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The dental microwear texture of
wild boars from Japan reflects
inter- and intra-populational
feeding preferences
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1Department of Natural Environmental Studies, Graduate School of Frontier Sciences, The

University of Tokyo, Kashiwa, Japan, 2Faculty of Science, Academic Assembly, University of Toyama,

Toyama, Japan

Dental microwear texture analysis (DMTA) is rapidly expanding for the dietary

estimation of extinct animals. There has been an extensive accumulation of

microwear texture data from herbivorous mammals, especially for ruminant

artiodactyls, but suids are still underrepresented. Microwear varies depending

on the diet, and suids are naturally more flexible than other artiodactyls. Thus,

their microwear is prone to greater variability. In this study, we examine the

tooth microwear texture of wild boars from Toyama Prefecture, Japan, for

which detailed ecological and dietary information by stomach content analysis

is available.We first investigated 205 individuals of wild-shot Toyama boarswith

known sex, age class, localities (the eastern high latitude region vs. the western

low latitude region), and season of collection. The tooth surfaces of boarlets

were rougher than those of juvenile and adult animals. The decrease in surface

roughness with age implied that the frequency of tooth-tooth contact, which

seemed to result in cracking of enamels and thus rough surfaces, decreased

after the boars started feeding on solid foods (food-tooth contact), with

progressive involvement of rooting behavior inmature adults. We further found

that surface roughness showed significant di�erences between localities, with

the western Toyama boars having flatter surfaces, possibly because they were

involved in more rooting and feeding on soil-contaminated rhizomes than

the eastern ones, as implied by the available stomach content data. The

frequency of rooting was also evident in the broader comparison among

Japanese boar populations with di�erent habitat environments. The mainland

boars inhabiting deciduous broad-leaved forests had a flatter and less rough

tooth surfaces than those in the subtropical evergreen broad-leaved forests of

the southern islands. This corresponds to the fact that above-ground dietary

resources were more abundant in the habitat of the southern island boars,

where crops like succulent vegetables and fruits, as well as naturally fallen

acorns, were abundant, whereas underground plant parts were the dominant

diet component for the mainland boars. This study proved that DMTA can

identify the di�erence in foraging modes in suids and make it possible to

estimate the frequency of rooting, which is informative for inferring breeding

methods of boars/pigs from archaeological sites.
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Introduction

The wild boar (Sus scrofa) is the most widely distributed

terrestrial wild mammal globally and is currently distributed

throughout Eurasia and northern Africa. It has been introduced

to the North and South Americas and the Oceanian islands. The

wild boar is highly adaptable to local environments and shows

plasticity in feeding habits. Wild boars have been a important

human food resource for a long time, possibly more than several

hundred thousand years (Stiner et al., 2009), and boars excavated

from archaeological sites have been a particular focus of

zooarchaeological research to verify the process of domestication

by humans (Larson et al., 2007, 2010). In recent years, in

addition to the conventional comparative anatomy of bones

and teeth [e.g., Evin et al., 2013 and the references therein],

attempts have been made to investigate the domestication and

husbandry practices of wild boars by clarifying the feeding

habits of boars excavated from archaeological sites (Minagawa

et al., 2005; Vanpoucke et al., 2013; Halley and Rosvold, 2014;

Yamada et al., 2021). Isotopic analyses were conducted to reveal

dietary differences among wild and reared boars/pigs from

excavated historical sites and clarified in part that some pigs

from historical sites were raised on human refuse and not on

a diet predominated by terrestrial plants, which was indicative

of outspan foraging (Minagawa et al., 2005; Halley and Rosvold,

2014). On the other hand, studies on dental use-wear analysis,

which analyzes the microscopic wear (microwear) formed on

tooth enamel surfaces, focused not only on a diet but also

on the frequency of rooting behavior (Vanpoucke et al., 2013;

Yamada et al., 2021). Because rooting and foraging on grit-

contaminated foods could produce characteristic dental wear

(Ward and Mainland, 1999; Souron et al., 2015; Yamada et al.,

2018; Lazagabaster, 2019) (see below), husbandry practices,

which keep boars/pigs within stalls and restrict rooting behavior,

could be inferred from dental microwear. Therefore, analysis

of microwear is anticipated to reveal the transition from free-

ranging to rearing within stalls, which should have occurred in

the domestication process.

Dental microwear texture analysis (DMTA) is one of the

dietary estimation methods and has been developed since the

2000s (Scott et al., 2005, 2006; Schulz et al., 2010). DMTA

has been applied to diverse vertebrates, including mammals,

reptiles, and fish (Purnell et al., 2012, 2013; DeSantis et al.,

2013; Desantis and Haupt, 2014; Gill et al., 2014; Calandra

and Merceron, 2016; Bestwick et al., 2019; Winkler et al.,

2019). The relationship between DMT and diet derived from

extant species has been used to estimate the diet of fossil

species. Among them, extensive DMTdata of extant herbivorous

mammals have been generated and accumulated, both for

wild individuals (Merceron et al., 2010, 2014; Scott, 2012;

Kubo et al., 2017; Aiba et al., 2019; Arman et al., 2019;

Kubo and Fujita, 2021) and laboratory-reared, diet-controlled

ones (Merceron et al., 2017; Winkler et al., 2019, 2020;

Ackermans et al., 2020, 2021). DMT data of the omnivorous

species, however, have not been investigated rigorously, possibly

because their flexible dietary preferences make the comparisons

difficult and less interpretable. Yet, a few DMT studies of

boars have been conducted, comparing DMT among multiple

species with different foraging ecologies (Souron et al., 2015;

Lazagabaster, 2019) and among populations of the same species

in different habitats (Yamada et al., 2018). In the former studies,

distinct differences in DMT were found between species that

frequently forage on grasses and their roots and those that

are more omnivorous and feed on rhizomes, nuts, leaves,

grasses, and animal matter (Souron et al., 2015; Lazagabaster,

2019). The herbivorous species had tooth surfaces with more

aligned scratches and, therefore, were less complex and more

homogeneous than the omnivorous species. In the latter study,

three populations of the same species (Sus scrofa) in Japan were

compared: mainland boars, which were involved in frequent

rooting behavior; boars from the southern island (Iriomote

Island), which are thought to have a higher consumption rate

of fruits, nuts, and cultivated plants in their diets; and boars

that were raised in a concrete-floored stall and fed corn hay

(Yamada et al., 2018). Significant differences in DMTwere found

between the mainland boars and the reared boars, and the island

boars were placed between them. Ward and Mainland (1999)

also found the same dental microwear differences, though not

by the three-dimensional DMT but by a conventional method

of counting microwear features from 2D images obtained

by SEM, between free-ranging and stall-fed pigs. Yamada

et al. (2021) further investigated the DMT of boars/pigs from

archaeological sites in the southern islands (Ryukyu Islands)

of Japan. They found chronological and/or locality differences

in DMT among studied populations. The differences were

interpreted by possible feeding on human leftovers and rearing

in floored stalls: boars/pigs having lower surface roughness

might be allowed to range freely around human settlements

and thus forage on underground plant resources, whereas those

having higher surface roughness were expected to be kept in

floored stalls and fed on softer diets, possibly provided by

humans. The above DMTA studies on extant suids (Ward

and Mainland, 1999; Souron et al., 2015; Yamada et al., 2018;

Lazagabaster, 2019) were based on information about “known”

diets of populations, though quantitative data on their diets were

not provided. To supplement these studies, a study examining

the relationship between DMT and diet was conducted by

running feeding experiments on pigs; the pigs were fed different

seed-mixed diets among the groups (Louail et al., 2021). While

seed foraging was shown to be associated with DMT, the control

group feeding only on soy flour, the food item which was

included in the diets of other seed feeding groups, showed a

large variation of DMT parameters and overlapped with other

seed-feeding groups, making dietary inference from DMT more

complicated. Since wild boars feed on various items at varying

proportions according to seasons, it is necessary to conduct
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analyses of wild populations whose diet is more clearly defined

by quantitative dietary analysis. It will be a crucial step toward a

more quantitative estimation of suid diets by DMTA.

In this study, we aim to solve the above problem and clarify

how locality, season, and age at the culling are related to DMT

for wild boars hunted in Toyama Prefecture, Japan. Stomach

content analysis has already been conducted for some of the

boars analyzed in this study (Yasuda and Yokohata, 2015), and

the quantitative dietary data can be used to correlate with DMT.

The habitat environments were different between the eastern

and western regions of Toyama Prefecture (see Materials and

methods Section), which caused a difference in the food habits

of wild boars between the localities. We also used the DMT

data of Japanese wild boars obtained by Yamada et al. (2018,

2021), aiming to conduct a broader comparison and examine the

relationship between the foraging ecology and the DMT of wild

boars in Japan. From the preceding DMTA and conventional

microwear studies, we specifically expect that both diets and

frequency of rooting are associated with DMT even at finer

scales among Japanese wild boars, aiming at providing a more

solid background when discussing boar husbandry practice in

the zooarchaeological context.

Materials and methods

Sus scrofa population from Toyama
Prefecture

We used 205 individuals of wild boars collected by nuisance

culls in Toyama Prefecture, central western Japan (Figure 1).

The nuisance cull was done year-round, and sex, date of

collection, and localities were recorded. In the present study,

the boars were divided into two localities, i.e., the eastern

and western Toyama, which were separated by the Jinzu River

running across Toyama Prefecture in the north-south direction

(Figure 1). The geological and environmental settings of the two

localities were contrasting. The eastern region was characterized

by high elevation areas (altitude of ca. 100–2,000m) with

natural vegetation of cool-temperate deciduous broad-leaved

forest and secondary forest. On the other hand, the western

region was in lower elevation areas (altitude of ca. 100–500m),

and both secondary and planted coniferous forests showed a

mosaic distribution. Agricultural fields (rice and other crops)

were more widely distributed in the western region. Mean

annual temperature and annual precipitation were 11.8◦C and

3020.7mm for the eastern Toyama (Kamiichi-machi, 36◦40′20′′

N, 137◦25′40′′E) and 13.4◦C and 2597.3mm for the western

Toyama (Nanto-shi, 36◦32′70′′ N, 136◦52′30′′E). The number

of specimens used in the present study is given in Table 1.

The boars’ age at death (in months) was assessed by

tooth eruption and wear status according to the method of

Kodera et al. (2012). Subsequently, we classified them into

three age classes: adults (older than 20 months), juveniles

(12–20 months), and boarlets (younger than 12 months). The

season of death was classified into spring (March, April, and

May), summer (June, July, and August), autumn (September,

October, and November), and winter (December, January, and

February). Among the 205 individuals, the stomach contents of

36 wild boars were investigated (Yasuda and Yokohata, 2015).

The dried weight of stomach contents was weighed for four

dietary categories: above-ground plant parts (leaves and stems),

underground plant parts (rhizomes, tubers, and roots), nuts, and

rice. In the current samples, animal matters (vertebrates and

invertebrates) were minor components; therefore, the boars in

Toyama Prefecture had herbivorous feeding habits in general,

similar to other Japanese mainland populations (Asahi, 1975;

Kodera et al., 2013). The proportion of each category (weight

of the dietary item/total weight of analyzed stomach content)

was calculated, and the category that accounted for the largest

part of stomach content was identified for each boar. Table 1

includes the number of samples of stomach content analysis, and

the proportion of each dietary item in percent (%) is provided

in Supplementary Table S1. Figure 1 includes bar charts showing

the difference in stomach content between the eastern and

western regions. All the skull specimens are stored in the Faculty

of Science, University of Toyama.

Molding and obtaining microwear texture
data

Dental impressions were obtained from the occlusal enamel

surfaces of the lower 4th deciduous premolar (dp4) and the

lower 1st, 2nd, or 3rd permanent molars. Following Souron

et al. (2015) and Yamada et al. (2018, 2021), we investigated

the lingual enamel bands (facets 1, 3, 5, and 7 in Figure 2),

which act as Phase I shearing facets during mastication. When

the lingual enamel band was broken (N = 42), we used the

buccal enamel bands (facets 2, 4, 6, 8, and 10 in Figure 2). In the

present dataset, we did not observe any significant differences

in DMT parameters between the lingual and buccal enamel

bands (see Supplementary Figure S1), therefore we combined

the data from different enamel bands. Molding was conducted

following the methodology of Kubo et al. (2017), in which the

tooth occlusal surfaces were cleaned with cotton swabs soaked

with acetone, and molds were taken using high-resolution A-

silicone dental impression material (Dr. Silicon regular type,

BSA Sakurai, Japan). We used a confocal laser microscope (VK-

9700, Keyence, Japan) equipped with a 100× long-distance lens

(N.A. = 0.95) to scan the occlusal impressions. It uses a violet

laser, and its wavelength is 408 nm. Generated 3D microwear

texture data had point clouds with lateral (x, y) sampling with

an interval of 0.137µm and a vertical resolution (z) of 0.001µm

(the nominal value from the brochure). The field of view was 140
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FIGURE 1

Localities of Sus scrofa populations used in the present study. Results of the stomach content analysis of Toyama boars are presented,

respectively, for eastern and western regions, with the bars representing average proportions of four food categories and standard errors.

TABLE 1 The number of Sus scrofa specimens used in the present study.

Number of specimens used for DMTA Source of

DMT data
Boarlet Juvenile Adult Unknown

age

Locality Sp Su A W Total Sp Su A W Total Sp Su A W Total Total

Eastern

Toyama

8

(0)

9

(0)

30

(7)

24

(1)

71

(8)

1

(0)

11

(0)

7

(4)

6

(2)

25

(6)

4

(0)

5

(0)

5

(3)

18

(4)

32

(7)

This study

Western

Toyama

14

(1)

15

(0)

10

(0)

10

(5)

49

(6)

0 6

(1)

1

(0)

5

(1)

12

(2)

5

(2)

3

(0)

1

(1)

7

(4)

16

(7)

This study

Tanba 4 9 Yamada et al.,

2018

Iriomote

Island

5 4 Yamada et al.,

2018

Ishigaki Island 23* Yamada et al.,

2021

Stall-fed 11 Yamada et al.,

2018

For the Tanba, Ishigaki, Iriomote, and stall-fed populations, we used the original surface scan data from Yamada et al. (2018, 2021). Abbreviations for seasons are Sp, spring; Su, summer;

A, autumn; W, winter. The numbers in parentheses for Toyama boars are the sample size of the stomach content analyses.

*The age class of Ishigaki boar was not shown in Yamada et al. (2021), but the tooth surface data were obtained from either lower 1st or 2nd molars. Therefore, they were obtained from

either juveniles or adults.

The numbers in parentheses for Toyama boars are the sample size of the stomach content analyses.
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FIGURE 2

The occlusal surface of the left lower second molar and nomenclature of enamel bands. This study scanned the lingual enamel bands (facets 1,

3, 5, and 7). In case the lingual enamel bands were broken, we used the buccal enamel bands (facets 2, 4, 6, and 8). The scale bar is 10mm.

Abbreviations for orientation are Buc, buccal; Dis, distal.

× 105µm.We scanned four adjacent fields and combined them

into one large field by using VK Assembler software (Keyence,

Japan). The total acquired area was smaller than 280 × 210µm

due to overlaps between adjacent fields and thus variable among

the specimens. After trimmed into 208 × 144µm in size (see

“Processing 3D surfaces and calculation of DMT parameters”

below), DMT parameters were calculated from these combined

fields by using surface roughness software (Mountains Map,

Imaging Topography, ver. 9. 0. 9733, Digital Surf, France).

Comparative DMT data of extant Sus
scrofa populations from Japan

Yamada et al. (2018, 2021) compared DMT data of

extant and archaeological S. scrofa populations from Japan.

We utilized the scan data of the four extant populations:

a wild mainland population from the Tanba region, Hyogo

Prefecture, central Japan (hereafter referred to as Tanba), reared

individuals in a concrete-floored stall (stall-fed), and two wild

populations from the Ryukyu Islands (Iriomote Island and

Ishigaki Island). Detailed information on these populations is

given in Yamada et al. (2018, 2021), and dietary characteristics

are summarized below. The boars from the Tanba population

inhabited deciduous broad-leaved forests and fed mainly on

roots, barks, and rhizomes during the winter season (Asahi,

1975). The boars from Iriomote Island lived in subtropical

evergreen broad-leaved forests and consumed roots, rhizomes,

fruits, and nuts throughout the year (Ishigaki et al., 2007).

The boars from Ishigaki Island were not investigated in their

feeding habits, but they also lived in subtropical evergreen

broad-leaved forests and fed on crops (Ishigaki City, 2021). Both

Iriomote and Ishigaki Island boars were known to feed on crops

such as pineapples, bananas, mandarin oranges, sugar canes,
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TABLE 2 Names and definitions of 30 parameters of ISO 25178-2.

Parameter Description Unit

Sq The standard deviation of the height distribution µm

Ssk The skewness of the height distribution no unit

Sku Kurtosis of the height distribution no unit

Sp Maximum peak height, height between the highest peak and the mean plane µm

Sv Maximum pit height, depth between the mean plane and the deepest pit µm

Sz Maximum height is the sum of the maximum peak height and the maximum pit height (Sp+ Sv) µm

Sa Arithmetic mean height µm

Smr Areal material ratio, the ratio of the area of the material at a specified height c (c= 1µm under the highest peak) %

Smc Inverse areal material ratio, height at which a given areal material ratio (p= 10%) µm

Sxp Peak extreme height, difference in height between the p and qmaterial ratio (p= 50%, q= 97.5%) µm

Sal Autocorrelation length (s= 0.2) µm

Sdq Root mean square gradient no unit

Sdr The developed interfacial area ratio %

Vm Material volume at a given material ratio (p= 10%) µm3/µm²

Vv Void volume at a given material ratio (p= 10%) µm3/µm²

Vmc Material volume of the core at a given material ratio (p= 10%, q= 80%) µm3/µm²

Vvc Void volume of the core (p= 10%, q= 80%) µm3/µm²

Vvv The void volume of the dale at a given material ratio (q= 80%) µm3/µm²

Spd Density of peaks 1/µm²

Spc Arithmetic mean peak curvature 1/µm

S10z Ten-point height µm

S5p Five-point peak height µm

S5v Five-point pit height µm

Sda Closed dale area µm²

Sha Closed hill area µm²

Sdv Closed dale volume µm3

Shv Closed hill volume µm3

Sk distance between the highest and lowest level of the core surface µm

Spk the average height of the protruding peaks above the core surface µm

Svk The average height of the protruding dales below the core surface µm

and sweet potatoes (Ishigaki et al., 2007; Ishigaki City, 2021).

The stall-fed boars were fed mainly on corn. Except for the

Ishigaki population, the age at death in months was estimated

by Yamada et al. (2018) following the method of Hayashi

et al. (1977). There was a good correspondence between the

methodologies of Hayashi et al. (1977) and Kodera et al. (2012).

Therefore, the estimated ages were comparable to the Toyama

populations. The number of specimens used for comparative

analysis is shown in Table 1. Using amodified analytical template

of the newer version of the software (Mountains Map) after

the publications of Yamada et al. (2018, 2021), we reanalyzed

the original scan data obtained by Yamada et al. (2018, 2021)

rather than compared it to the published DMT parameter values.

The method for obtaining 3D surfaces by Yamada et al. (2018,

2021) was identical to that was applied for the Toyama boars:

i.e., the same tooth types and facets were scanned by the same

laser microscope with the same settings; therefore, the DMTA

data are directly comparable after the application of the newer

analytical template.

Processing 3D surfaces and calculation of
DMT parameters

All the 3D surface data were processed following the

procedures of Yamada et al. (2018) and Aiba et al. (2019) by

MountainsMap Imaging Topography. The scanned impressions

were mirror images of the actual tooth surfaces. Therefore, the

coordinates were mirrored in the x- and z-axes. The surfaces

were then leveled via the least-square plane by subtraction to

remove the inclination of the molds, and a robust Gaussian

filter was applied with a cutoff value of 0.8µm to remove

measurement noise (S-filter as defined in ISO 25178-2). The

form removal function (polynomial of increasing power = 2)
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was utilized to remove the large-scale curvature of the enamel

bands (F-operation in ISO 25178-2). Because measurement

noise appeared as spikes on the surface, we applied the

automated outlier removal function, which removes any features

with a slope of > 80◦ and a threshold that removes the

upper and lower 0.1% of the data. These non-measured points

were subsequently filled using the smoothing function of the

Mountains Map. This workflow was similar to that of the

preceding DMTA research (Arman et al., 2016; Kubo et al.,

2017), but the difference was in filtering: i.e., a robust Gaussian

with a 0.8µm threshold was used in the present study, whereas

single, double, and triple usage of spline, Gaussian, and robust

Gaussian filters with different threshold values were used in

previous studies (Arman et al., 2016; Kubo et al., 2017). Finally,

the scanned areas were trimmed to 208× 144µm to standardize

the area size. After the above procedures, 30 parameters of

ISO 25178-2 were calculated. The names and definitions of the

parameters are shown in Table 2.

Statistical analyses

We conducted a principal component analysis (PCA)

to summarize the 30 parameters into a few interpretable

components. The PCA was applied to the whole dataset (N

= 261). In the following statistical analyses, we focused on

the principal components. Since the normal distribution of the

principal components was rejected by the Shapiro–Wilk test

(P < 0.05, see Supplementary materials), we transformed them

using Johnson’s Su distribution to fulfill the normality. Hereafter,

the transformed principal components are referred to as PCs

for simplicity.

First, we compared PC1, PC2, and PC3 among Toyama

boars to test the relationships between dietary and ecological

characteristics and DMT. The following hypotheses were tested:

(1) there are significant differences among the dietary groups

based on the stomach contents, (2) there is an ontogenetic

change in DMT from boarlets to adults, and (3) there are

significant differences between localities (eastern Toyama vs.

western Toyama) and among seasons of collection in DMT. In

the first analysis, we conducted an ANOVA comparing the four

dietary categories using 36 individuals with data on stomach

contents: above-ground plant parts, N = 7; underground plant

parts, N = 21; nuts, N = 3; and rice, N = 5. Due to the

scarcity of samples, we grouped both localities, seasons, and age

classes. In the second and third analyses, we used the whole

Toyama dataset (N = 205) and conducted a stepwise model

selection with the PCs being the response variables and age class,

locality, season, and their interaction terms (age class∗locality,

age class∗season, locality∗season, and age class∗locality∗season)

being the explanatory variables. Since we did not find a

consistent difference between adults and juveniles in PCs (the

Tukey–Kramer test, P > 0.05), we used a dichotomous age

TABLE 3 The factor loadings from the PCA of 30 ISO 25178-2

parameters.

Parameter PC1 PC2 PC3

Sq 0.94491 0.23792 −0.08922

Ssk −0.04061 0.30561 −0.83249

Sku −0.07864 −0.36458 0.71585

Sp 0.90227 0.04394 −0.18948

Sv 0.89798 −0.07368 0.29806

Sz 0.96874 −0.02356 0.08975

Sa 0.92533 0.26467 −0.15181

Smr −0.52860 −0.06517 0.00448

Smc 0.90078 0.30132 −0.22015

Sxp 0.91367 0.09729 0.17192

Sal 0.16170 0.48160 −0.24314

Sdq 0.84296 −0.49282 −0.08509

Sdr 0.83481 −0.48088 −0.11054

Vm 0.71334 0.20988 −0.27369

Vv 0.90253 0.30107 −0.22343

Vmc 0.89635 0.28138 −0.19591

Vvc 0.87386 0.32185 −0.28150

Vvv 0.85723 0.04733 0.30025

Spd −0.39962 −0.63749 −0.28188

Spc 0.83996 −0.22180 −0.06605

S10z 0.85811 −0.33164 0.09577

S5p 0.78107 −0.30319 0.00562

S5v 0.83011 −0.31971 0.16049

Sda 0.40833 0.53991 0.40586

Sha 0.13575 0.72509 0.39891

Sdv 0.39155 0.28338 0.39700

Shv 0.29101 0.45430 0.53937

Sk 0.83817 −0.24701 −0.02094

Spk 0.83146 −0.45346 −0.00272

Svk 0.80094 −0.43389 0.10264

The absolute values larger than the threshold value (0.4) were shown in bold.

class (adult/juvenile vs. boarlet). We used Akaike’s information

criterion for a small sample size (AICc) for model selection. The

model was significantly different when the 1AICc was >2. The

model with the lowest AICc value and all included explanatory

variables being statistically significant was selected as the best

model (Burnham and Anderson, 1998).

Second, we compared the PCs of Toyama populations with

other wild boar populations and the stall-fed ones. For this

comparison, we only used juvenile and adult individuals of

Toyama boars with combined collection seasons. We conducted

a one-way ANOVA followed by pairwise comparisons with the

Tukey-Kramer tests. All the statistical analyses were conducted

with the statistical software JMP (ver 16.2, SAS Institute

Inc., USA).
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TABLE 4 Descriptive statistics of PCs of investigated boar populations.

PC1 PC2 PC3

Locality Age class Number of

specimens

Mean S.D. Mean S.D. Mean S.D.

Eastern Toyama Adult/Juvenile 57 −0.307 0.793 0.137 1.036 0.127 0.941

Boarlet 71 0.324 0.722 0.449 0.924 −0.229 1.122

Western Toyama Adult/Juvenile 28 −0.903 0.719 −0.142 0.804 0.014 1.013

Boarlet 49 −0.180 0.936 0.114 0.869 −0.362 0.889

Tanba Adult/Juvenile 13 −0.570 0.928 −0.026 0.769 0.244 1.161

Iriomote Island Adult/Juvenile 9 0.581 1.077 −0.813 1.317 0.401 0.853

Ishigaki Island N.A.* 23 0.664 0.634 −0.863 0.944 0.537 1.034

Stall-fed Juvenile 11 1.797 1.086 −1.223 1.073 0.026 0.869

*The age class of Ishigaki boar was not shown in Yamada et al. (2021), but the tooth surface data were obtained from either lower 1st or 2nd molars. Therefore, they were obtained from

either juveniles or adults.

Results

Principal component analysis of DMT
parameters

According to PCA of 30 ISO 25178-2 parameters, the first,

second, and third PCs explained about 55.5, 12.7, and 9.2% of the

total variance, respectively. Table 3 presents the factor loadings

of the parameters. The first component (PC1) can be interpreted

as the overall surface roughness or size of microwear features,

as most of the height (e.g., Sq: standard deviation of the height

distribution, Sp: maximum peak height, and Sa: arithmetic mean

height) and volume parameters (e.g., Vv: void volume at a given

material ratio, Vmc: material volume of the core at a given

material ratio, and Vvc: void volume of the core) showed large

values of the loadings. These were positively loaded; therefore,

larger PC1 values indicated greater surface relief. The parameters

which exerted a strong influence on the second component

(PC2) are those which are related to surface segmentation. Sda

(closed dale area) and Sha (closed hill area) have large positive

loadings, whereas Spd (density of peaks) has a negative loading

value. This indicates that larger values of PC2 represent tooth

surfaces segmented into larger hills and dales, resulting in a

lower number of segments (i.e., low density of peaks). The

negative factor loadings of Sdr (developed interfacial area ratio)

and Sdq (rootmean square gradient) are related to the fineness of

surface features, with the larger values indicating the dominance

of finer features, are concordant to this interpretation. The

third component (PC3) is related to height distribution. Ssk

(skewness of the height distribution) and Sku (kurtosis of the

height distribution) show large factor loadings. Therefore, the

larger value of PC3 indicates the height distribution of the

surface is skewed to a high elevation with the pointed peaks

and valleys.

All the raw parameter values and PC scores are included

in Supplementary Table S1. The descriptive statistics of PCs are

presented in Table 4.

Correlation between stomach contents
and DMT in Toyama boars

There are no significant differences in any of the PCs

among the four dietary groups defined by stomach content

analysis [one-way ANOVA; PC1: F3, 32 = 0.26, P = 0.85;

PC2: F3, 32 = 0.10, P = 0.96; PC3: F3, 32 = 1.51, P = 0.23;

Supplementary Figure S2], refuting the correlation between the

stomach content and DMT parameters in Toyama boars at the

individual level.

Factors responsible for the variation of
PCs in Toyama boars

We selected the best models explaining the variation

of PC1–3 by stepwise model selection using AICc

(Supplementary Table S2). The best model for PC1 includes

four explanatory variables: age class, locality (east or west),

season, and interaction of locality∗season, whereas that for

PC2 shares the same variables but lacks the interaction term

(locality∗season). On the other hand, only age class and season

are included in the best model for PC3. The parameter estimates

of the best models for PC1, PC2, and PC3 are presented in

Table 5. These results indicate habitat-related differences in

DMT are reflected in PC1 and PC2 but not in PC3. Considering

the fact that PC3 contributed a smaller amount of total

variation (9.2%) than PC1 and PC2, in the following analyses,
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TABLE 5 Parameter estimates of the best models for PC1, PC2, and PC3.

Parameter Estimate S.E. t-value P-value

PC1 Intercept −0.23 0.06 −3.77 <0.001

Locality [East] 0.21 0.06 3.48 <0.001

Age class [Adult/Juvenile] −0.32 0.06 −5.53 <0.0001

Season [Spring] −0.16 0.12 −1.42 0.16

Season [Summer] −0.15 0.10 −1.52 0.13

Season [Autumn] 0.33 0.11 3.04 <0.01

Locality [East]*Season [Spring] 0.04 0.12 0.39 0.70

Locality [East]*Season [Summer] 0.17 0.10 1.72 0.09

Locality [East]*Season [Autumn] −0.33 0.11 −3.01 <0.01

PC2 Intercept 0.12 0.07 1.78 0.08

Age class [Adult/Juvenile] −0.16 0.07 −2.37 0.02

Season [Spring] 0.12 0.13 0.89 0.37

Season [Summer] −0.28 0.11 −2.46 0.01

Season [Autumn] −0.12 0.11 −1.01 0.31

Locality [West] −0.15 0.07 −2.16 0.03

PC3 Intercept −0.09 0.07 −1.26 0.21

Age class [Adult/Juvenile] 0.21 0.07 2.85 <0.01

Season [Spring] 0.19 0.14 1.35 0.18

Season [Summer] −0.37 0.12 −3.02 <0.01

Season [Autumn] 0.05 0.12 0.39 0.70
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FIGURE 3

Comparisons of principal components (PC1 and PC2) between localities, age classes, and seasons of collection of Toyama boars. The box

encloses the 25th and 75th percentiles, with the horizontal line representing the median. Whiskers (perpendicular lines stretching from the

upper and lower edges of the box) show the range of observed values that fall within 1.5 times the interquartile range (the length of the box)

from the upper and lower edges of the box. (A) PC1, (B) PC2. *P < 0.05, **P < 0.01. Abbreviations for seasons are Sp, spring; Su, summer; A,

autumn; W, winter.

we only focused on PC1 and PC2. PC1, the proxy of overall

surface roughness or size and depth of microwear features, is

significantly larger in boarlets than adults/juveniles and larger in

eastern Toyama than in western Toyama. Seasonal differences

were detected only in western Toyama. In both age classes, the

individuals collected in autumn showed significantly higher PC1

scores than in other seasons (Figure 3A). PC2 is the proxy of

surface fineness, with larger values indicating that the surfaces
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Comparisons of principal components (PC1 and PC2) among six wild and stall-fed boar populations. The box plot format was the same as in

Figure 3. The groups with di�erent alphabets indicate significant di�erences (Tukey–Kramer tests, P < 0.05).

were segmented into larger hills and dales. The parameter

estimate of age class “adult/juvenile” has a negative value on

PC2 (Table 5), which means the tooth surfaces of adult/juvenile

are characterized by fine features. The differences between

localities are also statistically significant, with the boars in the

western region having lower PC2 scores (i.e., finer microwear

features) than those in the eastern region. There is a significant

seasonal difference only between summer and winter, i.e., the

tooth surfaces of individuals collected in summer have finer

features (Figure 3B).

Comparisons of Toyama boars with other
wild and stall-fed boar populations

After we combined all seasons for the east and west

Toyama populations, a one-way ANOVA was conducted to

test for differences among the six boar populations. Both PC1

and PC2 are significantly different among the populations

[PC1: F(5, 135) = 24.26, P < 0.0001; PC2: F(5, 135) = 6.53,

P < 0.0001; PC3: F(5, 135) = 0.95, P = 0.44]. Subsequent

pairwise comparisons by the Tukey-Kramer method reveal both

disparities and similarities among the populations (Figure 4).

There is an explicit difference in PC1: the stall-fed boars

display the highest PC1 scores, followed by two southern

island populations (Iriomote and Ishigaki populations) and

three mainland populations (eastern and western Toyama and

Tanba). On the other hand, PC2 scores of groups overlap each

other except for the stall-fed and eastern Toyama populations

(Figure 4). A scatter plot of PC1 and PC2 illustrates the

similarity between populations (Figure 5). The three mainland

populations (eastern and western Toyama and Tanba) overlap

each other, whereas the two island populations and the stall-fed

show considerable overlap. The overlap between the mainland
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A scatter plot of PC1 and PC2 accompanied by the representative 3D surface models of wild and stall-fed boars. The 90% confidence ellipse is

drawn for each population. DMTA variables with factor loadings higher than 0.4 in absolute values are shown as arrows in vector mapping.

Surface models are presented with the same height (z) scale. (A) Eastern Toyama (2008S-45), (B) western Toyama (2007S-11), (C) Tanba (No.

75♀), (D) Iriomote Island (M31148), (E) Ishigaki Island (OPM-102), (F) stall-fed (Ishii-16).

populations and the island ones is relatively small. This is

exemplified by the representative 3D surface models (Figure 5).

The boars from the mainland populations have overall flat and

homogeneous surfaces with abundant scratches (Figures 5A–C),

and the island populations have more heterogeneous surfaces

with high relief (Figures 5D,E). The stall-fed individuals show

high relief with heterogeneity (Figure 5F).

Discussion

Through the intensive sampling of wild-shot boars in

Toyama Prefecture and comparison to other wild and

stall-fed populations, this study clarified the difference in DMT

of S. scrofa, both at the finer and broader geographical scales.

In the following discussion, we start with the comparison

between geographically and ecologically different populations,

then continue to the discussion on DMT differences observed

within Toyama boars.

Variation among the wild boar
populations in di�erent habitat
environments

As shown in Figures 4, 5, the DMT of six populations

showed differentiation among the ecologically different groups,
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i.e., those in temperate deciduous broad-leaved forests (eastern

and western Toyama and Tanba), those in subtropical evergreen

broad-leaved forests (Ishigaki and Iriomote Islands), and stall-

fed, and similarity within each group. The stall-fed boars have

the largest PC1 scores, shown on their tooth surfaces with

large and deep depressions (Figure 5F). As discussed in Yamada

et al. (2018), the characteristic tooth surfaces of the stall-fed

boars resulted from their feeding on corn hay in the concrete-

floored stall. Crushing of hard seeds without contamination of

soils is responsible for their extremely rough tooth surfaces.

On the other hand, the boars from deciduous broad-leaved

forests had flatter tooth surfaces with abundant scratches

(Figures 5A–C). As discussed in previous studies (Ward and

Mainland, 1999; Souron et al., 2015; Yamada et al., 2018), this

reflects the frequent rooting of these populations. In addition

to feeding on rhizomes and roots, above-ground plant parts,

like bamboo shoots in spring and leaves and stems of dicots

and monocots from spring to summer, were important food

items for mainland boars in deciduous forests (Kodera et al.,

2013; Yasuda and Yokohata, 2015). The shearing of tough

and fibrous plant tissues causes dental wear with numerous

scratches and more homogeneous tooth surfaces in primates

(Grine and Kay, 1988; Scott et al., 2005). Therefore, it is

expected that both feedings on soil-contaminated underground

storage organs and fibrous above-ground plant tissues caused

relatively flat and homogeneous tooth surfaces of the mainland

boar populations.

Contrary to the results of Yamada et al. (2018), in which

they did not find statistically significant differences between

the island boars in subtropical evergreen broad-leaved forests

and the stall-fed ones, we found significant differences between

the two groups (Figure 4). This is probably due to our

current statistical procedure, transforming PC scores to achieve

normality and using parametric tests, which are more sensitive

to detecting the differences than the non-parametric tests

(Wilcoxon rank-sum tests) applied by Yamada et al. (2018)

for most of the ISO parameter comparisons. Both island

populations were not significantly different in PC scores, and

their PC1 values were located between the stall-fed and the

mainland populations. Based on the limited information on

the feeding habits of the island boars, they feed on fruits,

seeds, nuts, and crops throughout the year (Ishigaki et al.,

2007; Ishigaki City, 2021). Therefore, it is expected that their

mode of mastication was more inclined to crushing hard

objects and pulping the succulent vegetable tissues, both of

which would cause more pitted tooth surfaces. The boars

from the southern islands might also be involved in rooting

and feeding on leaves and stems, but the high availability of

nutritionally preferred foods (fruits, seeds, and crops) in their

habitats might offer them more opportunities for feeding on

these items.

Variation in DMT in Toyama boars and its
interpretation

In the current samples of Toyama boars, for which stomach

contents were analyzed (N = 36), we did not find a clear

relationship between DMT and the dietary groups defined

by the major items in the stomach contents. This is not

surprising because of the opportunistic feeding of the boars

and the different timescales at which the two dietary signals

are recorded (Davis and Pineda Munoz, 2016). Through

experimental feeding trials, Winkler et al. (2020) estimated

how long the turnover of DMT takes place in laboratory-

reared rats. It was shown to be ∼16–24 days, after which the

later diets overwrote dietary signals. Therefore, the association

between the stomach contents (the “last supper”) and DMT

should not be apparent unless the animals had continuously

been fed on the same diet for a while. In addition, the sample

size of stomach content analysis might not be large enough to

average and represent the dietary groups, failing to detect the

group differences.

The differences between the two localities (eastern vs.

western Toyama) are notable. The boars in the west of the

Toyama region showed lower PC1 values than those from

the eastern region (Figure 3A, Table 5), even in the broader

comparison with other populations (Figure 4). This indicates

that the boars in the eastern region have overall rougher

tooth surfaces than the western boars. Though we did not

find a direct association between the stomach content and

DMT at the individual scale, this regional difference can be

interpretable from the viewpoint of the habitat environment and

feeding habits. Nakajima and Kobayashi (2014) investigated the

distribution of forest types in Toyama Prefecture and reported

that in the eastern region, natural forests, secondary forests, and

planted forests tend to be distributed sequentially in this order

from the mountainous areas to the low elevation areas, whereas

in the western region, these different forests show a mosaic

distribution. The Toyama boars preferably consumed rhizomes

of Japanese yam (Dioscorea japonica) and kudzu (Pueraria

lobata) (Yasuda and Yokohata, 2015), which are more abundant

in the secondary forests. Due to the mosaic distribution of

the secondary forest in the western region, the boars could

use the secondary forests frequently. Together with the current

data of stomach content analysis (Figure 1), it suggests that the

boars in the western region were involved in more frequent

rooting during foraging, possibly in the secondary forests, which

resulted in a flatter and more homogeneous tooth surfaces,

presumably by the abrading effect of grit as suggested by Souron

et al. (2015). On the other hand, the boars in the eastern region

foraged on the four dietary categories in approximately equal

amounts (Figure 1). A higher rate of nut consumption compared

to the western boars is notable, and this corresponds to the
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distribution of acorn-bearing trees (Fagus crenata, Quercus

crispula, and Quercus serrata) in the eastern region (Nakajima

and Kobayashi, 2014). Feeding on acorns requires a high bite

force for crushing kernels, which may induce the generation

of large pits (Scott et al., 2005; Ungar et al., 2008; Daegling

et al., 2011). In addition, rice husks were abundantly detected

in the stomachs of some eastern Toyama boars (Yasuda and

Yokohata, 2015). Ramdarshan et al. (2016) pointed out by

their experimental feeding that the highest surface complexity

was observed in a group of ewes fed with clover and barley.

Therefore, it is possible that ingestion of rice husks may cause

strong abrasive wear. These food items might be potential causes

of the higher surface roughness in the eastern boars during the

seasons when they were available (summer and autumn for rice

and autumn and winter for acorns). Acorns were utilized by

boars until mid-winter (December) but might disappear in late

winter (Yasuda and Yokohata, 2015).

The seasonal difference in PC1 was detected only in the

western region (Figure 3A, Table 5). The western boars culled in

autumn showed significantly rougher tooth surfaces than those

culled in other seasons. The PC1 scores of the autumn-culled

individuals from the western region are comparable to those

of the eastern boars: both western boarlets and juveniles/adults

culled in autumn show higher PC1 scores than western boars

in other seasons, but their values are similar to those of the

eastern boars (Figure 3A). That means the western boars show

overall less rough surfaces than the eastern boars, but the surface

roughness increases to the level of the eastern boars in autumn.

Therefore, it is possible that in the autumn season, the boars in

the western region are involved in less rooting than in other

seasons and might more frequently feed on acorns and rice,

which are mostly available in autumn. Intensive rooting and

feeding on underground plant parts in winter might quickly

reduce the roughness of the surface in western boars.

We found significant differences between the age classes

(adult/juvenile vs. boarlet). The tooth surfaces of boarlets

are characterized by larger and deeper microwear features

and are segmented into larger hills and dales (i.e., coarser

surface texture) than adults and juveniles. This may reflect a

higher frequency of tooth-tooth (= attrition) contact, which

seemed to result in cracking of enamels and thus rough

surfaces in sucklings and weanlings. After the boars start

feeding on solid foods, food-tooth (= abrasion) contact

becomes predominant and decreases overall surface roughness

(i.e., flatter tooth surfaces). It is possible that progressive

involvement of rooting behavior in adults also reduces surface

roughness due to a polishing effect of contaminated soils.

This perspective, i.e., rough and non-homogeneous tooth

surfaces by frequent tooth-tooth contacts, would explain why

the stall-fed boars (Yamada et al., 2018 and data shown in

Figure 4) and the pigs experimentally fed on flour as the

control feeding group (Louail et al., 2021) have similarly rough

tooth surfaces.

We provided the first evidence of significant differences

in DMT reflecting the frequency of rooting and foraging

on underground plant parts at scales finer than interspecific

comparisons, i.e., among populations in ecologically diverse

habitats in Japan and even between geographically close

but slightly different habitats. Therefore, the current data

can be a reference for the foraging ecology of excavated

boars/pigs from archaeological sites. As boar skeletal remains

are abundantly yielded from Holocene archaeological sites

in Japan (Nishimoto, 1994), investigation of DMT of these

dental boar remains will shed light on their palaeoecology

and human–animal relationships that have changed trough

over time.

Further technical considerations of DMTA

We used 30 ISO 25178-2 parameters and resultant PCs in

this study to detect DMT differences among boar populations.

Though PCA successfully extracted the trends in DMT, further

application of scale-sensitive fractal analysis (SSFA) would be

beneficial for evaluating the more heterogeneous tooth surfaces

of suids (Souron et al., 2015; Lazagabaster, 2019; Louail et al.,

2021). This is reserved in the present study because of our

past experiences based on ruminant DMTA, in which we

found SSFA was less powerful in detecting dietary differences

(Kubo et al., 2017; Kubo and Fujita, 2021), and the fact that

analytical software formerly used in SSFA (Toothfrax or Sfrax)

and the SSFA module now integrated into MountainsMap

produce significantly different values (Calandra et al., 2021).

Reanalysis of published DMT of suids analyzed by older

SSFA software is mandatory when integrative comparisons

are made.

Another technical issue is the replication of surface scans

from the same tooth facet. In the present study, we used four

single scans of 140 × 100µm and combined them into a larger

area of 208 × 144µm. It is equivalent to the commonly used

total scan size (e.g., Scott et al., 2012: single scan size of 102 ×

138µm and combined four into 204 × 276µm; Louail et al.,

2021: single scan of 200 × 200µm per a facet; Ramdarshan

et al., 2016: single scan of 333 × 251µm was segmented into

four 140 × 100µm areas). Therefore, we consider that total

areas of 208 × 144µm can fulfill the requirements of the

DMTA standard. Nevertheless, intra-facet variability in DMT

exists in various mammals (e.g., Bas et al., 2020 in humans;

Sawaura et al., 2022 in macaques; Ramdarshan et al., 2017

in sheep); therefore, it may also have strong effects on tooth

facets of omnivorous suids. Additional scans from different

spots in the same facet can increase the sample size, control

the intra-facet variability, and then make the statistical tests

more sensitive, especially when we apply statistical tests with

nested structures.
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Conclusion

In this study, we compared the tooth microwear texture of

wild boars from six populations in Japan. Detailed ecological

and dietary information from stomach content analysis was

available for Toyama populations, allowing us to test the effects

of ecological variables on DMT. As expected, we did not find a

correlation between stomach content and DMT at the individual

level, but the dietary difference between localities was detected,

even between locations with geographical proximity. The tooth

surfaces of boarlets are rougher than those of juvenile and adult

animals, which cautions against the mixed usage of deciduous

and permanent molars of fossil or archaeological specimens in

dental microwear studies. The decrease in surface roughness

with age implies that the frequency of tooth-tooth contact, which

seems to result in cracking of enamels and thus rough surfaces,

decreases after the boars start feeding on solid foods (food-

tooth contact), with progressive involvement of rooting behavior

in mature adults. We further found that surface roughness

showed significant differences among localities, with the western

boars having flatter surfaces, possibly due to their more intense

involvement in rooting and feeding on soil-contaminated

rhizomes than the eastern ones, as evidenced by the available

stomach content data. The difference in rooting frequency is

also evident in the broader comparison among populations with

different habitat environments. The mainland boars inhabiting

deciduous broad-leaved forests have flatter tooth surfaces than

those in the subtropical evergreen broad-leaved forests of the

southern islands. This corresponds to the fact that above-ground

dietary resources are more abundant in the habitat of the

southern island boars, where crops like succulent vegetables and

fruits, as well as naturally fallen acorns, are abundant, whereas

underground plant parts are the dominant diet component

for the mainland boars. Together with the data of the boars

reared under dietary control, this study suggests that DMTA

can identify the difference in foraging modes in suids with great

dietary variability and paves the way to estimate the frequency

of rooting in semi-domesticated and free-ranging boars from

archaeological sites.
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