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Integrating ontogenetic and
behavioral analysis in fossil and
extant Lynx pardinus (Temminck,
1827)

Israel Jesus Jimenez!2, Rebeca Garcia-Gonzalez?, Montserrat Sanz*, Joan Daura*,
Ignacio de Gaspar®°, Maria Isabel Garcia-Real*® & Nuria Garcial%7**

This study proposes new developmental stages for age classification of the Iberian lynx (Lynx
pardinus), based on tooth development observed through X-rays, with a focus on juveniles. The
classification defines a set of developmental markers expected as a cub grows, identifying five age
categories: neonate, two juvenile stages, subadult, and adult. As an alternative methodology, we
adapted pulp cavity infilling analyses previously applied in other carnivores, estimating development
stages with ordinal logistic regression equations that examine root development in the lower

and upper carnassial. These methods were then applied to fossil samples to interpret the age and
behaviour of past lynx populations at Terrasses de la Riera dels Canyars (TC) and Cova del Gegant (CG).
The results at TC suggest a minimum of 16 individuals, with a mortality profile suggesting a living
structure population. In contrast, the CG mortality profile align closely with to seasonal mortality
profiles, reinforcing previous assumptions denning activity. The regression-based age estimation
proved effective for both modern and fossil samples, supporting its potential use in conservation and
reintroduction. Additionally, this ontogenetic approach provides comprehensive mortality profiles and
insights into the behavioural history of L. pardinus.
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The Iberian or pardel lynx (Lynx pardinus Temminck, 1827) is a feline species native to the Iberian Peninsula'.
At the beginning of the 2000s, L. pardinus was one of the most endangered mammal species globally with fewer
than 100 individuals remaining in southern Spain (Dofiana, Huelva, Spain)? and it was classified as Critically
Endangered!. Nevertheless, after intensive conservation programs, the population has recovered over the last
few years®. Nowadays, the population overs 1600 individuals, spreading across Spain and Portugal®. However,
during the Upper Pleistocene and early Holocene, its distribution included the entire Iberian Peninsula, south-
eastern France and Italy, inhabiting wide-ranging ecosystems from which it is now restricted®”’.

L. pardinus is a solitary and territorial animal®, distinguished by its sleek appearance, long limbs, small head,
and very short tail’. This species exhibits sexual dimorphism'?, with males being larger and heavier than females.
It is primarily crepuscular and nocturnal®!, relying almost exclusively on rabbits for sustenance, which make up
85-99% of its diet'>!>. Females reach sexual maturity at around two years of age'*!°. Breeding is seasonal, with
oestrus occurring in winter, mainly in January and February, and gestation lasting between 63 and 66 days'®1”.
Most births occur between March and April'®, with litters typically consisting of three to four cubs!'®. At birth,
the offspring are considered semi-altricial and require substantial maternal care?’.

Dental development begins around the third week of life. The first teeth to erupt are the upper canines, which
appear at approximately 17 days (within a range of 14-19 days), followed shortly by the lower canines at around
19 days (16-24 days). The upper and lower incisors emerge around 19-20 days (16-26 days), while premolars
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appear between 37 and 38 days (33-40 days). Juveniles remain within the natal territory until dispersal, which
occurs between one and two years of age!®. The lifespan of L. pardinus is estimated to be up to 14 years®!.

Carnivorous mammals typically give birth to relative underdeveloped young that need complete care during
their early life for survival?’. Neonates are usually the most vulnerable life stage in mammals'®. Dens play a
crucial role in the development of the young, providing shelter from environmental conditions, optimal ambient
conditions for successful development, and protection from predators**~2°. Females L. pardinus give birth in
dens knows as natal dens. These spaces are used to rear cubs during their first weeks of life. At around one
months old, cubs begin following their mother and leave the natal den, but they continue using another type of
den, the auxiliary den, until their mobility is fully developed (around two months of life'®?*. Ethological studies
in deltaic regions without caves, such as the Dofiana region, indicate that lynxes usually use hollows in large trees
to rear their newborns?’. However, rocky areas are also suitable for denning®*?’. This observation seems to be
supported by fossil evidence, so lynx remains are commonly recovered in karstic contexts**?°. Recent research
has shown, using taphonomical criteria, that L. pardinus used caves (Cova del Gegant, Sitges, Barcelona, Spain)
as a reproductive den®. In contrast, other Pleistocene cavities, such as Cova del Coll Verdaguer, were used by
lynxes as a refugee for resting, transporting their prey, and feeding on it?$30:31,

Age estimation is essential for assessing population dynamics, aiding managers in the protection of endangered
populations, and providing insights into populations growth and stability (e.g., Refs.>-3%. Age determination is
typically based on dental eruption and replacement, counting visible cementum annuli, or analysing the attrition
of permanent teeth?>~37. Although these methods are valuable, they are hindered by certain limitations as they
can be influenced by external factors such as environmental conditions. However, it has been demonstrated
that dental development® is less affected by these biases. Previous studies by Jimenez et al.**? have shown that
using X-rays to analyse tooth development is an effective method for determining the age at death in Pleistocene
hyena populations. For L. pardinus, several studies have focused on cub development. Garcia-Perea?! proposed
five developmental stages based on tooth replacement. While this work includes references to some individuals
of known age, the classification is not directly age-correlated, making it challenging to apply for determining the
age at death. Yerga'®, and Yerga et al.*?, describes the early development and growth of cubs, though these studies
only cover the first two months life. On the other hand, By last, Zapata et al?! conducted an age analysis based
on counting the cementum annuli in canines, but this technique is invasive and requires the destruction of fossils.

The aim of this work is to develop a method for determining the age of lynxes based on teeth, applicable to
both modern and fossil specimens, while also enabling behavioural inferences. Here, we apply an ontogenetic
classification of L. pardinus based on tooth development and eruption/replacement patterns observed through
X-rays images, which were correlated to key behavioural milestones of the species. This classification was
developed using data from modern L. pardinus specimens housed in the Museo de Ciencias Naturales de
Madrid (MNCN, Madrid, Spain) and the Estacién Bioldgica de Donana (EBD-CSIC, Seville, Spain), as well as
developmental information on lynx from previous studies'®*->*%2, Building on this classification we apply, for
the first time in L. pardinus, an age estimation technique based on the infilling of pulp cavities in the roots of
molars and premolars, a method previously used in other carnivores?>->2. Specially, we calculated indexes for
the upper fourth premolar (P* and the lower first molar (m,), which were used to estimate age at death through
predictive equations. Finally, the methodology was applied to two fossil populations that inhabited the Garraf
Massif (Barcelona, Spain) during the Upper Pleistocene: Terrasses de la Riera dels Canyars site (Gava, Spain) and
Cova del Gegant (Sitges, Spain), a region characterized by rocky terrain®>>>.

Results

Closure of pulp cavity in extant specimens

In extant specimens, the indexes were obtained for the distal root of P*, and mesial and distal root of m, (n=28)
(Table 1). These specimens were assigned to 5 categories of development (Fig. 1) resulting from analysing lynx
collections from EBD and MNCN, together with descriptions of Lynx development by previous authors!21:23:42
(see Methods section for detailed description of the stages). No indexes were recorded for Stage A, as the
carnassial teeth are still within the alveolar sac and crowns are not yet defined. Figure 2 illustrates the relationship
between the stage and index for each age category in the distal root of P and mesial and distal root of m, in a box
plot (summary statistics for the indexes of each stage are provided in Supplementary Table S1).

1

« Distal root of P* (Fig. 2a): An overlap is observed between samples with the lowest index values of a given
stage and those with the highest index values of the subsequent stage. Samples corresponding to Stage B
(youngest individuals) exhibit the highest index values, while samples of Stage C (sub-adult to adult indi-
viduals) have the lowest index values. As the stages (i.e., age) increase, the index value decreases, indicating
an inverse relationship between the two variables. The Spearman’s correlation between indexes and stages of
development is significant (p <0.05) and very high (r=-0.90), highlighting a strong negative relationship
between the stages and the index values.

+ Mesial root of m, (Fig. 2b): The box plot reveals a distribution of samples similar to that observed in the distal
root of the P. The relationship between stages and indexes appears to be negative, with index values decreas-
ing as stages increase. As in the previous case, some overlap is observed between samples. The Spearman’s
rank correlation between indexes and stages is significant (p <0.05), negative and very high (r=-0.91).

« Distal root of m, (Fig. 2c): With exception of Stage B, the maximum and minimum index values are very
closed across the remaining stages, indicating low variance in the indexes of the samples, as shown in the box
plot. Again, the relationship between the stages and index values appears to be negative, with index as stages
increase. Spearman’s rank correlation indicates a very strong negative relation between stages and indexes (r
=-0.95) and significant (p <0.05).
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Distal root P* | Mesial root m, | Distal root m,
Sample Stage (y) | Index (x) Index (x) Index (x)
EBD-25,375 M A - - -
EBD-27,759 M A - - -
EBD-29,923 M A - - -
EBD-29,981 M A - - -
EBD-29,982 M A - - -
EBD-6975 M B 0.85 0.87 0.25
EBD-19,322 M B 0.82 0.83 0.10
EBD-29,893 M B 0.88 0.87 0.14
EBD-30,096 M B 0.88 0.85 0.16
MNCN-16,785 B - 0.82 0.1
MNCN-16,755 B - 0.84 0.17
MNCN-1677 A B - 0.88 0.2
MNCN-1677B B - 0.72 0.17
MNCN-16,778 A | B - 0.82 0.15
MNCN-16778B | B - 0.86 -
MNCN-16,783 B 0.89 0.86 0.16
EBD-1376 M C 0.77 0.76 0.06
EBD-19,283 M C 0.78 0.79 0.08
EBD-19,319 M C 0.76 0.78 0.08
EBD-19,794 M C 0.49 0.59 0.09
EBD-26,314 M C - 0.74 0.09
EBD-27,761 M C 0.8 0.8 0.1
EBD-30,111 M C 0.73 0.71 0.05
EBD-30,112 M C 0.66 0.68 0.08
MNCN-16,791 C 0.83 0.79 0.07
MNCN-16,794 A | C 0.54 0.67 0.06
MNCN-16794B | C - 0.67 0.07
MNCN-16,788 A | C 0.83 0.79 0.07
MNCN-16788B | C - 0.82 -
EBD-1400 M D 0.57 0.49 0.03
EBD-5955 M D 0.53 0.6 0.02
EBD-7099 M D 0.4 0.32 0.03
EBD-26,315 M D - 0.46 0.02
EBD-30,100 M D 0.46 0.39 0.02
MNCN-16,799 D 0.55 - -
EBD-29,995 M E 0.35 0.32 0.02
EBD-29,999 M E 0.31 0.24 0.02
EBD-30,090 M E - 0.35 0.01
EBD-30,183 M E 0.25 0.18 0.01
EBD-30,256 M E 0.39 0.3 0.02
EBD-30,298 M E 0.41 0.28 0.02

Table 1. Stages of development of the specimens (1 =28) based on tooth development classification and pulp

cavity ratio (indexes) for each analysed root. Specimens with known age at death are highlighted in grey.

Age model: ordinal logistic regression

The ordinal logistic regression allowed us to predict stage of development based on index values. We obtained
a coefficient of x=-42.61 for the distal root of P* (n=25) (Table 2). The intercepts (mean + SE) obtained were
as follows: for B/C, —35.53+12.86; for C/D, —26.41+9.82; and for D/E, —17.45+6.26 (Supplementary Table
S1). The equation provides the probability at which transitions between stages occur in the distal root of P%.
Specimens with index values above 0.72 are classified as Stage B, those with values between 0.72 and 0.57 fall
into Stage C, specimens with index values between 0.57 and 0.39 are assigned to Stage D, and finally, those with
index values below 0.39 are classified as Stage E. Table 2 presents the application of the prediction model on
extant specimen samples. The prediction results indicate high accuracy for the distal root of P4, with a correct
classification rate of 80%. Fitted probabilities, which represent the estimated likelihood that an observation falls
into a specific ordinal category based on the model’s independent variables, are also displayed in Table 3. For this
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Fig. 1. Radiograph showing extant Lynx pardinus specimens from EBD and MNCN. Stage A: (a)
Hemimandible EBD-27,759 M; (b) Hemimandible EBD-29,923 M; (¢) Maxilla EBD-29,981 M; (d) Maxilla
EBD-27,759 M. Stage B: (¢) MNCN-16,783; (f) EBD-30,096 M; (g) EBD-19,322 M; (h) EBD-29,893 M. Stage
C: (i) EBD-27,761 M; (j) EBD-30,111 M; (k) MNCN-16,791; (I) EBD-1376 M. Stage D: (m) EBD-1400 M;
(n) EBD-30,100 M. Stage E: (0) EBD-29,995 M; (p) EBD-30,183 M; (q) EBD-29,999 M. All radiographs

of maxillae and hemimandibles used in this study (categorised by age) can be found in the Supplementary
Material. All images have been procedes using software Radiant Dicom Viewer (Medixant. RadiAnt DICOM
Viewer, Version 2021.1. Jun 27, 2021. URL: https://www.radiantviewer.com).

initial model, out of the 25 specimens analysed, the model misclassified 5 specimens: one in Stage B, two in Stage
C, and one each in Stages D and E, respectively.

For mesial root of m, we obtained a coefficient of x=—42.63, and intercepts were for B/C, -34.33 +11.40; for
C/D, -25.19+8.60, for D/E, -14.84 £4.81 (n=35, Table 2). The predictive equation shows the following critical
values:

Indexes higher than 0.70 are classified in Stabe B. Indexes with values between 0.70 and 0.59 are classified
in Stage C. Indexes between 0.59 and 0.34 are classified in Stage D. Finally, indexes with values below 0.34 are
classified in Stage E. In Table 2, we can observe the results of the prediction model. The results indicate a correct
classification rate of 82.6%, being more accurate than the model of distal root of P*. For mesial root of m, model,
out of the 35 specimens analysed, 6 specimens were misclassified: one in Stage B, two in Stage C, two in Stages
D and one in Stage E.

Regarding the distal root of m, the model could not be applied (n =34, see Supplementary material). In this
case, the algorithm indicates perfect separation between some stages, so model cannot predict on them. Here,
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Fig. 2. Box plots showing the relation between the indexes (y) and the stages of development (x). (a) Distal
root of P%; (b) Mesial root of m ; (c) Distal root of m .

Distal root of P* (n=25) Mesial root of m, (n=35)
Value (p<0.05) | Standard Error | tvalue | Critical values | Value (p<0.05) | Standard Error | tvalue | Critical values
Coeflicient (x) | — 42.61 15.46 —-2.756 —42.63 14.05 -3.033
Intercept B/C | - 35.53 12.86 -2.762 | 0.72 —34.33 11.40 -3.011 | 0.7
Intercept C/D | - 26.41 9.82 —-2.688 | 0.57 -25.19 8.60 -2.928 | 0.59
Intercept D/E | - 17.45 6.26 —2.786 | 0.39 —14.84 4.81 -3.082 | 0.34

Table 2. Values resulting from the model. Critical values are applied to set the boundary between each stage of
development.

we consider suitable to use the maximum and minimum values for index showed in Supplementary table S2 to
classified individuals. Thus, those specimens with index values ranging from 0.25 to 0.1 are classified in Stage
B. Those, whose indexes range from 0.09 to 0.05 correspond to the Stage C. Indexes between 0.03 and 0.2 are
classified in Stage D, and finally, specimens with index values below 0.02 are classified in Stage E.

Analysis of the fossil assemblage

We determined the Minimum Number of Individuals (MNI) for the cranial material from TC and CG. Adult
individuals were classified based on the carnassial teeth P* and m . Neonate individuals were classified according
to the developmental stage of dp, and DP3. Subsequently, the ontogenetic classification was compared by
analysing the root thickness of the carnassial teeth. The Number of Identified Specimens (NISP) analysed from
TC is 44, resulting in a MNI of 16. Among these 16 individuals, 11 are classified as adults, 1 as a neonate, 3 as
juveniles, and 1 as a subadult, as shown in the mortality profile (Fig. 3a). The age structure for TC indicates the
highest representation in Stage E (adults), comprising 68.6% of the individuals. The next most represented group
is Stage B (juveniles) with 12.5%. Stage A (neonates), C (juveniles), and D (subadults) are equally represented in
the assemblage, each with 6.3% (Table 4). When indexes for pulp cavity thickness in P* and m, were calculated
and subjected to critical values (B=>0.70; C=0.70-0.59; D=0.59-0.34; and E=<0.34, for the distal root
of p4; B=>0.72; C=0.72-0.57; D=0.57-0.39; and E=<0.39, for the mesial root of ml), the predicted stage
aligned with the classification derived from tooth development (Supplementary Table S4). The NISP for CG is
11, corresponding to an MNI of 7 (Table 4). The mortality profile (Fig. 3b) shows that these 7 individuals are
distributed as follows: 5 adult individuals (Stage E), 1 neonate (Stage A), and 1 juvenile (Stage C). No specimens
were assigned to Stage B or D. The age distribution (Table 4) indicates that the most individuals belong to Stage
E (71.4.%), with the remaining categories in the fossil assemblage, Stage A and C, each accounting for 14.3%. As
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Distal root of P* Mesial root of m,

Sample Stage | Prediction | Fit. Prob. | Stage | Prediction | Fit. Prob
EBD-6975 M B B 0.66 B B 0.94
EBD-19,322 M B C 0.64 B B 0.74
EBD-29,893 M B B 0.87 B B 0.94
EBD-30,096 M B B 0.87 B B 0.87
MNCN-16,785 - - - B B 0.65
MNCN-16,755 - - - B B 0.81
MNCN-16,777 A | - - - B B 0.96
MNCN-16777B | - - - B C 0.97
MNCN-16,778 A | - - - B B 0.65
MNCN-16778B | - - - B B 0.91
MNCN-16,783 B B 0.96 B B 0.91
EBD-1376 M C C 0.93 C C 0.87
EBD-19,283 M C C 0.90 C C 0.65
EBD-19,319 M C C 0.95 C C 0.74
EBD-19,794 M C C 0.94 C D 0.51
EBD-26,314 M - - - C C 0.94
EBD-27,761 M C C 0.80 C C 0.55
EBD-30,111 M C C 0.97 C C 0.97
EBD-30,112M C C 0.84 C C 0.97
MNCN-16,791 C C 0.54 C C 0.65
MNCN-16,794 A | C D 0.69 C C 0.96
MNCN-16794B | - - - C C 0.96
MNCN-16,788 A | C C 0.54 C C 0.65
MNCN-16788B | - - - C B 0.65
EBD-1400 M D D 0.94 D D 0.98
EBD-5955 M D D 0.97 D C 0.59
EBD-7099 M D E 0.77 D E 0.76
EBD-26,315 M - - - D D 0.98
EBD-30,100 M D D 0.89 D D 0.85
MNCN-16,799 D E 0.84 - - -
EBD-29,995 M E E 0.92 E E 0.76
EBD-29,999 M E E 0.98 E E 0.99
EBD-30,090 M - - - E D 0.51
EBD-30,183 M E E 0.99 E E 0.99
EBD-30,256 M E E 0.69 E E 0.88
EBD-30,298 M E D 0.50 E E 0.94

Table 3. Stages based on tooth development, stages predicted by indexes, and the percentage (fitted
probability) assigned to each stage. Stage where the model fails in the prediction (with the probability in
percentage) are marked in grey.

with the TC specimens, applying critical values to the calculated indexes produced classifications consistent with
those previously determined through tooth development analysis (Supplementary Table S4).

Discussion
L. pardinus ontogenetic description
Age estimation is critical for understanding extant population dynamics and for supporting conservation
managers in the preservation of wild populations®. Furthermore, it is a widely used and valuable tool for
inferring ancient behaviour in fossils assemblages®*>. For L. pardinus, several studies have focused on cub
development analysing tooth replacement and cementum annuli counting!®*#142, The estimation of age in
L. pardinus remains challenging due to methodological limitations. While developmental stages proposed!®*2
based on tooth replacement provide insights, their lack of age correlation limits their utility in mortality analyses.
Regarding cementum annuli counting, it offers precise results but involve destructive techniques, raising
concerns for fossil preservation. These limitations highlight the need for non-invasive, accurate approaches in
age estimation.

These previous works support the conception of the age categories presented here, while they provide data
on developmental stages at specific ages of lynx individuals. For instance, Garcia-Perea?!, described the state of
development of a 6 month old specimen, in which dp, was absent, m, had completed its eruption, and the lower
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Fig. 3. Age profile of the Terrasses de la Riera dels Canyars (a), and Cova del Gegant (b) L. pardinus
populations calculated as percentage minimum number of individuals (MNI). Stage A corresponds to neonate
individuals. Stage B and C correspond to juvenile individuals. Stage C corresponds to subadult individuals.
Stage E corresponds to adult individuals.

Isolated dentition m,and P* in situ

dp, right ‘ m, right ‘ m, left ‘ P* right ‘ P*left | Hemimand right ‘ Hemimand left ‘ Maxi right ‘ Macxi left | NISP (%) | MNI (%)
Terrasses de la Riera dels Canyars
Stage A | 0 0 0 0 0 1 0 0 0 1(2.3) 1(6.3)
Stage B |1 0 0 0 1 2 0 0 1 5(11.3) | 2(12.5)
StageC | 0 0 0 0 0 0 1 0 0 1(2.3) 1(6.3)
StageD | 0 0 0 1 0 0 0 0 1 2(4.5) 1(6.3)
Stage E | 0 2 1 2 2 9 9 6 4 35(79.5) | 11 (68.6)
Total 1 2 1 3 3 12 10 6 6 44 (100) | 16 (100)
Cova del Gegant
Stage A | 0 0 0 0 0 0 0 0 1 1(9.1) 1(14.3)
StageB | 0 0 0 0 0 0 0 0 0 0 0
StageC | 0 0 0 1 0 0 1 0 0 2(18.2) 1(14.3)
StageD |0 0 0 0 0 0 0 0 0 0 0
StageE |0 0 2 0 0 3 2 1 0 8(72.7) 5(71.4)
Total |0 0 2 1 0 3 3 1 1 11 (100) | 7 (100)

Table 4. NISP and MNI of L. pardinus populations from terrasses de La Riera Dels Canyars and Cova Del
Gegant by age categories.

p, was erupting. Another specimen, aged between 6 and 8 months, exhibited an already erupted p, and the
beginning of p, eruption. These observations align with our analysis of specimens of known age (EBD-30112 M,
6 months; and EBD-30111 M, 7 months).

The timing of deciduous teeth eruption was straightforward to approach. Fernadndez and Palomares?, and
Yerga et al.*? reported that this milestone occurs around the first month of life (up to 40 days old following Yerga
et al.2. Our analysis of three specimens of known age within this range (EBD-25375 M, 4 weeks of life, EBD-
29981 M, 1 month old, and EBD-29982 M: 2 months old) corroborates these early works.

One of the main challenges in this classification was determining the onset of dental replacement. Although
precise data on this milestone in cub development are lacking, our observations (EBD-29893 M, 4 months
old and EBD-31112 M, 6 months old) suggest that the replacement period begins at the end of the carnassial
teeth eruption, at approximately 5 months of age. The specimen EBD-29,893 M shows the m, erupting, with
premolar crowns still developing. The specimen EBD-30,112 M shows the fully m, erupted and the main and
distal secondary cups of the p, crowns are situated above the gingival margin. In other species of genus Lynx,
such as Lynx rufus, dental replacement starts at the age of 5 months®, whereas in Lynx lynx*, it begins around
6 months. In these species, tooth replacement begins after the completion of the m; eruption process. Based on
this information, we set the onset of dental replacement in the L. pardinus at 5 months of age.

On the other hand, Garcia-Perea*! establishes that permanent teeth eruption ends in the Lynx genus at 10
months of age. While this occurs at 10 months in L. lynx*", it occurs slightly earlier in the bobcat, at 8 months.
Our observations are consistent with Garcia-Perea’s*! conclusions, wherein the end of eruption is set around 10
months of age. Subsequently, between 12 and 18 months, the apical foramen of the canine closes, according to
Zapata et al.?!.

These frameworks provide basis for defining the ontogenetic categories applied in this study, which correspond
to key behavioural milestones of L. pardinus (Fig. 4). The first category (Stage A) represents neonates or infants.
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During this stage, cubs are sheltered in natal dens by their mothers. By the second month, the cubs begin to walk
and explore their surroundings, moving to auxiliary dens?*. The changes experienced during the first 2 months
of life enable cubs to acquire basic physical skills required for to interacting with their environment*2. This stage
concludes with weaning, which typically occurs at the end of the tenth week (around 2 months), coinciding with
the completion of tooth eruption'®2. Stage B corresponds to cubs venturing out of the den. During this phase,
they begin consuming solid food and accompany their mother on short excursions, observing and learning
hunting strategies, though they do not actively participate!#!#42. Stage C marks a period where cubs follow
their mother during daily movements and gradually develop the ability to hunt independently. This stage is also
characterised by the onset of nutritional independence, as cubs spending more time away from their mother,
while remaining within the natal territory'%. Stage D corresponds to cubs transitioning to subadults. A period
defined by behavioural changes such as the breaking of the maternal bond and preparation for dispersal'*1°. Stage
E corresponds to the transition from subadult to adult, marked by the attainment of sexual maturity. Females
typically reach sexual maturity around 24 months, whereas males achieve this milestone at 36 months!*!°.

Analysis of pulp cavity closure

The analysis of pulp cavity closure has been previously applied to carnivores, especially in extant specimens
such as black bears®® (Ursus americanus Pallas, 1780), wild cats®® (Felis silvestris Schreber, 1777), foxes®* (Vulpes
vulpes Linnaeus, 1758), coyotes*® (Canis latrans Say, 1823), wolve*>*®485! (Canis lupus Linnaeus, 1758), or
dogs**1%47 (Canis familiaris Linnaeus, 1758). Binder et al.>” analysed pulp cavity widths in canines of dire wolf,
demonstrating the feasibility of applying it in fossils specimens. Later, Nomokonova et al.*” adapted the previous
methods to the lower canine and carnassial (m,) in dogs, proving it suitable for age estimation using this tooth
as well in archaeological samples.

In this study, we focus for the first time on the lower and upper carnassial teeth of L. pardinus. This approach
offers an alternative to the classical classification method based on tooth development observations. The results
of Spearman’s rank correlation reveal a very strong and statistically significant negative relationship between the
indexes and developmental stages. This indicates that the index is a reliable tool for estimating developmental
stage in L. pardinus. Using ordinal logistic regression, we prove a robust predictive methodology for classifying
extant specimens of L. pardinus. Just by using an isolated tooth (P* or m,), we can successfully classify
specimens without relying on the complete dental series. We propose critical values that could be used to classify
independent samples based on the pulp cavity filling of the m, and P%. While previous studies applied linear

" X-ray ;
Stages  Description : Estimated age Ethology

Hemimandibles Maxillae

Cubs remain shelter in dens.
They start to explore

0 to ~ 2 months old surroundings while develop
physical skills to intercat with
their environment

A Development of deciduous
cheek teeth and eruption
proces.

Eruption of carnassials

B cheek teeth and development
of permanent premolar
crowns

Cubs outside the den. They

~2to 5 months old begin to eat solid food and
accompany their mother
on excursions

Daily movements with their
mother. Nutritional

5 to 10 months old independence. Cubs start
spending more time
away from their mother.

Replacement of deciduous
C premolars by the
permanent ones.

Transition to subadult.
10 to ~18 months old Maternal bond breaks.
Onset of the dispersal period.

D Permanent teeth erupted
and closure of the root apices

Apices of the roots ( Adult individuals. Sexual
E completely closed and \ - >18 months old maturity, reproduction,

maximum pulp chamber 3

i - death.

Fig. 4. Summary of the age categories proposed based on tooth development and replacement sequences in
extant Lynx pardinus. Hemimandible corresponding to Stage A: EBD-29,982 M; Stage B: EBD-30,096 M; Stage
C: EBD-30,111 M; Stage D: EBD-1400 M; Stage E: EBD-30,183 M. All hemimandibles are shown in labial view.
Maxillae corresponding to Stage A: EBD-29,981 M; Stage B: EBD-30,096 M; Stage C: MNCN-16,788; Stage D:
EBD-30,100 M; Stage E: EBD-29,999 M. All maxillae are shown in mediolateral view. All images have been
procedes using software Radiant Dicom Viewer (Medixant. RadiAnt DICOM Viewer, Version 2021.1. Jun 27,
2021. URL: https://www.radiantviewer.com).
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regressions to estimate age in carnivores, as cited earlier, those employ linear regressions, which perform well
when analysing two continuous variables. In contrast, for age ranges, where age categories encompass several
months, the ordinal logistic regression model shows high predictive accuracy: 80% for the distal root of the P*
and 82.6% for the mesial root of the m,. When misclassification occurs, the model predicts an adjacent stage.
This is reasonable, as these specimens had index values near the critical boundaries defining the stages, making
them more prone to errors. For the distal root of the m1, we propose using directly age ranges (minimum and
maximum) to classify specimens. The model could not be applied to this case for several possible reasons. For
instance, the predictor variables might perfectly predict the separation between stages, or there might be limited
variability in the indexes within specific stages. Additionally, we observed that pulp cavity filling occurs earlier in
the distal root than in the mesial root (Stage D). This is likely due to distal root’s narrower anatomical structure,
which results in reduced variability in the index values.

Palaeocological implications in fossil assemblages

The presence in sites of deciduous teeth, and therefore juveniles, has generally been associated with denning
activity. However, in some carnivore species, juveniles leave the den before the replacement of deciduous
teeth!®60-64, Consequently, if the developmental stages of juveniles associated with denning behaviour are not
considered, it may lead to misinterpretation of the site.

The MNI obtained for the TC site is 16, 3 more than in estimates®®. This increase suggests that the proposed
methodology provides a more accurate approach to MNI estimations in archaeological contexts. The site
contains a high number of adult individuals, which are by far the most represented group in the assemblage
(11 individuals). Moreover, all developmental stages are present in the mortality profile. The presence of Stage
A cubs could suggest the presence of dens (both natal and auxiliary) in the area, as indicated previous studies
at the site®%. In the same way, subadults, i.e., individuals in dispersions, are present as well. This observation
aligns with Palomares et al.'’ findings in extant L. pardinus populations from Dofiana National Park (Coto
del Rey, south-western Spain), where population composition typically ranges between 7 and 17 individuals,
including 3 stable pairs of adults, their cubs and subadults in dispersion. It is also noteworthy that, according to
taphonomic studies®®, lynxes were responsible for most of the leporid remains accumulated at the site (at least
221 individuals). Furthermore, the mortality profile of the lynx population shows a derived U-shaped curve in
the histogram®-%8, and offers a snapshot of the ecosystem that comprised the Garraf Massif ~39.6 ka cal BP. The
landscape of TC was predominantly an open environment, such as steppe, interspersed with distinct pine stands
that likely formed a more extensive cover on the slopes of the nearby Garraf Massif. Additionally, thermophilus
species associated with humid environments and riparian zones were present®’, The Garraf Massif itself is
a mountain range with rocky areas and cavities’’. Although the L. pardinus today is restricted to a different
ecosystem, it has been suggested that such environments may be favourable for L. pardinus ecology*>?.

In contrast, the CG mortality profile consists of only 7 individuals, one more than previous identified?.
However, there are significant differences in the geographical settings taphonomic context here. Cova del Gegant
is a cave that was opened in front of a large-plain. Based on taphonomic analysis of fossil faunal remains, layer
I11a has been identified as an L. pardinus den®*. The high accumulation of leporid remains, a high concentration
of lynx-associated coprolites, and the presence of juvenile accumulated over time suggest that CG may have
been used by L. pardinus to rear their cubs. In this study, we conducted the first in-depth ontogenetic analysis of
cub remains, by applying the age categories presented here, which are based on behavioural milestones of this
species. The results support the previous taphonomic study?. Stage A, which includes cubs of denning age, with
sensory and locomotor capacities not fully developed preventing them from leaving the den!®?3, suggests that
CG was used as a den by Upper Pleistocene L. pardinus. On the other hand, Stage D (individuals in the dispersal
period, leaving their mother’s territory) is not recorded. The lack of specimens at this stage makes sense if the
cave was used primarily as a shelter for cubs. The presence of specimens in Stage C, categorized here as juveniles,
may reflect young cubs following their mothers along camping routes and still using caves as shelter, but not
denning. Finally, in Dofnana, home to the largest current L. pardinus population, there are not caves, so the
lynxes generally use hollow trunks or bushes to establish natal and auxiliary dens?*. However, our results suggest
that, in the past, this species used caves for breeding, as part of its reproductive ecology.

Both archaeological sites are located relatively close to each other (i.e., less than 30 km) and represent two
distinct mortality profiles. TC is associated close to a living structure population, while CG is more aligned
with a seasonal mortality profile. This interpretation is consistent with previous ones, which suggest that CG
functioned as a lynx’s den, whereas TC is closer to a riverside taphocenosis including denning episodes. This idea
reinforces the notion that L. pardinus populations were adapted to different regional settings, including riverine
landscapes in the case of TC and karstic environments in the case of CG, indicating the ecological plasticity of
this species.

Based on our results, the methodologies proposed here could be used to assess cub survival viability in
extant populations, which impacts in reproductive success and population growth rate’!. Estimating the age
at death of cubs, such as L. pardinus, provides insights into vulnerability factors in carnivores populations®>’2,
offering valuable information for improving conservation tools, guiding scientific recommendations, adapting
management and breeding strategies, and enhancing population sustainability”>74.

The analysis of pulp cavity width offers an alternative to traditional methods for estimating age in fossil
samples, such as dental eruption and replacement, counting visible cementum annuli, or observing wear in
permanent teeth®®. As with modern specimens, the results suggest that this method is suitable to classify L.
pardinus fossil remains. In fossils, preservation is conditioned by taphonomic processes that occur during fossil-
diagenesis. Sometimes, crowns may appear broken, or even the tooth root’s apical foramen may be not present.
In these cases, direct observations to classify specimens based on their developmental stage, can be challenging,
and this methodology may help to avoid biases.
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The age categories employed in this study have proven highly useful in identifying denning behaviour
patterns in the fossil record of the L. pardinus. These categories primarily focus on juvenile individuals, which
are among the key indicators of such activity in accumulation contexts®®7>-34, Similarly, senile individuals also
exhibit comparable patterns, but they are not considered in this study. For instance, in the spotted hyena, den
sites are used by these individuals for resting and, ultimately, as places of death during the final stages of life*”.

This study does not aim to establish specific age categories for adult and senile individuals which is a
limiting factor when attempting to reconstruct the MNI in Quaternary deposits. However, traditional adult
age classifications in carnivorans are primarily based on dental wear?$4%7>7681 rather than on ontogenetic
development. Although our results are consistent with our interpretation, it is important to acknowledge that
future studies focusing on age categories for senile individuals will enhance the palaeoecological understanding
of this species in the past.

Methods

A total of 39 hemimandibles and 31 maxillae of extant L. pardinus from the Estacion Bioldgica de Dofana-
CSIC (labelled “EBD”) (Seville, Spain) and the Museo Nacional de Ciencias Naturales (MNCN) (Madrid, Spain)
were studied. The material from EBD comprises 27 hemimandibles and 25 maxillae., of which 20 specimens
are juveniles. Six of these specimens have known age at death, while 11 specimens provide a date of capture.
The material originated from various locations in the southern Iberian Peninsula, including Cérdoba, Huelva,
Jaén, and Seville (Andalusia, Spain), Badajoz (Extremadura, Spain), and the Centro Nacional de Reprodugio de
Lince Ibérico (CNRLI) (Algarve, Portugal) (Supplementary Figure S2, Table S5). The material from the MNCN
includes 12 hemimandibles and 6 maxillae, all of which belong to juveniles with no known age at death. These
specimens were collected from Central Iberia (Los Yébenes and Pefia Aguilera, Toledo, Spain) (Supplementary
Figure S3, Table S6).

The L. pardinus fossil material was recovered from layer IIIa from Cova del Gegant (CG) (Sitges, Barcelona,
Spain), and from Terrasses de la Riera dels Canyars (TC) (Gava, Barcelona, Spain) as a result of the fieldwork
conducted by the Grup de Recerca del Quaternari (GRQ-SERP, University of Barcelona, Spain). The fossils were
processed, stored and identified at la Guixera laboratory (Castelldefels City Council) and at the university of
Barcelona. Lynx remains from both sites have been previously published and cited in several papers?:>3586,
The material analysed in this study from CG includes 11 cranial remains: 1 fragmented cranium, 1 maxilla,
6 hemimandibles, and 3 isolated carnassial teeth (Fig. 5; Table 4). The material from TC consists of 44 cranial
remains: 2 crania, 10 maxillae, 22 hemimandibles, and 10 isolated carnassial teeth (Fig. 6; Table 4).

We adopt the terminology proposed by Hillson® to describe the dental elements in felids: dp,-dp,/DP3-DP*
for juveniles and p,-p,-m,/P*-P*-M! for adult individuals. First, we developed an ontogenetic classification based
on tooth development and replacement, upon which the prediction model is based. This classification aims to
correlate distinct developmental stages with behavioural milestones of L. pardinus, facilitating its application
to the fossil record. These classes are based on observations of dental development, eruption and replacement
in juvenile and young adult individuals, obtained through X-rays. A total of 42 specimens were radiographed,
resulting in 65 radiographs of 40 hemimandibles and 25 maxillae (Supplementary Table S5, S6). Digital
radiographs of the specimens from the MNCN were performed at the Veterinary Hospital of the Complutense
University of Madrid (Madrid, Spain), using a standard veterinary X-rays unit (Neovet, SEDECAL). Radiographs
of the specimens from the EBD were carried out at the facilities of the aforementioned research centre, using a
portable monoblock X-ray unit (Econet meX +40 NPTH40-2002-014 series). Radiographs of the hemimandibles

Fig. 5. Lynx pardinus fossil material (Photographs by Israel Jimenez) from Cova del Gegant (CG) (Sitges,
Barcelona, Spain). All hemimandibles are shown in labial view. (a) Left hemimandible (CG-4587 A); (b) Right
hemimandible (CG-4587); (¢) Cranium in lateral view (CG-4553); (d) Left hemimandible (CG-4574); (e) Right
hemimandible (CG-4600); (f) Left hemimandible (CG-2810); (g) Right hemimandible (CG-6610).
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Fig. 6. Lynx pardinus fossil material ((Photographs by Israel Jimenez) from Terrasses de la Riera dels Canyars
(TC) (Gava, Barcelona, Spain). All hemimandibles are shown in labial view. (a) Left hemimandible (TC-
4587 A); (b) Right hemimandible (TC-4587); (¢) Cranium in lateral view (TC-4553); (d) Left hemimandible
(TC-4574); (e) Right hemimandible (TC-4600); (f) Left hemimandible (TC-2810); (g) Right hemimandible
(TC-6610).

were taken from a lateromedial projection whenever the condition of the specimen allowed. For the maxillae, to
prevent the superimposition of bone tissues (e.g., the palate), which could hinder the visibility of the crown or
the roots of the teeth, the maxillae were positioned at a 25° angle, if specimen condition permitted. Radiographs
of the maxillae were taken from a mediolateral projection, as the specimens possessed complete skulls, which
facilitated holding the specimen for the imaging proof.

The information of age of death of 6 juveniles individuals (EBD-25375 M: 4 weeks; EBD-29893 M: 4 months;
EBD-29981 M: 1 month; EBD-29982 M: 2 months; EBD-30111 M: 7 months; EBD-30112 M: 6 months)
(Supplementary Figure S2, S5, S6) was used as a reference to describe the ontogenetic stages. To support our
observations, we relied on previous descriptions by other authors concerning the juvenile development of L.
pardinus. Garcia-Perea®! describes the dental replacement process in the genus Lynx. Yerga'® and Yerga et al.*
describe the early development and growth of cubs during their first month of life. Regarding to young adults,
our observations were supported by Zapata et al.2! which determine the age of L. pardinus using canine root
radiographs and cementum annuli enumeration. To strengthen the classification, as the number of specimens
with known age is limited and does not cover the full range of postnatal development (from birth to sexual
maturity), we compare our observations and previous studies about L. pardinus development from other species
of the genus Lynx. As for example Lynx rufus™ or Lynx lynx*.

Following our analysis of lynx collections from EBD and MNCN, as well as descriptions of Lynx development
by previous authors!'®1:2342 we applied 5 ontogenetic stages based on tooth development and dental replacement
(Fig. 1). These stages cover from new born to adult (sexual maturity). The categories, ordered by age range, are
as follows:

« Stage A: Birth to 2 months old. New born or infantile. This stage spans the development of deciduous cheek
teeth to the completion of the eruption. Teeth eruption begins around the third week of life, starting with the
canines and incisors and ending with the premolars, at approximately 40 days old?. At this stage, all decidu-
ous teeth erupted (dp,-dp,/DP*-DP*) have, but the apices of the roots remain open and under development.
The pulp chambers of all deciduous cheek teeth are immature. The crowns of the permanent carnassial teeth
(m, and P* begin to develop and are visible in the alveolar sacs. The enamel does not extend to the interarticu-
lar bifurcation, leaving the cementum-enamel junction unformed. The crowns of the permanent premolars
(p,-p,/P?) also start to form, appearing as calcification points in the alveolar sacs. Canine teeth appear to
develop at the same time as the carnassial teeth.

o Stage B: From 2 months to 5 months old. Juvenile. This stage encompasses the eruption of the carnassial
teeth (m, and P* and the continued development of the crowns of the permanent premolars. The roots of the
deciduous premolars are closed. The crowns of the upper and lower premolars show advanced stage of devel-
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opment, with some specimens exhibiting fully formed crowns extending to the cementum-enamel junction.
The horns of the pulp chambers remain in development, presenting an umbrella-like shaped at their tips. The
crown of the carnassial teeth is formed down to the enamel-junction, with the interarticular bifurcation fully
calcified and root elongation initiated. The cementum on the roots is still relatively thick. At this stage, root
length may be shorter or equal to crown height.

« Stage C: From 5 months to 10 months old. Juvenile. This stage marks the replacement of deciduous premolars
by permanent ones (dp,-dp,/DP3-DP* by p,-p,-m,/P*-P*-M!). The roots of the deciduous premolars display
signs of resorption, while the roots of p,-p,/P* vary in length, being shorter, equal to, or longer than the
crown height, depending on the progression of eruption. The roots of the carnassial teeth have reached their
full length, now longer than the crown height. Although the pulp chambers remain immature and dentine
beneath the enamel continues, the alveolar bone of m  and P* nears the gingival surface, signalling the final
stages of tooth eruption. At this point, root apices remain open.

« Stage D: From 10 to 18 months old. Subadult. This stage is characterised by the closure of the open apices
in the roots of permanent teeth. The pulp chambers of all permanent teeth approach maturity, adopting an
isosceles triangle shape in the main cusps of the premolars and in the paracone/paraconid and metacone/
metaconid horns of the carnassial teeth. The root apices are almost completely closed. According to Zapata et
al.?! closure of the apical foramen of canine occurs at 12 to 18 months of age.

o Stage E: Older than 18 months old. Adult. At this stage, the pulp chambers of the permanent teeth reach full
maturity, and the roots are completely closed.

We followed the methodology proposed by Nomokonova et al.*’, which analyse the infilling of pulp cavities in

the roots of molars and premolars in dogs from archaeological contexts. We used the root of the upper fourth
premolar (P* and the lower first molar (m,). For P%, we analysed the distal root due to its greater thickness. The
mesial and lingual roots were discarded because the latter overlapped the former in mediolateral projections. For
m , we independently analysed the distal and mesial thickness of the root. To measure the width of the root and
pulp cavity (in millimetres), we use the software Radiant Dicom Viewer (Medixant. RadiAnt DICOM Viewer,
Version 2021.1. Jun 27, 2021. URL: https://www.radiantviewer.com). Measurements were taken at the midpoints
between the junction of mesial and distal roots and the ends of the roots, ensuring a 90-degree angle to the pulp
cavity margin (see Fig. 3 in Nomokonova et al.*’. Pulp cavity closure ratios were calculated by dividing pulp
cavity widths by the total root widths. To visually inspect the relationship between the pulp cavity indexes and
age categories in modern lynxes, we generated box plots for each analysed root. To assess the strength of the
relationship between the indexes and age categories, we used Pearson’s correlation, which relates a categorical
variable (stages) and another numerical variable (indexes). Statistical analyses were conducted using the free-
use statistical software Past3: Paleontological Statistics Software Package for Education and Data Analysis®. We
then developed a predictive age model (based on extant sample data) to be applied to independent samples. The
analysis was carried out using the statistical software R (Version 4.4.1. URL: https://www.R-project.org/).

To generate the ordinal logistic model, we used the R package “Glm2”, which includes the function
“polr(formula=y ~x, data=a, Hess=TRUE)”. In this function, “y” represents the dependent variable (stage), and
“x” represents the independent variable (index) Through this function, we obtained the coefficient and intercept
which were used to obtain the critical values required to determine the transition between developmental stage.
The software also provides the option to apply this equation across all categories. To achieve this, we instructed it
to execute the “predict(b)” function, where b represents the model. Finally, to observe the numerical probability
of an index belonging to each stage, we performed a fitted probabilities calculation using the “fitted(b)” function.
This approach allowed us to evaluate the effectiveness of the method. The model was subsequently applied to the
indexes obtained from fossils sample from TC and CG sites. Minimum, maximum, medians, standard error (SE)
and standard deviation (SD) were calculated for each stage (see supplementary Table S1).

To analyse fossil samples, we first classified the specimens using the age categories proposed in this work.
Then, the equation predictions were applied to enhance the model’s performance. The indexes were obtained
through radiography, followings the same methodology as for the extant specimens. The X-ray imaging technique
was carried out at two different facilities. A total of 40 specimens were radiographed: 14 specimens from TC at
the Veterinary Hospital of the Complutense University of Madrid, and 14 specimens from TC as along with 12
specimens from CG at a private veterinary clinic (Clinica Veteralia Diagonal) located in Castelldefels (Barcelona,
Spain) (see supplementary Material). The Number of Identified Specimens (NISP) and the Minimum Number of
Individuals (MNTI) were calculated to develop the mortality profile for each age category. The MNI was calculated
using the permanent lower and upper carnassial teeth (m, and P* and deciduous dp, and DP? (Table 4). Cranial
samples (teeth within mandibles and maxillae) were divided into right/left and upper/lower elements. After
obtaining the MNI for each set, isolated teeth were incorporated to avoid counting double-counting individuals.
Permanent teeth in development, such as forming crowns or growing roots, were classified as juvenile remains.
Once the MNI was calculated for both TC and CG lynx populations, their age structure was represented as
histogram to discuss its palaeocological implications.

Data availability
Data is provided within the manuscript or supplementary information.
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