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A B S T R A C T   

Objective: This study examines changes in dental wear magnitude in the past ~8000 years, i.e., since Mesolithic 
until the 19th century, in southwestern Iberia. Thus, it encompasses the transition from hunting-gathering to 
agro-pastoralism, and then to the industrialization of food production and pre-processing. 
Design: Dental wear magnitude was scored in a total of 191 individuals and 1557 teeth from Mesolithic (indi
viduals=56; teeth=643), Neolithic (individuals=35; teeth=169), Chalcolithic (individuals =35; teeth=221), 
Modern Age (individuals=17; teeth=209), and Late Modern Age (individuals=48; teeth=315) samples origi
nating in southwestern Iberia (i.e., present central and southern Portugal) and according to the 8 levels ordinal 
scale of Smith (1984). 
Results: Results show a general trend for decreased wear magnitude in these two major transitions and during this 
timespan (although the hunting-gathering – agro-pastoralism transition had larger impact). The only meaningful 
differences in wear rate were found between the Late Modern Age and all remaining samples. 
Conclusion: Dental wear generally decreased during this timespan (although wear magnitude was less impacted 
by the industrialization of food production and pre-processing). Our results are consistent with studies doc
umenting skull morphological gracilization associated with reduced masticatory demands due to the adoption of 
softer diets.   

1. Introduction 

Dental wear is the overall progressive loss of dental tissues due to 
inter-tooth contact (attrition), contact with exogenous material (abra
sion) and chemical dissolution (erosion) (D’Incau et al., 2012; Kaidonis, 
2008; Molnar et al., 1972). It is heavily impacted by the material 
properties of diet and extra-oral food pre-processing, which influences 
the material properties of food and may introduce or remove wear 
promoting contents from foodstuffs (Lucas, 2004; Molnar et al., 1972; 
Smith, 1984). Thus, dental wear is often used to examine past dietary 
habits across populations and time (Bernal et al., 2007; Deter, 2009; 
Eshed et al., 2006; Godinho et al., 2022; Greene, 1967; Kaifu, 1999; 
Larsen, 1997; Lubell et al., 1994; Smith, 1984). 

Two major events with profound dietary implications occurred in 

recent modern humans: the transition from hunting-gathering to agro- 
pastoralism and industrialization of food production and pre- 
processing. The domestication of plants and animals enabled the rise 
of agriculture and animal husbandry and so an agro-pastoralist econ
omy, which led to the adoption of mechanically less demanding foods 
that were further pre-processed by, e.g., grinding and cooking (Larsen, 
1997; Pinhasi & Stock, 2011). Because dental wear is heavily impacted 
by food material properties and pre-processing, this resulted in 
decreased occlusal dental wear magnitude (Bernal et al., 2007; Deter, 
2009; Eshed et al., 2006; Greene, 1967; Kaifu, 1999; Larsen, 1997; 
Lubell et al., 1994; Smith, 1984). Meng et al. (2011) show that in present 
China wear magnitude also generally decreased throughout the 
Neolithic due to agricultural intensification. More recently, industriali
zation led to further food pre-processing, resulting in removal of 
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abrasive and fibrous contents and so in further reduction of dental wear 
(Kerr, 1988; Lavelle, 1970; Mays, 2002; Varrela & Varrela, 1991; Var
rela, 1990). 

Although multiple studies have focused on dental wear and docu
mented changes in occlusal dental wear magnitude across some limited 
specific timespans (Esclassan et al., 2009; Liu et al., 2010; Meng et al., 
2011, 2014), none provide an integrated analysis of dental wear span
ning from Mesolithic hunter-gatherers to 20th century populations. This 
is regrettable because agriculture intensification from the Neolithic 
onwards impacted various aspects of oral health (Dong et al., 2016; 
Douglas & Pietrusewsky, 2007; Halcrow et al., 2013; Pechenkina et al., 
2007; Roberts & Cox, 2007), and so dental wear magnitude may have 
decreased gradually along with increasing dependency on agriculture. 
This has only been shown by a limited number of studies which, inci
dentally, do not provide such wide chronological spans (Meng et al., 
2011). Moreover, meta-analyses combining data from different studies 
targeting different chronological periods is challenging because 
different researchers frequently use contrasting dental wear magnitude 
scoring methods (Lovejoy, 1985; Molnar, 1971; Scott, 1979a; Shykoluk 
& Lovell, 2010; Smith, 1984), hence precluding direct comparison 
across studies. 

In this study we examine dental wear throughout the last ~8000 
years in southwestern Iberia and so encompass the two major events 
with dietary implications in recent modern humans: (i) the transition 
from hunting-gathering to agro-pastoralism and to (ii) industrialized 
diets and food pre-processing. Based on previous studies, we hypothe
size that, overall, dental wear decreased meaningfully in the transition 

from Mesolithic hunting-gathering to ensuing agro-pastoralism (primary 
hypothesis). We further hypothesize that wear magnitude decreased 
during recent prehistory with the intensification of agriculture and then 
again meaningfully with the introduction of industrial food production 
and pre-processing (secondary hypothesis). Because dental wear 
magnitude is impacted by age at death, we also examine dental wear 
rate, which has been shown to be age independent (Chattah & Smith, 
2006; Smith, 1972; Watson, 2008). We hypothesize that earlier pop
ulations with mechanically more demanding diets will have higher rates 
of wear (tertiary hypothesis). 

2. Materials and methods 

2.1. Sample 

This study was based on the inferior teeth from 191 adult individuals 
collected from burial sites located in present day Portugal and dating 
from the Mesolithic, Neolithic, Chalcolithic, Modern Age and Late 
Modern Age (Fig. 1, Table 1). Although the best-preserved specimens 
were selected for use in other previous studies relating to dental wear 
(Godinho & Gonçalves, 2021) and mandibular morphology (Godinho 
et al., 2022, 2020), most are incomplete and display tooth loss (mostly 
post-mortem). Thus, 1557 out of a potential total of 3056 (i.e. 16 per 
individual times 191 individuals) teeth were observed. Anterior teeth 
are the most often absent (Supplementary Material Table 1). 

The specimens used in this study are housed in different institutions. 
Access was formally requested to each individual institution, specifying 

Fig. 1. Geographic and chronological origin of the samples used in this study. Iberian Peninsula is depicted in the figure and the archeological sites sampled are 
located in present Central – South Portugal. Note that the Modern and Late Modern Age sites are located very closely, and so the circle depicting the location of the 
former is almost completely behind the circle locating the later. 
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the study and data collection procedures. Access was only granted after 
this procedure, and all rules and regulations of each institution were 
followed. 

2.2. Age at death estimation 

Pervasive post-excavation mixing of many of the Mesolithic speci
mens (Jackes & Meiklejohn, 2004) precluded age at death estimation 
based on skeletal elements other than the mandibles. Moreover, 
Neolithic and Chalcolithic specimens originate from collective tombs in 
which skeletal remains are mostly commingled (Antunes-Ferreira, 2005; 
Miguel & Simão, 2017; Valera et al., 2014), again precluding age esti
mation based on elements other than the mandibles. Thus, age estima
tion is based only on dental growth and development of the mandibular 
teeth (AlQahtani et al., 2010). Because most of the specimens were 
CT-scanned for previous studies (Godinho & Gonçalves, 2021; Godinho 
et al., 2020), the development of non-erupted teeth and of roots of teeth 
in sockets could also be used for age at death assessment (AlQahtani 
et al., 2010). Only individuals with 18 or more years of age at death were 
selected. Dental wear-based age at death estimation was not used 
because dental wear is heavily impacted by differences in diet, food 
preprocessing and paramastication, and so it is frequently an unreliable 
age proxy within and across heterogeneous populations (Benazzi et al., 
2008; Clement & Hillson, 2012; Romero et al., 2019). 

2.3. Dental wear assessment 

Dental wear magnitude of each tooth was scored based on direct 
observation of the specimens according to the ordinal 8 levels scale of 
Smith (1984). Because dentitions were frequently incomplete (see 
above) the left and right sides were pooled to increase sample size, 
similarly to previous studies (Clement & Hillson, 2012; Molnar et al., 
1989). 

Dental wear magnitude is related to age, but the rate (i.e., how fast 
teeth wear relative to each other) has been shown to be independent of 
age (Miles, 2001; Scott, 1979b; Smith, 1972). Thus, we use rates of 
dental wear to examine dental wear independently from age, similarly to 
other studies (Chattah & Smith, 2006; Smith, 1972; Watson, 2008). To 
that end, magnitude of wear of the first molar is regressed against that of 
the second molar. 

All scoring was undertaken by one of the authors (RMG), thus 
bypassing inter-observer error. A previous study based on a large sample 
of the Mesolithic teeth (n = 412) in which dental wear magnitude was 
scored twice by the same observer (RMG) revealed no meaningful 

differences between scores (Godinho & Gonçalves, 2021). Thus, scoring 
of specimens in which it was not possible to undertake several obser
vation rounds is considered valid. 

2.4. Statistical analysis 

To ensure no meaningful side differences in wear existed and so 
enable pooling of left and right sided teeth to increase sample size (see 
above), pair-wise Wilcoxon ranked-sum tests were used. No statistically 
significant (p < 0.05) differences between contralateral teeth were 
found and so dental wear per tooth type was averaged between sides 
(scores of single teeth were used when only one of the two teeth was 
present). 

ANOVA variance homogeneity, normality and independence as
sumptions for dental wear magnitude across samples were tested using 
Levene’s, Shapiro’s and Durbin Watson’s tests and implemented using 
the car R package (Fox et al., 2012). Because such assumptions were not 
met, overall differences in wear across different chronologies were 
examined using the non-parametric Kruskal-Wallis test, implemented 
using the ggstatsplot R package which uses Dunn post-hoc comparisons 
(Patil, 2021). Statistical differences were considered significant at p 
level < 0.05, but results also specify for other levels of significance (p 
level: * < 0.05; ** < 0.01; *** < 0.001; see Supplementary Material 
Fig. 1). Statistical differences between rates (i.e., slopes) of dental wear 
were examined using the pairs function of the emmeans R package 
(Lenth, 2021) and were considered significant at p level < 0.05. 

3. Results 

Tooth loss (pre and post-mortem) ranges from 33% to 70% and is 
consistently higher in the anterior dentition (which is common due to 
post-mortem tooth loss; Supplementary Material Table 1). Although this 
leads to lower sampling of the anterior teeth, results of the full dentition 
are presented below. 

The Kruskal-Wallis test revealed statistically significant differences 
in dental wear magnitude across all teeth. This is visually apparent in  
Fig. 2, in which anterior dental wear is generally comparable between 
the prehistoric populations and somewhat lower in the Late Modern 
Age. Posterior dental wear decreases from the Mesolithic to the 
Neolithic and appears to remain generally stable until it further de
creases in the Modern and Late Modern Age (Fig. 2). 

Despite these overall differences, statistically significant differences 
in the anterior dentition are only found between Mesolithic and Modern 
and Late Modern Age populations (Supplementary Material Fig. 1). 
Premolar occlusal wear is statistically significantly different between the 
Mesolithic and the Chalcolithic, Modern Age and Late Modern Age 
(Supplementary Material Fig. 1). Molar one and two dental wear is 
significantly higher in the Mesolithic when compared to most other 
chronologies and significantly lower in the Late Modern Age when 
compared to most other populations (Supplementary Material Fig. 1). 

Visual assessment of molar dental wear rate shows generally com
parable rates of wear (slopes of the regression models) amongst the 
different chronological periods, despite some differences (Fig. 3). Pair
wise statistical comparison of slopes reveals that statistically meaningful 
differences are only found between the Late Modern Age and all other 
periods (with wear rate being lower in the Late Modern Age; Supple
mentary Material Table 2). 

4. Discussion 

Overall, as predicted and consistently with previous studies, higher 
magnitudes of dental wear were detected in the Mesolithic populations 
than in all other ensuing periods (Bernal et al., 2007; Deter, 2009; Eshed 
et al., 2006; Greene, 1967; Kaifu, 1999; Larsen, 1997; Lubell et al., 1994; 
Smith, 1984). Some evidence of further decreased dental wear during 
recent prehistory (i.e., Neolithic and Chalcolithic) was also found. 

Table 1 
Inventory of individuals used in this study (grouped per site and chronology) 
examining dental wear magnitude in southwestern Iberia.  

Site Chronology N 

Arapouco Mesolithic 5 
Cabeço da Amoreira Mesolithic 1 
Cabeço da Arruda Mesolithic 15 
Cabeço de Pez Mesolithic 2 
Cova da Onça Mesolithic 1 
Moita do Sebastião Mesolithic 30 
Vale de Romeiras Mesolithic 2 
Algar do Bom Santo Neolithic 23 
Casa da Moura Neolithic 5 
Gruta do Zambujal Neolithic 6 
Grutas de Melides Neolithic 1 
Cinco Reis 5 Chalcolithic 9 
Grutas do Poço Velho Chalcolithic 4 
Monte da Guarita 2 Chalcolithic 9 
Monte do Carrascal 2 Chalcolithic 4 
Perdigões Chalcolithic 9 
Colégio de Santo Antão o Novo Modern Age 17 
Colecção Luís Lopes Late Modern Age 48 
Total  191  
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Similarly, we also recorded some decreased dental wear magnitude in 
the transition from the Modern to the Late Modern Age, and so with 
industrialization of food production and pre-processing. Interestingly, 
and despite these dental wear magnitude differences across the sampled 
periods, rates of dental wear were fairly similar between most different 
periods, and the only significant difference found was between the Late 

Modern Age and all other sampled chronologies (in which rate of wear 
was lower in the Late Modern Age). This mismatch between wear 
magnitude and rate differences may suggest that differences in wear 
magnitude could also relate to contrasting ages-at-death of the samples 
(see below). Despite these overall trends a more detailed examination 
reveals several relevant details. 

Fig. 2. Dental wear magnitude scores (according to Smith, 1984) from the Mesolithic to the Late Modern Age. Results are grouped by chronology to facilitate 
comparison between different teeth of the same periods. 

Fig. 3. Dental wear rate from the Mesolithic to the Late Modern Age in southwestern Iberia. Note that steeper regression lines denote higher rates of dental wear.  
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Although dental wear magnitude is generally higher in the Meso
lithic, such differences are only statistically significant in the anterior 
dentition when compared to the Modern and Late Modern Age. More
over, despite dental wear is generally lower in the Neolithic than in the 
Mesolithic, it is only statistically significantly lower in the M2. Indeed, 
when compared to the Mesolithic, posterior dental wear is only consis
tently significantly lower from the Chalcolithic onwards. Thus, our re
sults support decreased dental wear magnitude in the Mesolithic – 
Neolithic transition, but which then generally decreases further in the 
Chalcolithic (when it becomes statistically significantly lower when 
compared to the Mesolithic). This is consistent with previous studies 
which found an association between decreased dental wear and agri
cultural intensification during recent prehistory (Meng et al., 2011), 
along with other changes in oral health (Douglas & Pietrusewsky, 2007; 
Halcrow et al., 2013; Pechenkina et al., 2007; Roberts & Cox, 2007). 
Moreover, because the anterior dentition is mostly used in food acqui
sition and paramastication and the posterior dentition in food size 
reduction/comminution (Lucas, 2004), the absence of meaningful dif
ferences in the anterior teeth between the prehistoric populations sup
ports that the dental wear magnitude differences found across the 
dentition are indeed related to changes in the material properties of the 
foodstuffs consumed (i.e., softer foods after the transition to 
agro-pastoralism). Notwithstanding, our results do document decreased 
anterior dental wear in the Mesolithic – Neolithic transition and then a 
slight increase in the Chalcolithic. Future studies will address hypo
thetical evidence of changes in paramasticatory behavior using activity 
induced dental modifications (e.g., lingual surface attrition of the 
maxillary anterior teeth, notching, chipping). 

Modern and Late Modern Age samples were included to assess the 
impact of the transition to industrialized diets on dental wear magni
tude. We found that some teeth (first incisor, canine, first and second 
molars) do indeed display lower wear magnitude in the Late Modern Age 
than in the Modern Age. Yet, such differences are small and do not reach 
statistical significance (except for the first molar), and so appear not as 
relevant as those found in the hunting-gathering – agro-pastoralism 
transition (especially when comparing Mesolithic and Chalcolithic 
populations). 

Despite these differences in dental wear magnitude, only slight dif
ferences in wear rate were found across most sampled chronologies 
(Mesolithic to the Modern Age). This is somewhat surprising because 
faster wear is usually associated with diets that are mechanically more 
demanding and with reduced food pre-processing (Watson et al., 2013), 
and so we expected to find higher rates of wear in earlier populations. 
Indeed, the only statistically significant difference was found between 
the Late Modern Age and all other previous chronologies, in which rate 
of wear was clearly lower in the former. Because dental wear rate has 
been shown to be age-independent, this suggests the significant differ
ences in dental wear magnitude between the periods in which no sig
nificant differences were found in wear rate may relate to contrasting 
ages at death (i.e., higher magnitudes of wear may relate higher ages at 
death). This hypothesis finds support in the relationship between age 
and magnitude of wear (Lovejoy, 1985; Mays et al., 1995). Regrettably, 
the nature of the samples precludes age estimation based on skeletal 
elements other than the mandibles (see above) on most of the samples 
and so controlling for the effect of age on dental wear. 

Previous skull morphological studies have reported form changes (e. 
g., size reduction and gracilization) in the transition from the Mesolithic 
to the Neolithic and from pre-industrial to industrial food production 
and pre-processing (Galland et al., 2016; Godinho et al., 2022; May 
et al., 2018; Pokhojaev et al., 2019; Rando et al., 2014; von 
Cramon-Taubadel, 2011). As bone is known to adapt to various aspects 
of mechanical loading (Currey, 2006; Judex & Rubin, 2010; Judex et al., 
1997; Lanyon, 1984; Mosley & Lanyon, 1998; Turner, 1998), such form 
changes have been related to the introduction of softer foodstuffs and so 
decreased masticatory mechanical demands (Galland et al., 2016; 
Godinho et al., 2022; May et al., 2018; Pokhojaev et al., 2019; von 

Cramon-Taubadel, 2011). Thus, our dental wear (which relates to the 
material properties of foodstuffs; see above) results are generally 
consistent with skull morphology studies because both document 
decreased masticatory mechanical demands after the introduction of 
agro-pastoralism and with industrialization of food production and 
pre-processing. 

Despite our results and interpretations, this study presents some 
limitations that should be addressed. Although we have a large sample 
(nearly 200 individuals) and almost all chronologies have sample sizes 
ranging from 35 to 56 individuals, the Modern Age sample is limited to 
17 individuals (Table 1) of generally young adults (Godinho, 2008). 
Tooth loss (mostly post-mortem) also results in reduced representa
tiveness of some teeth (especially in the anterior dentition). Moreover, 
although our sample encompasses approximately 8000 years and in
cludes several periods within this timespan, it does not include speci
mens from all chronologies. Last, because this study covers such a wide 
timespan it did not examine any hypothetical intra-chronological vari
ation related to, e.g., environment (Chattah & Smith, 2006) and sex 
(Berbesque et al., 2012; Esclassan et al., 2014; Slaus et al., 1998). Thus, 
future research may test if the trend detected in this study holds. To that 
end, such research could include samples from the chronologies missing 
in this study (e.g., Bronze Age, Roman Period, Medieval Age) and 
expand the sample size of the Modern Age. Moreover, chronologically 
focused studies should examine if there are any intra-chronological 
variation related to, e.g., geographic and environmental differences 
such as those detected in the Chalcolithic in the Levant (Chattah & 
Smith, 2006), or between sexes in different chronological and 
geographic contexts (Berbesque et al., 2012; Clement & Hillson, 2012; 
Meng et al., 2011). 
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version, Funding acquisition. Cláudia Umbelino: Conceptualization, 
Funding acquisition, Drafting and final approval of the submitted 
version. Susana Garcia: Conceptualization, Drafting and final approval 
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