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ABSTRACT

Dental microwear texture (DMT) analysis is commonly applied for dietary reconstruction of vertebrates. The
temporal scale on which dietarily informative microscopic wear forms on enamel surfaces is crucial to infer
dietary flexibility and seasonality. Microwear is assumed to form shortly before the individual's death, reflecting
information pertaining to the last meals consumed (“last supper” effect). In primate feeding experiments, mi-
crowear features formed within hours, suggesting rates of turnover within one to two weeks. As DMT formation
experiments testing the persistence of microwear three-dimensionally (textures) are still lacking, we test how
quickly DMTs form and pre-existing ones are overwritten in a terminal feeding experiment with 72 rats. In two
groups of 36, rats received either a standard pelleted diet or the same pelleted diet containing 4% loess, an
aeolian, silt-sized sediment, for 24 consecutive days. Then 6 individuals from each group were sacrificed, while
the rest (n = 30) were switched to the diet they had not received before. On day 1, 2, 4, 8, 16, and 24 after the
diet switch, 5 of the remaining individuals were sacrificed, creating a cohort of n = 5 each for each time point.
We applied DMT analysis on first and second upper molars. For upper second molars, rats show a subsequent
change in DMT after the switch, with visible differences from day 2 on. On upper first molars, microwear
textures were variable for individuals sacrificed directly after the initial 24-day feeding period, thus obscuring
significant differences in diet-induced dental wear. We find turnover faster and more pronounced when
switching from loess-containing to standard pellet as compared to the opposite switch. The trend for either
decreasing or increasing parameter values after the diet switch approaches a plateau between 16 and 24 days for
many DMT parameters, suggesting that, under these experimental conditions, the “last supper” effect needs at
least two weeks to overwrite previous DMT patterns.

1. Introduction

(Scott et al., 2005; Ungar et al., 2008), as well as mammaliaforms
(Kalthoff et al., 2019) and recently also fish (Purnell and Darras, 2016),

Dental microwear and microwear texture analyses (DMTA) have
been widely applied to reconstruct past and present diets in terrestrial
mammals such as bovids (Ungar et al., 2007; Merceron et al., 2010;
Schulz et al., 2010, 2013; Scott, 2012; Winkler et al., 2013), carnivores
(Ungar et al., 2010; DeSantis et al., 2012; DeSantis et al., 2013), pri-
mates (Calandra et al., 2012; Schulz-Kornas et al., 2019), hominins

aquatic mammals (Purnell et al., 2017) and Lepidosauria (Winkler
et al., 2019a; Bestwick et al., 2019). In these reconstructions, the
temporal scale on which microwear is formed and overwritten is crucial
for interpretation of intra-specific dietary flexibility, seasonality, en-
vironmental change and palaeodietary reconstruction. It further has
implications for minimum length of feeding experiments where an
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overwriting of wear patterns is assumed (Hoffman et al., 2015).

For more than three decades, researchers have cited the “last
supper” effect (Grine, 1986), which implies that microwear, and con-
sequently microwear texture, reflects the last few meals of an individual
(e.g., Solounias et al., 1994; Mainland, 1998; Grine et al., 2006;
Joomun et al., 2008; Scott et al., 2009; Aiglstorfer et al., 2014; Rivals
et al., 2015; Calandra et al., 2016; Martinez et al., 2016; Semprebon
et al.,, 2016). However, in his original publication, Grine was only
proposing that “...because microwear patterns can change as diet is altered
(Walker et al., 1978; Covert and Kay, 1981; Teaford and Oyen, 1986),
the items that were masticated by an individual over a period of time just
prior to its death will have a profound effect upon interpretations of its
dietary habits from details of tooth wear...”. The studies he based his
hypothesis on documented formation of in-vivo microwear in vervet
monkeys every six weeks (Teaford and Oyen, 1986), in opossums fed
cat food or cat food with added plant fibre or chitin after 90 days, and
additionally ground pumice after the last 30 days (Covert and Kay,
1981), and in wild populations of hyrax on single individuals that died
during the wet or dry season (Walker et al., 1978). None of these ori-
ginal studies allows the conclusion that microwear actually forms
within only days, because the shortest experimental duration for which
microwear was measured after a dietary switch was six weeks.

Teaford and Oyen (1989) were the first to experimentally address
the question of how quickly microwear features, i.e. pits and scratches,
form on the enamel surface of teeth. They took dental impressions of
vervet monkeys raised on hard (Purina Monkey Chow diet no. 5038
supplemented with apples) or soft food (water softened Monkey Chow
and pureed fruit cocktail) three times in four days, establishing a
baseline and evaluating 24 h and 72 h post-baseline. After 72 h, they
found up to 26% new wear features on enamel shearing facets, and up
to 80% new features on grinding facets, thus interpolating that old
microwear features could be replaced completely in 1-2 weeks
(Teaford and Oyen, 1989). Studies of dental patients (Teaford and
Tylenda, 1991) and Costa Rican howler monkeys (Teaford and Glander,
1991, 1996) demonstrated that microwear formation on a normal diet
could vary drastically between species and settings. In a single-subject
study on a human, Teaford and Lytle (1996) found 90% new features on
the occlusal surface after one week of feeding on a diet containing
mineral residues from sandstone grinding of corn. Romero et al. (2012)
found buccal microwear in human subjects to quickly respond to a more
abrasive (stone-ground) diet, with 22% new features formed per week
compared to ~1.9-2.8% per week under a Mediterranean diet. In more
recent studies of occlusal microwear in non-human primates
(Teaford et al., 2017, 2020), new microwear features were reported to
appear after a single feeding bout with brazil nuts. The number of new
features positively correlated with the number of brazil nuts consumed
in that bout, but the percentage of these new features as compared to
the overall microwear features was very small (0-6%), suggesting that a
time period of more than a single meal is required to consistently
change a microwear surface. Overall, Teaford et al. (2013) concluded
that the formation of microwear patterns is “essentially a complex sum-
mary of past events, often with multiple signals superimposed on each other”
and that the “last supper” effect “is surely situation-specific and depends
on a wide range of factors” (Teaford et al., 2020).

These studies are the only ones systematically addressing the rates
of dental microwear formation, all using scanning electron microscopy
to visualize microwear features. The conclusions obtained under con-
trolled experimental conditions are, however, limited to non-human
primates up to 72 h after a diet change and a single human subject after
one week, and none of these studies actually addressed the question of
how quickly dental microwear patterns (now most-commonly assessed
via various forms of DMTA) could change.

To address the question of how fast a pre-existing DMT is com-
pletely overwritten, we performed a terminal feeding experiment, using
rats (Rattus norvegicus forma domestica) as a model organism. In order to
determine how fast pre-existing dental wear patterns were overwritten,
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we tested both the turnover time and dietary abrasiveness when foods
were switched from a low abrasive (standard rat pellet) to a higher
abrasive diet (standard rat pellet with 4% loess added) and vice versa.
In contrast to previous studies that used microscopic inspection of type
and abundance of wear features, we employ DMTA to characterise the
complete surface topography of small enamel areas (Ungar et al., 2003;
Scott et al., 2005; Calandra et al., 2012; Schulz et al., 2013; Winkler
et al., 2019a, 2019b).

2. Material and methods

The feeding experiment was performed with ethical approval of the
Swiss Cantonal Animal Care and Use Committee Zurich (animal ex-
periment licence no. ZH 135/16).

Adult female WISTAR (RjHan:WI) rats (Rattus norvegicus forma do-
mestica; n = 72; initial body mass, 254 *= 9 g, age 10-11 weeks)
obtained from a single breeder and raised on the same pelleted diet
were housed in groups of six in indoor stables (0.58 m? each) built from
coated plywood. Each stable was equipped with a floor covered in a
thick layer of sawdust, one large wooden shelter, two plastic tubes, a
running plate, a climbing ladder, two open dishes, and two nipple
drinkers. No extra gnawing material was provided. After a few days, the
rats started gnawing at the plywood where nipple drinkers were in-
stalled. Gnawing activities typically involved only the incisors, and as
we assessed dental microwear textures formed during mastication on
molars, the influence of non-diet-related gnawing activities is unlikely.
Still, to prevent further gnawing, metal plates were installed over the
preferred gnawing spots, visibly reducing gnawing activity.

Water and food were provided for ad libitum consumption. All an-
imals were provided with their designated diet from the first day on-
ward, but the pelleted compound diet provided by the animal breeder
was also initially provided and then phased out during a 5-day accli-
matisation period. Afterwards, 36 animals received only a standard
pellet for rabbits and small rodents (by Granovit AG Kaiseraugst,
Switzerland, Protector #3210) for 24 consecutive days, while the other
36 animals received the same pelleted diet with an addition of 4% loess
as an external abrasive for 24 days. The loess (siliciclastic, silt-sized
aeolian mineral dust) is derived from the Late Pleistocene (MIS 3)
Schwalbenberg outcrop near Remagen in the Rhine valley, Germany
(Schirmer, 2011). It was sieved through 300 pum sieves to remove any
larger particles to ensure a silt-sized particle size distribution typical for
fresh loess in the diet and then added during the pellet production
process (4 kg loess for 100 kg pellets). The loess had an average grain
size of 37 (SD #= 3.6) um and consists of 37% quartz, 25% phyllosi-
licates, 16% calcite, 13% feldspar, and 5% dolomite (Fig. S1, Table S1).
The loess particles were evenly distributed throughout the pellet, as
verified by micro CT scans (Fig. S2). After 24 days, one cohort (n = 6)
of animals from each group was sacrificed to establish a baseline mi-
crowear texture signal for the two different diets. The remaining 30
animals (from now on kept in groups of 5) were switched to the diet
they had so far not received (standard pellet to loess-containing pellet,
and vice versa). Subsequently, one group of 5 animals per diet was
sacrificed on 1, 2, 4, 8, 16 and 24 days after the diet switch (Fig. 1).
Individuals that were sacrificed after receiving only one diet are re-
ferred to as cohort t0, while the animals sacrificed after the diet switch
are referred to as cohort t1, t2, t4, t8, t16, and t24, depending on how
long they received the new diet. Animals were euthanized with carbon
dioxide. The skulls were dissected and stored with the bodies frozen at
—20 °C until maceration. The enzymatic maceration of the skulls was
conducted at the Center of Natural History of the University of Ham-
burg. One aliquot per experimental feed was analysed for their acid-
detergent insoluble ash (ADIA) content, and additionally in a second lab
for their acid-detergent fibre (ADF) content, to ensure that loess was
added correctly and in the right amount to the diet during production.
Rectal faecal samples were collected from all dead animals after the
experiment and also analysed for their acid-detergent insoluble ash
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Fig. 1. Graphical representation of experimental design. The two different pelleted diets are represented in green (loess-containing pellet) and blue (standard pellet).
The total experimental duration was 48 days. For the first 24 days, two cohorts of 36 animals each received one of the two experimental diets. After the diet switch,
for each time point indicated by T, a group of 5 animals was sacrificed, except for t0, where 6 animals were sacrificed. Representative photosimulations of microwear
textures for the M2 of one individual per cohort are given for each time point. The measurement position for DMTA is highlighted on the representative upper first
molar (adapted from Winkler et al., 2016). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(ADIA) content (Hummel et al., 2011) in order to ensure that all ani-
mals received and ingested their designated diet with or without loess.

Aliquots of the two pellet-types were taken at three different times
during the feeding experiment and homogenised in a ball mill. Pellet
powder samples were then analysed by X-ray diffraction (XRD) in order
to test for the presence of quartz (which composes about 37% of the
loess) in the designated loess-containing pellet, and ensure that the
standard pellets did not contain any mineral dust. XRD measurements
were performed from 2 theta 5° to 80° with 0.03° per 2 s using a Seifert
XRD 3000 TT diffractometer according to the method described in
Sonibare et al. (2010).

2.1. Dental microwear texture analysis

Surface texture scans of occlusal surfaces on the first enamel band of
the upper first (M1) and second molars (M2) were obtained using the
high-resolution confocal disc scanning measurement system psurf
Custom (NanoFocus AG, Oberhausen, Germany) with a blue LED
(470 nm) and high-speed progressive-scan digital camera (984 x 984
pixel), set to a 100x long distance objective (resolution in X,
y = 0.16 pm, step size in z = 0.06 um), and processed with
MountainsMap Premium v. 7.4.8803 Software (DigitalSurf, Besancon,
France, www.digitalsurf.com). Either left or right teeth were measured,
depending on preservation of tooth surfaces (some teeth showed defects

of the enamel bands or had dirt particles attached that could not be
removed). As the default scanning area (160 X 160 um) exceeds the
width of the enamel bands in Rattus, surface scans were cropped
manually in MountainsMap Premium to a size of 60 X 60 um, as done
previously for black rats from Madagascar (Winkler et al., 2016). We
followed the suggested filtering procedure of Schulz et al. (2010, 2013)
and took four non-overlapping scans per individual facet (in a few in-
dividuals only three scans could be acquired, as enamel bands were too
thin or showed damages). We calculated median values for forty-six
surface texture parameters, that were quantified using the ISO 25178
(roughness), motif, furrow, isotropy, ISO 12871 (flatness), and scale-
sensitive fractal analysis (SSFA). Parameters were grouped according to
their main characterising feature in the following categories: area,
complexity, density, direction, height, peak sharpness, plateau size,
slope, and volume (Table S2). One individual of the cohort t4 that re-
ceived the standard pellet was lost during transport after euthanasia,
resulting in a sample size of 4 instead of 5 for this group.

2.2. Statistics

In order to facilitate different statistical approaches to data analysis
by other researchers, the original data is given as a separate supple-
mentary file. The supplementary material contains the descriptive sta-
tistics for all measurements (Tables S3, S4) and the results of statistical
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tests (Tables S5, S6), as well all data visualisation in boxplots (Figs. S3,
S4). Additionally, to enable comparison with published data, bivariate
scatter plots are provided for surface parameters often used in DMTA
studies: a measure of direction (epLsar) vs. a measure of complexity
(Asfc), and a measure of furrow density (medf) vs. a measure of furrow
depth (metf) (Fig. S5).

Statistical analysis including principal component analyses were
carried out using the R software (R Core Team, 2017, version 3.3.1)
with the packages xlsx (Dragulescu, 2014), rJava (Urbanek, 2016),
doBy (Hgjsgaard and Halekoh, 2016), R.utils (Bengtsson, 2016), fac-
toextra (Kassambara, 2017), plyr (Wickham, 2011), ggplot2 (Wickham,
2016), Repp (Eddelbuettel, 2011, 2013) and rela (Chajewski, 2009). We
use the Kaiser-Meyer-Olkin measure of sampling adequacy (value >
0.5) and Bartlett's test of sphericity (< 0.05) to validate that formal
measures for the adequacy of a principal component analysis (PCA) are
met and thus conduction of PCAs is justified on our data. PCAs were
conducted using the built in function prcomp() with singular value
decomposition (SVD). Detailed results for the PCAs are given in the
Electronic Supplement (Table S7).

Significance of DMT differences over time was tested using a com-
bination of three statistical tests following Calandra et al. (2012) and
Schulz et al. (2013). As DMT data is generally non-normally distributed,
we used the procedure of Wilcox (Wilcox, 2012), applying a robust T1
way heteroscedastic Welch-Yuen omnibus test (Welch, 1938; Yuen,
1974), coupled with a heteroscedastic pairwise “Dunnett's T3 test”
(Dunnett, 1980), with significances confirmed using the robust het-
eroscedastic rank-based test according to Cliff's method (Cliff, 1996)
(pairwise comparison with bootstrap). Data were assessed for M1 and
M2 separately and compared between cohorts on the same diet and the
t0 cohort that had only received the pre-switch diet for 24 days. The
significance level was set to 0.05.

3. Results

When switching from loess-containing pellet to the loess-free stan-
dard pellet, the majority of density, height, plateau size, slope and
volume parameters show a clear trend for subsequently changing values
after the switch (Fig. 2). This trend is more distinct in the M2 as
compared to the M1 (Figs. S3, S4), the latter showing more exceptions
to this trend, giving the impression of an oscillating microwear texture
pattern. Moreover, instead of being most different, the t0 cohort (that
only received loess-containing pellet for 24 days) often displays para-
meter values comparable to the t24 cohort (24 days after the switch to
standard pellet), and/or high variability for the M1 (Figs. S3, S4). The
trend of subsequently changing parameter values therefore becomes
more evident from t1 on in the M1, while for the M2 it holds for the
complete experimental sequence.

A visible difference in parameter values already exists for most
parameters between t0 and t2 or t4. Area parameters do not show a
visible difference before t16. Statistically, significant differences in
parameter values are mostly confirmed between t0 and t16 as well as
between t0 and t24 by Cliff's method (Table S5).

For the opposite switch from standard pellet to loess-containing
pellet, an opposing trend in subsequently changing parameter values is
visible; however, it is less pronounced (Fig. 2). This is observed in both
the M1 and M2, with the M2 displaying again a slightly stronger and
more obvious trend compared to the M1 (Figs. S3, S4). Descriptive
statistics and graphical representations of all parameters for M1 and M2
are given in the supplement (Tables S3, S4; S5, S6; Figs. S3, S4).

In principal component analyses using the best separating DMTA
parameters (that showed the most obvious directional changes after the
diet switch, and strongest significance) for the M2 (Fig. 3), the first two
components explain 80.8% of the observed variance for the switch from
loess-containing pellet to standard pellet, and 78.8% for the opposite
switch. The PCAs highlight the more pronounced, subsequent dental
microwear texture turnover when switching from loess-containing
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pellet to standard pellet. The cohort t0, which only received loess-
containing pellet, is well separated along PC1 from the cohort t24,
which had received the standard pellet for 24 days after the switch
(Fig. 3). Overall, the overlap between cohorts follows the expected
succession, with t0 overlapping mostly with t1 and t2 (and slightly with
t8), while t24 mostly overlaps with t16. For the opposite switch from
standard pellet to loess-containing pellet, the cohorts t0 and t24 are less
separated, and the cohorts overlap unsystematically, with t24 over-
lapping mostly with t2 and t8.

As most direction parameter show high variability and no clear
pattern for either tooth position and either diet switch (Figs. S3, S4),
results for this parameter category are not discussed in detail.

3.1. Area parameters

When switching from loess-containing pellet to standard pellet, the
three area parameters show a continuous increase from t0 to t24 (Sda,
Sha, mea; Fig. S4; Table S4) for M2, with tO being significantly lower
than t24 in Sha and mea (Table S5). A similar pattern is found in M1,
but with a strong deviation of tO in mea, and weaker statistical support
for the observed pattern (compare Fig. S3; Table S5). For the opposite
switch from standard pellet to loess-containing pellet, only mea displays
a clear decrease from t0 to t24, for both M1 and M2 (Figs. S3, S4; Tables
S3, S4, S6).

3.2. Complexity parameters

Switching from loess-containing pellet to standard pellet, com-
plexity parameters show either an increase from t0 to t24 (Sdr, Asfc;
Fig. S4; Tables S4, S5), or a continuous decline from t0 to t24 (nMotif;
Fig. S4) for M2. This trend is less visible in M1, either being obscured by
high variability or, for nMotif, by a strong deviation of t0 from the
overall pattern (Fig. S3). When switching from standard pellet to loess-
containing pellet, only nMotif displays a trend of increasing parameter
values from tO to t24, for both M1 and M2 (Figs. S3, S4; Tables S3, S4,
S6).

3.3. Density parameters

Two out of three density parameters show a decline from t0 to t24
for M2 (Spd, medf; Fig. S4; Table S4) when switching from loess-con-
taining pellet to standard pellet, with statistical support by Cliff's
method for t0 > t24 in Spd and t0 > t8 in medf (Table S5). This also
holds true for M1 in medf, and from t1 to t24 in Spd (Fig. S3). In the
opposite switch from standard pellet to loess, a weaker trend of in-
creasing values is observed for Spd in both tooth positions (Figs. S3, S4;
Tables S3, S4, S6).

3.4. Height parameters

For the M2, 16 out of 18 height parameters show a distinct increase
between tO to t24 for the switch from loess-containing pellet to stan-
dard pellet (Fig. S4; Table S4), which has statistical support from Cliff's
method for t0 < t16 (Sa, Sxp, metf) and t0 < t24 (FLTt) (Table S5). In
M1, a clear trend is often obscured by tO not following the overall
pattern, with the exception of metf, which shows a clear increase from
t0 to t24 (Fig. S3; Table S4). For the switch from standard pellet to
loess-containing, the M2 displays an opposing trend of decreasing va-
lues from tO to t24 in few parameters (Fig. S4), with statistical support
from Cliff's method for t0 > t16 in Sp, meh and FLTv (Table S6). For
the M1, no clear pattern can be discerned.

3.5. Peak sharpness, plateau size and slope parameters

For the M2, the peak sharpness parameter group (peak curvature,
Spc) increases slightly from tO to t24 for the switch from loess-
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Fig. 2. Boxplots of selected DMT parameters measured on the upper M2, displaying a clear trend after the diet switch. The first row (green to blue) depicts the switch
from loess pellet to standard pellet; the second row (blue to green) depicts the switch from standard pellet to loess pellet. X-axis sorted after time in days since diet
switch. Statistical significance according to Cliff's method: *** = 0.001, ** = 0.01, * = 0.05. For details on parameters, see Table S2. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

containing pellet to standard pellet, and shows the opposite trend for
the switch from standard pellet to loess-containing pellet (Fig. S4; Table
S4). This trend is less obvious for M1 (Fig. S3). Plateau size and slope
parameters show distinctive trends, either increasing (Smc, Sdq) or
decreasing (Smr) from t0 to t24 for the M2, switch from loess-con-
taining pellet to standard pellet (Fig. S4). For Smr, Cliff's method con-
firms t0 < t24 (Table S5). For Smr, M1 has a similar pattern, while the
other parameters show no clear trend (Fig. S3; Table S3).

3.6. Volume parameters

When switching from loess-containing pellet to standard pellet,
seven out of eight volume parameters display a clear increase in para-
meter values from tO to t24 for M2 (Fig. S3; Table S4). Only for Vuc,
t0 < t24 is confirmed by Cliff's method (Table S5). For M1, the same
trend is visible from t1 to t24, with tO falling out of the pattern in all
parameters due to high values, except in Shy (Fig. S3; Table S3). When
switching from standard pellet to loess-containing pellet, an opposing
trend is visible for both M1 and M2 (Figs. S3, S4).

3.7. ADIA of pelleted diets and rectal faecal samples

The loess-containing pellet showed higher ADIA (1.7%) values
compared to the loess-free standard pellet (1.5%) (Table S8). The ob-
tained values were consistent between two different labs where ana-
lyses were performed and confirm that loess was correctly added during
pellet production.

When switching from loess-containing pellet to standard pellet, a
subsequent decrease in ADIA of faecal samples is observed until cohort
t4. In cohort t8, ADIA values are higher, and decrease further in cohorts
t16 and t24 (Table S9, Fig. S6). For the opposite switch from standard
pellet to loess-containing pellet, an increase in ADIA is observed until
cohort t2, followed by a slight decrease from t4 to t8, and an increase
again at t16. Cohort t24 is similar in ADIA values to t16 (Fig. S6).
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3.8. XRD analytics of pelleted diets

In the three aliquots of the loess-containing pellet, a distinct quartz
peak is visible between 2 theta of 26.48 and 26.78. In the three aliquots
of the loess-free standard pellet, a small quartz peak is detected (Fig.
S7). However, the visible peaks in the standard pellet have an absolute
intensity of max. 52 cps, which refers to a quartz content lower than
0.5% (compare to Electronic Supplement of Winkler et al., 2019b).
Such low quartz contents are hard to detect, as they almost disappear
within the background noise. We thus cannot ultimately decide whe-
ther a contamination of the standard pellet with mineral quartz hap-
pened during the production process. If this was the case, the amount is
so small that no effect on dietary abrasiveness is expected.

4. Discussion

The diet switch experiment resulted in clear trends of either sub-
sequently increasing or decreasing values for many DMT parameters,
that were more expressed when switching to standard pellet as com-
pared to the opposite diet switch to loess-containing pellet. Still, the
opposite diet switch was often accompanied by a mirrored pattern in
subsequently changing parameter values (compare Fig. 2; Figs. S3, S4).
This is an indication that dental microwear textures are overwritten
after the diet switch, and that the ingestion of the new diet lead to
predictable, directional change in DMTA. Ideally, the turnover of DMT
patterns would be investigated by repeatedly measuring DMT in the
same individuals over time before and after a diet switch, as e.g. done in
Teaford et al. (2017, 2020) or Romero et al. (2012). Given the model
animals of the present study, this approach appeared not feasible.
However, in contrast to those previous studies, we did not aim at
quantifying how many new features are created after a diet switch, but
when the complete microwear texture pattern has changed to such a
degree that we can identify a new diet signal. All animals experienced
the same conditions in our experiment, and even though individual
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Fig. 3. Principal component analysis using the 10 best separating DMT parameters. A) shows the switch from loess-containing pellet to standard pellet (green to
blue), B) the opposite switch (blue to green). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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differences exist (variability), the overall change in microwear texture
can be evaluated and interpreted as turnover time.

The exact duration of turnover (i.e. when a pre-existing microwear
texture is completely replaced by a new microwear texture pattern) that
can be unambiguously assigned to the new diet depends on the para-
meter observed. For several height, slope, and volume parameters, a
visible difference is already apparent in cohort t2 (just two days after
the diet switch), whereas for several area and density parameters
(especially for M1), no differences are discernible. Height and volume
parameters from the ISO 25178 are calculated using the complementary
hill and valley features of the surface texture (International
Organization for Standardization, 2012). Therefore, it was to be ex-
pected that they show a similar turnover time. We hypothesise that
surface peak removal of hill features as indicated by height parameters
is quickly effected by the diet, as high peak tips are easily worn down by
attrition or hydrodynamic pressure (Schulz et al., 2013). On the other
hand, development of peaks and furrows also seems to happen fast. We
assume that to keep a surface functionally intact, both removal and
creation of particular wear features like peaks and furrows runs in a
state of equilibrium. The fast turnover time might also be the reason for
the high discriminatory power of height and volume parameter when
assessing diets (Schulz et al., 2013; Schulz-Kornas et al., 2019). On the
other hand, complexity and area parameters took until t8 to t24 to
develop a visible difference compared to the t0 cohort for the switch to
standard pellet. When switching to the loess-containing diet, the com-
plexity parameters Sdr and Asfc did not show a distinct change. These
parameters evaluate the overall distribution pattern of features on the
complete surface texture and not just particular wear features. We
suggest that overwriting the complete surface texture takes longer,
simply because more dental material needs to be removed or at least
modified.

The subsequent change, more pronounced when switching from
loess-containing to standard pellet, in complexity, density, height,
plateau size, slope and volume parameter values continued until t16 or
t24 (16-24 days after the diet switch), usually reaching a plateau be-
tween these two time points. For the M2, statistically significant dif-
ferences to the cohort tO that only received the pre-switch diet were
mostly established 16 or 24 days after the switch. Thus, a complete
turnover of DMT can, under our experimental conditions, be identified
between two and three weeks after the diet switch.

The two pelleted diets showed different turnover patterns after the
switch, with the standard pellet overwriting the previously established
“loess-containing pellet signal” faster. By contrast, the overwriting of
the “standard pellet signal” by the loess-containing pellet resulted in
higher variability of DMT parameters, thus showing a less clear trend
after the switch. This is unexpected, as the addition of 4% loess, an
airborne, quartz-containing, silt-sized mineral dust, as an external
abrasive was intended to create higher inherent abrasiveness for the
loess-containing pellet, which could potentially have resulted in more
extreme wear and thus faster turnover. ADIA analyses of diets and
faecal samples confirmed that loess was added correctly during the
production process and consumed by the rats, and XRD analyses
showed no detectable traces (i.e. < 0.5%) of quartz in the standard diet.
We recognize that several ADIA contents (e.g. low values for t2 and t4
after the switch to standard pellet, Fig. S6) did not match the expected
pattern of subsequent ADIA change, however, there was no visible
correlation between DMTA and outliers in ADIA. Overall, the pattern of
increasing or decreasing ADIA contents match the general patterns re-
flected in DMTA, and we therefore accept a certain inaccuracy of the
ADIA values. Moreover, all animals grew at a comparable rate (Fig. S8),
indicating that they consumed similar amounts of pellets, and therefore
similar amounts of loess within one cohort. Thus, the loess-containing
diet contained more potentially abrasive components than the standard
diet. Despite this, the loess-free standard pellet resulted in faster and
more complete overwriting of the “loess-containing pellet signal” on the
enamel surface than the other way around. Consequently, the notion of
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how (and how much) external abrasives in the diet lead to macroscopic
dental wear, and how dental wear translates to microwear texture, must
be reconsidered. At least under our experimental conditions, using an
artificial, pelleted diet, the addition of loess at a 4% level did not result
in faster dental wear on a micrometre scale.

A hypothetical post hoc explanation for this observation could be
that animals adjust chewing intensity to the proprioceptor feedback
they receive during mastication, thereby reducing abrasion and attri-
tion on the loess-containing pellet. In humans, abrasives (0.5 g pumice,
average grain size 250 um) added to a chewing gum led to a lower
chewing intensity (Prinz, 2004), and a similar effect was postulated for
free-ranging chimpanzees whose faeces indicated a less thorough
chewing during a dust-laden wind period (Schulz-Kornas et al., 2019).
Possibly, rats switched to the loess-free diet increased their chewing
intensity on this diet as compared to the loess-containing diet, accel-
erating DMT changes, whereas rats switched to the loess-containing
diet reduced chewing intensity and hence required more time for DMT
changes to develop. In future studies it would be informative to quan-
tify particle size distribution not only of the source material (in the
present study, loess), but also in the final diet (pellet) and in the faeces,
in order to assess potential changes due to diet production, and due to
masticatory and digestive processing. This could provide insight in how
thoroughly diets with mineral abrasives are orally processed, and if a
sensory feedback mechanism could lead to less thorough mastication.

Additionally, we found tooth positions to have an impact on the
diet-induced microwear textures. While the M2 showed a very con-
sistent turnover pattern after the diet switch, the M1 displayed more
variability, especially in the tO cohort. We need to keep in mind that
chewing behaviour and dental wear can vary between individuals, and
animals do not provide the expected result (output) when receiving a
certain diet treatment (input). We cannot immediately explain why the
M2 gives a clearer pattern of wear changes, but our results highlight the
importance of multiple measurements for DMTA, preferably on dif-
ferent teeth along the molar tooth row and/or different enamel facets,
and sufficiently large sample sizes. This is of great importance to obtain
reliable results for dietary reconstruction in fossil species, where sam-
ples can be limited and taphonomic or preservation-biases often only
allow for measurements on certain teeth and/or a specific site on the
tooth. Variability of the microwear texture data, especially from fossil
animals, is thus to be expected, and needs to be interpreted with the
proper caution. Further work should focus on characterising how much
variability exists within one population in order to clarify instances of
uncertainty in diet-DMTA correlations.

5. Conclusions

We find that there is no immediate” last supper” effect in the overall
DMT feature pattern when switching from one diet to another. We
conclude that the overwriting of wear features on a micrometre scale
takes at least two weeks, and thus feeding experiments analysing mi-
crowear or dental microwear texture need to be at least conducted for
that time, depending on the dietary changes and taxa involved. Height
and volume parameters were most sensitive in recording a diet change
and are thus identified as focus parameters to detect short-term diet
changes, for example due to seasonal availability of food. As several
differences between DMT of the first diet and the second diet were
significant only after 24 days in our experiment, we would propose an
ideal experimentation duration of three weeks for such feeding ex-
periments. Consequently, the timing of dental microwear (texture)
formation needs to be reconsidered, and the “last supper” effect re-
evaluated. A single meal might leave singular, identifiable traces on the
teeth, complete turnover, however, is only established after several
weeks.
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