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SUMMARY
Evolution on islands, together with the often extreme phenotypic changes associated 
with it, has attracted much interest from evolutionary biologists. However, measuring 
the rate of change of phenotypic traits of extinct animals can be challenging, in part due
to the incompleteness of the fossil record. Here, we use combined molecular and fossil 
evidence to define the minimum and maximum rate of dwarfing in an extinct 
Mediterranean dwarf elephant from Puntali Cave (Sicily).1 Despite the challenges 
associated with recovering ancient DNA from warm climates,2 we successfully retrieved 
a mitogenome from a sample with an estimated age between 175,500 and 50,000 years. 
Our results suggest that this specific Sicilian elephant lineage evolved from one of the 
largest terrestrial mammals that ever lived3 to an island species weighing less than 20% 
of its original mass with an estimated mass reduction between 0.74 - 200.95 kg and 
height reduction between 0.15 - 41.49 mm per generation, respectively. We show that 
combining ancient DNA with palaeontological and geochronological evidence can 
constrain the timing of phenotypic changes with greater accuracy than could be 
achieved using any source of evidence in isolation.
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RESULTS AND DISCUSSION
Evolution on islands is a process which can lead to a variety of phenotypic changes in a 
relatively short time-span, including dwarfing and gigantism.4 Investigating the rate of these 
phenotypic changes provides insights into the speed and flexibility of adaptation to a novel 
environment. Accurate measurement of this change, however, is challenging. The exact 
timing of colonisation of the island is often uncertain, as the fossil record is incomplete and 
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often challenging to date with accuracy. Furthermore, there are cases where the ancestral 
state of the colonising individuals is unknown. Molecular dating can provide a means to 
measure the rate of evolutionary change, as it allows for an estimation of the time to the 
common ancestor of the lineages under investigation. However, for the multitude of island 
dwarfs and giants that are now extinct, applying such approaches is hampered by suboptimal 
climatic conditions for DNA survival, as many islands where such processes took place are 
located at low latitudes.5,6 The mammalian petrous bone has been shown to preserve 
endogenous DNA better than other skeletal elements7,8 and may therefore represent the 
preferred material for samples from challenging preservation conditions. Similarly, despite its
inherent limitations, mitochondrial DNA remains the marker of choice for DNA studies on 
samples from challenging preservation conditions due to its high number of copies per cell.9,10

Here, we have overcome the challenges associated with DNA preservation in low latitude 
regions by sampling the petrous bone of a Sicilian dwarf elephant. We reconstruct its 
mitochondrial genome sequence and use the data to estimate the dwarfing rate for this 
lineage.

Sicilian dwarf elephants are excellent examples of the extreme morphological changes that 
island evolution can effectuate (Figure 1). Current common usage distinguishes at least two 
taxa that existed in the last one million years, delineated on the basis of size: the 1 m tall 
Palaeoloxodon falconeri, and the stratigraphically younger 2 m tall Palaeoloxodon cf. 
mnaidriensis (see STAR methods for additional details).11,12 The faunal history of the Sicilian 
Pleistocene suggests several faunal turnover events, and the exact number of dwarf elephant 
taxa represented in the fossil record is an ongoing debate (see STAR methods).1,13 Our 
specimen has been tentatively assigned to Palaeoloxodon cf. mnaidriensis. However, since 
the taxonomy of Sicilian dwarf elephants is subject to discussion, we refer to it here as the 
“Puntali elephant” (see STAR Methods). Nevertheless, there is broad consensus that all 
elephant material found on Sicily is attributable to the genus Palaeoloxodon, and it is 
hypothesized that the Puntali elephant, with its estimated shoulder height of 2 m, was a direct 
descendant of the straight-tusked elephant Palaeoloxodon antiquus, estimated at 3.7 m in 
height with a mass of 10 tonnes (see STAR Methods), that occurred on the European 
mainland during the Pleistocene between 800 – 40 ka (thousand years ago; Figure 1).14,15 The 
ancestor of the Puntali elephant is suggested to have colonised Sicily from mainland Europe 
around 200 ka,13 although multiple colonisation and dwarfing events of different elephant 
lineages on Sicily can complicate this estimate.16

We define the age of the Puntali specimen as the end of the dwarfing process, although the 
actual dwarfing process could have been completed earlier.17,18 Several different ages have 
been proposed for the Puntali material based on biostratigraphic indicators (147±28.7 ka, 
88±19.5 ka, and 70-20 ka; see STAR Methods). In order to test these, we performed 
acceleration mass spectrometry radiocarbon dating of the Puntali specimen used for DNA 
analysis. The sample proved to be beyond the range of radiocarbon dating, leading to a 
minimal age estimation of approximately 50 ka (STAR Methods). We therefore also applied 
amino acid geochronology dating, which is a relative dating method based on comparing the 
extent of intra-crystalline protein degradation to that of material of known age. The intra-
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crystalline protein degradation data from the tooth enamel of the Puntali elephant was 
compared with data from additional dwarf elephant material from Puntali and a second 
Sicilian site (Spinagallo; Table S1), as well as recently published elephantid material from the
UK.19 The intra-crystalline protein degradation in enamel from the Puntali elephant, as well 
as other specimens from Puntali, is considerably lower than that observed in material from 
Spinagallo, which has been dated to ~230-350 ka (Figure S1).20 Moreover, the material from 
Puntali Cave shows intra-crystalline protein degradation similar to material from Crayford, 
UK, which has been correlated with marine oxygen isotope stage (MIS) 6/7 (~200 ka).21,22 As 
the rate of intra-crystalline protein degradation will be faster at the higher temperatures in 
Sicily compared to the UK, the Puntali material should be younger than the Crayford 
material, supporting an age estimate younger than 200 ka (see STAR methods), in line with a 
colonisation event during MIS 6. However, as only a limited comparative dataset is available,
the intra-crystalline protein degradation is currently not able to provide a more accurate age 
estimate. As additional intra-crystalline protein degradation data for fossil material from 
southern Europe becomes available, it should become possible to provide a narrower age 
constraint for the Puntali elephant. Together, the amino acid geochronology, radiocarbon 
dating and the previously published Electron Spin Resonance (ESR) dating23 bracket the age 
of the Puntali sample between 175.5 and 50 ka and present an additional line of evidence 
confirming the biostratigraphical age estimation of the Puntali elephant (see STAR Methods).

The divergence time from the Puntali elephant’s closest mainland relative can be seen as the 
earliest possible start of the dwarfing process, assuming that their common ancestor was a 
full-sized straight-tusked elephant (e.g. see Erkek and Lister24 for sizes of Italian mainland 
straight-tusked elephants). This thus offers a second estimate of the onset of dwarfing for the 
Puntali lineage, independent from fossil evidence. To investigate the divergence time from 
the mainland lineage, we recovered mitochondrial sequences from a Puntali elephant petrous 
bone to assemble its mitochondrial genome to 95.5% completion with an average read depth 
of 61x (see STAR Methods and Figure S2). Phylogenetic analysis of extinct and extant 
elephants places the Puntali elephant as sister to the straight-tusked elephant lineage 
recovered from Neumark-Nord, Germany, with high support (100% bootstrap support, 1.0 
Bayesian posterior probability; Figure 2, Figure S2, Figure S3). Using a fossil-calibrated 
Bayesian Skyline Population model in BEAST25, we find the estimated mean coalescence 
time between the Puntali elephant and the straight-tusked elephant mitogenomes from 
Neumark-Nord to be 402 ka using the minimum sample age (50 ka; 95% credibility interval: 
283 – 531 ka) to 435 ka using the maximum sample age (175.5 ka; 95% credibility interval: 
320 – 564 ka; see STAR Methods). These ages closely align with the mean divergence time 
when applying a speciation model (357 ka for a sample age of 50 ka [95% credibility 
interval: 249 – 476 ka] to 398 ka for a sample age of 175.5 ka [95% credibility interval: 293 –
511 ka]; Figure 2, inset; STAR methods). Since gene lineage coalescence always pre-dates 
population separation (assuming no post-divergence gene flow), this coalescence time thus 
represents the maximum age for the colonisation of Sicily by the Puntali elephant lineage. 
Post-divergence gene flow between species could lead to paraphyly in the mitochondrial 
phylogeny, which has previously been reported for the two extant African elephant 
species,26,27 and thus complicate the interpretation of divergence times between populations. 
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Although we find no evidence of mitochondrial paraphyly involving Puntali, Neumark-Nord 
straight-tusked elephants and African elephants in the complete mitogenomes (Figure 2, 
Figure S2) or short mtDNA sequences (Figure S3), the analyses of additional samples and 
nuclear markers will be required to confirm that the mitochondrial relationships we recover 
between the Puntali and Neumark-Nord straight-tusked elephants corresponds to the species 
tree. 

The actual source population for the colonisation of Sicily was most likely located in 
mainland Italy. The estimated coalescence time based on a more northerly German 
population may well represent the split between these regional populations of mainland 
straight-tusked elephants, rather than the divergence of the Puntali elephant from its mainland
ancestor. In mainland Europe, the straight-tusked elephant fossils display high variability in 
cranial morphology, which has led to some debate whether these differences should be 
considered as indicative of distinct northern and southern subspecies, or even species.28–31 

Although the mitochondrial DNA places the Puntali and Neumark-Nord elephants as sister 
lineages, the skull morphology of the Puntali elephant is similar to the southern populations,1 
whereas the Neumark-Nord elephants display the cranial characteristics of the northern 
straight-tusked elephant populations.29 However, because of the non-monophyletic nature of 
straight-tusked elephants’ mitochondrial genomes sequenced to date, and the absence of 
additional sequences from fossils of which the cranial morphology can be determined, it is 
unknown if the coalescence time between these lineages represents the divergence between 
the northern and southern straight-tusked elephant populations. More thorough sampling of 
European straight-tusked elephants is required to further investigate the population structure 
within the straight-tusked elephant as well as the colonisation dynamics of southern European
islands. The molecular divergence estimate between Puntali and mainland straight-tusked 
elephants should thus be primarily considered an absolute upwards constraint on the onset of 
dwarfing, leading to a minimum dwarfing rate.

The latest possible onset of the dwarfing process can only be constrained on the basis of the 
age of the first documented small-bodied Puntali elephant lineage on Sicily, which continues 
to be controversial. This age can be considered an absolute lower constraint to the onset of 
dwarfing, as the Puntali elephant lineage at this point has already gone through (part of) its 
dwarfing process,32 highlighting the value of a multidisciplinary estimation of the dwarfing 
rate. Colonisation of Sicily from mainland Europe is likely to have occurred during climate 
intervals that are accompanied by low sea levels (glacials), due to reduced sea barriers and/or 
land bridge connections. Although elephants are able to swim, making a landbridge not a 
requirement for colonisation,33 lower sea levels would make colonisation more likely. It has 
been suggested that the ancestor of the Puntali elephant colonised Sicily around 200 ka at the 
earliest,1 consistent with the onset of the MIS 6 sea level drop at ~200 ka, with the lowest 
levels estimated to be around 160 -140 ka.34 Due to uncertainty about the age of the Puntali 
material, we also considered the onset of rapid sea level drop at the end of MIS5e (ca. 125 ka)
and the low sea level during MIS4 (ca. 70 ka) as possible colonisation dates (Table 1).

Using the youngest and oldest estimates for the age of the Puntali elephant, and the most 
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upwards and bottom constraints of the start of dwarfing, we can provide minimum and 
maximum estimates of the average dwarfing rate of the Puntali elephant lineage. The 
intermediate potential scenarios using intermediate sample ages and alternative onsets of 
dwarfing are listed in Table 1. Size and body mass reduction were calculated assuming 
shoulder height and body mass for the straight-tusked elephant of 3.7 m and 10 t, and 2 m and
1.7 t for Puntali elephants (see STAR Methods). We present both the dwarfing rate per year 
and per generation. As generation time for the straight-tusked elephants we are utilising that 
of the closest extant relative, the African savanna elephant (31 years), following previous 
publications.35,36 This likely represents a maximum estimate: generation time may have 
decreased over time for the Sicilian dwarf elephant, as body mass and generation time are 
generally correlated.37 The dwarfing rate is thus calculated by dividing the total amount of 
dwarfing divided by the total time. The resulting upper and lower potential dwarfing rates for 
the Puntali dwarf elephant are a body mass reduction between 0.02 kg and 6.48 kg per year, 
and a reduction of shoulder height between 0.005 mm and 1.34 mm per year – corresponding 
to 0.74 - 200.95 kg and 0.15 - 41.49 mm per generation. In order to place these evolutionary 
rates into context, they were converted to haldanes, a unit of rates where one haldane 
corresponds to a change in trait by one standard deviation per generation.38,39 This method 
corrects for the sampling interval, so despite encompassing a wide range of time over which 
dwarfing may have occurred (from 352 ka to 1.3 ka; Table 1), calculated rates for the 
shoulder height and body mass fall within other observed palaeontological evolutionary rates,
at the upper (i.e. fast) end of the range (Figure 8 in Gingerich39; see STAR Methods). 
Moreover, the magnitude of dwarfing resulting from this rapid evolutionary process was truly
striking, as it resulted in a loss of body mass of almost 85% in one of the largest terrestrial 
mammals that ever lived.

Conclusions

Evolution on islands is often seen as one of the most striking examples of ‘evolution in 
action’, and as descendants of giants, the extinct dwarf elephants are among the most 
intriguing examples of insular evolution. To put the extent of size reduction the Puntali 
elephant has undergone into context, it would be comparable to modern humans dwarfing to 
approximately the size of a Rhesus macaque. However, constraining the time span of dwarf 
elephant evolution using molecular dating is particularly difficult, as ancient DNA does not 
survive well in the warm climates they lived in. Here, we have overcome the challenges 
associated with retrieving Pleistocene DNA from a Mediterranean island and provide a first 
molecularly and biochronologically calibrated range for dwarfing rates of an insular species. 
The reconstruction of ancient nuclear genomes, although presenting a significant challenge 
for Pleistocene specimens from warm climates, would be required to overcome the inherent 
limitations of mitochondrial DNA as a single marker, and could further allow identification 
and investigation of functional regions under selection in the dwarfing process as well as the 
exceptional hybrid origin of the straight-tusked elephant.36
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FIGURE LEGENDS

Figure 1: Phylogenetic relationship between the Puntali dwarf elephant and the 
straight-tusked elephant Palaeoloxodon antiquus. Schematic diagram depicting the 
hypothesized models of insular dwarfing. The crania are displayed to scale, showing the 
reconstruction of a skull from Neumark-Nord, Germany,40 and skull GP4 from Puntali cave,1 
displaying the large change in size caused by insular evolution. The inset map displays the 
distribution of straight-tusked elephants in Europe in green, as well as the site of the 
previously sampled specimens from Neumark-Nord in Germany (dark green dot). The island 
of Sicily and the approximate sampling site of Puntali are indicated in blue and with a star, 
respectively. See also Table S3.

Figure 2: Calibrated Bayesian phylogeny of 34 complete elephant mitochondrial 
genomes. Calibrated nodes are indicated with a star. Node support is given as Bayesian 
posterior probability. EM, Elephas maximus (Asian elephant). MP, Mammuthus primigenius 
(Woolly mammoth). MC, Mammuthus columbi (Columbian mammoth). LA, Loxodonta 
africana (African savanna elephant). LC, Loxodonta cyclotis (African forest elephant). PA, 
Palaeoloxodon antiquus (European straight-tusked elephant). Inset shows density distribution
of divergence times for different sample ages and tree priors. See also Figures S2 and S3 and 
Table S2.
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TABLES
               
Table 1: Outline of different possible dwarfing times. Using all potential sample ages of the Puntali specimen, potential colonisation dates of Sicily 
of the Puntali elephant lineage, and fossil-calibrated molecular divergence times (using youngest and oldest possible sample age and a 
speciation/coalescent prior, respectively) from the closest full-sized relative, we calculate all possible lengths of the dwarfing process. Longest and 
shortest dwarfing interval highlighted in bold. See also Figure S1 and Table S1.

                                                                         

Colonisation date Divergence time

70 ka 125 ka 140 ka                                           200 ka 357/402 ka  398/435 ka

Lowest sea
level during

MIS 4

Start of sea
level drop

end of 
MIS 5e

Lowest sea
level MIS 6

Start of sea
level drop

MIS 6

Bayesian
divergence time

range using
youngest

possible sample
age (=50 ka)

Bayesian
divergence time

range using
oldest possible

sample age
(=175.5 ka)

sa
m

p
le

 a
ge

50 ka
youngest possible age based on

carbon dating
20 ka 75 ka 90 ka 150 ka 307/352 ka -

68.7 ka lower bound of ESR EU model 1.3 ka 56.3 ka 71.3 ka 131.3 ka - -

88.2 ka mean ESR EU age 88.2 ± 19.5ka - 36.8 ka 51.8 ka 111.8 ka - -

107.7 ka upper bound of ESR EU model - 17.3 ka 32.3 ka 92.3 ka - -

118.1 ka lower bound of ESR LU model - 6.9 ka 21.9 ka 81.9 ka - -

146.8 ka
mean ESR LU age

146.8 ± 28.7 ka
- - - 53.2 ka - -

175.5 ka upper bound of ESR LU model - - - 24.5 ka - 222.5/259.5 ka
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STAR METHODS

LEAD CONTACT
Requests for further information should be directed to and will be fulfilled by the Lead 
Contact, Sina Baleka (sina.baleka@gmail.com). 

MATERIALS AVAILABILITY
This study did not generate new unique reagents.

DATA AND CODE AVAILABILITY
The mitochondrial genome sequence for the Puntali elephant sample (labcode EM9/GP4) has 
been deposited in GenBank under accession number MK034300.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Samples
A total of 11 dwarf elephant samples were processed for palaeogenetic analysis from four 
sites (San Teodoro, Puntali, Zà Minica, and San Ciro), consisting of teeth, postcranial 
elements and petrous bones (Table S2). All specimens analysed belong to the G.G. 
Gemmellaro collection located in the geological museum in Palermo, Italy, and were 
assigned to “Palaeoloxodon (Elephas) mnaidriensis”. After initial screening (see section 
“Bioinformatic procedures''), library EM9/GP4, obtained from the petrous bone of skull GP4 
from Puntali Cave, was selected for further analysis.
Chiral amino acid analysis was undertaken on 13 elephantid teeth, 9 from Spinagallo cave 
and 4 from Puntali cave (including from skull GP4; Table S1). 

Taxonomy of Sicilian dwarf elephants
Although only two Sicilian dwarf elephant taxa are described in the main text 
(Palaeoloxodon falconeri and Palaeoloxodon cf. mnaidriensis), debate over the taxonomy 
and systematics of Sicilian dwarf elephants is ongoing. There are at least two further taxa 
suggested: one intermediate in size between P. falconeri and the Puntali Cave material, which
may pre-date and thus potentially be ancestral to P. falconeri,13,53 and a larger-sized taxon, 
sometimes attributed to a large form of P. cf. mnaidriensis.54 The faunal assemblages of the 
Sicilian Pleistocene can be arranged into five biochrons named “Faunal Complexes” (FC; 
absolute age-ranges for the correlated sub-epochs are provided as a guide):55–57 Monte 
Pellegrino FC (Early Pleistocene, ca. 2.58 - 0.77 Ma), Elephas falconeri FC (early Middle 
Pleistocene, ca. 0.77 - 0.42 Ma), Elephas mnaidriensis FC (late Middle-early Late 
Pleistocene, ca. 0.42 - 0.07 Ma), San Teodoro-Pianetti FC (late Late Pleistocene, ca. 0.07-
0.012 Ma) and Castello FC (Late Glacial, ca. 0.015-0.012 Ma).
While P. cf. mnaidriensis is identified in both the Elephas mnaidriensis FC and in the San 
Teodoro-Pianetti FC, given the potential of multiple dwarfing events and the homoplastic 
nature of insular dwarfism, it is possible that P. cf. mnaidriensis represents a “dustbin” taxon 
lumping all moderately-dwarfed Palaeoloxodon. Furthermore, comparisons with type 
material of P. mnaidriensis from Malta indicate that the current attribution of material to P. 
cf. mnaidriensis on Sicily is incorrect, and that it in fact represents a distinct, as yet unnamed 
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larger-sized taxon.13 Additionally, it is unclear whether the younger San Teodoro-Pianetti FC 
dwarf elephants represent a later colonisation/dwarfing event, or persistence of P. cf. 
mnaidriensis from the preceding faunal complex. Therefore, and even though the elephants 
from Puntali cave have often been described as P. (cf.) mnaidriensis, we refer to it as “Puntali
elephant”. 
                                                                                                           
Faunal Complex Correlations and Age of Sample
Puntali Cave (Grotta dei Puntali) is a karstic cavity situated 90 m above sea level in the 
Carini region of north-western Sicily.1 Site chronology and the age of the elephant remains 
are complicated by a lack of clear provenance for the mammalian fossil material and a 
paucity of reliable direct dates on specimens. Elephant material was recorded from both 
layers 2 and 3, and it cannot be established from which of these layers the sequenced Puntali 
elephant sample derives. Elephant material from Puntali Cave can all be attributed to the 
same size class of dwarf elephant (generally referred to Palaeoloxodon cf. mnaidriensis) as 
variation is within the range expected for a single species of elephant.13 Without 
stratigraphical provenance of fossil material, finer scale size-change patterns cannot be 
established. The elephant material derived from layers 2 and 3 can thus be treated as a time-
averaged fossil assemblage constrained by the first and last appearance datum of 
Palaeoloxodon cf. mnaidriensis material on Sicily. The presence of Hippopotamus alongside 
elephants in layer 3 supports attribution to the E. mnaidriensis FC, and this is generally taken 
to be the faunal complex association for Puntali Cave fossil elephants.58 However, the faunal 
composition of layer 2 is non-diagnostic and could be attributed to either the E. mnaidriensis 
FC or the younger San Teodoro-Pianetti FC.

Fossils attributed to the E. mnaidriensis FC  have been dated to between 88.2 ka ± 19.5 
(Early Uptake, EU, model) and 146.8 ± 28.7 ka (Linear Uptake, LU, model) on the basis of 
Electron Spin Resonance (ESR) dating of elephant and hippo tooth enamel from Contrada 
Fusco, Siracusa.23 This provides the first appearance date for P. cf. mnaidriensis on Sicily, 
with an upper bound age (including error) of 175.5 ka, although the true age of the Contrada 
Fusco samples likely lies in between the EU and LU ages (Rhodes pers. comm., 2019).23 The 
San Teodoro-Pianetti FC is estimated at 70-20 ka BP,57 with some elephant remains from San
Teodoro Cave attributed to this faunal complex dated to before 32 ± 4 ka on the basis of U-
Th dates on overlying calcitic material,56 while others are dated to 21-23 cal ka BP on the 
basis of radiocarbon-dated, stratigraphically associated Equus hydruntinus material.59,60 This 
provides the last appearance date for P. cf. mnaidriensis on Sicily. Thus, the first and last 
appearance dates are 146.8 ± 28.7 ka and 21-23 ka BP, respectively. However, the non-finite 
radiocarbon date excludes ages younger than 50 ka for our Puntali elephant sample.  
             
METHOD DETAILS
Laboratory procedures
Radiocarbon Dating
Sample GP4 was radiocarbon dated at the Oxford Radiocarbon Accelerator Unit (ORAU) 
under the reference C14/5236. The sample contained enough collagen for dating, but the age 
of the sample was found to be beyond the range of carbon dating (>46,500 radiocarbon years,
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OxA-38261). We therefore used 50 ka as youngest possible sample age in our calculations.

Amino acid geochronology
Enamel chips were powdered with an agate pestle and mortar, and prepared using modified 
procedures from Penkman61, but optimized for enamel, using a bleach time of 72 hours to 
isolate the intra-crystalline protein.19

Approximately 30 mg of powdered enamel was weighed into a 2 mL plastic microcentrifuge 
tube (Eppendorf), and NaOCl (12%, 50 µL mg-1 of enamel) was added. Samples were 
exposed to bleach for 72 h and were continuously rotated to ensure complete exposure.19,61 
The bleach was pipetted off and the powdered enamel was washed five times with HPLC-
grade water. A final wash with methanol was used to react with any remaining bleach, before 
being left to air dry overnight.

Powdered enamel samples were accurately weighed into two fractions: a free amino acid 
(FAA) and a total hydrolysable amino acid (THAA) fraction. THAA samples were 
hydrolysed in HCl (7 M, 20 μL mg-1) and heated in a sterile sealed glass vial at 110 ̊C for 24 
h. Vials were purged with N2 to prevent oxidation. The acid was removed by centrifugal 
evaporation and THAA samples were re-dissolved in HCl (1 M, 20 μL mg-1). FAA samples 
were demineralised in HCl (1 M, 25 μL mg-1) in a sterile 0.5 mL microcentrifuge tube 
(Eppendorf) and sonicated for 10 min. To remove the high concentrations of phosphate ions, 
KOH (28 μL mg-1) was added to both the FAA and THAA samples. Upon addition of KOH, a
mono-phasic cloudy solution formed. The solution was centrifuged at 13,000 rpm for 10 min 
and a clear supernatant formed above a gel. The supernatant was removed and dried by 
centrifugal evaporation.

All samples were rehydrated in 30 μL of a solution containing HCl (0.01 M) and sodium 
azide (1.5 mM) as well as an internal standard, L-homo-arginine (0.01 mM) that acted as 
standard for quantification of amino acids. Analysis of chiral amino acid pairs was achieved 
using an Agilent 1100 series HPLC fitted with a HyperSil C18 base deactivated silica column
(5 μm, 250 x 3 mm) and fluorescence detector, using a method modified from that outlined 
by Kaufman and Manley62. The column temperature was controlled at 25 oC and a tertiary 
solvent system containing sodium buffer (23 mM sodium acetate trihydrate, 1.5 mM sodium 
azide, 1.3 μM EDTA, adjusted to pH 6.00 ±0.01 with 10 % acetic acid and sodium 
hydroxide), acetonitrile and methanol was used. The ratios of amino acid D- and L- isomers 
(D/L value) were calculated based on peak areas. 

Ancient DNA laboratory methods

All pre-amplification steps were carried out in the dedicated ancient DNA facilities at the 
University of Potsdam, including negative controls for both extraction and library 
preparation. In a first round of screening, ~50 mg of bone powder per sample were produced 
using a mikrodismembrator (Retsch) at a frequency of 30 Hz for 10 sec. DNA was extracted 
following a protocol optimized for highly fragmented DNA.63 In brief, bone powder was 
incubated overnight in 1 mL extraction buffer (0.45 M EDTA, 0.25 mg/mL Proteinase K) at 
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37°C under constant rotation. Remaining undigested material was pelleted using 
centrifugation and the supernatant was transferred into 13 mL of binding buffer (5 M 
guanidine hydrochloride, 40% isopropanol, 0.05% Tween-20, and 90 mM sodium acetate).  
This mix was passed through QIAGEN MinElute columns fitted with a reservoir  (Zymo-
Spin V). PE buffer (QIAGEN) was used in two subsequent wash steps followed by a dry spin
of 1 min at 13,000 rpm to remove remaining PE buffer. The purified DNA was eluted in TET
buffer (10 mM Tris-HCl, 1 mM EDTA, 0.05% Tween-20) using a two-step approach each 
time adding 12.5 µL TET.
Single-stranded Illumina sequencing libraries were prepared from the extracts following a 
published protocol.41 To remove uracil residues, which can accumulate in high frequency in 
ancient DNA as a result of cytosine deamination, samples were treated with uracil-DNA 
glycosylase (UDG) and Endonuclease VIII prior to library preparation in a 44 µL reaction 
containing 1.8x CircLigase buffer II, 4.5 mM MnCl2, 0.02 U/µL UDG, and 0.11 U/µL 
Endonuclease VIII. 1 Unit of FastAP was used to remove residual phosphate groups and the 
DNA was denatured at 95°C for 2 min. Adapter CL78 was ligated to the 3’ end of the now 
single-stranded DNA in a 80 µL reaction containing 20% (vol/vol) PEG-4000, 0.125 mM 
CL78, and 2.5 units/µL Circligase II, which was incubated overnight at 60°C. The DNA was 
immobilised on streptavidin covered magnet beads (Dynabeads MyOne C1) and extension 
primer CL9 was annealed to the complementary CL78 adapter. To fill in the second strand, 
Bst 2.0 polymerase was used in a 50 µL reaction containing 1x isothermal amplification 
buffer, 250 mM of each dNTP, 2 mM CL9 extension primer, and 0.48 U/µL Bst 2.0 
polymerase. For blunt-end repair, a 100 µL reaction with the following reagents was used:  
1x Buffer Tango, 0.025% (vol/vol) Tween 20, 100 mM of each dNTP, and 0.05 U/µL T4 
DNA polymerase. The second, double-stranded adapter (CL53/CL73) was now ligated to the 
blunt-ended molecules in a 100 µL reaction containing 1x T4 DNA ligase buffer, 5% 
(vol/vol) PEG-4000, 0.025% (vol/vol) Tween 20, 2 mM double-stranded adapter, and 0.1 
U/µL T4 DNA ligase. Again, using 95°C for 1 min to denature the DNA molecule, the strand
complementary to the original single-stranded molecule was eluted in 25 µL of TET buffer. 
Libraries were amplified and indexed (using unique indices within both P5 and P7 adapters) 
in 80 µL reactions containing 1x AccuPrime Pfx reaction mix, 10 mM each of P5 and P7 
indexing primers, and 0.025 U/µL AccuPrime Pfx polymerase. The optimal number of cycles
was determined by qPCR prior to amplification in 10 µL reactions with the following 
reagents:  1x SYBR green qPCR master mix, 0.2 mM each of IS7 and IS8 amplification 
primers, and 0.2% of the unamplified library. The amplified and indexed libraries were then 
quantified on a TapeStation 2200 (Agilent) using a D1000 screen tape and reagents, and on a 
Qubit 2.0 Fluorometer (Fisher) using the dsDNA HS Assay kit. To assess DNA preservation 
and levels of contamination, samples were sequenced on an Illumina NextSeq 500 in 75 bp 
single-end mode using the custom CL72 R1 primer41 and the Gesaffelstein custom index 2 
sequencing primer42, generating 1-2 million reads per sample (Table S2).                                 

Libraries were then enriched for mitochondrial DNA by performing two rounds of in-solution
hybridization capture.64 The same capture baits as in previous work on Palaeoloxodon 
antiquus were used.65 Only sample EM9/GP4 yielded a usable amount of mitochondrial DNA
after capture (Table S2). To improve the mitochondrial coverage, ten parallel extractions 
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(~25 mg bone powder each) were performed with an additional pre-treatment with 1 ml of 
1% sodium hypochlorite for 15 min.66 Library preparation, in-solution capture and 
sequencing were carried out as described above, this time generating roughly 2-4 Mio reads 
per library (Table S2). 

QUANTIFICATION AND STATISTICAL ANALYSIS
Bioinformatic procedures
Sequence processing
Cutadapt 1.1043 was used to trim adapter sequences and low quality bases (<Q30). 
Untrimmed reads were discarded. For each library, an individual minimum length cut-off was
determined as described previously (Table S2).67 Trimmed reads were mapped to the nuclear 
genome of the African savanna elephant L. africana (loxAfr3, Genbank Assembly ID: 
GCA_000001905.1) and the mitochondrial genomes of Palaeoloxodon antiquus 
(NC_035230.1) and L. africana (NC_000943) using default parameters in BWA 0.7.8 (Table 
S2).44 Reads with a mapping quality below 30 were removed using Samtools 0.1.19.45 
Duplicate reads (reads with the same start and end coordinates) were identified using the java
program MarkDuplicatesByStartEnd.jar 
(https://github.com/dariober/Java-cafe/tree/master/MarkDupsByStartEnd) and removed. 
Cytosine deamination patterns and read length distribution were calculated using 
MapDamage 2.0.2.46 The mean fragment length was 29.55 bp, and deamination at the 5’ 
terminal nucleotide was 29% (Figure S1). For each mitochondrial reference, a consensus 
sequence was called using Geneious 10.1.347 with 85% majority rule for base calling and 
minimum coverage of 3x (Figure S1). No differences were observed between the two 
consensus sequences, suggesting no impact of reference bias. The more complete consensus 
sequence recovered from mapping to the straight-tusked elephant reference covers a length of
16,106 bp (approximately 95.5 % complete) with an average read depth of 61x.

Maximum likelihood analysis 
The consensus sequence for each mitochondrial reference was aligned with 33 other 
proboscidean mitogenomes (Figure S1) using MUSCLE as implemented in Geneious, with a 
maximum number of six iterations. The D-loop was removed from the alignment resulting in 
an alignment of 15,437 bp length. The most appropriate substitution model was selected for 
each alignment using jModelTest 2.1.448 under the Bayesian Information Criterion (BIC). 
The program PhyML 3.3.349 was used to calculate a maximum-likelihood phylogenetic tree 
with 100 bootstrap replications using the selected TrN+I+G substitution model. The resulting 
phylogenies place the Puntali elephant as sister lineage to the straight-tusked elephants from 
Neumark-Nord with 100% bootstrap support in all cases, ruling out any impact of reference 
bias on the phylogenetic placement of the Puntali elephant (Figure S2, panel D). Therefore, 
the more complete consensus sequence recovered from mapping to the straight-tusked 
elephant reference was used in all further analyses.
We also analysed a larger data set including 675 partial mitochondrial sequences of 4258 bp 
length (comprising part of ND5 to part of the control region). The data set contained 653 
African elephant sequences previously published68 (GenBank accession numbers JQ438119–
JQ438771), 16 complete mitochondrial Loxodonta sequences (NC_000934, NC_020759, 
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AB443879, DQ316069, JN673263, KJ5574243, KJ557424, KY616974 – KY616981), four 
P. antiquus sequences (KY499555-KY499558) as well as our sequence from Puntali and one 
E. maximus sequence to serve as outgroup (NC_005129). Identical sequences were collapsed,
resulting in 122 unique sequences. Phylogenetic tree reconstruction was performed as 
described above: sequences were aligned using MUSCLE and jModelTest was used to select 
the optimal substitution model for the alignment (HKY+I+G). Phylogenetic reconstruction 
was performed using PhyML with 100 bootstrap replications (Figure S3).

Calibrated Bayesian analysis
To estimate the divergence time between the Puntali elephant and the European straight-
tusked elephant (P. antiquus), Bayesian analyses were performed in BEAST 1.8.2.50 We 
created a new alignment using all available mitochondrial genomes of Loxodonta africana 
(NC_000934, AB443879, DQ316069, KY616974, KY616977, KY616982); Loxodonta 
cyclotis (NC_020759, JN673263, KJ5574243, KJ557424, KY616975, KY616976, 
KY616978 – KY616981); Palaeoloxodon antiquus (KY499555 – KY499558); Elephas 
maximus (NC_005129, AJ428946, EF588275); as well as three mitochondrial genomes for 
each of the three clades of Mammuthus primigenius (Clade 1: JF912200, NC_007596, 
DQ316067; Clade 2: KX176755, KX176751, KX027533; Clade 3: KX027531, MF579937, 
KX176773); the reference sequence for Mammuthus columbi (NC_015529); and our 
sequence for the Puntali elephant. As before, the D-loop was removed and sequences were 
aligned using MUSCLE with a maximum of 6 iterations. Partitionfinder 1.1.151 was used to 
find an optimal set of partitions and substitution models under the Bayesian information 
criterion from all possible combinations of rRNAs, tRNAs and the individual codon positions
of protein coding genes, using the greedy search algorithm and linked branch lengths and 
only considering those models available in BEAST. This resulted in a six partition scheme. 
We performed two BEAST analyses using a Bayesian skyline coalescent tree prior and either 
50 ka or 175.5 ka for the age of the Puntali elephant, respectively. All analyses used 
lognormal relaxed clock models for each partition, with uninformative uniform priors (0 – 2.0
x 10-7 substitutions/site/year) on the mean substitution rates. Ancient samples in the alignment
were fixed at their calibrated radiocarbon or estimated ages from their respective 
publications: JF912200 – 44,964 years69, NC_007596 – 14,056 years70, DQ316067 – 37,068 
years71, KX176755 – 42,960 years72, KX176751 – 47,022 years73, KX027533 – 44,806 
years74, KX027531 – 42,815 years74, MF579937 – 31,666 years75, KX176773 – 43,960 
years76, NC_015529 – 13,082 years77, 120 ka for P. antiquus from Neumark-Nord 
(KY499555 - KY499557) and 240 ka for P. antiquus from Weimar-Ehringsdorf 
(KY499558).65 As node calibrations, we used the divergence of Asian elephants and 
mammoths at 5.6 Ma (normal prior with a mean of 5.6 Ma and a standard deviation of 850 
ka), and the divergence of African (Loxodonta and Palaeoloxodon) and Eurasian elephants 
(Elephas and Mammuthus) at 7.5 Ma (normal prior with a mean of 7.5 Ma and a standard 
deviation of 900 ka), following the fossil calibrations used previously.27 Monophyly was 
enforced for each of the calibrated nodes. The MCMC chain was run for 200 million 
generations. Convergence and adequate sampling (ESS > 200) of all parameters were verified
in Tracer v1.5.052. The first 25% of trees were removed as burn in, and the maximum clade 
credibility trees obtained from the posterior sample, with nodes heights scaled to the median 
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of the posterior sample, using TreeAnnotator, and visualised in FigTree. As population 
structuring among and within species may violate the assumptions of the Bayesian skyline 
model, we replicated our analyses using a Birth-Death Serially Sampled speciation tree 
prior78,79 and a subsampled dataset including a single representative of each species 
(KY499555, MF579937, NC_005129, NC_015529, JN673263, NC_000934, and the Puntali 
elephant). All other model specifications and priors were as described for the Bayesian 
skyline analyses. All BEAST input xml files are available upon request.

Intra-crystalline protein degradation dating of enamel 
Early attempts at amino acid racemisation (AAR) dating on enamel from a Puntali Cave 
elephant molar gave ages of 180 ± 45 ka,80 which was recalculated to 142 ± 28 ka following 
new calibration dates for Isernia La Pineta.13 However, the original AAR methodology is 
likely to have sampled open-system protein, which would compromise the geochronological 
information for both absolute and relative dating.81                                                               

More recent amino acid geochronology studies have isolated the intra-crystalline fraction of 
calcium carbonate based biominerals, such as shells, which provides a closed-system 
repository enabling amino acid degradation to be used as an accurate indicator of age.82,83 
Further developments in the preparative method of calcium phosphate based biominerals 
have enabled the expansion of the intra-crystalline protein decomposition (IcPD) technique to
mammalian remains.19 In a closed system, the extent of racemisation can be used to infer the 
relative ages of samples with similar temperature histories, as the progress of the reaction is 
only dependent on temperature and time. It has been shown that a fraction of amino acids that
exhibits closed system behaviour can be isolated from elephantid tooth enamel, making it 
suitable for use as a tool for relative age estimation.19,84

The enamel IcPD data from Puntali was compared to a number of other P. cf. mnaidriensis 
and P. falconeri samples from other Sicilian sites. All the P. cf. mnaidriensis samples come 
from karstic sites similar to that of the Puntali specimen, as does the Spinagallo P. falconeri, 
and are therefore likely to have experienced similar effective diagenetic temperatures.85 
Spinagallo was independently dated to ~230-350 ka by optically stimulated luminescence and
uranium-series20 and is a karstic cave in the Hyblean Plateau 110 m above sea level, west of 
Syracuse.86 The levels of racemisation in enamel from the Puntali elephant skull GP4, as well 
as other specimens from Puntali, are significantly lower than those observed from Spinagallo 
and other sites with P. falconeri (Figure S1, Table S1). P-values for the student’s 2-tailed t-
test (for normally distributed data) and Mann-Whitney tests (for non-normal data) for Asx, 
Glx, Ala and Phe D/L in both FAA and THAA fractions show that the extent of racemisation 
is statistically different between the two sites at a <0.1 confidence level. All P. cf. 
mnaidriensis samples cluster together, supporting a younger age for this larger dwarf 
elephant form. Therefore, the enamel IcPD values obtained for the Puntali samples analysed 
support a Late Middle to Late Pleistocene age. Given the significant distance between the two
clusters of data, an older (~200 ka) age for the Puntali material is unlikely, but as only a 
limited comparative dataset is available, the IcPD is not currently able to distinguish between 
other possible ages for the Puntali elephant specimen.
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IcPD is dependent on time and temperature, with the rate of IcPD being greater at higher 
temperatures. Therefore, some confirmation of likely age can be obtained by comparing the 
more limited Sicilian dataset to the larger dataset of elephantid material from the UK. Sicily 
is south of the UK and therefore the mean temperature will also have been higher during the 
Pleistocene. Due to these higher temperatures the rates of racemisation are expected to be 
greater.19 This is supported by comparing the extent of racemisation in the Sicilian material 
from Spinagallo (230-350 ka; Table S1), which is generally greater than that of material from
the Norwich Crag formation (1.9-2.2 Ma; Table S1).87–90 The Sicilian material from Puntali 
Cave shows similar IcPD to material from Crayford, UK, which has been correlated with the 
MIS 7/6 boundary (ca. 200 ka; Table S1).21,22 Therefore, given the substantially greater rates 
of racemisation in Sicily, it is unlikely that the Puntali material would be of comparable age 
to Crayford, which again supports an age estimate younger than 200 ka for the Puntali 
sample.     

Body Size Estimation 
We consider change in the most widely used metrics of body size in elephants, shoulder 
height (SH; m) and body mass (BM; kg), between Puntali Cave dwarf elephants and their 
putative full-sized mainland ancestral species, the European straight-tusked elephant 
(Palaeoloxodon antiquus). Body size for extinct species is reconstructed from skeletal 
remains using information gleaned from closely related extant species, with potential error 
introduced from (i) incompleteness of the fossil skeletal material available, or (ii) allometric 
differences in body proportions between fossils and extant model species. In addition, the 
mass of an individual may not be representative of a population as a whole, especially in 
sexually dimorphic taxa such as elephants. Volumetric estimation methods have been shown 
to perform better than estimates based on linear regression, mitigating issues relating to (ii);91 
however, the only volumetric mass estimates available for Palaeoloxodon antiquus and 
Puntali Cave dwarf elephants (BM=13 tons, and SH= 4m, for ‘Grade I’ (=‘average-sized’) 
males; and BM=1.7 tons, and SH=2m for Puntali Cave elephants, respectively)3 do not have 
the associated raw or summary statistical data needed to calculate evolutionary rate in 
Haldanes. We instead estimated body mass and shoulder height from VH’s own data on male 
P. antiquus and Puntali Cave material, combined with new data (Table S3),24 using linear 
allometric equations:

[1]  Shoulder Height (SH, mm)= (183.631 + 2.8744 x humerus TL)92 
[2] Log10 Body Mass (BM, kg) = -4.15 + 2.64 x log10 humerus TL93 

where humerus TL is the greatest length of the humerus measured in mm on complete, fully 
or almost fully-grown specimens (aged >20 African Elephant Years on the basis of associated
dental material, or with at least one epiphyses fusing). While allometric approaches may 
introduce some error vs the volumetric ‘gold-standard’ methodology, for P. antiquus 
differences in BM estimation between Christiansen93 and Larramendi3 have been shown to be 
relatively small (4.68%).3 Nevertheless, our mean BM (10.1 tons) and SH (3.7m) estimates 
for P. antiquus are lower than estimated before,3 but similar for Puntali Cave, perhaps 
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reflecting sampling differences and age-selection. Rather than a true mean value, the 
estimates for ‘average-sized’ individuals in Larramendi3 represent a maximum size for both 
(Larramendi, pers. comm. to A. Lister and V. Herridge, 2020).24

Given that straight-tusked elephants (and thus probably also their dwarf descendants) are 
sexually size-dimorphic, we limited our full-size data set to probable male P. antiquus 
specimens given the likelihood that the Puntali Cave specimens were also male (unimodal 
distribution of limb bone size and absolute levels of observed variation is consistent with a 
single size class (and therefore sex),13 while the pronounced parieto-occipital crest on the 
Puntali Cave skulls suggests that sex was male). This could lead to an overestimate of size 
change during insular dwarfism if our sex-identification for Puntali Cave is incorrect. 
Conversely, however, a pooled-sex sample would potentially underestimate the degree of size
change, and we consider our approach sufficiently conservative given the weight of evidence 
in support of a male assemblage, and the lower BM and SH estimates produced by us versus 
the widely-cited values obtained by Larramendi3 for ‘average’ P. antiquus males.

Evolutionary rates
We calculated evolutionary rates in haldanes (H; one haldane corresponds to a change in a 
trait by one standard deviation per generation)38 for shoulder height (SH) in m, and body 
mass (BM) in kg, estimated from total humerus length of the Puntali elephants and mainland 
straight-tusked elephant (Tables S3) for the longest (352 ka) and shortest (1.3 ka) dwarfing 
time intervals (Table 1), respectively. Gingerich’s method corrects for sampling interval,39 so 
despite encompassing a wide range of time over which dwarfing may have occurred (from 
352 ka to 1.3 ka), all calculated rates (range LogH (SH): -1.91 to -3.32; range LogH (BM): -
2.08 to -3.16) fall within other observed palaeontological evolutionary rates, at the upper (i.e. 
fast) end of the range (Figure 8 in Gingerich39).

SUPPLEMENTAL ITEM TITLES

Table S2: Sample and sequencing information of all specimens included in our study, 
including those that failed to yield sufficient mitochondrial data for downstream 
analysis. Related to Figure 2 and STAR methods. Read length cut off was applied to both 
mitochondrial and nuclear mapping. Highlighted cells reflect the samples that were included 
to generate the consensus sequence. The references that are used are as follows: loxAfr3 
(African elephant whole genome), L. africana (African elephant mitogenome; GenBank Acc. 
Nr.: NC_000934) and P. antiquus (Straight-tusked elephant mitogenome; GenBank Acc. Nr.:
NC_035230).
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