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Enamel nanocrystal misorientation 
increased with meat-eating and agriculture

Pupa U. P. A. Gilbert1,2,3 ✉, Daniel R. Green4, Patrick Mahoney5, Debbie Guatelli-Steinberg6, 
W. Scott McGraw6, Emma Lagan6, Fredrick Kyalo Manthi7, Samuel Muteti7, 
Emmanuel Ndiema7, Fernando Ramirez Rozzi8,9, Cayla A. Stifler1, Connor A. Schmidt1, 
Barat Q. Achinuq10, Andreas Scholl10, Benjamin Gilbert11,12 & Mackie C. O’Hara13,14 ✉

Enamel covers teeth, is the hardest tissue in the vertebrate body and has a complex 
multiscale structure from nanometres to millimetres1. The structure comprises thin, 
long hydroxyapatite (Ca5(PO4)3OH) nanocrystals2, 50–70 nm wide, many micrometres 
long, parallel and bundled into approximately 5-µm-wide rods. The rods undulate  
and cross into a microscale ‘decussation pattern’ that toughens enamel by deflecting 
cracks3,4. However, the crystallographic orientation of enamel nanocrystals is poorly 
understood. Here we show that the misorientation angle of adjacent nanocrystals 
varies markedly across 12 primate teeth spanning 9 species, 17.8 million years of 
evolution and diverse diets. Using a method called Polarization Enabled Large Input  
of Crystal Angles at the Nanoscale (PELICAN)5, we compare nanocrystals in the same 
(pre)molar locations and show that misorientation increases with food hardness in 
extant and fossil non-human apes and monkeys. We compare misorientation across 
three major dietary shifts in human evolution: the transition to meat-eating about 
2.0–1.5 million years before present6,7, to agriculture (about 12,000 years before 
present)8,9, and the Industrial Revolution (about 250 years before present)10. We show 
that over the past 1.6 million years, in the human lineage misorientation increased 
with time, especially when meat and stone-ground grains were introduced into 
human diets, but not with the Industrial Revolution. Thus, besides macro-changes, 
teeth adapted to dietary change at the nanoscale and crystallographically. This 
observation suggests that misorientation may contribute to enamel’s resilience; thus, 
bioinspired materials may consider small misorientation angles for added resilience.

Enamel-like tooth structure is common to nearly all vertebrates and 
has been evolving since it first appeared in conodonts nearly 400 mil-
lion years before present (bp)11. Enamel varies and evolves at multiple 
structural levels and developmental stages.

The structure and properties of enamel differ at different scales. At 
the macroscale, the thickness and shape of enamel can evolve quickly 
in response to the mechanical properties of food12,13. For example, 
teeth that have thick enamel14 and blunt cusps are adapted to hard and 
abrasive foods, whereas teeth with thin enamel wear obliquely and have 
shearing edges suited for slicing soft foods13,15.

Hard-food consumption is associated with several dental adaptations 
in modern primates that resist crack propagation, including large teeth, 
low-crowned molars and premolars, and thick, unevenly distributed 
enamel13,16,17. Thick enamel at the millimetre scale helps prevent crack 
nucleation18.

At the micro- and nanoscales, enamel structure evolved to limit crack 
widening and propagation, thereby improving fracture resistance, also 
known as fracture toughness, or simply toughness3,19. At the microscale, 
decussating enamel prevents cracks from widening and propagat-
ing by deflecting them20 at the interface between rod and interrod 
enamel21. At the nanoscale, researchers originally incorrectly assumed 
that adjacent nanocrystals within rods are co-oriented because they 
elongate parallel to one another morphologically, but they actually 
vary in orientation22. The angular distance of crystallographic c-axes in 
adjacent nanocrystals can vary by tens of degrees, and their orientation 
gradually changes within and across each rod by as much as 30–90° 
(ref. 22). Hereafter, we term this non-zero angular distance between 
the c-axes of adjacent nanocrystals simply ‘misorientation’. Molecular 
dynamics simulations have shown that misorientation deflects cracks 
and therefore toughens tooth enamel22.

https://doi.org/10.1038/s41586-026-10583-8

Received: 11 June 2025

Accepted: 22 April 2026

Published online: 3 June 2026

Open access

 Check for updates

1Department of Physics, University of Wisconsin, Madison, WI, USA. 2Departments of Chemistry, Materials Science, Geoscience, University of Wisconsin, Madison, WI, USA. 3Chemical Sciences 
Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA. 4Department of Human Evolutionary Biology, Harvard University, Cambridge, MA, USA. 5School of Natural Sciences, 
University of Kent, Canterbury, UK. 6Department of Anthropology, Ohio State University, Columbus, OH, USA. 7Department of Earth Sciences, National Museum of Kenya, Nairobi, Kenya. 8UMR 
7206 Eco-anthropology, Musée de l’Homme, MNHN, CNRS, UParis Cité, Paris, France. 9Oral Health, UMR_S 1333, UParis Cité, Montrouge, France. 10Advanced Light Source, Lawrence Berkeley 
National Laboratory, Berkeley, CA, USA. 11Energy Geosciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA. 12Earth and Planetary Science Department, University of 
California Berkeley, Berkeley, CA, USA. 13School of Anthropology and Conservation, University of Kent, Canterbury, UK. 14Present address: Department of Biology, Ball State University, Muncie, 
IN, USA. ✉e-mail: pupa@physics.wisc.edu; mackie.oharaali@bsu.edu

https://doi.org/10.1038/s41586-026-10583-8
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-026-10583-8&domain=pdf
mailto:pupa@physics.wisc.edu
mailto:mackie.oharaali@bsu.edu


Nature  |  Vol 654  |  4 June 2026  |  77

The enamel formation mechanism, comprising organic matrix 
deposition, amyloid-like nanoribbons23, subsequent mineralization 
and resorption of the organic matrix, is conserved across all mam-
mals, including primates24. Although primates differ in size (teeth, 
mouths, bodies, brains) and developmental rates25, they do not differ 
in enamel rod size, the presence of decussation patterns or nanocrystal 
sizes26. Thus, it is possible to make controlled comparisons of adjacent 
enamel nanocrystals across species without confounding size and 
developmental factors.

Dietary shifts coincide with dental changes
We investigated whether crystalline nanostructure and orientation 
changed with dietary hardness across primates, with particular empha-
sis on hominins, that is, members of the human lineage, including mod-
ern humans and our extinct fossil relatives. Supplementary Table 1 
provides a summary of the terms frequently used for primates, includ-
ing hominins, and to which group each of the nine species analysed in 
this study belongs. Supplementary Table 2 documents the 12 samples 
in this study.

After diverging about 4–8 million years bp from the last com-
mon ancestor with chimpanzees27,28, hominins began incorporating 
meat into their diet about 2.0–1.5 million years ago (Ma); humans 
invented agriculture around 12,000 years bp, adopted it widely in 
the later Holocene, and ramped up production of processed food 
during the Industrial Revolution beginning around 250 years bp. 
During the past 2 million years of human evolution, teeth became 
smaller29 with thinner enamel layers30 and more pronounced decus-
sation31,32. These dental changes occurred alongside brain expansion33, 

increased body size34, reduced facial and oral structures35, language 
development36, and cultural expansion37. Figure 1 documents sig-
nificant changes in the size of human teeth, enamel thickness, wear 
patterns and caries prevalence following each major shift in human 
diet and technological advance (see Supplementary Tables 3–8 for  
references).

Nanocrystal misorientation in PELICAN
To determine whether the millimetre-to-centimetre-scale structural 
changes summarized in Fig. 1 were accompanied by nanoscale changes 
in c-axis crystal misorientation, we examined 12 polished histologi-
cal cross-sections of primate molar or premolar teeth from fossil, 
archaeological and modern ape and monkey species (Supplementary 
Table 2). We analysed variations within a species and across species, 
and tested correlations with dietary hardness and time. The 12 samples 
included two Miocene primates (Ekembo heseloni and Victoriapithecus 
macinnesi, 17.8 Ma and 14 Ma), three Early Pleistocene hominins (Par-
anthropus boisei, Homo habilis and Homo erectus), four Homo sapiens 
spanning pre-agricultural to modern times (pre-agriculture about 
40,000 years bp, two agricultural British archaeological samples 
from 1,550 years bp and 700 years bp, and one modern human), and 
three extant primates with markedly different diets (Pan troglodytes, 
Pongo pygmaeus and Cercocebus atys). The H. sapiens samples track 
temporal trends across 40,000 years, including dietary differences 
(pre-agriculture versus agriculture), and variation within groups 
(two pre-modern, agricultural samples and one modern sample). 
We used a method called Polarization Enabled Large Input of Crystal 
Angles at the Nanoscale (PELICAN), developed for this work, on sets 
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Tables 3–8). At the nanoscale (10 nm), modern humans have more misoriented 
enamel than the earliest hominins, as reported here in magenta (this work).
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of photoemission electron microscopy (PEEM)38,39 images. These 
‘datasets’ were acquired similarly to polarization-dependent imaging 
contrast mapping40, but with revised image normalization and data 
processing that increases precision and provides high-throughput 
c-axis orientation information for every pixel. See Supplementary 
Methods for details. Extended Data Fig. 1 compares a PELICAN map 
with other imaging methods showing precisely the same region of  
enamel.

Using PELICAN, we compared the misorientation angle in 
three-dimensional space of two adjacent 50-nm pixels, matching the 
smallest possible size of enamel nanocrystal, which is also 50 nm. 
We compared each pixel with its adjacent eight pixels, identified 
the maximum misorientation angle and recorded that angle value. 
Choosing the maximum misorientation excludes co-oriented adjacent 
pixels and nanocrystals. We then produced a histogram of 1 million 
maximum misorientation angles per dataset, and 9 partly overlapping 

datasets for each area analysed (Extended Data Fig. 2). We calculated 
the mode, width and footprint of each misorientation histogram to 
enable statistical comparison. Each PELICAN histogram therefore 
represents 9 million maximum misorientations, derived from 72 mil-
lion pixel-pair comparisons per area. We repeated this analysis on 
the occlusal side of each tooth (Extended Data Fig. 2), and produced 
3 × 3 partly overlapping PELICAN maps, in which colour quantita-
tively represents the orientation of the crystallographic c-axis in each  
pixel.

The full set of data and histograms is provided in the Supplemen-
tary Data 1. We used non-parametric tests to assess the significance of 
each comparison, owing to small sample sizes and a few non-normal 
distributions (Supplementary Table 9). Therefore, we used Kruskal–
Wallis tests for pairwise comparisons between groups and Jonck-
heere–Terpstra tests to evaluate hypotheses of ordered, directional 
trends across dietary hardness categories and time; all P values were 
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Holocene (Supplementary Table 2). b, All locations of origin are indicated on 
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reconstruction. The grey scale bar for skulls is 50 mm; the beige scale bar for 
molars is 5 mm (Supplementary Table 2). c, The misorientation mode averaged 
over nine acquisitions in each sample; error bars are 1 s.d. (Supplementary 
Data 1). Extant species are abbreviated P. troglodytes (Pt), P. pygmaeus (Pp), 
modern human H. sapiens (MH) and C. atys (Ca). Arch1 and Arch2 are 
abbreviated A1 and A2. Credit: world map by Clker-Free-Vector-Images via 
Pixabay.
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Bonferroni-corrected where multiple comparisons were made. In Fig. 2, 
we present a summary of occlusal area results from all samples, along 
with representative skulls and reconstructions of faces for all species, 
drawn to scale with respect to one another, the size and shape of a 
molar tooth for each species, the foods each primate ate or eats, and 
the average and standard deviation across nine datasets of the most fre-
quently occurring (mode) misorientations measured. Supplementary 
Tables 5–8 document what is known about the mechanical properties 
of each species’ diet.

Misorientation increases with diet hardness
First, we sought to establish whether and how enamel nanocrystal  
misorientation varies with dietary hardness. To do this, we compared 
misorientation histograms from species with a range of dietary hard-
nesses: P. troglodytes, P. pygmaeus, P. boisei, V. macinnesi, E. heseloni and 
C. atys. Figure 3g reveals that (1) C. atys, a dedicated hard-object feeder, 
is significantly different from all the other species (Supplementary 

Table 10); (2) V. macinnesi and E. heseloni show nearly identical his-
tograms despite one being a monkey and another an ape; (3) P. pyg-
maeus and P. boisei plot together and are both known to consume a 
diet including tough objects; (4) P. troglodytes has significantly lower 
misorientation.

Both V. macinnesi and E. heseloni likely consumed primarily fruit 
and have statistically indistinguishable misorientation histograms 
with modes of 2.5° and 2.7°, respectively41,42 (Kruskal–Wallis, P = 0.591; 
Fig. 3). P. boisei falls between the modern (P. troglodytes and P. pyg-
maeus) and fossil (E. heseloni) apes and only differs significantly from 
C. atys. The misorientation mode, width and footprint of C. atys are 
significantly greater than those of all other samples (Kruskal–Wallis, 
all P < 8.3 × 10−3; Supplementary Table 10).

P. troglodytes and C. atys show the lowest and highest misorientation 
angles, respectively, at 1.3° ± 0.4° and 7.2° ± 1.7°, which represents a 
6-fold difference (Kruskal–Wallis, P = 7.5 × 10−11; Figs. 2c, 3 and Sup-
plementary Table 10). These two species have the most distinct diets: 
P. troglodytes occasionally eats meat or termites, but mostly consumes 
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histograms of misorientation for each of the samples in a–f. h, The histogram 
parameters averaged over nine datasets per area. Statistics: Kruskal–Wallis 
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ripe fruit43, whereas C. atys feeds preferentially on the oily seeds of Saco-
glottis gabonensis trees, which it cracks with its enlarged molars and 
premolars. The nutshell-like-casing of the seeds is very hard and stiff, 
requiring powerful isometric bites to crack44,45. The high misorienta-
tion mode and heterogeneity in C. atys, combined with its specialized 
hard-object diet, suggest that greater misorientation is an adaptation 
to more mechanically challenging diets. This nanoscale pattern mir-
rors known macroscale adaptations: C. atys evolved thicker enamel 
and larger molars for hard-food processing, whereas P. troglodytes 
evolved molars with thinner enamel to maintain sharp cutting edges15. 
These data suggested a trend of misorientation with food hardness 
that needed further validation.

From each set of 9 million misorientations per sample in Fig. 3, 
we compared mode, width and footprint of the histogram and 
found that they all increased with hardness of food. All three his-
togram parameters increased significantly with dietary hardness 
across both the full non-hominin comparison (6 samples, 54 his-
tograms) and an extant-only subset (3 samples, 27 histograms; 
Jonckheere–Terpstra, all P < 5 × 10−4; Fig. 4a–c and Supplementary 
Table 11). This positive directional trend indicates that misorienta-
tion (mode) increases and becomes more heterogeneous (width, 

footprint) as dietary hardness increases from softest to hardest 
(Fig. 4a–c). Significant pairwise differences were observed between 
the softest diets and those of V. macinnesi and E. heseloni catego-
ries, between soft and very hard diets, and between intermediate 
and very hard diet categories (Kruskal–Wallis; Supplementary  
Table 10).

As mode, width and footprint are independent histogram param-
eters, but they all similarly increase with hardness (Fig. 4a–c), we 
used principal component analysis (PCA) to obtain a single principal 
component (PC1) capturing the magnitude (mode) and heterogene-
ity (width and footprint) in misorientation with one component or 
dimension. Mean PC1 factor scores ranged from −0.95 (median −1.02) 
for soft diets to +1.94 (median 2.18) for very hard diets, effectively sepa-
rating food hardness categories (Fig. 4d, and Supplementary Tables 11 
and 12). PC1 factor scores increased significantly as dietary hardness 
increased in extant samples ( Jonckheere–Terpstra, P = 1.8 × 10−7; 
Supplementary Tables 11 and 12), consistent with the pairwise com-
parisons of harder and softer diets in Fig. 3h and Supplementary  
Table 10.

Genus Homo misorientation and diet
Having established the misorientation versus hard-food trend, we 
analysed 7 hominins, fossil and modern, that span approximately 
1.6 million years and 3 major dietary shifts. Misorientation mode dif-
fered significantly between P. boisei and both H. erectus and H. habilis 
(Kruskal–Wallis, P = 1.5 × 10−2 and P = 1.7 × 10−3, respectively; Fig. 5). 
Despite living at the same time (1.6–1.8 Ma) and in the same place 
(Koobi Fora, Kenya), P. boisei had lower misorientation mode than 
either early Homo samples, whereas H. erectus and H. habilis misori-
entations were statistically similar to one another in mode, width and 
footprint (Kruskal–Wallis, P > 0.05; Fig. 5). Thus, we can identify a 
correlation between meat-eating and misorientation, with modes 
increasing from 2.1° ± 0.1° (Pb) to 3.1° ± 0.2° (H. erectus) (Figs. 2 and 5). 
H. habilis ate meat but not as regularly as H. erectus, yet this hominin 
had slightly more misoriented nanocrystals, with a misorientation 
mode of 3.5° ± 0.3° (Kruskal–Wallis, P = 0.488). We found no discern-
ible difference between the fossil ape and monkey (E. heseloni and 
V. macinnesi), but differences in misorientation were observable in 
the later hominins (P. boisei,H. habilis and H. erectus; Kruskal–Wallis; 
Fig. 5f). Taking into consideration the significant relationship between 
misorientation and hard foods identified in primates (Figs. 3 and 4), 
the increase in misorientation with the introduction of meat (Fig. 5) 
can be interpreted as meat-eating being more challenging for enamel, 
because meat is tougher than fruit.

Figure 6 documents misorientation changes in H. sapiens from a 
pre-agricultural individual from Spain (PA, around 40,000 years bp), 
two British archaeological samples from agricultural populations 
(Arch1, around 1,550 years bp, and Arch2, around 700 years bp), and 
a recent clinically extracted molar from a modern British individual 
(around 50 years bp). Unexpectedly, the pre-agricultural misorienta-
tion mode, width and footprint are significantly lower than those of 
any more recent agricultural or industrial H. sapiens. Thus, the tran-
sition to grain-based agriculture in Europe around 12,000 years bp 
correlated with a significant increase in enamel nanocrystal misori-
entation. Misorientation mode was significantly higher in Arch1 than 
the pre-agricultural individual (4.7° ± 0.1° versus 2.5° ± 0.1°; Kruskal–
Wallis, P = 2.9 × 10−3; Supplementary Table 13). Comparison of the 
pre-agricultural individual with Arch2 yielded very similar results, with 
misorientation mode at 4.6° ± 0.5° (Kruskal–Wallis, P = 3.9 × 10−3; Sup-
plementary Table 13). The misorientation of crystals in the 2 archaeo-
logical teeth is almost double (1.9- or 1.8-fold) that of the pre-agriculture 
tooth. Following the transition to agriculture, Arch1, Arch2 and modern 
human H. sapiens (MH) showed consistent misorientation modes 
around 4.7°, with no significant pairwise differences among them 
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six comparisons of four dietary hardness categories; *P < 8.3 × 10−3 (0.05/6), 
**P < 1.7 × 10−3 (0.01/6), ***P < 1.7 × 10−4 (0.001/6). All Kruskal–Wallis P values  
can be found in Supplementary Table 12.
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(Kruskal–Wallis, all P > 0.05; Fig. 6 and Supplementary Table 13). The 
more recent Industrial Revolution did not result in a significant change 
in misorientation, although increases in caries and dental crowding 
indicate other dental consequences of an industrialized diet over the  
past 250 years10,46. This demonstrates that this 4.6–4.8° misorientation 
mode has remained stable for the past 1,550 years, at least in agricultural  
Britain.

Over the past 1.76 million years of Homo evolution, though, we can 
identify a trend towards increasing misorientation angles (Supplemen-
tary Table 14 and Extended Data Fig. 3). This trend stands out clearly 
when Homo misorientation is compared over time (Fig. 6g). PC1 fac-
tor scores increased significantly across four major time categories: 
early Homo, pre-agricultural H. sapiens, archaeological H. sapiens and 
modern humans ( Jonckheere–Terpstra, P = 5.0 × 10−5; Supplementary 
Tables 11 and 14). Although the composite PC1 misorientation fac-
tor score decreased between around 1.7 million years bp (Hh and He) 
and 40,000 years bp (PA) (Fig. 6c, Supplementary Fig. 16 and Supple-
mentary Table 16), the trend is still very significant (Supplementary 
Table 14 and Extended Data Fig. 3). Pairwise comparisons of the indi-
vidual parameters reveal similar results, with misorientation mode, 
width and footprint all differing significantly when pre-agriculture is 
compared with agriculture and today (Kruskal–Wallis, P < 1.7 × 10−4; 
Supplementary Table 13). Between early Homo and agricultural and 
today, only mode differed significantly (Kruskal–Wallis, P < 1.6 × 10−3; 
Supplementary Table 13), and between early Homo and pre-agriculture, 
only footprint differed (Kruskal–Wallis, P = 6.9 × 10−4; Supplementary 
Table 13). The tight correlation among misorientation mode, width and 
footprint (Supplementary Table 15) suggests that as misorientation 
increases (mode), so does the misorientation heterogeneity (width 
and footprint). Many other parameters were tested and found to not 

correlate with mode, width and footprint misorientations, nor with 
one another (Supplementary Table 15). The PC1 comparison, there-
fore, allows quantitative evaluation of misorientation change over 
time within the genus Homo (Extended Data Fig. 3 and Supplementary 
Tables 14–16).

Misorientation within and across teeth
The results found in recent humans with an agricultural diet 
(≤1,550 years bp) indicate that misorientation is consistent across 
individuals within a group. We obtained the Arch1 and Arch2 results 
from the functional cusp of a lower and upper first molar, respec-
tively, suggesting that teeth on the upper and lower jaw have con-
sistent misorientations. Within a tooth, the rod and interrod enamel 
crystals are oriented differently from one another; therefore, they 
differ in colour in PELICAN maps. However, when the misorientation 
of adjacent nanocrystals within rods and interrod enamel in the same 
area is compared, they are not statistically distinct (Kruskal–Wallis, 
all P > 0.05; Extended Data Fig. 4). We established this using the two 
samples with the most extreme diets: the most misoriented C. atys 
and the least misoriented P. troglodytes. Separating rods from interrod 
enamel across species, therefore, does not change any of the above 
results. Supplementary Data 2 provides all the data relevant to this 
comparison.

For three samples (PA, MH and Eh), we acquired and compared two 
PELICAN areas, on the occlusal and lateral sides of the dentin horn 
(Extended Data Figs. 2, 5 and 6). We found no significant differences in 
misorientation histogram parameters for the pre-agricultural and most 
recent human (Kruskal–Wallis, all P > 0.05; Extended Data Fig. 5) and 
E. heseloni (Kruskal–Wallis, all P > 0.05; Extended Data Fig. 6) between 
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Fig. 5 | The consumption of meat in hominin diets correlates with an 
increase in misorientation angle. a–c, PELICAN maps of the occlusal  
enamel region from P. boisei (Pb; no meat; a), H.erectus (He; regular meat 
consumption; b) and H. habilis (Hh; occasional meat consumption; c).  
Scale bars, 5 μm. d, Normalized histograms of misorientation for each area.  

e, Histogram parameter averages for each sample. f, Kruskal–Wallis (KW) test 
P values comparing the histogram parameters from nine datasets per area 
across species. Kruskal–Wallis two-tailed Bonferroni significance is calculated 
based on three comparisons of three samples; *P < 1.7 × 10−2 (0.05/3), 
**P < 3.3 × 10−3 (0.01/3), ***P < 3.3 × 10−4 (0.001/3).
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occlusal and lateral sides. Therefore, the misorientations in decussating 
enamel on occlusal and lateral sides of a dentine horn of a functional 
cusp of one tooth are probably representative of decussating enamel 
under all functional cusps of all molar and premolar teeth. The four  
H. sapiens teeth demonstrate that misorientations are also probably 
representative of all teeth in the same species. Therefore, the com-
parison of misorientation in occlusal areas done across all 12 samples 
in this study is well supported.

For the oldest sample, E. heseloni, we also analysed a region of 
radial enamel near the cusp tip and found that misorientation mode, 
width and footprint were greater in radial than in decussated enamel 
(Kruskal–Wallis, all P < 0.017; Extended Data Fig. 6). This contrasts 
with previous observations showing that enamel at the outer enamel 

surface (aprismatic and radial) exhibited lower toughness than the 
decussated enamel near the dentin-enamel junction47. However, none 
of the comparisons in this work are based on radial enamel, only on 
decussating enamel.

Closing thoughts
The primary observation described here is that the misorientation of 
adjacent nanocrystals changed in conjunction with dietary shifts and, 
within the human lineage, misorientation increased when hominins 
introduced both meat and agricultural products into their diet. This 
observation suggests that nanocrystal misorientation may contribute 
to a tooth’s resilience against hard or tough foods, complementing 
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previously documented adaptations such as tooth size, shape, enamel 
thickness and microstructure that confer resistance to wear and/or 
crack propagation. Thus, dietary specialization drives evolutionary 
changes across multiple hierarchical levels of enamel structure, down 
to the nanoscale.

The nut-cracking C. atys has an extremely mechanically demanding 
diet that requires the most resilient teeth44,45. We found that this mon-
key also has the greatest misorientation and exhibits the widest range 
of misorientation of all teeth measured (Figs. 3 and 4). We tentatively 
conclude, therefore, that we can add nanoscale misorientation to the 
suite of macro- and microscale adaptations that make enamel either 
harder, stiffer or tougher, or a combination of these material properties 
in relation to more mechanically challenging diets.

Although foods became easier to masticate over human evolution-
ary history with improvements in food processing and cooking48,49, 
we find that misorientation increased across both the transitions to 
meat-eating and agriculture. To test whether the misorientation shifts 
observed in Homo reflect factors other than diet, we calculated cor-
relations between misorientation and sample age, tooth size, enamel 
thickness, maximum bite force and surface microwear values, but 
identified no significant correlations (Spearman’s rho, all P > 0.05; 
Supplementary Table 15). Ruling out those other factors, we returned 
to diet. One possible cause for the observations here might be that 
greater misorientation compensated for the marked and continuing 
reduction in molar size that characterizes our human lineage (Fig. 1). 
And, although agricultural food products may be more processed, the 
by-products of that processing (for example, millstone grit) may have 
contributed to high abrasion and significant wear in recent modern 
humans17.

We note that, even if greater misorientation is better from a materi-
als perspective, all angles measured in all 12 samples were small mis-
orientation angles, with modes between 1° and 7°, widths between 2° 
and 9°, and even the footprints of all histograms were small angles, 
between 4° and 18°. These misorientation angles fall within what mate-
rial scientists call low-angle boundaries, which are typically defined as 
<15°. Such low-angle grain boundaries are low-energy surfaces, with 
surface energy of approximately 1 J m−2, increasing monotonically 
with misorientation angle50. This excess energy hinders dislocation 
motion, and thus stabilizes nanostructures50. Low-angle boundaries 
could have a similar role in ionic crystals such as hydroxyapatite or 
calcium carbonates, for example, under grinding conditions com-
mon for posterior teeth. Intriguingly, in molybdenum disulfide51 and 
graphene52, low-angle grain boundaries have materials properties 
strongly dependent on misorientation angle. The results presented 
here, particularly the contrast between the fruit-eating chimp and 
the nut-cracking monkey, suggest a strong dependence of mechanical 
properties on misorientation angle.

Online content
Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 
and competing interests; and statements of data and code availability 
are available at https://doi.org/10.1038/s41586-026-10583-8.

1.	 Yeom, B. et al. Abiotic tooth enamel. Nature 543, 95–98 (2017).
2.	 DeRocher, K. A. et al. Chemical gradients in human enamel crystallites. Nature 583, 66–71 

(2020).
3.	 Bajaj, D. & Arola, D. Role of prism decussation on fatigue crack growth and fracture of 

human enamel. Acta Biomater. 5, 3045–3056 (2009).
4.	 Chai, H., Lee, J. J.-W., Constantino, P. J., Lucas, P. W. & Lawn, B. R. Remarkable resilience of 

teeth. Proc. Natl Acad. Sci. USA 106, 7289–7293 (2009).
5.	 Gilbert, B. & Gilbert, P. U. P. A. GG Macros v1.0.0. Zenodo https://doi.org/10.5281/

zenodo.17314120 (2025).
6.	 Zink, K. D. & Lieberman, D. E. Impact of meat and Lower Palaeolithic food processing 

techniques on chewing in humans. Nature 531, 500–503 (2016).

7.	 Anton, S. C., Potts, R. & Aiello, L. C. Human evolution. Evolution of early Homo: an 
integrated biological perspective. Science 345, 1236828 (2014).

8.	 Wills, C. Hominid economics. Nature 416, 370–371 (2002).
9.	 Larsen, C. S. et al. Bioarchaeology of Neolithic Catalhoyuk reveals fundamental 

transitions in health, mobility, and lifestyle in early farmers. Proc. Natl Acad. Sci. USA 116, 
12615–12623 (2019).

10.	 Corruccini, R. S. An epidemiologic transition in dental occlusion in world populations. 
Am. J. Orthod. 86, 419–426 (1984).

11.	 Shirley, B. et al. Increasing control over biomineralization in conodont evolution. Nat. 
Commun. 15, 5273 (2024).

12.	 Ungar, P. S. & Hlusko, L. J. The evolutionary path of lease resistance. Science 353, 29–30 
(2016).

13.	 Ungar, P. S. Mammalian dental function and wear: a review. Biosurf. Biotribol. 1, 25–41 
(2015).

14.	 Martin, L. Significance of enamel thickness in hominoid evolution. Nature 314, 260–263 
(1985).

15.	 Ungar, P. S. & M'Kirera, F. A solution to the worn tooth conundrum in primate functional 
anatomy. Proc. Natl Acad. Sci. USA 100, 3874–3877 (2003).

16.	 Constantino, P. J., Lucas, P. W., Lee, J. J. & Lawn, B. R. The influence of fallback foods on 
great ape tooth enamel. Am. J. Phys. Anthropol. 140, 653–660 (2009).

17.	 Lucas, P., Constantino, P., Wood, B. & Lawn, B. Dental enamel as a dietary indicator in 
mammals. Bioessays 30, 374–385 (2008).

18.	 Pampush, J. D. et al. Homoplasy and thick enamel in primates. J. Hum. Evol. 64, 216–224 
(2013).

19.	 Ritchie, R. O. The conflicts between strength and toughness. Nat. Mater. 10, 817–822 
(2011).

20.	 Lucas, P. W., Constantino, P. J. & Wood, B. A. Inferences regarding the diet of extinct 
hominins: structural and functional trends in dental and mandibular morphology within 
the hominin clade. J. Anat. 212, 486–500 (2008).

21.	 Yahyazadehfar, M. & Arola, D. The role of organic proteins on the crack growth resistance 
of human enamel. Acta Biomater. 19, 33–45 (2015).

22.	 Beniash, E. et al. The hidden structure of human enamel. Nat. Commun. 10, 4383 
(2019).

23.	 Carneiro, K. M. et al. Amyloid-like ribbons of amelogenins in enamel mineralization. Sci. 
Rep. 6, 23105 (2016).

24.	 Simmer, J. P. et al. Regulation of dental enamel shape and hardness. J. Dent. Res. 89, 
1024–1038 (2010).

25.	 Smith, B. H. Dental development as a measure of life history in primates. Evolution 43, 
683–688 (1989).

26.	 Towle, I. & Loch, C. Variation in enamel prism size in primate molars. Arch. Oral Biol. 160, 
105895 (2024).

27.	 Poszewiecka, B., Gogolewski, K., Stankiewicz, P. & Gambin, A. Revised time estimation of 
the ancestral human chromosome 2 fusion. BMC Genomics 23, 616 (2022).

28.	 Langergraber, K. E. et al. Generation times in wild chimpanzees and gorillas suggest 
earlier divergence times in great ape and human evolution. Proc. Natl Acad. Sci. USA 109, 
15716–15721 (2012).

29.	 Evans, A. R. et al. A simple rule governs the evolution and development of hominin tooth 
size. Nature 530, 477–480 (2016).

30.	 Lockey, A. L., Alemseged, Z., Hublin, J. J. & Skinner, M. M. Maxillary molar enamel 
thickness of Plio-Pleistocene hominins. J. Hum. Evol. 142, 102731 (2020).

31.	 Beynon, A. D. & Wood, B. A. Variations in enamel thickness and structure in East African 
hominids. Am. J. Phys. Anthropol. 70, 177–193 (1986).

32.	 Macho, G. A., Jiang, Y. & Spears, I. R. Enamel microstructure—a truly three-dimensional 
structure. J. Hum. Evol. 45, 81–90 (2003).

33.	 Pontzer, H. et al. Metabolic acceleration and the evolution of human brain size and life 
history. Nature 533, 390–392 (2016).

34.	 Ruff, C. B., Trinkaus, E. & Holliday, T. W. Body mass and encephalization in Pleistocene 
Homo. Nature 387, 173–176 (1997).

35.	 Lacruz, R. S. et al. The evolutionary history of the human face. Nat. Ecol. Evol. 3, 726–736 
(2019).

36.	 Enard, W. et al. Molecular evolution of FOXP2, a gene involved in speech and language. 
Nature 418, 869–872 (2002).

37.	 Padilla-Iglesias, C. et al. Deep history of cultural and linguistic evolution among Central 
African hunter–gatherers. Nat. Hum. Behav. 8, 1263–1275 (2024).

38.	 De Stasio, G. et al. MEPHISTO: performance tests of a novel synchrotron imaging 
photoelectron spectromicroscope. Rev. Sci. Instrum. 69, 2062–2066 (1998).

39.	 De Stasio, G. et al. MEPHISTO spectromicroscope reaches 20 nm lateral resolution. Rev. 
Sci. Instrum. 70, 1740–1742 (1999).

40.	 Gilbert, P. U. P. A., Young, A. & Coppersmith, S. N. Measurement of c-axis angular 
orientation in calcite (CaCO3) nanocrystals using X-ray absorption spectroscopy. Proc. 
Natl Acad. Sci. USA 108, 11350–11355 (2011).

41.	 Benefit, B. R. Victoriapithecus: the key to Old World monkey and catarrhine origins. Evol. 
Anthropol. 7, 155–174 (1999).

42.	 McNulty, K. P., Begun, D. R. & Kelley, J. The alpha-taxonomy of Ekembo. Paleoanthropology 
1, 154–188 (2025).

43.	 Stuhltrager, J. et al. Dental wear patterns reveal dietary ecology and season of death in a 
historical chimpanzee population. PLoS One 16, e0251309 (2021).

44.	 McGraw, W. S. & Daegling, D. J. Diet, feeding behavior, and jaw architecture of Taï 
monkeys: congruence and chaos in the realm of functional morphology. Evol. Anthropol. 
29, 14–28 (2020).

45.	 McGraw, W. S., Vick, A. E. & Daegling, D. J. Sex and age differences in the diet and 
ingestive behaviors of sooty mangabeys (Cercocebus atys) in the Tai Forest, Ivory Coast. 
Am. J. Phys. Anthropol. 144, 140–153 (2011).

46.	 Bertilsson, C. et al. Prevalence of dental caries in past European populations: a systematic 
review. Caries Res. 56, 15–28 (2022).

47.	 Bajaj, D. & Arola, D. D. On the R-curve behavior of human tooth enamel. Biomaterials 30, 
4037–4046 (2009).

https://doi.org/10.1038/s41586-026-10583-8
https://doi.org/10.5281/zenodo.17314120
https://doi.org/10.5281/zenodo.17314120


84  |  Nature  |  Vol 654  |  4 June 2026

Article
48.	 Smith, B. H. Patterns of molar wear in hunter–gatherers and agriculturalists. Am. J. Phys. 

Anthropol. 63, 39–54 (1984).
49.	 Kaifu, Y., Kasai, K., Townsend, G. C. & Richards, L. C. Tooth wear and the “design’’ of the 

human dentition: a perspective from evolutionary medicine. Am. J. Phys. Anthropol. 37, 
47–61 (2003).

50.	 Lu, K. Stabilizing nanostructures in metals using grain and twin boundary architectures. 
Nat. Rev. Mater. 1, 16019 (2016).

51.	 Ly, T. H. et al. Misorientation-angle-dependent electrical transport across molybdenum 
disulfide grain boundaries. Nat. Commun. 7, 10426 (2016).

52.	 Huang, P. Y. et al. Grains and grain boundaries in single-layer graphene atomic patchwork 
quilts. Nature 469, 389–392 (2011).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution- 
NonCommercial-NoDerivatives 4.0 International License, which permits any 
non-commercial use, sharing, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide 
a link to the Creative Commons licence, and indicate if you modified the licensed material. You 
do not have permission under this licence to share adapted material derived from this article 
or parts of it. The images or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit line to the material. If 
material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2026

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Methods

Sample
The nine species analysed in this study are listed in Supplementary 
Table 1. The 12 tooth samples, locations of origin, date, collection ID and 
precise tooth analysed are listed in Supplementary Table 2. Whenever 
possible, we selected lower first molars (LM1) and the mesio-buccal 
cusp, which experiences crushing and grinding forces and is the first 
to wear53,54 (Extended Data Fig. 2). When an LM1 was not available (for 
example, fossil samples), we used the functional cusp of the available 
molar or premolar, which is equivalent to an LM1’s mesio-buccal cusp 
in its masticatory function (Extended Data Fig. 2). In all cases, analysis 
was restricted to molar or premolar teeth and focused on the occlusal 
region proximal to the dentine horn to control for functional use and 
avoid worn enamel.

Histological sample preparation
Previous studies generated histological sections of PA, Arch1, Arch2, 
MH, Pt, Pp and Ca, but all used a standard set of histological methods55,56. 
Details of materials and consumables used for each sample can be 
found in their respective published articles (Supplementary Table 2). 
We identified no pathologies or taphonomic features in any sample. 
When wear was present, it was minimal and did not reach the dentine 
horn. All samples are permanent posterior teeth from adult individuals, 
with the exception of Ca, which was a subadult. Teeth were embedded in 
epoxy resin before being sectioned. Each tooth was sectioned through 
a plane intersecting the two mesial cusps (in the case of premolars, the 
two primary cusps; Extended Data Fig. 2) using a precision saw. The 
section was mounted on a microscope slide and used for other studies. 
For this study, we used the ‘off-cut’, which is the remaining portion of 
the tooth that was not mounted to the microscope slide. This off-cut 
was re-embedded, ground and polished as described below (‘Sample 
preparation for PEEM’).

The histological sectioning and analysis of the Eh sample was pub-
lished in ref. 57; Vm was published in ref. 58; Hh, He and Pb were pub-
lished in ref. 59. C. M. Dean led the histological preparation for these 
five samples, following standard protocols55,56. For these samples, no 
pathologies or taphonomic features were identified; when wear was 
present, it was minimal and did not reach the dentine horns.

Sample preparation for PEEM
Samples arrived sectioned; we re-embedded, then ground and pol-
ished them. For re-embedding, we soaked blocks or slides in anhydrous 
ethanol and placed them face-down in two-part plastic moulds (Ted 
Pella) and covered them with freshly mixed EpoFix (EMS; 25 g epoxy, 
3 g hardener, mixed with a Thinky planetary mixer, mixing for 1 min 
and defoaming for 1 min. We cycled the moulds three times through 
vacuum with a diaphragm pump kit (Ted Pella) and vented with nitro-
gen, to remove ethanol, ensure full epoxy penetration and burst surface 
bubbles. EpoFix cured overnight in air.

All grinding and polishing used water as a coolant, but supersaturated 
with either 1 g l−1 CaCl2 or 0.2 g l−1 Na3PO4 (pH 9) in MilliQ water to prevent 
hydroxyapatite dissolution, dispensed by a peristaltic pump (Drive 
MFLX07522-30, Head MLFX07519-06, Tubing MFLX96410-14, all by Mas-
terFlex, Avantor). We ground tooth surfaces with 600, 1,200 and 4,000 
grit SiC paper (Buehler) using 5 N, 30 s each, 40/140 rpm co-rotating 
on a Buehler AutoMet 250 PM. We then polished the tooth surfaces on 
the same Buehler AutoMet 250 PM with 300-nm alumina (MicroPol-
ish 0.3 µm, Buehler) using 10 N, 2 min, 40/140 rpm counter-rotating, 
then with 50-nm alumina (MasterPrep, Buehler) with 10 N, 1 min, 
30/30 rpm counter-rotating. Both 300-nm and 50-nm suspensions were 
dispensed automatically via burst modules (Buehler). This protocol 
yields mirror-flat surfaces with ≤1 nm residual roughness, as previously 
verified by atomic force microscopy. When possible, we thinned the 
samples to 2 mm thickness, which is ideal for PEEM experiments. For 

the fossil samples (Vm, Eh, Hh, He and Pb) this was not possible; thus, we 
used a modified sample holder for the PEEM experiment. We trimmed 
the epoxy blocks to remove excess EpoFix resin and then cleaned them 
repeatedly with anhydrous ethanol and a new TexWipe Dry Cotton 
Cleanroom Wiper using gentle force until clean under differential inter-
ference contrast (DIC) microscopy (×20 objective). This step is key to 
obtaining perfect surfaces for the surface-sensitive PEEM method.

We then transferred all samples to ultrahigh vacuum (approximately 
10−8 mbar) to remove any residual water. Several samples took many 
hours to outgas: we attempted the PA sample during 3 beamtimes 
over 2 years and it failed until we built a dedicated ultrahigh-vacuum 
chamber, called the Dalì chamber (Supplementary Fig.  1). The 
ultrahigh-vacuum chamber included a 660 l s−1 turbo pump 
ceramic-bearing turbomolecular Agilent Twistorr 704 (Agilent Tech-
nologies). The pump is mounted at the bottom of the Dalì chamber, 
equipped with a fast-entry flange on a side, and a drawer that comes out 
to receive the sample, and goes back into the chamber directly above 
the turbo, where the sample sits while pumping down.

We coated all samples twice using a Cressington 208HR (Cressing-
ton, Ted Pella) sputter coater. First, we coated the samples with 40 nm 
platinum and a 4 mm × 4 mm silicon wafer mask (MTI) to cover the func-
tional cusp of the tooth and expose everything else to platinum, with 
no motion of the sample stage. Then, we removed the silicon mask and 
coated the whole sample with 1 nm platinum while spinning and tilting 
it. This coating method makes it possible to analyse with photoemission 
spectroscopy and microscopy any insulating sample including miner-
als60, biominerals61,62 and most importantly enamel22,63–66. At the calcium 
L edge, the maximum probing depth of the PEEM experiment is 3 nm 
(ref. 67); hence, a 1-nm coating enables much of the signal to originate 
from the sample under investigation. The 40 nm surrounding coating 
ensures good electrical contact between sample and sample holder, 
so that the sample can float at −18 kV without arcs and sparks, and the 
photoelectrons it emits can be accelerated towards the electrostatic 
optics column.

We defined the region of interest identically in all samples. Whenever 
possible, we focused PELICAN analysis on specific occlusal regions of 
lower first molars (LM1) near the dentine horn to control for functional 
use, and selected the mesio-buccal cusp of each tooth because this 
region experiences both crushing and grinding forces53,54 (Extended 
Data Fig. 2). When an LM1 was not available (for example, fossil sam-
ples), we used the ‘functional cusp’ of the available molar or premolar, 
which is closest in its masticatory function to an LM1’s mesio-buccal 
cusp (Extended Data Fig. 2). The region selected for analysis in all tooth 
cross-sections was well below the surface of the functional cusp tip; the 
region of interest was approximately 200–300 µm occlusal to the apex 
of the dentine horn where both parazones and diazones of Hunter–
Schreger bands in the decussation pattern were visible (Extended Data 
Fig. 2). We also analysed regions 200–300 µm lateral to the apex of the 
dentine horn for some samples. We precisely recorded the precise loca-
tion of each area analysed in PEEM into a high-resolution optical image 
of each sample using Adobe Photoshop. Extended Data Figs. 5c and 6c, 
and Supplementary Fig. 2c provide examples of this precise localiza-
tion in Photoshop, including the tooth cusp, the dentine horn, and the 
location of occlusal and lateral areas analysed with PEEM. The optical 
images were obtained with either DIC microscopy68 or polarized light 
microscopy (PLM), and show the whole sample surface. Extended Data 
Figs. 5c and 6c, and Supplementary Fig. 2c show examples of the DIC 
images. The PLM images used crossed polarizers on the illumination 
and reflected light channels at 90° ± 30° from one another. All DIC and 
PLM images were acquired using a Zeiss Axioscope 7 (CTK Instruments) 
and stitched together automatically using the Zeiss software.

Scanning electron microscopy
We acquired scanning electron microscopy (SEM) images using a 
Zeiss EVO LS10 microscope, operated at 10 kV accelerating voltage 
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and 9.5 mm working distance, in either secondary electrons or back-
scattered electrons mode. The SEM images in Extended Data Fig. 1 
present both the secondary electrons or the backscattered electrons 
of the same region of a Ca sample. We imaged the sample as it had been 
coated for the PEEM experiment; thus, the SEM, PEEM and PELICAN 
images are all directly comparable from precisely the same sample 
and accurately the same region of sample surface, even though the 
greater penetration and scattering depths in SEM and the larger depth 
of field provide the impression of more topography in SEM than in 
surface-sensitive PEEM.

PEEM beamtime experiments
We acquired all data using the PEEM-3 microscope at the Advanced 
Light Source at Lawrence Berkeley National Laboratory. PEEM-3 is the 
end-station of beamline 11.0.1.1 at the Advanced Light Source and is a 
photoemission electron microscope38,39, with the sample floating at 
high voltage (−18 kV), fully electrostatic lenses69 magnifying the image 
formed by photoemitted electrons under soft-X-ray illumination, and 
a best resolution of 20 nm (ref. 40).

PEEM-3 has an elliptically polarizing undulator source, which ena-
bles rotating the linear polarization of the soft-X-rays illuminating the 
sample surface. For this work, we acquired stacks of 38 full-field PEEM 
images while rotating the polarization from horizontal to vertical in 5° 
intervals. At each of 19 polarizations, we acquired 2 images at 2 photon 
energies on either side of the sharpest and most intense calcium L2 peak, 
termed peak 1, typically at 352.6 eV. We acquired the 2 images either 
0.2 eV above and below peak 1, or +0.1 and −0.3 eV, whichever gave 
the greatest contrast in ratio images at each particular beamtime22,65. 
Both settings are effective, but the optimal choice varies every time the 
undulator, the monochromator or the beamline optics are tweaked and 
must be determined each time. The beam was shuttered off between 
exposures to prevent radiation damage70,71.

Data-taking and normalization for PELICAN
It is important for PELICAN quantitative analysis5 to use image ratios, 
so that the relative intensity is normalized and the amplitude of the cos2 
curve in each pixel is representative, as much as possible, of the crystal 
orientation in that pixel, not of the unevenly distributed illumination, 
polarization or sample-dependent image brightness. This is never 
perfect, but it improves substantially with normalized images. The 
image ratio can be acquired on-peak and off-peak if only one peak is 
dichroic, or on two anticorrelated dichroic peaks. Example energies for 
the oxygen K edge in carbonates are on-peak of the π* peak at 534 eV 
and off-peak in the pre-edge at 530 eV. For the calcium L edge in cal-
cium phosphates, instead, the L2 peak is the superposition of multiple 
anticorrelated peaks; thus, the peak appears to shift in energy with 
polarization by 0.4 eV (ref. 65). In Supplementary Fig. 3, we highlight 
two energies, 0.4 eV apart, where they usually give the greatest contrast, 
0.1 eV above and 0.3 eV below the L2 peak at 352.6 eV. In either case, 
after normalization by ratio of these two images, each pixel has a cos2 
dependence on the elliptically polarizing undulator polarization angle. 
Immediately after acquisition, we aligned all 38.P3B PEEM images in 
PeemVision (https://sites.google.com/lbl.gov/bl11-peem3-als/tools), 
then ratioed them so that at each elliptically polarizing undulator polar-
ization angle, the higher energy image is divided by the lower energy 
one, then saved as 19.P3B images.

We recorded the precise position where each dataset was acquired 
during data acquisition in the beamtime notebook as x, y coordinates. 
We recorded and saved both the PEEM coordinates and the visually 
identified features in PEEM and DIC or PLM images in the Photoshop file.

For each area, we acquired a 3 × 3 map, with 50 ± 5 µm field of view, 
1,030 pixels horizontally and 1,054 pixels vertically. Each pixel was 
therefore 50 ± 5 nm, which matches the cross-section of enamel 
nanocrystal. The 9 stacks in a 3 × 3 area were partly overlapping, as 
the sample position was shifted by 40 µm between images.

PELICAN analysis
We describe the PELICAN analysis in detail in Supplementary Methods 
and we have published the software and the manual to use it on Zenodo5, 
where a link to GitHub is provided. PELICAN is a method developed 
for this study to quantitatively measure the orientation angle of the 
crystallographic c-axis of crystals that exhibit X-ray linear dichroism. 
This method significantly improves on polarization-dependent imag-
ing contrast22,40,62,65,72; it now calculates and displays the inferred c-axis 
orientation in spherical polar coordinates θsp and ϕsp in each pixel, 
calculates the misorientation angle of the two c-axes in two adjacent 
pixels, and calculates the histograms of all values for each spherical 
polar coordinate as well as the histogram of misorientations of adjacent 
pixels. PELICAN analysis runs in Igor Pro 8 (WaveMetrics) or a later ver-
sion, and uses the Gilbert Group Macros (GG Macros), freely available 
via Zenodo5. For all areas, we calculated the histograms using identical 
PELICAN parameters (amax = 1, bmin = 1, bmax = 120 and ϕzy min = 45). For 
display purposes, however, we modified the parameters for several 
images, as described in Supplementary Methods, and the colour leg-
ends differ for each area in Figs. 2, 4 and 5, Extended Data Figs. 1 and 
4–6, but in all figures they display precisely the range in which θsp and 
ϕsp vary. In a nutshell, ϕzy min was either 45°, 80° or 90°, the ϕsp range 
was identical for all between 50° and 150° displayed as brightness, the 
θsp range was either −45° to 45°, −25° to 70° or −75° to 45° and displayed 
as hue. In addition, most PELICAN maps were adjusted in brightness 
with the ‘b brightness’ tool in PELICAN, which displays the value of b as 
brightness. The effect of ‘b brightness’ is similar to ‘levels’ and ‘Auto’ in 
Photoshop. This was done for all samples except for Ca and Vm.

Once we obtained nine PELICAN maps per area, with colour showing 
the orientation of c-axes semi-quantitatively, we mounted and stitched 
the nine partly overlapping maps manually, using Adobe Photoshop. 
We positioned maps manually by placing the nine maps in nine separate 
Photoshop layers, then we blended the nine layers using the Photoshop 
tool ‘Auto Blend Layers’, with ‘Panorama’ option, and merged them into 
one layer called ‘merged’.

Histograms of misorientations
PELICAN saves a.csv histogram file for each stack, which represents 
the 1 million misorientation maxima. PELICAN also fits the peak, that 
is, the mode of the histogram of 1 million misorientations with a log 
normal function (Supplementary Fig. 10, bottom left), and saves the 
fitted peak position and calls it ‘mode (°)’ at 100% of the fitted height, 
the full-width at half-maximum called ‘width (°)’ at 50% of the fitted 
height, and the ‘footprint (°)’ at 10% of the fitted height, as presented 
in Figs. 2, 4 and 5, and Extended Data Figs. 4–6. The histograms are all 
normalized to 1, such that the area under the curve is always 1; thus, the 
histograms can be compared with one another. In Figs. 3, 5 and 6, and 
Extended Data Figs. 4–6, we present the average histograms, obtained 
by adding the nine histograms from each area and then dividing by 
nine in Microsoft Excel. Complete data are provided in Supplemen-
tary Data 1, which contains a summary sheet (‘all samples, PELICAN 
results’) with all mode (°), width (°) and footprint (°) and their means 
and standard deviation for all areas. The histogram outputs of PELICAN 
are also included on a separate sheet for each sample. Each sample’s 
sheet contains nine histograms and the calculated average histogram. 
All histograms are normalized to 1, such that the area under the curve 
is 1, so all histograms or average histograms can directly be compared 
with one another.

Statistical analysis of misorientation histograms
We performed all statistical analyses in IBM SPSS Statistics 30. As PELI-
CAN histograms are not Gaussian, we characterized each dataset’s 
histogram by 3 parameters: mode (100% of the peak or maximum), 
width (full-width at 50% maximum) and footprint (full-width at 10% 
maximum). We compared these parameters across the 3 × 3 = 9 datasets 
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in each area. Shapiro–Wilk tests found that these 3 parameters in 12 
occlusal areas were normally distributed for most (31 out of 36), but 
not all cases (5 out of 36) (Supplementary Table 9); thus, we used 
non-parametric statistics. We calculated the means and standard 
deviations in Fig. 2 and Supplementary Data 1 across these n = 9 values.

We used two-sided Kruskal–Wallis tests with Bonferroni correction 
(α = 0.05) to compare histogram parameters between samples (Supple-
mentary Tables 10–13). We used two-sided Jonckheere–Terpstra tests 
to assess directional trends in misorientation with increasing dietary 
hardness in non-Homo samples (Fig. 4 and Supplementary Table 11) 
and temporal trends within Homo samples (Fig. 6g, Supplementary 
Table 14 and Extended Data Fig. 3).

We established dietary hardness categories for non-Homo samples 
based on the mechanical properties of diet documented in the literature 
(Fig. 2 and Supplementary Tables 3–8) as soft (Pt), intermediate (Pp, Pb), 
fossil frugivore (Vm, Eh) and very hard (Ca). Jonckheere–Terpstra analy-
ses identified trends across these categories in all non-Homo samples 
(n = 54) and extant primates only (n = 27) (Fig. 4 and Supplementary 
Table 11). Then, we performed PCA on mode, width and footprint param-
eters across all 12 samples. This yielded a new, single composite measure 
(PC1), which explains 97.5% of variation with comparable loadings across 
all 3 variables (range 0.980–0.995). We calculated the PC1 factor score 
for each of the 108 occlusal datasets (12 samples with 9 occlusal datasets 
per sample; Supplementary Data 1). We then ran Jonckheere–Terpstra 
and Kruskal–Wallis tests on PC1 factor scores across the four dietary 
hardness categories (Fig. 4 and Supplementary Table 12). We assigned 
the six Homo samples to four time periods and ran Jonckheere–Terpstra 
and Kruskal–Wallis tests on their PC1 factor scores to identify trends and 
pairwise differences (Fig. 6 and Supplementary Tables 13–16). Finally, we 
ran two-sided Spearman’s rho correlations between the three histogram 
parameters (mode, width and footprint) compared with published 
metrics from Supplementary Table 8 (Supplementary Table 15).
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Extended Data Fig. 1 | The same region of a Ca tooth imaged with SEM, 
PEEM, and PELICAN. a: SE. Scanning electron microscopy (SEM) image, 
acquired in secondary electrons (SE) mode, shows almost no contrast, except 
for some very bright organics surrounding rods. b: BSE. SEM image, acquired 
in back-scattered electrons (BSE) mode, shows contrast only where black 
organics surround each rod. c: PEEM —. Ratio of two PhotoEmission Electron 
Microscopy (PEEM) Images acquired at 352.7 and 352.3 eV with horizontally 
polarized x-ray illumination at the Ca L2-edge. d: PEEM |. Same but with 
vertically polarized x-rays, illustrating the effect of x-ray linear dichroism in 

hydroxyapatite65. e: PEEM avg. Average of 19 PEEM image ratios acquired  
with polarization rotating from horizontal to vertical in 5° increments.  
f: PELICAN. A Polarization Enabled Large Input of Crystal Angles at the 
Nanoscale (PELICAN) map of precisely the same location on the Ca tooth. 
Colours quantitatively represent the orientation of the enamel nanocrystal 
c-axis in each pixel, including θsp and ϕsp angles describing the orientation of 
the crystallographic c-axis in each pixel. In spherical polar (sp) coordinates the 
in-plane θsp angle is displayed as hue and the off-plane angle ϕsp as brightness.



Extended Data Fig. 2 | Sectioning location of all teeth in this study and 
location of areas analysed with PELICAN. a, oblique sections of all molars 
were obtained by cutting through the mesial cusps, orthogonal to the cervical 
margin (purple plane). b, the area selected for analysis was on the occlusal side 
of the functional cusp (buccal for lower teeth, lingual for upper teeth). For the 

tooth in a, a lower molar, the mesio-buccal cusp is the functional cusp. The 
occlusal area is ~200 μm away from the enamel dentine junction toward  
the occlusal basin; the lateral area is ~200 μm away from the enamel dentine 
junction toward the outer enamel surface. c, each area includes 3 × 3 datasets, 
with 1 million pixels each, partly overlapping and stitched after data processing.
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Extended Data Fig. 3 | Enamel nanocrystals become more misoriented and 
heterogeneous over time in Homo. a-c: Misorientation histogram parameters 
for six samples in Figs. 5 and 6, ordered from oldest to most recent: early Homo 
(Hh, He), pre-agriculture (PA), agriculture (Arch1, Arch2), and today (MH). 
Histogram parameters include misorientation mode (a), width (b), and 
footprint (c). Jonckheere-Terpstra (JT) test p values indicate significant trends 
for all samples (n = 54) (Supplementary Table 14). d: PC1 factor regression scores 
were obtained by combining all three histogram parameters and plotted vs. 

time periods. Box plots show median, interquartile range, and range. Kruskal- 
Wallis (KW) comparisons identify five significant differences between time 
periods, denoted by black bars and asterisks. KW two-tailed Bonferroni 
significance was calculated based on six comparisons of four time period 
categories, so * indicates p < 8.3 × 10−3 (0.05/6), ** p < 1.7 × 10−3 (0.01/6), and  
*** p < 1.7 × 10−4 (0.001/6). All KW p values can be found in Supplementary 
Table 12.



Extended Data Fig. 4 | Rods and interrod enamel does not differ within an 
area. Single PELICAN maps from Pt (a) and Ca (b), showing clean images with 
species label, colour bar, and scalebar. c-f, 30 black dots indicate rods, 30 white 
dots indicate interrod enamel. Each dot has a 30 pixel diameter. g, histograms 
measured exclusively within the rod or interrod dot diameters. h, table of 
results averaging histogram parameters for Ca (top) and Pt (bottom) by rod and 

interrod enamel, and eight other, partly overlapping datasets adjacent to  
them, for Pt and Ca (π × 152 pixels × 30 dots × 9 maps = 1.9 × 105 pixels). The table 
shows misorientation mode, width, and footprint, and their statistical analysis 
(Kruskal-Wallis). Within the same area of the same species, misorientations of 
adjacent pixels within rods are the same as in interrod enamel.
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Extended Data Fig. 5 | The PA and MH teeth, the precise locations  
of the four areas analysed, four PELICAN maps, and the histograms of 
misorientations. PA=Homo sapiens pre-agriculture, MH= modern human 
sample of Homo sapiens post-industrial. PA (a) and MH (b) mounted in the  
PEEM sample holder. PA (b) and MH (d) samples in DIC images after coating  
the samples with 40 + 1 nm Pt. The precise locations of the three areas analysed 
in PEEM are shown by partly transparent and overlapping white 3 × 3 squares 
labelled “areas 42, 39, 10, and 11”. The central square with 1 nm Pt coating is  

4 mm-wide e, four PELICAN maps acquired in the four areas on the occlusal  
and lateral sides of the dentin horn. f, normalized histograms comparing 
misorientations of adjacent pixels in occlusal (top, pink) vs. lateral (bottom, 
blue) decussation patterns for PA and MH. g, Kruskal-Wallis (KW) tests revealed 
no significant difference in PA or MH occlusal vs. lateral regions’ misorientation 
modes. The PA lateral region’s misorientation is significantly more variable 
(width, footprint) than that of the occlusal region, but no other differences 
were identified.



Extended Data Fig. 6 | The E. heseloni tooth and the location of the three 
areas analysed with PELICAN. a, the E. heseloni (Eh) tooth as received was 
embedded in clear epoxy. We show it after re-embedding, polishing, and 
trimming, but before coating so the whole tooth is visible. It is missing the 
bottom of the crown and the root, but two cusps are clearly visible thus it is 
simple to identify the lateral and the occlusal sides of each cusp. b, the Eh 
sample mounted in the PEEM sample holder. c, a DIC image of the Eh sample 
after coating with 40 + 1 nm Pt as described in Extended Data Fig. 5 caption and 
in Methods: Sample preparation for PEEM). The precise locations of the three 
areas analysed in PEEM are shown by partly transparent and overlapping white 
squares, either 3 × 3 or 2 × 2, labelled “areas 36, 37, 38”. d, three PELICAN maps 

acquired in the three areas labelled in c, on the lateral and occlusal sides of  
the dentin horn, and at the cusp tip. Areas 36 and 37 have clear decussation 
patterns, whereas the cusp tip does not, it has “radial enamel”, that is, all  
rods are parallel to one another and perpendicular to the tooth surface (in 
elongation, not in c-axis orientation). e, misorientation histograms obtained 
for the three areas. f, table of statistical comparisons (Kruskal-Wallis) of 
histogram parameters in occlusal, lateral, and radial enamel. Occlusal and 
lateral decussated enamel does not have significantly different misorientation. 
Radial enamel misorientations are significantly different from both occlusal 
and lateral.










