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Introduction

Abstract

Among ungulates, capital breeding males, especially in highly dimorphic species,
support higher reproductive costs than females. Roe deer, a relatively monomorphic
species, is defined as an ‘income breeder’, using a concurrent intake of energy
from forage to pay for a reproductive attempt. In a Northern Apennines (Arezzo
province, Tuscany, Central Italy) population, we detected sexual dimorphism in
adult roe deer according to average body mass (males 11% heavier than females),
mandible size (male mandibles are 2% longer than female ones), and tooth mea-
surements (first lower molar 10% higher and mandible cheek teeth row 4% longer
in males than in females, providing males with a larger surface for chewing). In
our study, body mass and body condition of roe deer males decreased with increas-
ing tooth wear as in females. However, males started losing weight at a lower
tooth wear level than females; after losing about 15% (~3.2 kg) of body mass they
had greater probability of death than females. For low-dimorphic species like roe
deer, these findings raise new considerations about the role of sexual dimorphism
in feed intake efficiency.

the processes driving variation in longevity is essential to
understanding population dynamics and evolutionary ecology.

Senescence is defined as age-related gradual deterioration of
body functions (e.g., Carranza et al, 2004; Ericsson &
Wallin, 2001), and results in an increase in the mortality rate
at progressively older ages (Finch, 1994). Senescence is perva-
sive in mammals (see Lemaitre et al, 2020; Nussey
et al.,, 2013 for a review), but natural mortality remains low in
wild populations, especially at adult stages. This is also the
case for ungulates, where the average yearly natural adult sur-
vival probability was estimated to be 88% in males (see Wil-
liams, 1957 for an analysis among 18 species), and may
exceed 95% in females (Gaillard, Festa-Bianchet, Yoccoz,
et al., 2000).

Because longevity is a major source of variation in lifetime
reproductive success and fitness among long-lived species
(Clutton-Brock, 1988; Kirkwood & Rose, 1991), knowledge of
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Longevity costs of reproduction may vary between sexes (Penn
& Smith, 2007) according to differences in energy intake and
growth of juveniles, especially in sexually size-dimorphic spe-
cies (Clutton-Brock, 1991). In this context, the energy costs
for males of acquiring mating opportunities can exceed those
of lactating females (e.g., Forsyth et al, 2005; Key &
Ross, 1999; Lane et al., 2010; McCullough, 1999). In contrast,
sexually monomorphic species may be expected to have no or
only a small difference in sex-biased survival compared to
dimorphic species (Promislow, 1992). However, terminal
decline and whether it differs between sexes remain open ques-
tions for these species. Research to increase this knowledge
base is very important, particularly in ungulates, because their
longevity, strong iteroparity, and overlapping generations pro-
duce unique patterns of population dynamics and life-history
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evolution (Gaillard, Festa-Bianchet, Yoccoz, et al., 2000, Gail-
lard et al., 2001). In addition, this knowledge could be valu-
able for the adaptive management of hunted species (Festa-
Bianchet, 2007).

In this context, European roe deer (Capreolus capreolus)
represents a perfect case study species. Among deer, it is the
most widespread and abundant species in Europe and a highly
valued game species for which monitoring of population status
is often required (Apollonio et al., 2010).

Considering the provision of energy (‘financing’”) of repro-
duction, often described on a continuum ranging from capital
to income breeding (see Stephens et al., 2009), the roe deer is
defined as an income breeder (Apollonio et al., 2020). Capital
breeders, like red deer, build and/or store reserves that allow
them to reproduce at a later time (e.g., the following year),
whereas income breeders, like roe deer, allocate recently
acquired energy from forage directly to reproduction (see Ste-
phens et al., 2009).

The roe deer is a small cervid (adult weight approx. 20—
30 kg) with low sexual dimorphism. However, the measure-
ments of sexual dimorphism have been mainly made on the
basis of body weight (males are about 10% heavier than
females; Andersen et al., 1998) and size (the height at withers
in males is about 9% greater than in females; Janiszewski
et al, 2011), neglecting differences in other characteristics,
such as dental measurements, which may be also important
and draw some changes in habitat selection, foraging behaviour
and, finally, in individual life history (i.e., body condition and
rates of survival and reproduction; Gaillard et al., 1998; Gail-
lard, Festa-Bianchet, Yoccoz, et al., 2000). Although an earlier
study on roe deer used estimates of molar wear for ageing
(Hewison et al., 1996), only a few analyses were performed to
link patterns of tooth wear to sex or life history theory (Chiri-
chella et al., 2021; Veiberg et al., 2007).

In order to fill this gap, our study aimed to: (1) compare
sexual dimorphism in adult roe deer in terms of eviscerated
body mass and body condition as well as considering sex-
related differences in mandible and teeth measurements; (2)
apply a recently developed tooth wear scoring scheme for roe
deer females (Chirichella et al., 2021) to males in order to
determine if there is the same relationship between body con-
dition and the degree of tooth wear; (3) provide evidence of
the role of tooth wear as a proximate cause of senescence
determined as body mass (weight) loss in relation to animal
(skeletal) size; and (4) select the best proxy of senescence in
roe deer males using either tooth wear score or other widely
used indices of wear (i.e., the height and the height/breadth
ratio of the first lower molar).

999

Materials and methods

Study area

The study was carried out in the Northern Apennines (Arezzo
province, Tuscany, Central Italy, 43°28'N, 11°53'E). Approxi-
mately 57% of the territory is above 400 m above sea level
(asl), with 7.4% of it being above 1000 m asl. The climate is
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temperate continental, with a mean temperature ranging from
1.4°C in January to 24.9°C in July.

Roe deer hunting is only allowed in hunting districts: in the
Arezzo province, there are 22 hunting districts of about
9500 ha each, subdivided into hunting zones of 109.3 ha + 1.2
sp (see Figure S1: Online Resource ESM1). The hunting dis-
tricts are evenly distributed throughout the province and cover
an overall area of 114 000 ha. The majority (61%) of this area
is forested, predominantly composed of deciduous oaks (Quer-
cus cerris and Q. pubescens) along with common beech
(Fagus sylvatica) and sweet chestnut (Castanea sativa). The
remaining area consists of cultivated fields (29%), scrub or
herbaceous vegetation (5%), artificial surfaces (4.6%), and
inland wetlands and waters (0.4%).

The study area harbours a rich wild ungulate community:
beside roe deer which are present in all the hunting districts,
there are wild boar (Sus scrofa), fallow deer (Dama dama),
red deer (Cervus elaphus), and mouflon (Ovis gmelini musi-
mon). Wild boar is homogeneously distributed across the
whole province, whereas red deer, fallow deer, and mouflon
are more localised (Apollonio & Mattioli, 2006). Predators are
primarily grey wolf (Canis lupus), with an estimated 25 packs
in 2015 (Bassi et al., 2015), and red fox (Vulpes vulpes).

Data collection

In all 22 hunting districts of the Arezzo province, roe deer are
legally hunted each year from January 1 to March 15 (females
and juveniles), from June 15 to July 15 (males), and from
August 15 to September 30 (males, females, and juveniles).
From 2007 to 2017, a sample of 531 roe deer mandibles was
collected from legally shot individuals between January 1 and
March 30 (319 adult females) and June 15 to July 15 (212
adult males, all of them harvested before the rut and hence not
experiencing seasonal body mass loss; see Apollonio
et al,, 2020). Hunters prepared all the mandibles of hunted
individuals using the hot water maceration method, hand
removal of soft tissue and cartilage, and a 35% hydrogen per-
oxide treatment. Each mandible was registered by the Provin-
cial Government and made available to us for measurements
and analyses. Date of culling, sex, body mass, and hunting dis-
trict were recorded for each roe deer. Body weight used in this
study is eviscerated body mass (i.e., weighed without viscera,
potential embryos/foetuses carried by females, and flowing
blood; BW). For the Arezzo province population, the mean
value of eviscerated body mass for adult (i.e., 2 or more years
old) females culled in the January—March period was 18.1 kg
(Chirichella et al., 2019), and for adult males culled in the
June-July period it was 21.6 kg (personal unpublished data,
based on 2491 individuals culled between 2012 and 2017).

In the laboratory, measurements of mandibles and teeth were
done with a digital calliper (£0.01 mm) always by the same
researcher (see Table 1 for a description of collected measure-
ments). For the analysed population, the mean lengths of
mandible (ML), a proxy of skeletal size, for adult females and
males were 155.4 and 158.0 mm, respectively (see De Marinis
et al., 2019).
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Table 1 Measurements of mandibles and teeth on 531 adult roe deer (319 females, 212 males) shot in the Northern Apennines (Arezzo
province, Tuscany, Central Italy) during the regular annual harvest (1 Jan-15 Mar for females; 15 Jun-15 Jul for males) from 2007 to 2017

Schematic drawing

Measurement and name abbreviation

Description

Mandible
Mandible length

Diastema length

Teeth
Cheek teeth row length

Height of M2

Breadth of M; 2

Distance from the anterior margin of the alveolus of |; to the posterior
margin of the processus angularis De Marinis et al. (2019)

Distance from the posterior margin of the alveolus of C to the anterior
margin of P, Sabalinkiene et al. (2017)

Distance from the anterior margin of P, to the posterior margin of M3
De Felice et al. (2020)

Distance from the peak of the mesiobuccal cusp to the enamel/
cementum line Chirichella et al. (2021)

Buccolingual breadth of the mesial cusp Chirichella et al. (2021)

‘Both HM1 and WM1 were measured 3 times for each individual, and mean values were derived (HM; and BM;).

The progressive wearing of the cheek teeth was assessed
using a scoring scheme based on 28 objectively described mor-
photypes on two premolars (P; and P4) and all three molars
(M;, M, and M3;; see Chirichella et al., 2021 for details about
the schematisation of the wear process, and for nomenclature
and terminology of morphotypes of the occlusal surface).

Tooth wear was also estimated using crown height of the
first molar (HM;) and the M; height/breadth ratio (HBRM,,
defined as the height of M; divided by the buccolingual
breadth as reported by Ozaki et al., 2007, 2010 in unworn
teeth), which are the most widely used indices of tooth wear
in wild ruminants (e.g., Ericsson & Wallin, 2001; Fandos
et al., 1993; Kojola et al., 1998; Skogland, 1988). Both height
and breadth of M; were measured three times per each
individual and mean values of HM; and HBRM,; were
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derived. The dataset is available as Online Resource ESM2:
Appendix SI.

Data analysis

We determined sexual dimorphism in terms of eviscerated
body mass and ratio of eviscerated body mass to mandible
length (i.e., BW/ML), as a proxy of body condition in roe deer
(Blant & Gaillard, 2004; Hanzal et al., 2017; Hewison
et al., 1996). Differences between sexes were also evaluated
for all the mandible and teeth measurements (shown in
Table 1). In particular, HM; and HBRM,; were compared
between sexes by ANOVA according to tooth wear score
classes (i.e., class 1: 0-10; class 2: 11-20; class 3: 21-30;
class 4 > 31; see Chirichella et al, 2021). Moreover,
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Table 2 Sexual dimorphism in roe deer

R. Chirichella et al.

Measurements F P % (M > F)
Body
Eviscerated body mass (BW?) 105.41 <0.001 10.6
Body condition index (BW/ML?) 74.29 <0.001 7.1
Mandible
Mandible length (ML) 50.39 <0.001 1.7
Diastema length (DL) 1.83 0.177 -
Teeth
Cheek teeth row length (TRL) 105.60 <0.001 3.9
Height of M, (HM;°) 12.69 <0.001 10.1
Breadth of M, (BM/°) 0.16 0.688 -
Height/breadth ratio (HBRM; = HM;/BMj) 12.63 <0.001 10.3

Differences between 319 adult roe deer females and 212 adult males shot in the Northern Apennines (Arezzo province, Tuscany, Central Italy)
during the regular annual harvest (1 Jan-15 Mar for females; 15 Jun-15 Jul for males) from 2007 to 2017: (1) body mass (eviscerated body
mass, BW,; body condition index, BW/ML), (2) mandible size (mandible length, ML; diastema length, DL), and (3) dental measurements (cheek
teeth row length, TRL; height of My, HMy; breadth of M;, BM;). For visualisation of differences, see ESM3: Figure S2.

‘Both BW and BW/ML were evaluated in individuals belonging to the first tooth wear score class (i.e., with total wear score < 10).

°Differences in HM1 were evaluated only for individuals without wear of M1.

‘Both HM1 and BM1 were measured three times per each individual and mean values were derived (HM; and BM;).

controlling for body size, we tested if males had a larger
chewing surface than females by means of linear models test-
ing the effect of sex, ML and their combination on cheek teeth
row length (TRL).

BW and BW/ML were related to tooth wear score in 212
adult males and compared to the mean value of eviscerated
body mass and the body condition index of adult males in the
same population (De Marinis et al., 2019; see Chirichella
et al,, 2021 for a comparison with adult females in the same
population).

Linear regressions were calculated between BW and BW/
ML (dependent variables) and (1) the wear scores of each
tooth, (2) the sum of the scores obtained by pooling the molar-
iform teeth in different ways (see Table 2 for the complete list
of independent variables), (3) the height of M; (HM;), and (4)
the height/breadth ratio of M; (HBRM;). Models were com-
pared by means of Akaike’s Information Criterion for small
sample sizes (AICc) and we checked standardised residual
plots for assumptions of normality, homoscedascity, and inde-
pendence (Burnham & Anderson, 2002; Zuur et al., 2010).
Differences in body mass, mandible length and body condition
index were investigated by ANOVA and Tukey HSD post hoc
test for consecutive classes of tooth wear score (4 classes).
The percentage of weight and body condition loss in relation
to increasing tooth wear was calculated (see Chirichella
et al,, 2021 for a comparison with adult females in the same
population).

Statistical analyses were performed using R version 4.0.4
(www.r-project.org; R Core Team, 2021).

Results

We detected sexual dimorphism in adult roe deer in body,
mandible, and tooth measurements (Table 2 and Online
Resource ESM3: Figure S2). The most pronounced differences
were found in eviscerated weight, with males being about 11%

heavier than females before losing weight as a result of
advanced tooth wear. A similar difference was recorded for the
height of the unworn first molar (before the wear started),
which was about 10% higher in males than in females. This
difference was reflected in sex-related difference in the
HBRM,, which is also due to the absence of sexual dimor-
phism in M; breadth. The difference in the crown height of
M; remained constant between males and females until the
most advanced stage of tooth wear (i.e., molariform wear
score > 31), when the two sexes no longer showed signifi-
cantly different heights (Fig. 1). Cheek teeth row length was
also significantly larger in males than in females (approxi-
mately 4%), providing them a larger surface area suitable for
chewing (see Online Resource ESM4: Table S1 for major
details).

Each evaluated proxy of weight and body condition loss
showed a different ability to synthesize information on senes-
cence in roe deer males (Table 3). Molar (M| + M, + M3s¢otal)
and molariform wear score (P3 + P4 + M| + My + Mzga1)
were best correlated with body mass and body condition (i.e.,
models with AAICc < 2; Table 3, Fig. 2). On the contrary,
HM; and HBRM,, despite their correlation with M; wear
score (r, = —0.64, P < 0.001 for HM;, and r, = —0.62,
P < 0.001 for HBRM,;, respectively), were less effective
indices to describe the variation in body condition of roe deer
males (Table 3).

Tooth wear score classes were related to significant loss of
body mass and body condition (ANOVA: F505 = 17.75,
P < 0.001 for BW; F;3503 = 17.55, P < 0.001 for BW/ML),
while no relation was found with mandible length
(F3208 = 0.93, P = 0.43) (for details, see Table 4). Body mass
and body condition decreased respectively by 15.0% and
14.3% in those males with the most advanced stage of tooth
wear compared to individuals experiencing minor tooth wear
(Table 4), clearly illustrating that tooth wear was the proximate
cause of body weight loss. Eviscerated weight was under the
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Figure 1 Differences in height of M; between sexes. Mean and
standard errors (sg) of My height (in mm) for 531 adult roe deer (319
females, 212 males) shot in the Northern Apennines (Arezzo
province, Tuscany, Central Italy) during the regular annual harvest (1
Jan-15 Mar for females; 15 Jun-15 Jul for males) from 2007 to 2017
according to consecutive molariform wear score classes.

mean population value when the molars wear score exceeded a
value of 10. Individuals in the 11-20 tooth wear score class
had one or both infundibula worn away in M;. With increasing
tooth wear scores above this level, body masses were more

Role of tooth wear in roe deer senescence

and more frequently found to be below the population average
(R? = 0.22; see Fig. 2). This process was associated with the
progressive disappearance of infundibula in M, and M.

Sexual differences in BW versus molariform wear score are
highlighted in Fig. 3, showing the value at which tooth wear
level is no longer able to sustain the physical condition of
individuals (i.e., tooth wear score of 10 for males and 20 for
females).

Discussion

Body mass and size of the European roe deer may vary widely
depending on geographical, climatic, and environmental condi-
tions (e.g., Janiszewski et al., 2009; Petelis & Brazaitis, 2003;
Pettorelli et al., 2002; Wajdzik et al., 2016). This study takes
advantage of the possibility of obtaining a large number of
measurements within a single population (i.e., a wild popula-
tion with a uniform management regime and experiencing sim-
ilar climatic/environmental conditions) in order to evaluate the
sexual dimorphism and tooth wear processes in this widespread
species.

In general, the body mass of European roe deer increases in
males up to about 3 years of age (Mysterud & Qstbye, 2006;
Nussey et al., 2011), while by 2 years of age, females have
reached approx. 95% of their maximum body mass (Gaillard,
Festa-Bianchet, Delorme, et al., 2000). As reported by Andersen
et al. (1998) for this species, males are consistently about 11%
heavier than females, but in the analysed population their mand-
ible length, a good proxy for body size (Blant & Gaillard, 2004;
Hanzal et al., 2017; Hewison et al., 1996), is only about 2%
longer. Despite this very small difference, the height of the first
molar (before wear has started) showed a similar sexual dimor-
phism as for body mass (about 10%). This difference, together
with the longer cheek teeth row (approx. 4%), provides males a

Table 3 Relation between male roe deer body condition, tooth wear score and M; measurements

BW (kg) BW/ML (kg/mm)

Independent variables AlCc (Rank; Value) RPadj. F P AlCc (Rank; Value) R?adj. F P
Tooth wear scores

P3 10; 953.2 0.048 11.649 0.001 9; =1193.9 0.040  9.903 0.002

Py 5; 936.9 0.118  29.290 <0.001 4;-1210.5 0.113  27.841 <0.001

My 3;915.4 0.203 54.884 <0.001 3; -1230.5 0.193 51.401 <0.001

M, 4, 935.8 0.123  30.558 <0.001 4;-1210.5 0.113  27.790 <0.001

M3z 9;947.9 0.071 17.230 <0.001 7; -1203.2 0.082 19.789  <0.001

M3 (additional Distal Elernent) 7, 939.9 0.074 17.731  <0.001 12; -1184.4 0.057 13.5688 <0.001

M3 total 6; 938.1 0.113 27.635 <0.001 6; -1208.9 0.106  25.992 <0.001
Premolars (P53 + Py4) 8; 944.3 0.087 21.170 <0.001 8;-1202.5 0.078 18.968 <0.001
Molars (M1 + Mz + Maiotal) 1;,912.3 0.218 59.384 <0.001 1; —1232.9 0.202 54.847 <0.001
Molariforms (P + P4 + My + My + M3iora)  2; 914.0 0.209 56.587 <0.001 2;-1231.0 0.194 51.920 <0.001
M1 measurements

HMy 11; 962.5 0.078 18.730 <0.001 11; -1186.8 0.008  2.762 0.098

Height/breadth ratio (HBRM;) 12; 962.6 0.005 2.034 0.115 10; —1186.9 0.008  2.801 0.096

Main parameters of linear regressions between eviscerated body mass (BW in kg; on the left) and the ratio of eviscerated body mass to the
mandible length (BW/ML in kg/mm; on the right) as dependent variables, and tooth wear scores, M, height (HM; in mm) and height/breadth
ratio of M; (HBRMj) for 212 roe deer males shot in the Northern Apennines (Arezzo province, Tuscany, Central ltaly) during the regular annual
harvest (15 Jun-15 Jul) between 2007 and 2017. Best models (i.e., models with AAICc < 2) are highlighted with bold characters.
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Figure 2 Eviscerated body mass (BW in kg; left panel) and the ratio of eviscerated body mass to mandible length (BW/ML in kg/mm; right
panel) as dependent variables in relation to molars wear score in 212 roe deer males shot in the Northern Apennines (Arezzo province, Tuscany,
Central Italy) during the regular annual harvest (15 Jun-15 Jul) from 2007 to 2017. R? of the linear regression (dotted grey line) is reported.

Table 4 Eviscerated body mass, mandible length and a body condition index in different classes of the molariforms tooth wear score in roe deer
males

Tooth wear score classes

= el o g DE T p e
TGRSR, nwen P oo Ba o
0-10 (N=128) 11-20 (N =57) 21-30 (N =19) >31 (N=28)
Eviscerated body Min 17.5 17.8 17.0 18.0
mass (BW; kg) Mean 22.6 21.12 19.8 19.2
Max 28.4 26.4 24.0 20.1
% loss - 6.6 12.4 15.0
Mandible length Min 148.6 150.4 152.2 152.1
(ML; mm) Mean 157.2 157.8 157.6 160.6
Max 167.9 167.4 166.6 166.3
% loss - - - -
Body Condition Min 0.11 0.11 0.11 0.11
Index (BW/ML; Mean  0.14 0.12° 0.12 0.12
kg/mm) Max 0.17 0.15 0.15 0.13
% loss - 14.3 14.3 14.3

Minimal, average and maximal values of eviscerated body mass (BW; in kg), mandible length (ML; in mm) and a body condition index (BW/ML;
in kg/mm) of 212 roe deer males shot in the Northern Apennines (Arezzo province, Tuscany, Central Italy) during the regular annual harvest (15
Jun-15 Jul) between 2007 and 2017 according to different classes of the molariforms’ tooth wear score. Percentage of weight loss and body
condition loss were calculated referring to individuals with minor tooth wear, that is, those belonging to the score class 0-10, and according to
the differences in consecutive tooth wear score classes (F3 205 = 17.75, P < 0.001 for BW; F3205 = 17.55, P < 0.001 for BW/ML). Tukey HSD
post hoc test results are indicated by superscripts — means within a row not sharing the same superscript differ significantly. No differences in
mandible length (Fz 208 = 0.93, P = 0.43) for consecutive tooth wear score classes were revealed. Pictures show the mean wear condition of
each tooth wear class.

larger and more durable surface suitable for chewing. Therefore,
if the tooth wear process in males and females were charac-

a longer time. Indeed, teeth should increase in size in relation to
body size if they are to maintain performance and durability (see

terised by similar timing and pattern, males would have a longer
life expectancy, being able to sustain their physical condition for

Fortelius, 1985; Lucas, 2004). However, this is not the case in
males of polygynous ungulates, such as red deer, in which tooth
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Figure 3 Eviscerated body mass (BW in kg) in relation to molariform wear score in 212 roe deer males (left panel) and 319 females (right panel)
shot in the Northern Apennines (Arezzo province, Tuscany, Central Italy) during the regular annual harvest (1 Jan-15 Mar for females; 15 Jun-15
Jul for males) from 2007 to 2017. Linear regressions are reported for animals with a molars wear score below (grey line) or above (black line)
the value at which tooth wear level is no longer able to sustain the animal’s physical condition (i.e., tooth wear score of 10 for males and 20 for
females, respectively). Mean population values of BW are highlighted with red dot lines.

size and durability have not evolved at the same rate as body
mass (Carranza et al., 2004; Carranza & Pérez-Barberia, 2007,
Loe et al., 2003).

Our data showed that the body mass and body condition of
roe deer males decreased with increasing tooth wear score.
However, once they have reached tooth wear values that are
half of those of females (10 vs. 20; see Chirichella et al., 2021
for a comparison), they are no longer able to support the nec-
essary intake of energy. From this threshold onward, body
masses were increasingly below the population average, sug-
gesting the need for a better preserved chewing capacity in
males. Moreover, males wore down their teeth more intensely
than females during their life (males have 10% higher molars);
after losing about 15% (=3.2 kg) of body mass, they have
greater probability of death (i.e., we did not find males with
>15% of body mass below the mean population level) than
females (see Chirichella et al., 2021).

In mammals, the energy costs for males of acquiring mating
opportunities can exceed those of lactating females (Key &
Ross, 1999). This has also been verified in ungulates, espe-
cially those characterised by high polygyny and capital breed-
ing males that build and store reserves to be used during the
rutting period, independently of food availability (Lane
et al., 2010; Mysterud et al., 2004). In these species, males,
which show no parental care, have a relevant reproductive
investment during the rut, because once conception is ensured
males have no further involvement in reproduction. Roe deer
belong to the opposite end of the capital income breeder con-
tinuum (Apollonio et al., 2020), allocating concurrent intake of
energy from food directly to reproduction. Indeed, roe deer
males are long-term territory holders, but females are solitary,
so territorial males have access only to one or few females at
a time, that is, only to the females either present in their
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territory (Kurt, 1991; Lieberg et al., 1998) or visiting them
during reproductive excursions (Debeffe et al., 2014). All this
reflects the low level of polygyny of the species, limited vari-
ance in lifetime reproductive success (Vanpé et al., 2009), and
a relatively small proportion (<10%) of body mass lost during
the rut, indicating a low reliance on stored energetic capital
during that period (Apollonio et al., 2020).

However, as in other relatively monomorphic species (Bou-
tin & Larsen, 1993; Lane et al., 2009), roe deer exhibit a com-
petitive mating system under which sexual selection favours
males capable of defending and maintaining a territory for a
long time (Lane et al., 2010). For this reason, males’ effort to
manage resource acquisition and energy allocation to reproduc-
tion may exceed those of females.

According to our data, the wear score of molars and all
molariforms teeth best correlated with the body mass and body
condition of adult males. Interestingly, the best proxy of
weight loss is the same for females (Chirichella et al., 2021),
showing the importance of the entire chewing surface in shap-
ing the ability of the animal to acquire energy throughout food
comminution, chewing, and digestion in both sexes.

However, as a consequence of increasing tooth wear, body
mass loss in males occurs earlier than in females (Fig. 3), sug-
gesting a stronger resilience to the reduction of chewing capac-
ity in females, which can contribute to explaining the longer
life expectancy in this sex (Gaillard et al., 1993). This suggests
that assessment of the degree of tooth wear may actually be
considered as a descriptor of population structure and yields
important information about the level of tooth wear at which
roe deer males and females start losing their body condition
with respect to the mean population value (Chirichella
et al., 2021). In addition, it should be noted that with the onset
of tooth wear, a slight weight loss was found for females while
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for males there seems to be no weight reduction (see Fig. 3).
However, the body mass loss for males could be masked by
their prolonged growth period that can reach 3—4 years of age
(Mysterud & Ostbye, 2006; Nussey et al., 2011). This process
could be further masked as the molars of roe deer and other
ruminants have a ‘secondary functional occlusal relief’. This
means that only after some initial wear (when the cuspal
enamel has been worn away) the teeth become fully functional,
with an occlusal surface consisting of enamel ridges along the
crown flanks and the infundibulum and dentinal troughs
between these ridges (Fortelius, 1985).

Finally, our study allowed us to compare the new tooth wear
scoring scheme with the other widely used indices of wear
(i.e., the height and the height/breadth ratio of M;). Both of
these measurements failed to synthesise the wear stages of the
entire occlusal surface of the molars and were less correlated
with variations in body condition. Moreover, in males, this cor-
relation was much lower than that already shown for females
(Chirichella et al., 2021). These findings could be related to
the high degree of wear of the first molar in the last years of
life for deer species, which does not allow for much differenti-
ation among individuals, especially in males (De Marinis, 2015;
De Marinis & Toso, 2013).

Better knowledge of population conditions and survival rates
is an important goal in wildlife management, particularly because
severe alterations of both sex ratio and age structure in hunted
populations are important drivers of population dynamics (Mys-
terud, 2011; Mysterud et al., 2005). Future work should aim to
connect the true age of an individual with the tooth wear classes
in order to verify when ageing starts being evident in males and
females both through increases in tooth wear and decreases in
body condition. This approach applied to populations of the same
species living in different environments may help to elucidate
intraspecies variability in population dynamics, being tooth size
less ‘evolvable’, in terms of time required for changes, than body
size (Clauss et al., 2022). These data could address new, relevant
questions for low dimorphic species like roe deer, elucidating
sexual dimorphism in relation to feed intake efficiency among
different populations.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article:

Figure S1. Study area. Map of the study area located in the
Northern Apennines [Arezzo province (43°28'N, 11°53'E;
black in the right panel), Tuscany (grey in the right panel),
Central Italy]. The study area includes 22 hunting districts (left
panel) where 531 adult roe deer (319 females, 212 males) were
legally shot during the regular annual harvest (1 Jan—15 Mar
for females; 15 Jun—15 Jul for males) between 2007 and 2017.

Figure S2. Sexual dimorphism in roe deer. Sexual dimor-
phism in 531 adult roe deer (319 females and 212 males) shot
in the Northern Apennines (Arezzo province, Tuscany, Central
Italy) during the regular annual harvest (1 Jan—15 Mar for
females; 15 Jun—15 Jul for males) between 2007 and 2017: (1)
body measurements (eviscerated body mass, BW; body condi-
tion index, BW/ML [calculated for individuals with tooth wear
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score < 10]), (2) mandible measurements (mandible length,
ML; diastema length, DL), and (3) dental measurements
(height of M1, HM1 [measured only in individuals with M1
wear score = (]; breadth of M1, BM1; height/breadth ratio of
M1, HBRMI1 [measured only in individuals with M1 wear
score = 0]; cheek teeth row length, TRL).

Table S1. Chewing surface in roe deer. Differences in cheek
teeth row length (TRL) between sexes, controlling for body
size in 531 adult roe deer (319 females and 212 males) shot in
the Northern Apennines (Arezzo province, Tuscany, Central
Italy) during the regular annual harvest (1 Jan—15 Mar for
females; 15 Jun—15 Jul for males) between 2007 and 2017.
Model parameter estimates (ff), standard errors (SE), t-values ()
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and P-values of the model explaining differences in the cheek
teeth row length (TRL), controlling for body size (i.e., a proxy
of mandible length, ML), are presented.

Appendix S1. Dataset. Individual characteristics (ID, sex,
and date of culling), tooth wear scores, eviscerated body
weight, body condition index, mandible measurements (length
of mandible, diastema and cheek teeth row), and dental mea-
surements (M1 height, M1 breadth, and height/breadth ratio of
M1) referred to 531 adult roe deer (319 females, 212 males)
legally shot during the regular annual harvest (1 Jan—15 Mar
for females; 15 Jun—15 Jul for males) in the Northern Apenni-
nes (Arezzo province, Tuscany, Central Italy) between 2007
and 2017.
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