from Europe, putting forward new radiocarbon models@fcrocutaP. leo(spelaea
and seleatd prey species, and discussing these in the context of information presented

previously in the thesis.

Chapter 8 summarises the findings of this thesis and provides conclusions relating these

to the aims.
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2 Review ofCrocuta crocuta

2.1 Introduction

This chapter will first cover the taxonomy Gf crocutaand the relationship between present

day and Pleistocen€. crauta. Second, the ecology of preseady C. crocutawill be covered,

AyOf dzZRAYy3I (GKS &ALISOASAQ RAAGNRAOGdziAZ2Y YR KI oA
and factors leading to mortality. Finally, Pleistoc&hecrocutawill be reviewed, focussing on

current knowledge of its temporal and spat@iesence in Europe, denning and cave use, diet

and competition, body size and morphometrics, and the timing and possible reasons for its

extirpation from Europe.

2.2 Hyaenidae systematics
2.2.1 Crocuta crocutdgaxonomy

The taxonomy of the spotted hyaen@rpcuta cocuta) is outlined below, followingVerdelin
and Solouniagl991)and Bohm and Honef2015)

Kingdom: Animalia Linnaeus, 1758
Phylum: Chordata HaeckeB47
Class: Mammalia Linnaeus, 1758
Order: Carnivora Bowdich, 1821
Suborder: Feliformia Kretzoi, 1945
Family: Hyaenidae Gray, 1821
GenusCrocutakKaup, 1828

SpeciesCrocuta crocutdErxleben, 1777)

In addition to the Hyaenidae, the subordEeliformia includes the extant families Felidae,
Viverridae, Herpestidae, Eupleridae, Prionodontidae and Nandinf\a@edelin and Sounias,
1991; Zhowet al,, 2017) The familyHyaenidae includes four extant speci€s:crocutabrown
hyaena Parahyaena brunned hunberg 1820), striped hyaerdy@ena hyaend_innaeus 1758),

and aardwolf Proteles cristataSparrman 1783\Verdelin and Solounias, 199Nlany studies
- 38_
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have attempted to determine the relationships between the species of Hyaenidae, using both
morphological and DNA evidengsee reviews inNVerdelin and Solounias, 1991; Jenks and
Werdelin, 1998; Koepfét al., 2006) something that has evidently proved difficult. Ksepfliet

al. (2006 p.605a G G SR Woiel 1Sy (23a3SGKSNE LINBGA2dza VY
analyses have supported every possible combination of relationships between extant bone
ONJ} O1Ay3 Keél SyARaoQ

2.2.2 Variation within presentiay Crocuta crocuta

At least 19 species or subspecies of ex@nicutahave been proposeffeviewed byMatthews,

1939; Jenks and Werdelin, 1998)though this variability is contesteddatthews (1939)
disputed that different species and subspecies could be identified, as the morphological features
that differentiated them were present in a single population in the Balbal plains, Tanganyika
Territory (now Tanzania). The only feature that was not presetite Balbal population was the
large size o€rocuta crocuta fortig the Belgian Congo (now Democratic Republic of the Congo),
as discussed b&llen (1924) However Matthews (1939 suggested that as only 13 specimens

of the subspecies were acquired from an expedition of nearly two years, there may have been

collection bias in favour of large specimens.

Nevertheless, there is now genetic evidence for different clades of pratsr€. crocutavithin

Africa, although the clades all belong to a single species. Mitochondrial DNA (mtDNA) analyses
revealed four clades @. crocutawith two surviving into the present d¢Rohlandet al,, 2005
Table2.1). Clade A is found in northern Africa while Clade C is found in southern Africa. There is
some overlap at the equator, with both clades found in Sudan and Tan@ofdandet al.,

2005. Clade A was also found in Europe during the Pleistocene along with Clade Eladgle

D was found in Asigohlancet al, 2005; Boret al, 2012; Dodget al, 2012; Shengt al,, 2014
Table2.1).
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Table2.1: Clades and haplotypes ofgsent dayC. crocutaPleistoceneC. c. ultiman Asia, and
/ ® O NEEQogé, lalong with their known distributions.

Clade| Haplotype | Location Reference

Presentday

A Cameroon, Eritrea, Ethiopia, Rwanda, Rohlandet al. (2005)
SenegalSomalia, Sudai,anzanialogo,
Uganda

C Angola, Keya, Namibia, South Africa, Sudar Rohlandet al. (2005)
Tanzania, Zimbabwe

Pleistocene

A Al Austria (Teufelslucken, Winden Cave), Cze( Rohlancet al. (2005)

Republic (Vypustek), France (Les Plumette
Germany (Irpfel Cave), the North Sea

A2 Belgium (Goyet Cave), Britain, (GituHole), | Rohlandet al. (2005)
France (Coumére, Les Roches de Villeneuy Bonet al.(2012)
Romania (Igric), Ukraine (Bukovina Cave) | Dodgeet al.(2012)

B Bl Hungary (Kiskevelyi), Slovakia (Tmavaskalg Rohlandet al. (2005)
B2 Czech Republic (Sveduvstul), Germany Rohlancet al. (2005)
(Lindenthal Cave), Slovakia (Certovapec)
D | KAYl o05FQly /I @S% Rohlandet al. (2005),
(Geographical Society Cave) Shenget al. (2014)

2.2.3 Relationship between preseday and Pleistocen@rocuta crocuta

There is debate about whether the European Pleistoc€nerocutashould be regarded as a
subspecies Grocuta crocuta spelagaor a separa species Crocuta spelagda commonly
referred to as the cave hyaerfurtén, 1956; Werdelin and Solounias, 1991; Baryshnikov, 1995
cited in Baryshnikov, 1999)The Late Pleistocene equivalent in Asia has been attributed to a
further subspeciesCrocutacrocuta ultima(Kurtén, 1956; Shenrgf al., 2014) The evidence for

this stems from morphological differences, namely that the European Pleistocene hyaena were
supposedly larger than preseday African individuals, and differed in their limb proportions. In
PleistoceneC. crocutathe humerus and femur were longer and the taygodials shorter, while

the radius and tibia were of similar lengths to the presday individual{Kurtén, 1956) The
dentition of the European Pleistocene representatives was more specialised for carnivory than

presentdayC. crocutgBaryshnikov, 199%ited inBaryshnikov, 1999)

From mtDNA dataRohlandet al. (2005)concluded that there is no evidence thihe Pleistocene
spotted hyaena in Europe was either a separate species or -apdies of the preserday

Czrocutain Africa. This conclusion was also drawrBoyet al. (2012)based on the similarity
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of mtDNA and nuclear genes in coprolites from Coumere Cave, France, to DNA from-present

dayCzrocuta

The genetic evidence further ggests that Pleistocen€. c. ultimain Asia were members of
clade D, based on analyses of specimens from eastern Russia andRtiilandet al, 2005;
Shenget al, 2014) Pleistocené€C. crocutan Europe were split into four mtDNA haplotypes from
two clades (A and B), with overlapping ran@dsfreiteret al., 2004; Rohlanét al., 2005) see
Table2.1.

Despite the genetic evidence, many recent authors continue to identify speciméhszdaea

or Cz.3pelaeae.g.Magniez and Boulbes, 2014; Diedrich, 2015; Fowtval, 2015) However,

it is not the intention of this thesis to attempt to resolve this debate and the conclusions of the
genetic studies will be followed here. Hencefordtl, spotted hyaenas from Pleistocene Europe

and presertday Africa will be referred to as the same spedi&r®cuta crocuta
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2.3 Presentday Crocuta crocuta
2.3.1 Distribution and habitat

C. crocutacurrently live in sukbaharan Africa. By are more widespread in eastern than
western Africa(Hofer and Mills, 1998 and references therejnin some areas, there are very
few records of their presence. For example, a sifgjlerocutavas seen within closed forest of
Equatorial Guine@Juste and Castroveijo, 1992nd only tracks df. cocutahave been seen in

the rainforest of GaboiiBoutet al., 2010) A review byHofer and Mill§1998b)indicated that

the population status o€. crocutds threatened in many western Africa countries, but also in
Rwanda, some areas of South Africa, and outside protected areas in Kenya. They may now be
locally extinct from Togo and Algerieofer and Mills, 1998a; Bohm and Hdéner, 2018)eir
population is in decline, particularly outside protected areas, due to human persecution, loss of
habitat, loss of prey and drouglitiofer and Mills, 1998kand seeSection 2.2.6). The IUCN Red

List categorisation of. crocutgopulation is Least Concern, but DecreaglBghm and Honer,
2015)

They ae present in many habitats including open savannali®dland and semileserts dense
forests, tropical forets, coastal areas, dense thicket, around human settlements, and at
altitudes up to 4000niKruuk, 1972; Sillerdubiri and Gottelli, 1992; Hofer, 1998a)

The distribution ofC. crocutehas been severely impacted by humans and the species is now
largely located in only protected areas and surrounding l@ddfer and Mills, 1998a)The
distribution of C. crocutawithin the Talek region of the Maasai Mara National Reserve, Kenya
has altered along with increased human use of the area, particularly the grazinvgsibtk
(Boydstoret al,, 2003) Prior to increased human usg, crocutapccupied short, open grassland
where prey abundance was highest. Subsequent to increased huma@ usecutdrequently
stayed close to areas of closed vegetation, even though there was no decrease in prey
abundance in the short grassland. This change occurred in less than ten years, with no associated
decrease inC. crocutapopulation density, leadin@oydstonet al. (2003)to suggest thatC.
crocuta are able to alter rapidly their behaviour in response to changing environmental
conditions. This behaoural plasticity may have been useful during the Pleistocene, and is an
important consideration when assessing the response€.otrocutato past environmental

changes.
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2.3.2 Populationdensity

Carnivore density is primarily controlled by prey biomasd) Wigher carnivore density in areas

of high prey biomasgCarbone and Gittleman, 2002ndeed,C. crocutadensity is positively
correlated with prey densityCooper, 1989and prey biomaséPéiiquet et al, 2015) There is a
scaling relationship across many different ecosystems, including the African savannah, whereby
predator biomass increases at a lower rate to prey bionfesstonet al., 2015) Population size

may also be influenced by competitig@arbone and Gittleman, 20Q2yith lack of preferred

prey resulting in suloptimal foraging(Hayward and Kerley, 2008nhanced predation and
susceptibility to diseas@issui and Packez004)

Cooper (1989jound that n areas such as thdaasaiMara National Reserve in Kenya or the
Savuti region in the Chobe National Park in Botswana, there is sufficient resident prey to support
C. crocutayearround, with migratory prey providing supplementary foperiodically The
relationship betweerC. croata density and prey density is complicated when migratory prey is
the major food source, such as in the Serengeti, Tanzania. In thesetbassize and nature of

C. crocutderritories must beflexible in order to obtain sufficient foo@Cooper, 1989)

In addition to high density of resident prey populatio@goper (1989Jound that C. crocuta
population density is higher in areas of reliable water sources. In arid af@asrocutamay
obtain much of their water requirement from fresh carcasg€@ooper, 1990) However,
Gasawayet al.(1991)suggested that arid conditions may redu€ecrocutgopulations if prey

is scarce and most of the food comeghe form of desiccated carcasses.

Finally, be influence of disease upd@h crocutgpopulation density has beeseen through shokt
term population decrease ithe Ngorongoro CratefHoneret al,, 2012 see Sectior2.3.5for

further details).

The factors influencingC. crocutapopulations across Africa will hence be assessed within
Chapter 5. This is important in determining potential reasons for the extirpatidd. afocuta

from Europe during the Pleistocene.

2.3.3 Diet and competition

C. crocutaderive their foodfrom both predation and scavenging, the ratio of which varies
between locations. For example, in tMaasaiMara National Reserve, 95 of the total biomass
consumed byC. crocutaconstituted fresh kills, with ogl0.5 % of this total scavengé@ooper

et al. 1999) In the Etosha National Park in Namibia, 75 %.ofrocutdood derived from their
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kills (Gasawayet al, 1991)but in the Kruger Nawvnal Park in South Africdiomass from
/ drocuta kills constitited only 51 % of thediet (Henschel and Skinner, 199Ghereby

highlightirg considerable variation in behaviour, the reasons for which will be addressed below.

Cooperet al.(1999)stated that scavenging is an unreliable food seufitis idecausecarcass
availability is dependent upon factors such as disease, drought, and kills by other predators
(Henschel and Skinner, 199Basawayt al, 1991) Furthermore, scavenged carcasses contain
less energy, nutrients and watéhan fresh kills, and are therefore not a preferred food source

in the Maasai MargCooperet al., 1999)

The main prey of. crocutare herbivores weighig between 5& 182 kg(Hayward andKerley

2008) Larger species such as buffé@giicerus caff@¢rgiraffe Giraffa canelopardali$ or African
elephant Loxodonta africanpare consumed either as a result of scavenging, or because the
prey individuals are injured, incapacitated or yo@goper1990; Coopeet al,, 1999; Henschel
andSkinner1990) In the Maasai Mara National Reser@e,crocutanore frequently attempted

solo hunts of ungulates, however, a greater proportion of hunts were successful when they
hunted in groupgHolekampetal, 1997). @ O2y 4N} aitx Ay GKS /2Y2S bl
rodents made up more than 60 % Gf crocutadiet. In this areaC. crocutadid not range in
groups (Korb, ®00). Additional species consumed include termites, caterpillars, crayfish,
ostriches and hareg¢Tison et al, 1980; Holekamp ahDloniak, 2010)Remains of Chacma
baboon Papio cynocephalugrsinug have been found ir€. crocutadens in Mashatu Game
Reserve, Botswan&uhn, 2012) whereas remains of other mammalian carnivor®s lgq
leopardPanthera parduscaracalCaracal caradablackbacked jackaCaniscf. mesomehs) have

also been found in den@-aith, 2007) They may also dig up human remains from cemeteries
(Sutliffe, 1970) C'zrocutado not showmarkedpreference towards particular species, rather
individual clarpreference reflects local availability of prey species, prior hunting experience and
the ease by which prey can be captur@dills, 1990; Holekampt al., 1997; Hayward, 2006)
Seasonhvariability influences targeted prey species. In the Serengeti, Tanzania, wildebeest
(Connochaetes taurinlisnigrate into the area for part of the year, during which time they are
the species most frequently targeted B/zrocuta Prior to the migratioB NB & A RSy (i ¢ K2
gazelle Gazella thomsoniiis the most abundant ungulate species, and is targeted most

frequently byC. crocutdCooperet al,, 1999)

C. crocutanay also consume the bones otarcass. As Wibe discussed in Secti@3.6 the
craniodental morphology of. crocutas wellsuited to bone consumptiorBone consumption
may occur when thex is greater interspecific competitiofegelandet al, 2008) Intraspecific
competition at carcasses may also lead to bone consumption, driven by established doeina

hierarchiesFemales will dominate carcasses over males. The only exception to this is the male
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cubs of a higlanking female. The high rawk a mother will be passed onto its young, who will
then dominate all individuals of a lower rank than the mat{Franket al,, 1989) It is therefore

the lower rankingndividuals that are left with the less preferential parts of a carcass, and may
therefore have to consume the bones. This intraspecific competition is evidenced in the

Ngorongoro, whereC. crocutalensity is high, and most carcasses are completely conduBye

contrast, in areas of the Serengeti National Park, there are large ungulate populations and low

C. crocutalensity so bone are often not eatéKruuk, 1972)

Exploitation competitior{the use of the same resource by different speciegtjveenC. crocuta

and other large carnares is apparent in the overlap of targeted prey species. For example, in
the Faro National Park, Cameroon, there is a large overlap in the prey species consuthed by
crocuta lion (Pantheraleo) and wild dog [(ycaon pictus @ . dz¥ TkdhluQkbb Kok dhe 6
species most frequently consumed by® O NMBJ®.deid This ungulate is also targeted by a
further potential competitor, baboonsP@pio spp., Breuer,2005) In the Kalahari, southern
Africa,C. crocutaandP. leoboth predate most frequently wildebees€Cpnnochaetespp.) and
gemsbok Qryx gazed) (Mills, 1990)

Competition between the large carnivores also evident through direct interactions, or
interference competitionC. crocutdnas been observed to obtain food from prey killed by other
predators includindP. leqg cheetah Acinonyx jubatus leopard Panthera pardus L. pictusand
jackals Canis mesomelagKruuk, 1972; Mills, 1990; Coopetral., 1999) The exact dynamics of
these competitive interactions vary. In a study in the Kalaharicrocutaoften obtained
carcasses after theriginal predator had departed. Irasesof direct interactions,Czrocuta
were more successful in appropriating carcasses froppardusandA. jubatusthan fromP. leo
(Mills, 1990) In the case of th®. brunneda frequent scavengery;. crocutas the dominant
species and frequently appropriates carcasses fRararunneaOn the other hand, little food is
losttot ® 0O NMNSy1990)C. crocutanay also lose food tB¥eoandL. pictugKruuk, 1972;
Cooperet al., 1999) In the plains area of the Serengeti, 42 %Pofe@a & Ol Sy ISR
obtained fromC. crocuta(Schaller 1972) In the Ngorongoro CrateifanzaniaP. leowere
observed to approach 21 % @f crocut&ills, and frequently obtained a substantial amount of
food (Kruuk, 1972)Some of these interactions with. leocanbe fatal toC. crocutandividuals

(Périquetet al,, 2015, and references therein)

On occasions wheg. crocutaattempt to scavenge fronP. leq success depends upon the
numbers ofC. crocut, and the absence of an adit leomale. WhenP. leoattempt to take
food from C. crocutathe presence of an aduR. leomale willforce C. crocutdo surrender its
carcasgHoneret al,, 2002) In observations within the Timbavati Private Nature Reserve, South

Africa by Bearder (1977 @ O M&qQedty tonsumed giraffe that had been killedmyleg
-45-



2. Review ofCrocuta crocuta

although they waited until the lions had finished before approaching the carcass. The lions left
a great deal of the carcass behind, which the author ssiggemight be due to the tough skin

of the giraffe, which onlyC. crocutas able to exploit.

In a model assessing the amount of prey exploited by a species, versus the amount gained or
lost through competition)/olmer and Hertler (2016ankedthe success dive large carnivore
species Czrocuta P. leg P. pardusA. jubatus L. pictu$ in the Kruger and Serengeti National
Parks. In the Kruger National Pak,leowas the dominant species, followed By crocutaln

the Serengeti National Park,. crocutavas the dominant specidg¥olmer and Hertler, 2016)

Competition may be reduced through spatial partitioning. For example, in the Serelgktq

occupies the plains but is more frequently found within wooded grasslangictusfrequents

both wooded grassland and plaif, parduprefers thickets and riparian forests, ahdd 2 dzo | { dz:
and C. crocutamost frequently occupy the plains and the border of the wooded grassland
(Schaller, 1972By contrastPériquetet al.,, (2015)noted thatP. lecandC. crocutanay occupy

similar areas, influenakby the abundance of prey. The authors also noted thab réq&ra

some vegetation cover to allow them to ambushitharey.In a study ofC. crocutan the Savulti

region of the Chobe National Park, Botswana, there appeared to be no relationship between
hunting and vegetation cover, as different prey species were hunted in different vegetation
(Cooper, 1990)

Some temporal separation also occuts.crocutaP. leq P. pardusP. brunneandH. hyaena

are usuallynocturnal or crepuscular hunters. In contrast, jubatusand[ ®  LakeQdiirohzd
(Schaller, 1972; Hofer, 1998; Mills, 1998; Périgeteal., 2015) Indeed,Cooper (1990jound

that Czrocutaindividuals were unable to hunt in temperatures above about 283Ccontrast,
Swansoret al. (2016)found P. leato be actve throughout most of the dayn the Talek region,
Kenya, along with alteration of vegetation preference with increased livestock grazing (Section
2.3.7), C. croata activity changed from crepuscular to nocturnal, again exhibiting a rapid

behavioural responséBoydstonret al.,, 2003)

Despite these examples of spatial and tempgnaititioning, Swansoret al. (2016)found that

in the longterm, P. leq C. crocutaandA. jubatusdid not avoid each other in the Serengeti. The
numbers of sightings of each species at aipalar spot were positively correlated, although a
threshold was reached at the highest numberdPofleo In the shortterm, A. jubatusdid not
avoidC. crocutaand theC. crocutanly avoided an area for a short period (12 hours) &ftéeo
was seen.ln fact,/ drocuta and P. leotracked each other, perhaps due to similar prey
preferencegSwansoret al, 2016) Similarly,C. crocutaandP. lecappeared to track each other

during the dry season of 2013 in Ruaha National Park ah@(usaclet al., 2017)
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Separation of predators also occurs through targeting of different prey classes. In the Kalahari,
C. crocutawill target the calves o€onnochaetespp. andO. gazellawhile P. leotargets the
adults and subadultgMills, 1990) Meanwhile, P. pardusand A. jubatusprey upon smaller
species such as springbdnfidorcas marsupialjsFurther Mills (1990ktated that the facthat

C. crocutascavenges more thaR. leohelps inreducing the competition between the two
speciesHayward anderley (D08)reviewed dietary studies df ® O N I€gd2iiplardusA.
jubatusand L. pictusto assess potential interspecific competition. The authors suggested that
whilst interference competition occurs, it is exploitation competition that exerts the strongest
influence upon some carnivore populatiomhen food is the limiting factorA. jubaus and

L pictusexperienced the greatest overlap in diets with each other, and thus the potential for
competition was high. The predator with whi€h crocutgrey preference overlapped the most
wasP. leo However, evidence suggested that competitionvaeen C. crocutaand P. leodoes

little to limit to the abundance of either speci¢idayward and Kerley, 200& lkarge overlap of
diet betweenC. crocutaand PJeowas also found byPériquetet al. (2015) with both species
mostly targeting mediunsized prey. However, some separation occurs Witleopreying upon
more largesized prey thai€. crocutaandC. crocutaconsuming more very larggzed prey and

other prey, such adirds, rodentsand other predatorsRériqué et al,, 2015)

Two of the other large predators in Afridd, hyaenaand P. brunneascavenge much of the
vertebrate portion of their diet, which is supplemented with small vertebrates they Kill
themselvesin addition tofruitsand insectgHofer, 1998b; Mills, 1998The difference between

H. hyaenaand C. crocutas illustrated by observations from Djibou@. crocutgprey species
diversity was higher than that &f. hyaenaAsH. hyaenare mainly scavengers, they are reliant
upon carcass availability, where@s crocutaare able to hunt cooperatively and m#yus have

a wider choice available to the(fourvelet al., 2015)

2.3.4 Denning

There arawo different types of derused byC. crocutathe natal den and the communal den
(Eastet al., 1989; Holkamp and Smale, 1998; Boydstetnal., 2006) The natal den is occupied
by one, or occasionally two, female adults and their ofBisydstonet al., 2006) The majority

of cubs are born within natal deljEastet al, 1989 Boydstoret al., 2006) The young are moved
from the natal to the communal den, whietas observed to occur up to four weeks of age in
the Talekregion (Holekamp and Smale, 1998)d at 11 days old on average in theré&hget
National Parl(Eastet al., 1989) The mother, and occasionally a close female relative of the

mother, such as a sibling, may reside within the entrance to the den. The interior of the, den is
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howeve, so narrow that only the cubs can enter, allowing protection from predaf&esstet
al., 1989; Holekamp and Smale, 1998gny dens are excavated by warthogdhécochoerus
africanug or aardvarks@rycteropus afgrand dug further byC. crocutacubs (Kruuk, 1972;
Boydstonet al., 2006)

Like natal dens, the iatior of communal dens issuallyonly accessible to cubs, allowing them

to hide from predators and potentially cannibalistic ad@lt crocutasince mothers are often
away from these dens for long periods when searching for fil¢duk, 1972; Eastt al., 1989;
Cooper, 1993; Holekamp and Smale, 1998)contrast to natal dens, the communal dens
contain young from many different females, and it is within this environment @atrocuta
begin to establish their social rankmgHolekamp and Smale, 1998n the Talek region,
Boydston et al. (2006) observed frequent inhabitatn and subsequent abandonment of
communal dens. The longest continuous period of occupation of a den was 8.1 months.
Although the reason for den abandonment was not always known, occasionally the moves were
prompted by events such as disturbance by hum&ngeoor C. crocutdrom outside the clan,

the death of a cub or floodin@Boydstonret al., 2006) Communal dens are visited by both male
and female adults, and young€r. crocutahat have left the der{Holekamp and Smale, 1998)
Males are allowed within a closeroximity to cubs at communal dens whereas they are chased
away from natal dengEastet al, 1989) This indicags the importance of dens for the survival

of cubs, and thus the importance of Pleistocdbiecrocutan finding suitable denning sites.

Adults may also require shelter during the day. For example, the entrance of a large den in
Namib-Naukluft Park in Narhia, which was not used by cubs during the period of study, was
used as daytime shelter for adul{lenschelet al, 1979) Shallow holeswithin the Comeé
National Parkwere likely used as shelter during the day, but did not function as an area for
raising cubs(Korb, 2000) As mentioned,C. crocutaseem to be unable to hunt in high
temperatures(Cooper, 1990)Tre presence of shelters large enough for daytime use of adults

avoiding high temperatures may therefore have been important during Pleistocene interglacials.

Dens may be located in caves or other openings in rock, or in burrowed into sediments, as
indicatedin Table2.2. The burrows studied biruuk(1972)in the Serengeti and Ngorongoro
Crater had already been at least partially excavated by a different species. A further
consideration is whether vegetation may influence den location. As indicafeabie2.2, there

does not appear to be a consistent type of vegetation for den location. Ind&&rijuetet al.
(2016)found no influence of vegetation density upon den location in the Hwange National Park,
Zimbabwe. A further consideration is proximity to water sources. Some of the ddrabie2.2

are located near to rivers. Indeed, as mentioned, protyino water sources is an important

factor influencingC. crocutadensity(Cooper, 1989)On the other handKruuk(1972)observed
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that many dens were located up to 30 km from water sourgegshe Serengeti and the
Ngorongoro CraterPériquetet al. (2016)found thatC. crocutavere able to locate their dens
further from water sources, and thus further from concentrations of prey and associated

concentrations oP. leg although most dens werdils within 3 km of water.
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Location Substrate Proximity to water Vegetation Den/occupation type Reference
Namib-Naukluft Park, Under rocky Bank and ravine of Patches of shrubs, Entrance as daytime Herschelet al.(1979)
Namibia outcrop seasonally dry Kuiseb River isolated trees shelter by adults Tilsonet al.(1980)
Mashtu Game Reserve, Caves Juveniles and adults Kuhn(2012)

Botswana

present

Near Kajiado, Kenya

Cracks in lava

Sutcliffe(1970)

Urikaruus den, Gemsbok
National Park, South Africa
Kaspersdraai den,
Gemsbok National Park,
South Africa

2 NAIKGQa RSY Dune
National Park, South Africa

Calcrete Auob River bank Mills and Mills(1977)

Nassob River bed Mills and Mills(1977)

Overlooking Nassob River Mills and Mills(1977)

Natal and communal

Soll dens

Talek Region, Kenya Boydstonet al. (2006)

Queen Elizabeth National
Park, Uganda

Serengeti and Ngorongoro
Crater, Tanzania
Ngorongoro Crater,

Alluvial sediments Sutcliffe(1970)

Preferentially in plains,

Sediments rather thanwooded areas

Up to 3 km from water Kruuk(1972)

; Near lake Sutcliffe(1970)
Tanzania
Amboseli Airstrip Den, Trench in calcrete Open grassland Natal and communal Faith(2007)
Kenya den
Comoé National Park, Cote -
ROL &2 A NE Forest patches Raising cubs Korb(2000)
Comoé National Park, Cote Shallow holes for
ROL &2 A NE Savannah shelter Korb(2000)
Hwange National Park, Sand More dens further from Variable Périquetet al. (2016)

Zimbabwe water, up to 3 km
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One further consideration regarding den availability is competitikmiuk(1972)observed that

in the Serengeti and Ngorongoro Crater, other users of sediment burrows inelualeicanus
jackals and spring hareBddetes capengisEven burrowgxcavated by an animal as smallPas
capensisare large enough for inhabitation by@G crocutacub (Périquetet al., 2016) However,

a literature search revealed ¢ evidence for den competition. On€Zzrocutaden in the
Gemsbok National Park, South Africa, was visited by porcupihestrixafricaeaustrali¥, yet

there was no interaction between the species. Another den was inhabited at separate times by
Czrocua, P. brunneaand Hystrixsp. (Mills and Mills1977) Overall, it appears that there are

few controlling factors on the location and availability®fcrocutadlens, suggesting that during

the Pleistocene, so long as there were available caves or soft sediment potentially close to a
river, there mg not have been any restrictions on den locations. However, as seen in Section
2.4.2 different conditions during the Pleistocene may have had different influenceden

availability.

C. crocutanay carry carcasses bato the den to feed themselvesubs are not provisioned by

this food according toSkinner(2006) Indeed, cubs are not weaned until they are nearly fully
grown (Kruuk, 1972)Lansinget al. (2009)made observations of females bringing food to dens
to provision cubsand one observation of a male attempting to bring food to a sibling, but these
amounted to only 3 % of the prey items brought to the dénshe Talek region, young hyaenas

at communal dens were observed chewing on, among other things, bones, aidifg in t
development of strong cranial bone and musculatikolekamp and Smale, 1998 the
Serengeti, an adult female was thrice observed carrying a wildebeest leg for her own
consumption to the natal den where her cub was locafBdstet al, 1989) The reason for
taking food to he den for consumption is to avoid intexnd intraspecific competitio(Skinner,
2006; Fourvekt al, 2015) Indeed, in comparison to opeair sites with greater interspecific
competition, there was a lower degree of breakage of bones found inside a cave in Syokimau
Gorge, Kenya. This suggested that decreasmdpetition meant that the individuals did not
have to consume the entire carcass to obtain sufficient f@delandet al., 2008) This is an
important consideratio when considering bone consumption by PleistocE€nerocutasince
increased bone consumption may indicate interspecific competition or dietary stress, as

observed irnC. lupugiuring Marine Oxygen Isotope Stage (MISjHawer and Schreve, 2014)

The act of bringing food back to the den leads to accumulation of b&weses and teeth, most
exhibiting carnivore damage, were found around the vicinityCofcrocutadens in Timbavati
Private Nature Reserve, South AfriBzarder, 1977)Bones of prey were found outsitheraide
denin Djibouti(Fourvelet al, 2015) and outside dens within forest patches of Comoé National
Pak (Korb, 2000)Only 1 % of the prey remains at dens in the Talek region were taken inside
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(Lansinget al, 2009) By contrast, the bones of Yangula Ari den in Djib@uil a den in the
Namib-Naukluft Park, were located both outside and indiHenscheeét al,, 1979; Fourvedt al,,
2015) Many bones were also discovered inside a cave that functioned@sceocutaden in
Syokimau GorgeKenygEgelandet al., 2008)

C. crocutabone assemblages are smalland accumulate at a slower ratthan those
accumulated byP. brunneaandH. hyaenaThis ighought to bebecause, unlik€. crocutathe
other species more frequently provideod for their young at the denSkinner and Chimimba,
2005; Lansingt al., 2009)

2.3.5 Mortality

Kruuk (1972)assessed the cause of death for €8 crocutain NgorongoroCraterand the
Serengeti. Of those where cause was determined, the greatest mortality was through
competition for food:C. crocutavere killed by othelC. crocutar byP. leo Predation byP. Eo

upon C. crocutacubs has also been observed, and was especially prevalent in the Serengeti in
1997 and 1998. The EIl Nifio conditions of these years meant that rainfall was earlier, greater in
volume, and almost continuous. This resulted in alit&t vegetation through whichC. crocuta

had difficulty moving, thus making it difficult to evade predatgtisfer, 2000)

Within the Ngorongoro Crater and Serengetirgation or disease constituted 2hof C. crocuta
deaths, although thigmostly comprised subadudt (Kruuk, 1972)Vulnerablity of younger
individualsis illustrated in a study binderand Valkenburgh (2000)Of newlyweaned C.
crocutg the bite strength and ability to crunch bone are diished compared to older
individuals. These authors suggested therefore that if food is not plentiful, these yothger
crocutamay starve especially if their mothers are low in the social structure of the clan and thus
would have access to only the poorand tougher parts of the carcagBinder and Van
Valkenburgh, 2000Holekamp andsmale (19983uggest that in a litter of more than one cub,
the siblings quickly develop a dominance hierarchy, with the dominant cub obtaining a greater
share of the mK SNR& YA f | © 2 KaSubordhate dib mag thus QarVEIDSeE
evidence of the influence of food on mortality comes from a more recent study of Ngorongoro
Crater populations. A reduction in food availability, coupled with increased direct etitiop

with P. leofor food likely increased mortality, causing a declin€ircrocutgopulations from

the 1960s to 1990&H06neret al., 2005)

Lack of food may also influence susceptibility to disease. Between the years 2002 and 2003,
there was an outbreak of the bacteriuBtreptococcus equi ruminatoruwithin the C. crocuta

population of the Ngorongoro Cratédéneret al, 2006) This resulted in an increased mortality
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rate, and associated population decline, with the hardest himdgraphics being those
individuals without preferential access to food. The disease also became more prevalent with
greater interspecific competition and lower prey density, indicating the importance of food

availability in influencing the impact of diseg$ioneret al, 2012)
An additioral cause of death may taidity coupled with scarce fresh prey, as discussed above.

Humans are also an important causé C. crocutamortality, causing 8 % of deaths in the
Ngorongoro Crater and Serenggiruuk, 1972) This is most prevalent outside of protected
areas but does also occur within. Direct persecution occurs due to livestock predation, the
presence of settlements, competition withaphy hunters, recreation, and use @f crocuta
body parts for food and medicine. The varied methods include poisoning, trapping, shooting,

and through snares set for other specigtofer and Mills, 1998tand references therejn

While the impact disease is difficult to determine in Pleistocene populations, the other factors
(water and food availability, direct competition) are all important considerations when assessing

the causes of the extirpation &. crocutdrom Europe.

2.3.6 Summay

Overall, this review indicates that the behavioural plasticit€ ofrocutallows them to survive
under different environmental conditions, including diverse habitats, varying competition levels,
prey species, food availability, and den locations. e\mv, there are indications that if severe
enough, several factors may limnt. crocutasurvival, including competition, food availability,

water availability and disease, in addition to human impacts.
From this review, a number of hypotheses can be formegrhrding Pleistocen€. crocuta

1. Greater competition and/or lower prey availability led to increased bone consumption.
This may have been a factor contributing to the extirpatioifCotrocutdrom Europe.
This will be assessed through the predator arelspecies diversity from the literature.
The level of bone consumption will be indicated through craniodental morphometrics,

and tooth breakage levels.

2. Reduced access to water was a factor leading to the extirpatio@. afrocutafrom
Europe. This will é& assessed through local palaeoenvironmental reconstructions

coupled with datedC. crocutaecords from the literature.
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2.4 PleistoceneCrocuta crocuta
2.4.1 Presence izurope

The first European record @f. crocutas from Trinchera Dolina, Spain, dated to around-880
ka (thousand years ago), Marine Oxygen Isotope Stage (MHE) @Earcia and Arsuaga, 2001)
followed by the occurrence at Casal Selce, Italy, dated to around 800 ka, {18%S&della and
Petrucci, 2012)

After the first arrival in EuropeC. crocutawere apparently not present throughout Europe
through all climatic periods and environmental conditiofibis can be illustrated partiardy

well in Britain, in light of the good stratigraphical record that allows determination of the
aLISOASaQ LINBaSyOSe Lia SIENXASald NBOageRMR LINB
Pakefield, Corton, West Runton and Palling, all in EadiaXBguart and Lister, 2001; Parfét

al., 2005; Lewiset al, 2010) Later records from the early Middle Pleistocene exist from
Westbury and BoxgrovéBishop, 1982; Parfitt, 1999; Roberts and Parfitt, 1999; Turner, 1999)
correlated with MIS 13. During the late Middle Pleistocebegrocutavas present during MIS 9

and the later part of MIS {Schreve, 2001)There is good evidenc@owever, thatCZzrocuta

were absent from Britain during MIS {$chreve, 2001)and possibly from the rest of Europe

too (Stuart and Lister, 2014puring the Late Pleistocen€, crocutavere present during MIS

5e, 5¢ and 3Currant and Jacobi, 2011gnd were absent from Britain during MIS @aurner,

2009) Currant and Jacolf2011)suggested that this may be due to the cold coiwtis of MIS

5b, and the subsequent prevention of recolonization in MIS 5a due to high sea levels isolating

Britain from the rest of Europe.

Extensive dating o€. crocutaremains byStuart and Liste(2014)revealed that the species
disappeared from eastern Europe around 40 ka. The final extirpation from Europe was dated to

around 3130 ka. This will be further discussed below.

While C. crocutavere spatially widespread across Europe during the Pleistocenegrahsef
GKS fAGSNI GdzZNB KIFa y2i0 NBGSIEt SR |yg NBO2NR:

specifically Norway, Sweden, Finland, Denmark, Lithuania, Estonia or Latvia.

2.4.2 Denning and cave use

PleistoceneC. crocutaare notable for their use of caves Europe, to the extent that they have

been named the cave hyaena, as discussed in Sezt®8 This use allowed for the abundant

accumulation ofC. crocutdbonesand coprolites, as well as remains of their prey. Indeed, caves

such as Tornewton in Britain, and Teufelslucken in Austria have yielded hundi€dsrotuta
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bones and teethEhrenberg, 1966a; Currant, 199&)Ithough few have been found, there is
evidence that dens were also dug into sediment, such as in Glaston, Botaperet al,, 2012)
and Biedenstag, GermaiiRiedrich, 2006)

Diedrich(2011a)suggested that there were two different types of hyaena den in Pleistocene
Europe: communal dens and cufiising dens. A culaising derassemblage is characterised by

a large proportion of juvenil€. crocutawhile a communal den assemblage is comprised mostly

of adults with some juvenilegDiedrich, 2011a)This contrasts with presefntay C. crocuta
communal dens, which are used only by juveniles, and are not entered by @dafiet al,,

1989; Holekam and Smale, 1998ee Sectio.3.40 @ | FdzZNIKSNJ dzaS 2F O @
which was used to hide food from other predatdBiedrich, 2011c¢)TheC. crocutafound in

prey depots are all adultéDiedrich, 2011a)accompanied by a large number of prey remains
(Diedrich, 2011c)

C. crocutalens are very common in western and southern Europe, especially ones datirgg t

Late Pleistocene. By contrast, they are much less common in eastern Europe. For example,
Czrocutadens in Serbia are represented by a very small number of caves, two of which are the
Late Pleistocene (not dated to a particular Marine Oxygen Isosipge) deposits of Janda
Cavity(DA Y A (i NhaB, @@14)a@nd the MIS 3 aged deposits of Baranica GaeA YA (i NA 2 S ¢
2011) Some of tle other known caves containing Pleistocene deposits had been occupied by
humans, and the majority by cave bears (during both the Middle and Late Pleistocene;
SAYAGUNR2SSOAOGZ wHnmmT [/ ABisimag tdeketore IngicRte thak ofdeuiaNRA 2 S &

were outcompeted for caves by bears and humans.

Some caves have evidence afeubyC. crocutaand other predators, further indicating the
potential for competition for shelter (se&able2.3). Discampset al. (2012) stated that it is
difficult to assess the temporal gap between cave occupation€ bgrocutaand humans.
However, given the appant prevalence of bothC. crocutaand Neanderthals Homo
neanderthalensisin southwestern France, the author suggested that competition for caves was
likely. This uncertainty about the time between occupations, and the degree of overlaCwith

crocutamay also hold for other species listedTiable2.3.

The above will be an important consideration when assessing the reasons for the extirpation of
C. crocutafrom Europe. In contrast with the evidence from modern dens (Se@i@¥),
PleistoceneC. crocutamay have experienced enhanced competition for the useades as

shelter or food storage.
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Site Country Age Other occupants References
Temporary shelter bydar Ursussp.), wolf Canis

TD8 level, Gran Dolina Spain Middle Pleistocene mosbachens)s fox Nulpessp_.),European jaguar Blasceet al. (2011)
(Panthera gombaszoegenji$/nx Lynxsp.),
badger Melessp.)

Grotta Paglicci Italy Middle/Late Pleistocene Hominins Crezzinet al. (2015)
Hibernation by cave beaU(ususspelaeuk

Level F, Pyre France MIS 87 Occasional use @dupusand cave lionRanthera Daujeardet al. (2011)

' leo(spelaed). Repeated, short term use bi; ) '

neanderthalensis

'C;\/eN‘D Hda LAG L Slovakia Late Pleistocene Occasional use li. neanderthalensis Sabolet al.(2013)

Camiac France Late Pleistocene Hominins Discampst al.(2012)

La Chauverie France Late Pleistocene Short term visits by hominins Discampst al.(2012)

t SOUGdzZNR Y |/ | @ Serbia MIS 5d and 3 Repeated use by hominins Blackwelkt al. (2014)

Baranica | Serbia MIS 3 C'J’Ig"e'g'”s’ wolf Canis lupus red fox Yulpes 5AYAGEKDSOA D

Tournal Cave France MIS 3 Repeated uséy hominins. Hibernation by. Magniez and Boulbes (2014)
spelaesusand brown bearrsus arctop

Les Rocherge-Villeneuve France MIS 3 Hominins Beauvakt al. (2005)
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2.4.3 Diet and competition

Physical evidence of hyaena diet is determined from prey bones and teeth showing marks from
C.crocut®d G SS i K cid(Bthart 1982 Suhf©19FPiet may also be inferred from

the carbon and nitrogen stable isotope composition of carnivore and herbivore rerfams
Bocherengt al,, 2011, 2015, 201&)nd through prey DNA in coprolitéBonet al,, 2012) Table

2.4 contains a summary of studies using these lines of evidence to reconstruct Pleistocene
Czrocutadiets. The studies indicate that the prey species largely correspond with the size and
type of ungulate prey species targeted by present @arocuta(seeSection2.3.3, although

there may have been a greater reliance on rhinoceros, especially woolly rhino€sedsdonta
antiquitatis). There is little to no evide® of small prey consumption, contrasting with some of
the modern studies. However, this may be partly because smaller prey bones are more easily

completely consumed and are therefore not preserved in the fossil records.

In addition, there is evidence that. crocutapreyed or scavenged upon other carnivores.
V. vulpesof Bukovynka Cave, Ukraine, may have been prey. afrocutaBondar and Ridush,
2015) Coopetet al.(2012)suggested tha€. crocutaonsumed wolverineGulo guld in Glaston.
GnawedU. spelaeugemains were found irC. crocutedens in France from MIS 5e, 5¢ and 3
(Fourvekt al.2014) U. spelaeufound in Bukovynka Cave, may have been the pr&y. afocuta
(Ridush, 2009)Based on the paucity of tlemains of herbivores at sites such as Zoolithen Cave
and Rosenbeck Cave, Germabigdrich(2011a)andDiedrich(2011b)suggested that cave bears
were important food sources fd€. crocutgwhether through predation oscavenging) in Late

Pleistocene boreal forest environments.

Hominins may also have been a food source. The MIS 3 aged deposits of Les-&Rschers
Villeneuve yielded a bone &f. neanderthalensithat has been gnawed W§. crocutaalthough
it was uncleamhether the individual had been directly preyed upon or its remains scavenged

(Beauvakt al., 2005)

There is evidence of. crocutacannibalism from BiedenstefDiedrich, 2006) Balve Cave
(Diedrich, 2011band Résenbeck Cave, Germéiedrich, 2011a)Sloup CavéDiedrich, 2012a)
andY 2 y Sy Maes, Czech Repulfiiedrich 2018), and Baranica Cave5 A YA 1 NA.2 S @A 0 3

In Late Pleistocene Italy, whi® crocutaand hominins had similar prey preferenc€s €élaphus
was most important)C. lupuspreyed on different spees C. ibexC. capreolusind smaller
species). Howevef. crocutandC. lupugpreyed mostly on the oldest and youngest individuals
whereas hominins preyed on prireged adults. Collectively, this indicates that the three

predators occupied different emonmental nichegStiner, 1992, 2004)
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A review of M6 3 and 4 age deposits in France revealed dietary similarities between
H.neanderthalensiandC. crocutabut the relative contributions of prey species were different.
While both species consumed bovids, equids and cer€ids;ocutaonsumed more bovisland
equids, whereasH. neanderthalensiconsumed more cervids. Additionally, assemblages
accumulated byCzrocutawere more speciesliverse, due in part to consumption of carnivores
(Dusseldorp, 2013apimilarly, at the site of Saitésaire, France, attributed to MIS 3, isotopic
results suggested some differences in the preferreckyprspecies ofC. crocutaand

| @eanderthalensisThe diet of both species contained approximately the same proportion of
bovids, large cervids and horsEquuscaballug, but C. crocutaconsumed more reindeer
(Rangifertarandug, while H.neanderthalensisconsumed moreC. antiquitatisand woolly

mammoth Mammuthusprimigenius Bocherenst al.2005)

Remains from Payre, France (MIS 8/7), indicated alpadirtitioning of preferred prey species.

C. crocutaand P. leo (spelaed preyed upon species likely found within the wet, denser
vegetation of the valley surrounding the site, includiStephanorhinussp., horse Equus
mosbachens)s M. giganteusand C.capreolus By contrastC. lupudargely targeted different
species that inhabited the drier, more open vegetation of the plateau near the cave, including
C. elaphusnd thar Hemitragus bona)i H. neanderthalensialtered its targeted prey species
over ime, at one point targeting the valley prey, and at another point targeting the plateau prey
(Bocherengt al,, 2016)

By contrast, other studies indicate some overlap of carnivore digtscrocutawere likely
responsible for the bones of animals such as equids and red Geevyslaphug, found within
the lower layers in Caldeird@ave, Portugal. However, the leopaRafthera pardus spelaga
and the bearded vultureQypaetus barbatysmay also have contributed to the accumulation
(Daviset al, 2007) Bones of bisonHisonsp.), and horseHquussp.) in Les Rochede-
Villeneuve, France exhibited damage caused by bGthrocuta and humans, indicating

competition between the two predatoréBeauvakt al, 2005)

Isotopic data has also indicated potential competition. Isotopidues from MIS 3 age
assemblages from the Ardennes, Belgium, revealed competition bet@eerocutaP. pardus
G. guloandU. arctosfor prey species. There was no overlap of prey species bet@eerocuta

andP.leo(spelaed. However, afteC. crocut disappeared from the are®,.leo(spelaed began

to consume what had beef. crocut® 8 LINBFSNNBR LINBes ada3asaia

/ drocutahad previously excludeB.leo (spelaed from taking that prey speciéBocherenst

al. 2011).
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Table2.4: Some studies indicating the herbivore species atrocuta&zonsumed during the Pleistocene of Europe.

2. Review ofCrocuta crocuta

Site Country Age Evidence Prey species References
L Middle/Late . Aurochs Bos primigeniusfallow deer .
Grotta Paglicci Italy Pleistocene Prey remains (Dama dam, C. elaphus Crezmi et al.(2015)
Predominantly C. antiquitatis. Also
Late t NI S ¢ hdrsé quud &erus
Y 2 ¥ S L. Dhbled Czech Republic . Prey remains przewalskii, bison Bison priscysgiant Diedrich(2012b)
Pleistocene .
deer (Megaloceros giganteys
C=elaphusR. tarandus
. . C. antiquitatisE. f. przewalskii
. Late Prey remains (in order of . . S
Biedensteg Germany Pleistocene  most to least abundant) B.Eprl_scgs M:fglganteus R. tarandus Diedrich(2006)
M.primigenius
Late M. primigeniusC. antiquitatis horse
Janda Cavity Serbia . Prey remains (Equusgermanicu, M. giganteus 5A YA (MALCH)A
Pleistocene ;
Bpriscus
C. elaphusB. primigeniuskE. caballus
. Late . roe deer Capreolus capreolysfallow .
Various Italy Pleistocene Prey remains deer (Dama dama, wild boar Gus Stiner(2004)
scrofg, ibex Capraibex)
Lower layers, Caldeirdo Late . . )
Cave Portugal Pleistocene Prey remains EquidsC. elaphus Daviset al.(2007)
Cueva del Buho Spain MIS 5d3 Prey remains Equussp., Bovidae sp., Cervidae sp. lfiigoet al.(1998)
Various France MIS 3and 4 Prey remains Bovids, equids, cervids Dusseldorg2013)
. : Predominantly bovids and horse Marraet al.(2004) Villa
Bois Roche France MIS 4 Prey remains Ezaballus SomeR. tarandus et al.(2010)
E. caballuswild horse Equus ferus
. . . M.'ziganteus B priscus C.ibex very A .
Baranica Cave Serbia MIS 3 Prey remains S5AYAUMKDBSOIA

young or oldC. antiquitatisand
M.primigenius
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Damage to many bone€.. antiquitatis AldhouseGreenet al.

Coygan Cave Britain MIS 3 Prey remains andE. ferusnost abundant (1995)
Damage predominantly to

Glaston Britain MIS 3 Prey remains Cantiquitatisbones, in addition to Cooperet al.(2012)
those ofG. guloand M. primigenius

D2+ Q& | 2f S Britain MIS 3 Prey remains C. antiquitatis, R. tarandy@cluding Turner(2000)
shed antlers)

o . IncludingM. primigenius Pengelly(1872) Lister

Kents Cavern Britain MIS 3 Preyremains (predominantly juveniles. ferus (2001)

Pin Hole Britain MIS 3 Prey remains IncludingC. antiquitatispossibhyM. - g\ 1 875
giganteus

Rochersde-Villeneuve France MIS 3 Prey remains Bisonsp.,Equussp. Beauvakt al. (2005)
Palaeoloxodon mnaidriengidwarf
elephant) andCervus elaphus siciliae

San Teodoro Italy MIS 3 Prey remains ($|f:_|||an _red degrBos primigenius Mangano(2011)
siciliag Bison priscus sicilig&icilian
aurochs/Sicilian bisorg. scrofaEquus
hydruntinus(stenonid ass)
M. giganteusC. elaphusPyreneanbex

. (Capra capra praepyrenaigavild boar Magniez and Boulbes

Tournal Cave France MIS 3 Prey remains (Sus scrofE. @ballus bovids. (2014)
PossiblyR»arandusandC. antiquitatis

SaintCésaire France MIS 3 Isotopic analysis R. tarandusbovids, large cervids, Bocherent al. (2005)
Ezaballus
Rhinoceros$tehanorhinusp.),

Payre France MIS 87 Isotopic analysis CzapreolusM. giganteus horse Bocherenst al. (2016)
(Equus mosbachengigpossibly bovids

Coumere France Likely MIS 3 C. crocutaoprolite DNA C.elaphus Bonet al.(2012)
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The evidence outlined above therefore suggests thatrocutanay have been in competition

with some species for food, but that there was scope for niche differentiation, whether that was
through the species targeted or the age demographics of prey. Whilst much is known about the
diet of C. crocutaand competition ér food in the Pleistocene, little is known about how food
availability has changed with changing environments. An analysis of evidence of nutritional

stress is therefore needed to address this issue, and will be presented in this thesis.

2.4.4 Body size and nnphometrics

Previous authors have attempted to examine variations in size in Pleisté@eacutaand
differences in morphology when compared to modeen crocuta although conclusions are
contradictory.Klein andScott(1989)proposed that measurements of hi{first lower molar)

length indicated thaC. crocutdrom the Devensian (last cold stage) period in Britain were larger

than those from the Ipswichian (Last Interglacial), a change that was asgarbech response

G2 RSOfAYAY3a GSYLISNI(GdzaNBaszs F2ff26Ay3 .CSNAYL )
crocutabody massegevealed that whilst there was some difference in the average body masses
between MIS 5e, 5a and 3, the differences were nsignificant(Collinge, 2001)onversely,

Turner (1981) measured bones and teeth of Britigh. crocutaand found no overall size

difference between those of Ipswichian and those of Devensian age.

Turner(1981)did, however, find that overall Ipswichian and Devengiarcrocutavere larger

than modern day Africa@. crocutaHowever, the radius, tibia, metacarpal 11l and metatarsal 11l
were all smaller than those of moder@. crocuta making the Ipswichian anBevensian
Czrocutamore robust and powerful. This was suggested to be due to differences in the size and
resistance of preyTurner, 198). Additionally, canines fror@. crocuteof Devensian age were
found to be larger than those from the Ipswichian, suggesting that this may be in response to
prey having more subcutaneous fat in the colder Devensian climate, rémsring more

powerful dentitionto penetrate the surfacéTurner,1981).

The length of the skulls of individuals from central Europe during the last glacial period were
also larger than modern Africad. crocutdDiedrich, 2011a)According tdiedrich(2011a), the

sagittal crests of Late Pleistoce@ecrocutdrom central Europe took three different forms: flat,

slightly convex, and highly convex. The author suggested that the highly convex sagittal crest
developed as a result of disease or damage to the reasattached to the sagittal crest during

the life of the individual. No explanation was given for the flat and slightly convex forms, other
GKFy GKFG GKS& ¢SNB woiay, potiay A dSeo y2i LI (K2
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A reassessment of the morphology of BritiShcrocutavill be undertaken in this thesis. This will
be supplemented by an assessment of Late Pleisto€r@ocutanorphometrics from across

Europe.

Diedrich(2011)attempted to determine the se of C. crocutespecimens from central Europe
during the last glacial period. Measurements included the skull length, occipital condyle width
and the lengths and distal widths of long bones. These measurements were split into males and
females byDiedrich(2011)with the assumption that the largest specimens were female and the
smalles were male. However, the author acknowledged that there is overlap between the
largest (assumed) males and the smallest (assumed) females. There appears to be no indication
as to how the decision was made to group certain specimens as female and othaedeas
Moreover, this was done with no apparent consideration as to whether the measurements are
adequate in distinguishing between males and females of presentQagrocuta or even

whether females actually are larger than males in all the above meamsnts.

This thesis will therefore include an analysis of the manifestation of sexual size dimorphism in
the bones and teeth of present d&y. crocutaThis will be used to indicate whether sexual size

dimorphism needs to be considered when interpretingifecene morphometrics.

2.4.5 Extirpation from Europe

Stuart and Listef2014)created a chronology of. crocutgoresence in Europe during MIS 3,
based on a collation of radiocarbon dates, derived directly f@marocutaemains. Dates were
excluded if they were dated before 1980, or if they did not fit the pattern exhibited by the other
dates. The results oStuart and Lister'y2014) model indicated thatC. crocutabecame
extirpated from the Urals and central/eastern Europe at around 40 ka. Following this, the species
became extirpated from northwestern and southern Europe aroB&eB0 ka, with the latest

dated specimen from Grotta Paglicci, Italy.

A number of dates were rdated by Stuart and Liste(2014) using a newer préreatment
method: ultrafiltration. Compared to other methodsultrafiltration is more successful in
removing contaminants from bone samples, and usually results in older ¢(idiglsamet al,,
2006; Jacobet al, 2006) Nevertheless, a number of dated specimens were includ&tuart
and Lister's2014)model that had not beesubjected to the ultrafiltration method, presenting

a potential problem with the accuracy of the model.

Potentialproblems withStuart and Lister'@014)model were highlighted bRinniset al.(2016)

Dates from Caldey Island, Britain were inelddn Stuart and Lister'§2014)model. However,
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the specimens from Caldey Island may have been conserved with varaisiNédervelde and
Davies, 1978ited inDinniset al,, 2016) leadingDinniset al.(2016)to exclude these dates from

their analysis o€. crocutgpresence in Britain during MIS 3.

The dates from Caldey Island were the youngest date€faszrocutan Britain inStuart and
Lister's(2014)model. Therefore, excluding the Caldey dates resulted in the latest evidee of

crocutapresence in Britain to be older, at around 35(kKanniset al., 2016)

Given the issue with some of the dates, the publication of new dates and the publication of a

new calibration curve (Ii@al 13Reimeret al,, 2013) a new model will be created in Chapter 7.

Several suggestions have been made about the caokése extirpation ofC. crocutafrom
Europe.C. crocutanay havebeen physically intolerant to decreasing temperatures towards the
end of MIS FStuart and Lister, 2014Fhere may have been reduction in prey availability due to
overall reduction in prey biomass and/or increased competition from other preddtiiner,
2004;Stuart and Lister, 2014finally, there may have been increased competition for cave sites

with the arrival into Europe of modern huma(fStuart and Lister, 2014)

Varelaet al. (2010)modelledC. crocutadistributions during five time periods (126 ka, 42 ka,

30ka, 21 ka and the present day) in order to determine whether climate change was the cause
2F GKS 4LISOASaQ SEGANLI A2y TNRY O9dz2NRLIS® ¢K
cause, as therwere areas in Europe that were still suitallecrocutahabitation at 21 ka. The

author instead suggested the prey availability and competition with humans should be

investigated.

Lack of confidence may be placed in the results, however, as the angdftiom all five time
periods, including 21 ka, were used to determine the climatic requiremer@s ofocutgVarela
et al, 2010) Many of the samples that had yielded very late date€otrocutgoresence in
Europe were subsequently «aated byStuart and Liste2014) revealing that the species was
likely presat in Europe no later than 30 ka. Thi&relaet al!s (2010) suggestion that the
climatic conditions in part of Europe during MIS 2 were suitableCfocrocutanay not have

been the case.

In Chapter 7, the cause @f. crocutaextirpation will be reexamined, including climate, given
that interstadials became shortemhile stadials became longer and more frequent towards the
end of MIS 3, as evidenced in the Greenland ice core data. Vegetation cover, food availability

and competition and competition for shelter will also be investigated.
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2.4.6 Summary

This review has indited that PleistoceneC. crocutamay have differed from presetay
Czrocutain the factors that influenced their survival. Particularly, it appears that the use of
dens was even more important for all ages of individuals. Addition@allygrocutamay have
experienced competition for shelter from other species. This may have been a limiting factor in

their survival.

The review indicates that there are still gaps in the knowledge of Pleistd@eaecutawhich

will be addressed in this study. Firstlythmrough morphological assessment over different
temporal and geographical scales in warranted. This will demonstrate&Ch@nocutaesponded

to environmental changes, and whether these changes were sufficient to ensure their survival.
Secondly, there haget to be an assessment @ crocutdood availability and dietary stress
during the Pleistocene. This will be addressed through the level of bone consumption. These will
be coupled with a review of the literature detailing local environmental conditiomgduding,
where available: potential competitors, prey species, and climatic conditions. Taken together,

these may shed further light on the potential cause€otrocutaxtirpation from Europe.
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3 Body size, craniodental and postcranial morphology review

3.1 Body size
3.1.1 Introduction

Body size can be influenced by a diverse range of factors acting through natural selection of
genes and genetic drift, or phenotypic plasticity as a result of the environmental conditions
prevalent during the growth of an individu@Bienappet al., 2008; Merila andHendry, 2014).

These will be discussed in the following review, with a view to aiding the interpretation of

geographical vari@n in body size of present day and Pleistoc€nerocuta

3.1.2 Influences on body size

One of the most heavilyesearched influences on body size is ambient temperature, as in the
OrasS 2F .SNHYlIyyQa wdzZ S® ¢ KS Nlivé farther hoith aBdNRA I A Y
GKS avYl ff SN 2BSgnanfilsallp.r683Ndtedl Blalziek 9Y0, p. 390, although

it was later reinterpreted with a more intraspecific view po{Meiri, 2011Y d€as NBvarm

blooded vertebrates from cooler climates tend to be larger than races of the speciesrbm

g NI SNJ QMayr, Y956 5 509

The traditional explanation behind individuals being of larger body size in colder environments

is that the relative surface area of an individual is reduced, thereby facilitating hesgc@tion

(Mayr,1956) This thermal efficiency should, in theory, mean that regsscific metabolic rates

are relatively lower in the larger animals, thus reducing energetic ¢&se&sudelet al., 1994)

However, some authors such 8sholande(1955) Irving(1957)and Steudelet al. (1994)have

suggested that other factors are important in tempéare conservation, including an insulating

pelage and subcutaneous fat, the ability of tissue to withstand cold temperatures, and vascular

control regulating heat in the appendages (i.e. a couaisrent heat exchange system).

Furthermore Meiri et al. (2007)stated that variation of body size withtitude may not be due

to temperature, but ratheicaused byactors such as food availability, which may also vary with

latitude. This is in agreement witlcNab(1971)who stated that where carnivores conform to

. SNEYI Yy Qa Iywlde téthe sixelof theid prefy katyiSg with latitude, but $ashton

et al,, 2000) discussed below.

b2d Fff aALSOASAaQ 02Re& YIFada RAAGNRAOdziA2ya TF2f

in the recent literature doMeiri andDayan(2003)found that 65.1 % of the 149 mammal species

a0dzRASR O2y F2NX¥SR (2 . SNIB Yhoygyf @ arelationiipS with ¢ K S
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temperature or with latitude Meiri et al.(2004)found that 50 % of carnivore species conformed

G2 . SNEYlIyYyyQa wdzA S 6KSYy NBfIFIGA2YAKAL) 6AGK f
showed a significant inverse relationship with latitude, i.e. they were larger in lower latitudes.

Of particular releance here is the observation Bghtonet al.(2000) who found that a greater
LINELR2 NI AZ2Y 2F OF NY A G2 NI y-six off33 spécidsof navBrdsH7g %) Y Q &
includingC. crocutaandP. brunneashowed a positive relationship with latitude, so were larger

in higher latitudes. Similarly, 11 of 14 species of carnivores (79 %) had a negative relationship

with temperature, so were larger in cold@mperatures(Ashtonet al., 2000)

Specific studies relating t€. crocutainclude Klein (1986) who used latitude as a proxy for
temperature, finding thatC. crocutdirst lower molars are larger further from the equator, thus
O2NNBaLRYyRAY3I ¢ AROUErts(195NFERNshrgof. Qracutaskidls Shdfoud that

those from South Africa are larger than those from eastern Africa. This is also reflected in other
large carnivores in Africa, suchRsleg which are smaller in Tanzania and Kenya and larger in
more southern populationgSmutset al., 1980) It is anticipated that this pattern will be

reflected in the Pleistocen€. crocutaecord.

The seasonality of environments has been demonstrated to be more important for some species
than relative temperature. Highly seasonal environmeantsy result in seasonal fluctuations in
food availability, necessitating larger body size through increased fat reserves to endure fasting,
as demonstrated in female bobcatsyfix rufusWigginton anddobson 1999) Tibetan macaque
(Macaca thibetana and Japanese macaqubldcaca fuscataWeinstein 2011) Millar and
Hickling (2008) however suggested that larger size through increased fat reserves is only
advantageous when food is absent for a period of time or food shortages arediofble, as
smaller individuals will deplete their reserves first and succumb to starvation. When food is
available but is limited for a prolonged period, the authors stated that smaller body size is
advantageous as less food is required for the indi@ida stay alive. In contrast, largbodied
animals will eventually lose their reserves as they are unable to obtain the required food for
their large size over such a long period of low food availajiiifar and Hickling, 1990This is
something to bear in mind in terms @. crocutaas some areas have seasonal migrations of
prey speciegsuch as migrations between the Maasai Mara and Serengeti), so food availability

varies(Cooperet al.,, 1999)

A further influence upon body size is food quality and abundance. These factors ama in t
related to climatic conditions such as rainfall, and to competifigicNab, 201Q)U. arctosin

Alaska have larger body size in areas with higher quality foods and the highest populat
densities ofU.arctos although this latter factor is itself influenced by food quality and

availability (McDonough and Christ, 2012pimilarly, reduced sea ice and an associated
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reduction in prey accessibility was the likely cause of polar Hdesu§ maritimugs body size
decrease over timéRodeet al,, 2010) Body size of femald. arctosn Sweden is influenced by
population densitycontrolled food availabilitylJ. arctoswere smaller in higher pmulation
densities as competition was higher. Additionally, geographical differences were observed, with
smaller individuals in the nortrc¢ntra. SNA Yl yy Qa wdzZ SO0 ¢KAA gl &
productivity and the shorter growing season of berries, in addition to longer hibernation periods
in the north (Zedrosseret al., 2006) In view of this, variation in food availability (whether
through prey biomass or competition) may have influen€&dcrocutabody size during the

Pleistocene.

The relationship betweerinterspecific competition and size has largely been confined to
individual characteristics related to feedin@ayan andSimberloff 1998 and references
therein). Studies that have focussed upon overall body size indadeg1997)who found that
variation in size with latitde was a more important determinant on carnivorous marsupials than
competition. HoweverMcNab(1971)suggested that the presence of competitors of larger body
Size may constrain a species to a smaller size. An example is the pelsac¢nalor), which is
smallest when its range overlaps with that of the jaglRair{thera oncp and is larger outside

of this range(McNab, 1971)The latter study may have relevance to understanding patterns of
size distributions during the Pleistocene where the distributioracge carnivore species vary
over time and spaceC. crocutanay have become bigger after MIS 12 in Britain, when many big
carnivores such as the cave beasrfus deningeti | YR (G KS 9 dzRaihisd vy We

gombaszoegensibecame extinc(Stewart, 2008)

Across species, population densityrrelates negatively with body sifBamuth, 1981, 1987)
Within-d LISOA Sa LR Lz I A2y RSyaArAde GFNARIFGAZY YL &
body size. However, as reviewedDgyan andgimberloff(1998) studies are contradictory. On

one hand, some studies suggested that increased population density leads to sittatkrdind
increased lifespan, leading to greater body size. Other studies suggested that greater population
density leads to smaller body siggee Dayan an&imberloff 1998) This latter scenario may

occur through intraspecific competition limiting food availabi{Boucheret al., 2004)

Other variables that have been considered in the literature include whether distance from the
aLSOASEaQ NI¥y3IS SR3IS AyTtdsSyOSa o2Ré& aAail S 68§
these areagMeiri et al, 2009) Some carnivores were found to be larger at range edges (the
percentages of species exhibiting these patterns varied with the statistical test conducted).
However, the authors attributed this to correspondiggographic variation in other factors such

as temperature or resourcg/eiri et al., 2009)
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I FdZNIKSNJ O2yaARSNI GAZ2Y A& [/ 2LISQaoptwdzh bdy ¢ KSN
size(Stanley1973) This was observed in hypercarnivorous canids, in that they increased in body
mass and at the same time, developed more specialised craniodental morphology for predation

and meateating(Van Valkenburght al,, 2004) which will be discussed in more detail below.

The Island Rule describes the body size changes in a species after isolation. Studies of carnivores
have indicated body size decreases on isldRdster, 1964; Van Valen, 1973; Meiral., 2008)

Body sizes of 324 populations of Carnivora populations exhibited significant size changes once
isolated, and this change in body size was demonstrated to be rapid. This rapidity was not

quantified, but the extant populations were isolated for less than 1(Lkanolinoet al., 2013)

Carnivores that hunted prey larger th#memselves on the mainland exhibited dwarfism when
small prey were available on islan@lsyraset al., 2010) This is because the smaller prey
consumption cannot sustain the large body size. However, if small preyoarvailable, the

isolated carnivore will not exhibit much reduction in body gizn der Geeet al., 2010)

Reduction in competitors may also drive the Island Rutenolino, 1985; Faurby and Svenning,
2016) If a carnivore had a competitor of larger size than itself on the mainland, the absence of
this competitor on the island may allow the isolated carnivaréricrease in size. This may be
because the isolated carnivore is able to exploit a greater range of resources, including larger
prey, from which it was previously cabmpeted on the mainlanlLomolino, 1985)However,

Raia and Meir{2006) found no significant influence afompetition upon the body size of

isolatedcarnivores.

3.1.3 Implications for the Pleistocene

The present research will critically examine the evidence for body mass varying geographically
using modernC. crocutaacross Africa. The changes in body size of European PleistGcene

crocutaspatially andemporally will also be assessed. The following hypotheses will be tested:

1. PleistoceneC.crocutaF 2 f ft 26 SR . SNEYlIYyyQa wdzZ S FyR ¢S
This will be assessed by reconstructihgrocutdody masses from periods of different

palaecclimatic conditions.

2. PleistoceneC. crocutavere constrained to a smaller body size when competitors were
present. This will be assessed by comparing body mas<esafcutaagainst those of

other carnivores from the literature.
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3. PleistoceneC. crocutavere smaller when there was less food available. Elevated levels
of bone consumption is an indication of food stress, particularly determined from

mandibular bending strength and tooth breakage.

4. PleistoceneC. crocutavere influenced by the Island Rule, awdre therefore smaller
onislands. This will be tested by compai@grocutan Sicily with those from mainland

Europe.
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3.2 Sexual size dimorphism
3.2.1 Introduction

Sexual size dimorphism (SSD) is another way in which body size can vary. SSD is not present in
all species, nor does it occur in the same direction or degree. In mammals, males are frequently
the larger of the two sexes|though femalebiased SSD does occur, one example of whi€h is
crocuta(Ralls, 1976)As with body size, there are a number of theories about the causes of SSD,

which will be outlined below.

SSD in presertay C. crocutabones and teeth will be assessed in this thesis. Furthermore,
geographical variation in the degree of SSD will be assessed across Africa, thus allowing any
changes in SSD to be established. It is important to be aware of the degree of SSD when
interpreting Pleistocene records, since failure to identify any great differences between males
and females may add to variation in Pleistocene morphometric records making it harder to

interpret underlying patterns.

3.2.2 Influences on sexual size dimorphism

The root cause of SSD is often thought to be sexual selection. Where males are larger than
females in polygynous specidsndenforset al. (2007)suggested larger size in males evolves

because it confers advantages when competing fordies

Ralls(1976) outlined many reasons why sexual selection for ferfataale competition is
unlikely the sole cause for femalgased SSD in mammals. For example, there is no consistent
pattern in the degree of parental iegtment by males over females in species with female
biased SSD, which might be expected to be the case if females were competing for males.
Furthermore, while malenale competition exists in polygynous species, there is no evidence in
any mammal speciesf ¢the opposite, i.e. polyandrfRalls, 1976)Indeed,Frank(1986)stated

that C. crocutas a polygynous species.

Rather,Rall§(1976)suggested that selection for smaller males is a likely cause of febizded
SSD, possibly combined with selection for larger females. The author notes that selection
smaller males, or at least a lack of selection for larger males, may occur in some species where

there is little competition between males for mates.

The degree of SSD may be influenced by environmental factors, for example, latitude and its
accompaning changes in seasonality and resource availaliliggac, 2005)Seasonality of

environmental factors, such as food, may influence whether breeding is seasonal or aseasonal,
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with seasonal breeding in polygynous species leading ®rfedemale competition and thus
reduced SSD as there are more females in season at one(la&s; 2005 and references

therein).

Intra- or interspecific competition may alsofluence SSD. An increase in the population density
of a species may result in a reduction of available food per individual. If males and females
respond differently to this food scarcity, e.g. males through size reduction and females through
delayed repoduction but no size change, the degree of SSD would dec(esssee 2005 and

references thereih

'y FTRRAGAZ2YIE FFOG2N 2 02y aiRSdks adlargerShai OK Qa
females, the degree of SSD increases with larger body size. On the other hand, where females
are larger than males, the degree of SSD decreases with larger bo@Remzeh, 1950, cited in
Abouheif andrairbairn 1997) If SSD does not follow this hyperallometric trend with body size,

it may be hypoallometric, or there may be no change in SSD with increasédismeneif and

Fairbairn, 1997; Fairbairn, 1997) wSy a OK Q& w dzf irStaxa With nfeedidSed SIDY Y 2 Y
than those with femaleiased SSPAbouheif and Fairbairn, 199%) ¢ KS Ol dzaS 2 F wS
is thought to be sexual selection favouring increase in male size, regardless of whether the
species exhibits malbiased or femaldiased SSOHAbouheif and Fairbairn, 1997)t is
FYGAOALI GSR GKIG wSyaOKQE. cracdth Sthoughh this wilyed 06 S

investigated in this thesis.

Overall Isaag2005)stated that SSD is ultimately likely a result of mbmation of factors. This
is in agreement wittRalls(1976 p.259 ¢ K2 adl 6 SR GKI G WiKS RS3INBS
size in a mammalian species is the result of the difference between the sum of all the selective

prei 4 dzNB & FFFSOGAYI GKS &A1 S 2F GKS FSYIES | yE

As mentionedC. crocutais one species in which females are larger than males. One of the
earliest assessments of variation in siz€otrocutavas perfemed byMatthews(1939) Here,

the author measured individuals from the Serengeti, Tanzania, and determined that in terms of
the length of the head and body, the taihe hind foot and the ear, females were larger than
males.In the southern Kalahari body mass and heart girth of females were significantly larger
than those of males; however, there was no significant difference in body |€hglis, 1990)

Of the individuals captured in Aberdare National Park, Kenya, females on average had greater
body mass, body length and heart girth, however these differences were not sign{fBikerc

Zubiri and Gottelli, 1992)In summary, canines, fourth ppr premolar (P4), skull length,

moment arm of resistance at the lower canines, and body mass of feGateocutaare on
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average larger than those of males. However, width of the first lower molar (m1jpdicdtions

of bite force (measurements of the ament arm of the temporalis, and moment arm of the
masseter) are all greater in males than in femd(@gtleman and Van Valkenburgh, 199[%)is
difficult to say whether this means that males possess greater bite force dmaalés, as bite
force is based on the relationship between the muscle moment arms and the moment arm of
resistance(Kiltie, 1982; Alexander, 1983Jhis relationship will be discussed in more detail in
Section 3.3.6.1 Sexual dimorphism in bite force will also be investigated in this thesis. The length
of the m1 was greater in females @Gittleman and Van Valkenburgh(997)study, although

Klein(1986)found no diference between males and females.

The most robust examination of SSOCincrocutavas carried ouby Swansoret al. (2013)with
measurements on 651 live, wild individuals in the Maasai Mdasional Reserve, Kenya.
Females were larger than males in most of the measured traits. The authors interpreted the
discrepancies between their results and those of previous studies as being due to previously
insufficient sample sizes. The measured trdits exhibited dimorphism were body mass, body
length, skull length, head circumference, distance from the zygomatic arch to the top of the
sagittal crest, distance from the zygomatic arch to the back of the sagittal crest, neck
circumference, girth of té torso, shoulder height, scapular length, and upper leg length. Only
three traits failed to exhibit dimorphism: lowéeg length, forefoot length, hindfoot length
(Swansoret al,, 2013) Some of these results are different to those mentioned above by other

authors, which is probably because of the larger sample size usBddysoret al. (2013)

Differential female/male access to food was ruled out as the cause of dimorphiSwanyson

et al.(2013)as a study of captiv€. crocutavhere both sexe were fed the same food revealed
similar SSD to the wild. crocutalt was thus suggested that the dimorphism is a result of genetic
factors. Some traits were found to be more dimorphic than others, with mass and those
associated with robustness exhilbnidj the greatest differences in size between males and
females. Differences in the level of dimorphism were associated with the age at which the
measured trait stopped growing. It was also found that as females and males cease growing at

the same age, SS®due to females growing fastédwansoret al,, 2013)

Isaac(2005)suggested that the fematbiased SSD i@. crocutds due to the control that the
females exert over the mating proce@Sastet al,, 1993) and that mating success in males is
unrelated to size, rather it is determined by the order in which males arrive into g€t and
Hofer, 1993) Isaac(2005) suggested that the lack of nemale competition related to size
would explain the smaller size of the males. In addition, the author suggested that female

female competition for dominance or food may select for larger females.
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3.2.3 Summary

As indicated in the review, there is still somecertainty about the causes of SSD.crocuta
exhibits femalebiased SSD is many traits. However, it is as yet unknown whether the majority
of bones and teeth o€. crocutaexhibit SSD. This will be investigated in the present study by
studying body mas bones and teeth of witldaughtC. crocutaacross Africa. The impact of
environmental conditions upon the degree of SSD will also be assessed. It will highlight how SSD

is exhibited in presentlay C. crocuta, which may lead to misinterpretations of tleskcene.
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3.3 Craniodental morphology
3.3.1 Introduction

The cranium is a complex structure associated with numerous procégseng and Binder,
2010) ingestion, masticatiofLucas, 2015¥ood acquisition (i.e. prey capturBjkneviciugt al,
1996), vision, hearing, olfactiofNummelaet al., 2013)andrespiration(Smith and Rossie, 2008;
Macrini, 212) as well as housing the brafBwer, 1973)The madible, on the other hand, is
associated exclusively with the processes of feedlisgng and Binder, 201@pod acquisition

(Rahmat and Koretsky, 201%)gestionandmastication(Lucas, 2015)

The morphology of the cranium, the mandible and dentition candfere be adapted to, and
constrained by, these processes, in addition to the constraints imposed by phyl@geamg and
Binder, 2010; Figueiridet al., 2011) This may occur through evolution or phenotypic plasticity
(Gienappet al,, 2008 Whitman andAgrawa) 2009, see Sectio3.3.9. In light of the importance

of the aforementioned processes for species survival and success, assessment of the
morphology of the skull is important in studies of h@uvcrocutaesponded to environmental

changes during the Pleistocene.

Consequently, wéan examining both Pleistocene and modern specimens for morphological
variation, it is important to acknowledge the potential range of influences on the morphology
of the specimens. The following review considers the various influences on the mammalian skul
focussing particularly on the Carnivora, and drawing on studi€s ofocutavhere available. In
addition tofeatures ornthe outer skull surface, some of which are assessed in the present study,
internal skull features and soft tissues are ats@efly included in the review. This is because
some of the processes that influence external skull morphology (e.g. feeding, vision), may also
be controlled by elementthat are only evident from the internal strucire, or from soft tissues

that do not influencethe morphology of the cranium. It should therefore be borne in mind that
the external morphology of the skuthay not present all therelevant information about a

process.

Ontogenetic development is brieflgviewed below (see Sectidh3.7). This is an important
consideration in light of the potential for continued development of some skull features after
adulthood has been reached, which may lead to erroneousrpmétation of Pleistocene

material if not recognised.

Figure3.1 to Figure3.3illustrate the anatomical terminology of the external skull surface used

within this review.
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Orbit
Origin of the pterygoid
muscles beneath the orbit

Rostrum

Orbital ligament connected to
the orbital processes
Origin of the temporalis muscle

Brain case
Origin of the temporalis

muscle Sagittal crest

Zygomatic arch
Origin of the masseter muscle

Figure3.1: Lateral view ofC. crocutacranium with labels of anatomical features mentioned in

this review. Muscle origin sites froBEwer (1973)See text for more detail.

First premolar (P1)

Canine

First incisor (11)
Second incisor (12)

Third incisor (13)

Third premolar (P3)

Protocone

Zygomatic arch
Origin of the masseter muscle

Auditory bulla
Fourth premolar (P4)

Paroccipital process
Origin of the digastric

Parastyle
muscle

Paracone
Metastyle
Postglenoid process

Figure3.2: Ventral view ofC. crocutacranium with labels of anatomical features mentioned in
this review. Muscle origin sites fromon Toldt (1905)cited inTurnbull (1970)andEwe (1973)

See text for more detail.
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Coronoid process
Insertion of the temporalis
muscle

Mandibular ramus
Insertion of the deepest fibres of
the masseter muscle, and the
digastric muscle

Trigonid

Protoconid  Paraconid

Talonid 3rd premolar (p3)

Mandibular condyle
Insertion of the deepest fibres
of the pterygoid muscle

Canine

Angular process 2nd premolar (p2)

Insertion of the superficial and
medial fibres of the masseter
muscle, and the superficial fibres
of the pterygoid muscle

4th premolar (p4)

1st molar (m1)

Mandibular corpus

Figure3.3: C. crocutamandible with labels of anatomical features mentioned in this review.
Muscle insertion sites fromon Toldt (1905)cited inTurnbull (1970)andEwer (1973)

3.3.2 The brain

The brain influences cranial shape through the size of the brain(&aser, 1973; Thomason,
1991) Thereis negative allometry between body mass and brain size and tgger species
haveproportionatelysmaller braingEwer, 1973)Brain size develops earlydntogeny and is

less responsive than body size in both phenotypic and genetic terms to environmental changes
(Dunbar, 1998)

Many theories have been proposed to explain influences upon brain size. One theory is that
larger brains occur due to larger overall bodses Another theory is that the brain is larger in
species that consume rich diets as surplus energy is available for brain development during
gestation (Dunbar 1998, and references thereirjlowever, Dunbar (1998)refuted these
theories on the basis that the brain is energetically expensive to maintain, so there must be an
advantage to having a large brain to outweigh this cost; the brain will not become larger merely

because it imble to do so.

A further theory is thesocial brain hypothesis, in that a large brain is needed to proitess
additionalinformation requiredwith greater sociality and more complex relationshipsinbar,

1998, 2009)Although relative brain size has been suggested to relate to sociality in primates,
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ungulates and carnivorg®érezBarberiaet al., 2007) other studies have failed to demonstrate
this relationship among members of the Carniv@@ittleman, 1986; Finarelli and Flynn, 2009;

Swansoret al,, 2012)

The size of thérain is also related to problem solving, with species of Caraivwoth larger

brain volume (relative to body size) more successful at opening boxes containin@&rmsbn
Amramet al, 2016) In the Carnivora, species with carnivorous diets hlavger brains than
omnivores and insectivores, potentially due to the more greater challenge and thus cognitive

processing involved in predatig@ittieman, 1986; Swansa al,, 2012and references theren

It cantherefore be hypothesised that periods in the Pleistocene involving more challenging food
procurement led to larger brain sizes. This may have involved more frequent hunting than
scavenging, and the targeting of larger behaviourally more complegrey. h the present

study, thishypothesiswill be assessed througheasurements othe width of the brain case.

However, the complication is that the morphology of the brain case is not solely influenced by
the size of the brainWroe et al. (2005)suggested that there is a trad#f between the size of
brain and the size of the masticatory muscles, which consequently impacts upon bite force.
Indeed, in hypercarnivorous canidsydar masticatory muscles in some large species were
positively correlated with brain volumé@amascenaet al, 2013) ConverselyEwer (1973)
stated that when the brain case does not allow sufficient attachment area for a muscle, the
sagittal cest provides a further attachment site for the temporalis muscle, thus allowing the

muscle to be largethan would otherwise be expected

3.3.3 Vision

Among the Felidae, Canidae, Mustelidae and ViverriBaglinsky (1981dpund thatthe area

of the orbits scales negatively with allometry, meaning thager species have relatively smaller
orbits. Radinsky (1981auggested that larger eyeballs are indicative of better developed visual
ability. In a stdy of four carnivore families, relative to skull length, felids had the largest orbital
area, followed by canids, viverrids and finally mustelids. This led to author to suggest that felids
had the greatest visual abilities of the four famil{@adinsky, 1981aj second study increased

the number of Viverridae and Mustelidapecies and was extended to include Procyonidae,
Ursidae and Hyaenidae. The orbital area relative to skull lengthgveader forC. crocutahan

all the other species in this second study. The value was greater than the average for the Canidae
family as a whole but still lower than that of the Felidae family: 1.15Cfocrocuta 1.07 for
Canidae, 1.45 for Felidg®adinsky, 1981a, 1981Based on this, it could be suggested that

/ drocuta visual ability is intermediate between Felidae and Caniddew this impacts
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/ drocuta behaviour relative to felids and canids is difficult to determine, as visual ability
involves a number of different factors, including vision in different light leaeld spatial

resolution, as outlined below.

The time of day during which animals are active may be indicated by orbit size. There is evidence
from studies of primates that, relative to body size, nocturnal species have larger orbits than
diurnal specieg(Schultz, 1940; Kay and Kirk, 2000he implications of this in terms of

Pleistocene climates are outlined below.

However, the anatomy relating to other variables of visual ability ianédd to the eye itself
rather than the bongEwer, 1973; Savage, 197Fpr example, the photoreceptors (cones and
rods) of the retina are related with visual ability in low dgthlight levels. The rods 6f crocuta
only comprise around 0.9 % of the total number of photoreceptors, indicating strong nocturnal
vision(Caldeoneet al.2003) The density of ganglion cells is associated with spatial resolution.
The spatial resolution achieved by tBe crocutaye is similar to other carnivor¢€alderoneet

al. 2003, and references therein)

A complicating factor is that the area of the orbits are not only associated with the eye. The
temporalis muscle has some fibres that originate in theitatbigament and the tissue at the
back of the orbit. The orbital ligament connects the orbital process on the frontal bone and the
orbital process of the zygomatic arch. Therefore, the size of the temporalis muscle, along with
the size of the eye influeres the size of the postorbital processes. Large eyes and temporalis
muscle would lead to large postorbital proces¢ewer, 1973)When considering size changes

of the orbits of Pleistocene individuals, the influence of both the eye and of muscles must
therefore be considered. The influence of the masticatory eclesupon the orbits is outlined in

more depth in Sectio.3.6.1

3.3.4 Hearing

Important aspects of hearing include the ability to locate sounds, ahidity to distinguish
between sounds, and hearing sensitivity to sound frequencies. These are important for prey

location and communication between group membéesver, 1973)

The external cranial morphology related to hearing is represented by the auditory bulla
(measured in this thesis) that encloses the nkedelar(Hildebrand, 1974)Among the Cadae,
Felidae, Viverridae and Mustelidae, the volume of the auditory bulla scales negatively with

allometry (Radinsky, 1981a)Many Carnivora, includin@. crocutahave inflated bullae.
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Sensitivity to sound may be achieved through increasingly inflated bullae or expansion of the

middle ear; the two do not have to emccur(Hunt, 1974)

Similar to vision, aspects of hearing may also be influenced by changes in features that are not
preserved in the Pleistocene record. One example is the pimniah does not contain bone but

is insteacconstructed of cartilage, ligaments and musdi@say, 2003)which is associated both

with hearing and temperature regulation; larger pinnae allow both increased collection of sound
waves and increased heat lo&wer, 1973; Hildebrand, 1974lherefore, colder periods in the
Pleistocene may have encouraged enlargement of the pinnae, as might any conditions that
necessitated improved audiry ability (see below). Similarly, larger auditory bullae may have
occurred during periods that necessitatédcreased sensitivity to sound, explored further

below.

3.3.5 Olfactionand respiration

Respiration and olfaction are considered together as sombebame features are important

to both functions. The features of the skull that are associated with respiration are the turbinals
(Smith and Rossie, 2008; Macrini, 2Q2&hich are also associated with olfaction, as tre
cribriform plate (also called the ethmoid bones), and the impression upon the bone of the
olfactory bulb of the brair(Bird et al,, 2014) These features are internal and there does not
appear to be any information in the literature as to how they influence the external structure of

the skull, ad will therefore not be discussed further.

As would be anticipated, there is cooperation between the senkkesnmelaet al. (2013)
assessed the size of organs relating to vision, hearing and olfaction in 119 mammalian species.
The size of the eyeball and the tympanic sulcus (the bony ridge surrounding the tympanic
membrane between the outer and middleuwg showed positive correlation with each other. By
contrast, the size of the cribriform plate was independent of the sizes of the eyeballs and the

tympanic sulcus.

Nummelaet al's (2013)study also differentiated between the sense organs of species with
different diets. While there appeared to be a trad& between olfaction against vision and
hearing, this was not the case for the carnivorous species. Relative to overall body size, species
with carnivorous diets had mediwto largesize eyeballs, tympanic sulci and cribriform plates.
Theenhancedsize of these features, despite their high metabalbst during ontogeny and daily

use, indicate the importance of vision, olfaction and hearing to the survival of carnivizxals
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(Nummelaet al,, 2013) Indeed Kruuk (1972provided evidence for the great olfactory, hearing
and nocturnal visual abilities @. crocutdrom observations of their reactions to sights, smells
and sounds of prey and clan members, many of which were impdltepio the human

observers.

The importance of the senses in food acquisition was demonstrated in the predominantly
wooded Timbavati Private Nature Reserve, South Af€ic&rocutavere able to locate carrion

by following scent trails, evethose trails created three days previously. Hearing was also
important in thatC. crocutaesponded to simulations @rey calls and sounds of grotgedings.
They were also able to follow lion calls to locatB.deokill. Auditory ability was also used to
avoid conflict withP. leq if C. crocutawere feeding and #. leocall was heard, th€. crocuta

abandonedhe food(Bearder, 1977)

Change in size of the orbital areas of the skull or of the auditory bullae may have occurred in
response to changing environmestturing the Pleistocene. For example, the time of day during
which C. crocutavere active may have change@. crocutehave been classed as crepuscular
(Kruuk, 1972; Hayward and Hayward, 2Q@fhough activity does continue to occur through

the night, albeit decreasing betweed2.00 and 05.00 hourgHayward and Slotow, 20Q9)
behaviour thatHayward and Hayward (2008uggested may exist in order to avoid high
temperatures during the day. Indee@Cooper, 1990pbservedC.crocutahunting in daylight in
temperaturesno higher than 20°C. In cooler periods or higher latitutieBurope duringhe
Pleistocene. crocutanay have become more diurnal, reducing the need for such enhanced

nocturnal vision. Their orbital area ofdtskull may thus be smaller.

Vegetation may also alter the importance of the senses. In closed vegesittiations olfaction

and hearing may have to be more acute to compensate for the vegetation obscuring vision. The
auditory bullae may thus be largerindividuals from periods of widspread, closed vegetation.
Alternatively, during periods such as MIS 5e in Britain, when there was a combination of closed
forest, semiopen forest and more open landscap@&andonet al, 2014) C. crocutanay have
preferentially occupied the seraipen and open areas, such as occurred on river floodplains
(Gibbard and Stuart, 1975)
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3.3.6 Food acquisition, ingestion, mastication
3.3.6.1 Cranialand mandibulasstructure

Probably the most studied aspect of the skull is the morphology related tathree key
processes of feedingood acquisition (predation or scavenging in the caseCofcrocut®
ingestion and mastication. Feeding behaviour, such as prey size and type of food consumed, are
determined by skull morphology. This includes cranial and mandibular structure, dental
morphology, and musculature, which in turn relate to bite force, the ability to resist stresses and
strains, and gapgThomason, 1991; Meers, 2002; Lucas and Peters, 2007; Lucas, 2015)
Figueirido et al. (2013) stated that the important morphological features relating to
durophagous feeding (inafling the bonecracking typical of. crocutaare the ability to exert a

powerful bite force, and the ability to resist the loaidsolved during biting.

A0S F2NOS Aa WGKS Fy2dzyd 2F F2NOS GKFG OFy
NBIFfAASR Fd GKS G220GK NXEMeErs20@2, pll)Acfodsya@ibderoff 2 F
Cani2 N} T / NRPO2RAfAI X {ljdz YIGl YR / KSt2yAlLX G
the bite force(Meers, 2002)This is generally because an increase in body size is associated with

an increase in the size of the masticatomyscles(Werdelin,1989; Ferretti, 2007)Therefore,

inherent in the production of bite force is both the structure of the cranium and the mandible,

and also their role as attachment sites of the masticatory muscles.

There are a number of masticatory muscles attacheth& carnivore skull (seEigure3.1 to
Figure3.3). The temporalis, masseter, and pterygoid are the jaw adductor muscles whereas the
digastric opens the ja@ urnbull 1970; Ewer 1973Jhe temporalis muscle originates on the side

of the brain case and the orbital ligament, and inserts into the coronoid prodéssmasseter
muscle originates in the zygomatic arch. The superficial fibres originate on the anterior part of
the arch and insert in the angular process. The medial fibres originate on the central area of the
zygomatic arch also insert on the angulangess. The deepest fibres originate on the posterior
part of the zygomatic arch and insert on the mandibular ramus. Some authors such @sldt
(1905, cited in Turnbull 1970) and Turnbull (1930¢gest there is an additional muscle, the
zygomatiemandbular, attached to the zygomatic arch and the coronoid process. However, it is
difficult to distinguish this from the temporalis and masseter muscles. The pterygoid muscles
originate beneath the orbit with the superficial fibres inserting on the angulacgss and the
deeper fibres inserting on the mandibular cond{ffever, 1973)The origin of the jaw opening
digastric muscle is the paroccipital process, and the insertion is the posterior, lower edge of the

mandibular ramugvon Toldt 1905, cited in Turnbull 1970; Ewer 1973)
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In the Carnivora, the temporalis muscle is the largest masticatory muscle. \Witinmbulls
(1970)W{ LISOA I f A(®&Srivvord), ¢ @mkJopénidg muscles accounted for between 7.5
and 14 % of total masticatory muscle mass (the averages for the jaw closing muscles were 64 %
for temporalis, 28 % for masseter, and 8 % for pterygoid). Based on autopsies Gf fwocuta

the average weight of théemporalis was247 g and the massetet36 g. From this, it was
estimated that the temporalis contributed 50 %, the masseter 32 %, and the pterygoid 18 %, to
the total adductor muscle mag3anneret al., 2008) The mass of muscles influences the force
they can exerduring feeding(Tseng and Binder, 2010)hus, of the jaw closing muscles, the

temporalis is dominant, followed by the masseter and then the ptery{bignbull, 197Q)

The morphology of the skull may aidiiterpretation of musculature when only the bone is
present. Two aspects of the mandible Rdhmat andKoretsky (20150 highlight the powerful
musculature ofC. crocutaand its bone crackingu#ability. These features were the deep
mandibular fossa and the prominent angular process, which, as mentioned, are areas of
insertion of the adductor musclesAdditionally, in comparing the mandibles 6f crocuta
H.hyaenaand P. brunneaWerdelin (1989noted that the distance between the mandibular
condyles ofC. crocutavas greatest, and that this was due to the greater muscle volume in this

species.

Bite force is often assessed by modelling the carnivoran jaw as a lever. These models differ in
complexity(Herrirg, 1993, and references thereinfHowever all lever models requira pivot
gKAOK A& (KST 2NBEcki® theylifling actioyi of tha iyiasticatory muscles, and
ana 2 @z2 NJIHich is the resistance force at the tedfioore, 1981)

The inforce and outforce can be meased by the moment arms or lever arms, that is, the
distance from the joint to the line of forcacting upon the jointFigure3.4). The moment arms

of the adductor musles represent ifiorce and various methodsave been applietb measure
them, using both distances from the muscle attachment on the cranium to the jaw joint, and
distances from the attachment on the mandible to the jaw joint. The moment arm of resistance
(MAR) represents the otfbrce, and is a measure of the distance from the bite point to the jaw
joint (e.g. Emerson anBadinsky1980; Kiltie 1982; Van Valkenburgh aRiff 1987) These in

turn provide information about the mechanical advantage of the muscles. Mechanical
advantage is the relatitsship between the iffiorce and outforce: the greater the ouforce
relative to the inforce, the greater the mechanical advantagdexander, 1983)Outforce is
greater with smaller outevers or moment arms of resistance, andance is greater with longer
in-levers or muscle moment armi&iltie, 1982) Bite forces are therefore stronger at the
carnassials than at the canin€Bhomason, 1991; Bourlat al, 2008; Elli®t al,, 2009) This is

due to the shorter MAR when biting at the carnassBlsurkeet al., 2008; Elligt al., 2009) An
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estimation of the maximum force the muscles are able to generate may be applied to the lever

model to provide further information on bite forde.g. Kiltie 1982Thomason 1991)

An example of a lever model is one applied to crania of selected Canidae speEiésdnal.
(2009) In this model, larger species had a greater bite force at both the canine and molars than
smaller species. In tise larger species, those with brachycephalic crania (shorter relative facial
lengths) had the highest bite force. Bite force was mainly influenced by the shortdeart

arm, and thus greater MAR, in the brachycephalic spdEitiset al., 2009)

Figure3.4: Mandible of a jaw o€. crocutavith examples of measurements of moment arms of
the masticatory muscles and moment arms of resistance at two bite points. 1. Moment arm of
the temporalis. 2. Moment arm of the superficial ss@ter. 3. Moment arm of the deep
masseter. 4. Moment arm of resistance at the carnas@ahersonand Radinsky, 1980)

5.Moment arm of resistance at the caniféan Valkenburgh and Ruff, 1987)

Van Valkenburgh anBuff (1987)measured the ratio of the moment arm of the temporalis
(MAT) and the MAR at the canines of extanaéyid, felid and canid species. The length of the
MAT relative to the MAR was greater in hyaenids and felids, meaning that the mechanical
advantage of the temporalis muscle was greater in the two families. The authors suggested that
in light of the importace of the temporalis muscle in jaw closing, a greater mechanical

advantage would enable a greater bite force at the canines. Additional evidence for the powerful
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bite force ofC. crocutawas found in a study of 98 species of Carnivora. Of all the species,
CzrocutaandP. brunnedad the smallest MAR when biting at the point of the first lower molar
(m1), after controlling for body siz&®adinsky1981a,b) This therefore indicates the potential

for relatively more powerful bites at the carnassial for these two spd&taslinsky, 1982)

The mandibular condyle is loeat roughly level with the teeth in the Carnivora, meaning that
the lever arm of the masseter muscle is reduced relative to that in herbivores or rodents where
the condyle is usually located above the tooth r@Wildebrand, 1974)This angular notch
between the condyle and angular process is jafarly narrow in the Hyaenidae, includifg
crocutg which Ferretti (2007)suggested may be related to bone cracking. Specifically, the
author posited that the reduction in distance between the angular process and the condyle
increases the mechanical advantadgeh®e temporalis muscle, rather than the masseter muscle.
This would increase bite force, given that the temporalis is larger than the mag¢3etebull,

1970)

An alternative explanation for the small moment arm of the masseter muscle may be to protect
the jaw joint. When using the cheek teeth, if the temporalis acted alone to lift the mandible and
so close the jaw, there would be a large force at the condyle and the jmlitrbecome
dislocated. However, the small moment arm of the masseter allows effective stabitigdithe
mandible. The temporalis lifts the mandible upwards and backwards, whereas the masseter and
the pterygoid pull the mandible upwards and forwards. Therefore, there is little reaction force

at the jaw joint during closingMoore, 1981; Alexander, 1983)

In comparisons of extant species ©@anivora and Marsupialighite forces at the canines and
carnassials were high f&@. crocutaand were only exceeded by some large felids and ursids
(Christiansen and Adolfssen, 2005; Watal., 2005; Christiansen and Wroe, 200HApwever,

body mass was then taken into account to produce the bite force quotient (BFQ).FihefB
C'zrocutawas similar to, or in some cases lower, than that of other species from all eight extant
carnivore families and the Dasyurid@&/roe et al,, 2005; Christiansen and Wroe, 200This

was also the case for boreracking predators as a whole, leadiWgoe et al. (2005)to suggest

that craniodental morphology allowing resistance to high stresses is e nmportant

adaptation to bonecracking than bite force.

As mentioned, in addition to bite force, another important property of the craniund an
mandible is resistance to loads incurred during feedifigueiridoet al, 2013) Loads may be

intrinsic, extrinsic or a combination of the two. Intrinsic loads are due to the muscle forces acting
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on the bone. Extrinsic loads include the forces applied by food items such as struggling prey
(Slater ad Van Valkenburgh, 2009; Sla&tral, 2009) Inherent in the resistance to loads is the
resistance to stress and strain. Stress is the transmission of force to an object from a load. Strain
is the deformation of an object as a result of the applwmatf a loadHildebrand, 1974)Strain,

when applied perpendicular to an object is measured as the change in length of an object divided
by the original length, and thus may be positive (where tension occurs to lengthen the object),
or negative (where compression occukijdebrand 1974; Hylander 1979 addition, shear
stress, when a force is applied parallel to an object, causes deformation of one side of dn objec
in the opposite direction to the other sidélildebrand, 1974)n bending, both compression and
tension occur. Torsion may also occur; tlisvhen an object is twisted, and shear, tension and
compression occufHylander, 1979)Strength is the ability of an object to resist forces without
yielding (permanent or plastic deformation) or failure (formation of a crack), and thus return to

its original dimensions after removal a load(a process termed elasticity; Hildebrand 1974)

Mandibles are often modelled as elliptical beams in order to assess their resistance to loads in
terms of bending strength. The length of the mandibular corpus as wétleamagnitude of the

size of the loads applied while biting necessitate development of bending stréBitevicius

and Ruff, 1992)The height and width of the mandibular corpusyeedl as the distance from the
mandibular condyle to the point of load application (i.e. tooth position), are involved in
calculation of bending strengttBiknevicius and Ruff, 1992; Therrien, 2005; Palmetistl.,

2011) Deeper beams have a greater bending strength in response to dorsoventral loads, wider
beams ha&e a greater bending strength to labiolingual loads, and shorter beams have a greater

bending strength than longer beanidildebrand, 1974)

Prey killing invokes both dorsoventral stresses due to biting at the canines, and labiolingual
stresses due to struggling prégiknevicius and Ruff, 1992)uring biting, the balancing hemi
mandible (nonrbiting side) undergoes dorsoventral bending and torsion due to the pull of the
adductor muscles, and reaction forces across the mardibsymphysis and jaw joint. On the
working side (the siden which biting occurs), the hemmnandible undergoes bending, torsion

and shear strain. These are influenced by the pull of the muscles, reactionary forces, the point
along the mandible at whichnaobject is placed, and bite force. Furthermore, strain levels are

higher when biting upon tough foods that require larger bite forgddander, 1979)

Studies modelling the mandible Gf. crocutaas a beam have found that dorsoventral bending
strength increased posteriorly along the corpus. Deep mandibles allow resistance to
dorsoventral loads occurring during biting, especiallyeanackingBiknevicius and Ruff, 1992;
Therrien, 2005Ferretti, 2007; Meloret al., 2008; Palmqvigt al., 2011) Dorsoventral bending

strength was also greatest posterior to there-processing teeth irC. lupugBiknevicius and
-85-



3. Body size, craniodental and postcranial morphology review

Ruff 1992) In addition to the increase in height, the cortical boneCofcrocutaand C. lupus
thickened dorsoventrallyBiknevicius and Ryfii992) which increased dorsoventral bending
strength(Therrien, 2005)By contrast, this does not occur in felids, which seldom consume bone
(Biknevicius and Ruff, 1992)

In support of this, upon comparing species with different diets from the Hyaenidae, Ursidae and
CanidaeRaia (2004jound that there were certain similarities in the cranial mbigogies of
toughfood (bone or tough vegetation) consumers. The mandibles were deep among the tough
food consumers, necessary to withstand the bending stress induced by this food. Again, the
mandibles werdound to be deepest posterior to the borgrocessing teeth in the Hyaenidae

and Canidae. This occurrence of similar mandible structure in different families indicated a

functional significance of the feature, rather than a merely phylogenetic sjiadh, 2004)

Turner (1984xnlso noted that the mandible df. crocutds deeer posteriorly than anteriorly
but stated that the age of the individuals relevant,with older individuals having a greater

degree of difference in depth between the anterior and posterior regiorth@mandible.

At the canines, the corpus &. crocutéhas been found to be more rounded, and thus better
able to resist labiolingual forces, such as torsion occurring when biting strugglin@lpezyien,

2005; Palmqvistt al,, 2011) However, the anterior mandible was more rounide the Canidae

than in the subFamily Hyaeninae, perhaps due the latter occasionally cracking bone with the
canines(Therrien, 2005) Overall bending strength at the canines in both dorsoventral and
labiolingual directions was lower for the Hyaeninae than for the Felidae, Wihietrien (2005)
suggested reflected the differing killing behaviours of rapid bites for Hyaeninae versus a single,
powerful bit for the Felidae. This walibrobably produce more powerful and unpredictable

loads for the Felidae.

The morphology of the cranium also provides features to resist stresses. An example lies in the
zygomatic arch, which, as mentioned, is the area of origin for the adducting massesele
(Ewer, 1973)The morphology of the zygomatic aiistdeeper than it is wide, enabling it to have

a greater bending strength against the muscles pulling @riitlebrand, 1974)

In beam models of the crania diorth American opossunb{delphis virginiangand canid and

felid speciesThomason (1991Jetermined that resistance to bending of the crania was stronger
than necessarygiven the forces applied to them. The author suggested therefore that
resistance to torsion and shear stress may also be important in addition to bending strength.
Additionaly, the morphology of the cranium was suggested to be influenced by factors such as

encasing the brain, masticatory muscles, olfactory system and the @jesnason, 1991)

-86-



3. Body size, craniodental and postcranial morphology review

The sinuses df. crocutalso aid in resistance to stresses. Instead of a flat foreh@adrocuta

has an arching linghat almost reaches the sagittal cre§tVerdelin, 1989; Werdelin and
Solounias, 1991; Joeckel, 1998; Ferretti, 200Hs vaulting is due to the expansion of the
anterior frontd sinuseqXbeckel, 1998)Thevaulted shape allows #hstresses invoked through
bonecracking to be transferred throughout the top of the skull, @t of concentrated in one
area, and theevolution of an increasingly vaulted forehead through the Hyaenidae lmeag
indicates an adaptation to increased bone cracking and thus more thorough consumption of a
carcasgWerdelin, 1989; Werdelin and Soluas, 1991) The elongated sinuses mean that the
sagittal crest is pneumatised (in contrast to the bony plates in other carnivores), which better
resits forces imposed during mastication than do the bony plates in other carni{@reskel,
1998) In addition tostress dissipation during biting, the front sinus expansion is a\Wgight
structure (Curtis and Van Valkenburgh, 201&tress dissipation through the pneumatised
sagittal crest were also confirmed in Finite Element Analysis m¢Baferet al., 2008; Tseng,
2009)

Alongside bite force and resistances to loads, gape is important innigelhis has not been
measured in the present study, but it is worth briefly mentioning in light of its relationship with
bite force.Gape is related to the size of prey targeted, and the size of the food item (such as a
bone), that can be ingestg@inder and Van Valkenburgh, 2008pwever, there is a tradeff,

with wider gapes resulting in reduced bite for@ourkeet al., 2008; Santana, 2016Jhis may

be due to a longer odever arm facilitating a wider gape, but lowering the mechanical
advantageof the jaw(Slater and Van Valkenburgh, 2009; Santana, 2@#jitionally, excessive
stretching of muscles may occur at wider gapes, resulting in reduced bite(fesoéana, 2016)
However Slater and Van Valkenburgh (2088ggested that in the Felidae at least, factors such
as overall muscle crosectional area or increase in the length of theldmer arm may

compensate for the lower force produced with the longer jaw.

Many studies have assessed multiple aspects of skull morphology in relation to feeding. For
exampleusinga Finite Element Analysis modéseng an@inder (D10)found the bite force of

a subadult C. crocutaat p3, p4 or m1 was lower thahe corresponding bitgoints inan adult

C. lupusHowever, the authors also discovered that the stress and strain invoked when biting at
the p3, p4 or m1 were fairly osistent at all three points for a stddult C. crocutabut much

less so for an aduft. lupuswhich showed much lower values at m1 than at the position of the

premolars. This suggests that the mandible @f crocutais better adapted for using the
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premdars for biting thanC. lupus and is also adapted for using the ml1 more actively.
Additionally, C. crocutaexhibited overall lower stress and strain levels in the mandible than
/ Fapus indicating that theC. crocutamandible is better able to resist bdimg for a given
mandible lengthTseng and Binder, 2010)

There are morphologicalmilarities between species thabnsume similar foods. Some of these
have been mentioned, such as the greatergbventral bending strength posterior to the bone
processing teeth in the mandibles of the Hyaenidae and Car{8ikeevicius and Ruff, 1992;
Raia, 2004)Asmentioned in Sectio.3.3 the morphology of the orbit is influenced by the eye
and the temporalis musclén indepth study of 84 species from 19 mammalian Order€oy
(2008) proposed a strong link between the morphology of the bones that comprise the orbital
area, and feeding groups. Theur feeding groups were based on thodefined byTurnbull
(1970) Specialised Group |, carnivesbear; Specialised Group Il, ungutgtinding; Specised
Group Ill, rodengnawing and &eneralised Group. Group | comprised the Carnivora,God
(2008)found that the Chiroptera possessed similar orbital characteristics. Both of these orders
have a temporaliglominated masticatoryystem. The characteristics of Group | tended towards
large orbts set close together, forwarthcing and positioned over the tooth row. This
positioning was related to the short rostrum and wide face that is characteristic of this group.
The Felidae are thmost extreme in the shortness of their rostrum and the degree to which
their orbits face forwards. There was also a distinction between those species for which the
temporalis is the dominant jaw adductor muscle, and those for which the masseter is dimina
Cox (2008determined that most bones of the orbit were influenced predominantly by the
masticatory musculatureThe exceptions to these were the orbitosphenoid and the frontal
bones. Expansion of these bones corresponded with expansion of the orbits relative to skull size,
meaning that it washe upper part of the orbit thaexpanded for example as seen ime

domestic cat Felis catul

Figueiridoet al. (2013) assessed the morphological traits of durophagous members of the
Carnivora, specifically focussing on boneckess and bamboo consumers. The cranial traits
shared by the durophagous species included a deep frontal region (due to the expanded
sinuses), a large sagittal crestygoward-positioned orbits, a short and deep rostrum, and large
postglenoid processes amwnsequently a deep glenoid fossa. The mauldibtraits included a
dorsallypositioned condyle, a large coronoid process (resulting in a larger distance between the
coronoid and condyloid processes), and a concave and deep corpus. Additional trafis gpeci
bone crackers were wetleveloped premolars and upper carnassials, fi@ating orbits, and a
posteriorly positioned occiput. Many of these features aiémhancing bite forceor resistance
to the loads produced whilst bitin@-igueiridoet al., 2013)
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Furthermore, although results of geometric morphometric analyses on extant and extinct
carnivores (including the Hyaenidae) revealed that to an extent, mandibular morphology is
determined by phylogny, there were some features thatvere deemed important for
hypercarnivory, regardless of thafily to which the species belonged. These features relate to
bite force: inlever arms of the masticatory muscles, dever moment arms at the canines and
camassials, and the mandibular ramus. In addition, the slicing morphology of carnassials
characterises hyercarnivores. For the Hyaeninae specifically, great bite force is achieved through
developed inlever arms (high coronoid process), reduced-lewer arns (shortening of the
mandible through the loss of posarnassial molars), and a deep mandibular rafiguérido

et al, 2011)

In cortrast to the mandible,Figueiridd et al. (2011) determined that there is a greater
phylogenetic signal with relation to the overall shape of the cranium; there is thus no convergent
morphology that typifies all the hypercarnivorous species. This is because, in contrast to the
mandible the cranium is involved in sensory process and contains the brain, in addition to
feeding functions. This need to provide different functions results in compromises and
constraints upon morphology. There are, however, morphological similarities between
durophagous species (including the Hyaeninae) in line with the requirement for powerful
temporalis muscles and the need to withstand large dorsoventral loads while feeding. These
features include a dorsoventrally deep cranium, a large sagittal arestarge premolars. In

addition, these species also have fairly small canfRegieiridoet al., 2011)

It is therefore anticipated that the features of the cramh and mandible dedicatedo
consumption may have changetiiring the Pleistocene. Any periotisat necessitated more
frequent bone consumption may have led to enhancements of the above mentioned
morphdogical features associated with durophagy. There may have been changes of features
to provide greater resistance to stresses and strains, and to increase bite force. However, the
mandible may have responded more readily than the cranium in light of tHépteufunctions

of, and constraints upon, the latter.

3.3.6.2 Dentition

The dental formula o€. crocutaas stated byillson(2005)is:

Although the dental formula does not include first upper molars, they are occasionally present.

However, they are very small in sigdills, 1990; Werdelin and Solounias, 199Ihe evolution
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of the Hyaenidaeecords theloss of teeth such as the uppsecond molar (M2), the lower first

premolar (pl), and the lower second molar (nf@jerdelin and Solounias, 1991)

Bkneviciuset al. (1996) found that the curvature of the incisor dental arcade, and the
robustness of individual teeth in the Hyaenidae were intermediate between those of canid and
felid species. The upper incisors of felids were in a linear formation, whereas those of canids
were curved. Taking body size into account, the bending strength and shear strength of canid
incisors were greater than in felid incisors. There was thus a correlation between the curvature
of the incisor arcade and the robustness of the first upper inciddrand second upper incisor

(12), particularly to mediolateral forces. This was assumed to be because in a straight arcade,
such as seen in the Felidae, the third upper incisor (I13) would buttress the medial incisors.
However, the 11 and 12 of curved ades are exposed to mediolateral forces and thus need to
be more robusiBikneviciuset al., 1996) Additionally,Bikneviciuset al. (1996)suggested that

the work of incisors and canines together in cunadades allows larger and more damaging
bites than the use of canines alone. They noted that the greater importance of the incisors in
the Canidae and the Hyaenidae, as opposed to the Felidae, is likely related to the method of
killing; the Felidae kill ith a single bite, facilitated with their long and robust canines (see

below), whereas the Canidae and Hyaenidae kill using multiple (@tkseviciugt al., 1996)

In terms of ingestionyan Valkenburgh (1996pservedC. crocutdeeding on carcasses, finding

that incisors were frequently used to cut skin alone, and were the teeth most often used when
cutting skin with attached subcutaneous tissue, and when feedinguscle Kruuk (1972also
observed the incisors and canines being used to remove soft meat from a céieaetti (2007)
suggested that the I3 may be implemented in bone cracking, for which its large size is an

advantage.

In a comparison of the extahtyaenidae, Felidae and Canidgan Valkenburgh anduff (1987)

found that the upper canines in all Families were larger in the anteroposterior diameter than in
the mediolateral diameter. However, the canines of hyaenids and felids were less compressed
in the mediolateral diameter than those of canid&round both the anteroposterior and
mediolateral axes, hyaenid and felid canines had greater bending strengths than canid canines.
This facilitates resistance to bending from stresses incurred when biting and ripping flesh.
Furthermore, this may provide séstance when contact is made with bone. In the case of the
Felidae, this may occur during the deep killing bites. The Hyaenidae will use their anterior teeth

to break boneln contrast,the Canidaéhave weaker canines, take shallower killing bites and
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process bone with their postarnassial molars, and are thus less likely to make contact with
bone with their caninegvVan Valkenburgh and Ruff, 198Ajthough not the most frequently
used tooth, canines were also observed to be employed in consumption of muscle with attached
bone(Van Valkenburgh, 1996%reater bendig strength in hyaenid canines compared to those

in the Canidae was also found Bristiansen and\dolfssen (2005)even when taking into

account the larger bite forces produced by the Hyaenidae.

Based on the above information, a number of scenarios may have influeheeges in canine

size during the Pleistocene. Predation upon larger species may have caused greater stresses and
thus necessitated more robust canines. More complete consumption of carcasses may also have
necessitated more robust canines in order to lasfige chance of accidental breakage through
contact with bone. This may also have been the case when feeding competition was high, such
as with largerC. crocutagroup sizes, low prey availability, or large populations of aggressive
competitors; rapid feethg may increase the chance of accidental contact with bone as teeth are

often used less precise{fyan Valkenburgh 1996, and see below)

The absence of postarnassial molars in Hyaenidae has brought the canines closer to the
condyle. As with canid species, which have reduced-pastassial molars, this means that the
MAR at the canines is reduced. This morphology occurs in four canid species that regularly
predate animals larger than themselves, thus requiring greater bite fiMaa Valkenburgh and
Koepfli, 1993) It may be expected that predation of larger species during the Pleistocene
encouraged shorter tooth rows (perhaps through reduction in size of the carnassials and the
premolars) to bring the canines closer to the jaw joint and facilitate greater bite$oHowever,

this is on the assumption that bone consumption did not also increase in this period as this
would necessitate large premolars to withstand the stresses incurred in consuming bones more
frequently (see below). If this was the case, perhapgdiamuscles rather than reduced length

of the tooth row would have been sufficient to induce larger bite forces.

The upper first premolar (P1), and upper and lower second premolars (P2 and p2) are reduced
in size inC. crocutgFerretti, 2007) The premolar shape consists of a main, central cusp, with
anterior and posterior cusps that are reduced in §2eer, 1973)The upper third premolar (P3)

and lower third premolar (p3) are especially pyraatid shapgWerdelin and Solounias, 1991)

and the lower fourth premolar (p4) also has a robust c@d#ison, 2005)

The evolution of bone cracking is associated with large, broad, pyrsimaiped teeth. This is
true not only of the P3 and p3 in the Hyaenidae sucB.asocutabut also the P4 and p4 of the

canidsOsteobore and Borophaguswhich were inferred to be bonerackergWerdelin, 1989;
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Werdelin and Solounias, 199Ihrough the Hyaenidae lineage, the P3 became increasingly
wide relative to its length, indicating increased carcass utilisation in these sp@edelin and
Solounias, 1991)ndeedthe species of the Carnivora with the widest premolars relative to body
mass are those that consume bone. These wider teeth wear at a slower rdtias maintain
functionality until a greater age than smaller tegffian Valkenburgh, 1989However, while
smaller occlusal areas of unworn teeth require less force to crack bone than worn teeth of older
individuals, the greater muscle force of these older indigld compensates for this
disadvantage(Tsenget al, 2011) Observations of feeding have shown that premolars of
Czrocutawere the most frequently used teeth when consuming muscle with attached bone.
They were also used frequently alone, or in combination with carnassials when consuming solely
bone (Van Valkenburgh, 1996)

Larger teeth, espdally an increase in width, may occur as a result of prolonged periods of
increased bone consumption. Relatively longer than wide premolars may be characteristic of

periods with less frequent bone consumption.

The upper fourth premolar (P4) is comprisefitwo anterior cusps, the protocone and the
parastyle, which are pronounced and linearly aligifééerdelin and Solounias, 1991; Hillson,
2005) The metastyle and the paracone comprise the bladeckvis especially long @. crocuta
compared with other Hyaenida@Verdelin, 1989; Werdelin and Solounias, 1991)

The first lower molar (m1) of. crocutahas a protoconid and a paraconid that make up the
trigonid blade. Both of these are tall and stout in shdptilson, 2005) The m1 also has a
metaconid and a single talonid cu@fVerdelin and Solounias, 199bpth of which are reduced

in size(Hillson, 2005)Turner (1984also stated that the metaconid is sometimes absent.

The length of the m1 trigonid relative to total m1 length isajest in those Carnivor@ncluding

C. crocuta for which meat makes up a large proportionthé diet (VanValkenburgh, 1989)
Werdelin (1989)stated that the length of the P4 blade, and the reduction of the m1 talonid
make these teeth ideal for meat slicing. The carnassials. @afoata were observed to be the

teeth most frequently used to remove skin from a carcass. The carnassials were also employed

with premolars, or alone when consuming bofs&an Valkenburgh, 1996)

The position of the carrssials inC. crocutds such that they are parallel to the sagittal plane,
rather than parallel to the cheek tooth rofiKurtén and Werdelin, 1988; Werdelin and Solounias,
1991) Kurtén andWerdelin (1988)suggested that this allows bone to be cracked hg t

premolars, including the protocone and parastyle of the P4, without contacting and damaging
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the cutting blades of the carnassials, on the assumption that bone most frequently enters the

mouth parallel to the premolars.

However, evidence from microweanalysis indicates that microscopic wear features consistent
with tooth-on-bone contact are present on the wear facets of the m1 blgds Valkenburgh

et al, 1990; Goillotet al, 2009; Schuberét al., 2010; Bastet al, 2012) Nevertheless, the
evolution of P3 and p3 as bomeacking teeth in the Hyaenidae allowed the carnassials to
maintain a meatutting blade. This i comparison to borophagine canids that employed the
carnassials as bormracking teeth, thereby incurring heavy wear from this actigitierdelin,
1989; Van Valkenburgh, 200%Werdelin (1989¥tated thatC. crocutds thus welsuited both

for bone and meat consumption.

Differencescan also been seen among the Hyaeninae. The carnassaleicutare different

from thoseof H. hyaenandP. brunneain that those ofC. crocutanaintain a relatively longer
cutting trigonid blade, antiaveless grinding area due to their more hypercarnivorous @gin
Valkenburgret al., 2003; Palmqvigtt al, 2011) Addtionally, a longer carnassial blade, coupled
with greater bite force, facilitates rapid ingestion of food, a necessity in situations such as social
feeding and thus intraspecific competitigi‘an Valkenburgh, 2007This was the case f@.
lupusduring Marine Oxygen Isotope Stage Bderred to bea time of dietay stress for the
specieqFlower and Schreve, 2014hdeed,C. crocutclan sizes are large in some areas, with
numbers recorded at 50 individuals in the Chobe National Park, Bots{Zamger, 199Q0)55 in

the Aberdare National Park, Keny@illereZubiri and Gottelli, 1992and 65 in thévlaasaiMara
National Reserve, Kenyalolekampet al,, 1997) Although hunting groups rgebe small, other
members of the clan often converge on a Kkill, and competition for a share of the carcass thus

occurs(Cooper, 1990; Holekanwgi al., 1997)

Longer carnassiallddes in Pleistocen€. crocutanay have occurred in response to low prey
availability or large feeding groups due to hi@hcrocutaabundances, thus encouraging rapid
consumption of a carcass. Larger P4 cusps may have occurred in response to dietary stress and

thus the need to more thoroughly consume carcasses and so process more bone.

Enamel structure is not assessed in the pressotly. However, it is worth noting as it may
provide further adaptations to resist breakage of tedterretti, 2007) Microscopic enamel
structures, HunteiSchreger Bands (HSB), are of zigzag formati@n anocutdeeth. Based on

the presence of zigzag HSB in extant and extinct {moaeking hyaeids, and durophagous
species from other families, it was suggested that the formation of zigzag HSB is an adaptation

to consumption of hard food¢Stefen and Rensberger, 1999) species of the Hyaenidae,
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Ferretti (2007¥ound a correlation between the intensity of HSB folding, and the robustness of
P3. Zigzag HSB provide the enamel witistance to the tensile stresses that occur upon biting
hard foods, in addition to resistance to propagation of any cracks that have formed in the enamel
(Rensberger and Wang, 2005)

Despite the above adaptations to bone conmtion, Van Valkenburgh (2009pund that
durophagous species had greater incidences of tooth breakage than omnivores, insectivores, or
those that consume mostly meat. 1@. crocuta those teethmost frequently broken were
canines and premolars, followed by incisors, then the carnassials. As noted above, all these teeth
areused to some extent in bone cracking. In a similar st\fdy, Valkenburgh (1988uggested

that canines were frequently broken in part due to the unpredictability of the movements of
struggling prey; it is difficult to have a tooth sufficiently adapte these stresses. Additionally,
species exhibiting greater intraspecific aggression had greater canine breakage incidences (
crocutawas classified as exhibiting a high level of aggression), suggesting breakage during fights
(Van Valkeburgh, 2009) Although teeth could be made larger or the enamel made stronger,
this is not selected for because of the metabolic costs involved, the size of the jaw, and the
constraints imposed by the material properties of the teeth. Additionally, reaméeth must
remain long rather than stout to enable successful predat{dan Valkenburgh, 1988)
Furthermore Van Valkenburgh (1996lggested that while some teeth may be better suited to
consuming certain tissue types, the use of other teeth may be due to the rapid speed at which
food must be consumed, especially in competitive circumsta. This may ths cause breakage

of teeth that are lessuitablefor consuming foods that impahigh loads.

The reasons for the effectiveness of different teeth for breaking up different foods lie in the
physical properties of the foods: the stress r@ed to produce initial failure in the foqdhe
resistance to cracks propagating and eventually splittingabd after the initial failure, anthe

degree to which the food will deform at low strain lev@lsicas and Peters, 2007)

Meat is a tough food, meaning that after the initial failure of the meat, and thus crack formation,
there is high resistance to the crack propagating. A long bladeh as those of the P4 and m1,

is heeded to accomplish this; a pointed tooth will merely pierce the nieatas and Peters,
2007) Thiscontrasts with the observations Byan Valkenburgh (199@&)at incisors were used

most frequently in consuming muscle, and skin with attached subcutaneous tissue. However, in
this study, movements of the neck were important in removing these tissues from the carcass,
aiding the work of the teeth. Additionall¥/an Valkenburg(il1996)focussed more on the initial

removal of food from the carcass, and ingestion, rather than subsequent mastication. Mammal
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skin is another tough materidhat requires the scissoring motion of blades (such as occurs

between carnassials) to bre#tkrough it(Lucas and Peters, 2007)

By contrastLucas andPeters (2007suggested that cusps rather than blades are suited to
breaking bone. Additionally, blunted cusps are better as sharp teeth will likely frachaer

the high stress levels required to crack the b@becas and Peters, 2007his explains why the

robust, conical shaped premolars ©f crocutare ideally suited to bamcracking. However, as
mentioned, Van Valkenburgh (1996)oted that carnassials were also used to crack bone
suggestinghat the anterior cusps of the P4 (which occludéhwhe posterior region of the p4)

I NB dzaSR NI GKSNJ GKIy GKSVvadVakahbuigh @996uggasted f I RS
that the enamel microstructure may aid in p@nting tooth breakage when teeth other than

premolars are used for cracking bones.

Elongated frontal sinuses - vaulted Large sagittal crest
forehead and pneumatised sagittal allowing for large and
crest. Allows dissipation of stresses powerful temporalis

incurred when biting®” muscle®?

Short and deep rostrum - high
bite forces and resistance to

loads®
\ _
-

Deep zygomatic arch -
resistance to pull of masseter
muscle’

Figure3.5: Summary of cranial features related to feeding. See text for detaliklebrand
(1974) 2Werdelin (1989)*Werdelin and Solounias (1991)oeckel (1998jTanneret al.(2008)
5Tseng (2009) Curtis and Van Valkenburgh (201%igueiridoet al. (2011) °Figueiridoet al.
(2013)
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Many of the above points are summarisedrigure3.5 to Figure3.7. Overall, the craniodental
morphology ofC. crocutasseems welkuited to hypercarnivory, bone cracking and competitive
feeding. The above has concentrated largely upon adultrocutaOntogenetic development

of these features will be discussed below, a consideration that is important when interpreting

the modern and Pleistocene material.

3.3.7 Ontogeny

A study of captiveC. crocutay Binder andVan Valkenburg2000)documented some aspects

of craniodental ontogenetic development. Permanent dentition was attained by around 12 to
14 months of age, with replacement first of the deciduous incisors, then theassials,
premolars and canines. The skull finished growing at around 20 months of age. Bite strength, as
measured through live individuals biting on a force transducer, continued to increase up to four
years of ageBinder andvan Valkenburgl2000)suggested that either this may indicate that
muscle growth continued after skull growth had stopped, or that their measures of skull size
were not sufficient to revealhe entirety of muscle growthThe authors pointed to a study by

Gay andBest(1996) which found that skulls of the pum&§ma concolgrcontinued growing

well into adulthood (individuals older than two years of age were considered as adult) and
ceased growing at five to six years of age for females, and seven to nisdyeaalesHartova
Nentvichovéet al.(2010)also found that certain measurements of red f¥lpes vulpés crania
continued growing through life. These included measurements of width (zygomatic breadth,
interorbital breadth and rostrum breadth for both sexes, in addition to jugular breadth for
males). Conversely, the same study found that the smallest dist@ehind the supraorbital
processes decreased after six months of age (the age at which maximum skull length was
reached), although it later stabilised in s{gartovaNentvichovéet al., 2010) This width behind

the supraorbital processes decreases with the developmemhasticatory musclegAnsorge

1994, cited irHartov&Nentvichovéet al.2010)

A further study byTanneret al. (2010)of C. crocutapsteological specimens from a wild, studied
population indicated that prior to weaning (14 months of age), the rostrum lengthened in line
with replacement of deciduous with permanent teeth. The mechanical advantage of the
masseter muscle remained constant through ontogeny, suggesting that tleeeén and out

lever arms grew isometrically. By contrast, the mechanical advantage of the temporalis
increased with age, reaching its fgllown state at 22 months of age. However, bite force likely
continued to increase after full mechanical advantage of the adductor muscles was reached.

This was indicated by the continued growth of the zygomatic archeshensagittal crests, both
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important attachment sitegor the temporalis and masseter muscles, which thus suggests that
the muscles continued growing as well. The skull reached full growth at 35 months of age, well
after both weaning and reproductive maity (24 months)(Tanneret al, 2010) This is
supported byArsznowet al's (2011)study of skulls of the same population, where 85 % of skull
length of endocranial volume was reached by 14 months of age, and 95 % by 34 months. The
timings of full development of skull features idults is important when interpreting

measurements of both Pleistocene and modern specimens.

Long carnassial blade - suitable for meat-slicing and
rapid ingestion®®

Canines - high bending strength
to resist forces occuring when
biting prey and consumming
bone?

Incisors -
robust I1 and
12 to resist
stresses .-
incurred when &
biting prey’ x

Incisors and canines - used
together to produce more
damaging bites during
predation’

Pyramid-shaped premolars,

especially P3 - suitable for
bone-cracking?*®

Figure3.6: Summary of the features of the upper dentition relating to feeding. See text for
details.’Bikneviciuset al. (1996);?Van Valkenburgh anRuff (1987)2vVan Valkenburgh (1989);
“Werdelin (1989)?Werdelin andSolounias (1991§Van Valkenburgh (2007)

Younger, captive individuals varied the teeth they used to bite bone. As they grew older,
however, the time spent biting on bone with the incisors and anterior premolars decreased, and
the time spent using the posterior premolars increased. It was suggdlstd this may be due

to the reduced gape of smaller jaws, thus limiting how posterior the bone may be positioned,
and also due to the need to limit damage to the blade of the deciduous carng&iiadier and

Van Valkenbrgh, 2000) While juveniles have a disadvantage relative to adults when feeding,

due to lower masticatory muscle mass and thus lower bite force, they have an additional
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disadvantage due to the position of their teeth in the jaw. The deciduous teethloasted
anteriorly in the jaw, relative to the permanent dentition, meaning that the position of the
deciduous teeth further reduces the bite force relative to adults. Additionally, teeth are weaker
once they are first erupted, which may limit the bite ¢derof younger individual@inder and

Van Valkenburgh, 2000)Vith the mandible of juvenil€. crocutanodelled as a beanTherrien

(2005) found that aside from absolute strength, there was little difference in the profiles
between adults and juveniles. However, the post position of thguvenile was not as strong

in resistance to dorsoventral loads as in the adults, indicating a disadvantage in bone cracking
at posterior teeth relative to the adult{Therrien, 2005) Together, this indicates the
disadvantage that juvenil€. crocutdhave when compared with adults in competing for food at

a carcass. This may hold implications for survival whed fs scarce and food competition is
high; juvenile mortality may be high. Pervasive food stress may lead to population declines and

is an important consideration when assessing the ultimate extirpati@ ofocutdrom Europe.

Large moment

SRS Loss of post-carnassial molars - shorter

moment arm of resistance so greater bite

arm of the

temporalis - force at other teeth??

g!?'“fg in ?reat Long carnassial blade - suitable
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I
I
I
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I
|
|
I
I
T suitable for bone-cracking”®

Corpus more rounded, but
still deep - bending strength
to resiststressesrom
struggling prey and when
biting bone®*®

Deep corpus - great bending
strength to dorsoventral loads
when biting, especially on
bone*®

Figure3.7: Summary of the mandibular and dental morphological features associated with
feeding. See text for detaildvan Valkenburgh anduR (1987);?Van Valkenburgh andoepfli
(1993);®Figueiridoet al. (2013);*Biknevicius an@Ruff (1992)°Therrien (2005)¢Palmqyvistet al.
(2011); 'Van Valkenburgh (1989Werdelin (1989)>Werdelin and Solounias (199TFfVan

Valkenburgh (2007)
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3.3.8 Phenotypic plasticity of craniodental morphology

The phenotype is determined by an interaction between the environment, and the genotype,
which sets limits on the range of possible morpholoddiison, 2005; Whitman and Agrawal,
2009) Morphological differences may therefore occur as a result of phenotypic plasticity or

genetic change, or botfGienappet al., 2008;Whitman and Agrawal, 2009)

In most cases it is difficult to assess whether phenotypic change is a result of genetic change or
plasticity(Gienappet al, 2008; Merila and Hendry, 2014)/hen plasticity has been determined

as the cause of morphological change, it has mainly been in studies wdpeific
environmental variables were controlled. For example, prairie deer mkerofmyscus
maniculatus baird)ifed either soft or hard diets exhibited differences in position of the upper
incisors. In addition the zygomatic arches and the massetebiertles, both points of origin of

the masseter muscle, were larger in the mice fed hard didtgerset al, 1996) Another study

on mice also involved feeding them soft or hard foods. The mandibles of those fed hard foods
had greater mechanical advantages of both the masseter and the temporalis musclas whe

biting at the incisor and the m@Andersoret al,, 2014)

In contrast to bone, tooth morphologies are influenced much less by plasticity. Teeth grow
within the mandible and are fully developed by the time of eruption. Other thaaubh wear

and breakage, the enamel cannot be altered after deposif@aumul and Polly, 20Q5Fhus,

using feeding as an example, when teeth are employed in mastication, they catarathalr

shape in response to any prevalent food ty@aumul andPolly (2005¥ound that diet had a
greater influence upon cranial and mahdlar morphology than upon tooth morphology in
marmots Marmota). The authors stated that this was due to the lack of phenotypic plastic
response in the teeth. Similarly, in a study of the Mediterranean and the Eurasian water shrews
(Neomys anomaluand Neomys fodiensin PolandRychik et al. (2006)found that the cranial

and mandibular shapes were both correlated with the same geographical and climatic variables.
By contrast, molar shape was correlated with fewer variables. The authors suggested that this
difference was due to thegyreater potential for the cranium and the mandible to respond
phenotypically to the environment during the life of an individual. Change in morphology of
teeth to foods and the environment thus most often occurs as an adaptive genetic response

(Caumul and Polly, 2005)

The above informatioms important for theinterpretation of the Pleistocene material. Firstly,
lacking phenotypic plasticity to external conditions such as food typetdhth of C. crocuta

may lack the immediate response of the cranium and the mandible. If the change in the
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environmental condition is shoterm, or if it is in its early stages, the bones of skull may show

a response, whe the teeth remain unaffected.

While teeth are less plastically adaptive to environmental conditions, stress occurring during
tooth development may result in plastic responses. This stress may be inducedebhyged®
other health conditions, as has been demonstrated in the developmigieedh during gestation

in humans(Garnet al, 1979) However, it is anticipated that while health of the mother and
young may have affected Pleistoce@e crocutathis is likely to make up a small proportion of

assemblages.

Lukeet al. (1979) conducted studies on three groups of pigs. The control grogpallaved
unlimited food, another group had unlimited fats and carbohydrates but limited protein, and
the final group had limited calories. Food was controlled after the individual pigs were 10 days
old, by which age the M1 and m1 teeth had finished grgwthe crowns of the upper and lower
second molars (M2 and m2) were partially formed, and the development of the crowns of the
upper and lower third molars (M3 and m3) had not yet commenced. The M1 and m1 were similar
in size across all three groups ofighe calorie and protein restricted groups exhibited slightly
smaller M2 and m2 than the control group, while the M3 and m3 were much smaller than those
of the control group. Furthermore, the mandible was smaller in the protein and calorie limited
groupthan in the control grouglLukeet al,, 1979) This indicates thatrpvalence of small tooth

size in a Pleistocene sample may indicate {tavgn food deficiency. It is anticipated that the
longerthe period of stress, the more features of an individual, and the more individuals in a

population, will show this change in size.

3.3.9 Summary

Overall, the cranium, mandible and dentition®©f crocutaare weltsuited to resist many of the

loads experiencedavith a hypercarnivorous and durophagous diet, and when targeting large
prey. Spotted hyaenas are thus able to consume a carcass fully and the adults at least are able
to ingest food rapidly, a necessary attribute when intraspecific competition is higlitickdd
pressures influencing the morphology of the cranium are related to the brain, respiration,
olfaction, vision and hearing. The pastnial morphology, such as neck musculature and limbs,
provides further influences upon feeding behavigtruuk, 1972; Van Valkenburgh, 1996;

Meers, 2002and will be considered later.

From the review, a number of hypotheses can be formed regarding Pleist@ammecuta
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Due to increased cognitive demands, when predation was the most imutamathod
of food procurement, and when larger prey were targeted, the size of the brain

increased, as evidenced by the width of the brain case.

During periods of closed vegetation, where vision may have been compromised by
obscuring vegetation, hearing wa&nhanced in order to locate prey, clan members and

competitors. This will be demonstrated by enlarged auditory bullae.

In times of increased bone consumptidd, crocutaexhibited changes in cranial and
mandibular features to better resist stress andast, and increase bite force. Changes
may have occurred in features such as the depth of the mandibular corpus, size of the

muscle attachment sites, and length of the dentary.

In times of increased bone consumption, gape increased to facilitate ingesdtlarger
bones, while the reduction in bite force incurred by the longer jaw offset by other

features of the skull.

In times of increased bone consumption, the teeth have developed a greater resistance
to fracture, though the response was be less rapahtin the more plastic cranium and
mandible. This will be exhibited in the overall robustness of the premolars in terms of

breadth relative to length.
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3.4 Postcranial morphology
3.4.1 Introduction

The functions of the postranial bores are related to weigHbearing, locomotion and prey

capture (Hildebrand, 1974; Van Valkenburgh, 19856) crocut® a f 202Y20GA2Y A&
terrestrial, defined byvan Valkenburgl985 p.4081 & | &LISOAS&a GKF G WwoONB
YIe RAI (G2 Y2RATE O0dzZNNRg odzi y2dG NBIdz I NI & -
prolonged trotting(Taylor, 1989)C. crocutas a pursuit hunter, as classified ¥gn Valkenburgh

(1985) which involves a long distance chase, without grappling with prey, and rarely involves
stalking. Indeed, the distance recordedBglekampet al.(1997)of C. crocutachasing prey is 4

km. The response @&. crocutdo predator encounters is to run (with the potential retreat to a

burrow) or to fight(Van Valkenburgh, 1985)

The above processes are important for the survival of an individual and of the species as a whole,
justifying investigation into the morphological changes of poshia ofCzrocutaduring the
Pleistocene. Witha focus on the Carnivora, ar@l crocutawhere possible, this review will
outline the morphological features of the pestania that are intrinsic in locomotion, weight

bearing and prey capture, in addition to their environmental correlates.

3.4.2 Limbbones

As will be outlined below, limb morphology is associated with weligatring, locomotion and
object manipulation. Furthermore, factors associated with locomotion include speed,
stabilisation, endurance, and resistance to stresses and loads. Fastwrsiated with object
manipulation (i.e. grappling prey, handling food, digging holes) are dexterity, and resistance to

stresses and loads.

The length of the entire limb influences locomotion. The longer the limb, relative to body size,

the longer the stide. Most important is the effective limb length, i.e. the length of the leg that
contributes to stride length. Hyaenids are digitigradg$ildebrand, 1974)a posture that
Ay@2t @Sa 'y AYRAQGARdzZ £ Qa ¢SAIKG NBadAy3a 2y i
plantigrady where the cagls and tarsals are in contact with the groukiéolly, 201Q)
Digitigrady therefore increases the effective leg length by including the metapodials in the
length (Hildebrand, 1974)As will be outlined Hew, the length of the limb as a whole, and the
morphology of individual bones, can be related to stride length and speed, and to different

locomotor styles, hunting behaviours, and habitats.
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When limb lengths are increased, this is produced through hlemghg of the distal long bones

and the metapodial¢Hildebrand, 1974)Coupled with shorter but thicker proximal limb bones,
this allows for endurance of locomotion at high spedtildebrand and Hurley, 1985or
example, an association was found between speed, and the velatietatarsal and femur
lengths in mammals. Slower species had relatively shorter metatarsals. However, among the
faster species (including. crocut® there was only a weak relationship between relative bone
lengths and speedVan Valkenburgh, 1987)Indeed, Christiansen(2002) found that across
mammals, a combination of limb measurements are better predictors of maximum running
speed than single measurements. Hawee there was still much variation in the data,
unexplained by the limb measurements. The author suggested that limbs might be adapted to

minimise energy expenditure during all forms of locomotion, not just to enable fast running.

In another study of themetatarsal and femur lengthd/an Valkenburgh{1985) found that
ambush (stalking followed by short distance rush), pounce/pursuit (searching ending in pounce
or chase) and pursuit hunters (long distance chase, typic@l afocutqhad long metatarsals
relative to femoral length. This was associated with high speed (even for a short distance)
associated with these predatory behavio@¥an Valkenburgh, 1985)arris and Stedel (1997)

also found a relationship between limb morphology and hunting methods of carnivorans.
Hindlimb length (combined lengths of femur, tibia, and longest metatarsal) was not significantly
related to homerange area, daily movement distance or pigye, and was only related to
hunting methods. Of relevance 8. crocutaspecies that chased prey over long distances and
species that scavenged, had neither longer nor shorter hindlimbs relative to bod{Hsimés

and Steudel, 1997)

Cursorial carnivorans (such &5 crocutq are characterised by having greater brachial
(radius/humerus lengths) and crural (tibia/femur lengths) indices. This, again, indicates that the
distal bones (radius and tibia) are long relatito the proximal limb bone@Meachenet al.,

2016)

The calcaneum is also associated with locomotion behaviours. The calcane s axlelled

as a lever in parasagittal (anteroposterior) limb movement (see Se@iBr6.1 for an
explanation of levers). In this mechanism, the pivot is locatethe astragalus. The muscles
associated with anteroposterior movement are the gastrocnemius and soleus muscles, which
attach to the Achilles tendon. This tendon then attaches at the proximal tuber of the calcaneum,
forming the inlever. The owlever isthe distal calcaneum, metatarsals and phalanges. Greater
calcaneum tuber length (from the proximal area of the calcaneum to either one of the

articulating points of the astragalus) results in a longeleuwer, a greater idorce, and thus
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greater forwardthrust (Polly, 2010; Pancirobt al, 2017) This scenario is associated with

terrestrial and cursorial locomotion amongst carnivorgRanciroliet al,, 2017)

The breadth of the limb bones is also associateth watrnivoran behaviours. The main direction

of limb movement of pursuit predators (such @s crocutg is anteroposteriorly. As such, the
humeral shaft is shaped so as to resist loads placed on the bone during locomotion; it is broader
anteroposteriorly ad narrow mediolaterally. By contrast, occasional predators (such as
PJbrunned have a rounded shaft to facilitate grappling prey or handling food. Occasional
predators and ambush predators also have a more robust radius and ulna for the same reason
(Martin-Serraet al., 2016)

Morphological features of the joints are also associatedhwitcomotion and predation
behaviours. One example is the distal articulation of the humerus. The distal humerus
morphology of hyaenids is similar to that of other cursors: large canidsAandbatus The
morphology of these species favours anteroposterimvement, instead of resistance against
lateral forces such as in species that handle food with their forelimbs. As such, in comparison
with food-handlers, the humerus morphology of cursors includes a narrower humear area,

a smaller trochlear flarey and a deeper mittochlea furrow (Andersson, 2004)A study by
Martin-Serraet al. (2016)also found that the morphology of the humerus is associated with
predation behaviours. The humerus of pursuit predators has a deep and narrow trochlea,
restriding lateral movement, and favouring anteroposterior movement, important for such
predation behaviours. By contrast, occasional predators (sudpP. dasunnea have a greater

ability to rotate the humerus laterallfMartin-Serraet al., 2016)

Further differentiation between pursuit and occasional predators lies in the morphology of the
proximal humerus. The greater tuberosity is larger in pursuit predators, allowing for greater
mechanical advantage of the supraspinatus muscle when protradtieghumerus. This

facilitates locomotion over long time periods or at high spe@dartin-Serraet al., 2016)

Limb morphology and associated locomotion behaviours are also associated with environmental
conditions. For example, digitigrade and cursorial carnivorans are largely found in open habitats.
Plantigrade species are commonly foundorested environmentgPolly, 201Q) Furthermore,

Van \alkenburgh(1985) found that cursorial carnivorans, and those predominantly inhabiting
open environments. crocutavas classed as such) had long third metacarpals relative to their
phalanges. The opposite was true of fordstelling species. This was also relatedhunting

type, as operhabitat carnivores are predominantly pursuit or pounce huntgigan
Valkenburgh, 1985A relatively longer calcaneum tuber is associated with increasing digitigrady

and open habitat in North American carnivorans. The opposite scenario is associated with
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forested habitats. Heterogeneous vegetation is associated with greater diversity of relative
tuber lengths(Polly, 2010)

Meachen et al. (2016) investigated the relationship betwee climate and postranial
morphology. Brachial index was greater in carnivorans inhabiting warmer and drier climates.
The shoulder moment index (humerus delopectoral crest length/humerus length) was smaller
in warmer and drier climates. The greater troaker height index (femoral greater trochanter
height/femur length) was smaller in drier climates. The authors stated that these features might
have developed in response to habitat features that are determined by climate, such as

vegetation openness, whiclas mentioned is linked to cursoriality.

Weightbearing also influences the morphology of limbs. In order to allow for increased speed
endurance, the mass of some bones is reduced. The fibula and distal area of the ulna are slender
in cursorial species,educing the load on the locomotor systefhildebrand, 1974) Pursuit
predators (such a€. crocuta were found to have a slender humerus, radius and ulna. By
contrast, occasional hunters (suchRsbrunneghave more robust forelimb long bones. This is

to prioritise stress resistance over engrgfficiency as bending stresses occur during frequent
acceleration and deceleratiofMartin-Serraet al,, 2016) InP. leg the loading of the hindlimb

likely passes through the third metatarsal and the ectocuneiform, suggested by the greater
length of the former compared to other metatarsals, and the overall large size of the latter
(Argot, 2010)

Finally, not all postcranial bones are functionally important; vestigial features are exhibited in
Czrocuta In the forelimb, the first distal phalanx is lost, and the first proxintalgnx and
metacarpal are reduced. In the hindlimb, the first metatarsal and a first phalanx are reduced,

while the other first phalanx is logBenter and Moch, 2015)

The clavicle is reduced in many species of Carnivora, and is lost in the Hyg&sdeer and
Moch, 2015) This allows the scapula to move, increasing the stride length of the forelimb
(Hildebrand, 1974)

Despite the morphological features discussed above, injuries may still arise from predation and
locomotion. Dire wolvesQanis dirusfrom the La Brea Tar Pits (California, USA), exhibit a great
number of injuries at muscle and tendon attachment sites on limb bones. This was assumed to

be due to pursuit huntingBrownet al., 2017)

Overall, the above studies indicate th@t crocutgclassed as cursorial, opébitat dwelling,
pursuit hunter) has limbs odified to enable long durations and high speeds of locomotion,
predominantly in order to catch prey, but also potentially to avoid interactions with other

predators.
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3.4.3 Vertebrae

In comparison with the limbs, the functional morphology of the vertebrae leagived less
attention. The vertebrae included in the present study are the atlas, axis and sacrum. The other
vertebrae will be discussed briefly in the following overview, as their function and relation to

the studied vertebrae should be born in mind whater discussing the morphological results.

The vertebral column itself is formed so as to allow support and movefhildebrand, 1974;
Randauet al., 2016) However, there is some evidence that the morphology of individual

vertebrae may also reflect these funatis.

Van Valkenburgl{1996)noted that the neck was often used in feeding, through pulling and
twisting movements, and suggested that this use may be reflected in the aewddebrae.
Indeed, it is the connection between the atlas vertebra and the occipital condyles of the skull
that allows the up and down motion of the head. The connection between the atlas and the axis
vertebrae allows sidéo-side and rotational motionéHildebrand, 1974)inC. crocutatwisting

was observed more frequently when bone, or bone and muscle were consumed. Pulling was
more frequent when skin alone, muscle alone, or skin with connective tissue and muscle were
consumed. This led’/an Valkenburgh(1996) to suggest that these pulling and twisting
movements might be reflected in the cervical vertebrae, although no published studies could be

found to support or refute this theory.

As mentioned in SectioB.3.6 hyaenids and large canids have similar methods of killing prey.
Frequent injuries of the first three cervical vertebraefdirudrom the La Brea Tar Pitave
been observed. This may be due to the strains imposed on the vertebrae by the neck muscles

when biting large preyBrownet al,, 2017)

Vertebrae may also be adapted to body mass. In felids, the centrum height in many of the
cervical (including the axis) and thoracic vertebrae is relatively larger in largerspgeaeiding

greater stability with greater body magRandatet al., 2016)

Overall, some of the axis and atlas measurements may reflect changes in @ietmicutain
light of the different neck movements used. However, in light of the lack of studies, it would be

difficult to assess.

3.4.4 Phenotypic plasticity in postrania

The relationship outlined in Sectio®i 1 between temperature and body size is complicated in

that proportions may be influenced, rather than body sizeasawholg@. THi & G KS OF aS ¢

wdzft S ¢ Ke®taidSparss of $he organism vary more than does general size, there being a
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marked tendency to enlargement of peripheral parts under high temperature, or toward the
tropicQ(Allen, 1877, p. 116. Harris and Steude{1997) found no significant relationship
between hindlimb length (femur, tibia and longest metatarsal lengths combined) and latitude in

species of Carnivora, after body size influences had been taken into account.

By contrast, a study of mice under controlled temperatures has shown that limbs are smaller in
mice growing in colder temperatures. This is controlled by the temperature influence upon the
growth of cartilage at the epiphyseal plat€Serratet al., 2008) A further study found that the

difference between warm and cold temperatures was greatest in the radius. The effect of
temperature is modulated by exercise; limb lengths were similar between mice that exercised,

regardless of temperaturéSerratet al,, 2010)

3.4.5 Summary

Overall, this review indicates th@t crocutare wellsuited for clasing prey over long distances.
Coupled with the information about the craniodental morphology (Se@i@h C. crocutaseem

able to target a number of food sowgs, including the morphology necessary for taking down
fastrunning ungulates, and the morphology needed to consume most of the carcass, including

bone.
Based on this review, a number of hypothesis can be constructed about PleistBceracuta

1. C. croata had a greater effective leg length when they inhabited open landscapes

during the Pleistocene, than during periods of closed vegetation.

2. If C. crocutasubsisted more on scavenged items, rather than hunting, the-p@stial
bones resembled more closely those of occasional hunters. This may include more
robust long bones.

3. C.crocutdd2 Yy F2N¥YSR G2 ! fftSyQa wdzZ S o0& «ldedAy3

periods.
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4 Materials and methods

4.1 Introduction

This chapter outlines the materials and site details used in the studies of population biomass,
presentday body mass, SSD, morphometrics and diet, and Pleistocene body mass
reconstruction,morphometrics and palaeodiet. Methods used to obtain the primary data are

presented and finally, the statistical analyses are discussed.

4.2 Material and site details
4.2.1 Modern biomass sites

The influences of environmental variables ugoncrocutaandP. lecbiomass were investigated
from 14 sites across Africkigure4.1), requiring the following data to be obtained from each

site:

I Biomass oP. leqfor the C. crocutanodel) orC. crocutdfor the P. leanodel), and other

predators P. pardus, A. jubatus, L. pictus, P. brunneaassess competition

1 Biomass of ery smal, small, medium, large, and \ery largebody size preyto assess

the influence offood availability, and of different prey size classes

1 Minimum temperature of the coolest month, maximum temperature of the warmest
month, and temperature seasonality, to assess the influence of temperature, especially

temperature extremes

1 Precipitation ofthe driest month, precipitation othe wettest monthand precipitation

seasonality, to assess the influence of water availability, and precipitation extremes

1 Closed vegetation cover, sewmpen vegetation cover, and open vegetation cover, to

assess the inflence of vegetation density

The predator and prey population biomass data were obtaifredh a database ikattonet al.
(2015) who collated animal abundance data from the literature émations across Afric8ites
were exadided from the present study &. crocutavere absent, if the abundance of a species
was uncertain, ifC. crocutaabundance was combined with that of another hyaenid, or if the
boundary of the site could not be detemned.In total, 30 datasets were included in the bioraas

analysedrom different years spanning 1962 to 200ble4.1 andFigure4.1).
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Large predatorsre here regarded athose with an adult body mass of over 20 kg. In Africa,
there are seven large mammalian predatdgs:crocutaP. brunnea, H. laena,P. leq P. pardus,

| ® 2 dmddl. pictss HoweverH. hyaenavas not included as data for this species are scarce.
This is with the exception of the Tarangire National Park, Tanzania, Whag@enabundance
data wereprovided in lieu oP. brumeaabundancgHattonet al,, 2015, and references therein)
H.hyaenais solitary and occurs at low densiti@igofer and Mils, 1998b)o its exclusion from

the present study should not greatly influence the results.

12

13—2 ol
1. Amboseli National Park 11 °g
2. Hluhluwe iMfolozi Park
3. Hwange National Park
4, Kalahari Gemsbok
National Park
5. Kidepo Valley National
Park
6. Kruger National Park
7. Lake Manyara National
Park 2
8. Maasai Mara National
Reserve o
9. Mkomazi Game Reserve
10. Nairobi National Park
11. Ngorongoro Crater
12. Queen Elizabeth
National Park
13. Serengeti Ecosystem
14. Tarangire National Park

e

E511 HERE, Delovme. Mapmyinoin. £ CpenSoreethios 0o oulrs, 070 170 G5 wser comemsy

Figure4.1: Location of sites used the biomassanalyses. Base map froasri (2006)

Hattonet al's (2015 database includebiomasses ogpotential prey species over 5 kg in weight.
Prey were split into five body size classes, following the distinctiof&ofiuetet al. (2015)

very small (<20 kg), small 2Q0 kg), medium (12800 kg), large (40800 kg), very large (>600
kg).

Unless otherwise stated the original publications or bylattonet al.(2015) the boundaries of

the sites were taken to be the entire area, i.e. the entire national park, national reserve, game
reserve, or districtThe Serengeti ecosystem datasetsimttonet al. (2015)were derived from

a number of different publications, therefore, the boundaries of this site were taken from the
map of the Serengeti ecosystem Bippcraft (2008)Latitudes and longitudes were obtained

from Image Landsat, Google Earth Pro (2013)
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Table4.1: Sites fronHattonet al's (2015)database includeih the CzrocutaandP. ledbiomass

analyses

Site

Year (season)

Amboseli National Park, Kenya 2007

Hluhluwe iMfolozi Natioal Park, South Africa 1982, 2000

Hwarge National Park, Zimbabwe 1973

Kalahari Gemsbokational Park, South Africa 1979

Kidepo VHey National Park, Uganda 2009

Kruge National Park, South Africa 1975, 1984, 1997, 2009
Lake Manyara National Park, Tanzania 1970

MaasaiMara National Reserve, Kenya 1992, 2003

Mkomaz Game Reserve, Tanzania

1970 (dry), 1970 (wet)

Nairobi National Park, Kenya

1966, 1976, 2002

Ngorongoro Crater, Tanzania

1965, 1978, 1988, 1997, 2004

Queen Elizabeth National Park, Uganda

2009

Serengeti ecosystem, Tanzania

1971, 1977, 1986, 2003

Tarangire Nabnal Park, Tanzania

1962 (dry), 1962 (wet)
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The climate variables used were as follows: maximum temperature of the warmest month,
minimum temperature of the cdest month, temperature seasonality (as standard deviation),
precipitation of the wettest month, precipitation of the driest month, precipitation seasonality
(as the coefficient of variation). All datae from WorldClim(Hijmanset al, 2005) and was
derived from interpolated records of climate data recorded between the years 1950 to 2000.
The variables were taken from the bioclimatic dataset at a resolution ofritnbites. Each
temperature and precipitation value was taken from the centre of each site. The centre point of
each site was the point where the median latitude and longitude inteeskdtledian latitude

was calculated from the most northerly and southddiitudes of each location. The same was

performed for longitude.

The vegetation data are from the University of Maryland Global Land Cover Classificatiom at 1
resolution (Hansenet al, 1998, 2000}and obtained by the Advanced Very High Resolution
Radiomeer satellites between1981 and 1994. For each site, the type of vegetation in each pixel
(each 1 kr) was recorded along two transects with widths démi. The northsouth transect

ran through the centre point of the site, to the most northern and southern boundafiks.
equivalent procedure was conducted for the eastst transect. The counts for both transects

were then combined.

Vegetation types wax split into three categories: (1) opergetation (grasslad), (2) sembpen
vegetation (woo@d grassland, open sholand) and (3) closedegetation (evergreen broadleaf
forest, deciduous broadleaf forest, woodlaripsed shrubland) (seBable4.2). The percentage

cover of each classification was calculated. Some transects fell over pixels classed as water,
cropland or bare ground. These were excluded from the percentage calculations as it was

assumed that. crocutaand P. leowould not be regularly inhabiting thesareas.

Full details of the biomass, climate and vegetation data for each site are included in

{ LINEI RaKSSU wmo
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Table4.2: Vegetation classes and descriptions fréime University of Maryland Global Land
Cover Classification at 1 km resolutithansenet al, 1998, 200Q)and classes used in the

present study.

Vegetation class Description Vegetation class in

present study
Evergreen broadleal Dominated by trees Closed vegetation
forest Tree canopy cover > 60 %

Tree heigh>5m

Most trees remain green all year
Canopy never without green foliage
Deciduous Dominated by trees

broadleaf forest Tree canopy cover > 60 %

Tree height >5 m

Trees shed their leaves simultaneously
response to dry or coldeasons
Woodland Herbaceous or woody understories

Tree canopy cover > 40 % and < 60 %
Tree height >5 m

Trees evergreen or deciduous

Closed shrubland | Dominated by shrubs

Shrub canopy cover > 40 %

Tree canopy cover <10 %

Shrub height <5 m

Shrubsevergreen or deciduous
Remaining cover barren or herbaceous
Wooded grassland | Herbaceous or woody understories Semiopen vegetation
Tree canopy cover > 10 % and < 40 %
Tree height >5m

Trees evergreen or deciduous

Open shrubland Dominated byshrubs

Shrub canopy cover > 10 % and < 40 %
Shrub height <2 m

Shrubs evergreen or deciduous
Remaining cover barren or annu
herbaceous cover
Grassland Continuous herbaceous cover Open vegetation
Tree or shrub canopy cover < 10 %

4.2.2 ModernAfrican body mass sites

Body mass records df. crocutawere sourced from the literature (seEBigure4.2 for site
locations) in order to assess the environmental influences upon body mass (see Apghihdix
Table10.10). SSD was calculated (see Sectighl.4 from these bodymass data in order to

assess the degree of SSD and any environmental correlations with variation in SSD. Body masses
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of P. leg P. pardus, A. jubatus. pictus, P. brunneendH. hyaenawvere also sourced from the
literature (see Appendid0.5 Table10.11to Table10.15) for comparison withC.crocutaSSD.

Data were rejected when bias was obvious (such as selective shooting of largest individuals),
when pregnant females were included in the average weigthiout the raw data available to
recalculate the mean, or when weights were estimated instead of measured. However, where
methods or bias were not stated, the otherwise small datasets justify their inclusion in the

present analyses.
The variables includeid the body mass and SSD analyses were:

1 C. crocutaandP. leodensity, to assess competition (as biomass includes a measure of

body mass in its calculation, it was felt that density would be more appropriate)

1 Prey biomass, to assess the influence of foagilability (this excluded prey species that

weigh more than 600 kg)

T Minimum temperature of the coolest month, and maximum temperature of the
g N¥Saild Yz2yakx G2 G§Said .SNEHYlIyyQa wd#A S

T Precipitation of the driest month, and precipitation of the wettest month,assess

water availability and extremes of precipitation levels

1 Closed vegetation cover, sewmpen vegetation cover, and open vegetation cover, to

assess the influence of vegetation density

1 5A4dGFy0S FTNRBY GKS $lj dzinibadymassnalysié i . SNE Y

Biomassdataof other large predatorsR. pardusA. jubatusL. pictusandP. brunneawere not
included as this information was not available for one of the sites (the Salient area of the
Aberdare National Park, Kenya, see below). It fthe small samplsize it was deemed more

appropriate to include this site and exclude the variable.

The density data were taken frofdatton et al. (2015) apart from the Salient area (of the
Aberdare National Park)or which abundance data werebtained from SillercZubiri and
Gottelli (1992)andKibanya, (1996)as this was not included Hattonet al's (2015)database

All other environmental data were sourced in the same way as outlined in Set2dh The
boundaries of the study area in the Salient area of the Aberdare National Park were taken as
accurately as possible from the map in the original publicatiorSitieroZubiri and Gottelli
(1992) however, some estimation was involved when translating this Inmtage Landsat,
Google Earth Pro (2013)
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Only body mass estimates wisipecific lochty information (rather than just the country) were
included in the analysesin order to ensure thatvegetation and climate data wereas
representative as possible, given thetential for major variationacross an entire country. As

far as possible, th&ody mass data were paired with the population metrics based on site
locality. Some locations have multiptiensity/biomass estimates from different years. When
this wasthe case the closest corresponding date of the population and body mass studies was
chosen. In total, eight sites were included in the analys&sg(re4.2). Full details of the
population density, biomass, climate, vegetation and latitude data off eite are included in

Spreadsheet 2.

1. Hluhluwe iMfolozi Park

2. iMfolozi Game Reserve

3 Kruger National Park

4, Kalahari Gemsbok National
Park

5. Masaai Mara National
Reserve

6. Narok District

7. Salient area of the Aberdare
National Park

8. Serengeti ecosystem

Eur HESE Delormm Mecmyirds, © OperSirastiins comd Buton ans the G1S Lver communt

Figure4.2: Location of sites used in the mode@h crocutebody mass and SSD analyses. Base

map fromEsri (2006)
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4.2.3 Modern African specimen sites

The cranial and postranial specimens used for morphometric and dietary analyses were

located at the following museums:
1 American Museum of &tural History (Department of Mammalogy), New York
1 Museum fur Naturkunde (Recent Mammals), Berlin
1 Natural History Museum (Mammal Section), London
1 National Museum of Wales (Natural Sciences), Cardiff
1 Royal Belgian Institute of Natural Sciences (Recent bietties), Brussels
1 Royal Museum for Central Africa, Tervuren

1 Smithsonian Institution National Museum of Natural History (Division of Mammals),
Washington DC

1 South West Heritage Trust, Taunton

T University Museum of Zoology, Cambridge

Captive individuals wenmgot measured. The specimens analysed from each museum are detailed

in Spreadsheets-8

Where specific locality details were given in the museum records, the locality was expanded to
include the province, region, etc. This was for two reasons. Firstlyy inaalities were listed as
towns or villages, where the animals were likely not themselves inhabitants. Expanding the
location to a wider region more likely encompassed the habitats of the individuals. Secondly,
expanding localities allowed more specingeto be grouped together, thus strengthening the
statistical analyses. In some cases, the location detailed on the museum label could not be
found, so these specimens were classified by couftaple4.3 includes the locations as listed

on the museum records, together with the expanded and grouped site locations used in this

study. The sites are mappedHigure4.3.

For each site, climatic and vegetation data were derived, following the procedure outlined in
Section4.2.1 Full details of this data are found in Spreadsheet 3. Predator and prey biomass
data were not obtained due to the lack of correspondence between the localitidgtiton et

al. (2015)biomass database and the localities of thargal and postranial specimens.
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Table4.3: Site details of preserday AfricarC. crocutspecimens. DRC = Demaocratic Republic of the Congo.

Country Location(from museum records) Location (expanded to region, district, province, etc. where possible) hgcallty
Angola Ngemba Zaire Province 1.1
Benin Parakou Borgou 2.1
Joverega . . .
Chobe National Park, Savuti Chobe National Park, Mababe Zokotsam
Botswana Mababe Flats Community Concession 3.1
Mababe Flats, Bechuanaland Protectorate
Tsane, 25 meast northeast Kgalagadi District 3.2
Burundi Rumonge Rumonge Province 4.1
Babessi North West Region 5.1
Cameroon | Tibati Adamawa Region 5.2
Yoko Centre Region 5.3
Vele
Ubangi, LikRiver LikiBembeSavannahPoshe River Democratic Republic of the Congo 6
Post road
Lubumbashi River
NgayeS.Katanga
BosoboloRegion Nord Ubangi District, 6.1
DRC Gaia of Bili where the Bondo Gufuru road cuts the
way Bas Uele District 6.2
Poko
GwaneRegion
Faradje Haut Uele District 6.3
Parc National de I&arambaand surrounding hunting grounds (Domaine
Uélé, PardNational de l&dGaramba de Chasse de Azande, Domaine de Chasse de Gangala Na Bodio, Dg 6.4
de Chasse Mondo Missa)
Stanleyville (now Kisangarnrovince Orientale Tshopo District 6.5
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Boga

Geti

LacAlbert, Kasenye

Nioka

KiloRegion

Ituri District

6.6

Kivu, Semlikriver plain

Semliki plain

Semliki Plain, south of talbert

Ituri and North Kivu Districts (combined)

6.7

Raad Goma to Rutshuru

North Kivu District

6.8

Rwindi

Kivy ParcNationalAlbert (now Parc National des
Virungg, RwindiRiver plain

Kivu,ParcNationalAlbert (now Parc National des
Virungg, Ganjo

Kivu,ParcNationalAlbert (now Parc National des
Virungg, Kasindi

Kivu,ParcNationalAlbert (now Parc National des
Virungg, Kasindj port on Lac Edouard

Kivu, Par®NationalAlbert (now Parc National des
Virungg, Katandanorth of Rutshuru

ParcNationalAlbert (now Parc National des
Virungg, Masuku

Vitshumbi

ParcNational des Virunga

6.9

Kafubu

Haut Katanga District

6.10

KatangaParc National de I'Upemb&aswabilenga,
LufiraRiver,LusingaMabwetrail

KatangaParc National de I'Upembausinga

Parc National de I'Upemba

6.11

Kasiki, Marungu

Tangaryika District

6.12

South ofKabinda

Lomami Province

6.13

Kisantu

Lukaya District

6.14
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Kwango, Kindongo Kwilu and Kwango Districts (combined) 6.15
Eritrea Senafe Debub (Southern) Region 7.1

Argobba, euth Harrar Ethiopia 9
Ethiopia Diré Daoua DireDawa chartered city 9.1

Ghimbi, Wollega, 09°10'N 35°50'E, Alt. 2150 m West Welega Zone 9.2

2 mi south ofMerti, Baraquoi District

Baraquoi District

Guaso Nyiro

Lakiundu River, Merele Water

Marsabit Road Kenya 10

MarsabitRoad, Merele Water

Masi Sand River

Merti, Baragoi District

Guaso Ngishu Plateau

Guaso Ngishu Plateau, Nzoia River

Archers Post Samburu County 10.1
Kenya Sotik, Kabalolot Hill

ggt::: 'II_'ce)Il?kFll?\;r; Narok County and Bomet County 10.2

Guaso Nyiro, Sotik

1 miwest ofGalma Galla, Garissa District

0.5mi northeast ofMasabubu, Garissa District Garissa County 10.3

5 miwest ofGalma Galla, Garissa District

Ziwani TaitaTaveta County 104

Mount Kenya

Mount Kenya, south westope Mount Kenya National Park 10.5

Mount Kenya, west slope

Kitanga Farm Nairobi National Park 10.6
Mozambique| 8km south west of Chiocdete District Tete Province 11.1
Namibia Malindi Pan, Caprivi Strip Caprivi Strip 12.1
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Near MalindiCaprivi Strip
Windhuk (Windhoek) Khomas Region 12.2
Mutara-Gabiro hunting area .
Rwanda Parc nat. Kagera, Gabiro Akagera National Park 13.1
Nyakatare (Nyagatare) Nyagatare District 13.2
Senegal Tiliboubakar (Thille Boubacar) Podor Department 14.1
Sierra Leone| Near. Gberia, Koindagu District Koinadugu District 15.1
British Somaliland Somalia 16
Somalia Hargeisa, Somaliland Woqooyi Galbeed Region 16.1
Heleschid Jubbada Dhexe (Middllubbada) Region 16.2
: EastTransvaal Mpumalanga Province 17.1
South Africa Pongola R. Zululand Zululand District 17.2
South Sudan| NearKaka, White Nile Upper Nile State 18.1
Northern Darfur North (Shamal) Darfur State 19.1
Sudan SouthDafur South (Janub) Darfur State 19.2
Kulme, Wadi Aribo, Darfur West (Gharb) Darfur State 19.3
Swaziland . Swaziland 20.1
Near Mara Rio .
Surroundings of Schirati on Lake Victoria Mara Region 211
Quiharaat Tabora Tabora Region 21.2
Tabora
Near Moshi Kilimanjaro Region 21.3
Kondoa
Tanzania Kondoa Irangi .
Kwa Mtoroathssandani Dodoma Region 21.4
Mpapua (Mpwapwa)
Iringa Iringa Region 21.5
Msamwia camp at the Msamwia, adjacent to the
river Mtembwa, before leavinthe mountains, near | Rukwa Region 21.6
Bismarkburg

-119-



4. Materials and Methods

Msamwia
Msamwialager (Msamwia Camp)
RukwaSteppe
Mgera :
Pangani Tanga Region 21.7
Kilossa Morogoro Region 21.8
Mkalinso (Mkalinju) Pwani Region 21.9
Mroweka Lindi Region 21.10
Tendaguru
Songea Ruvuma Region 21.11
Balbal, TangnyikaTerritory Ngorongoro Conservation Area 21.12
Bismarckburg .
Togo Bismarckburg, Station Centrale Region 22.1
Sansanne, Mangu Savanes Region 22.2
Ngetta Lira Lango, Alt. 2700’ Lira District 23.1
Uganda River Cheki, Gulu District Gulu District 23.2
Kasawerenorth eastMount Elgon
Kenya Mourt. Elgon Mount Elgon 23.3
Uganda
13 minorth east of Lusangazi Game Cangast
Bank Luangwa River, Fort Jamesonridist
Camp 110.5mi southof Chibembe Pontooreast .
Zambia Bankauangwa Riv, Lundazi Disict Eastern Province 24.1
In camp.eastBank uangwa River, Fort Jameson
District
KabompaDistrict Northwestern Province 24.2
Zimbabwe Between Bulawgo and Victoria Falls, Malindi Matabeleland North Province 25.1
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Figure4.3: African sites included in the modern morphometric and dietary analyses. 1.1 Zaire
Province. 2.1 Borgou. 3.1 Chobe National Park, Savuti Chobe National Park, Mababe Zokotsama
Community Concession. 3.2 Kgalagadi District. 4.1 Rumonge Province. 5.1 NsirtRégfen.

5.2 Adamawa Region. 5.3 Centre Region. 6.1 Nord Ubangi District. 6.2 Bas Uele District. 6.3 Haut
Uele District. 6.4 Parc National de la Garamba and surrounding hunting grounds. 6.5 Tshopo
District. 6.6 Ituri District. 6.7 Ituri and North Kivisfiicts (combined). 6.8 North Kivu District.

6.9 Parc National des Virunga. 6.10 Haut Katanga District. 6.11 Parc National de I'Upemba. 6.12
Tanganyika District. 6.13 Lomami Province. 6.14 Lukaya District. 6.15 Kwilu and Kwango Districts
(combined). 7.1 Dmub (Southern) Region. 9.1 Dire Dawa chartered city. 9.2 West Welega Zone.
10.1 Samburu County. 10.2 Narok County and Bomet County. 10.3 Garissa County. 10.4 Taita
Taveta County. 10.5 Mount Kenya National Park. 10.6 Nairobi National Park. 11.1 TeteeProvinc
12.1 Caprivi Strip. 12.2 Khomas Region. 13.1 Akagera National Park. 13.2 Nyagatare District. 14.1
Podor Department. 15.1 Koinadugu District. 16.1 Woqooyi Galbeed Region. 16.2 Jubbada Dhexe
(Middle Jubbada) Region. 17.1 Mpumalanga Province. 17.2 ZulDiatrétt. 18.1 Upper Nile

State. 19.1 North (Shamal) Darfur State. 19.2 South (Janub) Darfur State. 19.3 West (Gharb)
Darfur State. 20.1 Swaziland. 21.1 Mara Region. 21.2 Tabora Region. 21.3 Kilimanjaro Region.
21.4 Dodoma Region. 21.5 Iringa Region. RlUkva Region. 21.7 Tanga Region. 21.8 Morogoro
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Region. 21.9 Pwani Region. 21.10 Lindi Region. 21.11 Ruvuma Region. 21.12 Ngorongoro
Conservation Area. 22.1 Centrale Region. 22.2 Savanes Region. 23.1 Lira District. 23.2 Gulu
District. 23.3 Mount Elgon. 24. Eastern Province. 24.2 Northwestern Province. 25.1
Matabeleland North Province. Base map fr&sri (2006)

The ml lengths from the modern African specimens were paired with the body mass data
(Sectiont.2.2) inthe model to calculate Pleistocene body reas (Sectiod.4.2.]). The m1 data
included in the model were from specimens with provenance locations as close as possible to
where the body masses were recordélchble4.4 and Figure4.4). In total there were six body
mass locations paired with eight m1 length locations, to provide a total of 11 data points when

split into male and female body masses. The small number of inedg values necessitated the

inclusion of body masses for which only country of provenance was known. The sites ranged in

median latitude from 9.151° te22.364°, providing a large latitudinal range and encompassing

much of the presentlay latitudinal exént of C. crocutaClimate and vegetation details of each

m1l length site and body mass site (except where only country is known) can be found in

Spreadsheets 2 and 3.

Table4.4: Body masssites and m1l lengthsites of recentC. crocutaused in the model to

reconstructPleistoceneC. crocutdbody masses.

Body mass location m1 length location Sex
Botswana 3.1 Chobe, Savuti Chobe, Mababe Zokotsame F
3.2 Kgalagadi DistridBotswanaJoverega;
Tsane)
Botswana 3.1 Chobe, Savuti Chobe, Mababe Zokotsame M
Botswana lababe Flaty
Ethiopia 9 Ethiopia (Argobba) F
Masai Mara National Reserve, 10.2Narok Country and Bomet County, Kenya F
Kenya (Sotik
Masai Mara National Reserve, 10.2 Narok Country and Bomet County, Keny: M
Kenya (Sotik
Salient area of the Aberdare 10.5 Mount Kenya National Park, Kenyognt F
National Park, Kenya Kenya
Salient area of the Aberdare 10.5 Mount Kenya National Park, Kenyo(nt M
National Park, Kenya Kenya
Serengeti, Tanzania 21.12Ngorongoro Conservation Area, Tanzani F
Serengeti, Tanzania 21.12Ngorongoro Conservation Area, Tanzani M
Zambia 24.1Eastern Provinc&ambia(Lundazi District) F
Zambia 24.1 Eastern Province; 24.2 Northwestern M

Province ZambigFort Jameson District;
Kabompo Distrigt
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Se

Esn, HERE, Garmin. @ OpenStreetMap contributors, and the GIS user community

Figure4.4: African sites from which body mass (BM) and m1 lengths were derived, and included
in the model to reconstruct Pleistocene body masses. 1. Ethiopia (BM) and Argobba (m1). 2.
Salient area of the Aberdare National Park (BM) Btount Kenya National Park (m1). 3. Masai
Mara National Reserve (BM) and Narok Country and Bomet County (m1). 4. Serengeti (BM) and
Ngorongoro Conservation Area (ml). 5. Zambia (BM) and Eastern Province, Northwestern
Province (ml). 6. Botswana (BM) andofid, Savuti Chobe, Mababe Zokotsama, Kgalagadi
District (m1).
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4.2.4 Pleistocene European specimen sites

The cranial and postranial specimens used for morphometric and dietary analyses were

located at the followingnuseums:

1
1

Bristol Museum and Art Gallery (Geology), Bristol

British Geological Survey (Palaeontology), Keyworth

Creswell Crags Museum and Heritage Centre, Worksop
KrahuletzMuseum, Eggenburg

Laboratorija za biodreologiju, Univerzitet u BeogradBelgrade
Leeds Discovery Centre, Leeds

Lower Winskill, Settle

Manchester Museum (Earth Science Collections), Manchester
Museo della FaunadJniversita degli Studi di Messindessina

Museo Nacional de Ciencias Naturdlésleccion de Paleontologia de Vertebrados y de
Prehistorig, Madrid

Museu de Geologia, Museu de Ciéncies Naturals de BarcdBaneelona
National Museum of Ireland (Natural History), Dublin

National Museum of Wales (Palaeolithic and Mesolifkichaeology, Cardiff
Natural History MuseurfFossil Mammals), London

Naturhistorisches Museum WigWertebrate Palaeontology), Vienna
Nottingham Natural History Museum, Wollaton Hall, Nottingham
Oxford University Museum of Natural History, Oxford

Plymouth City Museum and Art Gallery, Plymouth

RoyalBelgian Institute of Natural Sciences (Palaeontology), Brussels
Sedgwick Museum of Earth Sciences, Cambridge

South West Heritage Trust, Taunton

Torquay Museum, Torquay

University of Bristol Spelaeological Society museum, Bristol
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1 University Museum oZoology, Cambridge
1 Wells and Mendip Museum, Wells
1 Yorkshire Museum, York
The specimens analysed from each museum are detailed in Spreadsheets 7, 8 and 10.

In total, Pleistocen€. crocutavere measuredrom 65 assemblagéas Austria, Belgium, Britain,
the Czech Republic, Ireland, Italy, Serbia and Spajare4.5 and Figure4.6 show the locations
of these sitesTable4.5 details the ages of these assemblages. Further information about these
sites, including pakoenvironmental conditions, mammalian species and references can be

found in Appendix0.1Tablel0.1to Tablel0.3.

10,

[ ]
454 12,

14 134
15¢ ¢® 18

19
" P %021 "26 244 25,

16,17 22,23 9—30,31 .

37
42%, 40,41

43,44

Figure4.5: British and Irish Pleistocene sites included in the morphometric and palaeodietary
analyses. 1. Kirkdale Cave. 2. Victoria Caueaygill Fissure. 4. Church Hole. 5. Pin Hole. 6. Robin
Hood Cave. 7. Ffynnon Beuno Cave. 8. Hoe Grange. 9.Little Syke. 10. Pakefield. 11. Lawford. 12.

F NNAY3IG2y® mMod YAy ! NIKdzZNRE / F @Sd mnd [/ 28&3
Dayh 3K{i w201 CAaadNB® myd tNKhaasSyQa ¢2N /| gSo
| 2t S® HHd [ $6S54 /1 aGtS /1 &S® Hod D21 GQa | 2t8
27. Hutton Cavern. 28. Uphill Caves 7 or8. 29. Bleadon. 303P€Qa | 2f S omd { 2f
Boughton Mount. 33. Badger Hole. 34. Hyaena Den. 35. Milton Hill. 36. The Burtle Beds. 37.
Tornewton Cave. 38. Joint Mitnor Cave. 39. Kents Cavern. 40. Bench Cavern. 41. Brixham
Cave/Windmill Hill. 42. Oreston Cave. Bastern Torrs Quarry. 44. Yealm Bridge. 45. Castlepook
Cave. Base map froEsri (2006)
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245 4
&
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6
9 ®
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o112
149 ®3

15

Figured.6: Austrian, Belgian, Czech, Italian, Serbian and Spanish Pleistocene sites included in the
morphometric and palaeodietary analyses. 1. Goyet Caves. 2. Trou Magrite. 3. Caverne Marie
Jeanne. 4. Slouper Hohle. 5. Hohle VypudieKeufelslucke. 7. Baranica I. 8. Baranica ll. 9. Cueva

RS fla IASylrad mnod /2@ . RQhft2LIS® mmod [/ 20l
Gegant. 15. Cueva del Buho. 16. San Teod®ase map fronisri (2006)

Figure4.7 illustratesthe direct dates on the assemblages from MIS 3 alongside the replotted
NGRIP oxygen isotope O) record. Where possible, only dates that are not associated with
human presence (e.g. dates on humans or humanified bones) are included. This is to
attempt to capture the potential occupation @f. crocutat each of the sites, &3. crocutdikely

would not have been occupying the caves at the same time as humans. The only exception is
the inclusion of theHomo neanderthalensidéNeanderthal) date from Cova del Gegant as this
was the only species dated frothis assemblage. Further details and dates are outlined in

Appendix10.1Table10.4.
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Table4.5: Ages of assemblagexluded in the Pleistocene morphological studigse Appendid0.1Table10.1to Table10.3 for details and references.

Site Age

Britain

Pakefield Suffolk Early Middle Pleistocene
Grays, Essex MIS 9

Bleadon, Somerset Later MIS 7

Hutton Cavern, Somerset Later MIS 7
Lawford, Warwickshire Possibly later MIS 7
Oreston Cave, Plymouth Later MIS 7

t NAdasSyQa ¢2N /@S ' {LINAGAIFAE ¢2NE {o6lyaSsSt Possibly Later MIS 7
Barrington, Cambridgeshire MIS 5e

Brentford, London MIS 5e

Burtle Beds, Somerset MIS 5e

Eastern Torrs Quarry, Devon MIS 5e

Hoe Grange, Derbyshire MIS 5

Joint MitnorCave, Devon MIS 5e

Kirkdale Cave, Yorkshire MIS 5e

Little Syke, Lincolnshire MIS 5e

Milton Hill, Somerset MIS 5e

Minchin Hole, Outer Beach, Glamorgan MIS 5

Rayqill Fissure, Yorkshire MIS 5e

Tornewton Cave, Devon (Lower Hyaena Stratum) MIS 5c¢

Tornewton Cave, Devon (Upper Hyaena Stratum) MIS 5c¢

Victoria Cave, Yorkshire MIS 5e

Badger Hole, Wookey Hole, Somerset MIS 3

Bench Cavern, Devon MIS 3

Boughton Mount, Kent MIS 3
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Brixham Cave/ Windmill Hill, Devon MIS 3
Cae Gwyn Cave, Clywd MIS 3
Caerwent Quarry, Monmouthshire MIS 3
Caswell Bay, Swansea MIS 3
Church Hole, Creswell Crags, Nottinghamshire MIS 3
Coygan Cave, Carmarthenshire MIS 3
Daylight Rock Fissure, Pembrokeshire MIS 3
Ffynnon Beuno Cave, Denbighshire MIS 3
D2 | (i QRavilargl {S®ansea MIS 3
Hyaena Den, Wookey Hole, Somerset MIS 3
Kents Cavern, Devon MIS 3
YAY3 I NIKdzZNRA /@SS |1 SNBEF2NRAKANB 6! yAil o0 MIS 3
Lewes Castle Cave, Swansea MIS 3
blryylQa /[ @Sy /I fRSe LaflyRX SYONR ]| SaKANS MIS 3
t A O] Sy Svierdet(lfa@i3) MIS 3
Pin Hole, Creswell Crags, Derbyshire MIS 3
Priory Farm Cave, Pembrokeshire MIS 3
Robin Hood Cave, Creswell Crags, Derbyshire (1969 and 1981 excavations) MIS 3
Sandford Hill, Somerset MIS 3
{2t RASNDRa |1 2t{S3s {2YSNRASI MIS 3
Tornewton Cave, Devon (Elk Stratum) MIS 3
Uphill Caves 7 or 8, Somerset MIS 3
Yealm Bridge, Devon MIS 3
Austria

Teufelslucke, Eggenburgh MIS 3
Belgium

Goyet cavesNamur Province3f™ Caverne, Chamber A%b A @S| dz haaA T8 NBE> DI)f MIS3
Goyet cavesNamur Province3f™ Caverne, Chamber A$"S Niveay MIS 3
Goyet cavesNamur Province3f™ Caverne, Chamber A" Niveau Ossifene MIS 3
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Caverne Marigleanne, Hagre (@°™ Niveau)

MIS 3

Trou Magrite, Pont-Lesse, Namur

Probably MIS 5b to 3

Czech Republic

Hohle Vypustek MIS 3

Slouper Hohle Late Pleistocene
Ireland

Castlepook Cave, County Cork MIS 3

Italy

San Teodoro, Acquedolci, Sicily MIS 32

Serbia

Baranica | MIS 32

Baranica Il MIS 3

Spain

Cova de les Toixoneres = Cova deTlesxoneres, Barcelona MIS 3

Cova del TalBarcelona Late Pleistocene
Cova del Gegant, Barcelona MIS4-3

/| 2@ . RQhf2LJS MIS 3

Cueva de las Hienas = Las Caldlaijrias MIS 5b3

Cuweva del Buho, Segovia MIS 5d3
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Age (years b2k)
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Figure4.7: Dates on Pleistocersssemblaged ¥@ NGRIP2 20 year mean datfaronologyand eventfrom (Anderseret al,, 2004; Rasmusseat al., 2014; Seierstad
et al,, 2014) Radiocarbon datewere calibrated usingdOxCal 4.3 and IntCall3, with 95.4 % confidence réBgek Ramsey, 2009; Reinwdral.,, 2013) C.c =C.
crocuta G mgnawed bone. Fs = flowstone. Os = overlying sequence.l.neanderthalensjsShd = speleothem at base of depodizk = years before A.D. 2000.

Pink shaded bands indicate interstadials. See AppertdiXTable10.1to Table10.4 for details and references.
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4.2.5 Dates for radiocarbon models

Stuart and Liste2014) collated radiocarbon dates df. crocuta specimens and created a
chronological model of. crocutaxtirpation from Eurasia. Since then, a new calibration model
(IntCall3Reimeret al, 2013 and new radiocarbon dates db. crocutehave been published,
necessitating a rerun of the model. Additionally, the dates included in the model in the present

study were subjected to stricter selection criteria.

In addition to theC. crocutamodel, a model was run of dates &h leo(spelaeg, in order to
facilitate a comparison between the two potential competitors. Models were also run on three
ofC.crocut® & LJ2 (i Sy (i A ICfantigiNBigC. elapiSsDdRStaranduso assess where
and when these species may have been availablé.tcrocutaAsC. elaphusaind R. tarandus

still live in Europe today, dates were only included up until 18/600BP. This poslates the
youngesiC. crocutalate, thereby fully demonstrating the relationship between the prey species

andC. crocutaccipation of Europe during MIS 3.

Databases of dates o@. crocuta(Stuart and Lister, 2014P. leo(spelaea (Stuart and Lister,
2017 andC. antiquitatigStuart and Lister, 201®)ere used, and further dates for all five species

were sourced from the literature.
Dates were included in the models if they followthe following selection criteria:

1 The dates were on specimens of the five species of interest without any uncertain

species identification

1 The specimens had undergone ultrafiltration greatment, which has been shown to
remove more contaminants than othgre-treatment methods(Highamet al., 2006)
Where publications did not mention whether the specimen had been subject to
ultrafiltration, the Oxford Radiocarbon Accelerator Unit (ORAU) data@B&AU, no

date)was used to check for information about ORAU dates

1 Dates from contaminated specimens were excluded. Followimmis et al. (2016)
dates from Caldey Island sites (previously include&tumart and Lister, 2014yere
excluded as they may have beeanserved with varnisfvan Nédervelde and Davies,
1975cited inDinniset al, 2016) There is only one exception for thidection criterion.
Some of the earlier specimens that were subjected to ultrafiltration at ORAU were
contaminated by the equipmer({Bronk Ramsegt al., 2004) which affected a number
of dates from the five species of interest in the present study. However, there are two
reasons for including these dates in the models. Firstly, the dates most affected were

those of less than twd*C halflives (Highamet al., 2006) which is younger than the
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youngest dates included in the models. Moreover, the error is only abouB000/ears
(Bronk Ramsegt al., 2004) There is therefore little concern that the contamination will

affect the conclusions of this study

I Burnt or heated bones were excluded as this conditioay result in ages that are

erroneously youngHighamet al,, 2011a)
1 Dateson specimensvith uncertain provenance were excluded

1 Dateswere only from European sige Dates on other species from European Russia
were excluded as the sites were far from te crocutasites. Dates on other species
were also excluded from countries where there have been no records. afocuta

occupation

1 Where the information is spefted in the publications, dates were included if the
collagen yield waequal to or greater than 1 %, and the atomic C:N (carbon:nitrogen)
ratio wasbetween 2.9 and 3.followingHighamet al, 2011b)

T hw!! RIFIGSa 6Arxi0K oSNANBESHEAGE d#fth&ER & GKAA AYR,;
that are outside of the acceptable range or specimens that had undergone an

experimental pretreatment method(Highamet al., 2011b)

The sites from which the dated specimens originated are showigure4.8 to Figure4.12. For
the purpose of the radiocarbon models, the sites were grouped into regions, wanéclalso

shown in the figures.

-132-



4. Materials and Methods

e A

5@
.6
7.8. 9. 10.
Regions
@ Northwestern i
@ Central LS Py
@ Southwestern 129
@ Southeastern 13
O Southern ©
14 19
°
159 20 L
16, 21
@, .22

240 e
Figure4.8: Sites of the datedC. crocutespecimens that are included in the new radiocarbon

model. 1. Pin Hole. 2. Robin Hood Cave. 3. Castlefiave. 4. Coygan Cave. 5. Cefn Cave. 6.
Hyaena Den. 7. Kents Cavern. 8. Bench CagerBcladina Cave. 10. Komarowa Cave. 11.
Melwurmhohle. 12. Griffen Cave. 13. Grotta Pocala. 14. Igue du Gral. 15. Arene Candide. 16.
Grotte de Canacaude. 17. Amalda. D&iruitoarea Vechel9. La Adam Cave. 20. Desnisukhi

Peck Cave. 21. Magura Cave. 22. Bacho Kiro Cave. 23. Balkan Range. 24. Grotta Paglicci. 25. Agios

Georgios Cave. Base map from Estri (2006).
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Figured.9: Sites of the date®. leaspelaed specimens that are included in the new radiocarbon

model. 1. Pin Hole. 2. Lathum. 3. Wierchowska Goérna. 4. Jaskinia Raj. 5. Zawalona Cave. 6.
Gremsdorf. 7. Zoolithenhdhle. 8. ZigeuretsfCave. 9. Gamssulzen Hohle. 10. Abri des Cabones.

I DFENXYIF® MH® | NRA GG S/NI: @BtOSIRICSIN YT Baddif S NJ

MmO
t SO G S NI 17 LdkanikICgudBase map from Esri (2006).
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Figure4.10: Sites of the date€. antiquitatisspecimens that are included in the new radiocarbon
model. 1. Wilderness Pit. 2. North Sea. 3. Ash Tree Cave. 4. Pin Hole. 5. Robin Hood Cave. 6.
Whitemoor Haye Quarry. 7. Grange FarmB@&dley Fen. 9. Clifton Hill. 10. Coygan Cave. 11.
D2 3GQa 12tS tIF @At YR® MHD {dziti2y / 2dz2NIiSyl &o
16. Goyet Caves. 17. Gonnersdorf. 18. Kobleatternich. 19. Wildscheuer Cave. 20. Szczecin.

21. DeszczowaCave. 22. Jasna Cave. 23. GeilBenklosterle. 24. Kesslerloch Cave. 25.
Tropfsteinhohl Kugelstein. 26. Settepolesini. 27. Labeko Koba Cave. 28.Duruitoarea Veche. Base

map from Esri (2006).
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Figure4.11: Sites of dated. elaphuspecimens that are included in the new radiocarbon model.
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Figure4.12: Sites of datedR. tarandusspecimens that are included in the new radiocarbon
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6. Champ de Fouilles. 7. Gonnersdorf. 8. Bofelte Rockshelter. 9. JaskiMiamutowa 10.

2 SNI 2 O11. Y B N NI, 12. GeiB&klosterle 13. Kastelhdhle 14. La Chauverie. 15. Abri
Pataud. 16. Les Harpons.
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4.3 Methods
4.3.1 Linea morphometrics
4.3.1.1 Measurements

Linear measurements were taken on the modern and Pleisto€reocutaspecimens. These
measurements were taken using digital callipevih a resolution of 0.01 mm and accuracy of
0.03 mm.The linear measurements of the bones and teeth along with references are detailed
in Table 4.6 and Table 4.Figure4.13 to Figure4.16 illustrate how the measurements were

taken.

Table 4.6: Linear measurements of each craniodental elemékan Valkenburgh and Ruff
(1987) 2Werdelin (1989)3von den Driesch (1976jEmerson and Radinsky (1980)herrien
(2005) ®Palmqyvist et al. (2011)

Element Measurement

Anteroposterior diametel

Mediolateral diametet

Premolars (P1, P2, P3, p2, || Length

p4) Width?

Lengti

P4 Greatest width

Width?

Length¥

Width?

Total length

Condylobasal length

Basal length

Basicranial axis

Basifacial axfs

Upper neurocranium length
Viscerocranium length

Facial length

Greatest length of the nasdls

Cranium Snout length

Median palatal length

Length of the horizontal part of the palatihe
Length of the cheektooth row, PR4

Length of the cheektooth row, PR3
Greatest diameter of the auditory bufla
Greatest mastoid breadth

Breadthdorsal to the external auditory meattis
Greatest breadth of the occipital condyfes
Greatest breadth of the paraoccipital processes

Canine (upper and lower)

m1l
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Greatest breadth of the foramen magndm
Height of the foramen magnuim
Greatest neurocranium breadth
Zygomatic breadth

Least breadth of the skdll

Frontal breadtR

Least breadth between the orbits
Cranium Greatest palatal breadth

Least palatal breadth

Greatest height of the orbit

Skull height

Height of the occipital triangfe
Temporal fossa length

Condyle to symphysis lengdth

Angular process to symphysis length
Condyle/angular process indentation to symphy
length?

Condyle to posterior edge of ¢ alveolus lerfigth
Angular process to posterior edge adleeolus length
Condyle/angular process indentation to posterior ec
of ¢ alveolus length

c alveolus to m1 alveolus length

Length of the cheektooth row, p&13

Length of the cheektooth row, p@13

Length of the premolar row, p@4°

Height of the vertical ramds

Mandibular depth at p2/p3°

Mandibular width at p2/p3°

Mandibular depth at p3/p#°

Mandibular width at p3/p&8

Mandibular depth at p4/m%°

Mandible Mandibular width at p4/m%°

Mandibular depth at posm15¢

Mandibular width at posm15°

Distance from the p2/p3 to the middle of the articul
condyle&®

Distance from the p3/p4 to the middle of the articul
condyle&®

Distance from the p4/m1 to the middle of the articul
condyle&®

Distance fromthe postml to the middle of the
articular condylé

Distance from the dorsal surface of the condyle to |
ventral border of the angular process

Distance from the condyle to the apex of the coroni
proces$

Distance from the back of the condyle ttee anterior
rim of the masseteric foséa

Distance from the glenoid to the anterior side &f c
Distance from the back of the condyle to the m1 ndt
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Table4.7: Linear measurementsken oneach posicranial elementAll measuremers follow

von den Driesch (1976)

Element Measurement

Greatest length

Greatest breadth of the cranial articular surface
Greatest breadth of the caudal articular surface
Atlas Greatest length from the cranial to caudal articu
surfaces

Length of the dorsal arch

Height

Greatest length in the region of the corpus
Greatest length of the arch

Greatest breadth of the cranial articular surface
Greatest breadth across the caudal articular proces
Greatest breadth across the transverse process
Smallest breadth

Greatest breadth of the caudal articular surface
Height

Physiological length

Sacrum Greatest breadth of the cranial articular surface
Greatest height of the cranial articular surface
Smallest length of the neck

Greatest length of thglenoid process

Length of the glenoid cavity

Breadth of the glenoid cavity

Pelvis Length of the acetabulum on the rim

Greatest length

Greatest length from the caput

Humerus Greatest depth of the proximal end

Smallest breadth of thdiaphysis

Greatest breadth of the distal end

Greatest length

Greatest breadth of the proximal end

AXis

Scapula

Radius Smallest breadth of the diaphysis
Greatest breadth of the distal end
Greatest length

Ulna Depth across the anconeal process

Smallest depth of the olecranon

Greatest breadth across the proximal articular surfg
Greatest length

Greatest breadth of the proximal end

Femur Greatest depth of the femoral head

Smallest breadth of the diaphysis

Greatest breadth of thelistal end

Greatest length

Greatest breadth of the proximal end

Tibia Smallest breadth of the diaphysis
Greatest breadth of the distal end

Fibula Greatest length

Patella Greatest length
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Greatest breadth

Scaphdunar Greatest breadth
Navicular Greatest breadth
Astragalus Greatest length
Calcaneum Greatest length
Greatest breadth
Metapodials Greatest length

Greatest breadth of the distal end

Figure 4.13: Diagrams of dentition measurements, followingn den Driesch (1976nd

Werdelin (1989)a. Upper dentition, showing the length (L) and width (W) of the premolars,

illustrated on the P2. L, W and greatest width (GW) of the P4. b. Lower dentition, showing L and

W of the prenolars, illustrated on the p2. L and W of the m1.
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Figured.14: Diagrams of cranial measurements, followirmosn den Driesch (197@nd Emerson and Radinsky (1980) Total length. 2. Upper neurocranm length.

3. Facial length. 4. Viscerocranium length. 5. Greatest length of the nasals. 6. Snout length. 7. Least breadth betwstn &hdé-mntal breadth. 9. Least breadth

of the skull. 10. Greatest neurocranium breadth. 11. Zygomatic breadtiditlylobasal length. 13. Basal length. 14. Basicranial axis. 15. Basifacial axis. 16. Median
palatal breadth. 17. Length of the horizontal breadth of the palatine. 18. Length of the cheektooth r&#, R2. Length of the cheektooth row,-P3. 20. Least

palatal breadth. 21. Greatest palatal breadth. 22. Greatest diameter of the auditory bulla. 23. Breadth dorsal to thd axtitogy meatus. 24. Greatest mastoid
breadth. 25. Greatest breadth of the paraoccipital process. 26. Greatest breadth of fpgala@ondyles. 27. Greatest breadth of the foramen magnum. 28. Height

of the foramen magnum. 29. Skull height. 30. Height of the occipital triangle. 31. Greatest height of the orbit. 32. Tesgmtahgth.
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Figure4.14 continued.
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11

Figured.15: Diagrams of mandibular measurements, followioeg den Driesch (1978tmerson

and Radinsky (1980Yan Valkenburgh and Ruff (198Therrien (2005pnd Palmqvist et al.
(2011) 1. Angular process to symphysis length. 2. Condyle to symphysis length. 3.
Condyle/angular process indentation to symphysis length. 4. Angular process to posterior edge
of c alveolus length. 5. @dyle to posterior edge of ¢ alveolus length. 6. Condyle/angular process
indentation to posterior edge of ¢ alveolus length. 7. ¢ alveolus to m1 alveolus length. 8. Length
of the cheektooth row, p2nl. 9. Length of the cheektooth row, p31. 10. Length othe
premolar row, p2p4. 11. Height of the vertical ramus. 12. Distance from the glenoid to the
anterior side of c. 13. Distance from p2/p3 to the middle of the articular condyle. 14. Distance
from p3/p4 to the middle of the articular condyle. 15. Distafroen p4/m1 to the middle of the
articular condyle. 16. Distance from the back of the condyle to the m1 notch. 17. Distance from
postm1 to the middle of the articular condyle. 18. Distance from the condyle to the apex of the
coronoid process. 19. Distanf®m the dorsal surface of the condyle to the ventral border of
the angular process. 20. Distance from the back of the condyle to the anterior rim of the
masseteric fossa. 21. Mandibular depth at p2/p3. 22. Mandibular depth of p3/p4. 23.
Mandibular depthat p4/m1. 24. Mandibular depth at postl. 25. Mandibular width at p2/p3.

26. Mandibular width at p3/p4. 27. Mandibular width at p4/m1. 28. Mandibular width at-post

ml.
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Figure4.15 continued
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GLF

BFcr

SBV

LCDe

Figure 4.16. Diagrams of postranial measurements with corresponding abbreviations,
following von den Driesch (1976&c. Atlas. €. Axis. ¢h. Sacum. . Scapula. k. Pelvism.
Humerus. ro. Ulna. p. Radius.-g Femur. s. Fibula. t. Tibia. u. Patella. v. Scédphar. w.
Navicular. x. Astragalus. y. Calcaneum. z. Metapodial. GL = greatest length. GLF = greatest length
from the cranial to caudadrticular surfaces. LAd = length of the dorsal arch BFcr = greatest
breadth of the cranial articular surface. BFcd = greatest breafitheocaudal articular surface.

H = height. LAPa = greatest length of the arch. LCDe = greatest length in the rédggocoopus.

SBV = smallest breadth of the vertebra. BFacd = greatest breadth across the caudal articular
process. BPtr = greatest breadth across the transverse process. PL = physiological length. HFcr =
greatest height of the cranial articular surface. Slsinallest length of the neck of the scapula.

GLP = greatest length of the glenoid process. LG = length of the glenoid cavity. BG = breadth of
the glenoid cavity. LAR = length of the acetabulum on the rim. GL = greatest length. GLC =
greatest length fromthe caput. SD = smallest breadth of the diaphysis. Dp = depth of the
proximal end. Bp = greatest breadth of the proximal end. Bd = greatest breadth of the distal end.
BPC = greatest breadth across the proximal articular surface. SDO = smallest depth of the
olecranon. DPA = depth across the anconeal process. DC = greatest depth of the femoral head.

GB = greatest breadth.
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GLC

BPC
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Figure4.16 continued.
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4.3.1.2 Mandibular bending strength

Following Therrien (2005) and Palmqyvistet al. (2011) the measurements used to calctda
mandibular bending strength were the depths and widths of the mandibular corpus at the
p2/p3, p3/p4, p4/ml and posml interdental gaps, in addition to the distances from the
mandibular condyle to each of these interdental gaps (Edse 4.6). This followed the principle

of modelling the mandible as an elliptical beam. The depth and width measurements, when
converted into radius values, allowed calculation of thetrithution of bone around the
dorsoventral and labiolingual planeBigure4.17). The mandibular condyle acted as the hinge
or fulcrum in the lever model. The distance from the condyle to each interdental gap, coupled
with the radius values of the corpus, allows caldolaiof bending strength along the mandible

(Therrien, 2005; Palmqvist al., 2011)

Ix & Zxin
dorsoventral
plane
(about x axis)

|
GO

ly & Zy in
labiolingual plane
(about y axis)
Figure4.17: FromTherrien (2005)Crosssectioral view through the mandibular corpus. Ix = the
distribution of bone in the dorsoventral plane or around the x axis. ly = the distribution of bone
in the labiolingual plane or around theaxis. zx = the mandibuldrending strength in the
dorsoventral plan@r around the »axis. zy = the mandibular bending strength in the labiolingual

plane or around the y=axis.
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FollowingTherrien(2005)and Palmqvistet al. (2011) three indices were calculated (zx/L, zy/L

and zx/zy) at each interdental gap, using the following equations:

Equation 4.1:
ow —
T
and
Equatior4.2:
ow —
T

whereOds the is the distribution of bone in the dorsoventral plane, &db the distribution of
bone in the labiolingual plane, of the mandibular corpiis the dorsoventral radius, or half the

depth of the mandibular corpusvis the labiolingual rads or half the width.
Next, the following equations were used:

Equatior4.3:
a @ Ofoo
and
Equationd.4:
a @ "Ofwd
whered ds the mandibular bending strength in the dorsoventral plane,@nig the mandibular

bending strength in the labiolingual plane.

The crosssectional area or relative bending strength of the mandibular corpus (zx/zy index) was
calculated by dividingwby & Where the value is greater than one, the mandible is deeper
than wide, and has greater resistance to dorsoventral bending than labiolingual bending

(Therrien, 2005; Palmqvist al., 2011)

Finally, zx/L and zy/L indie were calculated by dividiny cand & dby the distance from the
condyle to the corresponding interdental point. For examplé, @ndda dwvere calculated from
the depths and widths of the mandible at the p2/p3 interdental point, the resultingesafor
& @nda awvould be divided by the distance from the condyle to p2/p3. The zx/L and zy/L values
indicate the bending strength at each interdental point. Greater values have a greater bending

strength(Therrien, 2005; Palnwistet al,, 2011)
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4.3.1.3 Bite force

The mandible was measured as a lever to calculate the mechanical advantage of-thesjangy
muscles, providing an indication of bite force. The pivot was the mandibular condyle,-the in
force was the lifting action of #h masticatory muscles, and the efarce was the resistance

force at each bite point along the mandible, followifMoore, 1981)

In-levers and owevers (or moment arms) are represented by some of the measurements in
Table 4.6 andFigured.15, followingEmerson and Radinsky (198®dVan Valkenburgh and Ruff
(1987) The measurements and their corresponding levers are outlindhibie4.8. Except for

the canine and the m1, moment arms were measured at interdental gaps (p2/p3, p3/p4,
p4/m1), following the measurements used Byerrien(2005)and Palmgyvistet al. (2011)in
bending strength calculations. Measurements from the condyle to the interdental gaps were
used instead of the teeth themselves, in order to previér@ measurements being influenced

by the height and wear stage of the premolars. The moment arm of resistance at the canine was
measured to the anterior edge of the canine, rather than the dfisiiowing Van Valkenburgh

and Ruff, 1987)so that tooth wear would not influence the measuremenfie same is true of

the moment arm of resistance at the m1, which was measured at the notch between the two

blades(following Emerson and Radinsky, 1980)

In order to calculate the mechanical advantage of the muscle at each point along the mandible,
the inlever was divided by the odéver, following Van Valkenburgh and Ruff987) The
greater the outlever or outforce relative to the idever or inforce, the greater the mechanical

advantaggAlexander, 1983)
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Table4.8: Measurements of moment arms {iavers andut-levers) of the mandibl¢Emerson

and Radinsk(1980) 2van Valkenburgh and Ryff987) *Therrien (2005and “Palmquvist et al.

(2011)

Measurement

Moment arm and lever

From the congle to the dorsaimost part of
the coronoid process

Moment arm of the temporalis (Hever)

From the ventral part of the angular proce
to the dorsal surface of the condyle

Moment arm of the superficial masseter {i
lever)

From the condyle to the ant@r rim of the
masseteric fossa

Moment arm of the deep masseter fiaver)

From the condyle to the anterior side of th
canine

Moment arm of resistance at the canine (el
lever)

From the condyle to the p2/p3 interdentg
gap**

Moment arm of resistance at p2/p3 (out
lever)

From the condyle to the p3/p4 interdents
gap**

Moment arm of resistance at p3/p4 (ou
lever)

From the condyle to the p4/m1 interdents
gap*

Moment arm of resistance at p4/ml (ou
lever)

From the condyle to the notchdbween the

paraconid and protoconid

Moment arm of resistance at the ml (ou
lever)

4.3.1.4 Postcranial indices

A number of indices were calculated from some of the pwanial measuremesst (Table4.7

and Figure 4.16) to analyse further aspects of locomotion. The brachial index (radius

length/humerus length) and crural index (tibia length/femur length) values are greater in

cursorial carnivoranfMeachenet al,, 2016) Hindlimb proportion (femur length/metatarsal IV

length) values are lower with greater spe@thn Valkenburgh, 1985jorelimb length (humerus

length + radius length + Metacarpal 11l length) and hindliemgth (femur length + tibia length

+ Metatarsal 1V length) were calculated followi@gristianser{2002) The forelimb length and

hindlimb length are an indication of effective limb lengthhich is related to stride length

(Hildebiand, 1974)

4.3.2 Dental macrowear

Dental macrowear was used to provide an estimate of the relative age at death of each

individual. This is not an absolute, numerical age; it merely allows splitting of the individuals into

a number of wear categories, which can then be used as a proagéotlasses. The wear of the

P3 and p3 were recorded following a classification schen&tibgr(2004) seeFigure4.18. This
-150-



4. Materials and Methods

scheme includes eight categories (the first category, deciduous tooth, was not used) from stage

II (the tooth is unworn and still erupting) to IX (the tooth is much worn).

Additionally, the wear of all teeth was categorised, followWan Valkenburgt{1988) into

WAt AIKEQZ WY 2 RGNS ciasSitid as yiaRingBIKGIEly b Shear facets and cusps.
Moderate is classified as having shear facets present and cusps blunted and heavy is described
as when the carnassial shear facets are pronounced, and the other teeth aneumdled with

0fdzyi SR OdzaLlAd !y FTRRAGAZ2YIFE OFGS3I2NER 2F Wdzy

M‘ P3
\ ;7“ “ Spotted hyena (Crocuta crocuta)
dental eruption & wear sequence

\Y% Vil VI X
@ # (e Q 3 @ L ]
Juvenile Prime adult Old adult

Figure4.18: From Stiner (2004) The categories of P3/p3 wear stages. d Ode R dz2 dza ®

erupting.
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4.3.3 Tooth breakage

Teeth were further classified as broken or unbroken. They were classified as broken if there was
obvious wear after breakage occurred, followign Valkenburglf1988) in order to exclude

teeth that had been brokepost mortem Breakage was generally identified when the tooth did

not follow the usual wear pattern. Additional indications were apparent when the tooth was still

in situin the jaw; it may initially have appeared to be heavily worn, yet the teeth around it
exhibited considerably less wear. This tooth was therefore likely broken. Examples of broken

teeth are shown irFigure4.19 and Figure4.20.

Figure4.19: Broken right m1Specimen RBINS 249%om Trou Magrite, Belgium.éid at the

Royal BelgiaInstitute of Natural Sciences, Brussels.

Figure4.20: Broken right p2 and p3. Specimen MGB Vifééh Cova del Toll, Spaifield at
Museu de Geologia, Museu de Ciéncies NaturaBateelona.
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The alveoli were also inspected when a tooth was absent. Records were made when the alveolus
was fully or partially healed, which indicated loss of a tooth during life. Teeth may be lost
through infection of the alveolus, either througladteria entering the exposed pulp of a broken
tooth (Loseyet al, 2014) or through inflammation and subsequent infection of the gum

(Pekelharing, 1974)t is acknowledged that a missing tooth with apparently healed bone may

actually be due to congenital absence of the toitleseyet al,, 2014) An example is shown in

Figure4.21.

Figure4.21: Partially healed alveoli of left i1, healed alveoli of right i1. Specimen AMNH 187780

from 10.3 Garissa County, Kenya. Held at the American Museum of Natural History, New York.
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4.4 Data analyses
4.4.1 Modern AfricanCrocuta crocuta
4.4.1.1 ModernCrocuta crocutandPanthera lediomass

An assessment was made to discover whether the population dssndistribution of each
African predator C. crocutaP. brunneaP.leo, P. pardusA. jubatu3 differed from each other.

A histogram was produced to allow visual assessment of the relative abundance of each species.
KolmogorovSmirnov tests weralsoperformed. The null hypothesis of each test was that the

distribution ofpopulations fom each dataset were the same.

Prior to the assessment of the influence of environmental conditions @harrocutandP. leo
biomass, he biomass, temperature and precipitation datasets were HH3dogarithmically
transformed to reducelew and to avoid autocorrelation. Some datasets contained values of
zero that could not be log transformed. Where this was the case, the value of zero was converted
to a value a unit of magnitude lower than the lowest reero value in the dataset. For erple,

if the lowest value was one, the zero was converted to 0.1, and then-T@degarithmically

transformed.

The vegetation cover data are expressed as percentages and therefore could not simply be
logarithmically transformedPercentage data sufferdm the autesum problem whereby the
value of one variable is dependent on the value of the other variables that are used to calculate
the percentagdPollardet al., 2006) To avoid this, the vegetation data were transformed by the
centred logratio, followingKucera and Malmgren (199@nd Pollardet al. (2006) with the
equdion:

Equationd4.5:

"Qw w8 w 7

where"Qis the geometric mean of the vegetation category counts for each@®i®the count
value of each vegetation category, afis the number of vegetation categories. The ratio of a

vegetation category count and the geometric mean was then calculated aneliddsgarithmic

transformed:
Equatior4.6:
woah o EpDxZE—
P Qw

where ¢id the centred logatio, andd £p"@is the basel0 logarithmic transformation.
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Multiple regression is a common statistical tool used to determine the relationship between
independent anddependent variables, either to explain or predict the dependent variables.
However, one major disadvantage of multiple regression is its inability to deal with
multicollinearity in independent variables, which may mean that the causal independent
variableis excluded from the final model, at the expense of other independent variables with
which it is correlatedMac Nally, 1996, 2000; Carrasealal., 2009) Spearman Rank Order
correlations revealed significant correlations between many of the indepenel®ritonmental

variables Appendix10.2 Tablel0.5), so this is a particular problem in the present study.

An alternative method to circumvent the above problems, proposeibyg Nally (1996, 2000)

is hierarchical partitioning. HoweveQleaet al. (2010)assessed the hierarchical partitioning
package for RR Core Team, 20186)ier.part packagéWalsh and Mac Nallg004, 2005, 2007)
The documentation for the current version, hier.part version4.(Walsh and Mac Nally, 2013)
and earlier versions, includes a caution that rounding of analys®sauocur when more than
nine independent variables are included in the ma@ghlsh and Mac Nally, 2005b, 2007b, ot
cited in Oleaet al, 201Q Walsh and Mac Nally,025) When more than nine independent
variables were included in a modélleaet al.(2010)found that on more than 90 % of runs, the
order in which the variables were input into the model affected the resulting order of
importance of the variables. In the present study, there are 16 independariables, so

hierarchical partitioning is unsuitable.

A further alternative is partial least squares (PLS) regression, whereby associations are assessed
between the independent variables to produce a smaller number of latent variables, or
components,in a way that maximises the explained variance in the dependent variable
(Carrascatt al,, 2009) In a comparison of three statistical tests (multiple regression, principal
components analysis followed byultiple regression, and PLEgarrascatt al.(2009)found that

PLS performed better under multicollinearity. Additionally, PLS performed well even under low

sample sizes. The combination of these points makes PLS the best method for the present study.

For each PLS, leaome-out crossvalidation was perfaned in order to select the appropriate
number of components. The number of components selected was based on the highest
r’bpredicted value. Each PLS model had-ealpe. The strength of association of each
independent variable with the dependent variableas indicated by the standardised

coefficients.

The results were assessed for outliers and leverage points. A site was classed as an outlier if its
standardised residual had a value greater or less than two. A site was deemed as a leverage

point if its vale fell beyond the vertical leverage reference line (LRL), which was calculated by:
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Equatior4.7:

", GO
OYOL—
€

whered is the number of components in the PLS, and the number of observatior®initab
Inc., 2010)

To assess the validitf the PLS models, each model wasur, excluding one site each time.
This indicated whether some sites were disproportionately influencing the results, and also
whether C. crocutaand P. leobiomasses varied consistently with environmental conditions
across all sites. The standardised coefficients were displayed in boxplots to highlight the
variables with consistently positive or negative values, which would indicate that there was a
consistat relationship between the dependent and independent variable, regardless of which

sites were included in the model.

4.4.1.2 Repeated linear measurements

In order to assess precision of the linear measurements, the following six measurements were
repeated 30 tines on aC. crocutaspecimen held in the Department of Geography, Royal

Holloway University of London (see Secto®.1for full details of measurements):
i Total length of the cranium
1 Length of the m1
1 Width of the m1
T Mandibular depth at the p2/p3 interdental gap
1 Mandibular width at the p2/p3 interdental gap
1 Distance from the mandibular articular condyle to the p2/p3 interdental gap

Each set of measurementsawthen randomly subampled into two groups of 15 observations.

AndersonDarling tests were used to assess normal distribution. Depending on normal
distribution, ttests or Mann Whitney tests were performed to assess significant differences
between the sb-samples. Absence of significant differences would indicate consistency in

taking the linear measurements.

4.4.1.3 Ontogenetic size change

The crania and posirania of moderrC. crocutdrom Africa were used to assess the change in
values of skeletal measuremisnduring ontogeny. Male and femafe. crocutawere treated
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separately in case of different ontogenetic changes. The specimens were split into P3/p3 wear
stages, to indicate different age categories. The absolute values of each measurement were not
used aghese would have been related to the final, adult size of each individual. Instead, a ratio
was calculated against the length of the m1. As teeth stop growing once they have erupted, the
m1 was fully grown in each specimen. Furthermore, this tooth varedictably with body mass

(Van Valkenburgh, 1990yhe ontogeny ratio therefore allows comparison of measurement size
with age, taling into account variation in overall size unrelated to ontogeny. The ratio was

calculated using the following equation:
Equatior4.8:
0&EO0¢E QQ(;achJeepQTd—p

where™Yis the skeletal measurement, aiddp is the length of the m1. This ratio is a variation of
one preferred bySmith(1999)in assessing sexual size dimorphism (see Settibh.4for a full

discussion).

For each ontogeny ratio, box plots vestonstructed to visually compare the data for each P3/p3

wear stageAn analysis of variance (ANOVA) with g2 O ¢ dz] Se Qa G Sahiee gl & C
or more datasets with a sample size of ten or more, in order to determine any significant
differences beweenontogeny ratios of individuals with different P3/p3 stages ¢ dz] S& Q& G S
chosen as it reduces the chance of a Type 1 error, that the null hypothesis will be incorrectly
rejected (Hancock and Klockars, 199p)S @Sy SQa GSaid o6+ a O2y RdzOGSR
conformed to the assumption of normal variance, prior to conducting the ANOVA tests. Where
there were only two datasets;tests were conducted. Andera-Darling tests for normality and

tests for equal variances were conducted in order to confirm that the datasets met the
requirements of the ANOVA oitésts. Where this was not the case, the Roarametric Mann

Whitney test was performed instead.

4.4.1.4 Sexudsize dimorphism

SSDof presentday C. crocutavas calculated using the mean female and male body masses
morphometric measurement$érom each site. There are various methods to calculate SSD,
including numerous ratigsmany of which were assessed $myith (1999)However, the author

advocates the use of only two ratios. The fratio involves one of two equatian
Equatior4.9:

U ©
YYO Usﬁ%
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or

Equatior4.10:
YYOU ¢ %

where"Qis the female measuremepandd is the male measuremenEquation4.9 is used for
species in which females are more frequently larger than matebEquation4.10is used when

males are more frequently larger than females.

The second ratio is a variation of the method proposedidnich & Gibbons (1992nhd adapted
by Smith (1999) For a species in which females are more frequently larger than males, two

eguations would b used:
Equatior4.11:
g O
YYO +
0
and
Equatiord.12:

Y'YOC -

Equationd.11is used when females are larger, abguationd.12is used when males are larger.

The equations would be reversed in species where males are more frequently larger than

females:
Equationd.13;
YYO U
0
and
Equationd.14:
YYO ©
S5

Equation4.13 would be used whemales are larger, anBquation4.14 would be used when

females are larger.

The reasorsmith (1999prefers these equations over others is partly in light of occasions when,
for example, a species has mostly femhbiased SSD, but there are some populations where
males are larger. Other equations woulditicate the ratios where the males were larger to
values between 0 and 1, whereas where females were larger, the values could extend from 1

upwards(Smith, 1999)In the present study, to calculate SSIZofrocutgopulations Equation
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4.9 was usedEquation4.10 was used to calculate the SSDRofleq P. pardusA. jubatus

t BrunneaandL. pictus Thelogarithmic transformation was bask.

A box plot was constructed to compare the body mass\&liigs of the aforementioned large
carnivores, to put into context the degree of SSD see@.igrocuta For craniodental linear
measurement SSD, individual value plots were constructed to allow visual assessment of
whether any measurements were consistiniarger in males or females, and to compare the
degree of SSD between measurements. Small sample sizes efrapgt did not permit

construction of boxplots, so the SSD values were instead displayed in a table.

For the craniodental linear measurementtests were performed to assess significant
differences between bas&0 logarithmically transformed males and female measurements
from Site 21.12 (Ngorongoro Conservation Area, Tanzania). This site was chosen as it has the
largest sample size. The signifitdifference tests were performed when there were at least

ten values for females and ten for males. Tests were not performed on thecpasia due to

small sample sizes. Anderson Darling tests were performed to assess whether the data were
normally distibuted. Subsequently -tests were performed on normally distributed data, and

Mann-Whitney tests were performed on nemormally distributed data.

Additionally, the lody mass datand craniodental measuremenssSNBE | 3aSaaSR T2
Rule i.e. whetherthe degree of SSD decreases with larger body size or linear measurements,
following Rensch (1950, cited in Abouheif aRdirbairn 1997) The linear morphometrics

included in the analyses were those that appeared to exhibit S@Ddition to the condylobasal

and ml length as these measurements scale closely with overall bodfvsire/alkenburgh,

1990) PosONJ y A f &F YLX S aAl Sa gSNB (22 avlitft G2

Many studies test 2 NJ w S y hkgRr@gressitah & male or female body mass against the
SSD ratio, and whilgmith (1999gngrees with this method, other authofe.g.Fairbairn 1997)
refute this onthe basis that the SSD ratios a@dculated with the bdy mass data against which
they arebeing regressed. An alternative method is to regress male body onassrphometrics
against female body mass morphometrics According td~airbairn (1997)the problem with
this is that in ordinary least squares regression analyses -#xésyariable should be measured
without error. That male and female body mas®d linear morphometricare both measured

in the same way confounds thiBairbairn (1997proposes major axis regression or reduced
major axis regression as alternativ8snith (2009states that it is the relative error between the

x- and yaxis that is important, advocating the reduced major axis regression as an alternative
to least squares regression when thexis error is not relatively small. Again, this is the case in

the current study whereby both-xand yaxis variables (female and male body masses and
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morphometrics) contain similar errors. Additional8mith (2009advocates the use of reduced

major axis regressions as opposed to ordinary least squaresssgns in situations where

neither the x and yaxis variables are dependent on each other, as is the case with male against

female body mass data.

Accordingly, in the present studyeduced major axis regressincompared baselO
logarithmically transformednean female body massr morphometricson the xaxis against
basel0 logarithmically transformed meamale body mas®r momphometricson the yaxis.
When the value of the regression slope is greater than 1, SSD is associathypeithllometric
growth (male size increases more than female $ize)l YR (1 Kdzd wSy ad Gghe &
case of femaldiased SSD, the degreé SSD therefore decreasé¥hen the slope is less than
1, SSD is associated withpoallometricgrowth (male size increases less than female sizie
degree of SSD increases in species with feibialsed SSDIVhen the slope is 1, there is no
variation ketween degreeof SSD and body madsajrbairn 1997)

Tests were also run to assess the association of degree of SSD with environmertibds/artze

w dzf

linear SSD measurements upon which correlations were performed were again those that had a

sample size of at least six sites, and appeared to exhibit SSD, in addition to condylobasal length

and m1 length due to their relationship with body s{¥&an Valkenburgh, 199ight sites were

included in the body mass SSD tefdse to small sample sizes ©f crocutabody massand

craniodental linear measuremer8D, PLS regressions were not run. Instead, Spearman Rank

Order correlations were performedhis test was chosen to avoid the elevated chance of Type

| errors associated with individual regression modPisstcranial SSDasple sizes were too

small to undertake the tests.

To further avoid the elevated chance of Type | errors when performing multiple correlations,

Bonferroni corrections were performed to calculate a stricter critieahjue (Armstrong, 2014)

This was calculated using the following equation:

Equatior4.15:
|
| p ~
where| is the critical pvalue (0.05 in this thesis)s the number of Spearman Rank correlations

performed, and p is the adjusted pralue.

The Spearman Rank Order teatssessd the correlationof C. crocutéSSD with the minimum
temperature of the coolesinonth, maximum temperature of the warmest month, precipitation
of the driest month, precipitation of the wettest month, closed vegetation cover, sgman

vegetation cover and open vegetation cover. Ebrcrocutébody mass SSD only, correlations
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were alsgerformed agains€. crocutalensity,P. leadensity, prey biomass (without very large
sized prey biomass). The density and biomass data were not available for the locations of the
craniodental sites. Population density data were ba8dogarithmically tansformed, and the

other variables were transformed as outlined in Sectdofi1.1

4.4.1.5 Modern Crocuta crocutdody mass, craniodental and pestanialgeographic

variation

In order to assess the relationship between presday C. crocutabody mass and
environmental variables, Spearman Rank Order correlations were performed. Due to small
sample sizes (eight sites), a PLS was not performed. AdditioSglearman Rank Order
correlations were chosen instead of linear regressions due to the risk of Type 1 errors in the

latter test. Male and femal€. crocutdbody masses were treated as separate variables.

The association between linear measurements and environmental variables were also assessed.
Where no SSD was apparent in the linear measurements, male and female data were combined,
and specimens of unknown sex were also included. With sample sizes r&mgng6 to 62

sites, the craniodental variables had large enough sample sizes to allow PLS regressions to be
performed. The justification for PLS regression is the same as for the biomass analyses (Section
4.4.1.)); there were a large number of independent variables, many of which were significantly
correlated with each other (Appendi%0.6, Table 10.16). The PLS regressions were also

performed as set out in Sectigh4.1.1

Sample sizes of pastanial measurements were too small to permit the use of PLS regressions.
Spearman Rank Order correlations were therefore performed, with the same justification as
discussed above for body mad¥here no SSvas apparent, male and female data were

combined, and specimens of unknown sex were included. The correlations were performed on

measurements with at least six data points.

The correlations and PLS regressions assessed the relationships b&@&wemcutédbody mass

and linear measurements witle. crocutadensity, P. leodensity, prey biomass, minimum
temperature of the coolest month, maximum temperature of the warmest month, precipitation
of the driest month, precipitation of the wettest month, closed veg®n cover, sembpen
vegetation cover, open vegetation cover. Correlations were also performed to assess the

relationship betweerC. crocutanale and female body masses and distance from the equator.

For the correlations and PLS regressions, body malésear measurements, distance from the

equator and population density data were bake logarithmically transformed. All other

-161-



4. Materials and Methods

variables were treated as in Sectidrt.1.1 PLS regressions were also performed as discussed
in Section4.4.1.1, with the PLS regressions that exhibited the highest r2 values assessed for

robustness.

Where linear measurements exhibited similar PLS results, tests were conducted to assess
allometry betwesn the two variables. RMA regressions were performed to assess this allometry,
gAUK GKS alyYS FLIWNRIOK YR 2daAGATAOKUAALY RAA

4.4.1.6 Tooth breakage

The frequency of tooth breakage with sex and age was assessed. Firstly, two split bar graphs,
one of females and one of males, were produced from the data of specimens from Site 21.12
(Ngorongoro Conservation Area, Tanzanikjs §raph showed the number of individuals in each

age class without broken teeth or partially or fully healed alveoli on one side, and on the other
side showed the number of individuals with broken teeth, with (partially) healed alveoli, or with
broken teeth and (partially) healed alveoli. The graph therefore illustrated whether there were
relatively more individuals without broken or lost teeth in younger or ofdecrocutaThe graph

was repeated, combining data of males and females from all sitesadknowledged that there

may have been some geographical variation in tooth breakage, however, the method was
warranted in order to increase the sample size, particularly of the older age classes that were

underrepresented in the data from Site 21.12.

Thepercentage of teeth of known condition were calculated for each age class of males and
females separately from Site 21.12. The calculated percentages were of three categories:
unbroken, broken, partially or fully healed alveoli. The percentage of teekinain condition

was chosen rather than the percentage of all teeth as some teeth were lost or bpmsin
mortemso the original condition was unknown. The percentages were plotted into a bar graph

to assess the proportion of broken and (partially) headéaboli in each age category.

Finally, differences in tooth breakage between males and females were assessed. The data were
first split into age categories, and sites were included if there were data from both males and
females of the same age within desilndividual graphs were plotted for each age category, and
comprised of two separate calculations. The first was the proportion of individuals with no
broken teeth, broken teeth, (partially) healed alveoli, or broken teeth and (partially) healed
alveoli The second was the proportion of teeth of known condition: unbroken, broken or
(partially) healed alveoli. These graphs were then repeated, but were further split into tooth

types: incisors (H3, i1-i3), canines (C, c), premolars {P3, p2p4) and camassials (P4, m1). The
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graphs were only produced for wear stages 1V, V and VI due to insufficient data from the other

age classes.

4.4.2 Pleistocené€Crocuta crocuta
4.4.2.1 Body mass reconstruction

Body mass reconstruction of fossil individuals commonly involvesssigigebody mass against
linear or area measurements of a skeletal or dental element from extant species, which
produces an equation into which the equivalent fossil measurement can be ins@adin,
1990) For carnivores, skeletal elements have included: skull length, odoifmubit length(Van
Valkenburgh, 1990)measurements of postranial elements such as lengths, circumferences
and crosssectional areas(Anyonge, 1993) in addition to the heatody length (Van

Valkenbugh, 1990)

An additional element that is commonly used to reconstruct carnivore body masses is the first
lower molar (m1) areéLegendre and Roth, 1988) length(Van Valkenburgh, 1990; Thackeray
and Kieser, 1992; Flower, 2018he theory behind this is that the m1 has low variability in form
(Legende and Roth, 1988)is welldeveloped in carnivore¢vVan Valkenburgh, 1990)s an
important meatslicing tooth(Van Valkenburgh, 1989andthus varies predictably with body
mass(Van Valkenburgh, 1990)he use of the m1 &. crocutalso has a practical advantage of

being generally welpreserved and abundant in the Pleistocene record.

Regression models using mls to predict body masses have included: models with species from
multiple carnivore families combineflLegendre and Roth, 1988; Vafalkenburgh, 1990;
Thackeray and Kieser, 199®&)odels with species split into groups according to body (Mae
Valkenburgh, 1990rnd models of species from a single farflilggendre and Roth, 1988; Van
Valkenburgh, 1990; Thackeray and Kieser,219lower, 2016) Models of species from
individual families have a higher correlation coefficilbtgendre and Roth, 1988)r have a
greater predictive abilitfVan Valkenburgh, 199Ghan models that combine species from many
carnivore families. However, this interspecific approach is unsuitable for the Hyaeasdhe

family has only four living specie€ollinge(2001) recognised this, and used the following

eqguation to reconstruct Pleistocer@. crocutdbody masses using mean data instead:

Equatior4.16:
0O QQI 0 WIQIEDE Q'QL G zi 5

where0d 0 is the mean measurement of a skeletal or dental element in modern specimens, and

0 Ois the mean measurement of the same element in Pleistocene specitién€ Qb @ i is
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the average mass of the modern species. However, this is again not idé€zefocuta given
that the recorded body masses of this species range widely fioi®33kg to 80.06 kgréble

5.23). The equation thus masks much of the geographic divers@y anocutéody size.

Given the unsuitability of both thinterspecific approach ardollinge'g2001)equation for use

in reconstructing Pleistocen€ crocutabody masses, a new interspecific method is proposed
here explicitly to address this issue. This method involves a collation of body masses and ml
lengths ofC. crocutdrom across a wider part &. crocut® & NJ- y 3 §abke4/d), thefebyih O |

accounting for the first time more fully for natural variation.

All body mass and ml length measurements were Hakdogarithmically transformed.
Logarithmic transformation is a common statistical practice studies of body mass reconstruction
(e.g Legendre and Roth, 1988; Van Valkenburgh, 1990; Thackeray and Kieser AltBgRph

the data in the present study were already normally distributed, logarithraitsformation has

other benefits such as reducing the influence of outliers. The transformation of values with
different units of measurements also allows assessment of proportional change between the
two variablegSmith, 1984)

There are many debates, summarisedSith(2009) about the use of ordinary least squares

(OLS) regression versus reduced major axis (RMA) regression. Generally, OLS assumes lack of
error in the xaxis variable, and assumes that there is a causal relationship betweendhd x

y-axis variables. However, the error issue is not as important as the causal relationship, given
that much of the error in this case is likely due to natural variation. Generally, OLS is advocated
over RMA when the model is used for prediction, althoegtrapolated values should be used

with caution(Smith, 2009)Moreover, most of the correction factors for detransformation bias

(see below) haveden formulated for least squares regressi@mith, 1993)In light of this, it

was therefore deemed suitable to use OLS regression in the present study.

In order toassess the strength of the model, a number of statistical analyses were employed. As
is standard, the fwalue and fvalues were assessed. However, thgalue is not necessarily a
good indicator of the predictive ability of the model, due to the infloerf the range of the-x

and y axis values, and the slope of the regression (Bmith, 1984) Therefore, the percent

prediction error #PE) was calculated, followiSgith(1984)andVan Valkenburg(lL990)
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Equatior4.17:
W WEO "(é(dZéé“sz

PO O Sy
WE O "@azed" D

pTT

where  is the original untransformed y value, andis the predicted y value, prior to
detransformation.0 "Gs the correction factor for detransformation bias (see below). All the

individual %PKalues are then averaged to produce a mean %PE value.

The percent standard error of the estimate (%SEE) values were also used to assess the model,
following Brody (1945), cited in Smi{h984) Smith(1984)andVan Valkenburg(1990})

Equation4.18:
P'YOO ®e 0 QY®AY, pmm
where"Y'O 19 the standard error of the estimate, prior to detransformation. The lower the %PE

and %SEE, the stronger the predictive ability of the model.

To assess whether there were any outlying data points, the residuals and leverage @j)ues (
were consideredThe leverage values indicate the distance of an x value to the mean x values.
The leverage values were considered large if they exceeded a threshold, calculated with the

equation(Helsel and Hirsch, 2002)

Equation4.19:
QR K& a QoznIe
wherer) is the number of coefficients in the model, afids the number of observations.

The residual values indicate outliers in the y direction. Standardised residuals with a value
greater than 3 are extreme outlierand those greater than 2 are considered outliers, following

Helsel and Hirsc{2002)

[ 221 Q& 5 A ad)wsidalo d8dedsettSThesavalues take into account the residuals and
the leverage values, so they can indicate any influential points in both the x and y directions
(Cook, 1977; Cook and Weisberg, 198@Isel and Hirscf2002)suggested thaO is considered
influential f it is greater than the F statistic at 0.1 significance, with degrees of freedgm gt

and¢ 1), where¢ is the numer of observations, anglis the number of coefficientdBollen

and Jackmai1990, cited irFlower, 2016proposed a threshold aff¢. The smaller of the two

values will be used as the threshold.

The next step was to calcuiathe Pleistocene body mass values. The Pleistocene ml length
values were basé&0 logarithmically transformed so that they could be entered into the OSL

equation to calculate a corresponding body mass value.
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In a model in which the-»and yvalue axes haveeen log transformed, the predicted values
suffer from detransformation bias. That is, statistical manipulation of logarithmically
transformed values results in logarithmic values that are not equivalent to the arithmetic
(detransformed) values. For exatapthe arithmetic mean of logarithmic values is actually the
geometric mean when detransformed. Therefore, when a value of y is derived from a regression
model with logarithmically transformed-»and yaxis values, detransformation of this value
results h the geometric mean as the estimate of the y value. Correction factors must therefore

be applied to the detransformed, predicted y val&smith, 1993)

One correcthn factor is the quasinaximum likelihood estimator (QMLE). For a regression in
which the x and yaxis values were bask) logarithmically transformed, the equation follows
Smith(1993)

Equation4.20:
O0D0DO0ONE O QYSE WP ULp O
where'Y 0 "¥ the residual mean square (mean square error) prior to detransformation. The

antilog taken here is the bask) antilog(Smith, 1993)

A second correction factor ishe smearing estimate(SE), which is the mean of the

detransformed residualDuan, 1983; Smith, 1993)
Equatior4.21:
YO : WE O QRaEQ
wherei is the residual prior to detransformation.

A third correction factor is the ratio estimator (REpowdon, 1991, cited mith, 1993Smith,
1993)

Equatiord.22;

YO ©
We o0 @BH ¢ Q
wherew is the mean of the observed y values prior to transformation, @rsdthe mean of the

predicted y values prior to detransformation.

These correction factors are simply multiplied by the detransformed y value to pratiece

corrected y valugSmith, 1993)for example:
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Equatior4.23:
6 &1 1 Qiboli) OME 0 "B € "Q
where d is the predicted y value prior to detransformation. QMLE can be substituted for SE or

RE.

As the correction factors potentially result in ovasrrection(Smith, 1993)all correction factors

were calculated for the model and assessed for suitability.

Prediction intervals(( JQvere calculated for each predicted Pleistocene body mass value. This is
because le predicted value has uncertainties surroundingSmith, 1996) The following

equation was use (Helsel and Hirsch, 2002)

Equationd.24:

poo o

0 "0 62°YOO p EVEVES

whereois the tdistribution value. In this study, thedistribution value is for 95 % with degrees
of freedom of¢ ¢ 2."Y'O® the standard error of the estimatée.is the sample siz&v is xaxis
value used to predict a new y valudis the mean value of the x values in the mo@€lYi@the

sum of squares for the-axis, calculated bfHelsel and Hirsch, 2002)
Equatior4.25:
Y'Y ® o
where® is the i" x value in the model.

Thefurther the x value is from the mean x value, the greater the prediction intéHelsel and
Hirsch, 2002) The resulting prediction interval, once detransformed, was multiplied by the

correction factor, as in Equation 8.

The body mass reconstructions are detaile@&preadsheet 9.

4.4.2.2 Body mass variation

Predicted Pleistocen€. crocutdody masses and their corresponding prediction intervals were

plotted to visually compare body masses between assemblages. An ANOVA witfopost

¢dzl SeQa (Sad ¢ a wihagaRmpeEsizeSoRendymor,liniboidet t8 determine

ye AAAYAFAOIYUG RAFFSNBYyOSa 0SGsSSy laaSvyofl

to check that the data conformed to the assumption of normal variance. Where datasets were
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not normallydistributed (indicated by Anderson Darling tests), Mann Whitney tests were also
used to assess significant differences. It is acknowledged that the ANOVA and Mann Whitney

tests were unable to take into account the prediction intervals of each data point.

Further analyses were undertaken on the body masses from Late Pleistocene British
assemblages. Data were combined from all assemblages from MIS 5e, all assemblages from
aL{ pOI IyR Fff [aaSyvyofl3Sa FTNRY alL{ o ¢Sai
each marine oxygen isotope stage were significantly different to each other. In the case of
normally distributed data,-tests were performed. Mann Whitney tests were performed on-on

normally distributed data.

Where possible, the body masses from MIBritish assemblages were also plotted in date
order, according to direct dating of the specimens from the same assemblage. Assemblages with
a broad range of dates such as Pin HBlgure4.7) were excluded. Preferred dates were those
derived fromC. crocutaspecimens, or bones of other species assumed to be gnawed. by
crocuta The purpose of plotting the body masses chronokaltyiovas firstly to assess whether
there was a consistent direction of body mass change over time. Secondly, the plot enabled an
assessment of whether body masses changed subsequent to two potentially important events.
The first of these events was the &ast arrival of modern humans in Britain, dated to
nH3opnbnn IHighamet @) 201k, Rroctaret al, 2017) The second event was the
point after which interstadials became shorter and less frequent, around 36.5 b2k (years before

l ®5® HnnnoxX a SOARSY &S tata@rdersefetdl, DONBRasMudseiR A O
et al, 2014; Seierstadt al., 2014)

The influence of vegetation was assessed by colour coding the body mass data according to the
dominant vegetation type in the vicinitgf each site. The vegetation classifications were
grassland, forested or mixed. Only those deposits from which vegetation was directly
reconstructed were included (see Appendi®.1, Table10.1 and Table10.2 for details and

references).

C. crocutabody mass reconstructions were plotted against those from other predators and
potential prey species to assess whether there was covariation in bodg inatween the
species in Britain. The body mass dataGolupusderived from the m1, are froflower(2016)

The other species included alre leo(spelaed, U. arctosRhinocerotidagboth S. hemitoechus
and C. antiquitatisplotted the in same graph M. giganteus, R. tarandus, C. elaphus, C.
capreolus, D. dama, E. ferus,@imigeniusand B. priscusThese were all reconstructed using

the postcrania (deemed to be the most accurate)®gllinge(2001)
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The mean and standard deviations of iecrocutdoody mass reconstructions were used in the
comparisons wittColinge's(2001)data. It is acknowledged that this means that the prediction
intervals forC. crocutebody masses could not be included. The sample size was insufficient to

run tests for significant correlation.

4.4.2.3 Morphometrics

The craniodental and postanial morphometric data were displayed in box and whisker plots
and individual value plots to allow visual comparison of the data from each assemblage. Where
there were fewer than four values, data were plotted in a table. This was also the case for the

post-cranial indices.

For measurements with sample sizes greater than ten, statistical tests were conducted to assess
significant differences between assemblages. ANOVA with-@&10 ¢ dz] SeQa GSa
conducted on three or more datasets that were normaligtiibuted and exhibited normal

G NRAIyOSs |a AYRAOFGSR o6& ! yRSNE2Y -rormalf Ay 3
variance but normal distributions, individuatdsts were conducted. Where data were not

normally distributed, Mann Whitney tests weperformed.

Data of mandibular bending strength and mechanical advantage of the masticatory muscle were
displayed in line graphs. These graphs displayed the profiles of each mandible, and thus showed

the bending strength of mechanical advantage valuesaaheposition along each mandible.

Where the significant difference tests indicated that the morphometrics exhibited different
trends, allometric relationships were assessed. The reason for this was to understand whether
some elements were relatively larger smaller than others with overall size. To test for

allometry, RMA regressions were performed, following the reasoning outlined in Séctidm

RMA regressns were also performed to assess the allometric relationships between the length
and width of each premolar, e.g. P2 length and P2 width. The purpose of this was to assess
whether the relationship between length and width of each premolar was constdintolvanges

in tooth size. Hyperallometric or hypoallometric relationships between length and width may

indicate a change in robustness with overall tooth size.

Premolar robustness was further investigatedincrocutdrom Britain. Scatterplots were made
for each premolar with length and width on each axis, and data split into age (early Middle
Pleistocene, MIS 9, later 7, 5e, 5¢ and 3). The purpose of constructing these graphs was to assess

whether premolars were morer less robust through time.
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4.4.2.4 Age profiles of assemblages

Prior to assessing tooth breakage, the age profiles of each assemblage were assessed in order
to determine whether there was a dominance of young or old individuals, or a relatively even
split of age classes. The percentage of P3s and p3s within each wear stage (lll to IX) was
calculated for each assemblage and plotted into a bar graph. For assemblages with fewer than
ten P3/p3 data points, the wear stage of all teeth were used to calculate tleeptrge of teeth

that exhibited the following wear: slight, slight/medium, medium, medium/heavy, heavy.

Unworn teeth were excluded in case they had not been fully erupted from the jaw.

4.4.2.5 Tooth breakage

The percentage of teeth of known condition that wereken or had (partially) healed alveoli

was calculated for each assemblage with a sample size of at least ten. This was firstly conducted
for all teeth combined, then split into individual tooth types (incisors, canines, premolars and
carnassials). These pentages were then plotted in bar graphs to allow visual comparison of

the percentages of broken and (partially) healed alveoli between assemblages.

All the aforementioned tatistical analyseswvere performed in Microsoft ExceMinitab®
Statistical Softwee 17.3.1 Minitab® Statistical Software 18ahd PAST 3.1@dammeret al,
2001)

4.4.3 Extirpation ofCrocuta crocutdrom Europe

Radiocarbon dates @. crocutaP. legspelaed, C. antiquitatisC. elaphuandR. tarandusvere

used in five models to assess the chronology of these species in Europe during the Late
Pleistocene. Additionally, the models were used to determine the timing of the extirpation of

/ ® O N@nOEizippe(excluding Russia). FBr leo(spelaed andC. antiquitatisthe models
gSNBE dzaSR (2 RSUOSNNAYS (GKS SyR RIGic&ocudso SI OK
inhabited.

The models were produced using OxCalBr8dnk Ramsey, 200ForC. crocutaP. leo(spelaea

and C. antiquitatis dates from each region were input using overlapping phases in the model,

which created end boundaries for each region (followitgckley and Pinhasi, 2011)

AsC. elapusandR. tarandusstill live in Europe today, it was not appropriate to create end
dates for these species. Therefore, the dates of these species were split into their appropriate

regions using phases without boundaries.
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TheR_combine function in OxCal was used to combine either repeated radiocarbon dates on
the same specimen, or radiocarbon dates on multiple bones from the same individual (such as
in the case of an articulated skeleton). The calibration curve used for all modsléntCall3
(Reimeret al, 2013) The modelled, calibrated dates were plotted against the NGRIP ice core
1180 record(Anderseret al,, 2004)
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5 ModernCrocuta crocuta

5.1 Population biomass
5.1.1 Introduction

C. crocutas one of the most abundant large predators in AfrRacords of. crocutgopulation
biomass range from 0.47 kg/Knin the Kalahari Gemsbok Nati@nPark, South Africa, to
76.93kg/km? in the Ngorongoro Crater, Tanzarfldattonet al. 2015, and references therein)
As explored in Sectio®.3.2 there have been localised studies upmme aspects dE. crocuta
populaion dynamics However, few studies have focussed uplamger scale geographic
patterns,environmental correlategand population variation of this species in relation to their
major competitor,P. leo The habitas of the two species overlap considerably, with 9%.5fP.
leoQa NI y3S 2 @S NIC trdciikgPéetriquétdt 6l.K2016)Pespite #iF and the fact
that the two species frequently compete for food (SectibB.3, the densities of both species
are often correlated(Périquetet al, 2015) An anaysis of the available data o@. crocuta
populations in the literature is thus justified to shed further light on the effect of the
SYGANRYYSYlG FyR LI2aaAirotsS O02YLISGUAGAZ2Y 2y (GKAaA

An understanding of the influences upd@. crocutabiomass may provide insights into
potentially larger scale changes in size observed across the Pleistocene, particularly regarding

its ultimate extirpation from Europe.
The research questions posed are threefold:

1 How far areC. crocutandP. lecabundanes mediated by competition witkeach other,

andother large predators?
1 Do other environmental variables influen€e crocutandP. lecabundance?

1 Is there evidence of environmental partitioning betwe€ncrocutandP. le®

5.1.2 Results

5.1.2.1 Africanpredator biomasses

As illustrated irfFigureb.1, alongsideP. leq C. crocutas frequently the most abundant predator
in the African sites, and bothr@dators occur at the highest population biomass. Despite this,
the KolmogorovsSmirnov testsTable5.1) indicate that the biomass distributions Bfleo and

Czrocuta are significantly different, although the lower test statistic indicates that the
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distributions are more similar than when compared with any other spedtegardusand
Ajubatusare intermediate, frequently occurring at lower biomasse. brunneaandL. pictus

occur most infrequently and at the lowest biomasses. Differences between the species are also
shownin Figure5.2, which shows the relative proportions of each predator in each site, in terms
of their biomass. The sites with the greatest proportiorCotrocutaare Amboseli National Park

in Kenya withC crocutamaking up 79.14 % of the total predator biomass, and the Ngorongoro
Crater in Tanzania, from the year 1965, with 76.89 %. Togethaemocutaand P. leomake up

the largest proportion of predator biomass in most sites. A notable site with sniaimasses

of C. crocutaandP. leais the Kalahari National Park in South Africa wiardus A. jubatus

andP. brunneaogether make up 36.22 % of the predator biomass.

There is some evidence of temporal change in the relative abundance of each species, most
notable in the Ngorongoro Crater, and in the Serengeti, Tanzania. The raw biomass values for
both species are presented Trable5.2. Inthe Ngorongoro Crater, both species show biomass
decreases in the years 1988 and 1997. Additionally, the earliest recé&tdiebbiomass, from

1965, is the lowest of all yeartn the SerengetiTable5.2 illustrates that the change in

proportion between the two species is primarily driven by an increa&e grocutdiomass.

EC. crocuta

mP. leo
OP. pardus 1
EA. jubatus _
OP. brunnea
OL. pictus
5
O Combined I
0 1 1] H [
1.5 2

-2 -1.5 -1 -0.5 0 0.5 1
Log10 biomass

=
(6]

Frequency
H
o

Figure5.1: Histogram of basé&0 logarithmically transformed biomass (originally irfkkgy) of
the largeAfricanpredatorsacross 30 dataset® W/ 2 YOAYSRQ A& GR
pardus A. jubatus PbrunneaandL. pictus
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Table5.1: Results of KolmogoreSmirnov tests of distribution similarity for the biomass data
across 30 datasets W/ 2 YOAYSRQ A&

5. ModernCrocuta crocuta

(K BrdudR MiiatugP SHRinneaing Y I & &

L. pictus The top figure in each box is the test statistic, and the bottom figure is teye.

Wherethep@l £ dzS§ A a aidl SR | & Watadeaprgfl readiogwa@of dzS

given.All tests are therefore significant at 95 % confidence.

C.crocuta P.leo P.pardus A.jubatus L. pictus Combined
C. crocuta 0.367 0.767 0.733 0.929 0.663
0.025 <0.05 <0.05 <0.05 <0.05
P. leo 0.893 0.83 0.967 0.8
<0.05 <0.05 <0.05 <0.05
P. pardus 0.655 0.889
<0.05 <0.05
A. jubatus 0.706
<0.05
L. pictus
Combined

Table5.2: Biomassvalues forC. crocutaandP. lecin the Ngorongoro Crater and the Serengeti

ecosystem, fromHatton et al. (2015)and references therein. The figures illustrate temporal

changes in biomass. Note that the years are those stateldditon et al. (2015) and may not

be exact as some datasets are comprised of data from a number of years.

C. crocuta P. leobiomass
Site Year  biomass (k' gkm?)

(kgkm?)
Ngorongoro Crater 1965 60.577 14.538
Ngorongoro Crater 1978 62.515 45.165
NgorongoroCrater 1988 45.962 43.941
Ngorongoro Crater 1997 34.323 26.155
Ngorongoro Crater 2004  76.923 29.077
Serengeti ecosystem 1971 6 12.096
Serengeti ecosystem 1977 8.586 11.501
Serengeti ecosystem 1986 10.322 11.768
Serengeti ecosystem 2003 16.4 15.12
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Amboseli NP, Ken (2007) Hluhluwe iMfolozi, Zaf (1982)

Hwange, NP, Zwe (1973) Kalahari NP, Zaf (1979)

¢
.

Kruger NP, Zaf (1975) Kruger NP, Zaf (1984)

Kruger NP, Zaf (2009) Lake Manyara NP, Tza (1970)

Masai Mara NR, Ken (2003) Mkomazi GR, Tza (1970) dry

Nairobi NP, Ken (1966) Nairobi NP, Ken (1976)

Ngorongoro Crater, Tza (1965) Ngorongoro Crater, Tza (1978)

Ngorongoro Crater, Tza (1997) Ngorongoro Crater, Tza (2004)

Serengeti, Tza (1971) Serengeti, Tza (1977)

Serengeti, Tza (2003) Tarangire NP, Tza (1962) dry

Species Figure5.2: Proportions of large predator biomasses within each African site.

[ ] P. pardus
I A. jubatus
[ P. brunnea
[] L. pictus
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Hluhluwe iMfolozi, Zaf (2000)

Kidepo Valley NP, Uga (2009)

Kruger NP, Zaf (1997)

Masai Mara NR, Ken (1992)

Mkomazi GR, Tza (1970) wet

Nairobi NP, Ken (2002)

Ngorongoro Crater, Tza (1988)

Queen Elizabeth NP, Uga (2009)

Serengeti, Tza (1986)

Tarangire NP, Tza (1962) wet
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5.1.2.2 Crocutacrocutapopulation biomass

Partial least squares (PLS) regressions were performed in order to address the research
questions. These are summarised Tiable 5.3. PLS lassesed influences uponC. crocuta
biomass andsi significant with a walue of <0.0%and anr? value of 0.837. The plot of the
residuals versus the order of sitdSidure5.3) was assessed. This shows that there are some
clusters of observations that have residuals increasing or decreasing together, rather than
fluctuating. This may mean that the results are iafiaed by the order in which the sites are
entered into the PLS. In order to assess this, four further PLS regressions were rund)S 1b
with the sites enteredn random orders. The resulting standardised coefficiehtb(e5.4) are

the same for each PLS run, indicating that the site order does not affect the results.

Tableb5.3: Details of the Partial Least Squares Regressions rh orocutaandP. lecbiomass.

PLS Dependent variable p-value  r?value
regression
PLS 1 C. crocutdiomass <0.05 0.837
PLS 2 C. crocutdbiomass (without Kalahari) <0.05 0.957
PLS 3 P. leobiomass <0.05 0.608
PLS 4 P. leobiomass (without Kalahari) <0.05 0.967
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Figureb.3: The observation order (the order in which the sites were input to PLS 1), against the

standardisedesiduals.
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Table5.4: The standardised coefficients for each Pin®dlel run (PLS 1&e), with sites input

to the model in random orders.

Variable Standardised coefficient
P. leobiomass 0.13
Other predator biomass 0.109
Very small prey biomass 0.175
Small prey biomass 0.146
Medium prey biomass 0.24
Large prey biomass 0.093
Very large prey biomass 0.025
Min. temperature of coolest month 0.009
Max. temperature ofwarmest month -0.108
Temperature seasonality -0.003
Precipitation of driest month 0.053
Precipitation of wettest month 0.093
Precipitation seasonality 0.019
Closed vegetation cover 0.075
Semiopen vegetation cover 0.034
Open vegetation cover -0.092

The plot of standardised residuals against leverag@gufe5.4) was assessed for outliers and
leverage points. Points were classed as outliers if thelvads had a value greater or less than

two. Only one site is an outlier: Amboseli National Park, Kenya. In the case of PLS 1, the LRL value
(see Sectiod.4.1.7) is0.133. Four sites fall just beyond the LRL. A fifth site, Kalahari Gemsbok
National Park in South Africa, has an extreme leverage value of 0.685. As leverage points may
have a strong influence upon the coefficients, the PLS was run again without K&lahesibok

National Park.

The new PLS (PLS 2) withcrocutabiomass as the dependent variable is again significant with

a pvalue of < 0.05 and a greatémalue of 0.957. Analysis of the chart of standardised residuals
versus leverages for PLEFgure5.5) reveals that Nairobi National Park (Kenya from 2002) and

the Serengeti ecosystem (Tanzania from 2003) are both outliers, although they do not fall far
beyond the outlier reference line. Fig#tes are classed as leverage points: Amboseli National
Park in Kenya, Hwange National Park in Zimbabwe, Lake Manyara National Park in Tanzania,
Nairobi National Park in Kenya from 1966, and Queen Elizabeth National Park in Uganda.
However, with leverag®alues ranging from 0.572 to 0.69, these sites are not far beyond the

LRL value of 0.552.
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Figureb5.4: Standardised residuals against leverage values for each site in Rit&Q@. crocuta
biomass as the dependent variabléhe horizontal lines indicate the outlier boundaries. The
vertical line represerst the leverage reference line boundary. The numbers on the points
correspond to sites as follows: 1. Amboseli NationakP2007, 2. Hluhluwe iMfolozi National

Park, 1982, 3. Hluhluwe iMfolozi National Park, 2000, 4. Hwange National Park, 1973, 5. Kalahari
Gemsbok National Park, 1979, 6. Kidepo Valley National Park, 2009, 7. Kruger National Park,
1975, 8. Kruger National Bar1984, 9. Kruger National Park, 1997, 10. Kruger National Park,
2009, 11.Lake Manyara National Park, 1970, MaasaiMara National Reserve, 1992. 13.
MaasaiMara National Reserve, 2003, 14. Mkomazi Game Reserve, 1970 (drikdrbazi

Game Reserve, 1970 (wet), Mairobi National Park, 1966, 17. Nairobi National Park, 1976, 18.
Nairobi National Park, 2002, 19. Ngorongoro Crater, 1965, 20. Ngorongoro Q&iér,21.
Ngorongoro Crater, 1988, 22. Ngorongoro Crater, 1997, 23. Ngorongoro Crater, 2@Qde24a.
Elizabeth National Park, 2009, 25. Serengeti ecosystem, 1971, 26. Serengeti ecosystem, 1977,
27. Serengeti ecosystem, 1986, 38rengeti ecosystem, 28029.Tarangire National Park, 1962

(dry), 30. Tarangire National Patlg62 (wet).
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Figureb.5: Standardised residuals against levggavalues for each site in PLS 2, W@throcuta
biomass as the dependent variabl€he horizontal lines indicate the outlier boundaries. The
vertical line represerst the leverage reference line boundary. The numbers on the points
correspond to sites as follows: Amboseli National Park, 2007, 2. Hluhluwe iMfolozi National
Park, 1982, 3. Hluhluwe iMfolozi National Park, 2000, 4. Hwange National Park, 1973, 5. Kidepo
Valley National Park, 2009, 6. Kruger National Park, 1975, 7. Kruger National Park, 1984, 8.
Kruger National Park, 1997, 9. Kruger National Park, 2000aké Manyara National Park, 1970,
11.Maasai Mara National Reserve, 1992. 12. Maasai Mara Natiosah\Re 2003, 13. Mkomazi
Game Reserve, 1970 (dry), Mkomazi Game Reserve, 1970 (wet), 15. Nairobi National Park,
1966, 16. Nairobi National Park, 1976, 17. Nairobi National Park, 2002, 18. Ngorongoro Crater,
1965, 19. Ngorongoro Crater, 1978, 20. Nggano Crater, 1988, 21. Ngorongoro Crater, 1997,

22. Ngorongoro Crater, 2004, Z3ueen Elizabeth National Park, 2009, 24. Serengeti ecosystem,
1971, 25. Serengeti ecosystem, 1977, 26. Serengeti ecosystem, 198@r@iigeti ecosystem,

2003, 28. Tarangirdational Park, 1962 (dry), 29. Tarangire National Park, 1962 (wet).

The standardised coefficients of the PLFigyre5.6) show some differences wherompared
to PLS 1. Notably, minimum temperature of the coolest month and-segem vegetatiorcover
are more important in PLS 2. PLS 1 shows fhdeobiomass, ther predator biomass, and
precipitation of the wettest month have positive influences ugoncrocutébiomass. However,

removal of the Kalahari suggests that these three variables have only a small, negative influence.
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Figureb.6: Standardised coefficients from PLE&vith Kalahariand PLS @wvithout Kalahari)

with C. crocutdiomass as the dependent variable.
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Table5.5: r? values and praluesof repeated runs of PLSW®ith C. crocutébiomass as the

dependent variable. Each ruemoved one site at a time.

Run

no. Removed site r’value p-value

1 Amboseli National Park, Kenya, 2007 0.961 <0.05
2 Hluhluwe iMfolozi National Park, South Africa, 1982 0.96 <0.05
3 Hluhluwe iMfoloziNational Park, South Africa, 2000 0.958 <0.05
4 Hwange National Park, Zimbabwe, 1973 0.951 <0.05
5 Kidepo Valley National Park, Uganda, 2009 0.961 <0.05
6 Kruger National Park, South Africa, 1975 0.958 <0.05
7 Kruger National Park, South Afrid®84 0.96 <0.05
8 Kruger National Park, South Africa, 1997 0.957 <0.05
9 Kruger National Park, South Africa, 2009 0.957 <0.05
10 Lake Manyara National Park, Tanzania, 1970 0.955 <0.05
11 MaasaiMara National Reserve, Kenya, 1992 0.956 <0.05
12 MaasaiMara National Reserve, Kenya, 2003 0.956 <0.05
13 Mkomazi Game Reserve, Tanzania, 1970 (dry) 0.95 <0.05
14 Mkomazi Game Reserve, Tanzania, 1970 (wet) 0.95 <0.05
15 Nairobi National Parkenya, 1966 0.959 <0.05
16 Nairobi National Park, Kenya, 1976 0.968 <0.05
17 Nairobi National Park, Kenya, 2002 0.967 <0.05
18 Ngorongoro Crater, Tanzania, 1965 0.954 <0.05
19 Ngorongoro Crater, Tanzania, 1978 0.953 <0.05
20 Ngorongoro CratefTanzania, 1988 0.956 <0.05
21 Ngorongoro Crater, Tanzania, 1997 0.959 <0.05
22 Ngorongoro Crater, Tanzania, 2004 0.958 <0.05
23 Queen Elizabeth National Park, Uganda, 2009 0.957 <0.05
24 Serengeti ecosystem, Tanzania, 1971 0.959 <0.05
25 Serengeti ecosystem, Tanzania, 1977 0.96 <0.05
26 Serengeti ecosystem, Tanzania, 1986 0.957 <0.05
27 Serengeti ecosystem, Tanzania, 2003 0.969 <0.05
28 Tarangire National Park, Tanzania, 1962 (dry) 0.96 <0.05
29 Tarangire National Parkanzania, 1962 (wet) 0.954 <0.05

In order to assess the validity of the results, PLS 2 wasr@9 times, removing one site each
time. All runs were significant with-yalues of <0.05. Thé values ranged from 0.95 to 0.969
(Table5.5), indicating that most of the variation @. crocutdiomass was explained by each PLS
run, regardless of the site that was removed. The confidence intervals of the standardised
coefficients are low, ranging from 0.008 for closed vegetation cover, to 0.021 for minimum
temperature of the coolest monthT@ble5.6) This indicates that confidence can be placed in the
results, as no one site alters the results. This can also be seen in the plot of the disedar
coefficients for each runHgureb5.7). The coefficients of some variableB. (eoand other
predator biomasses, large and very large prey bimeas precipitation seasonality) cluster

around zero, suggesting that these hold little importance in explaining the variatl©ncirocuta
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biomass. However, other variables consistently plot far from zero, indicating importance in
explainingC. crocutebiomass variation. These include very small prey biomass andogaEmi
vegetation on the positive side, and open vegetation on the negative side. The largest
standardised coefficients are medium prey biomass and minimum temperature of the coolest
month, bothof which are positively associated wi@ crocutébiomass. This pattern reflects
that seen in the original PLSEAdureb.6).

Tableb.6: Standardised coefficient meaand confidence interval(Cl) for repeated runs of

PLS 2with C. crocutdbiomass as the dependerariable.

Standardised . Standardised Standardised
. o Standardised . o
Independent variable coefficient o coefficient coefficient
coefficient CI ~.~. .

mean minimum CI maximum CI
P. leobiomass -0.035 0.011 -0.047 -0.024
Other predatorbiomass -0.065 0.014 -0.079 -0.050
;;’et;" biomass very small 0.306 0.019 0.287 0.325
Total biomass small prey 0.136 0.018 0.118 0.154
Total biomass medium prey 0.635 0.011 0.624 0.647
Total biomass large prey 0.111 0.013 0.098 0.124
Totalbiomass very large -0.012 0.011 -0.023 -0.001
prey
Minimum temperature 0.577 0.021 0.555 0.598
coolest month
Maximum temperature -0.096 0.015 0.111 -0.081
warmest month
Temperature seasonality 0.082 0.009 0.074 0.091
Precipitation driest month 0.136 0.012 0.123 0.148
Precipitation wettest month -0.102 0.019 -0.121 -0.084
Precipitation seasonality 0.073 0.016 0.058 0.089
Closed vegetation 0.094 0.008 0.087 0.102
Semiopen vegetation 0.395 0.012 0.383 0.406
Open vegetation -0.234 0.009 -0.243 -0.225
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Figureb.7: Standardised coefficients from repeated runs of PLS 2,@vititocutdbiomassas

the dependent variable.

5.1.2.3 Pantheraleopopulation biomass

A further PLS regression (PLS 3) was performedRvikbobiomass as the dependent variable.
This was in order to determine any differences in the influences upon the biomasBedeaf
compared withC. crocutaPLS 3 is significant with avplue of <05, although the ¥value is
only 0.608. Only one site shows as an outligfigure5.8: Tarangire National Park, wet season.
The LRL value is 0.06nd a number ofites fall beyond this line. Only Kalahari Gemsbok

National Park has an extreme leverage value (0.471), warrantingue ref the PLS.
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Figure5.8: Standardised residuals against levggavalues for each site in PLS 3, viRthleo
biomass as the dependent variabléhe horizontal lines indicate the outlier boundaries. The
vertical line represerst the leverage referencdine boundary. The numbers on the points
correspond to sites as follows: Amboseli National Park, 2007, 2. Hluhluwe iMfolozi National
Park, 1982, 3. Hluhluwe iMfolozi National Park, 2000, 4. Hwange National Park, 1973, 5. Kalahari
Gemsbok National Part979, 6. Kidepo Valley National Park, 2009, 7. Kruger National Park,
1975, 8. Kruger National Park, 1984, 9. Kruger National Park, 1997, 10. Kruger National Park,
2009, 11. Lake Manyara National Park, 1970,M2asaiMara National Reserve, 1992. 13.
Maasai Mara National Reserve, 2003, 14. Mkomazi Game Reserve, 1970 (drijkdbazi

Game Reserve, 1970 (wet), Mairobi National Park, 1966, 17. Nairobi National Park, 1976, 18.
Nairobi National Park, 2002, 19. Ngorongoro Crater, 1965, 20. Ngorongora, i@f8, 21.
Ngorongoro Crater, 1988, 22. Ngorongoro Crater, 1997, 23. Ngorongoro Crater, 20Q4de24.
Elizabeth National Park, 2009, 25. Serengeti ecosystem, 1971, 26. Serengeti ecosystem, 1977,
27. Serengeti ecosystem, 1986, 38rengeti ecosystemPR3, 29 Tarangire National Park, 1962

(dry), 30. Tarangire National Park, 1962 (wet).

The PLS d®. leobiomass without Kalahari National Park (PLS 4) is again significant with a p
value of <0.05. The? value greater at 0.967. Nairobi National Park (Kenya from 1966) and
Ngorongoro Crater (Tanzania from 1965) were identified as outhbditspugh they do nd fall
far beyond the boundaries iRigure5.9. Furthermore, five sites were identified as leverage
points. However, with values ranging from 0.833t637, and relative to the LRL of 0.828, they
are not extreme values.
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Figure5.9: Standardised residuals against leverage values for each site in PLS B, igith
biomass as the dependent variable. The horizontal lines indicate the outlier boundaries. The
vertical line represerst the leverage reference line boundary. The numberstio@ points
correspond to sites as follow$: Amboseli National Park, 2007, 2. Hluhluwe iMfolozi National
Park, 1982, 3. Hluhluwe iMfolozi National Park, 2000, 4. Hwange National Park, 1973, 5. Kidepo
Valley National Park, 2009, 6. Kruger National Park5,19. Kruger National Park, 1984, 8.
Kruger National Park, 1997, 9. Kruger National Park, 2000aké Manyara National Park, 1970,
11.Maasai Mara National Reserve, 1992. 12. Maasai Mara National Reserve, 2003, 13. Mkomazi
Game Reserve, 1970 (dry), Mkomazi Game Reserve, 1970 (wet), 15. Nairobi National Park,
1966, 16. Nairobi National Park, 1976, 17. Nairobi National Park, 2002, 18. Ngorongoro Crater,
1965, 19. Ngorongoro Crater, 1978, 20. Ngorongoro Crater, 1988, 21. Ngorongoro Crater, 1997,
22. Ngrongoro Crater, 2004, 2Queen Elizabeth National Park, 2009, 24. Serengeti ecosystem,
1971, 25. Serengeti ecosystem, 1977, 26. Serengeti ecosystem, 198@r@iigeti ecosystem,

2003, 28. Tarangire National Park, 1962 (dry), 29. Tarangire NationallP&2k(wet).

Comparison of the standardised coefficients from the two PLS runs indicates that removal of the
Kalahari National Park has resulted in large changes in the magnitude of the relationship
between many of the variables aid leobiomass Figure5.10). In PLS 4, the strongegbstive
associations withP. leobiomass are very small prey biomass and the maximum temperature of
the warmest month, followed by precipitation seasonality. The main negative associations are
temperature seasonality and seropen vegetation cover, followed by precipitation of the
wettest month andthe minimumtemperature of the coolest month.
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Figure5.10: Standardised coefficients from PLS 3 and PLS #wlglabiomass as the dependent

variable.
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PLS 4 witlP. ledbiomass as the dependent variable wague 29 times, removing one site each

time. Unlile the repeatedC. crocutaPLS, the results for PLS 4 indicate that there was
considerable variation in the results when some sites were removed. -Va&ips are <0.05 for

each run, indicating that the regressions are significant. However? trues rage from 0.983

to 0.555 Tableb.7), indicating that there is much variation i lecbiomass that is unexplained

by the variables. The PLS regressiavithout the following sites have the lowest values:

Kidepo Valley National Park, Lake Manyara National Park, Mkomazi Game Reserve (dry),
Mkomazi Game Reserve (wet), Nairobi National Park (1976), Nairobi National Park (2002),
Serengeti ecosystem (19)1Serengeti ecosystem (2003). Of these, only Lake Manyara was

originally identified as a leverage point for PLEigure5.9).

Table5.7: r?values and gvalues of repeateduns of PLS,4vith P. lecbiomass as the dependent

variable. Each run removed one site atradi

Run

no. Removed site r’value p-value

1 Amboseli National Park, Kenya, 2007 0.971 <0.05
2 Hluhluwe iMfolozi National Park, South Africa, 1982 0.969 <0.05
3 Hluhluwe iMfolozi National Park, South Africa, 2000 0.968 <0.05
4 Hwange National Parkimbabwe, 1973 0.969 <0.05
5 Kidepo Valley National Park, Uganda, 2009 0.631 <0.05
6 Kruger National Park, South Africa, 1975 0.969 <0.05
7 Kruger National Park, South Africa, 1984 0.968 <0.05
8 Kruger National Park, South Africa, 1997 0.967 <0.05
9 Kruger National Park, South Africa, 2009 0.969 <0.05
10 Lake Manyara National Park, Tanzania, 1970 0.639 <0.05
11 MaasaiMara National Reserve, Kenya, 1992 0.966 <0.05
12 MaasaiMara National Reserve, Kenya, 2003 0.968 <0.05
13 Mkomazi Gamdéreserve, Tanzania, 1970 (dry) 0.555 <0.05
14 Mkomazi Game Reserve, Tanzania, 1970 (wet) 0.574 <0.05
15 Nairobi National Park, Kenya, 1966 0.979 <0.05
16 Nairobi National Park, Kenya, 1976 0.605 <0.05
17 Nairobi National Park, Kenya, 2002 0.608 <0.05
18 Ngorongoro Crater, Tanzania, 1965 0.983 <0.05
19 Ngorongoro Crater, Tanzania, 1978 0.967 <0.05
20 Ngorongoro Crater, Tanzania, 1988 0.964 <0.05
21 Ngorongoro Crater, Tanzania, 1997 0.967 <0.05
22 Ngorongoro Crater, Tanzania, 2004 0.966 <0.05
23 Queen Elizabeth National Park, Uganda, 2009 0.977 <0.05
24 Serengeti ecosystem, Tanzania, 1971 0.596 <0.05
25 Serengeti ecosystem, Tanzania, 1977 0.972 <0.05
26 Serengeti ecosystem, Tanzania, 1986 0.965 <0.05
27 Serengeti ecosystentfanzania, 2003 0.595 <0.05
28 Tarangire National Park, Tanzania, 1962 (dry) 0.972 <0.05
29 Tarangire National Park, Tanzania, 1962 (wet) 0.965 <0.05
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The confidence intervals of the standardised coefficients are larger than foCtherocuta
repeated PLS. For PLS 4, the confidence intervals ranged from 0.008 for very large prey biomass,
to 0.186 for temperature of the warmest montfirable 5.8). The graph of standardised
coefficients Figureb.11) also indicates that the removal of individual sites has a large influence

on the PLS results. Most of the variables have coefficient values that are both positive and
negative. Only two vaables have coefficients that are consistently negative: temperature
seasonality and senrtipen vegetation cover. Three variables have coefficients that are
consistently positive: very small prey biomass, large prey biomass, and closed vegetation cover.
Desiyite this, all these variables have coefficients from some runs that are close to zero. There is

therefore no indication that any variables are consistently and strongly relatBdlambiomass.

Table5.8: Standardised coefficient means and confidence intervals (Cl) for repeated runs of

PLS!, withP. ledbiomass as the dependent variable.

Standardised . Standardised Standardised

Independent variable coefficient Stanc_ie_lrdlsed coefficient coefficient
coefficient CI ", )

mean minimum CI  maximum CI
C. crocutabiomass 0.104 0.082 0.031 0.073
Other predatorbiomass -0.005 0.155 0.059 -0.064
Total biomass very small
prey 0.812 0.426 0.162 0.650
Total biomass small prey 0.187 0.098 0.037 0.150
Total biomass medium prey 0.230 0.142 0.054 0.176
Total biomass large prey 0.123 0.058 0.022 0.101
Total biomass very large
prey 0.044 0.027 0.010 0.034
Minimum temperature
coolest month -0.474 0.306 0.116 -0.590
Maximum temperature
warmest month 0.674 0.488 0.186 0.488
Temperature seasonality -0.736 0.431 0.164 -0.900
Precipitation driest month 0.194 0.130 0.049 0.145
Precipitation wettest month -0.398 0.327 0.124 -0.523
Precipitation seasonality 0.390 0.282 0.107 0.283
Closed vegetation 0.180 0.086 0.033 0.147
Semiopen vegetation -0.703 0.429 0.163 -0.866
Open vegetation 0.087 0.082 0.031 0.056
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Figure5.11: Standardised coefficients for repeated runs of PLS 4, Witleobiomass as the

dependent variable.

5.1.3 Discussion
5.1.3.1 African predator biomasses

Along withP. leq C. crocutds the most abundant species of large carnwdn many areas of
Africa. Temporal changes in the abundance of b&thleoand C. crocutaare apparent in the
Ngorongoro Crater and the Serengeti ecosystem. In the Ngorongoro Crater, the initial low
biomass oP. leareflects the reduction in populatiodue to an outbreak of stable flieStomoxys
calcitrang in 1962 (Fosbrooke, 1963, cited iKissui andPacker, 2004)and subsequent
population recovery. The. leopopulation was hit by an unknown disease in 1994 and 1997,
and in 2001 by a tickorne disease and the canine distemper vi(idsssui and Packer, 2004)
reflected by the lower biomass values in 1997 and 20able5.2). The cause of the lower

Czrocutabiomass in the years 1988 and 1997 may have been due to lower populations of their
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preferred prey, and more frequent competitive interactions with leo(H6neret al, 2005)
Conversely, in the Serengeti, the increase in migratory prey populations may have facilitated the

C. crocutgopulation increase seen in Table 8bfer and East, 1995)

5.1.3.2 Crocuta crocutgopulation biomass

When assessing the potential factors determinidgcrocutébiomass, a decision needs to be
made as to which PLS model is most appropriate. The KafabarsbokNational Park in South
Africa was identified as an extreme leverage point, meaning that Iy lhad a strong influence
onthe PLS results. Indeed, removing this site and rerunning the PLS revealed different values in

many of thestandardisectoefficients.

The KalahatGemsbolNational Parldiffers from other sites as has the lowest abundance of

C. crocutawith a biomass of 0.4Kg/km?. The next highest biomass is Mkomazi Nature Reserve

in Tanzania with a value of 0.88/km?. Additionally,Hatton et al., (2015)noted that the prey
abundances recorded from the Kalahaen& higher than previous estimates, so there were
fewer predators than may have been expected given the prey biomass. This variation in prey
abundance may be due to the correlation between prey and rainfall, the latter of which is
unpredictable in the areéMills, 1990) This potential lag of predator abundance behind prey
abundance means that it is more appropriate to proceed with the PLS without the Kalahari (PLS

2) in the interpretation ofC. crocutaiomass.

The repeated runs of PLS 2, rerimg one site each time, provided further justification for
excluding the Kalahari. Despite the removal of each site in turn, all runs reveal similar results to
the original PLS 2. By contrast, all maintain different results than PLS 1, with the Kdladari.
similarity of all PLS 2 runs allows confidence to be placed in the assumption that the results are

representative ofC. crocutgopulations.

The Pvalues of all PLS 2 runs are 0.95 or higher, indicating that most of the variaG&ratuta
biomass is explained by the model. The standardised coefficients indicate that five variables are
important: very small prey biomass, medium prey biomass, minimum temperature of the

coolest month, open vegetation cover, and sespen vegetation cover.

Biomass of mediunsized prey has the strongest overall influencelorrocutdiomass. Despite
C. crocutdeing adaptable in the prey it targelills, 1990; Hayward, 2008his result is to be
expected given that its preferred prey weighs B8 kg(Hayward and Kerley, 200&quivalent

to smalt to mediumsized prey in this study.
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Very small prey biomass also has a positive relationship @ittrocutébiomass, althouly not

as strong as medium prey biomass. Very small prey here are classed as weighing <20 kg,
includingE.thomsoniiand duiker speciegCgphalophuspp.). Prey such as these can provide an
important food source, especially when larger prey are migratdhis is the case iithe
Serengeti wherde. thomsoniis the most abundant ungulate, and the most commonly targeted

species prior to the arrival @&. taurinugCooperet al., 1999)

The relationship biveen prey biomass an@. crocutdiomass agrees witHattonet al. (2015)

in that predator density and biomass are positively correlated. It also agreesGaitiper's
(1989) observation that higheiC. crocutadensities occur in areas with large biomasses of
resident prey populations. However, the PLS suggest that there are other strong influences upon

C. crocutaabundance.

Theminimumtemperature of the coolest month has a strong positive relationship, suijges
that C. crocutas averse to the very coldest temperatures, Ce crocutgpopulations are greater
when winter temperatures are warmer. Theawimumtemperature of the warmest month has

a negative relationship, although the potential influence is Iothe@n winter temperaturesThis

is supported byCooper (1990jho found thatC. crocutandividuals were unable to hunti
temperatures above about 20°C. Indeed, the summer temperatures of sites included in the
present study range from 25.1 to 33.7°C. crocutanay circumvent this to an extent through
crepuscular or nocturnal activitig€ooper, 1990; Hayward and Hayward, 20@8C. crocuta
were able to hunt successfullyn moonlit nights, and during the day when temperatures were
cooler,Cooper (1990¢oncluded that it is temperature, rather &éim a need for damess, that
prompts this switch to noctural hunting. Very hot temperatures also lead to more rapid
decomposition of carrion, thus limiting the period during which carcasses are available as a food
source (DeVaultet al, 2003) However, avoidance of high temperatures through nocalir
activity may be the reason why high temperatures have only a small influend@. amocuta

biomass.

Precipitation has some influence up@h cocuta, with adverse #ects of very dry conditions.
Very dry conditions may be limiting due to a lack of available water bodies. InGeaer
(1989) noted that higherC. crocutadensities are associated with reliable water resources. In
addition, hot and dry conditions may lead to more rapiédccation of carcasseswhich
themselves are important sources of water fGr crocuta especially in periods of drought
(Cooper,1990; Coopeet al, 1999) This abity to source water from carcasses may be one of

the reasons for the limited influence of precipitation.
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Another strong influence is vegetation. Perhaps unexpectedly, open vegetation cover has a
strong negative relationship wit@. crocutaabundanceC.crocutaoften hunts by pursuing its

prey (Kruuk, 1972; Mills, 199030 it would seem logical that open grassland should provide the
ideal vegetation. HoweveMlills (1990) observedCzrocutachasing its prey in areas of open
shrubland or open woodland in the Kalahari, which is similar to sbeniropen vegetation
category in the present study (open shrubland and wooded grasskatnle4.2). This explains

the positive influence of sentipen vegetation cover of. crocutadiomass, yet fails to explain

the negative influence of open vegetation cover. Moreover, there appears to be no consistent
vegetation preference for den location (Sect@i3.4). The preferencdor semiopen vegetation

over open vegetatiofis therefore difficult to explain.An alternative explanation may lie in the
limitations of the dataset. The data was collected between the years 1981 and Hi@deret

al., 1998, 200Q)and so record any change in vegetation before or after this timéoger

potentially leading to misclassification of vegetation cover in some sites.

The final point to consider is the influence of other predators. Bethleoand the other
predators P. brunnea, A. jubatus, P. pardus, L. pichae negligiblénfluenceson C. crocuta
abundance. This might be due to the nature of competitive interactions. AlthGughocutare
frequently successful in obtaining food from other predators, the reverse can be true, with the
success of direct interactions depending upon pleesistence of the challenger, the number of
individuals present, and the presence of males in the cade ¢fo(Kruuk, 1972; Mills, 1990;
Cooperet al,, 1999; Honeet al., 2002) Therefore, any negative influenoé other predators
may be largely cancelled out By crocutasuaeeding in competitive interactions. Furthermore,

as sugested by other studies (Secti@B.3), environmental partitioning may limit the negative

impact of other predators upo&. crocutaabundance.

5.1.3.3 Panthera legopulation biomass

The influences uporP. leobiomass were also investited. As with the investigation of
/ ® O Nio@aks] the Kalahari Gemsbok National Park was rejected from the analyses, with
the same justificationthe lag between prey and predator abundanct¢atton et al, 2015)

Therefore the following discussion focusses on the results from PLS 4 only.

While the original PLS 4 pogtio some variables that have a strong association AtHeo
biomass, the reuns of PLS 4 dispute this. Most variables have standardised coefficientsehat ar
both positive and negative, depending upon the site removédg exceptions areetnperature
seasonalityand semiopen vegetation cover, which ansistently negative. Very small prey
biomass, large prey biomass, and closed vegetation cover are cantlsigiesitive.
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Some tentative suggestions may be made about thasoas for these result?. leomost
commonly target prey weighing 19850 kg(Hayward and Kerley, 20Q@quivalent to medium

to largesized prey species in this studiurther, large prey provide more energy intake for large
predators, which is necessary to offset energy expended, including that expended while hunting
(which is particularly high for pdators of large body mass suchRadeq Carboneet al,, 2007)

This is therefore in support of the positive association betwBefeobiomass and largsized

prey biomass. However, the ptige association with very smallze prey biomass is thus

unexpected.

The areas with the highest biomass of very sisialbdprey species are thMaasaiMara and

the Ngorongoro Crater. In these Idit@s, it iSE. thomsonithat make up the majority of the
very smalisized prey biomag#attonet al,, 2015, and references thereirj the Seronera area

of the Serengeti, althougR. leopredate on smallto largesized prey species, during periods
when these species are unavailable, leowill survive on very smatlized prey, namely
Exhomsonii (Schaller, 1972)Tke great importance of very smalized prey species may
therefore reflect the importance of these species in allowing the survivaP.ofeowhen
preferred(larger)prey are unavailabld-urther research is required to better understand within
species cariwvore abundance patterns in relation to the size and abundance of their prey base
(followingCarboneet al, 2011; Hattoret al., 2015)

The negative association betweéh leobiomassand temperature seasonality suggest that
PJeo abundance is greatest in areas that have either predominantly -g@ard high
temperatures, or predominantly yeaound low temperatures, but not great seasonal

temperature fluctuations.

The final consideratin is vegetation. In contrast t€. crocutasemiopen vegetation cover is
negatively associated witR. leochiomass. Indeed, even in individual sites, spatial partitioning
has been observed betwee@. crocutaand P. leo For example, in the Serenge@, crocuta
occupy the plains and woodland borders whilelecoccupy the plains, but are most frequently
within wooded grasslanfSchaller, 1972However, this in itself presents a problem as wooded
grassland is classed as sapen vegetationin the present study. Additionally2ériquetet al.
(2015)suggested that some vegetation cover is heeded to afoveoto ambush its prey. As
with C.crocutg it is dificult to explain the influence of vegetation up&n leobiomass unless

the explanation lies within the limitations of the dataset, as discussed previously

The biomass o€. crocutaand of the other large African predators has a rgble influence
upon P. leobiomass, perhaps due to the influence of environmental partitioning discussed in

Section2.3.3
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However, although the Ve variables discussed above are the only ones that have a consistent
positive or negative association wikh leobiomass, many of the coefficients are close to zero,
depending upon the site removed from the PLS run. The overall lack of consistency hetwee
runs suggests that the conditions influencifgleobiomassare site-specific, or that there are
additional influences that were not considered in the analyses. This is backed up by tffe low r
values on some of the PLS runs, which suggest that a laogention of the variation irP. leo

biomass is not explained by the model.

The results of thé®. leoPLS are partly supported by a study@slesiaet al. (2010)that found
P. leodensity waspositively influenced by herbivore biomass. However, in contrast to the
present study,Celesiaet al. (2010) found that mean annual rainfall and mean annual
temperature, in addition to soil nutrients wengositively correlated withP. leodensity. It is
difficult to explain the difference between the two studies, apart from the fact that different

climate metrics were used.

5.1.3.4 Implications for the Pleistocene

The results suggest th&t. crocutébiomass is more sensitive to environmental conditions than
P. le biomass. This will be explored further in SectibnThe environmental variables that
appear to influenceC. crocutebiomass may be important when consideringe ttesponses of

the speciego Pleistocene environmental changes, particularly its extirpation from Europe. As
Czrocuta appear to be negatively influenced by colder winters, the shorter and cooler
interstadials towards the end of MISBavies and Gollop, 200&)e an important consideration.
Similarly, vegetation may havéanged in such a way as to negatively impactrocutasuch

as a reduction in sentpen vegetation and expansion of open vegetation. These need to be

considered alongside potential adaptations to changing conditions such as morphology and diet.
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5.2 Ontogenetic size change
5.2.1 Introduction

Prior to other undertaking analyses of bones @f crocuta it is important to assess how
individual elements change in size through life. Failure to recognise this may lead to erroneous
interpretation of Pleistocene morphometrics, such as identifying an environmental response,
when the signal actually indicates ontogenetic variation. Using fully erupted dentition as an
indication of a fullygrown skull is likely invalid. Indeed, while crauta permanent dentition is

fully erupted by 1214 months of agéBinder and Van Valkenburgh, 200@easurements of the

skull continue increasing in size after this pqBinder and Van Valkenburgh, 2000; Taneter

al., 2010; Arsznoet al, 2011) The analyses in this section will expand upon the areas of the
skull and mandible studied by the aforementioned authors. Feeding ability with aggifisally

the ability to consume bone, will also be assessed. This may hold important implications for the

Pleistocene if bone consumption constituted an increasingly important food source.

Ontogeny of the postrania will also be assessed, first to detéme whether there are any
changes with age that may influence the interpretation of the morphometric analyses. Second,
any change in size of pestania will be assessed with regards its functional significance, such
as the relationship betweefunctionallimb length and locomotiorfHildebrand, 1974Section
3.4.2.

The research questions are therefore as follows:

1 Do measurements of the skull, mandible and postria continue changing through life

of Czrocuta?
1 Do bending strength and bite force change with ag€.icrocut@

1 Doesthe effective limb length changsith age inC. crocut&

5.2.2 Results
5.2.2.1 Repeated linear measurements

Before ontogenetic change can be analystne precision of the linear measurements must be
assessed. The statistics from the randomly sampled repeated measurements are si@btein

5.9. While these indicate that some of the samples are not normally distributed, the standard
deviations are low for all measurements. Moreover, in no case are the measurements in Sample
1 significantly different at 95 % confidence than the measurements in S@&riplerefore, there

is little concern that measurement precision will influence the morphometric results.
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Table5.9: Statistical results of the randomly ssbmpled repeatetinear measurementgach subsample is comprised of 15 values)= total length of the cranium.

B = length of the m1. C = Breadth of the m1. D = mandibular depth at p2/p3. E = Mandibular width of p2/p3. F = Distgp®lp3rtmthe middle of the articlar

condyle.See Appendiz0.3 Tablel0.6 and Tablel0.7 for the raw data.

Measurement

A

B

Subsample

1

2

1

2

1

2

1

2

1

2

1

2

Standard Deviation

0.07

0.06

0.021

0.028

0.074

0.075

0.128

0.13

0.193

0.189

0.4

0.4

AndersonDarling statistic

0.13

0.4

1.35

0.82

0.44

0.47

0.24

0.69

0.51

0.41

0.74

0.44

Anderson Darling pralue

0.972

0.327

<0.005

0.026

0.255

0.209

0.735

0.056

0.163

0.302

0.042

0.259

t-test t-value

0.05

0.78

0.04

0.36

t-test p-value

0.957

0.441

0.966

0.719

Mann-Whitney statistic

235.5

251

Mann-Whitney p-value

0.384

0.455
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5.2.2.2 Ontogeny of the cranium and mandible

In order to facilitate analysis of ontogeny Gf crocutaskull measurements, the P3/p3 wear
stages were used as an indication of the age of each specimen, follStifreg(2004) with the
youngest individuals classed as wear stage Il (see Sdcid@h The analyses are twlold. The

box plots are useful for visualising any changesae, garticularly for the wear stages with
sample sizes too small for further statistical analysis. Secondly, where sample sizes included at
least ten specimens, tests for significant differences were conducted. This enabled comparison
of P3/p3 wear stageV and stage V in females. In males, sample sizes were sufficient to allow
statistical comparison of stages Ill, IV and V. The data used in the analyses are the ratios of each

cranial or mandibular measurement against length of the m1, as discussed ionSedti.3

Both males and females show similar patterns in size variation with age of most cranial and
mandibular measurements, as displayed in the boxpléigure5.12 and Figure5.13, and
Appendix10.4 Figurel0.1 and Figurel0.2). In most cases, the single stage Il female specimen
exhibits smaller morphometrics than those of later wear stages. The sample size for stage lll
males is larger, and there @erlap with the older individuals. However, the median values,
lower quartile, and smallest values for stagedlicrocuteare smaller than older individuals in

Mmost cases.

Exceptions include some of the cranial measurements that exhibit little differen size
between stage Ill and older stages, (maxillary cheektooth row lengths in males, breadth and
height of the foramen magnum in males, greatest palatal breath in males, and least breadth of
the skull in both males and females). Some of the mandibuldth measurements also show
little difference between stage 11l and old€r. crocutaespecially at p3/p4 in males, p4/ml in

females, and posinl in both males and females.

In both males and females, there is generally little change in size from Stagesvards. A few
measurements show a different pattern. The breadth of the skull dorsal to the external auditory
meatus, and the breadth of the occipital condyles appear to decrease in size in males. This

pattern is not apparent in females, where therdiide change in size from stage IV.

Finally, several graphs indicate increase in size through life, at least up until stage VIl (there is
no data for later stages). These include the frontal breadth and measurements of mandible

depth, particularly at thg2/p3 and p4/m1 in males.
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Figure5.13: Boxplots of female (F) and male (M)crocutamandibular measurements divided

by m1 length, basd0 logarithmically transformed-axisnumbersare P3/p3 wear stages.
-200-



5. ModernCrocuta crocuta

n=1 22 1 17 1 5 1 . n=14 1 33 15 1 8

2 035 - £ 0325
T ¥ -
I3 K g 0.300 B
o 030 _ £ 0275
° o
o) - - = 2 0.250
T 0.25 © — —
B * 8 0225
32 3
£ 020 5 0200
g * S 0.175
£ _ £
L 0.15 S 0.150

30 40 45 50 55 60 7.0 80 30 35 40 50 55 60 80

n=1 22 115 1 5 1 ¢ n=12 0 33 14 1

= = 025
£ £
= -0.25 .
I I -
=} — o
2 -0.30 _ S -0.30 ﬁ
= - =
© ko] —
S -0.35 S
= H 2 035 H
[ - ©
S -0.40 S
feo) Ko}
= * 5 -040 .
S -0.45 S
£ « £
L -0.50 s 045

30 40 45 50 55 60 7.0 80 30 35 40 50 55 60 80

Figure 5.13 continued.

The tests for significant difference largely support the observations from the boxflatde
5.12and Table5.13). However, the measurements that are indicated as larger ¢ptage 1V in
the box plots) are not significantly so. In fact, no cranial or mandibular measurements are

significantly different at 986 confidence between stages IV and V.

A number of tests, hoewer, indicate that cranial measurements of wear stage Il are
significantly smaller at 95 % confidence than stages IV and V (length of the cranium,
neurocranium length, facial length, zygomatic breadth, frontal breadth, least breadth between
the orbits, and temporal fossa length). The length of the snout and skull height of stage Il
individuals are significantly smaller than only stage V individuals. Of the mandible, only
measurements of mandibular depth exhibit significant differences. The depths aB pg3ip4

and p4/m1 of stage lll individuals are significantly smaller than stage IV and V individuals. Stage

Il measurements of poshl depth are also significantly smaller than stage V measurements.
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Table5.10: Tests for significant differences of fem&ecrocutaranial measurements between different ages. Measurements used in the tests were ratios with

m1 lengths and bas#0 logarithmically transformed.
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Tableb5.10 continued.
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Table5.11: Tests for significant differences of mé&lecrocutacranial measurements between different agbfeasurements used in the tests were ratios with m1

lengths and basé&0 logarithmically transformed. Shaded boxes indicate significant difference at 95 % confidence.
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Tableb.11 continued.
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Table5.12: Tests for significant differencesfefaleC. crocutanandibularmeasurements between different ages. Measurements used in the tests were ratios

with m1 lengths and bas&0 logarithmically transformed.
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Table5.13: Tests for significant differences of m&lecrocutanandibular measurements between different ages. Measurements used in the tests were ratios with
ml lengths and bas&0 logarithmically transformed. Shaded boxes indicate significant difference atc@mfidence Where measurements belong to different

ANOVA categories, there is a significant difference.
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Tableb.13 continued.
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As explained in SectioA.4.1.3 only C. crocutafrom Balbal, Tanzania are used to assess
ontogenetic change of mandibular bending strength and bite force. Sample sizes were too small

to allow tests for significant differex@, so only box plots were produced.

The plots of bending strengtiFigure 5.14 and Figure5.15) indicate that the zx/L indices
(showing resistance to dorsoventratding) increase with age, which is particularly apparent

in males. This occurs at least until wear stage VI (sample sizes are one or zero for later stages).
The zy/L indices (indicating resistance to labiolingual bending) also increase with age, again
particularly in males to at least wear stage VI. All zx/zy indices (showing the mandibular cross
sectional shape) are greater than one. The values increase with age at thmpgxisition, at

least until wear stage VI. There is little change with age abther interdental points.

Again, as explained in Sectidm.1.3 ontogenetic change of bite force, as measured in the
mandible, was conducted with only tl@& croata specimens from Balbal. Sample sizes were too

small to allow tests for significant differences, so only boxplots were constructed.

The boxplotgFigure5.16 and Figure5.17) indicate that differences of bite force with ontogeny

are less clear than for bending strength. There is little change in the mechanical advantage of
the temporalis in females. By contrast, this appears to decrease in males, although the small
sample sizef the later wear stages make this difficult to assess. There is little change with age
in both males and females of the mechanical advantage of the superficial masseter. Finally, the
mechanical advantage of the deep masseter appears to increase with agdes, although the

small sample sizes of the later wear stages make this difficult to assess. Females show some

decrease in the mechanical advantage of the deep masseter with age.
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Figureb.14: Mandibular bending strengths édmaleC. crocutdrom Balbal, Tanzania. Th@per xaxis values (46) are P3/p3 wear stages. The loweaxs labels
are the interdental gaps. zx/L indicates strength in dorsoradiiitending. zy/L indicates strength in labiolingbanding. zx/zy is mandibular cressctional shape.
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Figureb.15: Mandibular bending strengths ahale C. crocutdrom Balbal Tanzania. The uppefaxis values (37.5) are P3/p3 weastages. The lower-axis labels
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Figure5.16: Bite forces of femaleC. crocutdrom Balbal, Tazania. The upper-axis values (46) are P3/p3 wear stages. Thmver xaxis labels are the positions

along the mandibleSample sizes for mechanical advantage of the temporalis at c: stage 4 (n = 11), stage 5 (n = 5), stage 6 (n = 1). SEmptediamical

advantage of the temporalis at p2/p3: stage 4 (n = $tB9ge 5 (n = 7), stage 6 (n = 1). Sample sizes for mechanical advantage of the temporalis at p3/p4: stage 4 (n

=11), stage 5 (n = 7), stage 6 (n = 1). Sample sizes for mechanical advantage of the temporalis centre of m1: sthpesta@ge 5 {n = 73tage 6 (n = 1). Sample

sizes for mechanical advantage of the superficial masseter at c: stage 4 (n = 12), stage 5 (n = 5), stage 6 (h = DeS&npreshanical advantage of the

superficial masseter at p2/p3: stage 4 (n = 12 ), stage 5 (n =agg 6t(n = 1). Sample sizes for mechanical advantage of the superficial masseter at p3/p4: stage 4

(n=12), stage 5 (nh =7), stage 6 (n = 1). Sample sizes for mechanical advantage of the superficial masseter atlcesttrgeof tfm = 12 ), stage 5<17), stage 6

(n = 1). Sample sizes for mechanical advantage of the deep masseter at c: stage 4 (n = 12), stage 5 (n = 5), sta§arle sites for mechanical advantage of

the deep masseter at p2/p3: stage 4 (n = 12), stage 5 (n = 7), stagelf.(Bample sizes for mechanical advantage of the deep masseter at p3/p4: stage 4 (n = 12),

stage 5 (n = 7), stage 6 (n = 1). Sample sizes for mechanical advantage of the deep masseter at centre of m1: stggstada 5 (2= 7), stage 6 (n = 1).
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Figure5.17: Bite forces ofmaleC. crocutdrom Balbal Tanzania. The upperaxis values (8 7.5) are P3/p3 wear stages. The lowesxis labels are the positions
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5.2.2.3 Ontogeny of the postrania

To test ontogenetic size change of the postinia, measurements were again divided by m1
lengths and bas&0 logarithmically transformed. Only bones with completely fused epiphyses
were used. Dued the relative scarcity of zrocutapost-crania in museum collections, tests for
statistical significance could not be conducted. The small sample sizes also mean that data are
displayed as individual value plots rather than box plots. Data were saofftoi@llow this to be
conducted for the following elements: humerus, radius, ulna, femur, tibia, fibula, patella,
scaphelunar, navicular, astragalus, and calcaneum. Additionally, the brachial index (radial

length/humeral length) and the crural index (@lblength/femoral length) were calculated.

The individual value plots indicate size (relative to the ml length) at each stege Figure
5.18). Thesample sizes are very small, however, most measurements either show no consistent

pattern with age, or show differences in patterns between males and females.

The exceptions are the greatest breadth of the distal end of the radius, the greatest breadth of
the articular surface of the ulna, and the greatest breadth of the scdphar. These suggesha
increase in size with age, although this is based on a small number of female specimens. There

are insufficientspecimens to distinguish a pattem maleC.crocuta

The depth of the femoral caput appears to decrease in size with age in both males and females.
The brachial index also appears to decrease with age in females, alttiosighbasedn a small

number of specimens (n=6).
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Figureb.18: Presentday C. crocuta postranial measurements divided by m1 length, and base

10 logarithmically transformed. F = female. M = male. GL = greatest lergih= Greatest length

from the caput. DP = greatest depth of the proximal end. SD = smallest breadth of the diaphysis.
BD = greatest breadth of the distal end. DPA = depth across the anconeal process. SDO = smallest
depth of the olecranon. BPC = greatestdmith across the proximal articular surface. DC =

greatestdepth of femoral head. GB = greatest breadth.
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5.2.3 Discussion
5.2.3.1 Repeated linear measurements

The results of the repeated linear measurements @f. @rocutakull indicate that there are no
statistically significant differences he¢en two random samples of each measurement. There
is therefore no concern that the precision of the measurements will influence the results of

morphological analyses.

5.2.3.2 Ontogeny of the cranium and mandible

The results indicate that many measurements of gkl are not fullygrown inC. crocuta
individuals with stage Il P3/p3 wear. Of functional significance to feeding is the breadth of the
zygomatic arches, which is significantly smaller at stage Ill than stages IV and V. As the zygomatic
arches are attehment sites for the masseter musghon Toldt, 190%ited in Turnbull, 1970;

Ewer, 1973)the breadth is an indication of the size of the masseter muscle and thus of bite
strength(Radinsky, 1981a; Tanretral,, 2010) Therefore, the younger stage 1l individuals likely

had smaller masseter muscles, and therefore reduced bite strength when compared to older
individuals.
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Conversely, there are measurements that show no difference between stages Ill and IV. These

may have eached full size earlier than other measurements.

There are also measurements that appear to increase in size through life, at least until stage VIII
(frontal breadth, and measurements of mandibular depth, particularly at p2/3 and p4/m1 in
males). Differat skull measurements of. vulpesalso have different patterns of ontogenetic

size change, with some measurements increasing through(HatovaNentvichovaet al.,

2010)

In addition, in males two measurements decrease in size through life (the breadth of the
occipital cadyles, and the breadth external to the auditory meatus). Although the
measurements are different, the smallest distance behind the supraorbital processes (least
breadth of skull in the present study) decreased after six months of ayevnlpegHartovéa

Nentvichovéet al., 2010).

As mentioned, measurements of mandibular depth increase with age up to at least stage VIII.
Additionally, the zx/L indices increase with age up until at least wear stage VI. These are
particularly apparent in males. Both measurements indicate tasi® to dorsoventral bending
(Hildebrand, 1974; Biknevicius and Ruff, 1992; Therrien, 2005; Palragaist2011) The zx/zy
indices, giving an indication of mandibular shape, haveeglgreater than one along the
mandible for all wear stages, suggesting that the mandible is better suited to resist dorsoventral
stresses. The zx/zy indices increase with age at the-mdstposition. Together, these
measurements and indices indicate th@t crocuta mandibles (particularly males) become
increasingly more suited to resist dorsoventral stresses through life. The mandible incurs
dorsoventral stresses during biting, particularly during berecking(Biknevicius and Ruff,
1992; Therrien, 2005; Ferretti, 2007; Melagbal.,, 2008; Palmqgvistt al., 2011) This indicates

that mandibles of olde€. crocutare better suited for bon&racking.

The zy/L indices, an indication of resistance to labiolingual strefididebrand, 1974;
Biknevicius and Ruff, 199Zherrien, 2005; Palmqvist al, 2011) also increase until at least
stage VI. This is particularly apparent in males. Struggling prey may exert labiolingual stresses
upon the mandiblgBiknevicius and Ruff, 199Zhis indicates that individuals are increasingly
able to successfully target larger prey as they grow older. Although it must be borne in mind that
successful hunts are dependent upon other factors, such as hunting gize(plolekampet al.,,

1997)

The measurements of bite strength, as measured through mechanical advantage of the muscles,
have less clear patterns. The mechanical advantagbeotuperficial masseter exhibits little

change through life, at all bite points. This was also found in a study of individuals of known ages
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(Tanneret al, 2010) By contrast, in the prese study, the mechanical advantage of the deep

masseter increases in males, yet decreases in females.

In the aforementioned studied population, mechanical advantage of the temporalis muscles
increased until 22 months of ag@anneret al, 2010) which is after permanent dentition is
attained at 1214 months of agéBinder and Van Valkenburgh, 200Bpwever, in the present

study, this changes little in femtes, and decreases with age in males.

Where there is no change in mechanical advantage with age, there is an isometric relationship
between the inlever and outlever(Tanneret al., 2010) and thus bite force remains constant.

A decrease in mechanical advantage suggests that théewat grows hyperallometrically when
compared to the iHever, and vice versa when there is an increase in bite strength. There is thus
a decrease in bite streyth with lower mechanical advantage, and an increase in bite force with

greater mechanical advantage.

Taking the mechanical advantages of each muscle together, it is unclear wettr@cutdite

force increases, decreases or remains constant through life. Evidence is seen through the smaller
masseter in stage Il individuals (as measured through zygomatic breadth) in the present study.
This was also seen Tranneret al's (2010)study, where zygomatic arch width increased until

33 months of age. In a study using a force transducer on live individBialder and Van
Valkenburgh(2000)discovered that bite force increased until four years of age. Unfortunately,
the P3/p3 wear stage cannot be translated into years of age, so the results candotbty

compared with those of the present study.

This change in bending strength and potentially bite strength through life indicates that younger
C. crocutaparticularly males, may be less able to consume tough food such as bone. This may
be a disadvaiage when competition is high as younder crocutaparticularly those of lower
ranking mothers, may be left with the less preferential parts of carca@3emket al., 1989;
Egelancet al., 2008) Reduced ability to consume bone may limit survival of youfig@rocuta

if food scarcity is prolonged. This is an important consitien for the Pleistocene as prolonged
conditions resulting in food scarcity may have factored into the reduction in populations of

Czrocuta and eventually led to their extirpation.

In light of the results, cranial and mandibular measurements of wesyestlIC. crocutawill be
excluded from future analyses. Additionally, those measurements that increase or decrease with
age through life will be analysed within separate wear stages in further analyses. Apart from
these measurements, the results indicateat amalgamating the other measurements from

different wear stages (IV onwards) will not influence results of the morphological analyses.

-220-



5. ModernCrocuta crocuta

5.2.3.3 Ontogeny of the postrania

Postcranial sample sizes are small, so only tentative observations can be Madeover,
material was only sufficient for analysis of the long bones, patella, carpals and tarsals. Most
measurements appear to change little with age from P3/p3 wear stage IV. This suggests that
after fusion of the epiphyses, the elements do not notidgathange in size. However, no P3/p3

wear stage lll specimens were included in the analyses due to lack of data.

Three measurements appear to increase in size with age: the greatest breadth of the distal end
of the radius, greatest breadth of the articulsmrface of the ulna, and greatest breadth of the

scaphalunar.

Change with ontogeny was also assessed in the brachial and crural indices. There is insufficient
data to confidently determine whether the crural index changes with age as the value from the
wear stage IV individual overlaps with those of the stage IV individuals. However, the brachial
index appears to decrease in age in females. This means that the humerus is relatively longer
when compared with the radius in older individuals. However, sarsjdes are small, so this

cannot be confidently concluded.

As there are few Pleistocene specimens with associated cranial material with which the P3/p3
wear stage can be determined, the pastanial elements that potentially exhibit change with

ontogeny wll be treated with caution in the analysis of Pleistocene morphometrics.
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5.3 Sexual size dimorphism
5.3.1 Introduction

C. crocutaexhibit reverse SSD (i.e. the females are larger than the males), which is uncommon
in mammal speciefRalls, 1976; Swansat al, 2013) This has been observed in body mass
(SillereZubiri and Gottelli, 1992; Swansat al., 2013)and morphological traits measured
externally on live individuals: bgdength, skull length, head circumference, distance from the
zygomatic arch to the top of the sagittal crest, distance from the zygomatic arch to the back of
the sagittal crest, neck circumference, girth of the torso, shoulder height, scapular length, and
upper leg length(Swansonet al, 2013) Femalebiased SSD i&. crocutahas only been
determined in a small maber of craniodental elements: canines, carnassials and skull length.
Male biased SSD has been observed in the moment arms of the temporalis and superficial
masseter, and the moment arm of resistance at the can{@#tleman andvan Valkenburgh,
1997) Apart from this, there has been little research on SSD in skeletal and dental elements of
C. crocuta This study will attempt to address this, through an analysis of SSD of a large
population of recentC. crocutarom Balbal, Tarania. Additionally, SSD will be calculated for
body mass, bones and teeth from other localities across Africa, in order to assess whether there
is any geographical variation in SSD, and if so, whether there are any environment correlates.
The SSD value$ather African predators have also been calculated soGharocut&&SD values

can be put into context.
The research questions are as follows:
1 In which morphological features do€s crocutaexhibit SSD?
1 Does SSD vary between populations across Africa?
f LT 423 R2 (GKSaS @GFrNAFGA2ya F2tift26 wSyaoOK(

1 Do temperature, precipitation and vegetation correlate with variations in the degree of

SSD?
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5.3.2 Results
5.3.2.1 Body mass

The degree of SSD@ crocutdbody mass is not constafifable 5.14)Calculated values range
from 0.003 in South Africa to 0.086 in the Kruger National Park, South Africa, with females larger
than males. Furthermore, there is one location, Botswana, where males were recorded as being

heavier than females with an SSD valfie0d052.

To put theC. crocutavalues into context, SSD values have been calculated for other large African
predators (Figure5.19 and Appendix10.5 Table10.11 to Table 10.15). All species exhibit
predominantly malebiased SSD, except for pictusfor which there is only a single data point
with a very ow value of 0.009 indicating little difference between males and females. With
values between 0.097 and 0.2, pardugxhibits greater SSD thah crocutaThe SSD values

of P. leqg A. jubatus andP. brunneaall overlap the upper range @. crocutavalues, yet these

species have greater SSD thancrocutaat some sites.

Tableb.14: ReceniC. crocutaalculations ofexual size dimorphis@SDPositive valuesidicate

that females are larger.

Country Location SSD
Botswana -0.052
Kenya Aberdare National Park 0.039
Kenya Maasai Mara National Reserve  0.044
Kenya Narok District 0.066
South Africa 0.036
South Africa HluhluweiMfolozi Park 0.022
SouthAfrica iMfolozi Game Reserve 0.085
South Africa Kalahari Gemsbok National Par  0.08
South Africa Kruger National Park 0.086
South Africa Kruger National Park 0.038
South Africa and Zimbabw Transvaal and Zimbabwe 0.05
Southern Africa 0.003
Tanzania Serengeti 0.055
Zambia 0.003
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0.3+

0.2+
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0.0 |

Sexual size dimorphism value (log 10)

-0.1+

C. crbcuta P. ‘Ieo P. pérdus A. jubatus P. bernea L. pi‘ctus
Species
Figure5.19: Box plot of exual size dimorphism values of recent large carnivore body masses
from sites in AfricaPositive values fdE. crocutandicae that females are larger. Positive values
for P. leqQP. pardusA. jubatusP. brunneandL. pictusndicate that males are larget. crocuta

n=14P.leon = 11P. pardus) = 7.A. jubatusn = 4.P. brunnean = 6.L. pictusn = 1.

In order to asses whether SSD varies with body size, a reduced major axis regression was
performed on basd0 logarithmically transformed female body mass against {fse
logarithmically transformed male body magdgure5.200® ¢ KS t S NB2y Qa NJ O2
high at 0.929, and is significant at 95 % withaafue of 0.0003. The slope is 1.05he 95 %

bootstrapped confidence intervals are 0.75845, which san the regression slope value of 1.
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Figure5.20: Reduced major axis regression of bafelogarithmically transforme. crocuta

female body mass and bad® logarithmically transforme@. crocutanale body masén = 9)

Sample sizes are too small to run a PLS regressionQvittrocutabody mass SSBs the
dependent variable. As running individual regression increases the likelihood of Type | errors,
individual Spearman Rank Order correlations were performed. These assessed the correlation
between C. crocutabody mass SSD ar@. crocutadensity, P. o density, prey biomass,
minimum temperature of the coolest month, maximum temperature of the warmest month,
precipitation of the driest month, precipitation of the wettest month, closed vegetation cover,

semiopen vegetation cover and open vegetation env

All correlations are insignificant at 95 % confidentab{e5.15). The strongest correlation is

against semopen vegetation cover with anvalue of 0.544.

Tableb.15: Spearman Rank Order statistic€ofcrocutdbody mass SSD against each variéble
=9).

Variable rs p-value
C. crocutadensity -0.259 0.5

P. leodensity -0.326 0.391
Preybiomass -0.243 0.529
Min. temp. coolest month -0.168 0.666
Max. temp. warmest month 0.37 0.327
Precipitation driest month -0.37 0.327
Precipitation wettest month -0.343 0.366
Closed vegetation cover -0.293 0.444
Semtiopen vegetation cover 0.544 0.13

Open vegetation cover -0.326 0.391
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5.3.2.2 Crania and dentition

The degree of SSD was calculated for cranial and dental measurements from localities across
Africa. In light of the results in Secti@?2, specimens with P3/p3 weastages of Il were
excluded from the cranial and mandibular analyses. Additionally, SSD of the breadth of the
occiput condyles, breadth of the auditory meatus, mandible depths, and mandibular bending

strength indices at each wear stage were assessedata

With values betweer0.059 and 0.063igure5.21), the SSD of teeth is small. None of the dental
measurements show consistent positive (fdesaare larger) or negative (males are larger) SSD
values. The SSD values of cranial measuremE&igare5.22) similarly do not showonsistent

positive or negative values. The values have a larger range-@0@6 to 0.077, but are still low.

n=3 8 5 8 8 9 8 8 10 1212 4 7 4 8 10 136 9 11 9

50'0757 Females larger

S o *

o> 0.050-

o

-

£ 0025 8§

k2

= o O

go.ooo.

E ¢

T .0.025

(O]

N o

%-0.050— s o ®

=

o -0.075- Males larger
OO o o & ™mm< < F 00 N N W M S % o o
U o« N H o O c N T o - - = =N < =
2 2csccscss£ssEE38T8EEEEEE < <

D T O O O T O T © D T 99 T 99 T H B
EEC'—C'—C'—C'E'—EEC'_C'_C'—g’g
S 8338332832325 33833% 5%
o < Q n
< = S < =
0]

Figure5.21: SSD values @f. crocutalental measurements frorfocalities across AfricRositive

values

AP=anteroposterior. ML = mediolateral.
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Figure5.22: SSD values @f. crocutaranial measurements from localities across Africa. Positive
values indicate females are larg@egative values indicate males are larderTotal length of
cranium (9). 2. Condylobasal length (9). 3. Basal length (9). 4. Basicranial axiB&Sifabial
axis(5). 6.Upper neurocranium lengtf9). 7.Viscerocranium lengtt6). 8.Facial lengtt{10). 9.
Greatest length of the nasa(6). 10.Snout length(9). 11.Median palatal lengti{9). 12.Length

of the horizontal part of the palatin€l0). 13Length of the cheektooth row (PR4)(10). 14.
Length of the cheektooth row (FR3)(9). 15.Greakst diameter of the auditory bullég). 16.
Greatest mastoid breadtf9). 17.Greatest breadth of the bases of the paraoccipital processes
(9). 18.Greatest breadth of the foramen magnuf8). 19 Height of the foramen magnurg®).
20.Greatestneurocranium breadttf9). 21.Zygomatic breadtlf9). 22 Least breadth of the skull
(10). 23Least bredth between the orbit{11). 24 Greatest palatal breadt(®). 25 Least palatal
breadth(10). 26 Greatest height of the orb{tLl0). 27 Skull height9). 28.Height of the occipital

triangle(9). 29.Temporal fossa lengt{®). Numbers in brackets indicate sample sizes.

The SSD values of the mandibular linear measurements show a different pditiguned.23).

Again, none of the measurements have values that are consistently positive or negative.
However, many of the measurements have only orgative SSD value. These measurements
are the lengths of the condyle to the symphysis, canine, and p2/p3; lengths of the angular
process to the symphysis and canine; lengths of the notch between the condyle and angular
processes to the symphysis and caniheight of the ramus; width at p2/p3; moment arm of

resistance at the canine. This negative SSD value derives from the same locality for all these
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measurementsParc National de I'Upemb#&om which there is only one female and one male
specimen Neverthdess, the positive SSD values are still low for these measurements, with a
maximum of 0.05. Across all measurements, the SSD values rangeOifisv to 0.105. This
range is greater than that for the dental and cranial SSD values, although one measurement

(mandibular width behind the m1) accounts for much of this variation.
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Figure5.23: SSD values &. crocutanandibular measurements from localities across Africa.
Positive values indicate females are larger, negative values indicate males arellaOgerdyle
to symphysislength (8). 2. Angular process to symphysesgth (10). 3. ©ndyle/angular
indentationto symphysidength (10). 4.Condyle to ¢ alveolus lengti0). 5.Condyle/angular
indentation to ¢ alveolus lengtfl0). 6.Angular process to c alveolus lendf®). 7.c alveolus
to m1 alveolus lengtl(10). 8.Length of cheektooth row (p2 m1) (9). 9.Length of cheektooth
row (p3¢ m1l)(10). 10.Length of premolar row (p2 p4) (10). 11.Height of the vertical ramus
(10). 12.Mandibular width at p2/p3(9). 13.Mandibular width at p3/p4(9). 14.Mandibular
width at p4/m1(9). 15.Mandibular width at posin1 (9). 16.Distance from p2/p3 to middle of
articular condyleg(9). 17.Distance from p3/p4 to middle of articular condy{®). 18.Distance
from p4/m1 to middle of articular condyk®). 19.Distance from posinl to middle of articular
condyle(9). 20 Moment arm of thesuperficiamasseter(10). 21 Moment arm of the temporalis
(10). 22 Masseteric fossa lengif10). 23Moment arm of resistance at m®). 24 Moment arm

of resistance at €8). Numbers in brackets indicate sample sizes.
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In light of the results from Sectidn2that the frontal breadth, breadth of the occipital condyles,
breadth external to the auditory satus, mandibular depth and mandibular bending strength
change in size through the life of an individual, SSD of these features was calculated once data
were split into different wear stages. The SSD values of fror¢aldth, breadth of the occipital
condyles, and breadth external to the auditory meat(Sgure5.26) are both positive and
negative for wear stages V and VI. The SSD values at wear stage |V are positive, however, this
result is comprised of data from only two sites. The SSD values arealnying from-0.03 to

007 for frontal breadth;0.014 to 0.028 for the breadth of the occipital condyles, e&h@34 to

0.039 for the breadth external to the auditory meatus.

The SSD values of mandibular depths show some pattern with wear stiggeeb.27). All SSD
values are positive at all interdental gaps at wear stage IV. At wear stage V, values are positive
and negative for all interdental gapshdre are only two samples at wear stage VI. Both are
negative, although the value for the p3/p4 interdental gap is close to zef@@2. Overall, the

SSD values are low for all measurements, ranging {00054 to 0.051.

The SSD values for bending stggn(Figure 5.2&nd Figure 29)indicate hat at wear stage 1V,

SSD values are positive at all interdental positions in the dorsoventral plane (zx/L), and at all
points in the labiolingual plane (zy/L) except for the padt position. At wear stage V, some
sites have positive SSD values and some megative values. At wear stage VI, the SSD values
are negative. However, this is based on only one site. Some SSD values are high, ranging from

0.212 to 0.211 for zx/L, and fror.235 to 0.265 for zy/L.

As showrin Figure 530, there are few measurements with consistently positive or negative SSD
values of the relative mandibular bending strengths in the labiolingual and dorsoventral planes
(zx/zy). This is excefuir the wear stage IV p4/m1 position with negative values, the wear stage
IV postm1 position with positive values, and both VI positions with positive values. However,

sample sizes are again low. SSD values are also low, ranging 08mto 0.047.

In wntrast to the linear mandibular measurements, the mechanical advantage of the temporalis
and masseter exhibit no consistent positive or negative SSD V@igese5.31). All SSD values

are low, ranging betweer0.087 and 0.076.
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To further assess the extent to which SSD is reflect€d amocutaranial, mandibular and dental
measurements, tests for statistical significance were conducted. -Tdwts and Mann Whitney
tests (in the case of nenormally distributed data) compared male and females measurements
of specimens from Balbal, TanzaniaeDo small sample sizes, these tests were not performed
on the anteroposterior lengths of the upper and lower canines, the basicranial axis, basifacial
axis and viscerocranium length. Additionally, these tests were not performed on those
measurements thathange in size through life, again due to small sample sizes in each P3/p3

wear category.

The results show that there are no significant differences at 95 % confidence between males and
females in any measurementdble5.16 ¢ Table5.19). This is also true for the mandibular
measurements that appear to be larger in females, as shovigiare5.23. Additionally, there

are no significant differencesebween males and females of mechanical advantages of the

masticatory muscles at any bite point along the mandible.
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Table5.16: Results ot-tests and Mann Whitneyests comparing male and fema(& crocua

dental measurements of specimens from Balbal, Tanzania
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53|E |2 |€ |2 |8 |2 |&€ |& |=
SE/2 | B |E |E |E |2 B,|E
Test =5 | 4 = | = | = | O | =2
t-test
t-value 1.28 1.16| 1.77 0.56 1.04| 0.94| 1.21
p-value | 0.217 0.256| 0.09 0.581 0.307| 0.355| 0.237
Mann Whitney
W-value 294.5 4155 336
p-value 0.857 0.152 0.479
g5/ o (3 |2 |2 |3 E |
T o | © IS °© © °© © ° ©
TEIS |5 g |z g |z g |z
Test S35 | 3 = 4 = 4 = 4 =
t-test
t-value 0.24 0.26 1.31 0.3| 1.71| 0.65| 0.99
p-value | 0.815 0.799 0.198| 0.765| 0.096| 0.522| 0.333
Mann Whitney
W-value 420.5 384
p-value 0.223 0.494
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Table5.17: Results of-tests and Mann Whitnetests comparing male and female crocutaranial measurements of specimens from Balbal, Tanzania.
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Table5.18: Results oftests and Mann Whitney tests comparing male and fen@lerocutanandibularmeasurements of specimens from Balbal, Tanzania.
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Table5.19: Results oftests comparing male and female crocutanasticatory muscle mechanical advantage calculatadrepecimens from Balbal, Tanzania.
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accompanying Pearson correlation on the mandibular measurements that appear to exhibit SSD

(Table5.20 and Figure5.32). Condylobasal and m1 lengths were also included because these

measurements scale closely withevall body sizévVan Valkenburgh, 1990)

Only three of the 12 measurements have significant linear correlations between males and
females at 95 % confidence (m1 length, mandibular ramus height, width of the mandible at
LHKLIoO® ¢KS aad20AF0SR tSFENE2YyQad NJ O2NNBf I (
az2YSyd IN¥Y 2F NBarxadqryOS Id GKS OITidstalsticKl & |
andFigureb.32 show that there is very little correlation between male and female sizes. Except

for mandibular ramus height, all measunents have slope values that are greater than one.
However, the 95 % bootstrapped confidence intervals of the slope all span one for every

measurement.

Table5.20: Results of reduced major axis regressions, with désegarithmically transformed

C. crocutafemale measurements on the-axis, and basé&0 logarithmically transformed
C'zrocutamale measurements on thelyEA & ® { GF GA&0GA O& Aoh@AddzRS ¢
associated gvalue. Also shown are the regression slope values, with associated 95 %

bootstrapped confidence intervals of the slope.
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Craniodental SSD sample sizes are too small to run PLS regressions. Spearman Rank Order
correlatiors were performed in order to avoid the elevated chance of Type | errors associated
with individual regression models. The mandibular measurements that potentially exhibit SSD
were included. Condylobasal length and m1 length were also included as theselssaly with

body masgVan Valkenburgh, 1990The tests assessed the correlation of these craniodental
variables against the flawing environmental variables: minimum temperature of the coolest
month, maximum temperature of the warmest month, precipitation of the driest month,
precipitation of the wettest month, close vegetation cover, s@&pén vegetation cover and

open vegetatio cover.

The results are insignificant at 95 % confidentab(e5.21). Theexception is the negative
correlation between the mandibular condyle to sghysis length and closed vegetation cover
(rs=-0.886, pvalue = 0.019). However, this value is insignificant when the Bonferroni correction
is applied, which means thevalue is only significant if less than 0.071. While the correlations
between closed/egetation cover and the other mandibular measurements are all insignificant,
they are also all negative. Correlations of the mandibular measurements with precipitation of

the driest month and open vegetation cover are also all consistently positive.
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Table5.21: Spearman Rank Order statistics@f crocutecraniodental SSD values against environmental variables. The top number is the rs value. The bottom
number isthe p-value. All variables except vegetation were bagelogarithmically transformed prior to the analys@$ie vegetation variables were centred log

ratio transformed. Bonferroni correctedyalue = 0.0071. Shaded section is significant at 95 % uncedreonfidence (p<0.05).

3 g S22 <cg2s8gz SS9 g 883 S22 SS9 Sgo g
2 oy o> =sn>0cg © —n OC — = 8
s 5 t353$53fES3 2% 3L 29 £L S30 2%
s 2 = SEEDSE SE3 52 28 S E£o0o § cE c£22 EQ,
Q& = 855 c925S o= S5 c 2 Q9o S £ T8 Ssa &
ow S S onh<anh Oadl =0 <a OgLe =¢ S =00 =0Tt
No. sites 7 9 6 8 8 8 8 8 8 7 7 6
Min. temp. 0.321 -0.217 0.143 0.381 0.405 -0.048 0.381 0.405 0.545 0 0.321 0.257
coolest month 0.482 0.576 0.787 0.352 0.32 0.911 0.352 0.32 0.16 1 0.482 0.623
Max. temp. 0 -0.383 0.143 0.262 0.143 0.262 0.262 0.143 0.5 -0.107 0 0.143
warmest month 1 0.308 0.787 0,531 0.736 0531 0.531 0.736 0.207 0.819 1 0.787
Precipitation 0.667 -0.131 0.638 0.61 0.708 0.22 0.61 0.708 0.512 0.523 0.667 0.667
driest month 0.102 0.738 0.173 0.108 0.05 0.601 0.108 0.05 0.194 0.229 0.102 0.148
Precipitation -0.286 -0.017 -0.257 -0.048 -0.143 0.048 -0.048 -0.143 0.048 -0.107 -0.286 -0.257
wettest month 0535 0966 0.623 0911 0.736 0.911 0911 0.736 0.911 0.819 0.535 0.623
Closed -0.75 0.383 -0.886 -0.452 -0.476 -0.5 -0.452 -0.476 -0.214 -0.464 -0.75 -0.714
vegetation cover 0.052 0.308 0.019 0.26 0.233 0.207 0.26 0.233 0.61 0.294 0.052 0.111
Semiopen -0.429 -0.633 -0.314 -0.333 -0.405 -0.19 -0.071 -0.405 -0.071 0.143 -0.429 -0.543

vegetation cover 0.337 0.067 0.544  0.42 032 0.651 0.867 0.32 0.867 0.76 0.337 0.266
Open vegetation 0.643  0.35 0.6 0.619 0.643 0.333 0.405 0.643 0405 0.036 0.643 0.714
cover 0.119 0.356 0.208 0.102 0.086 0.42 032 008 032 0939 0.119 0.111
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5.3.2.3 Postcrania

To assess further the difference in size between male and fe@ateocuta SSD values were
calculated for measurements of the pestania. Unfortunately, due to the relative scarcity of
post-cranial specimens, SSD values could be calculated from onlgiteag Site 6.11. (Parc
bFrGA2ylf RS fQ!LISYolEYXT 55Y20NF A0 wSLlzotAO 2°
Park, Kenya). Due to lack of data, SSD values were only calculated for some of tramiabt
bones: axis, scapula, pelvis, humerus, radiuisa, femur, fibula, astragalus and calcaneum.
Additionally, due to small sample sizes, the brachial and crural indices could not be calculated.
As the results of the ontogenetic size change assessment suggested little change with age in
most measurement§Sectiorb.2.2.3, data from individuals for all wear stages were combined.
This is except for the greatest breadth of the distal articular surface ofrdbdeus and the
greatest breadth of across the proximal articular surface of the ulna, which potentially exhibited
change through ontogeny and were thus excluded. The greatest depth of the femoral head was
included, but was only calculated using two indits from Site 6.11, both of which are wear

stage V.

The SSD values are not consistently positive or negative. However, where there are two samples
for the femoral measurements, the SSD values have the same sign. The smallest breadth of the
radial diaphyd is larger in females in Site 6.11, yet is larger in males in Site 10.5. The values
range from-0.073 to 0.038. These are low compared with the more sexually dimorphic species

(P. lecand P pardug in Figure5.19.
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Table5.22: Sexual size dimorphism values of presaay C. crocutaPositive values indicate females are larger. Negative values indicate males areAsr&ate

6.11,Parc National de 'Upemba, Democratic Republic of Cddig&ite 10.9Ylount Kenya National Park, Kenya.
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5.3.3 Discussion
5.3.3.1 Body mass

As opposed to the other large African predatds crocutaxhibits femalebiased SSD, as found

in other studiegMatthews, 1939; Mills, 1990; Swansenal, 2013) There is variation in the
RSINBS 2F {{5 | ONRrPaa GKS addzRé aAridaSao CANERI
Rule.To test this, female body masses were regressed against male body masses. The theory is
that if the regression slope is >1 in species in which females are larger than males, SSD decreases
gAGK aAil Sz I yR (K dzxFaib&iy,drseesSectio®) STheArggrestiant f 2 & ¢
produceda slopewith a value ofL.024, suggesting a hyperallometric relationship of male body

mass to female body mass. However, the confidence interval (eL78%) of this slope spans

the value of one. This, coupled with the strong significant relationship betwees anal female

body mass, suggests that male and female body mass has an isometric relationship. SSD does
y2i AYyONBIF&S 2NJ RSONBIFAS 6A0GK 3INBFGSNI 62Re
(following Abouheif and Fairbairn, 1997; Fairbairn, 1995%D may, therefore, be due to other

factors.

Spearman Rank Order correlations were run to assess correlations between body mass SSD and
environmental vadbles (predator density, prey biomass, temperature, precipitation,
vegetation cover). None of the correlations are significant, although the sample size is low, with
only nine sites included. The strongest correlation is a positive relationship of SS&emith

open vegetation cover, however, there appears to no indication in the literature as to why there

may be a relationship between the two variables.

Most investigations into variations of SSD haween explained by food availability or
competition (e.g. Ralls and Hrvey, 1985; Isaac, 2005; McDonough and Christ, 2062he
present study, however, the results of the correlations suggest that intraspecific competition,
competition withP. leg and prey biomass have very little association Wlitlcrocutdbody mas

SSD.

Overall, the lack of significance and smaitlalues suggest that the variables have only weak
associations witlC. crocutdody mass SSD. This may be a real signal, or may be due to the small
sample size. The geographical coverage is also pagure4.2). A further factor to consider is

the degree of SSD compared to other spediedeq andP. pardusexhibit stronger SSD than

| drocuta The concern is therefore whether the geographical variation in the degree of SSD is

actually large enough to warrant attribution to any environmemnatiables.
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Furthermore, the variations in SSDdncrocutanay merely be due to problems with using body

mass as an indicator of SSD. Body mass is highly variable and may be affected by how much an
individual has recently eate(East and Hofer, 1993This may be especially important in
Czrocutaas adult males are often outcompeted by higher ranking femalescat@sgFrank

et al, 1989) Thereforethe degreeof SSD after feeding may be greater as females may have
consumedmore. This, thereforeraises questions about the validity of using body mass as a
means of determining levels @SDand supports the use ddlternative elements such as

measurement of bones and teeth.

5.3.3.2 Crania and dentition

The results show that there is little consistenteatition of sexual size dimorphism in most
cranial, mandibular and dental measurements. The SSD values indicate that females are larger
in some sites, whereas males are larger in other sites. Moreover, a comparison with the SSD
values of other carnivores sh asP. lecandP. pardugFigure5.19) suggests thaCzrocutaSSD

values are low. This suggests that the positive or negative SSD values fdateeachmerely an
indication of a factor such as sample size, or small, local variations. Potential exceptions to this
are some of the mandibular measurements. For these measurements, only one site has a
negative SSD value, and this was calculated witi oné male and one female. Despite this,

the t-tests and Mann Whitney tests on the Balbal specimens revealed no significant differences

at 95 % between males and females in any cranial, mandibular or dental traits.

This means that going forward, the maldsmales, and specimens of unknown sex can be
combined in analyses. However, the mandibular measurements that potentially exhibit SSD will
be treated so that males and females are assessed separately. Similarly, the results mean that,
aside from the few madibular measurements, sex will not be a consideration when interpreting

the Pleistocene data.

Measurements of mandible length potentially exhibit fembaiased SSD, as do measurements
from the condyle to the p2/p3 and the canine. These measurements aleded in the
calculations of mechanical advantage of the masticatory muscles and of bending strength.
Potential femalebiased SSD is also observed in the width of the mandible at p2/p3, which is also
included in bending strength calculations. There igwication of SSD in mechanical advantage.
By contrast, there appears to be variation in SSD of dorsoventral and labiolingual bending
strength with age. Younge€. crocutaexhibit femalebiased SSD in these indices. As age
increases, the indices exhibit feebiased SSD, although sample sizes are small. However, as the
mandible incurs stresses during biting hard food and struggling(@i&pevicius and Ruff, 1992;
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Therrien, 2005; Ferretti, 2007; Meloet al., 2008; Palmqvigst al., 2011}his suggests that older

males have greater bending strengths and #imes better suited to consume bone and target
larger prey. However, males are disadvantaged relative to females when they are younger. It is
difficult to determine whether this may have a noticeable impact on the feeding ability of males
and females as #n calculations of bending strength were not subject to tests for significant
difference due to small sample sizes. Moreover, the SSD values are variable. Many of the values
are less than 0.1, however, some of the values are large, and equal the higheal&&Dof the

more sexually dimorphic carnivore species sucR.descandP. pardugFigure5.19).

The measurements that potentially exhibit SSD, in addition to indicators of body size (cranium

f SYy3dK FyR Ym fSy3iKo 6SNB daSaaSR F2N wSya
measurements have a slope greater than one, suggesting that males increase in size
hyperallometrically to females. However, in all cases, the confidence intervals span one. The
measurements with the largest confidence intervals are those for which thergvdak
correlation between male and female sizes. Other measurements (cranium and ml lengths,
mandibular ramus height, and mandibular width at p2/p3) have significant correlations between
males and females, and small slope confidence intervals. For thessumements, there is likely

an isometric relationship, so that neither males nor females increase in size more than the other.
This also means that degree of SSD does not increase or decrease with larger size, and therefore
R2 y20 F2tft26 wSyaoOKQa wdzZ So

Spearman Rank Order correlations were run to assess the relationship between craniodental
SSD and environmental variables. Most tests show that there are only weak and insignificant
correlations between the SSD values and environmental variables. The excisptine length
between the mandibular condyle and symphysis, which has a negative correlation with closed
vegetation cover. The other mandibular measurements exhibit the same relationship, although
these are weaker and insignificant. In terms of thedtteiene, this suggests that during periods

of greater vegetation cover, the mandible exhibited reduced SSD. However, the relationship
between the length of the mandibular condy$#mphysis and closed vegetation cover is
insignificant when the Bonferroni o®ction is applied, meaning that the uncorrected

significance may have been a Type | error.

Other than this one example, the environmental variables included in this analysis do not have
strong associations with degree of SSD. There are a number of @btexplanations for this.
Firstly, the environmental influences upon SSD as outlined in S&:f#@me mostly comprised

of body mass studies. Therefore, there miagt be direct environmental influences upon
craniodental elements. Secondly, the sample sizes of the tests were small, and therefore may

have been insufficient to highlight any relationships between SSD and environmental variables.
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Lastly, there may be fluences that were not included in the model. For example, abundance of
C. crocutaother large predators and prey were not included due to lack of data for most sites.
Competition for food was suggested to be a driver of @&dac, 2005and references there)n
Food availability influences degree of SSD of body sizearctofMcDonough and Christ, 2012)
and Mustela spp(Ralls and Harvey, 1985}easonality in food may also drive body size SSD
(Isaac, 2005and references therep which may explain the potential influence of cold winters

and warm summers on greater SSD of the least breadth of the skull.

Overall, the results of this section differ from other studies of SSD. inrocuta Notably,
Swansonet al. (2013) and Matthews (1939) observed femaléiased SSD in skull length.
However, these measurements were made on live individuals, and thus comprised not only the
size of the skull, but also other tissues such as muscle. One explanation for the disparity may be
that muscles continugrowing after the skull has stopped growing. Indeed, in a studgihger

and Van Valkenburg(2000) bite strength measured on liv@. crocutecontinued to increas

until four years of age, long after skull had finished growing at 20 months of age. This led the
authors to suggest that the muscles continued growing after the skull stopped growing. Indeed,
Swansoret al.(2013)stated that the most dimorphic features are those that stop growing later

in life.

The results also contrastith a study byGittleman and Van Valkenburgh997)who observed
female-biased SSD in canines, P4, m1 length, skull length, and moment arm of resistance at the
lower canines ofC. crocuta and malebiased SSD in width of the m1l, moment arm of the
temporalis, and moment arm of the superficial masseter. Except for moment arm of resistance
at the canines, all of these measurements revealed no consistent direction in S®piasent

study. The disparity between the two studies is becaBgieman and Van Valkenburghk907)

studied specimens from only one geographical area. ThetsssnilsupporKlein's(1986)finding

that C. crocutal.5° south of the equator exhibit no SSD in m1 length.

5.3.3.3 Postcrania

The sample size used calculate SSD is small, due to the paucity of postial specimens in
museums when compared with the abundance of crania. However, where femoral SSD was
calculated from two sites, the direction of SSD is consistent, lending support to the resigdts. Th
was not the case for the smallest breadth of the radial diaphysis, where female measurements
are on average smaller in Site 6.11, yet larger in Site 10.6. Some measurements show positive
SSD (larger in females), and some measurements show negative@®@bil males). The SSD
values are low, especially when compared with the other large carnivéigaré5.19). This
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suggests that there is little 2 difference in postranial bones between male and female

CZzrocuta

Swansonet al. (2013) observed that lower fordimb length was not sexually dimorphic in
Czrocuta The radius and the ulna lengths in the present study both exhibit febiated SSD,
yet similarly toSwansoret al.(2013) the degree of SSD is low.

Overall, in light of the small SSD values, male and femalecpasial measurements will be
combined in further analyses. Additionally, the results suggest 88D will not influence
morphometric analyses of Pleistocene pasania. Finally, the small SSD values suggest that

there are no functional differences in the pegtania of males and females.
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5.4 Geographical variation in body sszand morphology
5.4.1 Introduction

Body mass and the size of individual skeletal and dental elements hold important functional
implications. For example, body mass may influence hunting afBligwvener, 1989)targeted

prey size(Carboneet al., 2007) and temperature conservation to a limited extgi8teudelet

al., 1994) Craniodental mphology is associated with the size of the brain, vision, hearing,
olfaction, respiration and feedindewer, 1973; Biknevicius, 1996; Smith and Rossie, 2008; Tseng
and Binder, 2010; Macrini, 2012; Nummetaal, 2013; Lucas, 2015; Rahmat and kskg, 2015

and see SectioB.3). The postrania are related to weight bearing, prey capture and locomotion
(Hildebrand, 1974; Van Valkenburgh, 198Hhd see Sectio3.4). Gaining insights into the
morphological variation of these elements may therefore provide valuable information about

the responses t&. crocutao different environmental conditions.

Average body masy C. crocutdnas been recorded as varying from 351 in Ethiopia (Powell

Cotton n.d., cited irshortridge 1934jo 80.06 in Botswane&Smithers 1971)Skeletal and dental

elements have also been reebas varied, with m1 lengths greater further from the equator

(Klein, 1986)and skulls larger in South Africa than eastern AffRmberts, 1951)These studies

indicate thatC. croctal NB f F NASNJ I & KAIKSNI fFGAGdzZRSaT | YR
| 26 SOSNE O2y F2NXNAGE (G2 . SNHYIyyQa wdefolutaKl a y
Moreover, the range of geographical localities used to assess the influence of Bgfgdrsan w dzf S
are few, and other factors have not been considered. Barring the above studies, there have been

no investigations of geographical variation of craniodental or {ooghial elements in present

dayC. crocuta

This study will assess the geographigiation and associated environmental influences upon
body mass, and skeletal and dental elements of presiaytC. crocutan Africa. It is hoped that
this may provide some insight into the possible drivers of any changé&iocutabody size
and maphology during the Pleistocene, by confirming whether environmental factors are

sufficient to explain variation in presedayC. crocuta
The research questions are as follows:

1 Is there geographical variation i€. crocutabody mass and skeletal and daht

elements?
f DoesC.crocutdD2y F2N)Y G2 . SNEYIlIYyyYyQa wdzZ SK

1 Are there other environmental variables that may explain variatio@.icrocutebody
size and morphology?
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5.4.2 Results
5.4.2.1 Body mass

C. crocutdemale body mass valuegdble5.23) range from 35.83 kg in Ethiopia (Powedtton,
n.d., cited inShortridge, 1934fp 78.25kg in Malawi (Wood, n.d., cited 8hortridge 193% with
a range of 42.42 kg. Male body mass ranges from 43.6 kg in the Narok District of Kesayes
et al, 1980)o 80.6 kg in Botswangmithers, 1971 with a range of 37 kg.

Spearman Rank Order correlations were performed to assess the relationship of male and
female body masses with environmental variabl€s ¢rocutadensity, P. leo density, prey
biomass, minimum temperature of the coolest month, maximum temperature of the warmest
month, precipitation of the driest month, precipitation of the wettest month, closed vegetation
cover, senbpen vegetation cover, open vegetation coxelhe correlation of male and female

body mass with distance from the equator was also assessed.

At 95 % confidence, female body mass is significantly negatively correlated with precipitation of
the wettest month (¢=-0.854, pvalue = 0.003) anB. leodensity (£=-0.711, pvalue = 0.032,
Table5.24). It is also significantly, positively correlated with maximum temperature of the
warmest month (¢=0.005, pvalue = 0.005). Male body mass is also positively correlated with
maximum temperature of the warmest months & 0.622) and negatively correlated wkh leo
density (5=-0.552), yet these are insignificant-¢alue = 0.074 and 0.128spectively). The

only significant correlation with male body mass is precipitation of the wettest mogth -(r
0.686, pvalue = 0.041).

The Bonferroni correction value for all testsTiable5.24is 0.0045. Only the correlation between
FSYFHES 02Re& Yl aa IyR LINBOALMKGEFOAR2Y 2F (GKS 4SS

confidence pvalue.

Distance from the equator is insignificantly andsjiively correlated with both female

(rs=0.636, pvalue = 0.066) and male; & 0.586, pvalue = 0.097) body mass.
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Table5.23: Mean female and male body mass (BM) datpretentdayC. crocutaMeanvalue
calculated from the minimum and maximum valug@8.02 and 78.4kg, Wood, n.d., cited in
Shortridge 193%

Country Location Mean Mean Reference
female male
BM (kg) BM (kg)

Botswana 70.99 80.06 Smithers (1971)
Ethiopia 35.83 PowellCotton (n.d., cited in
Shortridge 1934)
Kenya 58.51 Meinertzhagen (1938)
Kenya 55.79 Talbot and Talbot (1962)
Kenya Aberdare National 51.8 47.4 SilleroZubiri and Gottelli
Park (1992)
Kenya Maasai Mara 59.39 53.67 Swansoret al. (2013)
National Reserve
Kenya Narok District 50.7 43.6 Neaveset al. (1980)
Malawi 78.25 Wood (n.d., cited in
Shortridge 193%
South Africa 61.1 56.2 Skinner (1976)
South Africa  HluhluweiMfolozi 70 66.6 Whateley (1980)
Park
South Africa iMfolozi Game 57.75 47.5 Greenet al. (1984)
Reserve
South Afria Kalahari Gemshok  70.9 59 Mills (1990)

National Park
South Africa Kruger National Park 70.76 58.06 StevensorHamilton (1947)

South Africa Kruger National Park  68.2 62.5 Henschel (1986&cited in
Skinrer and Chimimba 2005)
South Africa Kruger National Park 67.92 Lindeque (1981cited in
Smithers 1983)
South Africa Transvaal 53.6 Rautenbach (198zited in
Silva and Downing 1995)
South Africa Transvaal and 64.8 57.8 Rautenbach (1978&ited in
and Zimbabwe Smithers 1988 Smithers
Zimbabwe (1983)
Southern 47.18 46.87  Thackeray and Kieser9@2)
Africa
Tanzania Serengeti 55.3 48.7 Kruuk (1972)
Zambia Eastern Province 68 Wilson (1968cited inSilva
andDowning 1995)
Zambia 68.2 67.7 Wilson (1975cited inSilva

andDowning 1995)

Minimum  35.83 43.6
Maximum  78.25 80.6
Range 42.42 37
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Table5.24: Spearman Rank Correlation statistics of fen@lerocutebody massand maleC.
crocutabody massagainst environmental variabléa = 9) All variables, except for vegetation
cover, were basd0 logarithmically transformed prior to analyses. Vegien cover variables

were cented log ratio transformedBonferroni corrected gvalue = 0.0045. Grey sthed
sections are significant at 95 % uncorrected confidence (p<0.05). Orange shaded sections are

also significant at 95 % corrected confidence (p<0.0045).

Female body mass Male body mass
Variable rsvalue p-value rsvalue p-value
C.crocutadensity -0.577 0.104 -0.519 0.152
P. leodensity -0.711 0.032 -0.552 0.123
Prey biomass -0.661 0.053 -0.485 0.185
Min. temp. coolest month -0.21 0.587 -0.017 0.966
Max. temp. warmest month '  0.84 0.005 0.622 0.074
Precipitation driest month  -0.563 0.114 -0.403 0.282
Precipitation wettest month = -0.854 0.003 -0.686 0.041
Closed vegetation cover -0.452 0.222 -0.351 0.354
Semiopen vegetation cover 0.653 0.057 0.402 0.284
Open vegetation cover -0.368 0.33 -0.084 0.831
Distance fromequator 0.636 0.066 0.586 0.097
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5.4.2.2 Crania and dentition

As with C. crocutabody mass, the cranial, mandibular and dental measurements exhibit
considerable geographic variation. For example, of individuals with P3/p3 wear stage IV or
greater, the mean total length of the cranium ranges from 243.17 mm in Site 7.1 (Debub Region,

Eiitrea), to 294.21 mm in Site 25.Méatabeleland North Proving&Zimbabwe).

To assess the environmental influences upon the measurements, PLS regressions were
performed (PLS-B2). Measurements that potentially exhibit SSD (Sedhi@h and those that
change in size through life (Sectibr®) were not included. Independent viables included in
the modelswere minimum temperature of the coolest month, maximummigerature of the
warmest month precipitation of the driest month, precipitation of the wettest monttiosed

vegetation cover, serripen vegetation cover, and open vegetation cover.

The ¢ and pvalues of the PLS regressions are showhaible5.25-Table5.27. All models are
significant at 95 %. However, thévalues are all loywith the highest value at only 0.447 for

the condylobasal length of the cranium (PLS 31). Most PLS models have many sites that are
classed as leverages. In light of the number of leverages, only extreme values (classed as having
a leverage value greatghan two above the leverage reference line) were removed from

subsequent PLi®runs(see Appendice$ablel10.17-Table10.19).

Reruns without the extreme leverage points resulted in reducédatues in most cases,
although the PLS regressions are still signific@me exception is the greatest neurocranium
breadth, with an f value that increased from 0.256 (PLS 52) to 0.29 (PLS 53) after removal of
Site 17.1Mpumalanga ProvingeSouth Africa. The other exception is the moment arm of the
superficial masseter, Wi an ¢ value that increased from 0.272 (PLS 79) to 0.285 (PLS 80) after

removal of Site 17.1. Nevertheless, thedgalues are still low.

In most cases, the most extreme leverage value removed from the PLS reruns was Site 17.1. This
is except for the leerage site of PLS 17 (anteroposterior diameter of the lower canine), which

was Site 10.@\airobi National Parkenya.

The only models that will be further assessed are the ones with the greatesities. These are
the condylobasal length (PLS 31=r0.447)and the length from canine alveolus to the m1
alveolus of the mandible (PE8, > = 0.441).
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Table5.25: r? values and pvalues for PLS regressions run with each of@Gherocutadental measurements as dependent variabRerun without Site 17.1,
Mpumalanga Province, South AfriéRerun without Site 10.6\airobi National Park<enya.

o e
0O | -0 | o N ) < S
g5 8% /3 |8 |3 |8 %3 & |3 | |2
s¢ls8|s |2 | |8 | |8 |g |82
2E|gE|2 |8 |2 |§ |2 |8 |B |8%|¢E
Statistic <T | =T | - = — = — = — 0% | 2
PLS no. 5 6 7 8 9 10 11 13 14 15 16
r?value 0.325| 0.26| 0.142| 0.095| 0.177| 0.166| 0.301| 0.138| 0.156| 0.284| 0.228
p-value 0.002| <0.05| 0.018| 0.029| 0.003| 0.002| 0.001| 0.007| 0.003| <0.05| <0.05
No. leverages 10 16 13 50 19 19 5 17 21 17 20
PLS no. 12t
r2value 0.176
p-value 0.004
No. leverages 18
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Table5.25 continued.
'§ o o =
g5 8512 |2 |2 |3 |2 |z |E |E
2z | &g |° 5 © 5 S 5 S 5
S | oo | = e = = = et S !
251852 |&E g | B g | B g | B
PLS no. 17 19 20 22 24 25 26 27 28 29
r?value 0.276| 0.202| 0.267| 0.222| 0.177| 0.12| 0.198| 0.153| 0.211| 0.227
p-value 0.005| 0.007| 0.004| 0.002| 0.002| 0.012| 0.003| 0.002| <0.05| <0.05
No.leverages 9 12 8 11 23 18 16 23 18 16
PLS no. 18 211 23
r2value 0.228 0.163| 0.178
p-value 0.014 0.006| 0.002
No. leverages 8 18 15
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Table5.26: r? values and fvalues of PLS regressions run withcrocutacranial measurements as dependent variabféerun without Site 17.1, Mpumalanga
Province, South Africa.

— - S )
= c = ) = =] S o) = 5
c 5 5 < = 2 No | X [ c
© c = L S o 55| 2 2 S
5| = g1 ¢ 5§ | S g Tl eg|e |o |k
sl 8 s| 3| Bl S| 8|5 | 5 T E% | is|is| 23
2| 28| §| 5| T 5| &| 7% 5| 2|%8£|84|55| 53
k3 =, = © 8| = c = S| Lo = S| 5| 52| 52| &5
— T o i ) © T = = S © o= o= T
T 2 3 ) | 25 s 5| 83 S 5| 2o 2 2 s
15 S @ @ S| &c 2 S| =& c | Tz| oz | o8| 25
Statistic = ) m m m I > L O c ] = Ja | ae a2 O
PLS no. 30 31 32 33 34 35 36 37 38 39 40 41 42 44 46
r?value 0.289| 0.447| 0.415| 0.291| 0.292| 0.258| 0.416| 0.205| 0.313| 0.124| 0.244| 0.199| 0.348| 0.327| 0.254
p-value <0.05| <0.05| <0.05| 0.001| 0.001| <0.05| <0.05| 0.001| <0.05| 0.012| <0.05| 0.002| <0.05| 0.009| <0.05
No. leverages 25 23 20 19 17 24 22 24 19 25 19 20 15 55 21
PLS no. 43t 45!
r2value 0.3| 0.325
p-value <0.05| 0.011
No. leverages 17 5
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Tableb.26 continued.
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Table5.27: r? values and pralues of PLS regressions, run wih crocutamandibular measurements as the dependent variabl€®erun without Site 17.1,

Mpumalanga ProvingeSouth Africa.

o ™ 2 2 s -
= 2 ) = 3 © o ©
@ 2 z |2 |3 E E | E 21218 |5 3
3 < < £ £ 73 2led| & Q s c
S 2 2 2 3 < Q e o2 |52 | & 9] i
o S < o Q 2 2 ot Z S| g5 |8 ? g= 17
5 |8 |§ |5 | |E |E |Bg|EglEsle |g |2 |
H £ < o = = s VE g2 | 88 | = = = =
£ 0 0 £ S S o cS|gd|gd|® S S S
I3 2 2 2 = = = S8 |SE|6%E | E £ £ £
0 = = - S 8 8 ER | Te | Te | ® S, | 8. | @
3 c c c 3 3 3 53182189 | ¢ g1 eg|¢
8 |52 55 |5 |T |T |T |Et |58 &8 |f |28|2%| ¢
S22 | S5E|SE|SS T T S 0 | w2 | B2 | S S8 | & | &«
Statistic o | Juv | duv | da | =2 = = Oo | OE | 0oE | = = E | =& | =ZE&E
PLS no. 64 65 67 69 70 72 73 74 75 76 77 79 81 82
r?value 0.441| 0.322] 0.35| 0.217| 0.36| 0.264| 0.125| 0.334| 0.324| 0.253| 0.28| 0.272| 0.164| 0.188
p-value <0.05| 0.006| 0.001| <0.05| <0.05| <0.05| 0.012| <0.05| <0.05| <0.05| <0.05| 0.01| 0.003| 0.01
No. leverages 16 3 5 19 9 17 15 15 16 14 9 4 15 18
PLS no. 66! 68! 71 78! 80"
r2value 0.267| 0.298 0.309 0.225| 0.285
p-value <0.05| <0.05 <0.05 <0.05| 0.017
No. leverages 18 19 16 16 6
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PLS 31 (condylobasal length of the cranium) has 23 leverage values. However, none of the
leverage sites are extreme, as indicatedrigure5.33. Thestandardised coefficient with the
greatest value is open vegetation cover@268 Figure5.34). With lower values are maximum
temperature of the wamest month, closed vegetation cover and sespen vegetation cover,

which have positive coefficients, while precipitation of the driest month has a negative
coefficient. Minimum temperature of the coolest month and precipitation of the wettest month

both have small negative coefficients.

The robustness of PLS 31 was tested by rerunning the model and removing one site each time,
resulting in 47 runsT{able5.28). All runs are significant at 95 % withvplues <0.05 (too low for

the software to give a meaningful value). Thealues for all runs are very similar, ranging from
0.411 (removal of Site 14.1, Podor Department, Senegal) to 0.552 (removia 2 3i, Caprivi

Strip, Namibia).

>
was s

¢ awy

2°!

Standardised residuals
[ J
[ 4

0.0 02 0.4 06 0.8 1.0
Leverages

Figureb.33: Standardised residuals against leverage values for each site3a,mif® C. crocuta
condylobasal length of the skull as the dependent variabteeAppendix10.6, Table10.18 for

site numbers corresponding to each leverage point.
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0.2+

0.1+

0.0 *—I |

-0.17

Standardised coefficients

-0.27

-0.3

Min. temperature coolest month
Max. temperature warmest month
Precipitation of driest month
Precipitation of wettest month
Closed vegetation cover
Semi-open vegetation cover
Open vegetation cover

Figure5.34: Standardised coefficients from PRBwith C. crocutacondylobasal length as the

dependent variable. All variables had been b&a8dogarithmicallyransformed.

Cl values of the standardised coefficients from PLS 31 reruns were caldilakéeb.29). The

Cl values are low, ranging from 0.002 for maximum temperature of the warmest month to 0.1
for minimum temperature of the coolest month. The signs are also constant so that no
confidence interval crossezero. This is also illustratedrigure5.35, showing that most of the
coefficients are clustered together, with the exception of runs that exclusiézi6.13 (Lomami
Province, Democratic Republic of the Congo) and Site 12.1 (Caprivi Strip, Namibia). Nevertheless,
only precipitation of the wettest month has coefficients that are both positive and negative.

Otherwise, the coefficients reflect the ressibf the original model with all sit§sigure5.34).

-262-



5. ModernCrocuta crocuta

Table5.28: r? values of repeateduns of PLS1, with C. crocutacondylobasal length as the

dependent variable. Each run removed one site at a time. All runs hawalag of <0.05.

Run no. Removed site r2value
1 1.1 Zaire Province, Angola 0.448
2 3.1Chobe, Savuti Chobe, and Mababe Zokotsama, Botswana  0.431
3 3.2Kgalagadi District, Botswana 0.449
4 5.3 Centre Region, Cameroon 0.467
5 6.2Bas Uele District, Democratic Republic of the Congo 0.447
6 6.3Haut Uele District, Democratic Republic of the Congo 0.443
7 6.4Parc National de la Garamba, Democratic Republic of the Co 0.445
8 6.6 Ituri District, Democratic Republic of the Congo 0.448
9 6.7 Ituri and North Kivu Districts, Democratic Republic of the Con 0.448

10 6.9Parc National des Virunga, Democratic Republic of the Congt 0.449
11 6.10Haut Katanga District, Democratic Republic of the Congo  0.446
12 6.11t F N bl GA2yFf RS Q! LYol I 044

13 6.12Tanganyika District, Democratic Réjfic of the Congo 0.449
14 6.13Lomami Province, Democratic Republic of the Congo 0.532
15 6.14Lukaya District, Democratic Republic of the Congo 0.447
16 6.15Kwilu and Kwango Districts, Democratic Republic of the Cor 0.453
17 7.1Debub Region, Eritrea 0.446
18 9.1Dire Dawa Region, Ethiopia 0.427
19 10.1Samburu County, Kenya 0.441
20 10.2Narok and Bomet Counties, Kenya 0.429
21 10.3Garissa County, Kenya 0.434
22 10.4TaitaTaveta County, Kenya 0.426
23 11.1Tete Province, Mozambique 0.444
24 12.1Caprivi Strip, Namibia 0.552
25 12.2Khomas Region, Namibia 0.454
26 13.1 Akagera National Park, Rwanda 0.443
27 13.2Nyagatare District, Rwanda 0.441
28 14.1Podor Department, Senegal 0.411
29 16.1Woqooyi Galbeed Region, Somalia 0.448
30 17.1Mpumalanga Province, South Africa 0.46

31 17.2Zululand District, South Africa 0.466
32 18.1Upper Nile State, South Sudan 0.472
33 19.1Shamal Darfur State, Sudan 0.44

34 19.2Janub Darfur State, Sudan 0.429
35 21.1Mara Region, Tanzania 0.436
36 21.2Tabora Region, Tanzania 0.473
37 21.3Kilimanjaro Region, Tanzania 0.448
38 21.4Dodoma Region, Tanzania 0.449
39 21.6Rukwa Region, Tanzania 0.444
40 21.8Morogoro Region, Tanzania 0.447
41 21.11Ruvuma Region, Tanzania 0.447
42 21.12Ngorongoro Conservation Area, Tanzania 0.435
43 22.1Centrale Region, Togo 0.457
44 23.1Lira District, Uganda 0.462
45 23.2Gulu District, Uganda 0.45

46 24.1Eastern Province, Zambia 0.457
47 25.1Matabeleland North Province, Zimbabwe 0.444
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Table5.29: Standardised coefficient means and confidence intervals (Cl) for repeated runs of

PLS31, with C. crocutacondylobasal length as the dependent variable.

Standardised . Standardised Standardised
. o Standardised o .
Independent variable coefficient - coefficient coefficient
coefficient ClI
mean mean- Cl mean + ClI
Minimum temperature -0.053 0.01 -0.064 -0.043
coolest month
Maximum temperature 0.196 0.002 0.194 0.198
warmest month
Precipitation driest month -0.155 0.003 -0.158 -0.151
Precipitation wettest month -0.027 0.004 -0.031 -0.023
Closed vegetation 0.142 0.008 0.134 0.151
Semiopen vegetation 0.182 0.003 0.179 0.185
Open vegetation -0.27 0.006 -0.276 -0.265
0.30
0.25
+ +
0.15
£0.10-
50.05 -
20.00
L&) [— ]
0.05
50.10- -
[0]
20.15- %
L)
30.20 1
-0.25 -
-0.30 -
-0.35 -
-0.40

Precipitation of driest month
Precipitation of wettest month
Closed vegetation cover
Semi-open vegetation cover
Open vegetation cover

Min. temperature coolest month
Max. temperature warmest month

Figure5.35: Standardised coefficients from reruns of BilSwith C. crocutaondylobasal length

as the dependent variable.
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None of the 16 leverage values from PLS 64 (length from c alveolus to m1 alveolus) are extreme
(Figure5.36). The independent variable with the greatest standardised coefficient is open
vegetation cover with a negative coefficiertigure5.37). Next is precipitation of the driest
month, which also has a negative coefficient, and sepgn vegetation cover, closed vegetation

and maximum temperature of the warmest month, which all have positbg®eaiations with the
dependent variable. Minimum temperature of the coolest month has a small, negative

association, and precipitation of the warmest month, which has a small, positive association.

In order to test the robustness of PLS 64, this was réfutimes, removing one site each time.
All reruns are significant at 95 % confidence with alhjues <0.0%Table5.30). The ¢ values

are similar o the original regression{r 0441), and have a small range from 0.414 to 0.484.

o
-2

e s
®

Standardised residual
Q@
8 3%
oo,
® 9

00 02 04 06 08 10
Leverages

Figure5.36: Standardised residuals against leveraglues for each site in PLS @ith C. crocuta
length between the ¢ and m1 alveoli as the dependemialde. SeeAppendix10.6 Table10.19

for site numbers corresponding to each leverage point.
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Closed vegetation cover -
Semi-open vegetation cover |
Open vegetation cover |

Figure5.37: Standrdised coefficients from PLS w#h C. crocutdength between the c and m1

alveoli as the dependent variable. All variables had been-fi@degarithmically transformed.

The CI of the standardised coefficients from repeated runs of PLS 64 are small, ranging from
0.002 to 0.003Table5.30). The means +/Cl do not cross zero. This is supportedrigures.38,

in which none of the independent variables have standardised coefficients that cross zero.
Maximum temperature of the warmest month, precipitation of the wettest month, closed
vegetation cover, and seroipen vegetation cover are all congstly positive. Temperature of

the coolest month, precipitation of the driest month, and open vegetation cover are all

consistently negative.

The results of PLS @Bigure5.38) are similar to PLS JEigure5.35).The onlydifference is that
in PLS 31, precipiian of the wettest month has standardised coefficients that are positive and

negative.
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Table5.30: r’values of repeated runs of P6& with C. crocutdength between the ¢ and m1 alveoli as the dependent variable. Each run removed one site at a time.

All runs have apalue of <0.05.

Run Removed site r’value | Run Removed site r2value
no. no.

1 1.1 Zaire Province, Angola 0.44 26  12.2 Khomafegion, Namibia 0.478
2 2.1 Borgou, Benin 0.452 | 27 13.1 Akagera National Park, Rwanda 0.458
3 3.1 Chobe, Savuti Chobe, and Mababe Zokotsama, Botswana 0.422 | 28 13.2 Nyagatare District, Rwanda 0.435
4 3.2 Kgalagadi District, Botswana 0.444 |29 14.1Podor Department, Senegal 0.414
5 5.2 Adamawa Region, Cameroon 0.453 | 30 15.1 Koinadugu District, Sierra Leone 0.471
6 6.2 Bas Uele District, Democratic Republic of the Congo 0.437 |31 16.1 Wogooyi Galbeed Region, Somalia 0.435
7 6.3 Haut Ueldistrict, Democratic Republic of the Congo 0.437 |32 16.2 Jubbada Dhexe Region, Somalia 0.427
8 6.4 Parc National de la Garamba, Democratic Republic of the C 0.439 | 33  17.1 Mpumalanga Province, South Africa 0.449
9 6.6 Ituri District Democratic Republic of the Congo 0.444 |34 17.2 Zululand District, South Africa 0.444
10 6.7 Ituri and North Kivu Districts, Democratic Republic of the Cc 0.442 | 35 19.1 Shamal Darfur State, Sudan 0.445
11 6.9 Parc National des Virundg2emocratic Republic of the Congo 0.441 | 36 19.2 Janub Darfur State, Sudan 0.433
12  6.10 Haut Katanga District, Democratic Republic of the Congo 0.438 | 37 21.1 Mara Region, Tanzania 0.435
13 cdmm tFNDO blidA2yIlf RS f Q!CQa®dy 0432 |38 21.2 Tabora Region, Tanzania 0.44
14  6.12 Tanganyika District, Democratic Republic of the Congo 0.427 |39 21.4 Dodoma Region, Tanzania 0.44
15 6.13 Lomami Province, Democratic Republic of the Congo 0.445 |40 21.6 Rukwa Regioimanzania 0.44
16 6.14 Lukaya District, Democratic Republic of the Congo 0.448 |41 21.7 Tanga Region, Tanzania 0.439
17  6.15 Kwilu and Kwango Districts, Democratic Republic of the Ci 0.448 | 42 21.8 Morogoro Region, Tanzania 0.441
18 7.1 DebulRegion, Eritrea 0.422 |43 21.10 Lindi Region, Tanzania 0.462
19 9.1 Dire Dawa Region, Ethiopia 0.428 |44 21.11 Ruvuma Region, Tanzania 0.476
20 10.1 Samburu County, Kenya 0.434 |45 21.12 Ngorongoro Conservation Area, Tanzania 0.426
21 10.2 Narok andomet Counties, Kenya 0.431 |46 22.1 Centrale Region, Togo 0.484
22  10.3 Garissa County, Kenya 0.422 |47 23.l1Lira District, Uganda 0.455
23 10.4 TaitaTaveta County, Kenya 0.425 |48 23.2Gulu District, Uganda 0.444
24  11.1 Tete ProvincéMlozambique 0.43 49 24.1Eastern Province, Zambia 0.435
25 12.1 Caprivi Strip, Namibia 0.459 |50 25.1Matabeleland North Province, Zimbabwe 0.432
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Table5.31: Standardised coefficient means and confidence intervals (Cl) for repeated runs of

PL34, with C. crocutdength between the ¢ and m1 alveoli as the dependent variable.

Standardised . Standardised Standardised
. o Standardised o .
Independent variable coefficient - coefficient coefficient
coefficient CI
mean mean- ClI mean + ClI
Minimum temperature -0.047 0.003 -0.050 -0.045
coolest month
Maximum temperature 0.169 0.002 0.167 0.171
warmest month
Precipitation driest month -0.178 0.002 -0.180 -0.176
Precipitation wettest month 0.047 0.003 0.044 0.05
Closed vegetation 0.148 0.002 0.145 0.15
Semiopen vegetation 0.192 0.002 0.19 0.193
Open vegetation -0.277 0.002 -0.279 -0.275
0.30
0.25-
0.20+ ?
015+ % %
_'Su.m-
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r

Open vegetation cover ! +

Min. temperature coolest month |
Max. temperature warmest month 3
Precipitation of driest month r
Precipitation of wettest month
Closed vegetation cover 3
Semi-open vegetation cover

Figure5.38: Standardised coefficients from reruns of F4Swith C. crocutdength ¢ to ml

alveoli as the dependent variable.
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In light of the similarities between PLS 31 and PLS 64, RMA regression was performed to assess
the allometric rdationship between the condylobasal length and the length between the ¢ and

m1 alveoli(Figure5.39). The data here are individual specimens, rathertfaverages for each
AAGS® ¢KS tSFNRER2Y QA NJ O2NNBfFGA2Yy Aa adNepy3f
(p-value = <0.05). The RMA slope is 0.954, with the 95 % bootstrapped CI ranging from 0.874 to

1.028. These Cl values thereforesga slope with a value of one.

1934 Slope =0.954 ™ .:

1.98 4
197 - L

1.96
1.95 1
1.94 -
1934 ®
1.92 -
1.91 4

Length from o to m1 abeeoli [Log10]

2332234 235236 237 238 2.39 240 2.41 242
Condylobasal lenagth (Log10)

Figure5.39: Reduced major axis regression@fcrocutd.ogl0 condylobasal length against the

log10 length between the ¢ and m1 alveoli.

In summary, PLS 31 (condylobasal length) and PLS 64 (length frormthaleeoli) have the
greatest r2 values of all the craniodental PLS regressions. Minimum tempeddtilre coolest
month, precipitation of the driest month and open vegetation cover are negatively associated
with both condylobasal length and length from thend alveoli. Maximum temperature of the
warmest month, closed vegetation cover and s@pén vegéation cover are positively
associated with both measurements. The only difference is that precipitation of the wettest
month is positively associated with length froamd. alveoli, yet this variable is not consistently
positively or negatively associatewith condylobasal length. The RMA regression of
condylobasal length against length froamd. alveoli is significant and positive, with a minimum

slope CI below one and a maximum slope Cl above one.
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5.4.2.3 Postcrania

Spearman Rank Ced correlations have been performed to assess association between post
cranial measurements and environmental variables. In light of the small sample sizes, PLS

regressions have not been used.

At 95 % confidence, 19 of the Spearman Rank Order correlatibnssignificant at 95 %
uncorrected confidenceT@ble5.32). Using the Bonferroni correction, tests are only significant

if p<0.0071. Using the corred p-value, only six tests are significant: atlas greatest breadth of
the cranial articular surface (BFcr) with precipitation of the wettest month, scapula greatest
length of the glenoid process (GLP) with maximum temperature of the warmest month and open
vegetation cover, scapula length of the glenoid cavity (LG) with maximum temperature of the
warmest month and open vegetation cover, and scapula breadth of the glenoid cavity (BG) with

open vegetation cover.

Overall, most of the measurements show simitsults. The strongest correlations are generally
with maximum temperature of the warmest month, precipitation of the wettest month, closed
vegetation cover and open vegetation cover. These are the only variables for which there are
significant correlation at 95 % confidence. Most of the correlations, except the greatest breadth
across the transverse process (BPtr) of the axis have positive correlations with maximum
temperature. Except for axis smallest breadth (SBV) and greatest length of the archdLAPa)
the axis, all variables have positive correlations with precipitation of the wettest month and
closed vegetation cover. Except for axis SBV, all measurements have negative correlations with

open vegetation cover.
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Table5.32: Spearman Rank Order correlations of C. crocuta-p@stial measrements with environmental vaables. Top figure = Spearman Rank Order statistic
(rs). Bottom figure = pralue.GL = greatest length. BFcr = greatest breadth of the cranial articular surface. LAPa = greatest length of the arckai@Btrbrazadth

across the transverse process. SBV = smallest breadth. SLC = smallest length of the neck. GLP = greatdbelghgtioidfprocess. LG = length of the glenoid
cavity. BG = breadth of the glenoid cavity. Dp = greatest depth of the proximal end. SD = smallest breadth of the @idphygseatest breadth of the distal end.

Bp = greatest breadth of the proximal erBbnferroni corrected fvalue = 0.0071. Grey shaded sections are significant at 95 % uncorrected confidence (p<0.05).

Orange shaded sections are also significant at 95 % corrected confidence (p<0.0071).
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Min. temp. coolest -0.086 0.086 0.257 0.486 0.1 -0.086 0.143 -0.029 0.257 0.6 -0.086 0.029 0.321 0.179
month (°C) 0.872 0872 0.623 0.329 0.873 0.872 0.787 0.957 0.623 0.208 0.872 0.957 0.482 0.702
Max. temp. warmest  0.899 @ 0.58 0.551 0493 -0.41 0.899 0928 0.986 0.783 0.638 0.899 0.812 0.667 @ 0.811
month (°C) 0.015 0.228 0.257 0.321 0.493 |0.015 0.008 <0.05 0.066 0.173  0.015 0.05 0.102 | 0.027
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month (mm) 0.7 1 0.957 0.87 0.741 0.7 0.827 0577 0.784 0.425 0.7 0.499 0.848 0.159
Precipitation wettest 0.6 0.943 0.771 -0.086 -0.9 0.6 0.886 0.771 0.829 0.543 0.6 0.771 0.5 0.464
month (mm) 0.208 0.005 0.072 0.872 0.037 0.208 0.019 0.072 0.042 0.266 0.208 0.072 0.253 0.294
Closed vegetation 0.429 0.829 0.6 -0.143  -0.9 0429 0.771 0.657 0.657 0.429 0.429 0.657 0.679 0.607
cover (%) 0.397 0.042 0.208 0.787 0.037 0.397 0.072 0.156 0.156 0.397 0.397 0.156 0.094 0.148
Semiopen 0.314 -0.486 -0.371 0.771 0.7 0.314 0.029 0.2 -0.029 0.257 0.314 -0.086 0.286 0.143
vegetation cover (%) 0.544 0.329 0.468 0.072 0.188 0.544 0957 0.704 0.957 0.623 0544 0.872 0535 0.76
Open vegetation -0.829 -0.829 -0.657 -0.257 0.8 -0.829 -1 -0.943 -0.943 -0.771 -0.829 -0.771 -0.714 -0.714
cover (%) 0.042 0.042 0.156 0.623 0.104 '0.042 <0.05 0.005 0.005 0.072 0.042 0.072 0.072 o0.071
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5.4.3 Discussion
5.4.3.1 Body mass

There is much geographical variation in both male and female body masSesrotutaOverall,

the results from the Spearman Rank Order correlations suggest that both male and female body
masses vary similarly with environmental conditions. However, only precipitation of the wettest
month is significantly correlated with male and femadalip mass, while maximum temperature

of the warmest month andP. leodensity are also correlated with female body mass. This may
be due in part to the small sample sizes. Furthermore, the geographical coverage of Africa is
very poor Figure4.2), so there may be enviranental conditions thatC. crocutacurrently

inhabit that were not covered in the analyses.

That increasing distance from the equator (in this case towaodghern Africa) is associated
GAGK fFNHSNJ 02Re Yl aa olfiK2dAK Ayaix3ayiaAFaor
individuals of a species occurring in higher latitudes and colder conditions are larger than their
lower latitude counterparts, in ordeto reduce body size and conserve heat. This is supported
by Ashtonet al. (2000)who found that 79 % of carnivorans (including some canids, ursids and
felids)were found to be larger in higher latitudes. Additionaflyst lower molars ofC. crocuta

were found to be larger further from the equat@lein, 1986and C. crocutakullsfrom South
Africawere larger than those from eastern Afri¢Roberts, 1951)However, there is also a new,
postive association noted here between thiemperatureof the warmest month aneC. crocuta

body size (significant at 95 % uncorrected confidence, and approaching significance with the
Bonferroni corrected criticalalue). This is contrary #hshtonet al!s (2000)study in which 79

% of carnivorans were larger in colder temperatur@$is cautions against substituting
temperature for latitude as previous researchers have done when investigating the influence of
. SNAB Y| y ye®aMcNallzl931; Klein, 1986)he difference betweeg. crocutaand the

other carnivorans ishtonet al's (2000)may be because the relationship between body mass
and temperature is not direct; temperature influences other environmental factors, which may

in turn be affecting body mass change (see Se@idfor examples).

Why higher temperatures may induce a larger body mas€.irocutais unclear as there
appears to bdittle indication in the literature of biological reass forincreased body mass at
higher temperatures. One possibility is th@at crocutan higher temperaturehavea greater

body mass due to larger appendages to facilitate heat loss, rather than a larger overall body size,
& LIS NJ ! (Allerf 18T¥ThisMidkf b&ck to the finding that hotter temperatures appear

to be negatively associated witG. crocutapopulation biomass (Sectiob.l). However, in

controlled experiments with mice, although individuals in warmer conditions developed longer
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limbs, ears and tails, their body masses were similar to individuals that inhabited colder
conditions(Serratet al., 2008) Similarly, domestic pig${s scrofa domesticlisvhen raised in
warmer conditions had longer limbs and tails and larger ears, however, their body mass was
similar to that of their siblings re@d in colder conditiongWeaver and Ingram, 1969)
Unfortunately, as the postranial specimens meared in this study did not have associated

body mass information, this cannot be further investigated at present.

P. leodensity has a negative association with crocutabody mass, although this is not
AAAYATAOI yi dzy RSNJI . 2 b ATy (¥ arQrilf thd sekitidSipliskraey’ |+ y
this suggests that the presence of a competitor may constrain body size, such as occurs when

the range of the pumaHelis concolQroverlaps with the jaguaP@nthera oncaMcNab, 1971)

The reason for the correlation between body mass and the other significant variable,
precipitation of the wettest month, is unclear. Overall, the greater number of significant
correlations, and the higheg values suggest that female body mass is more styoagsociated

with environmental variables than is male body mass, although this may be a due to low sample

sizes.

However, once the Bonferroni correctedvplue was taken into account, only the relationship
between female body mass and precipitation oétivettest month is significant. Although the
relationship between female body mass and maximum temperature of the warmest month

approaches significance.

5.4.3.2 Crania and dentition

The measurements of the cranium, mandible and dentition vary across Africa. However, the PLS
regressions reveal that variation in most of the measurements is poorly explained by

temperature, precipitation or vegetation cover.

The PLS regression with theegtest ¢ values are condylobasal length and length from the c to
m1 alveoli. The strongest associations with these measurements are positive correlations with
temperature of the warmest month, closed vegetation cover, and sgmen vegetation cover.
Negdive associations are with open vegetation cover, and to a lesser extent with precipitation
of the driest month and temperature of the coolest month. Precipitation of the wettest month
has a weaker and less consistent association with condylobasal Iémgtieyer it has a weak,

positive association with length between the ¢ and m1 alveoli.

Condylobasal length and ¢ to m1 length are therefore larger in areas with warmer summers,

more arid periods, with closed or semmpen vegetation cover, and potentially tvicooler
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winters. Along with drier conditions in the driest month of the year, the length from the c to m1

may also be greater in areas that experience increased precipitation in wetter months.

Condylobasal length scales well with body m@a&m Valkenburgh, 1990 light of this, and in

light of the similar PLS results, the allometric relationship between the condylobasal length and
distance between c to m1 was investigated. There is a strong positive correlation between the
two measurements, and the slope valseggests an isometric relationship. Therefore, the two
measurements are increasing in line with each other, suggesting that they both reflect actual
body size of individuals, rather than variation independent of overall body size. The
environmental influ@ces upon these measurements can therefore be interpreted as impacting

uponC. crocutabody size.

The results suggest that there is no clear relationship betw@etrocutd YR . SNEY I Yy Q&
While they are larger in regions with cooler winters, ittie positive association with summer
temperature that has the greater influence. This is supported by the positive association

between body mass and temperature of the warmest month (Se@&idi8.1).

The two measurements and body mass are also positively associated witbgemvegetation

cover. By contrast, body mass is negatively associated with closed vegetation cover (although
insignificantly), yet this varde is positively associated with the length measurements.
Additionally, ¢ to m1 length is associated positively with precipitation of the wettest month,
albeit weakly, yet this variable has a strong negative association with body mass. If the length
measuements correlate well with overall body size, the disparity in results between the lengths
and body mass may be due to the small sample size in the latter study (47 and 50 sites versus 8

sites).

Despite the significance of the PLS regression, only alioét 4f the variation in condylobasal
length, and 44 % of the variation in ¢ to m1 length, is explained by the environmental variables.
This value is even lower for other measurements. This may be because there are other variables
that are not included intte study. Indeed?. leadensity is significantly and negatively correlated

with C. crocutafemale body mass (Sectidh4.2.) and food quality and abundance have
positively been associated with body sizelirarctos(Zedrossekt al, 2006; McDonough and
Christ, 2012)and U.maritimus (Rodeet al,, 2010) Furthermore, craniodental morphology is
associated with feeding, such as acquiring and eating different food fgikseviciust al,

1996; Lucas, 2015; Rahmat and Koretsky, 200f4¥ includes consumption of bone, an act that

is associated with low twl availability(Kruuk, 1972; Egelanet al, 2008) The associations

shown here between the two length measurements and environmental variables may therefore
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be a secondary association because food quality and abundance are influencdichdte c
(McNab, 2010)

The lack of correlation between measurements and environmental variables may also be due to
the complexity of elements, particularly the cranium (see SecB@h and thus morphology

may be constrained by these procesg¢éseng and Binder, 2010; Figueirgtal., 2011)

5.4.3.3 Postcrania

The results from the poatranial measurements suggest that assessed measurements of the
atlas, scapula, humerus and femur, and one of the axis measurements, are greater in areas
experiencing warmer summers, greater rainfall in the wettest month, witheclogegetation

cover. Open vegetation cover has a negative association with these measurements. These
associations are the same as those found in the analysis of condylobasal length and ¢ to m1
alveoli length (SectioB.4.3.9. If these length measurements are indeed an indication of overall
body size, this suggests that this variation in parstnial morphology is due to change in overall

body size, rather than adagtions of individual elements to the environmental conditions.

Proximal limb bone breadths are associated with ability to endure high speed locomotion
(Hildebrand and Hurley, 198&hd with hunting methods in carnivorans, including hyasenid
canids, felids, ursids and procyoni@ddartin-Serraet al,, 2016) However, as mdioned, the
associations between environmental variables and the humerus and femur breadth
measurements are likely a signal of overall body size, and therefore do not reflect environmental
influences upon locomotion. High speed locomot{etildebrand, 1974; Hildebrand and Hurley,
1985) cursoriality(Meachenet al,, 2016)and hunting method¢Van Valkenburgh, 1985; Harris
and Steudel, 1997re also associated with length of the limbs, yet these measurements could

not be assessed due to small sample sizes.

For the measurements assessed that appear to change with body size, the ipresdfct their

size in the Pleistocene are the same as outlined in SebtB.2

5.4.3.4 Implications for the Pleistocene

In light of the body mass and morphometrisuits, it is predicted that. crocutdand individual
measurements that have an allometric relationship with body mass) were larger in periods with
warmer summers, arid periods during the Pleistocene and low predator competition. They may
also have beerafger when closed or sermpen vegetation was more prevalent, although the

disparity between the cranium and body mass results makes this prediction more uncertain.
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5.5 Tooth breakage
5.5.1 Introduction

The frequency of tooth breakage $ideen used in studies of Pleistocene carnivores to aid
reconstruction of palaeodiet§vVan Valkenburgh and Hertel, 1993; Van Valkenburgh, 2009;
Flower and Schreve, 2014hdeed, teeth may be broken due to bone comgption, although
canines in particular may be broken by struggling prey and figlttiag Valkenburgh, 1988,
2009) In the case of. crocutaincreased bone consumption occurs during periods of low food
avalability (Kruuk, 1972; Egelaret al, 2008)

A further pathological feature of the maxilla and mandible is the loss of a tooth, resulting in a
partially or wholly healed alveolus. This may equally be associated with bone consumption as
broken teeth may allow bacteria to enter the alveolus through the exposed pulp, leading to
infection and loss of the toot(Loseyet al., 2014) Alternatively, the gum may become inflamed

and then infected, leading to infection of the alveolus and loss of teeth. After tooth loss, the
alveolus begins to hedPekelharing, 1974)Partially and wholly healed alveoli were counted
separately to broken teeth in this section because tooth loss may not be due to initial breakage

of the tooth.

This section will first assess variation in tooth breakage and loss with age. Next, thendife

in tooth breakage and loss between males and females will be examined, namely whether one
experiences more frequent tooth breakage and loss, and whether this manifests differently in
each tooth type. This is important as tooth loss or breakage mag to loss or reduction in
tooth function, which may make it difficult to survive, particularly when there is prolonged food
stress. If older individuals have more lost or broken teeth than you@gesrocutathis may
indicate that loss of function neatbt necessarily lead to death. Finally, this section will highlight

whether age or sex need to be considered when interpreting Pleistocene results.
The research questions are:
1 Do tooth loss and breakage become more prevalent in diesrocut@

1 Are there differences in the frequency of tooth loss or breakage in female and male

Cxzrocuta?

1 Does the manifestation of tooth loss and breakage differ between the tooth types?
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5.5.2 Results
5.5.2.1 Tooth breakage and loss with age

The large number of specimens froniteS21.12 (Balbal, Ngorongoro Conservation Area,
Tanzania) were used to assess the degree of tooth breakage with age. The number of individuals
with broken teeth generally increases in line with age (as represented by P3/p3 wear stage) in
both female and rale C. crocutgFigure5.40). There is no pattern in the number of individuals

with partially or fully healed alveoli.

Breakage with age was repeateaf fall specimens to allow assessment of the later wear stages
not represented in Site 21.12, although it is acknowledged that there may be differences
between males and females and between sites. This reflects the trend in Site 21.12, with only
three wearstage Il specimens exhibiting broken teéfigure5.41). The number of individuals

with broken teeth compared to those with no broken or lost te@threases with age, with all
individuals of wear stages VII/VIII, VIII and IX exhibiting lost or broken teeth. The number of
individuals that have lost teeth generally increases with age, but numbers are smaller than those

with only broken teeth, except fowvear stage IX.

The amount of broken and lost teeth as a proportion of teeth of known condition was calculated
from Site 21.12Kigure5.42). The pecentage of broken teeth generally increases with age,
although this trend is clearer in femat& crocutaThe proportion of lost teeth is greatest at
wear stage VI in femal€. crocutaOf the maleC. crocutaonly individuals with wear stage V
exhibit lost teeth.

The increase in tooth breakage, and to an extent tooth loss, with older &ecimcutavarrants

separationof datain future analyses into individual P3/p3 wear stages.
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Figure5.40: Number ofa) femaleor b) male presentlayC. crauta with either: no broken teeth,
broken teethwithout lost teeth, partially or fuljheakd alveoli without broken teeth, broken
teeth and partially or fully healed alvéoSpecimens from Site 21.12, Ngorongoro Conservation

Area, Tanzania.
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Figure5.41. Number ofpresentday C. crocutawith either: no broken teeth, broken teeth
without lost teeth, partially or fully healed alveoli without broken teeth, broken teeth and

partially or fully healed alveolData from all site in Africa.
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Figureb.42: Condition of teeth as a percentage of teeth of known condition. a) fe@ateocuta

and b) maleC. crocutdrom Site 21.12, Ngorongoro Conservation Aréanzania.
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5.5.2.2 Male and female tooth breakage and loss

The quantity of broken, lost andnbroken teeth was calculated as a percentage of teeth of
known condition. These proportions are presented for sites from which there were data for both
males and females at each P3/p3 wear stage. Wear stage 11l was excluded from the analysis as
none of the sites analysed included individuals with lost or broken teeth. Wear stages greater

than VI were also excluded as there were no sites with both males and females.

Combining all tooth types indicates that for each site at each wear stage, there aretadeas
many, or in some cases more, females than males with broken téature5.43). As a
percentage of all teeth of known condition, females have a gneptoportion of broken teeth

at all sites and all wear stages. Of the sites included, lost teeth are only observed in Site 21.12.
At wear stages IV and VI, only females have evidence of fully or partially healed alveoli. At stage

V, only males exhibit tdb loss.

After splitting the data into tooth types, the results of stage Fg(re5.44) indicate that a

greater proportion of individuals have brakepremolars than other teeth, and a greater
proportion of premolars are broken. The smallest proportion of individuals have broken
carnassials. In Site 10.2 (Narok and Bomet Counties, Kenya) a greater proportion of females have
broken incisors, canines armmemolars, although a greater proportion of males have broken
carnassials. Conversely, in Site 21.12, a greater proportion of males have broken incisors and
premolars. In both sites, a greater proportion of incisors, canines and premolars are broken in
females than males. In Site 21.12, the lost teeth occur at the position of the incisors and

premolars in females.

At stage VKigure5.45), asmaller proportion of individuals have broken carnassials than other

teeth. They were only observed to be broken in females from Site 6.9 (Parc National des Virunga,
Democratic Republic of the Congo) and Site 21.12. Canines are less frequently broken than
AYyOAa2NER YR LINBY2fINAZ $6AGK 20aSNDFGA2ya TN
Democratic Republic of the Congo) and Site 21.12, and from males in Site 11.1 (Tete Province,

Mozambique). However, 100 % of canines of known condition areshriskbm Site 11.1.

Females from four of the five sites exhibit broken incisors, while males from two sites exhibit
broken incisors. Site 11.1 is the only site where both males and females have broken incisors. In

this site, a greater proportion of femaledisors (12.5 %) are broken than males incisors @)09

In four of the five sites, only females have broken premolars. Of individuals from Site 21.12,
42.86 % of females have broken premolars, while 50 % of males have lost teeth. 5.19 % of
premolars of kown condition from females are broken, while 11.11 % of premolar alveoli from

males are partially or fully healed. In Site 6.9, a large proportion of premolars are broken (90 %).
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There are only two sites from which there is data of both females and raalegar stage VI
(Figure5.46). No males have broken teeth. All females from both sites have broken incisors and
canines. Only females from Site 21H#e broken premolars and carnassials. 25 % of premolars
and carnassials of known condition are broken, while there is a higher proportion of partially or
fully healed carnassial alveoli (25 %) than premolar alveoli (8.33 %). The highest proportion of
broken teeth is 66.67 % of canines from Site 3.1 (Chobe National Park, Savuti Chobe National

Park and Mababe Zokotsama Community Concession, Botswana).
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Figure5.43: The proportion of presentlay C. crocutandividuals with either no broken teeth, only brok

teeth, only partially of fully healed alveoli, or both broken teeth and partially or fully healed alveo
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condition. a) Individuals with wear stage IV. b) Individuals with wear stage V. ¢) Individuals with wear
Site 3.1 = Chobe National Park, Savuti Chobe NdtRark, Botswana. Site 6.9 = Parc National des Vi
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Site 10.2 = Narok and Bomet County, Kenya. Site 11.1 = Tete Province, Mozambique. SiteBalba
Ngorongoro Conservation Area, Tanzania. Site 24.1 = Eastern Province, Zambebl&&83 for sample

sizes.
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Figure5.44: Condition of teeth as a percentage of all teeth of known condition for each group.
Dataare of C. crocutawith P3/p3 wear stage IV. F = female. M = male. Site 10ldrek and
Bomet County, Keny&1.12 =Ngorongoro Conservation Area, Tanza@aipincisos, b) canines,

c¢) premolars, d) molar§eeTable5.33 for sample sizes.
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Figure5.45: Condition of teeth as a percentage of all teeth of known condition for each groupaBsdfC. crocutavith P3/p3 wear stag®’.F = female. M = male.

See caption for Figure 5.44 for full site detalsincisors, b) canines, c) premolars, d) mol&ezTable5.33 for sample sizes.
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SeeTableb.33for sample sizes.
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Table5.33: Sample sizes included in the percentage calculatioRgure5.43to Figureb.46.

Figure Site/sex No. C. crocuta individualg No. teeth
Figure 5.43a | 10.2 F 1 27
(wear stage 1V) 10.2 M 5 130
2112 F 12 294
21.12M |9 234
Figure 5.43b | 6.11F 1 29
(wear stage V)| 6.11 M 1 31
6.9 F 1 28
6.9M 1 32
11.1F 1 23
11.1 M 1 28
2112 F 7 171
21.12M |2 47
241 F 1 27
24.1 M 1 30
Figure543c |3.1F 1 27
(wear stage VI) 3.1 M 1 18
21.12 F 1 31
21.12M |2 47
Figure 5.44a | 10.2 F 1 12
(incisors) 10.2 M 5 59
2112 F 12 86
21.12M |9 78
Figure 5.44b | 10.2 F 1 3
(canines) 10.2 M 5 13
2112 F 12 33
21.12M |9 20
Figure 5.44c | 10.2F 1 8
(premolars) 10.2 M 5 36
21.12 F 12 132
21.12M |9 100
Figure 5.44d 10.2 F 1 4
(carnassials) | 10.2 M 5 16
2112 F 12 43
21.12M |9 36
Figure 5.45a | 6.11F 1 11
(incisors) 6.11 M 1 12
6.9 F 1 11
6.9M 1 12
11.1F 1 8
11.1 M 1 11
21.12 F 7 51
21.12M |2 17
24.1F 1 12
24.1 M 1 12
Figure 5.45b | 6.11F 1 4
(canines) 6.11 M 1 3
6.9 F 1 3
6.9M 1 4
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11.1F 1 2
11.1 M 1 1
21.12 F 7 18
21.12 M 2 5
241 F 1 3
24.1 M 1 3
Figure 5.45¢c | 6.11F 1 10
(premolars) 6.11 M 1 12
6.9 F 1 10
6.9M 1 12
11.1F 1 10
111 M 1 12
2112 F 7 77
21.12M |2 18
24.1F 1 10
24.1 M 1 12
Figure 5.45d | 6.11F 1 4
(carnassials) |6.11 M 1 4
6.9 F 1 4
6.9 M 1 4
11.1F 1 3
11.1 M 1 4
21.12 F 7 25
21.12 M 2 7
24.1F 1 2
24.1 M 1 3
Figure 5.46a | 3.1F 1 8
(incisors) 3.1M 1 1
21.12 F 1 12
21.12 M 2 16
Figure 5.46b | 3.1F 1 3
(canines) 3.1M 1 1
21.12 F 1 3
21.12 M 2 3
Figure 5.46¢c | 3.1F 1 12
(premolars) 3.1M 1 12
21.12 F 1 12
21.12 M 2 21
Figure 5.46d | 3.1F 1 4
(carnassials) | 3.1 M 1 4
21.12 F 1 4
21.12 M 2 7
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5.5.3 Discussion

5.5.3.1 Tooth breakage and loss with age

The proportion ofC. crocutandividuals with broken teeth increases with age in the specimens
from Site 21.12. None of the specimens with wear stage Il from Site 21.12 have broken teeth.
In fact, out of 29 stag Il individuals across all sites, only three have broken teeth. Across all
sites, at wear stage VII/VIII and older, all individuals have broken and/or lost teeth. Although the
pattern is less clear, the proportion of broken teeth (as a percentage ohteeknown wear)
increases with age. This suggests that at least some individuals are able to survive breakage of
teeth, despite the loss of function in many cases. Simil&idy, Valkenburgl2009 found that

tooth fracture frequency increases with wear stage in a combined analysis of six carnivore

families (Hyaenidae, Mustelidae, Canidae, Mephitidae and Procyonidae).

The number of individuals with partially or fully healed alveoli is low, althoin females a
greater proportion of stage VI individuals have evidence of lost teeth, and there is a greater
proportion of lost teeth at this stage. In males, only stage V individuals exhibit tooth loss. Across
specimens from all sites, there are notleeeth in stage Il individuals. When data from all sites
are combined, there is some indication that the very oldest individuals are more likely to have
lost teeth. Increased tooth loss R2upicaprawas suggestive of increased susceptibility with
age, and that individuals of this species also survived the loss of(feekelharing, 1974)n the
present study it can thereferbe suggested that older individuals may be are more susceptible
to tooth loss. As data are limited, this conclusion is only tentative. The fact that there are
individuals with healed alveoli suggest that the associated loss of function is survivatiesn s

individuals.

The incisors and the canines are both used to kill pRégneviciu®t al,, 1996) Incisors are also

used to cut skin, subcutaneous tissue and muscle, while canines are used to consume muscle
with attached bongVan Valkenburgh, 1996Fhey may also be employed to crack b@Wan
Valkenburgh and R{jf1987) Survival of the loss or breakage of these teeth may be explained
by the nature ofC. crocutagroups.Kruuk(1972)observed that there were som€. crocuta
particularly older females that did not participate in hun@. crocutawill converge on a Kkill,

even if they did not participate in taking down the pi@ruuk, 1972)

While other teeth may be utilised, the premolars are most frequently used when cracking bone

(Van Valkenburgh, 1996%urvival after the loss or brealagf premolars may therefore be

more difficult if there are periods of food stress during which consumption of bone is required

to gain adequate food. Tooth breakage may also have been greater during the Pleistocene when

other hard foods are consumed, ndlg frozen carcasses during cold periods. Prolonged cold
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periods necessitating reliance of frozen carcasses may also limit the survival of individuals with

broken teeth.

Overall, this reinforces the method proposedBynder and Van Valkenburg@®010)that tooth

wear should be taken into account when assessing tooth breakage in Pleistocene ddfmsits
example, a deposit of predominantly wear stage IV teeth compared with a deposit of
predominantly stage VI teeth may elicit a signal reflecting age rather than different ecological

conditions.

5.5.3.2 Male and female tooth breakage

Van Valkenburgl@1988)found that inC. crocutaa greater proportion of females had broken
teeth. This was also found in the present study, which diffeiromVan Valkenburgh'€1988)

study in that sites were considered separately, in case of geographical variation in tooth
breakage. In all sites and all wear stages assessed (IV, V, VI), a greater proportion of females
have broken teeth. Additionally, females have a greater proportion of broken teeth. This
disparity between females and males is also apparent in most sites syli¢imto the individual

tooth types, as explored below.

At wear stages IV and V, a greater proportion of individuals have broken premolars. This is
followed by incisors and then canines. The smallest proportion of individuals have broken

carnassials,rad carnassials are the teeth with the lowest percentage of breakage. At wear stage

V, a greater proportion of females have broken incisors and canines, followed by premolars and
carnassials. Canines are the tooth most frequently broken. A similar propatipremolars

and carnassials are broken, although more carnassials have been lost.

The prevalence of broken premolars and canines compared to carnassials is similar to other
published studies. As a percentage of broken te¥tm Valkenburgfl988)found that canines

had the greatest proportion, followed by premolars, incisors then carnassials. Similarly, as a
percentage of all teeth observed, canines and premolars had the greatest proportion of

breakage, followd by incisors and then carnassi@fsan Valkenburgh, 2009)

Van Valkenburgh{2009) suggested that increased tooth breakage can be caused by more
complete consumption of carcasses, especially consumption of bones. An additional
consideration is that more rapid consumptiohacarcass may lead to tooth breakage as teeth
less suited to breaking bone may come into accidental contact with fgaa Valkenburgh,
1996, 2009) The greater tooth breakage is therefore unexpected given that females often have
preferential accesstb O NOF a4 dzyf Saa -rankinglfem&eFanker 8.0 K S NJ
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1989) and are therefore expected to consurtess bone than males. One explanation may be
that many males will leave the cldHofer, 1998g)and it sometimes takes months until a new
clan will accept the immigrant ma(&ruuk, 1972)If the males ofterfieed alone during this time,

they would avoid the frenzied group feeding that may lead to accidental tooth breakage.

Canines may also be broken by struggling gkéan Valkeburgh, 1988) However, there is no
association between prey size and frequency of tooth breakage between sp@ties
Valkenburgh, 2009)it is difficult to assess whether tooth breakage many vary with prey size

intraspecifically ashtere is insufficient data available to allow comparisons between sites.

Breakage of canines may also be associated with greater intraspecific aggression such as fighting
(Van Valkenburgh, 2009)Vhile there is high intraspecific competiti at carcasse&ruuk(1972)
seldom observed fighting, even in the Ngorongoro Crater where there was a high population
density ofC. crocutaelative to preyC. crocutanay be aggressive towards intruding individuals
(Boydstoret al, 2001) This rarely involves direct physical contact, yet when it does, biting can
lead to severe injurie@Kruuk, 1972)Physical contact is rare in defence of défdsiuk, 1972)

W, I AGAY 3QXKrudkglo7%) linfofves R number of males surrounding a female and
occasionally biting her. Individuatales may also target and bite a femdkeast and Hofer,
1993) Conversely, aggression, which may include biting, may be directed by females towards
males(East and Hofer, 1993There does not appear to be any information about the reéati
proportions of male versus female aggression involving physical contact, so it is unclear at
present whether difference in aggression may cause the elevated level of canine breakage

observed in females.

The overall less frequent breakage of carnassialmpared with other teeth in males and
females may be explained by their position in the jaw meaning that the blades are less likely to
come into contact with bonéKurtén and Werdelin, 1988Bone does come into contact with
carnassial blades as observed in dental microwear analxas Valkenburglet al., 1990;
Goillotet al, 2009; Schubert al, 2010; Basttt al., 2012) and the protocone and parastyle of

the P4 are involved in craciy bone (Kurtén and Werdelin, 1988)xplaining why some

observed arnassials are broken.

This difference between males and females is a further factor to be borne in mind when

interpreting Pleistocene fossil material.
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5.6 Conclusion

This chapter first analysed the influences ug@ncrocutebiomass, and that of its competitor,

P Jeo. The results indicate th&t. crocutdbiomass is more sensitive to environmental conditions.

C. crocutare more abundant when prey biomass is greater (particularly very-smatledium

sized prey) and in areas witksls extreme temperatures, particularly where winter temperatures
are warmer. They are more abundant in areas where the driest month has more precipitation.
There appears to be some spatial partitioning, vithcrocutanore abundant with greater semi
openvegetation cover, which appears to correspond with loweleobiomass. Together, this

is important in interpreting the changing abundance of fossil C. crocuta in different Pleistocene

environments in Europe and in assessing the potential causesexdirpation.

Ontogenetic change i@. crocutarania, mandibles and postania was assessed. This indicates
that individuals with P3/p3 wear stage Ill are not fully grown in many cranial and mandibular
measurements. This warrants exclusion of wear stage Il individuals from further analysis, except
for when assessing the dentition. Pasainial sample sizes are small, yet most bones appear to

be fully grown upon fusion of the epiphyses, regardless of P3/p3 wear stage.

Further, some measurements appear to increase in size through life. These measts hiane

been treated in separate wear stage groups in this chapter, and will be done so in the Chapter
6. There are measurements of mandibular strength and bite strength that are reduced in
younger individuals, indicating that younger individuals may sadVantaged, particularly
when competition is high and consumption of tough foods (e.g. bone) is necessary. This is an
important consideration when assessing the Pleistocene measurements, in addition to

considering the causes for the extirpation@fcrautafrom Europe.

The analysis of SSD indicates that while body maSsabcutas largely femaldiased, the SSD
values are lower than other carnivores such Rsleoand P. pardus Most craniodental
measurements have no consistent SSD direction, atidig that neither males nor females are
consistently larger. This indicates that the representation of males and females in Pleistocene
deposits will not influence the morphometric results. The exceptions are some of the
mandibular measurements, the ressilof which indicate that females are larger. None of the
SSD values correlated with any of the environmental variables, indicating that degree of SSD
does not vary with changes in environmental conditions. Therefore, it is unlikely that the
proportion of males and females in the Pleistocene assemblages would influence the

morphometric results.
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While sample sizes of pestania were unfortunately insufficient to assess consistency in SSD,
the SSD values are low. It is therefore anticipated that for Plesmassemblages, sex of the

individuals will not influence the morphometric results.

The analysis of environmental influences upon body mass, craniodental anetrposil
measurements show some consistent results. The cranial and mandibular measurehsnts t
have the strongest statistical results (condylobasal length, and length between the ¢ and m1
alveoli) appear to increase isometrically with overall body size. Most of the-goasial
measurements have associations with environmental conditions thatsanilar to the two

cranial and mandibular measurements, suggesting that they also increase in size with body size.

The cranial measurement, mandible measurement, granial measurements and body mass
are all positively associated with warm summer tergtures. Many of the morphometric
measurements are positively associated with semen and closed vegetation cover, while they

are negatively associated with open vegetation cover. Thel dength measurement appears

to be weakly but positively influendeby precipitation of the wettest month, as are most of the
postcranial measurements. However, female body masses are significantly and negatively
correlated with precipitation of the wettest month. This disparity may be due to the small

sample sizes ohe body mass tests.

A further influence on female body masdisleodensity, which has a negative correlation. This
was not included in the craniodental and pasanial analyses because of lack of data. However,
the absence of such variables may explaimy the craniodental models with the strongest

statisticsstill only explainaround 45 % of the variance in these measurements.

It is therefore predicted that during the Pleistocei@,crocutavere larger in periods of warmer
summers, in areas of sempen and closed vegetation cover and reduced areas of open
vegetation coverC. crocutanay also have been larger during periods with reduced interspecific

competition.

Finally, tooth loss and breakage were assessed. Loss of teeth is uncommon, relatiee to th
frequency of broken teeth i€€. crocutaThere is some indication that tooth loss is more common

in older individuals, suggesting that older individuals are more susceptible to tooth loss, or that
the associated loss of function is survivable in somegsabooth breakage increases with age,
warranting assessment of the age profile of the Pleistocene assemblages before interpreting the
breakage results. Tooth breakage is also more prevalent in females than males, which will need
to be taken into account ten interpreting Pleistocene tooth breakage. Carnassials are the
tooth that is least frequently broken. In light of this, the Pleistocene breakage results will be split

into tooth types prior to interpretation.
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6 PleistoceneCrocuta crocuta

6.1 Body mass reconstruction
6.1.1 Introduction

Body mass is related to a number of life history and ecological factors, including the size of prey
targeted (Carboneet al, 2007) and huning ability (Biewener, 1989) these may have
implications for the persistence or extirpation of an individual from an area. As outlined in
Section5.4, body mass may be influenced by a number of environmental tondisuch as
temperature (Mayr, 1956) presence of competitor§McNab, 1971)and food quality and
abundance(McNab, 2010), all of which changed through the Pleistocene and may have

impacted uporC. crocutdbody masses.

A rew intraspecific method for reconstructing. crocutébody mass is proposed in the current
work (Sectiord.4.2.7), which will here be used to assess variation ia Bleistocene study

sample.

The research questions are as follows:
1 Is the model suitable for reconstruction of Pleistoc&hecrocutdbody masses?
1 Were there changes i@. crocutdody size through time?

1 What might be the reasons for these changes?

6.1.2 Resuls
6.1.2.1 The model

The ml lengths and body masses included in the OLS regression models can be found in
Appendix10.7, Table10.20. The results of the OLS regressiorCofcrocutébody mass against

m1l length (called OLS1) are showrFigure6.1a and b The test is significar(p-value <0.05)

with a high # value 75.87%). The %PE (329 and %SEE (B8 % are low, indicating good
predictive power of the model. The standardised residuals, leverage values, and 80olR A & I Y (
are shown irFigure6.1c and d.None of the leverage values exceed the leverage thresbbld

0.55 However, thedatasetfrom Ethiopia has atandardised residual value exceeditig
thresholdvalue oRkanda/ 221 Q& RA &l I y @héthréshdlddd$36. T heb&I$ Raksy 3
value from Ethiopia is 35.83 kBowellCotton, n.d., cited irshortridge, 1934)more than 10 kg

smaller than the next smallest body ma#s the original publication could not be accessed,
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there was no way to determine whether the Ethiopian individual was an adult or a juvinile.

was therefore decided to reun the model withoutthe Ethiopian data

The results of the model excluding Ethiopia (OLS2) are shokigune6.2. As before, the test

is significant with a walue <0.05. The? value is igh at 81.13%. The %PE {® % and %SEE

(y @ 1) areslower than in OLS1, indicating even better predictive power of the model. None of
GKS £t SOSNII3IS 2N/ 221Qa O fdSa SEO&RGHatasek S NI 2
from Botswana is a poteial outlier with sandardised residual value of 2.346owever, there

are tworeasons for keeping this sample within the model. Firstly, the sample does not exceed
GKS /221Qa 2N f S@SNI AStheilekitNG shieshdldFog X348egordl, 2 y £ &
the %PE and %SEE are very low, indicating strong predictive power of the model, even with the

inclusion of female&C. crocutdrom Botswana.

The correction factors fordetransformation bias were calculated for OLERyure6.2a). The
range of values is very stthwith offsets of between 0.29 and 0.8b, indicating that the choice
of factor will have little impaatpon the body mass values. The REdaehlue was chosen as it

is theintermedate value.
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a| OLS1 mdel equation
Log10 Body mass-2.688 H3.083* Log10 mlength)
Model statistics
r2 p-value %PE mean | %SEE
75.87 <0.05 7.73 12.68
Statistical thresholds
Leverages /[ 221Qa 5|/ 221Qa 5
0.55 2.81 0.36
Correction factors
SE RE QMLE
1.0058 1.0033 1.0071
C' 2 ______________________________________________________1:_ ______
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Figure6.1: Regression model and outliers for OLS1. DaBhesd indicate the outlier threshold values. W_Kenya refers to the Sot

Masai Mara locations. C_Kenya refers to the Aberdare, Archers Post and Mount Kerigasdcatalculation of the %PE (sEgquatior

4.17) the detransformed predicted body mass values were multiplied by the SE correction factor, as this factor is largerREaioL

smaller than the QMLE.
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Standardised residuals

OLS2 mdel equation

Logl10 body mass-£.92 + (2.558 Log10 m1 length)

Model statistics

r2 p-value %PE mean | %SEE
81.13 <0.05 5.78 8.7
Statistical thresholds
Leverages [ 221 Qa4 5|/ 221 Qa
0.6 2.92 0.4
Correction factors
SE RE OMLE
1.0029 1.0034 1.0035
®Botswana_F 1
Tanza.nia_F C_r.(enya_F Botswana_M i
W_Kenya_M |
. |
W_Kenya_F i
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Figure6.2: Regression model and outliers for OLS2. Dashed lines indicate the outlier threshold values. W_Kenya refers to th

Masai Mara locations. C_Kenya refers to the Aberdare, Archers Post and Mount Kenya locations. In calculation of th&gtREq}

4.17) the detransformed predicted body mass values were multiplied by the RE correction factor, as this factor is largerSkao.

smaller than the QMLE.
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6.1.2.2 Body mass reconstruction

The body masses of Pleistoce@e crocutawere reconstructed from ml lengths using the
equation from OLS2, and are showrFigure6.3. In Britain,C. crocutavere small during MIS 9,

and larg during the later part of MIS 7, although these body mass predictions are based on one
individual from each stage, and they overlap with the very largest and smallest values from other
stages. While there is variation in the body masseS.afrocutdrom the Late Pleistocene, there

is considerable overlap, with no clear distinctions between MIS 5e, 5c or 3.

Considering the rest of Europe, there is again considerable overlap in the body mass estimates
from different countries. The estimates from Castlep&ave (Ireland) and San Teodoro (Italy)

are notably consistently small, while the body masses from other countries range from similarly
low values up to higher values. The lowest values from Castlepook Cave (71.08+1.24 kg) and San
¢ S2R2NRB O T HréstilMaggerdhantthe $irglé value from Grays (64.56+1.23 kg). Overall,
the very smallest values are from Joint Mitnor Cave (63.81+1.23 and 64.04+ 1.23 kg) and Kents
/' SNY o6cndoypmMPHo (30D

Across Europe, the largest calculation is from Uphill Cave8/atrl22.49+1.42 kg, which is
around 49 kg larger than the smallest body mass observed. The next largest body masses are
from Kents Cavern (116.21+1.4 kg) and Teufelslucke (114.9+1.39 kg), although the former (as

noted) spans both the largest and smalleatues recorded.

To assess further differences between the reconstructed Pleistocene body masses, an ANOVA
with posthoc Tukey Pairwise Comparisons was(itable6.2). Only datasets with sample sizes

of ten or greater were included. Data from Joint Mitnor Cave and Kents Cavern anomoally
distributed, so the nosparametric ManAWhitney tests were performed on these dafgable

6.3).

The pvalue of the ANOVA test is <0.05, indicating that there is a significant difference between
at least two of the assemblages. The phet Tukey Pairwise Comjmons indicate that
C.crocutabody masses from the Austrian MIS 3 site of Teufelslucke are significantly larger than
those from sites of both Late Interglacial (Tornewton Lower Hyaena Stratum, Tornewton Upper
Hyaena Stratum, Kirkdale Cave) and MIS 3 Behdlill) age in BritairC.crocutabody masses
from other sites are not significantly different, reflecting the overlapping body mass values in

Figure6.3.

The MannWhitney tests(Table 6.3) indicate that body masses from Last Interglacial Joint
Mitnor Cave are significantly smaller than those from the Last Cold Stage sites of Coygan Cave,
Pin Hole, Uphill Caves 7 orG&vernéviarie Jeanne &' Niveau, Teufelslucke and Kents Cavern.

C. cocuta from Kents Cavern are significantly larger than those from Last Interglacial Joint
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Mitnor Cave, Kirkdale Cave, Tornewton Upper and Lower Hyaena Stratum, and MIS 3 Sandford
Hill, but signicantly smaller than those from MIS 3 Teufelslucke. Overall, where there are
significant difference<C. crocutdrom Last Interglacial sites are significantly smaller than those

from MIS 3 sites in Britain.
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Figure6.3: Body mass reconstructioasid prediction interval of each estimaté PleistoceneC. crocutdrom Europe SeeTable6.1 for sample sizes.
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Table6.1: Number of body mass reconstructions for each sit€igure6.3.

No. body mass

Country Site )
reconstructions
Grays 1
Oreston 1
Hoe Grange 1
Barrington 7
Burtle Beds 1
Joint Mithor Cave 19
Kirkdale Cave 31
Victoria Cave 4
Tornewton Lower Hyaena Stratum 33
Tornewton Upper Hyaena Stratum 34
Badger Hole 5
Bench Cavern 2
Boughton Mount 4
o Brixham Cave/Windmill Hill 4
Britain
Caswell Bay 2
Church Hole 7
Coygan Cave 74
Daylight Rock Fissure 2
Ffynnon Beuno 2
D2FGQa 12tS tIF@Afl yR 1
Hyaena Den 8
Kents Cavern 109
YAY3 ! NIKdAZNRE / F dSd ¢ K¢ 1
t A01SyQa 1 2t{Sd [F@SNJo 9
Pin Hole 34
Robin Hood Cave 2
Sandford Hill 22
Uphill Caves 7 or 8 35
Ireland Castlepook Cave 4
Caverne Marigleanne. 4" Niveau 21
Belgium Goyet. 3™ Caverne, 4" Niveau Ossifére, Galleries 8
+2AaAySa RS fQ9y(iNBS
: Slouper Hohle 10
Czech Republic Hohle Vypustek 1
Austria Teufelslucke 47
Serbia Baran?ca Il 7
Baranica |. Layer 2 1
Italy San Teodoro 3
Cova del Toll 1
Spain Cueva ddas Hienas 4
Cova de les Toixoneres 1
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Table6.2: Results of the Tukey Pairwise Comparisons, run after the ANOVA test, on predicted
Pleistocene/ ® O NBQQiiotly masses. Sites that do not share a grouping letter are
significantly different at 95 % confidengevalue = <0.05.

Mean body

Site n mass (Logl0 Grouping
Teufelslucke 47 1.963 A
Caverne Marie Jeanne®® Niveau 21 1.95 A B
Pin Hole 34 1.947 A B
Uphill Caves Dr 8 35 1.939 A B
Coygan Cave 74 1.936 A B
Slouper Hohle 10 1.927 A B
Tornewton LHS 33 1.926 B
Tornewton UHS 34 1.924 B
Sandford Hill 22 1.92 B
Kirkdale Cave 31 1.915 B

Table6.3: Results of MamWhitney tests for significant differences on Log10 body masses of
PleistoceneC. crocuta Top figures are Walues, bottom figures are-palues. Shaded boxes

indicate significant differences at 95 % confidert®eeTable6.1 for sample sizes.

. . Joint Mitnor Cave| Kents Cavern
Site and median body mass (log10) 1913 1947
Joint Mitnor Cave| 689.5
1.913 i <0.05
Kirkdale Cave 469.5 8439
1.913 0.772 <0.05
Tornewton LHS 434 8326.5
1.929 0.19 0.01
Tornewton UHS 450.5 8429.5
1.924 0.25 0.006
Coygan Cav¢ 657 10573.5
1.937 0.025 0.121
Kents Cavert 689.5
1.947 <0.05 i
Pin Hole 370 7867.5
1.948 0.008 0.928
Sandford Hill 363.5 7561.5
1.915 0.36 0.024
Uphill Caves 7 or ¢ 412.5 8088.5
1.941 0.047 0.388
Caverne Marie Jeanne. 4eme Nive 270.5 7030.5
1.961 0.001 0.492
Slouper Hohlg 269.5 6679.5
1.929 0.491 0.183
Teufelslucke 359 7888.5
1.964 <0.05 0.01
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Body masses wereombined from all sites in Britain dating to MIS 5e, to MIS 5c and to MIS 3.
Tests for significant difference were then performed on these combined dataBalde.4).

The ttest reveals no significance difference at 95 % confidence in body masses between MIS 5e
and 5c. By contrast, the MarWhitney tests indicate that. crocutdrom the Middle Devensian,

MIS 3, are significantly larger than thosernfrthe early Devensian, MIS 5e and 5c, in Britain.

Table6.4: Tests for significant difference of reconstruct€dcrocutaPleistocene body masses
from different British sites combined for MIS &&= 62) 5¢(n = 67)and 3(n = 323) Shaded

boxes indicate significant difference at 95 % confidence.

Comparison Mean/Median Test
Mean (log10) t-test
MIS 5c vs 1.925 t-value -1.29
MIS 5e 1.916 p-value 0.198
Median (log10) Mann Whitney
MIS 3 vs 1.944 W-value 65208.5
MIS 5c¢ 1.928 p-value 0.014
MIS 3 vs 1.944 W-value 65393
MIS 5e 1.915 p-value <0.05

In order to examine the possible impacts of modern human arrival in Britain and the progressive
intensification of abrupt climate change during MIS 3brrocutdbody mass, body mass values
were plotted in chronological order, based on available radiocar dates from each
assemblageHigure6.4). Where possible, dates derived frdth crocutespecimens were used.
From Ffynnon Beun@, date was derived fromél. primigeniusone that had been gnawed by

C. crocuta The only date available from Badger Hole was fromEarierusspecimen. See

Appendix10.1, Table10.1 and Table10.4 for full details and references.

The resits indicate no consistent increase or decrease in body mass through MIS 3 in response

to either of the variables of interest.
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Figure6.4: Body mass estimatesith prediction intervalof PleistoceneC. crocutdrom Britain,
placed in chronological order. See Apperitixl, Table10.1 and Table10.4 for full details and
references, andable6.1 for sample size®ashed line (a.) indicadghe assemblages dated prior

to the earliest arrival of modern humans in Britain (42,83M,760 cal BRdighamet al,, 2011;
Proctoret al,, 2017) Dashed line (b.) indicates the assemblages dated prior to 36.5 b2k, a point
after which interstadials become shorter and less frequent, as evidenced by the Greécdan

O 2 N® data(Anderseret al., 2004; Rasmussest al, 2014; Seierstadt al,, 2014)

Figure6.5 shows theC. crocutabody mass values, categorised by dominant vegetation type
(grassland, mixed, forested). The deposits included are only those from which vegetation could
be directly recostructed. See AppenditQ.1, Table10.1 and Tablel0.2 for further details and

references.

The largest body masses are from Pin Hole, where open grassland was the dominant vegetation
type but thereis considerable overlap in the body mass values from areas with grassland and
with mixed vegetation. The smallest body mass value is from Grays, characterised by closed
woodland vegetation. However, the other body mass reconstruction from a deposit with
forested vegetation (Cova de les Toixoneres) has a value that plots within the range of the mixed

and grassland deposits. Overall there is ho coherent pattern of body mass with vegetation.
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Figure6.5: C. crocutabody mass reconstructions, categorised by dominant vegetation cover.
See Appendit0.1Tablel10.1 and Table10.2 for further details and referenceSeeTable6.1

for sample sizes.

C. crocutabody mass estimates were then plotted against those from other predators and
potential prey speciesHgire 6.6 to Figure6.11) to assess whether there was covariation
between the species in Britain. The body mass dat&Cfdupusvere reconstructed bylower
(2016) those for other species hyollinge(2001)

The largesC. crocutdbody masses occurred during MIS 7 and MIS 3, dwriivich time/ Hpus

were at their smallest, at 35.4 kg and 34.03 kg, respectiv@tyré 6.6). It is furthermore
interesting to note the absence @. crocutdrom Britain during MIS 5a (when wolves reached
their maximum body mass§;lower,2016) While the initial observation might suggest that the
presence of hyaenas acted as a control on wolf body mass (and concomitant access to resources)
during the relatively open calitions of MIS 7 and MIS 3, the large rang€ ofrocutdbody mass
variation within each stage and the small datasets across which to compare the species make it

difficult to see a definitive pattern.
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Other carnivores
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Figure 6.6: PleistoceneC. crocutdbody masses an@. lupusnean body massesith associated
prediction intervalgfrom Flower, 2016)Sample sizes fd€. crocutaMIS 9 (n = 1), later MIS 7
(n = 1), MIS 5e (n = 62), MIS 5¢ (n = 67), MIS 3 (n = 323).
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undifferentiated.
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Figure6.8: C. crocutaand Cervidae species mean body masses with standard deviations (from Collinge, 200&)aphusb. C. capreolusc. M. giganteus d.R.

tarandus e.D. dama MIS 5 = undifferentiated.
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Figure6.9: C. crocutaand Bovidae mean body masses with standard deviations (from Collinge, 20B1priacusb. B. primigeniusMIS 5 = undifferentiated.
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Figure6.10: C. crocutaand Rhinocerotidae species mean body masses with standard deviations
(from Collinge, 2001). MIS 9, 5 and 5 ®» K S Y A MI8 8 6K duitiquitatisMIS 5 =

undifferentiated.
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Figure6.11: C. crocutaand potentialE. ferusnean body masses with standard deviations (from
Collinge, 2001). MIS 5 = undifferentiated.
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There is some evidence th@t crocutancreased in size with a deease irlJ. arctosbody mass
during MIS 5e and MIS Bi@gure6.7a). However, this pattern does not hold when including Hoe
Grange Cavern (MIS 5) and Grays (MIBi§yre6.7b shows that there is no obvious relationship

between the body masses @f. crocutaandP. leo(spelaed.

Of the potential prey species, there is a positive correlation between the Rhinocerotidae
{ ® KS Y XidZ Satiguitziis and C. crocutdbody massesHigure6.10). This is especially
clear in MIS 5, 5e and 3, althou@h crocutaare smaller than expected giveh hemitoechus
body mass during MIS 9. There is also a positive correlation betivaacutaand C. elaphus
body masses (Figure 6.8a). There is some eviaeha positive correlation betwee@. crocuta

andC. capreolubody masses (Figure 6.8b) although this is based on only four data points.

C. crocutdody masses do not scale with those of all potential prey species, notably some of the
other cervids. Durig MIS 5e and 3Jl. giganteusbody masses increase while crocutebody
masses remain largely unchanged (Figure 6.8c). There is also little obvious relationship between

C. crocutaand R.tarandusbody masses during MIS 3 (Figure 6.8d).

C. crocutaand D. cahma body masses do not appear to correlate during MIS 5 and 5e (Figure
6.86), although/ @ O N2 Ondaller than expected, givéh damad 2 R& Y| && RdzNA Y.

This is very similar to the relationship betwe&ncrocutandE. feruvody massesHigure6.11).

There is no relationship betweed. crocutaand B. priscudody massesHjgure6.9a) and with
only four data points to illustrat€. crocutaand B. primigeniusdody massesHigure6.9b), no

obvious relationship with aurochs can be detected either.

6.1.3 Discussion
6.1.3.1 The model

Both OLS1 and OLS2 indicate that there is a significant, positive correlation between body mass
and m1 length of moder. crocutaAs mentioned, OLS2 was chosen because of the outlier in
OLS1. At5.78 % and 8.7 %, the %PE and %SEE values for OL S2dieatow, that the models

have a strong power to predi@zrocutabody masses from m1 lengths. This power is especially
striking when compared against the values fréfan Valkenburgh'€1990)models, where the

lowest %PE value was 29 %, and the lowest %SEE was 18 % (both in a moddyadhésaahth

against body mass for carnivoresigieing more than 100 kg). This indicates that confidence can

be placed in reconstructions of Pleistocefie crocutabody masses in the present study.

However, it is acknowledged that OLS2 has a small sample size (ten data points).
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6.1.3.2 Body mass reconstruction

Body masses of Pleistoce® crocutavere reconstructed using OLS2. They were compared
with previous estimates fronThackeray and Kies€t992)and Collinge(2001)in Table6.5.
Thackeray and Kiesér992)produced a regression model using the logarithmically transformed
m1 lengths and body mass@som the same individuals) @f. crocutaP. brunneg C.mesomelas

and Cape fox{ulpes champ The Pleistocene m1 lengths were then put into this regression
eqguation. No correction factor was used after the predicted body masses were detransformed
from logarithms byThackeray and Kies€t992) The body masses in the present study are
around 15 to 20 kg greater than those predicted Hyackeray and Kies€t992) and may in

part be explained by the aforementioned lack of correction factor by those authors. Further
variaion may be due to differences in the relationship between m1 length and body mass in the

different canid and hyaenid species.

As mentioned in Sectiod.4.2.1, Colinge (2001) reconstructed Pleistocen€. crocutabody
masses using an equation with a single, average body mass of mG@deracutaAsTable6.5
shows, the body masses reconstructed in the present study are greater than those reconstructed
by Collinge(2001)using the postrania. The reconstructions using m1 lengths are mordasimi
between the two studies foC. crocutadrom MIS 9, 5e (except Barrington) and 5c. Disparity
occurs in body masses reconstructed using mls from Barrington and from MIS 3, with the
present study around 5 to 7 kg greater, although the standard deviatwadap. The greatest
difference is from Ffynnon Beuno, wi@ollinge(2001)predicting 81 kg, compared wiB.8kg

(96.9¢ 100.7kg) in the present study. The differences between the two studies may stem from
the use of a single average body massaditulations byCollinge(2001) whereas the present

study has taken into account some of the geographic variati@ icrocutdbody masses.

Collinge(2001)noted that the postcrania may be more representative of body masses in light
of their phenotypic responses to environmental conditions. This may also account for some of
the greater difference observed betwedbollinge's(2001) body masses reconstructed from
post-crania and the body mass estimates in the present study. Da&aewinfortunately
insufficient to construct further regression models fradn crocutgpostcrania However, the

high P value, and low %PE and %SEE valti@®4 S2 suggethat the body mass reconstructions

presented here are a good approximation of the actual values of the Pleistocene individuals.
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Table6.5: Comparison of Pleistocer@. crocutabody mass reconstructions from the present

study and previous studiesHS = Lower Hyaena Stratum. UHS = Upper Hyaena Stratum

Mean body mass

Mean body mass Mean body mass values andSD(kg)
values andSD(kg) values (kg) fromm1l | from postcrania (PC)
from m1 lengths (this | lengths(Thackeray and andml length
Site study) Kieser, 1992) (Collinge, 2001)
Grays 64.56 61 (51.55 70.45, PC)

67 (m1)

: 68 (62.6¢ 73.4, PC)
Barrington 88.25 (81.34,95.17) |64.1 83 (76.34 89.66, m1)
Joint Mitnor 65(58.26¢ 71.74, PC)
Cave 81.13 (72.7X 89.55) | 61.2 79 (75.56c 82.44, m1)

: 69 (65.12 72.88, PT
Kirkdale Cave| 82.86 (75.8%;89.86) | 62.3 79 (75.8% 82.18, m1)

Tornewton
LHS 84.92 (76.8%; 92.99) Choh o1 E 68 (63.9 72.1, PC)
'LI'J(|)_|rgewton 84.56 (77.2% 91.83) 86 (78.5% 93.41, m1)
Badger Hole | 89.83 (80.12;,99.55) | 71.2
Brixham
Cave/ 85(72.19¢ 97.81) ctTdn ol a WY
Windmill Hill

70 (67.84¢ 72.16, PT
Coygan Cave | 87.09 (78.0Z 96.15) | 66.7 80 (75.32 84.68, m1)
Ffynnon
Beuno 98.8 (96.9;100.7) 81 (ml)

Hyaena Den | 83.8 (76.8190.79) 67.9

71(66.91¢ 75.09, PC)
82 (79.3% 84.67, m1)
6Fa wYSyia
9 NI KQO

Kents Cavern | 88.76 (80.99;96.54) | 69.2

t AO1 Sy (82.93(76.0%89.79) | 67.7

65 (54.7¢ 75.3, PC)
82 (78.12 85.88, m)
6L & WtAy |
Cldzyl Q0

68 (63.6 72.31, PC)
79 (76.19 81.81, m1)

Pin Hole 89.64 (78.%4,100.58) | 71.2

Sandford Hill | 84.07(74.37¢ 93.76)

The Pleistocene body mass reconstructions results indicateGhatrocutavere consistently

small during MIS 9 in Britain (Grays), MIS 3 in Ireland (Castlepook Cave) and MIS 3 omSicily (Sa
Teodoro). They were notably large during MIS 7 in Britain (Oreston). It is acknowledged that
there was only one MIS-&ed specimen, and one MISadged specimen, meaning that it is

possible that these values may not be representative of the average bmahls of the
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populations. The&C. crocutdrom other countries and time periods overlap considerably and, in

many cases, span a larger range of body sizes.

PleistoceneC. crocutabody masses range from 66.81 to 122.49 kg. These lower estimates
overlap withbody mass records from Africa today, which range from 35.85 to 80.(fédwgel
Cotton, n.d., cited irBhortridge, 1934Smithers, 1971)

As demonstated in Sectio®.4.2.] presentdayC. crocutare significantly negatively correlated

with P. leodensity and precipitation of the wettest month, and positively correlated with
temperature of the warmest month. The analysis of Late Pleistod@nerocutain Britain
suggests that they were significantly larger during the generally colder climatictiomsdof

aL{ o GKIFIY Rd2NAYy3a GKS Y2NB GSYLISNIGS aL{ pS
/ drocuta This suggests that fos€ll crocutsf 2 f t 2 6 . SNA Y| y linate beidgf S 6 &
taken as a proxy for increased latitude). This is sugubliy some of the data from wider
Europe. For example&;. crocutafrom the mid last cold stage MIS 3 site of Teufelslucke are
significantly larger than those from the temperate MIS 5¢ assemblages of Tornewton Upper and
Lower Hyaena Strata, and the MIS BestLinterglacial sites of Kirkdale and Joint Mitnor Cave.

| drocutafrom the MIS 3 site of Caverne Marie Jeann&{4iveau), where mean annual
temperature has been reconstructed as 3.3%26pezGarciaet al,, 2017) are also significantly

larger than those from Joint Mitnor Cave.

However, when asseisg) all assemblages of all ages, the overlap in measurements indicates

that any size difference is not consistent. This may be becausecutaresponded to shorter

term environmental changes that cannot be detected because of a lack of resolution. For
example, the variation of body masses during MIS 5e may be explained by temperature variation
within this period; although all temperature reconstructions of MIS 5e in Britain exceeded
G2RIF&8Q& &dzYYSNJ GSYLISNI G dzNB & T LIS {lesseHaNi20K 2 O
years) of MIS 5dCandyet al, 2016) Unfortunately, no temperature recordeave been
reconstructed directly form the MIS 5e deposits included in the present study, so this cannot be

resolved further.

Multiple abrupt environmental changes also occurred during MIS 3, as evidenced through the
DNB Sy f | y REOMAFAndR R al.12004; Rasmussest al, 2014; Seierstaét al,,

2014) The graph of direct dates from MIE3crocutgFigure4.7) plotted against the Greenland
data shows that it is not possible to attribute each deposit to a particular stadial or interstadial.
This is because the errors on the dates, in addition &édkistence of multiple dates from some

deposits, span across climatic transitions.
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¢ KS DNBSyft g data indicates@ratNidierstadials became shorter and less frequent

I FGSNJ I N2 (xydRrsecetath p004) Ragmussest al., 2014; Seierstadt al, 2014) The

graph ofchronologicallyordered British MIS 3 body mass reconstructigifsgure6.4) shows

that there is no consistent pattern of body mass change over time. There is also no change to
larger or smaller body masses after 36.5 b2k. This may be a true signal. Alternatively, this may
be due to the limited available radiocarbon dates, and the fact thahy dates were towards

the limit of the radiocarbon dating method. To resolve this issue, more extensive radiocarbon
dating of specimens is needed to help constrain the timespan over vihicnocutaoccupied

each site. It would be particularly benefictaldirectly date the mls from which body masses
were reconstructed. A further improvement would be to reconstruct palaeotemperatures
directly from the deposits in whic8. crocutavere found. This is because temperatures across
Europe may diverge from th@reenland signal. For example, the continental temperatures may
have lagged behind the signal from Greenland, or they may represent different magnitudes of

change.

Overall, there is some evidence that contrary to presgay C. crocutaPleistoceneC. cr@uta

followed Bergmay Qa wdzf S is hai So@sBNE nofl kbifuitousAs mentioned,
presentday C. crocutaR2 y 20 | LIS N G2 F2ftft26 . SNEYIYyyYyQ
consequence of the small sample size of presayt body masses so that the full climatic range

of C. crocutehabitats was not covered (s€Bable5.23). Alternatively, presentiay C. crocuta

may exhibit true morphological responses to temperature that are different to those of

PleistoceneC. crocuta

Klein and Scott (198@pncluded thatC. crocutaF N2 Y . NAGFAY F2ff26SR . S
on the length of the m1s from Late Pleistocene sites, although there was overlap in values from
deposits of different ages. Studies Burner (1981)and Collinge (2001both found a lack of
consistent relationship with B&¢H Y | yuje ihdhe Rieistocenesupporting the findings in the

present study.

As mentioned, presendlay C. crocutdbody masses are negatiyecorrelated with precipitation

of the wettest month. Records of precipitation are lacking in the Pleistocene, with estimations
only available from three sites. Annual precipitation from Caverne Marie JeafiffeNieau)

were estimated at 1018 mm, whidh wetter than today(LépezGarciaet al,, 2017) Although
quantifiable palaeoclimatic reconstructions are unfortunately unavailable, the deposits from
Levels D, E, F and H in Cova del Toll are indicative of wet con@#luéset al., 2013) Cova de

les Toixoneres Level Il is indicative of a humid climate, while Level Il is indicative of drier

conditions(LopezGarcieet al., 2012) The body masses from Caverne Marie Jeanne, Cova del
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Toll and Cova de les Toixoneres all overlap. The limitekbece thus suggests no influence of

precipitation on Pleistocene body masses.

Vegetation cover was assessed for those deposits from which vegetation had been directly
reconstructed. There is evidence that body size does not vary with vegetation. Thée sarep

upon which this is based is small, especially the forested vegetation category, which is
represented only by two deposits. However, these results are supported by findings that

presentday/ drocutabody mass is not correlated with vegetation coy8ectiorb.4.2.1).

As mentioned, presentlayC. crocutdbody masses are negatively correlated withleodensity
(Sectiorb.4.2.). This is a difficult variable to measure in the Pleistocene. However, the response
to the presence and absence of potential competitors can be assessed, in addition to an

investigation into thecovariation in body size between predator species.

Other large predators that occurred in Europe alongsitlecrocutaincludedC. lupusP. leo
(spelaed, P. pardusU. arctos U. spelaeuand hominingd / dzNNJ y i +FyR WI 0206 A =
2011) These species may have competed Wittcrocutdor food. Indeed, there is evidence of
overlapping prey preferences, such as tbensumption of bovids, equids and cervids by
C.crocutaandH. neanderthalensiduring MIS 4 and 3 in Fran@@usseldorp, 2013b)n Payre,

France during MIS 7/&. crocutaand P. leo (spelaed, and sometimedd. neanderthalensijs
targeted species such &icerorhinug=Stephanorhinussp.,C. capreolysM. giganteusand E.

mosbachensi@Bocherent al., 2016)

I aLISOAS&AQ 02Reé YIfatanhabits the sande a®Rag a (aydr doghiSRor A
(McNab, 1971)Thus, whileC. lupuswere larger during MIS 5a in Britain, in part due to the
absence ofC. crocutaFlower, 2016)the reverse was not trueC. lupusP. leo(spelaea and
U.arctoswere present in Britain during MIS 9, later 7, 5e, 5¢ af8W&cliffe and Zeuner, 1962
cited in Currant, 1998 Schreve, 1997, 2001; Currant and Jacobi, 2@ht) so there was no
opportunity for competitive release. Additionally, there ittldi evidence that Pleistocene
C.crocutabody mass varied alongside. lupusor P. leo(spelaed body size. There is some
evidence of an increase in drocutasize alongside reducdd. arctossize, during MIS 5e and 3,

although this is not the case for MIS 9.

Neanderthals were present in Britain during MIS 9, 7 af8cBreve, 2001; Currant and Jacobi,
2011) but were very likely absent during MIS (hewiset al., 2011) and there is no evidence of
their presence in MIS Eaged depositgSutcliffe and Zeuner, 1962ited inCurrant, D98
Currant and Jacobi, 2011Jhe overlap in body masses in MIS 5e and 5¢c compared to MIS 3

suggests that the absence of Neanderthals in Britain did not influ€naecutabody mass.
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An additional potential factor is the arrival of modern humans in Britain. The earliest evidence
of this is a mandible from Kents Cavern, dated to 42,350 to 40,760 cal BP, based on associated
fauna(T. Higham, Comptomt al, 2011; Proctoet al, 2017) The body mass estimates placed

in chronological orderRigure6.4) do not show any evidence th&. crocutabody masses
changed in response to the arrival of modern humans in Britain, although the limitations of the

chronology have been discussed above.

Collingg(2001)suggested that the larger size in species sudb.adaphusluring MIS 3 was due
to a greater vegetation productivity. The positive relationship between body masses of
/ ® O NBICdefaphusnay therefore indicate an indirect relationship betweén crocuta

body mass and vegetation productivity, rather than vegetation openness, as discussed above.

Even if the covariation betwee@. crocutebody mass and that of their prey is not causal, the
relationship can provide some information abaddt crocut® & R A &.licdcutebdy mass
increased in line with those of Rhinocerotidae &@delaphusuggests tha€C. crocutavere able

to continue targeting these species even when they were of lamge s

Evidence ofC. crocutaconsumption ofC. elaphusn Britain comes from Ffynnon Beuno
(AldhouseGreenet al,, 2015)and Kents CaverfWilson, 2010)Additionally C. elaphusemains
are present in many assemblages that were likely accumulaté€zi byocutdsee Appendif0.1
Table10.1).

There is also abundant evidence for the consumptiorCofantiquitatisin Britain, including
damage to bones in MIS 3 deposits of Bench Cavern/Windmil[Rréstwich, 1873)Coygan
Cave(AldhouseGreenet al, 1995F D2 | (1 Qa (Tarhe§ 2000)RthHbIdByidR, 1875)

and Lynford(Schreve, 2012)The importance ofC. antiquitatisin the diet of Pleistocene.
crocutais interesting given the large size of the indirats (maximum recorded size of 2433537

kg, Collinge, 2001)There is limited evidence &. crocutapreying upon white rhinoceros
(Ceratotherium simuin or black rhinocerod)jceros bicornjstoday.Kruuk(1972)and Sillere

Zubiri and Gottell{1991)noted limited hunting attemptdy C. crocutaipon rhinoceros calves,

which were all unsuccessful. Despite this, sites such as Kents Cavern yielded abundant, gnawed
remains of juvenileC. antiquitatis(Wilson, 201Q) This may have been due to successful

predation byC. crocutascavenging b€. crocutaor collection bias from early excavations.

During MIS €. crocutaare smaller than expected, given the size of RhinocerotiBaehma
andE. ferus This may indida that C. crocutavere less able to target these prey species during
this period. At 64.56+1.23 kg, the Grays individual is similar in s2zed@cutan some areas in

southern Africa, including some records from Kruger National ParlidardduweiMfolozi Park
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(Whateley, 1980; Lindeque, 198dited inSmithers, 1983; Henschel, 19&fted inSkinner and
Chimimba, 2005and se€eTable5.23).

Of the large mammals in Kruger National Park, the species most frequently targeted by
C.crocutawere steenbok Raphicerus campestjjghe greater kuduTragelaphus strepsicerps

and impalaAepyceros melampuklenschel and Skinner, 1998).campestriaveighs 913.2 kg,

A. melampusweighs 4676 kg andT. strepsicero® SA 3K a ™ H(Bstes, 391 afjd3
references thereih Larger species killed I8/ crocutancludedS.caffer(Henschel and Skinner,
1990F ¢ KA OK ¢ S A mEKes, 18%apdreferences|tiigre)n

From GraysD. damawas estimated to weigh 97+16.2 Kg, ferusweighed 557+115 kg, and
S.hemitoechusveighed 1790557 kg(Collinge, 2001D. damaandE. ferusare within the range
of species predated b§. crocutdan Kruger National Parl&. hemitoechuss larger, suggesting

that at least the adults would have been too large @rcrocutdo predate successfully.

Body masses of individuals from @agook Cave are also notably small. However, this does not

hold when considering the craniodental morphometrics (see Seétidn

Finally, smalC.crocutawere also found in San Teodoro. Weighing 72.31+1.24 to 84.01+1.28 kg
from San Teodoro, the smaller of these individuals are similar to some records of pdagent
C.crocuta from HluhluweiMfolozi Park, Kruger National Park, Kalahari National Rack
BotswanaStevensorHamilton,1947; Smithers, 1971; Whateley, 1980; Mills, 1990k larger

of the C. crocutdrom San Teodoro exceed the maximum recorded body masses of praggnt

C. crocutawhich are 78.25 kg from Malawi (Wood n.d., cite@hortridge 193%and 80.06 kg
from BotswangSmithers, 1971)

In the deposits of San Teodoro, there @s crocutadamage to bones oPalaeoloxodon
mnaidriensis(dwarf elephant),Cervus elaphus siciligicilian red deer)Bos primigenius
siciliaéBison priscus sicilia€Sicilian aurochs/Sicilian bisor®. scrofaand E. hydruntinus
(Mangano, 2011P. mnaidrienis, C. e. siciliaeB. primigenius siciliae and B. priscus siciliae

all smaller than their mainland ancest¢Raia and Meiri, 2006; Lomoliebal., 2013) C. crocuta
would therefore likely have been able to prey upon these species (rather than only scavenging
the remains), despité ® O NRl6tigely lsnonh size.

The small size of th€. crocutarom San Teodoro is interesting as the Island Rule may have
influenced these populations. The premise of the Island Rule is that mammals of large body size,
such asC. crocuta will become smaller once isolat§tilomolino, 1985) Reconstructions of
relative sea level at the Strait of Messina showed that ldwed bridge between Sicily and
mainland Italy was absent between 40 and 27(Katonioliet al., 2015) The available dates

from San Teodoro are younger than 40 ka (3Radon flowstone and 18,330+40¢C BP =
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23,12521,149 cal BP oB. hydruntinusBonfiglioet al, 2009, indicating that the San Teodoro
fauna were part of populations isolated from the mainland. This ighéurillustrated in San
Teodoro by the presence of dwarf endemic species, which were smaller than their mainland
counterparts(Mangano, 2011)and by species diversity that is a subset of the mainland species
(Marra, 2009)

There are many theories behind the causes for the Island Rule (see S:t}idtaia and Meiri
(2006)suggested that the prey biomass or the size of prey on islands influences body size change
of insular carnivores. For San Teodoro, the presence of dwarf sgetaegano, 2011¢onforms

to this theory.

As mentionedC. lupugxhibited variation in body mass during the Pleistocene, with the largest
individuals found during MIS 5a, perhaps because of cold conditions and competigaserel

due to the absence d. crocutgFlower, 2016)P. leq(spelaed were smaller during MIS 5e than

during MIS 3, andCollinge (2001) suggested that this was because of the more forested
environment during MIS 5e, leading to saptimal foraging and concentration on smaller prey.
P.leoispelaec®d G KSNBF2NBE O2y F2NNSR (2 . pshdEchidngeywssa wdz

not a direct relationship with temperature.

U. arctoswere largest during MIS 4 according @pllinge (2001) However, assemblages
attributed to this period, assigned to the Banwell Bone Cave Mammal Assemblage Zone by
(Currant and Jacobi, 2001, 201ijcluding Wingt Knoll, Wretton and the typsite of Banwell

Bone Cave, have since been reassigned to M(S&aant and Jacobi, 201 Burther body mass
reconstructions indicated that medium siz&ld arctosoccurred during MIS 6, 58c and 3, while

the smallest individuals occurred during MIS 7 an@@llinge(2001)suggested this may have
been due to a reduction in plant biomass during MIS 6, 5a, and 3, causing them to switch to a
more carnivorous diet. No explanation was givier the mediumsized individuals during MIS

5e and 5c.

Based on the above responses of other large predators, it seem<thabcutas unusual in

that its body size did not consistently change in response to Pleistocene environmental
conditions. Thisnay be due to the behavioural plasticity of the species. For exai@plerocuta

have been observed to move from open to closed vegetation, and change from crepuscular to
nocturnal activity in response to the presence of humésydstonet al., 2003) They obtain

food from both predation and scavengifigenschel and Skinner, 199Basawat al,, 1991)

and feed upon a wide range of spedfbslls, 1990; Holekamet al., 1997; Hayward, 2006)hey

can also alter the prey species that they target in response to seasonal fluctuations in prey
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abundancde.g.Cooperet al., 1999) However,C. lupuslso exhibit some behavioural plasticity,
yet, as mentioned, they showed body size changes through the Pleist@elemeer and Schreve,
2014; Flower, 2016)

One thing thatC. crocutedoes differently is that they are able to consume #rtirety of a
carcass, including bones, in periods of low food availalfifityuk, 1972; Egelarat al., 2008)
While there is competition betweef. crocutaand P. leotoday, the two species often show
spatial and temporal partitionin@e.g.Mills, 1990; Périquett al., 2015 ard Section 5.1 Indeed,
isotopic analysis of MIS-&8)jed assemblages from the Ardennes, Belgium indicated Ghat
crocutaconsumed most of the prey species present, wRilkeo (spelaed was forced to subsist
onR. tarandusindUrsussp. cubgBocherengt al., 2011) They may alsbave been able to out
compete other species. For example, after MIS 5a (when Gotbrocutaand P. leo(spelaea
were conspicuously absent from Britaif@), lupuseduced its body size during MIS 3 apparently
in response to competition from the two largpredators, now returned to Britain, which forced

them to target smaller prey speciéBlower and Schreve, 2014; Flower, 2016)

It is anticipated that some of this behaviour will be reflected in the craniodental andgpastal
morphological record. This behavioural plasticity may mean thatcrocutaresponded to
environmentalchanges through behaviour, in particular bone consumption anecoutpeting
other species, thus limiting the necessity for body size changes. This may have had implications

for their extirpation from Europe, as will be discussed in Sedtion
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6.2 Pleistocene morphometrics
6.2.1 Introduction

As discussed in Secti@3, craniodental morphology is associated with the size of the brain,
vision, hearing, olfaction, respiration and feedi(wer, 1973; Biknevicius, 1996; Smith and
Rossie, 2008; Tseng and Binder, 2010; Macrini, 2012; Nunetradla2013; Lucas, 201Rahmat

and Koretsky, 2015)Postcranial morphology also has important functional implications
including weight bearing, prey capture and locomotigtildebrand, 1974Van Valkenburgh,
1985 and see SectioB.4). The results from Sectioh4 indicate that these features may be
influenced by temperature, precipitation, vegetation cover. Given that these conditions changed
during the Pleistocene, this section will assess the variation in morphometi@scofcutaand
whether this variion can be attributed to environmental variation both temporally and

spatially.
The research questions are as follows:

1 How didC. crocutanorphometrics vary spatially across Europe and temporally through

the Pleistocene?

1 Can this variation be attributed to any environmental conditions?

6.2.2 Results
6.2.2.1 Crania and dentition

The dental measurements for all Pleistocene assemblages are displeyigdrie6.12to Figure

6.29, and see als@ppendk 10.8 Figurel0.3. Sample sizes are included Tiable6.6. Where

sample sizes were at least ten, tests for significant difference were performed. ANOVA with post

hoc Tukey were performed on normally distributed data, and Mann Whitney tests were
performed on noAnormally distributed data. In the case of the mediolateral diameter of C, t
1Saia 6SNB LISNF2ZNNX¥SR 2y yY2NXYIff& RA&GNKO dzi ¢
GENRI yOSa Ay GKS REFGF 0Lb G t dzSicdnt diffepencecane ® ¢ K
displayedn Appendix10.8 Table10.22to Table10.50.
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For all dental measurements, there is much overlap in the dEmbsizes between assemblages.
This is the case both within and between different palaeoclimatic episodes and geographic

areas. However, some differences are apparent.

The measurements from the early Middle Pleistocene specimen from Pakefield all fhet in
mid-range of measurements from all sites. Data from MIS 9 was only available from four
measurements from Grays (width of p3, width of p4, and length and width of m1). These
consistently plot in the lower range of values from all sites. For most measumnts, the teeth

from MIS 7 are towards the upper range of sizes, although a notable exception is the length of

the p2.

Of assemblages from the Late Pleistocene, Castlepook Cave and San Teodoro stand out. Except
for measurements of P2 and p2, mediolatad@meter of ¢, and length of p3, the measurements
from Castlepook Cave plot towards the lower range of values. The measurements from San

Teodoro consistently plot in the lower range of values.

Differences between sites are more apparent when the testssignificant differences are
considered alongside the boxplots. Where there are significant differences, these tend to show
that teeth from MIS 3&aged sites are larger than those from MIS 5e and 5c. In particular, teeth
from Teufelslucke, tend to be sigwe#intly larger. There are exceptions, however. The length of

P1, length of P4 and width of p2 do not exhibit significant differences.
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Figure6.19: Boxplot of Pleistocen€. crocuteP3 width measurements. Numbers on top of the

Late Pleistocene.

graph indicateMarine OxygenisotopeSages LP
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Figure6.20: Boxplot of Pleistocen€. crocutg?2 length measurements. Numbers on top of the

Late Pleistocene.

graph indicateMarine OxygenisotopeSages LP
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Figure6.21: Boxplot of Pleistocen€. crocutgp2 width measurements. Numbers on top of the

Late Pleistocene.

graph indicateMarine OxygenisotopeSages LP
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Figure6.23: Boxplot of Pleistocen€. crocutgp3 width measurements. Numbers on top of the
graph indicateMarine Oxygen Isotope Sages LP = Late Pleistocene. EMP = early Middle

Pleistocene.
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Figure6.24: Boxplot of Pleistocen€. crocutgp4 length measurements. Numbers on top of the
graph indicateMarine Oxygen Isotope Sages LP = Late Pleistocene. EMP = early Middle

Pleistocene.

Figure6.25; Boxpbt of PleistoceneC. crocutgp4 width measurements. Numbers on top of the
graph indicateMarine Oxygen Isotope Sages LP = Late Pleistocene. EMP = early Middle
Pleistocene.
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