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Abstract
During the early Pleistocene, Java was inhabited by a high variety of hominid and hominin taxa with
hitherto unclear seasonal dietary demands. We undertook the �rst geochemical analyses of Pongo sp.,
Homo erectus and mammalian Pleistocene teeth from Sangiran. We reconstructed past dietary strategies
at daily resolution and inferred sub-seasonal ecological patterns. Histologically-controlled spatially-
resolved elemental analyses by LA-ICPMS, con�rmed the preservation of authentic biogenic signals
despite very weak diagenetic overprint. The Sr/Ca record of mammals is in line with expected trophic
positions, contextualizing fossil hominid diet. Herbivorous Pongo sp. displays marked seasonal cycles
with ~3-month-long strongly elevated Sr/Ca peaks, re�ecting highly nutritional plant food during
monsoon seasons. Lower Sr/Ca signals suggest different food availability during the dry season. In
contrast, omnivorous Homo erectus shows low and less accentuated intra-annual Sr/Ca variability. We
infer that Homo erectus maintained its nutritional demands independent of seasonal �uctuations by
exploiting the regional diversity of high-quality food resources.

Background
The Pleistocene hominid fossil record from the Sangiran Dome in Central Java, Indonesia, is one of the
largest palaeoanthropological collections in Southeast Asia, evidencing an Early Pleistocene expansion
of Homo erectus onto the Sunda Shelf1–4. The high morphodimensional variability of hominid specimens
attributed to a variety of taxa such as Homo erectus, Meganthropus palaeojavanicus, Pithecanthropus
dubius or Pongo sp. fueled taxonomic debates1,5–9. Recently, a high level of Javanese hominid
palaeodiversity was revealed, which con�rmed the taxonomic validity of the genus Meganthropus, a
taxon that coexisted with H. erectus and Pongo10. Although dental macrowear and enamel thickness
broadly re�ect different dietary adaptations among these hominids, little is known about their detailed
ecological niches and their inter- and intraspecies competition10. 

Previous geochemical analyses of tooth enamel provided insights into palaeoenvironment, palaeodiet
and life history of extinct hominins such as Australopithecus11,12, Paranthropus11 and
Neanderthals13,14. Tooth enamel – contrary to bone and dentine – is less prone to post-mortem
diagenetic alteration due to its highly mineralized nature15,16. Moreover, it mineralizes sequentially in
utero and during early infancy and, once formed, remains compositionally and structurally stable during
life. Consequently, enamel captures and preserves environmental and dietary changes that occur during
the enamel mineralization phases in an individual’s life17–20. Laser-Ablation Inductively-Coupled-Plasma
Mass Spectrometry (LA-ICPMS) analysis of the chemical composition across the incremental structures
of sequentially secreted enamel provides a temporally and spatially highly-resolved record of an
individual’s childhood. Such data allow the interpretation of diet, health, growth rates, weaning, and
mobility as well as changes of the environmental setting on a seasonal to even daily scale13,14,21–

23. Besides stable carbon isotope ratios (e.g. δ13C values), trace element ratios (Sr/Ca, Ba/Ca) in dental
enamel can record dietary signals due to the biopuri�cation of Ca in trophic chains24–26. The higher the
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trophic level, the less [Sr] and [Ba] relative to [Ca] are incorporated into enamel, resulting in higher trace
element ratios in herbivore enamel than that of omnivores or carnivores11,24,27, though additional factors
such as soil ingestion play a role28.

Previous stable isotope analysis of H. erectus samples from Sangiran were not successful in obtaining
palaeoecological signals due to diagenetic alteration of bone tissue29. To assess dietary and life history
signals in penecontemporaneous H. erectus and ancestral orang-utan from Southeast Asia, we explored
strontium/calcium (Sr/Ca) and barium/calcium (Ba/Ca) ratios and other elemental signals at high
spatial/time-resolution in dental enamel of premolars and molars from Sangiran. For comparison and as
trophic level reference we utilized isolated premolars and molars from several large mammal families
(Cervidae, Rhinocerotidae, Hippopotamidae, Suidae, Felidae) from the Sangiran fossil assemblage (Table
1). We focused our study on Sr/Ca (and to a lesser extent Ba/Ca) ratios as (relative) trophic level proxies,
including an assessment of how well biogenic geochemical information is preserved in Mid-Pleistocene
bioapatite from (sub)tropical contexts by utilizing elements Mn, Al, Y, Ce, U as tracers for post-mortem
alteration14,27,28,30,31. 

Results
Table 2 reports crown formation time, Retzius periodicity (RP) and laser track length of all investigated
samples. The RP of Pongo sp. F8864 was obtained through direct counts of cross striations between two
adjacent Retzius lines. Homo erectus RP, given the section thicknesses necessary for chemical analyses
and the presence of some accentuated markings, was calculated as the distance between adjacent
Retzius lines divided by local daily secretion rate (DSR).

Elemental signals were retrieved within enamel closest to the enamel-dentine-junction (EDJ; approx.
<100µm) because it is where initial environmental signals are best captured topographically and
elemental overprint during enamel maturation has the least effect 14,22,32–34. For assessing post-mortem
diagenetic overprint scatterplots of Sr/Ca or Ba/Ca vs. [Mn] or [U] concentrations at EDJ pro�les of
representative samples of each trophic level were generated (Fig. 1 and Supplementary Fig. 3). All cases
show clearly positive correlations between proxy and diagenesis-indicating elements. Even though multi-
stage diagenetic histories may be indicated by different trajectories (Fig. 1), uptake of [Sr] and [Ba] with
increasing geochemical alteration is evident, which implies that the best approximations of initial
biogenic [Sr] or [Ba] (or expressed as Sr/Ca, Ba/Ca ratios) can be found at lowest [Mn] or [U]. These plots
also reveal that [Sr] increases by 40-80%, while Ba is characterized by a threefold to tenfold increase,
con�rming the higher susceptibility of Ba to post-mortem overprint. Repeat pro�les at both EDJs or
corresponding EDJ and prism orientation indicate greater consistency between corresponding Sr/Ca
pro�les, relative to those of Ba/Ca (Supplementary Fig. 4). Using [Mn] and [U] thresholds of 400 and 1
ppm, respectively, to screen Sr/Ca and Ba/Ca trophic level signals, reveal expected patterns for trophic
groups for Sr/Ca, but more ambiguous ones for Ba/Ca (Fig. 2; Supplementary Fig. 4). As a result, we
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focus more on Sr/Ca results but also note that Ba/Ca can indicate apparently reliable results in case of
well-preserved samples (see below). 

The Sr/Ca ratio boxplots of faunal and hominid specimens show carnivorous Felidae with the lowest
Sr/Ca ratio in the faunal assemblage (~8.4*10-4), following the expected trophic level trend towards lower
Sr/Ca ratios relative to omnivores (1.1*10-3; represented by Suidae) and different herbivore groups
(1.6*10-3 – 4.0*10-3). Rhinocerontidae exhibit a Sr/Ca level ~2 times higher than all other herbivores and
a large Sr/Ca variability. The three Homo erectus dental specimens yield Sr/Ca ratios between those of
the Felidae and Suidae. The Pongo sp. specimen F8864 shows the by far widest Sr/Ca distribution
among all taxa and has a large number of distributional outliers toward higher Sr/Ca values. The median
value �ts well within the Hippopotamidae and Cervidae central distributions. The peculiar distribution of
Sr/Ca values in Pongo sp. F8864 is the result of distinct Sr/Ca peaks throughout the life of this individual
(see below). 

For the hominid samples, the elemental ratio pro�les were aligned with the individual odontochronologies
(see Supplementary Figures 5 and 6) on both lingual and buccal aspects (except for S7-37 P4 where only
the buccal aspect was available for analysis) to derive Sr/Ca (and Ba/Ca) variability vs time (secretion-
days). Fig. 3a shows the Sr/Ca and Ba/Ca EDJ pro�les together with diagenesis-indicating [U] and [Mn]
against time for the 1073 days (2 years and 11 months) of the buccal aspect of the Pongo sp. F8864
molar. EDJ and corresponding prism (P) Sr/Ca pro�les for the buccal enamel are compared in Fig. 3b,
which show good agreement but invariably lower Sr/Ca values towards outer enamel along the prisms.
Both Sr/Ca EDJ pro�les (buccal, lingual) are contrasted against one another in Fig. 3c. The time span
covered by the two LA pro�les is 1073 days (2 years and 11 months) on the buccal aspect and 1339 days
(3 years and 8 months) on the lingual one (Fig. 3), corresponding to the entire crown formation time. [Mn]
and [U] on both sides of the crown are at detection limit for the most part, with [U] rising to <2 ppm for the
�nal ~100 days of thin cervical enamel. Neither Sr/Ca nor Ba/Ca ratio is strongly affected by these minor
U increases con�rming the biogenic nature of the signal; yet we note that some smaller Ba/Ca-peaks co-
occur with minor U-peaks (e.g. ~930 days; Fig. 3a). Enamel incremental growth parameters such as
crown formation time (CFT) for F8864 yielded 1125.2 days.

The consistency of the chronologies is attested by the high correspondence of the Sr/Ca signals between
the two EDJ and prisms pro�les. Pongo sp. F8864 exhibits stark intra-tooth variability with three distinct
peaks characterized by up to sixfold Sr/Ca and ~eightfold Ba/Ca increases. This sixfold Sr/Ca change
for the �rst peak (1.8*10-3 to 10.7*10-3) decreases for the second and third peaks to threefold and twofold
values, respectively. The in�uence of the Sr/Ca attenuation along prisms towards outer enamel22 is
discernible but partly compensated for in e.g. prism 3 by the strong biogenic signal (Fig. 3b). 

On the buccal side, three hypoplastic defects and four accentuated lines (AL) are present (´Fig. 3c), yet all
growth disturbances35 are not coincident with the Sr/Ca (or Ba/Ca) variability. The interval between the
midpoints of two consecutive peaks on the buccal aspect approximates one year, namely 364 and 324
days between peaks 1-2 and peaks 2-3, respectively. The duration of these peaks is 95, 118 and 90
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relative days for the �rst, second and third peak, respectively, approximating an overall duration of
approximately three months each.

The Sr/Ca-pro�les of the three H. erectus samples display low [U] and [Mn] and thus acceptable
preservation, apart from localized peaks indicating spatially-restricted diagenetic alteration (Fig. 4).
Comparative elemental pro�les for the lingual and buccal aspects of two H. erectus specimens presented
in Supplementary Figures 5 and 6, illustrate that enamel of the same tooth may be variably preserved yet
we utilize the better preserved domains.  Limited inter-sample Sr/Ca-variation ranges between 0.7-1.4*10-

3, while intra-pro�le Sr/Ca-variability is 20-30%. These H. erectus Sr/Ca-values are thus always below
those in Pongo sp. F8864, which is even more pronounced for the intra-sample variability (20-30 vs. 200-
600%). The temporal spacing between broad Sr/Ca troughs and/or peaks in all samples lies between
340-380 days, consistent with approximately annual cyclicity. As it is uncertain which of the apparent
minor Sr/Ca �uctuations are indicative of variable food intake or minor kryptic diagenetic overprint, we
refrain from attributing unwarranted importance to small-scale variability. CFTs for F8865, S7-13 and S7-
37 are 662.8, 668.9 and 1050 days, respectively. 

Discussion
Hominid Retzius periodicity and cusp formation times. Retzius periodicities of 7 to 9 days for our sample
of Homo erectus teeth are typical of these early humans. They are similar to the periodicities reported
previously for Homo erectus/ergaster molars and premolars (7-8 and 9 days, respectively)36, but this
apparent tighter distribution of values differs from the wider range of periodicities between 6 to 12 days
characteristic of larger samples of living humans37. An 8-day periodicity for the Pongo sp. lower molar
F8864 is slightly lower than the 9 to 12-day periodicity reported for fossil Pongo from Sumatra and
mainland Asia38 but lies within the range of values (8-11 days) reported for living Pongo39.

 

Hominid trophic levels at Sangiran. Trophic levels portray the relative position of species in a food web
and are important for ecosystem functioning40. Fossil teeth of penecontemporaneous Carnivora
(Felidae), Perissodactyla (Rhinocerotidae), and Artiodactyla (Suidae, Cervidae, Hippopotamidae)
with known trophic levels were used to establish an underlying trophic level framework for Sangiran. It
con�rmed that Sr/Ca is a reliable trophic level indicator that shows negligible post-mortem diagenetic
alteration. Additionally, this approach allowed to successfully assess the diet of the specimens even in
the absence of stratigraphic context. The ordering of fossil faunal taxa from Sangiran according to their
enamel Sr/Ca ratios (Sr/Cacarnivores<Sr/Caomnivores<Sr/Camixed-feeder<Sr/Cagrazers) re�ects trophic level

differences that are in good agreement with their expected dietary habits (Fig. 2)11,41, suggesting reliable
trophic level determination based on enamel Sr/Ca.

The Pongo sp. lower molar F8864 exhibits a predominantly plant-based diet as evidenced by a high intra-
tooth variability for Sr/Ca ratios along the EDJ pro�le (Fig. 3) covering the whole range of the herbivorous
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specimens in this study (Fig. 2). The average Sr/Ca ratios between the peaks is closer to the Sr/Ca ratio
of mixed-feeding animals such as Hexaprotodon sp. and Axis lydekkeri42–45. The maximum Sr/Ca values
for the �rst and second peaks are even higher than those of the rhinocerotids, which are predominantly
grazers46.

The H. erectus lower molar F8865 shows Sr/Ca ratios similar to H. erectus individuals S7-13 and S7-37.
All H. erectus specimens in this study group with omnivorous (Suidae) and carnivorous (Felidae)
mammals from Sangiran (Fig. 2), suggesting an omnivorous diet with a certain degree of meat
consumption for H. erectus on Java. There is broad agreement that early Homo gradually increased the
meat content in the diet47, and an increasly carnivorous diet over time for H. erectus is probable48,49.

 

Comparison of Sr/Ca patterns in Homo erectus and Pongo sp. The biogenic Sr/Ca peaks in Pongo sp.
F8864 occur on a nearly annual basis (Fig. 3). The �rst and the second peaks are approximately 364
days apart, and 324 days for the second and last peaks. The �rst peak is located in the cuspal area of the
EDJ pro�le and displays the highest amplitude with a signal approximately 6 times higher than the
baseline Sr/Ca values. The amplitude of peaks decreases towards the cervical margin of the tooth. 

The Sr/Ca variation in H. erectus F8865 also shows a cyclical pattern: the duration of the �rst cycle is
approximately 320 relative days and the second one 261 relative days. The �rst cycle ends with a strong
decrease of Sr/Ca after 320 relative days and the second cycle with a less proniunced decrease of Sr/Ca
relative to the elevated parts of the Sr/Ca signal. H. erectus S7-13 shows a complete cycle of 347 relative
days and a partial cycle of 148 days. The development of the crown was completed before the cycle was
�nished. H. erectus S7-37 also shows two cycles with a duration of 375 relative days and 383 relative
days. The second cycle is marked by two smaller Sr/Ca decreases within the cycle. Uranium is not
following the annual cycle trend in any of the samples (Fig. 4a-c). 

In summary, all H. erectus individuals demonstrate two low-amplitude Sr/Ca cycles with a duration of
approximately one year, whereas Pongo sp. F8864 demonstrates two cycles with sharp peaks that last 3-
4 months.

 

Diet of Pongo sp. re�ects high seasonal food variability. The Sr/Ca and Ba/Ca ratios of Pongo sp. F8864
show a cyclical pattern with incidences of higher ratios occuring on an essentially annual basis (Fig. 3).
The gradual decrease of the Sr/Ca and Ba/Ca peaks within the ~3 years of life represented by the tooth
may be explained via the development of stronger metabolic biopuri�cation processes and increasing gut
maturation, which develop with age50,51. [Sr] and [Ba] as non-essential elements characterized by larger
ionic radii (especially Ba) are metabolically discriminated through the biopuri�cation of essential
elements such as [Ca]30. It was observed that young mammals are less e�cient in discriminating [Sr]
than adults50. Gastro-intestinal discrimination against [Sr] in modern humans for instance is not
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completely matured until late infancy or adolescence51–53. Enamel mineralization in Pongo sp. F8864
approximately took place between the 3rd to 6th year, with the third peak corresponding close to 5.5 years
in the life time of the individual (Fig. 3). The low amplitude of the last peak might be a result of these
stronger metabolic biopurifaction processes and increased gut maturation since orangutans reach
adolescence on average around 7 years of age, with the termination of breast-feeding54,55. 

The repeatedly high Sr/Ca and Ba/Ca signals in our samples likely re�ect annual periods with an
increased intake of peculiar plant-based food resources, probably linked to a higher food availability
during monsoonal periods and mast-fruiting events, with a variation of the peaks linked to variability in
intensity56. Studies of palaeosols and the occurrence of palaeovertisols in the Sangiran Dome strongly
suggest that Java was a monsoon region in the Early Pleistocene, with an annual dry season3.

Recent studies suggested causal relationships to a cyclical nursing pattern, which results in a cyclical
increase of Ba concentrations in teeth (i.e., an increase intake on mothers’ milk)57. However, the
synchronous up to sixfold in Sr/Ca and up to eightfold increase Ba/Ca signals are unlikely to re�ect a
breastmilk signal because of depletion of breast milk Sr due to epithelial discrimination in mammary
glands14,22,53. 

The relatively longer duration of low Sr/Ca signals between peaks most likely re�ects periods of different,
likely lower food availability during dry seasons, moreover when infants are generally nursed57. Recent
studies on cementum in Pongo revealed that regions of [Sr] enrichment and depletion relate to seasonal
�uctuations in diet rather than cyclical breastfeeding58,59. Calori�c intake in orangutans is 2-3 times
greater during masting events56, which are usually followed by periods of low fruit availability during dry
periods, compensated in turn by burning fat reserves stored during mast-feeding60. Sr/Ca and Ba/Ca
signals might also be enhanced during episodes of mast-feeding because of geophagic behaviour, the
deliberate ingestion of soils enriched in trace elements, which absorb toxins and tannins59. This
behaviour was previously observed in orangutans61. Geophagy combined with the high availability of
food resources during monsoonal seasons might be the reason for the high signal intensity of Sr/Ca and
Ba/Ca.

Accentuated lines, occurring between the �rst and the second peaks (Fig. 3c) provide further evidence of
seasonal effects, as they re�ect stress events related to malnutrition or metabolic changes during illness
probably occurring more frequently during dry seasons. A further sign of physiological stress is
hypoplastic defects on the tooth crown. Although they do not exactly follow the peaks in every single
instance (Fig. 3c), they clearly indicate developmental de�ciencies, potentially caused by malnutrition
and/or illness14,35.

Our observations are linked to inhabiting tropical rainforests, which are cyclical in terms of food
availability, re�ecting an ecologically challenging environment for infants35,62,63. Orangutans have the
slowest life histories of any non-human primates with the latest weaning age of any mammals at around
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7 years, but with relatively low levels of nutrient transfer during breast-feeding54,55,57,64. Consequently,
solid foods are supplemented in the infant’s diet between 12 and 18 months of age, to compensate
additional nutritional demands55,57. Infants can forage solid foods independently from the age of ~1.5
years, whilst the mother is not decreasing her lactation efforts55. Dry seasons with low food availability
are compensated by extending weaning ages for infants leading to low growth and reproduction rates
and solitary lifestyles60,62,65,66. 

 

Homo erectus alleviated effects of seasonal food variability. All H. erectus specimens investigated show
two distinct Sr/Ca cycles with a duration of approximately one year (Fig. 4). It is unlikely that these cycles
represent breast-feeding signals or weaning stress as the estimated ages for tooth development in the
analysed H. erectus teeth exceed the expected weaning time67. Since ages for P4, M1, M2 and M3 tooth
formation in H. erectus falls in the range of modern humans68, we may assume a weaning age for H.
erectus comparable to modern humans.

In contrast to the results from Pongo sp. the yearly Sr/Ca cycles in H. erectus do not indicate substantial
(sub-)seasonal dietary changes. This is evidenced by the low amplitude of Sr/Ca cycles (20-40%), which
is much smaller than the seasonal changes observed in Pongo sp. F8864. For H. erectus, these might
re�ect the consumption of speci�cally selected animal or plant resources, which were available in the
regional context of a highly diverse ecosystem. Lowland rain forest was the major vegetation of Central
Java during the Early Pleistocene69,70. Oscillations of humid and dry phases led to fragmentation and
opening of the rain forests and the spreading of grasslands, including the occurrence of several months-
long dry seasons71.

The larger brain size of H. erectus may have required the consumption of energy-rich food sources such
as meat and marrow72–76. H. erectus was using tools to access these high quality foods77 In analogy to
“mobility events” known from recent hunter-gatherers78,79, H. erectus might have exploited regionally
available resources. In general, a high adaptive versatility is assumed for early members of the genus
Homo80. In addition, dental microwear traits in Sangiran H. erectus teeth also con�rm an opportunistic
omnivorous dietary strategy81,82. 

The duration of the sub-annual Sr/Ca cycles observed in H. erectus from Sangiran could result from
logistical movements where the maximum of available resources are exploited within the location of the
residential camp. As soon as food resources were exhausted, the group moved to new living grounds.
This transitional period of residential movements78,79 could be responsible for the major �uctuations in
Sr/Ca ratios. The signal recorded in enamel – namely less intense Sr/Ca �uctuations and lower values in
H. erectus compared to Pongo sp. – also suggest that H. erectus was less tied to certain seasonal staple-
foods than Pongo. Indeed, H. erectus appears to have been more �exible in its diet than Pongo sp.,
suggesting exploitation of diverse resources throughout the year that were available in the Indonesian
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palaeolandscape. In turn, this could indicate that H. erectus had more complex social behaviours with the
ability of provisioning and sharing food equally within the group, thus allowing to maintain daily calorie
intake72,83,84 and having low intra-tooth Sr/Ca variability. Furthermore, nearly 70 km East of Sangiran, at
the site of Trinil where H. erectus was �rst discovered and described, it was suggested that members of
this species likely consumed aquatic resources like shell�sh, indicating a high level of food resilience85.
Lower Sr/Ca episodes suggest the consumption of more meat-based diet, whereas elevated ratios could
be linked to additional plant-based resources and/or underground storage organs, which can be found all
year round86 possessing higher Sr/Ca ratios87,88. 

Conclusions
Distinct differences in the chemical pattern of cyclical food resource availability point to life history and
behavioral differences of Pleistocene Southeast Asian penecontemporaneous Pongo sp. and H. erectus,
both reacting to seasonal changes in different ways. Orangutans are low-energy specialists who avoid
nutritional scarce periods by decreasing their daily energy demands. This lifestyle might be indicated by
temporary substantial increases of the Sr/Ca ratio that possibly imply seasonal food availability during
monsoon seasons.

While Pongo sp. presumably consumed food resources locally available in lowland forests, H. erectus
was more versatile, more mobile and exploited a broader range of high diversity food resources that were
available at a regional scale. We conclude, that H. erectus was able to alleviate seasonal effects of
nutritional changes by developing strategies aiming at exploiting a wide spectrum of high-quality food
resources, possibly in relation with complex social structures enabling an equally distributing of gathered
resources among the members of the group. 

As H. erectus might not have been able to survive longer periods of low food availability, its dietary
behaviors differ distinctly from earlier members of the genus Homo. In the absence of any other direct
evidence of H. erectus behavior, our results indicate a high level of planning and resilience of H. erectus
on Java. Our results underline the importance of fossilized hard tissue chemical analysis of early
humans at daily time-resolution for understanding the behavioral past and the expansion of human
capacities.

Methods
Overall the methodologies employed here follow those in Nava et al. 202014 and Müller et al. 201922 and
only a brief summary is given here below. 

Enamel thin sections. Preparation, imaging and histological analysis of enamel thin sections89,90 were
carried out at the Museo delle Cività in Rome. Sectioning was performed using a Leica high precision
diamond blade (Leica AG) and IsoMet low speed diamond blade microtome (Buehler Ltd). Sections were
ground with Minimet 1000 Automatic Polishing Machine (Buehler Ltd) using silicon carbide grinding
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papers with two grits (1000 and 2500) (Buehler Ltd). Sections were polished using a Minimet 1000
Automatic Polishing Machine (Buehler Ltd) with a micro-tissue damped with distilled water and diamond
paste (Diamond DP-suspension M, Struers) containing 1 µm sized monocrystalline diamonds. Thickness
of the faunal thin sections was 130–150 µm depending on the preservation and visibility of the enamel
microstructure. The hominid section thickness varied between 250 and 400 µm, thus facilitating potential
future isotopic analysis. 

 

LA-ICPMS analyses. LA-ICPMS analyses were carried out at the Frankfurt Isotope and Element Research
Centre (FIERCE), Goethe University (Frankfurt am Main). Histologically-controlled tracks were determined
on the enamel micrographs with Photoshop (Adobe Inc.). Sampling included continuous laser ablation
tracks in enamel <100µm parallel to the EDJ starting from the tip of the dentine horn towards the cervical
margin of the tooth crown22.

The LA-ICPMS system includes an 193nm ArF excimer laser (RESOlution S-155; now Applied Spectra, Inc.
(ASI), USA) coupled to a two-volume laser ablation cell (Laurin Technic, Australia)22. The laser ablation
system is connected to an ICPMS Element XRTM (Thermo Fisher Scienti�c) using nylon6-tubing. Thin
sections were ultrasonically cleaned with methanol and �xed in the sample holder together with a series
of primary and secondary standards. The micrographs with pre-marked laser tracks were uploaded in
GeoStar µGIS Software (Norris Scienti�c, Australia) and retraced before LA-analyses. LA-ICPMS data
acquisition was performed in continuous path mode due to the bene�ts of a two-volume LA cell with fast
signal washout and constant signal response22,91. 

Prior to analysis, laser tracks were cleaned with a bigger spot size (40 µm), higher repetition rate (20 Hz)
and scan speed (varying between 16.7-30 µm/s depending on the size of teeth) to remove surface
residues, which could alter the results92. Analyses were carried out with a spot size of 18 µm, scan speed
of 10 µm/s and a repetition rate of 15 Hz. The time signal obtained from the ICPMS can be directly
transferred to distance along the LA tracks via the constant scan speed of the laser X-Y stage; no time
delays of the X-Y stage exist at waypoints of composite tracks22. Between the LA system and the ICPMS,
a signal smoothing device (“squid”) is incorporated91.

The ICPMS (Element XR) detected the following isotopes from the ablated sample material (m/z):25Mg,
27Al, 43Ca, 44Ca, 66Zn, 86Sr, 88Sr, 89Y, 138Ba, 140Ce, 208Pb, 238U. For calibration purposes (following
Longerich et al. 199693), NIST612 as a primary external standard and 44Ca as internal standard were
used. In bioapatite, Ca is commonly used as an internal standard, which is set at 37%22,94,95, but for
elemental ratios no prior knowledge of sample [Ca] is necessary. For NIST 612 the following preferred
values (± 2SD (in %)) were used (from GeoREM website http://georem.mpch-mainz.gwdg.de): CaO: 11.9 ±
0.4%m/m; Zn: 38 ± 4, Sr: 78.4 ± 0.2, Y: 38 ± 2, Ba: 39.7 ± 0.4, Ce: 38.7 ± 0.4, Pb: 38.57 ± 0.2, U: 37.38 ±
0.08 µg/g.
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Secondary standards with known concentrations and a matrix broadly similar to apatite (STDPx glasses)
were analysed to assess accuracy and precision: STDP3-150, STDP3-1500, STDP5 (Ca-P-(Si) glass
standards)96, KL2-G (basalt glass)97, MAPS5 (phosphate pellet) and MACS3 (Microanalytical Carbonate
Standard) (United States Geological Survey USGS: preliminary Certi�cate of Analysis by Steve Wilson),
both available as ‘nano’pellets from D. Garbe-Schönberg98,99. MACS3 was used for Zn accuracy because
no reported Zn values are available for the Ca-P-(Si) glass standard22. Comparisons between measured
secondary standard concentrations and reported concentrations revealed that the most accurate results
with the lowest average bias were the combination of NIST612 with 44Ca. Average relative biases of all
three STDPx standards and MAPS5 were (in %): Al: -2.87 ± 3.26, Ca: 2.62 ± 1.72, Rb: 2.14 ± 20.47, Sr: 2.57
± 4.98, Y: 5.85 ± 3.11, Ba: 0.68 ± 5.23, Ce: -1.31 ± 3.46, Pb: -2.88 ± 10.33, U: 2.80 ± 5.48 (average bias of
all standards ± 1SD in %).

The compositional pro�les displaying the concentration of elements relative to distance/days along the
EDJ pro�le were smoothed with a locally weighted polynomial regression �t, with its associated standard
error range (±2 SE) for each predicted value100. The software R (ver. 4.0.4; R-Core-Team, 2021) and the
packages "lava", "readxl", "shape" and "tidyverse" were used for all statistical computations and
generation of graphs.

Elemental data was matched with odontochronologies of the H. erectus and Pongo sp. specimens by
chronologizing each EDJ track after LA-ICPMS analysis, and directly assessing the enamel daily secretion
rates (DSR, i. e. the speed at which the ameloblast - the enamel forming cells - move towards the outer
surface of the tooth, expressed in μm day-1) along the prisms101,102, in the 100 µm region close to the
EDJ. Carefully chosen histologically-de�ned (EDJ) pro�les facilitate the correlation between
odontochronological and geochemical signals at very high time resolution (<1 week). 
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Tables
Table 1   List of specimens from the GHR v. Koenigswald Collection used in the present study. The
specimens are housed in the Department of Palaeoanthropology, Senckenberg Research Institute and
Natural History Museum Frankfurt, Frankfurt a. M., Germany. 

 

  Catalogue
number

Taxonomic Identi�cation Dental Elements

PRIMATES SMF/PA/S7-13 Hominidae/Homo erectus left M3

SMF/PA/S7-37  Hominidae/Homo erectus right P4

SMF/PA/F8865 Hominidae/Homo erectus left M2

SMF/PA/F8864 Hominidae/Pongo sp.  right M2

CARNIVORA SMF/PA/F6664 Felidae/Panthera tigris oxignatha right P4

SMF/PA/F6666 Felidae/Panthera tigris oxignatha right M1

PERISSODACTYLA SMF/PA/F5941 Rhinoceratidae left M1

SMF/PA/F5950 Rhinoceratidae left M2

ARTIODACTYLA SMF/PA/F738 Suidae/Sus sp. right M3

SMF/PA/F869 Suidae/Sus sp. right M3

SMF/PA/F5077 Cervidae/Axis lydekkeri left M2

SMF/PA/F5258 Cervidae/Axis lydekkeri right P3, M1, M2,
M3

SMF/PA/F6 Hippopotamidae/ Hexaprotodon
sp.

right M2

SMF/PA/F53 Hippopotamidae/ Hexaprotodon
sp.

left M2

 

Table 2   Cusp Formation Time and Retzius Periodicity of the hominid sample. 
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Catalogue
number

Taxon Tooth
type

Cusp/aspect Track
lenght 

[µm]

Track
Formation
Time [years]

Retzius
Periodicity

[days]

SMF/PA/S7-13 Homo
erectus

left
M3

paracone/buccal 4303 1.9 7 or 8*

SMF/PA/S7-13 Homo
erectus

left
M3

protocone/palatal 3629 1.8

SMF/PA/S7-37 Homo
erectus

right
P4

protocone/palatal 6470 2.9 8 or 9***

SMF/PA/F8865 Homo
erectus

left
M2

protoconid/buccal 6252 3.1 8 or 9*

SMF/PA/F8865 Homo
erectus

left
M2

metaconid/lingual 3906 -****

SMF/PA/F8864 Pongo
sp. 

right
M2

protoconid/buccal 6009 2.9 8***

SMF/PA/F8864 Pongo
sp. 

right
M2

metaconid/lingual 5660 3.7

*based on Iocal DSRs between adjacent Retzius lines and not direct counts of cross striations due to
section thickness; ** reported in Lacruz et al 2008 for S7-37 M1; ***direct counts of cross striations;
****section plane off centre, cervical portion damaged.

Figures
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Figure 1

Scatter plots of Sr/Ca or Ba/Ca vs. [Mn] respectively for selected specimens, as representative of the
diagenesis imprint in the fossil assemblage. See Supplementary Figure 3 for equivalent plots relative to
[U].
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Figure 2

Sr/Ca ratios. Box plot comparing H. erectus and Pongo sp. specimens to those measured in other taxa
with known trophic levels, all displayed after diagenesis �ltering, i.e. [U]<1 ppm and [Mn]<400 ppm (µg/g).
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Figure 3

Sr/Ca, Ba/Ca, [U] and [Mn] signals in Pongo sp. F8864 molar. a, elemental signals at the EDJ level plotted
against relative days; b, elemental signals along the EDJ and multiple prism pro�les plotted against
relative days; c, elemental signals on the mesiolingual and mesiobuccal cusp plotted against relative
days. Accentuated lines (A. L.) and hypoplastic defects are highlighted.
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Figure 4

Compilation of Sr/Ca, [U] and [Mn] signals matched with the individual dental chronologies of H. erectus.
a, F8865; b, S7-13; c, S7-37
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