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Enamel covers teeth, is the hardest tissue in the vertebrate body and has a complex
multiscale structure from nanometres to millimetres'. The structure comprises thin,
long hydroxyapatite (Cas(PO,);0H) nanocrystals?, 50-70 nm wide, many micrometres
long, parallel and bundled into approximately 5-pum-wide rods. The rods undulate
and cross into a microscale ‘decussation pattern’ that toughens enamel by deflecting
cracks®*. 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)®, we compare nanocrystals in the same
(pre)molar locations and show that misorientation increases with food hardnessin
extant and fossil non-human apes and monkeys. We compare misorientation across
three major dietary shiftsin human evolution: the transition to meat-eating about
2.0-1.5 million years before present®’, to agriculture (about 12,000 years before
present)®®, and the Industrial Revolution (about 250 years before present)™°. 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
hasbeen evolving sinceit first appeared in conodonts nearly 400 mil-
lion years before present (BP)". 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

Atthe micro-and nanoscales, enamel structure evolved to limit crack
widening and propagation, thereby improving fracture resistance, also
known as fracture toughness, or simply toughness®>”. At the microscale,
decussating enamel prevents cracks from widening and propagat-
ing by deflecting them? at the interface between rod and interrod
enamel®. At the nanoscale, researchers originally incorrectly assumed

in response to the mechanical properties of food'?®, For example,
teeth that have thick enamel™ and blunt cusps are adapted to hard and
abrasive foods, whereas teeth with thinenamel wear obliquely and have
shearing edges suited for slicing soft foods™".

Hard-food consumptionis associated with several dental adaptations
inmodern primates thatresist crack propagation, including large teeth,
low-crowned molars and premolars, and thick, unevenly distributed
enamel™*, Thick enamel at the millimetre scale helps prevent crack
nucleation™,

that adjacent nanocrystals within rods are co-oriented because they
elongate parallel to one another morphologically, but they actually
vary in orientation®’. 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 enamel®.
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Fig.1|Hominin dentitions have changedinrelation to dietary changes over
the past 10 million years. Since hominins diverged from the last common
ancestor shared with chimpanzees, significant dental changes occurred over
the millimetre-to-centimetre scales. Compared with the earliest hominins,
modern humans have less robust jaws, smaller posterior teeth and thinner

The enamel formation mechanism, comprising organic matrix
deposition, amyloid-like nanoribbons?, subsequent mineralization
and resorption of the organic matrix, is conserved across all mam-
mals, including primates®. Although primates differ in size (teeth,
mouths, bodies, brains) and developmental rates, they do not differ
inenamelrodsize, the presence of decussation patterns or nanocrystal
sizes?. Thus, itis 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-
sison hominins, thatis, members of the humanlineage, including mod-
ern humans and our extinct fossil relatives. Supplementary Table 1
providesasummary 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 2documentsthe 12 samples
inthis study.

After diverging about 4-8 million years BP from the last com-
mon ancestor with chimpanzees??, 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
smaller” with thinner enamel layers*® and more pronounced decus-
sation®*?, These dental changes occurred alongside brain expansion®,

enamel, as wellasless occlusal wear but greater caries prevalence (10 cm-1mm,
previous work; all references and details are presented in Supplementary
Tables 3-8). At the nanoscale (10 nm), modern humans have more misoriented
enamel thanthe earliesthominins, asreported here inmagenta (this work).

increased body size*, reduced facial and oral structures®, language
development®, and cultural expansion®. 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.1were 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 amethod called Polarization Enabled Large Input of Crystal
Angles at the Nanoscale (PELICAN), developed for this work, on sets
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Fig.2|Samplesrepresent primates across time, taxaand diet.

a, Archaeological and fossil samples are presented by epoch (black horizontal
linesrepresent epoch borders; red horizontal lines represent sample ages):

E. heseloni (Eh) and V. macinnesi (Vm) date to the Miocene, P. boisei (Pb),
H.erectus (He), H. habilis (Hh) and the pre-agricultural H. sapiens (PA) date to
thePleistocene, and two agricultural H. sapiens (Archland Arch2) date to the
Holocene (Supplementary Table 2). b, All locations of origin are indicated on
the world map alongside arepresentative lower molar, skull and partial

of photoemission electron microscopy (PEEM)*** images. These
‘datasets’ were acquired similarly to polarization-dependent imaging
contrast mapping*’, 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

78 | Nature | Vol 654 | 4 June 2026

reconstruction. The grey scale bar for skulls is 50 mm; the beige scale bar for
molarsis5 mm (Supplementary Table 2). ¢, The misorientation mode averaged
over nine acquisitionsineachsample; errorbarsarels.d. (Supplementary
Datal).Extantspecies are abbreviated P. troglodytes (Pt), P. pygmaeus (Pp),
modern human H. sapiens (MH) and C. atys (Ca). Archland Arch2 are
abbreviated Aland A2. Credit: world map by Clker-Free-Vector-Images via
Pixabay.

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 x 3 partly overlapping PELICAN maps, in which colour quantita-
tively represents the orientation of the crystallographic c-axisineach
pixel.

The full set of data and histograms is provided in the Supplemen-
tary Datal. 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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Fig. 3| Cercocebus atys misorientationis significantly greater than that of
all other fossiland modern apes and monkey. a-f, PELICAN maps of two
modern apes, P. troglodytes (Pt) (a) and P. pygmaeus (Pp) (b); and one modern
monkey, C. atys (Ca) (c); two fossil apes, E. heseloni (Eh) (d) and P. boisei (Pb) (e);
and one fossil monkey, V. macinnesi (Vm) (f). Sample abbreviations arein the
Fig.2 caption.Scalebars, 5 um. 6;,and ¢, are the spherical polar coordinates
of the crystalline c-axis. They display in colour and grayscale, respectively, the

Bonferroni-corrected where multiple comparisons were made. InFig.2,
we presentasummary 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 3grevealsthat (1) C. atys, adedicated hard-object feeder,
is significantly different from all the other species (Supplementary

20

Mode (°) Width (°) Footprint (°)
Pt 129 7™ *-1.7377* *ra26 T
Pp 181 [7** 3.02 [T 6.66 |17
Pb 209 |[7** 3.05 | |7 8.23 o
vm 250 ||| 3.88 || [T | 9.11 e
Eh 269 } = La.01 } ** Loes T
Ca 7.7 J 8.51 J 18.17

in-plane and out-of-plane orientation angles of the c-axis vector. g, Normalized
histograms of misorientation for each of the samplesina-f.h, The histogram
parameters averaged over nine datasets per area. Statistics: Kruskal-Wallis
two-tailed Bonferronisignificanceis calculated based on15 comparisons of 6
samples, each with nine datasets perarea; *P< 3.3 x107(0.05/15),**P< 6.7 x10™*
(0.01/15),***P < 6.7 x 10 (0.001/15). All Kruskal-Wallis Pvalues are in
Supplementary Table 10.

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
dietincluding 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
withmodes of2.5°and 2.7°, respectively**? (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 x107%; 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 x 10™; 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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Fig.4|Enamel nanocrystals are more misoriented and heterogeneous
whendietsinclude harderfoods. a-c, Misorientation histogram parameters,
mode (a), width (b) and footprint (c), for the six non-hominin primate samples
fromFig.3, ordered by increasing dietary hardness (Fig. 3): P. troglodytes (Pt,
soft, dark blue), P. pygmaeus (Pp, tough, yellow), P. boisei (Pb, tough, yellow),

V. macinnesi (Vm, unknown hardness, magenta), E. heseloni (Eh, unknown
hardness, magenta), C. atys (Ca, very hard, cyan). d, Boxplot of PC1 factor
scores plotted versus dietary hardness categories: soft (dark blue, Pt),
intermediate (yellow, Pp, Pb), Vm, Eh (magenta, unknown fossil taxa with
unknowndiets), and very hard (cyan, Ca). Statistics: box plots show median,
interquartile range and range. Kruskal-Wallis comparisons identify significant
differences between dietary groups, denoted by black bars and asterisks.
Kruskal-Wallis two-tailed Bonferroni significance was calculated based on

six comparisons of four dietary hardness categories; *P < 8.3 x 107 (0.05/6),
**P<1.7%x107%(0.01/6), ***P<1.7 x 10~ (0.001/6). All Kruskal-Wallis Pvalues
canbefoundinSupplementary Table12.

ripefruit*’, whereas C. atysfeeds 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 crack***. The high misorienta-
tionmode and heterogeneity in C. atys, combined with its specialized
hard-object diet, suggest that greater misorientationis anadaptation
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 edges®.
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 x107*; Fig. 4a—c and Supplementary
Table 11). This positive directional trend indicates that misorienta-
tion (mode) increases and becomes more heterogeneous (width,
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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 PCl factor scores ranged from—-0.95 (median-1.02)
for soft dietsto +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 x107;
Supplementary Tables 11 and 12), consistent with the pairwise com-
parisons of harder and softer diets in Fig. 3h and Supplementary
Table10.

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=1.5x102and P=1.7 x 107, 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) to0 3.1° £ 0.2° (H. erectus) (Figs.2and 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)
canbeinterpreted 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-agriculturalindividual from Spain (PA, around 40,000 years BP),
two British archaeological samples from agricultural populations
(Archl, around 1,550 years BP, and Arch2, around 700 years BP), and
arecent 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 Archl than
the pre-agricultural individual (4.7° + 0.1° versus 2.5° + 0.1°; Kruskal-
Wallis, P=2.9 x107%; Supplementary Table 13). Comparison of the
pre-agriculturalindividual with Arch2 yielded very similar results, with
misorientation mode at 4.6° + 0.5° (Kruskal-Wallis, P= 3.9 x 1073; Sup-
plementary Table13). The misorientation of crystalsin the 2 archaeo-
logical teethisalmost double (1.9-or1.8-fold) that of the pre-agriculture
tooth. Following the transition to agriculture, Archl, Arch2 and modern
human H. sapiens (MH) showed consistent misorientation modes
around 4.7°, with no significant pairwise differences among them



- ® '\ c
Paranthropus boise/{Rb). o, o

o -

Mode (°) Width (°) Footprint (°)
Pb ate no meat — Pb occlusal average of 9
0.20 - Pb 2.09 3.05 8.23
— He occlusal average of 9
N He ate meat regularly — Hh occlusal average of 9 He 3.05 442 10.90
o 0.15 |
c Hh ate some meat
g Hh 3.45 5.24 11.39
g
£ 010 F f
Mode Width Footprint
KW Pvalues KW Pvalues KW P values
0.05 - e
Pbversus Hh 17 %107 2.8x10™ 0.010*
0 L L Pb versus He  0.015* 0.018 0.026
0 5 10 15 20
Misorientation of 2 adjacent 50-nm pixels (°) Hh versus He  0.488 0.201 0.718

Fig.5| The consumption of meatinhominindiets correlates withan
increasein 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).
Scalebars, 5 um.d, Normalized histograms of misorientation for each area.

(Kruskal-Wallis, all P> 0.05; Fig. 6 and Supplementary Table 13). The
more recent Industrial Revolution did not resultin asignificant change
in misorientation, although increases in caries and dental crowding
indicate other dental consequences of anindustrialized diet over the
past 250 years'®*. This demonstrates that this 4.6-4.8° misorientation
modehasremainedstableforthe past1,550 years, atleastinagricultural
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 x 10~%; 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. 6¢, 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 x 107%;
Supplementary Table 13). Between early Homo and agricultural and
today, only mode differed significantly (Kruskal-Wallis, P<1.6 x107%;
Supplementary Table 13), and between early Homo and pre-agriculture,
only footprint differed (Kruskal-Wallis, P= 6.9 x 10™; Supplementary
Table13). 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

e, Histogram parameter averages for each sample. f, Kruskal-Wallis (KW) test
Pvalues comparing the histogram parameters from nine datasets per area
across species. Kruskal-Wallis two-tailed Bonferronisignificance is calculated
based onthree comparisons of three samples; *P<1.7 x 102(0.05/3),
**P<3.3x107(0.01/3),***P<3.3x107*(0.001/3).

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
Tables14-16).

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 Archl 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
differin colour in PELICAN maps. However, when the misorientation
of adjacent nanocrystals withinrods 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 frominterrod
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 DataFigs. 2, 5and 6). We found no significant differencesin
misorientation histogram parameters for the pre-agriculturaland 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. 6| Transition to agriculture correlates withincreased misorientation,
whereas the Industrial Revolution produced no significant changein
misorientation. a-d, PELICAN maps of H. sapiens: PA (pre-agriculture; a),
Archl (b) and Arch2 (c) (post-agriculture, pre-Industrial Revolution), and MH
(post-Industrial Revolution; d). Sample labels and abbreviations are at the top
ofall PELICAN maps. Scale bars, 5 pm. e, Normalized histogram for each area
ina-d.f, Kruskal-Wallis tests reveal significant differences between the
histogram parameters of different samples, again from nine datasets per
sample. Kruskal-Wallis two-tailed Bonferroni significanceis calculated based
on 6 comparisons of 4 samples;*P< 8.3 x107(0.05/6), **P<1.6 x 107 (0.01/5),
P <1.7x107*(0.001/6). Allsample comparison (PA, Archl, Arch2, MH)

occlusaland 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
inthis 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
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t t t t
Early Homo—— Pre-agriculture — Agriculture ——— Today

f
Mode (°) Width (°) Footprint (°)
PA 251 3.00 6.54
Arch1 468 }* 5.28 L** 11.57 L**
Arch2 457 * 516 |1xx 11.34 | Jwxx
MH 479 I 5.62 -** 12,67 - ***

Kruskal-Wallis Pvalues can be found in Supplementary Table 13. g, The PC1
factorscores for samples grouped into four time periods: early Homo (light
blue, H. habilisand H. erectus), pre-agriculture (pink, PA), agriculture (purple,
Archland Arch2) and today (dark grey, MH). The box plot shows median,
interquartilerange and range. Outliers (falling within 3 times the height of the
interquartilerange) are noted by circles and extreme values (falling further
than3timesthe height of theinterquartile range) are stars. Kruskal-Wallis
comparisonsidentify significant differences between time periods (denoted
by black bars and asterisks; Bonferroni-corrected thresholds for 6 comparisons;
*P<8.3x107%(0.05/6),**P<1.6 x107(0.01/6), ***P<1.7 x10™*(0.001/6); full
PvaluesinSupplementary Table16).

surface (aprismatic and radial) exhibited lower toughness than the
decussated enamel near the dentin-enamel junction*. 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 atooth’s resilience against hard or tough foods, complementing



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 teeth***, 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 acombination of these material properties
inrelation to more mechanically challenging diets.

Although foods became easier to masticate over human evolution-
ary history with improvements in food processing and cooking*®*°,
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
humans".

Wenotethat, evenif greater misorientationis better froma 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,
between4°and18°. 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] m~, increasing monotonically
with misorientation angle®. This excess energy hinders dislocation
motion, and thus stabilizes nanostructures®. 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 disulfide® and
graphene®, 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 astrong dependence of mechanical
properties on misorientation angle.
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Methods

Sample

The nine species analysed in this study are listed in Supplementary
Tablel. The12tooth 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 wear>** (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
inits masticatory function (Extended Data Fig. 2). In all cases, analysis
wasrestricted 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, Archl, Arch2,
MH, Pt,Pp and Ca, but allused astandard set of histological methods*>"¢.
Details of materials and consumables used for each sample can be
foundintheir 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. Allsamples are permanent posterior teeth from adultindividuals,
with the exception of Ca, which was a subadult. Teeth were embedded in
epoxy resin before being sectioned. Each tooth was sectioned through
aplaneintersecting the two mesial cusps (in the case of premolars, the
two primary cusps; Extended Data Fig. 2) using a precision saw. The
sectionwas mounted onamicroscopeslide 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 protocols®*¢. 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 slidesin 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, toremove ethanol, ensure full epoxy penetration and burst surface
bubbles. EpoFix cured overnight in air.

Allgrinding and polishing used water as a coolant, but supersaturated
witheither1gl™CaCl,or 0.2 g1™"Na,PO, (pH 9) in MilliQwater 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 5N, 30 s each, 40/140 rpm co-rotating
onaBuehler AutoMet 250 PM. We then polished the tooth surfaces on
the same Buehler AutoMet 250 PM with 300-nm alumina (MicroPol-
ish 0.3 um, 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. Both300-nmand 50-nm suspensions were
dispensed automatically via burst modules (Buehler). This protocol
yields mirror-flat surfaces with<1 nmresidual 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

thefossil samples (Vm, Eh, Hh, He and Pb) this was not possible; thus, we
used amodified 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 (x20 objective). This step is key to
obtaining perfect surfaces for the surface-sensitive PEEM method.

Wethentransferred all samples to ultrahigh vacuum (approximately
1078 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 Dali chamber (Supplementary Fig. 1). The
ultrahigh-vacuum chamber included a 660 1s™ turbo pump
ceramic-bearing turbomolecular Agilent Twistorr 704 (Agilent Tech-
nologies). The pump is mounted at the bottom of the Dali chamber,
equipped withafast-entry flange onaside, and adrawer that comes out
toreceive 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 a4 mm x 4 mmsilicon 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-
als®, biominerals®*®*and mostimportantly enamel?>%*%, At the calcium
L edge, the maximum probing depth of the PEEM experiment is 3 nm
(ref. 67); hence, al-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 interestidentically 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 forces™** (Extended
Data Fig. 2). When an LM1 was not available (for example, fossil sam-
ples), weused the ‘functional cusp’ of the available molar or premolar,
whichis closest in its masticatory function to an LM1’s mesio-buccal
cusp (Extended DataFig. 2). The region selected for analysisin all tooth
cross-sections was well below the surface of the functional cusp tip; the
region of interest was approximately 200-300 pum occlusal to the apex
of the dentine horn where both parazones and diazones of Hunter-
Schreger bandsinthe decussation pattern were visible (Extended Data
Fig.2). We also analysed regions 200-300 pm lateral to the apex of the
dentine horn for some samples. We precisely recorded the precise loca-
tion of each area analysed in PEEMinto a high-resolution optical image
of eachsample using Adobe Photoshop. Extended Data Figs. 5cand 6c,
and Supplementary Fig. 2c provide examples of this precise localiza-
tionin 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 microscopy®® or polarized light
microscopy (PLM), and show the whole sample surface. Extended Data
Figs. 5c and 6¢, and Supplementary Fig. 2c show examples of the DIC
images. The PLM images used crossed polarizers on the illumination
andreflected light channels at 90° + 30° from one another. All DIC and
PLMimages 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
ofthesameregion of a Casample. Weimaged the sample asit 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 depthsin 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-3is the
end-station of beamline 11.0.1.1 at the Advanced Light Source and is a
photoemission electron microscope®®?’, with the sample floating at
high voltage (-18 kV), fully electrostatic lenses® magnifying the image
formed by photoemitted electrons under soft-X-ray illumination, and
abestresolution of 20 nm (ref. 40).

PEEM-3 has an elliptically polarizing undulator source, which ena-
blesrotating the linear polarization of the soft-X-raysilluminating 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 2images at 2 photon
energiesoneither side of the sharpestand most intense calciumL, 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 beamtime?®,
Bothsettings 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 damage’®”.

Data-taking and normalization for PELICAN

Itisimportant for PELICAN quantitative analysis® to use image ratios,
sothat therelative intensity is normalized and the amplitude of the cos®
curveineach pixelis representative,as muchas possible, of the crystal
orientationin 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 ontwo anticorrelated dichroic peaks. Example energies for
the oxygen K edge in carbonates are on-peak of the m* 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 L, peakis 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
twoenergies, 0.4 eV apart, where they usually give the greatest contrast,
0.1eVabove and 0.3 eV below the L, peak at 352.6 eV. In either case,
after normalization by ratio of these two images, each pixel has a cos®
dependenceontheelliptically polarizing undulator polarization angle.
Immediately after acquisition, we aligned all 38.P3B PEEM images in
PeemVision (https://sites.google.com/Ibl.gov/bl11-peem3-als/tools),
thenratioed 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 dataacquisitionin the beamtime notebook as x, y coordinates.
We recorded and saved both the PEEM coordinates and the visually
identified featuresin PEEM and DIC or PLMimagesin the Photoshopfile.

For each area, we acquired a 3 x 3 map, with 50 + 5 um 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 a3 x 3 area were partly overlapping, as
the sample position was shifted by 40 pm 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 Zenodo®,
where alink 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-dependentimag-
ing contrast®**%26572 it now calculates and displays the inferred c-axis
orientation in spherical polar coordinates 6,, and ¢, 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 runsin Igor Pro 8 (WaveMetrics) or alater ver-
sion, and uses the Gilbert Group Macros (GG Macros), freely available
viaZenodo’. Forall areas, we calculated the histograms using identical
PELICAN parameters (dpyax =1, bynin =1, Do =120 and @, i, = 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 areain Figs. 2, 4 and 5, Extended Data Figs.1and
4-6,butinallfigures they display precisely the range in which 6,,and
@, vary. Ina nutshell, @, ., was either 45°, 80° or 90°, the ¢, range
wasidentical for all between 50° and 150° displayed as brightness, the
0,,range was either —45°t0 45°,-25°t0 70° or -75° to 45° and displayed
as hue. In addition, most PELICAN maps were adjusted in brightness
withthe ‘b brightness’ toolin PELICAN, which displays the value of bas
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 mapsin nine separate
Photoshop layers, then we blended the nine layers using the Photoshop
tool ‘Auto Blend Layers’, with ‘Panorama’ option, and merged theminto
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
inFigs.2,4 and 5, and Extended Data Figs. 4-6. The histograms are all
normalized to1, suchthat the areaunder the curveisalways1; thus, the
histograms can be compared with one another. In Figs. 3, 5and 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
andstandard 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.
Allhistograms are normalized to 1, such that the areaunder the curve
is1,soall 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 acrossthe 3 x 3 =9 datasets


https://sites.google.com/lbl.gov/bl11-peem3-als/tools

in each area. Shapiro-Wilk tests found that these 3 parametersin 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
deviationsinFig.2 and Supplementary Datalacross these n =9 values.

We used two-sided Kruskal-Wallis tests with Bonferroni correction
(a=0.05) tocompare 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 onthe mechanical properties of diet documented intheliterature
(Fig.2and 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
Table11). Then, we performed PCA on mode, width and footprint param-
etersacross all12samples. Thisyielded 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
foreach ofthe108 occlusal datasets (12 samples with 9 occlusal datasets
per sample; Supplementary Data1). 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 samplesto four time periods and ran Jonckheere-Terpstra
and Kruskal-Wallis tests on their PC1 factor scorestoidentify trendsand
pairwise differences (Fig. 6 and Supplementary Tables13-16). Finally, we
rantwo-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 DataFig.1| ThesameregionofaCatoothimagedwith SEM,
PEEM, and PELICAN. a: SE. Scanning electron microscopy (SEM) image,
acquiredinsecondary electrons (SE) mode, shows almost no contrast, except
forsome very bright organics surrounding rods. b: BSE. SEM image, acquired
inback-scattered electrons (BSE) mode, shows contrast only where black
organics surround eachrod. c:PEEM —. Ratio of two PhotoEmission Electron
Microscopy (PEEM) Images acquired at 352.7 and 352.3 eV with horizontally
polarized x-rayillumination at the CaL,-edge.d: PEEM|. Same but with
vertically polarized x-rays, illustrating the effect of x-ray linear dichroismin

hydroxyapatite®. 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-axisin each pixel, including 6,,and ¢, angles describing the orientation of
the crystallographic c-axisin each pixel. Inspherical polar (sp) coordinates the
in-plane 0,,angleis displayed as hue and the off-plane angle ¢, as brightness.
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Extended DataFig.2|Sectioninglocation of all teethin 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
ofthe functional cusp (buccal for lower teeth, lingual for upper teeth). For the

mesial section cusp = lingual

lower molar occlusal area
c mesial section

lateral

lower functional
cusp = buccal

liNQUA| G—) Huccal

toothina, alower molar, the mesio-buccal cuspis the functional cusp. The
occlusal areais 200 pm away from the enamel dentine junction toward

the occlusal basin; the lateral areais -200 pm away from the enamel dentine
junctiontoward the outer enamel surface. c,eachareaincludes 3 x 3 datasets,
with1million pixels each, partly overlapping and stitched after data processing.
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Extended DataFig.3|Enamel nanocrystals become more misoriented and
heterogeneous over time in Homo. a-c: Misorientation histogram parameters
forsixsamplesinFigs.5and 6, ordered from oldest to most recent: early Homo
(Hh, He), pre-agriculture (PA), agriculture (Archl, Arch2), and today (MH).
Histogram parametersinclude misorientation mode (a), width (b), and
footprint (c). Jonckheere-Terpstra (JT) test p values indicate significant trends
forallsamples (n = 54) (Supplementary Table 14). d: PC1 factor regression scores
were obtained by combiningall three histogram parameters and plotted vs.

early Homo > pre-agriculture > agriculture > today

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 <8.3x107(0.05/6),** p <1.7x107(0.01/6), and
***p<1.7x107*(0.001/6). AlIKW p values can be found in Supplementary
Table12.



Extended DataFig.4|Rods and interrod enamel does not differ withinan
area. Single PELICAN maps from Pt (a) and Ca (b), showing cleanimages with
specieslabel, colour bar, and scalebar. c-f, 30 black dots indicate rods, 30 white
dotsindicate interrod enamel. Each dot hasa30 pixel diameter. g, histograms
measured exclusively withinthe rod orinterrod dot diameters. h, table of
resultsaveraging histogram parameters for Ca (top) and Pt (bottom) by rod and

PtRods .
Pt Interrod

=== Ca Rods avg of 9
== Ca Interrod avg of 9
== Pt Rods avg of 9
=== Pt Interrod avg of 9

Ca Interrod
Ca Rods

5 10 15
misorientation of 2 adjacent 50nm pixels (°)

Cercocebus atys Calnterrod CaRods KW p value
mode (°) 6.35 7.08 0.310
width (°) 6.85 7.77 0.354
footprint (°) 14.22 16.02 0.310
Pan troglodytes Ptlnterrod  PtRods KW p value
mode (°) 1.27 1.28 0.965
width (°) 1.64 1.62 0.377
footprint (°) 3.43 3.62 0.536

interrod enamel, and eight other, partly overlapping datasets adjacent to
them, for Prand Ca (1t x 152 pixels x 30 dots x 9 maps =1.9 x 10° 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 withinrods are the same asininterrod enamel.
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Extended DataFig.5| The PAand MH teeth, the precise locations 4 mm-wide e, four PELICAN maps acquired in the four areas on the occlusal
of the four areas analysed, four PELICAN maps, and the histograms of and lateral sides of the dentin horn. f, normalized histograms comparing
misorientations. PA=Homo sapiens pre-agriculture, MH=modern human misorientations of adjacent pixels in occlusal (top, pink) vs. lateral (bottom,
sample of Homo sapiens post-industrial. PA (a) and MH (b) mounted in the blue) decussation patterns for PAand MH. g, Kruskal-Wallis (KW) tests revealed
PEEM sample holder. PA (b) and MH (d) samples in DIC images after coating nosignificant differencein PAor MH occlusal vs. lateral regions’ misorientation
thesamples with40 +1nmPt. The precise locations of the three areas analysed modes. The PA lateral region’s misorientation is significantly more variable
in PEEM are shown by partly transparent and overlapping white 3 x3squares (width, footprint) than that of the occlusal region, but no other differences

labelled “areas 42,39,10,and 11”. The central square with 1 nm Pt coating is wereidentified.
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Extended DataFig. 6 | The E. heselonitooth and thelocation of the three
areas analysed with PELICAN. a, the E. heseloni (Eh) tooth as received was
embeddedinclear epoxy. We show it after re-embedding, polishing, and
trimming, but before coating so the whole toothis visible. It is missing the
bottom ofthe crown and the root, but two cusps are clearly visible thus it is
simple toidentify the lateral and the occlusal sides of each cusp. b, the Eh
sample mounted in the PEEM sample holder. ¢, aDICimage of the Ehsample
after coatingwith 40 + 1nmPtasdescribed in Extended DataFig.5 captionand
inMethods: Sample preparation for PEEM). The precise locations of the three
areas analysed in PEEM are shown by partly transparent and overlapping white
squares, either3x3or2x2,labelled “areas 36,37,38”.d, three PELICAN maps
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misorientation of 2 adjacent 50nm pixels (°)
mode (°) width (°)  footprint (°)
Eh occlusal 2.69 4.01 9.65
Eh lateral 2.56 3.9 8.82
Eh radial 3.79 6.15 15.28
~ Y occlusal vs. lateral KW p value 0.345 0.913 0.231
v4 occlusal vs. radial KW p value 0.014* 0.005* 0.019
M lateral vs. radial KW p value 0.001* 0.004* 0.001*

*Bonferroni significance p < 0.017 (0.05/3 comparisons)

acquiredinthethreeareaslabelledinc, onthelateral and occlusal sides of
thedentinhorn,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
rodsare parallel to one another and perpendicular to the tooth surface (in
elongation, notin c-axis orientation). e, misorientation histograms obtained
forthethreeareas.f, table of statistical comparisons (Kruskal-Wallis) of
histogram parametersin 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.
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X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

O 0O OXK 0000

X X X
O X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Gilbert, B. & Gilbert, P. U. P. A. GG Macros v1.0.0. (2025). https://doi.org:10.5281/zen0do.17314120

Data analysis IBM SPSS 30

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The authors declare that all data supporting the findings of this study are available within the paper and its supplementary information files.
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Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Archaeological human remains were used in this study, but sex was not included in the analysis as not all archaeological or

Reporting on race, ethnici
other socially relevant
groupings

Population characteristics

Recruitment

Ethics oversight

fossil individuals were complete enough to sex.

ty,or n/a

n/a
n/a

UCL-Kent collection (MH): Ethical approval for histology research on this sample of teeth was obtained from the UK National
Health Service research ethics committee (REC reference: 16/SC/0166; project ID: 203541). The Newcastle collection (PA,
Arch2) consists of existing thin sections produced at Newcastle University by Dr. Don Reid. Skeletal Biology collections (Arch1)
are archaeological, and an ethics license is not needed.—

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below

|:| Life sciences

For a reference copy of the docume

that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|:| Behavioural & social sciences Ecological, evolutionary & environmental sciences

nt with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design

All studies must disclose on

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

these points even when the disclosure is negative.

This study uses PhotoEmission Electron Microscopy (PEEM) and PELICAN analysis to quantify enamel nanocrystal misorientation
across 12 teeth from 9 primate and hominin species spanning ~17.8 million years of evolution. Specimens were grouped by dietary
hardness (for non-Homo primates) and temporal period (for Homo). Non-parametric tests compare misorientation parameters
across dietary hardness categories and Homo time periods.

12 posterior teeth (molars and premolars) from 9 primate species were analyzed: two extant great apes (Pan troglodytes, Pongo
pygmaeus), one extant monkey (Cercocebus atys), one extinct monkey (Victoriapithecus macinnesi), four fossil apes (Ekembo
heseloni, Homo habilis, Homo erectus, Paranthropus boisei), and four Homo sapiens specimens spanning pre-agricultural (~40,000
BP), archaeological (~700-1,550 BP), and modern (<50 BP) time periods. The sample was selected opportunistically to maximize
phylogenetic breadth and ecological diversity given the extreme rarity of specimens suitable for destructive PEEM preparation.
Specimens represent both extant (museum collections) and extinct (fossil) taxa. Sex and age data are not systematically available for
most specimens; the Ca specimen is a known subadult. The sample is intended to represent broad patterns of enamel nanostructure
evolution across dietary ecologies and hominin temporal trends, not population-level variation.

No a priori power analysis was performed; sample sizes were constrained by the availability of rare, well-preserved fossil and
museum specimens suitable for destructive PEEM preparation. The rationale for sufficiency is that PEEM/PELICAN analysis yields
approximately 9 million individual nanocrystal misorientation measurements per tooth, providing exceptional within-sample
statistical power. Across-specimen comparisons rely on non-parametric tests (Kruskal-Wallis, Jonckheere-Terpstra) applied to the 9
summary statistics (mode, width, footprint) per tooth area, which is consistent with the available specimen counts. The 12-tooth
sample spans four dietary hardness categories and four Homo temporal periods, enabling both ecological and evolutionary trend
analyses.

PEEM data were collected by the authors at the PEEM-3 end-station of beamline 11.0.1.1 at the Advanced Light Source (ALS),
Lawrence Berkeley National Laboratory, during multiple scheduled beamtimes. For each tooth, a 3x3 mosaic of PEEM image stacks
was acquired in the occlusal region approximately 200—300 um from the dentine horn apex, targeting areas where Hunter-Schreger
decussating bands (parazones and diazones) were visible. Nanocrystal misorientation maps were subsequently generated using the
PELICAN algorithm.

PEEM data were collected across multiple beamtimes at ALS over a period of several years; the PA specimen required acquisition
attempts at three separate beamtimes before successful data collection, which was ultimately achieved following construction of a
dedicated UHV pre-pump chamber. Specimens originate from geographic locations spanning Kenya, Spain, and the United Kingdom,
with fossil specimen ages ranging from ~17.8 Ma to ~700 BP.

no data were excluded
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Reproducibility Within-specimen reproducibility was assessed through the 9-stack 3x3 acquisition design: mode, width, and footprint values were
computed independently for each of the 9 stacks per area, and means and standard deviations are reported (ALL DATA xIsx). Shapiro-
Wilk tests assessed the normality of these within-specimen distributions. The standardized PEEM preparation protocol (fixed
polishing sequence, coating procedure, UHV outgassing, imaging parameters) was applied identically across all specimens to
maximize cross-specimen reproducibility. The PELICAN algorithm is deterministic given fixed input images. Histological preparation
followed published standard protocols applied consistently across specimens.

Randomization Random allocation was not applicable. Specimens are pre-existing museum and fossil collections selected on the basis of taxonomic
identity, preservation, and documented dietary ecology.

Blinding Blinding was not performed and was not feasible, as specimen identities (taxon, provenance, dietary ecology) are intrinsic and known
prior to sample preparation. However, the primary data generation is algorithmic (PELICAN misorientation analysis), eliminating
subjective observer bias in the main quantitative outputs.

Did the study involve field work? []ves No

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

XX XXOXX 5
OOO00xXOdno

Plants

Palaeontology and Archaeology

Specimen provenance All fossil and archaeological specimens are listed in Table S2 with accession numbers and institutional repositories. Fossil specimens
(Eh, Vm, Hh, He, Pb) are held at the Kenyan National Museum (KNM), Nairobi, Kenya (accession numbers: KNM-RU 1695, KNM-MB
27844, KNM-ER 1805E, KNM-ER 3733, KNM-ER 801). Pre-agricultural Homo sapiens specimen (PA) is from Cueva del Humo, Mdlaga,
Spain (Newcastle Collection, University of Kent; HT-11-97). Archaeological specimens Arch1 (Ozengell Grange, Kent, UK; Skeletal
Biology Collection, University of Kent; Oz 195a) and Arch2 (St Gregory's Priory, Canterbury, Kent, UK; Newcastle Collection, University
of Kent; NGB89 SK57) are from Anglo-Saxon contexts. Permits for access and destructive analysis of specimens were obtained
through institutional material transfer and loan agreements with the respective holding institutions.

Specimen deposition All specimens analyzed in this study remain deposited in their respective institutional collections: Kenyan National Museum (fossil
hominins Eh, Vm, Hh, He, Pb); Newcastle Collection, University of Kent (PA, Arch2, Pt, Pp); Skeletal Biology Collection, University of
Kent (Arch1); UCLK Collection, University of Kent (MH); Tai Forest Collection, Department of Anthropology, Ohio State University (Ca).
Off-cuts prepared for PEEM analysis have been returned to or are held under the agreements with the originating collections.

Dating methods No new dates were generated as part of this study. Chronological assignments for all specimens are based on previously published
dates from the literature, cited in Table S2.

|Z| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight UCL-Kent collection (MH): Ethical approval for histology research on this sample of teeth was obtained from the UK National Health
Service research ethics committee (REC reference: 16/SC/0166; project ID: 203541). The Newcastle collection (PA, Arch2, Pp, Pt)
consists of existing thin sections produced at Newcastle University by Dr. Don Reid. Skeletal Biology collections (Arch1) are
archaeological, and an ethics license is not needed.- Fossil research (Hh, He, Pb, Eh, Vm) was authorized in Kenya with NACOSTI
permits NACOSTI/P/22/20091 and NACOSTI/P/24/36662.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied.
Authentication Describe-any-atthentication-procedures foreach-seed-stock-used-ornovel-genotype-generated.-Describe-any-experiments tised-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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