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Abstract

The study of skeletochronology and bone tissue as a record of information on ontogenetic stages and events is
widely used for improving the knowledge about life histories (LHs) of extinct and extant vertebrates. Compared
with dinosaurs and extant reptiles, mammalian bone histology has received little attention. Here, we calibrate for
the first time bone and dental age with histological bone characteristics and LH stages in ontogenetic series of red
deer. We rely on known LHs of different aged individuals of captive Cervus elaphus hippelaphus from Austria to
correlate epiphyseal closure, dental eruption pattern, bone growth marks and bone tissue patterns in femora and
tibiae, and of wild Cervus elaphus hispanicus from Spain. Our data show that females (of both subspecies) attain
skeletal maturity earlier than males. At this moment, epiphyseal closure (in femora and tibiae) and dental
eruption are complete and long bones start to deposit an external fundamental system. The results also show that
the attainment of reproductive maturity in red deer occurs slightly before skeletal maturity.

Key words: cyclical growth marks; dental eruption pattern; epiphyseal closure; external fundamental system;
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Introduction

A significant research goal in biological disciplines is to
gather information about age at death or estimate some
life history (LH) patterns from mammalian remains. This
approach could provide demographic data such as individ-
ual age, sexual and skeletal maturity or the age structures
of extant and fossil populations, and improve our knowl-
edge about their way of life. This information is especially
useful in policies of conservation and wildlife management
as well as in ecological studies of both extant and fossil
organisms. However, correlated, age-calibrated anatomical
data, which are the basis for correct LH interpretations, are
lacking in all mammalian groups.

The study of epiphyseal closure in limb bones is based on
the degree of fusion between diaphyses and epiphyses. In
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juvenile specimens, epiphyses are unconnected, enabling
the growth in length (O'Connor, 2000). As the specimen
reaches adult size, linear growth stops and the epiphyses
start to fuse with the diaphyses (Popkin et al. 2012). When
completely fused, the limb bone can only increase in width.
Closure sequence differs between species; it has been docu-
mented on some species of cervids such as white-tailed deer
(Odocoileus virginianus; Purdue, 1983; Flinn et al. 2013),
fallow deer (Dama dama; Carden & Hayden, 2002), roe
deer (Capreolus capreolus; Ruddle, 1997) and red deer
(Cervus elaphus; Mariezkurenna, 1983). It is also possible
to estimate the specimen’s age by its dental eruption
pattern (O’Connor, 2000). Azorit et al. (2002) described
the sequence of eruption and replacement in Spanish
red deer (Cervus elaphus hispanicus), and Brown & Chap-
man (1991) for English red deer (C. elaphus elaphus).
Other studies focused on dental features were devel-
oped in cervids, such as the study of dental measure-
ments (Cederlund et al. 1991; Cooper et al. 2013) or
dental wear (Veiberg et al. 2007; Azorit, 2011).

The study of cyclical growth marks (CGMs) is frequently
used in age estimations (skeletochronology). These marks
originate from growth alterations. Cementum marks or


https://orcid.org/0000-0001-5446-3244
https://orcid.org/0000-0001-5446-3244
https://orcid.org/0000-0001-5446-3244
mailto:

206 Deer life history calibration, T. Calderdn et al.

dental increments have been widely used as an age-esti-
mation method in cervids due to their annual periodicity
(Mitchell, 1967; Cederlund et al. 1991; Azorit et al. 2004).
CGMs can also be found in mammalian limb bones (Kohler
et al. 2012). This finding is supported by numerous histo-
logical studies in several mammalian groups such as pri-
mates (Castanet et al. 2004; Castanet, 2006), rodents and
lagomorphs (Garcia-Martinez et al. 2011; Moncunill-Solé
et al. 2016; Orlandi-Oliveras et al. 2016) and ungulates
(Marin-Moratalla et al. 2011, 2013; Kohler et al. 2012; Jor-
dana etal. 2016; Nacarino-Meneses et al. 2016a,b;
Orlandi-Oliveras et al. 2018). Data about growth rates of
extinct deer and their relation with LH have been obtained
recently by means of the analysis of bone histology (Amson
et al. 2015; Kolb et al. 2015a). However, a study of bone
histology in extant deer emerges as essential and has not
been performed so far to provide a firm basis for the inter-
pretation of fossil deer.

In view of this, the aim of this research is to correlate,
for the first time, the data obtained from bone histology
with the different techniques commonly used for ageing
mammals (epiphyseal closure and dental eruption pat-
tern) and to define a common pattern that describes the
timing between these morphological traits and the LH
characteristics (Table 1) of wild and captive populations
of C. elaphus. Moreover, our complete sample, which
includes two different subspecies of C. elaphus, provides
the opportunity to make, for the first time, a horizontal
comparison of the patterns of skeletal and sexual matu-
ration in subspecies of red deer.

It is important to remark that, although the analysis of a
wild population with known individual age could provide
important information about the deer LH, monitoring a
wild population is a difficult and expensive task, requiring
large amounts of time. Results here obtained provide the
basis for growth interpretation of deer and can be applied
to other groups of hoofed animals.

Materials and methods

Study sample

A total of 32 deer specimens of two subspecies (C. e. hispanicus and
Cervus elaphus hippelaphus) belonging to four populations of

Table 1 Main life history traits of Cervus elaphus by sex according to
the dimorphic regime of the species (Mitchell et al. 1977; Clutton-
Brock et al. 1982; Carranza, 2017)

Age at Age at
Average sexual skeletal Age at Litter
Traits weight maturity maturity parturition size
Data
Males 80-160 kg 4-5 years 5 years - -
Females 50-100 kg 2.5-3 years - 2-3 years 1 fawn

different European geographical areas were collected (Table 2). We
studied individuals of three wild populations (n = 1, 8 and 10 speci-
mens) of C. e. hispanicus from La Rioja (northern Spain), Badajoz
(southwest Spain) and Lleida (northeast Spain), respectively, and of
one captive population of C. e. hippelaphus (n = 13 specimens)
from the Wildlife Institute of Vienna (Austria). This latter popula-
tion was kept in semi-wild conditions in an area of 45 ha with addi-
tional fodder supply (pellets) during the winter season. Females
gave birth in May-June (and only exceptionally later) and they gen-
erally had one calf, with the exception of female IPS-74171, which
had two calves at the age of 7 years. Most calves were hand-raised
by bottle until their 3rd month of life, coinciding with the time at
which calves are able to feed independently in wild populations.
We had very accurate information for the Austrian population
regarding age, sex and some other important ecological and LH
variables (e.g. castration in males, weight; Table 2). Specimens from
Spanish populations were obtained from hunting practices. Sex was
identified (Table 2) and age was estimated according to dental
parameters (Table 3). In Spain, red deer together with wild boar
(Sus scrofa) are the two most hunted wild ungulates due to their
economic significance (Olea & Miguel-Ayanz, 2006). This activity has
disrupted the wild condition of deer, particularly in the southwest-
ern region of Spain, where the Mediterranean dehesa habitat pre-
dominates. Dehesa managers usually install fences in some hunting
reserves; in these places, artificial conditions are maintained and,
consequently, deer density is increased (Olea & Miguel-Ayanz,
2006). Some specimens of C. e. hispanicus here analysed belonged
to this region (Badajoz), and two others lived in temperate forests.
It is also important to bear in mind the loss of genetic variability
caused by the trophy stalking or the introduction of European deer
in some reserves with the purpose of obtaining larger trophies (Car-
ranza, 2017), compromising the true wild status of the red deer in
Spain.

After cleaning and selecting suitable specimens, we collected a
total of 30 femora and 15 tibiae to perform the study. We chose
femora and tibiae because these long bones preserve the most com-
plete record of growth marks in tetrapods (Padian et al. 2013). This
material is housed at the ICP — Institut Catala de Paleontologia
Miquel Crusafont, Barcelona (Spain).

Epiphyseal closure and eruption pattern

Estimations of individual age at death were made according to the
degree of epiphyses fusion in long bones and the eruption pattern
(in specimens whose mandible was available). Proximal and distal
epiphyses of femora and tibiae were examined and classified into
three different categories according to their degree of closure, i.e.
unfused (Un) when the epiphyses were completely separated, fus-
ing (Fg) when it was possible to appreciate the suture between epi-
physes and diaphysis, and fused (Fd) when it was not possible to
observe the suture previously mentioned. We considered the study
by Mariezkurenna (1983) on red deer and Flinn et al. (2013) on
white-tailed deer to age specimens according to their epiphyseal
closure. Thus, we established two age groups: < 3.5 years when epi-
physes are Un or Fg, and > 3.5 years when they are completely
fused (Table 2). According to Brown & Chapman (1991), who
defined dental age classes from radiography in red deer, we estab-
lished eight age categories. We used seven stages from Brown &
Chapman'’s (1991) original classifications and added one additional
category (Table 3):

0-5 months: first lower molar erupting; 5 months: first lower
molar erupted but still unworn (Brown & Chapman

© 2019 Anatomical Society
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Table 2 Available data of subspecies of Cervus elaphus and number of LAGs in both the fibrolamellar complex and the external fundamental sys-

tem
Femora Tibiae

Weight Known
ID Subspecies Location Sex group (kg) age (years) FLC EFS FLC EFS
IPS-56303 C. e. hippelaphus Vienna, A Female 104 5 3 4 - -
IPS-56304 C. e. hippelaphus Vienna, A Female 94.5 5 3 3 - -
IPS-74171 C. e. hippelaphus Vienna, A Female 133 13 3@ 6 - -
IPS-56306 C. e. hippelaphus Vienna, A Female 95 4 3° 2 - -
IPS-56307 C. e. hippelaphus Vienna, A Female 148.5 13 32 6 - -
IPS-56308 C. e. hippelaphus Vienna, A Male 56 0.91 1 0 - -
IPS-106838 C. e. hippelaphus Vienna, A Male® 225 5 5 0 5 0
IPS-106839 C. e. hippelaphus Vienna, A Male 116 1.17 1 0 1 0
IPS-106840 C. e. hippelaphus Vienna, A Male 117 1.08 1 0 1 0
IPS-106841 C. e. hippelaphus Vienna, A Male® 210 5 5 0 5 0
IPS-106842 C. e. hippelaphus Vienna, A Male 127 1.25 1 0 1 0
IPS-106843 C. e. hippelaphus Vienna, A Male - - 5 5 7 0
IPS-109289 C. e. hippelaphus Vienna, A Male 79 0.58 0 0 0 0
IPS-60869 C. e. hispanicus Badajoz, SP Female - - 3 3 -
IPS-60870 C. e. hispanicus Badajoz, SP Male - - 2 0 - -
IPS-60871 C. e. hispanicus Badajoz, SP Male - - 5 0
IPS-60872 C. e. hispanicus Badajoz, SP Male - - 4 3 - -
IPS-60873 C. e. hispanicus Badajoz, SP Male - - 4 0 - -
IPS-60874 C. e. hispanicus Badajoz, SP Female - - 3 2 - —
IPS-60875 C. e. hispanicus Badajoz, SP Male - - 4 3 -
IPS-60876 C. e. hispanicus Badajoz, SP Female - - 1 0 - —
IPS-60877 C. e. hispanicus Badajoz, SP Male - - 4 4 -
IPS-60878 C. e. hispanicus Badajoz, SP Female - - 1 0 - -
IPS-83490 C. e. hispanicus Lleida, SP Female - - - - 1 0
1PS-83491 C. e. hispanicus Lleida, SP Female - - 0 0 0 0
1PS-83492 C. e. hispanicus Lleida, SP Female - - 0 0 0 0
IPS-83503 C. e. hispanicus Lleida, SP Male - - 4 0 4 0
IPS-83505 C. e. hispanicus Lleida, SP Male - - 3 0 3 0
IPS-83506 C. e. hispanicus Lleida, SP Male - - 0 0 0 0
IPS-83507 C. e. hispanicus Lleida, SP Male — — 1 0 1 0
IPS-83513 C. e. hispanicus Lleida, SP Male - - - - 8 0
IPS-62075 C. e. hispanicus La Rioja, SP Female - - 3

A, Austria; ID, specimen; EFS, external fundamental system; FLC, fibrolamellar complex; SP, Spain.

®The innermost LAG has been reconstructed.
PCastrated specimens.

Fig. 1A);10 months: first lower molar erupted, wear has started;
13 months: second lower molar erupted but still unworn;
15 months: all lower premolars are mineralizing; 18 months: second
lower molar erupted, wear has started; 27 months: third lower
molar erupted but still unworn; lower premolars are all erupting
and will replace the lost deciduous precursors; 38-40 months: all
teeth are completely formed and initial wear is observable on all
teeth. Beyond this age, it was possible to age individuals from their
teeth using the dental wear approach. Anders et al. (2011) estab-
lished a formula of six IDAS (individual dental age stage) based on
the dental wear of different groups of eutherians to distinguish the
categories of prenatal, infantile, juvenile, adult, late adult and
senile. More specifically, Azorit (2011) recognized four age groups
from 4 to 13 years after the complete dental eruption for red deer:
3.0-4.0 years, 4.5-6.5 years, 5.5-8.5 years and 8.5-13.5 years.

With this information, we defined skeletal maturity as the
moment at which all epiphyses are completely fused and all teeth
have completely erupted (i.e. ca. 3.5 years). Accordingly, we
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established three age categories (Table 2): juvenile (< 3.5 years),
adult (> 3.5 years) and juvenile-adult transition (=~ 3.5 years).

Histological analysis

The necessary metrics (i.e. maximum length, functional length,
length of the diaphysis, antero-posterior diameter, total diameter,
minimum perimeter of the diaphysis and antero-posterior and total
diameter of both, distal and proximal, epiphyses) were taken for
each bone. Thereafter, thin sections of 30 femora and 15 tibiae
were prepared following the protocol of the ICP laboratory. A
chunk of approximately 3 cm from the middle of the diaphysis was
extracted from each femur (from 1.5 cm above to 1.5 cm below the
mid-shaft) and embedded in Araldite 2020 epoxy resin. This block
was cut into two halves with a low-speed diamond saw (IsoMet low
speed saw, Buehler). The cut surfaces were polished with a Meta-
Serv polishing machine and fixed to a frosted glass using ultraviolet
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Table 3 Information about the stage of epiphyseal closure, stage and estimated age according dental eruption (Brown & Chapman, 1991), stage
and estimated age according dental wear (Anders et al. 2011; Azorit, 2011), presence of EFS of subspecies of Cervus elaphus and estimated age
group of each specimen

EFS Epiphyseal fusion Dental eruption Dental wear
Estimated
Femora Tibia age in Estimated
ID Femora Tibia  (p/d) (p/d) Stage months Stage age in years  Age group
IPS-56303 Yes - Fd/Fd - Complete 38-40 IDAS 3 (adult) 5.5-8.5 Adult
IPS-56304 Yes - Fd/Fd - Complete 38-40 IDAS 3 (adult) 5.5-8.5 Adult
IPS-74171 Yes - Fd/Fd - Complete 38-40 IDAS 4 (late ad.) 7.5-13.5 Adult
IPS-56306 Yes - Fd/Fd - Complete 38-40 IDAS 3 (adult) 4.5-6.5 Adult
IPS-56307 Yes - Fd/Fd - Complete 38-40 IDAS 4 (late ad.)  7.5-13.5 Adult
IPS-56308 No - un/Un - M2 erupting 10 IDAS 2 (juvenile) <3.5 Juvenile
IPS-106838 No No Fd/Fd Fd/Fd Complete 38-40 IDAS 3 (adult) 4.5-6.5 Juvenile-adult
IPS-106839 No No un/Un un/Un M3 forming 15 IDAS 2 (juvenile) <3.5 Juvenile
IPS-106840 No No Un/Un Un/Un M3 forming 13 IDAS 2 (juvenile) <3.5 Juvenile
IPS-106841 No No Fd/Fd Fd/Fd Complete 38-40 IDAS 3 (adult) 4.5-6.5 Juvenile-adult
IPS-106842 No No un/Un Un/Fg M3 forming 15 IDAS 2 (juvenile) <35 Juvenile
IPS-106843 Yes No Fd/Fd Fd/Fd Complete 38-40 - - Adult
IPS-109289 No No uUn/Un Un/Un M2 erupting 10 IDAS 2 (juvenile) <3.5 Juvenile
IPS-60869 Yes - Fd/Fd - Complete 38-40 IDAS 3 (adult) 4.5-6.5 Adult
IPS-60870 No - Fg/Fg - M3 erupting 18 IDAS 2 (juvenile) <3.5 Juvenile
IPS-60871 No - Fg/Fg - Complete 38-40 IDAS 3 (adult) 3.0-4.0 Juvenile-adult
IPS-60872 Yes - Fd/Fd - Complete 38-40 IDAS 3 (adult) 3.0-4.0 Adult
IPS-60873 No - Fg/Fg - M3 erupting 27 IDAS 2 (juvenile) <3.5 Juvenile
IPS-60874 Yes - Fd/Fd - Complete 38-40 IDAS 3 (adult) 3.0-4.0 Adult
IPS-60875 Yes - Fd/Fd - Complete 38-40 IDAS 3 (adult) 5.5-8.5 Adult
IPS-60876 No - Un/Un - M2 erupting 10 IDAS 2 (juvenile) <3.5 Juvenile
IPS-60877 Yes - Fd/Fd - Complete 38-40 IDAS 3 (adult) 5.5-8.5 Adult
IPS-60878 No - uUn/Un - M2 erupting 10 IDAS 2 (juvenile) <35 Juvenile
IPS-83490 - No - Un/Un M1 erupting <5 IDAS 1 (infant) <3.5 Juvenile
IPS-83491 No No Un/Un Un/Un M1 erupting 5 IDAS 1 (infant) <3.5 Juvenile
1PS-83492 No No Un/Un Un/Fg M1 erupting <5 IDAS 1 (infant) <35 Juvenile
1PS-83503 No No Fg/Fg Fg/Fd - - - - Juvenile-adult
IPS-83505 No No Un/Un Un/Fg - - - - Juvenile
IPS-83506 No No Fg/Fg Fg/Fg - - - - Juvenile
IPS-83507 No No Fg/Un Un/Fg - - - - Juvenile
IPS-83513 - No - Fd/Fd - - - - -
IPS-62075 Yes - Fg/Fg - - - - - -

d, distal; EFS, external fundamental system; Fd, fused; Fg, fusing; M1, first lower molar; M2, second lower molar; M3 third lower
molar; ID, specimen; IDAS, individual dental age stage; p, proximal; Un, unfused.

curing epoxy resin. Once the sample was fixed, it was cut with a dia-
mond saw (Petrothin, Buehler) up to a thickness of 100-120 um and
finely polished again to perfect the slide. Finally, sections were cov-
ered with DPX to improve the visualization under the microscope.

After preparation, thin sections were studied using a ZEISS Scope
A1 microscope, with an integrated camera, under polarized light to
analyse the different types of bone tissue and growth marks.

The organization of bone matrix can be classified as primary and
secondary bone (primary lamellar/parallel-fibered and primary
woven bone/fibrolamellar complex with different types of vascular-
ization; secondary Haversian and secondary endosteal lamellar
bone) with different deposition rates and functions (Francillon-Vieil-
lot et al. 1990; De Margerie et al. 2002; Huttenlocker et al. 2013).
According to the osteonal arrangement, various types of vascular
canal orientations can be distinguished: longitudinal, laminar,

plexiform, reticular and radial (Huttenlocker et al. 2013). In most
mammals, the main tissue type found in long bones is a fast-grow-
ing tissue known as fibrolamellar complex (FLC). This complex is
composed of woven-fibred bone with diverse vascular organiza-
tions (Huttenlocker et al. 2013). Sometimes, it is also possible to rec-
ognize a somewhat broad band in the periosteal zone, the external
fundamental system (EFS). The EFS consists of an edge of slow-grow-
ing tissue without vascularization formed by parallel-fibred bone
after maturity has been achieved (Chinsamy-Turan, 2005; Wood-
ward et al. 2013; de Andrade et al. 2015). Bone tissue is sometimes
interrupted by growth marks. Here, we employ the general term
BGM (bone growth mark) to describe a growth line regardless of
whether its nature is cyclicc or CGM (cyclical growth mark), to
describe those that follow a clearly cyclical pattern (Woodward
et al. 2013). We considered a single BGM as the circumferential

© 2019 Anatomical Society



structure formed by one or several well-defined lines which are situ-
ated very close together and which can be followed over the sur-
face of the cortical slide (Huttenlocker et al. 2013).

Section images were combined to reconstruct the mid-shaft sur-
face using PHoTosHop CS4. We obtained area and perimeter measure-
ments of each growth mark using specific software (ivages). These
data allowed us to calculate the growth rate for each growth zone.
Although the annual period of growth arrest is still unknown, here
we supposed 3 months of growth arrest (i.e. ca. 270 days of forma-
tion of growth zones) to calculate an approximation to the daily
bone growth rates for each growth zone. In the case of specimens
that showed a neonatal line (NL), it was also possible to calculate
the growth rate of the first growth zone. In this case, we calculated
the rate considering 135 days of formation (ca. half a year).

Growth areas and rates of the different groups of data were
compared using the Kruskal-Wallis test. Fisher’s exact test was used
to find a relationship between histological data obtained from
bone histology with the degree of epiphyseal fusion and dental
eruption pattern.

Results

Epiphyseal closure, eruption pattern and dental wear

The stage of epiphyseal closure (unfused, fusing and fused),
dental eruption and wear were examined to determine the
specimen’s age (Table 3). Our results revealed that the distal
epiphysis of the tibia shows the earliest fusion (Table 3).
These findings agree with previous studies focused on epi-
physeal closure of C. elaphus (Mariezkurenna, 1983). We
observed different stages of dental eruption in the mand-
ibles. Three females from Lleida showed the earliest erup-
tion stage. The mandible still had the deciduous premolars
and the M1 was erupting. On the other hand, 14 specimens
possessed their complete dentition, showing the third cusp
of the M3 completely erupted and in some cases even worn.
We observed the dental wear stages from infant to late
adult, with no senile deer in our sample.

We also found a relation between the stage of fused epi-
physes and complete dentition (P-value = 6.73e-05). All
fused specimens had completely erupted dentition, and
those with unfused or fusing stages of their epiphyses
showed an incomplete dentition, with the exception of the
male IPS-60871 from Lleida. In this male, all teeth had
erupted but his epiphyses were still fusing.

Histological analysis

Fast-growing tissue interrupted by BGMs or annuli was
found in every sampled specimen, except for three females
(IPS-83490, IPS-83491, IPS-83492), one male (IPS-83506) from
Lleida, and one male (IPS-109289) from Vienna, which did
not show any growth interruption (Table 2). The tissue con-
sists of FLC with different vascular orientations depending
on the bone and the location within it. BGMs were often
surrounded by slow-growing tissue, indicating the decline
and increase in growth rate before and after the growth
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hiatus, respectively. The specimen from Vienna previously
mentioned (IPS-109289) showed this tissue change in the
anterior part of its periosteum both in femur and tibia (Sup-
porting Information Fig. S2). In this zone, the disorganized
woven-fibred bone shifts to a more organized tissue (paral-
lel-fibred bone), indicating the slowdown in growth. The
full dataset about this specimen (Table 2) allows us to
establish that the decrease in growth rate occurred shortly
before its death. This coincides with the beginning of the
winter season and hence represents the first CGM of the
specimen.

In the cortex of the 29 femora, we found plexiform orien-
tation (Fig. 1A) with small areas of reticular vascularity
mainly in the medial part near the medullar cavity and in
disperse zones (Fig. 1B). However, a laminar orientation
prevailed in the cortex of nine of the 15 tibiae (Fig. 1Q).
Some specimens also showed the radial orientation of vas-
cular canals in the inner part of the tibial cortex (Fig. 1D),
which indicates very fast deposition of bone (Francillon-
Vieillot et al. 1990). Secondary bone (high density of sec-
ondary osteons) was present in the region of the linea
aspera of each femur due to remodelling processes. As age
increases, secondary bone expands radially into the cortex
from the inner region to the external cortex of femora and
tibiae. Two 13-year-old specimens (IPS-74171 and IPS-56307)
also showed secondary osteons in the outermost cortex.
Moreover, in 12 of them, we found the EFS. In contrast,
none of the tibiae showed an EFS in its outermost cortex
(Table 3).

We found a relationship between presence/absence of
EFS, fused/unfused epiphyses and complete/incomplete
dentition (P = 0.00024). All specimens with EFS shared a
complete dentition and fused epiphyses (Fig. 2). However,
in the female IPS-62075 and the males IPS-60871, IPS-
106838, IPS-106841, these features were not shown
together (Table 3).

Our results demonstrate that BGMs are recorded in both
periosteal bone types, the FLC and the EFS. The bone cortex
of specimens with an EFS shows a constant of four CGMs
within the FLC in the case of the females and five in the
case of the males of both subspecies, with the last BGM
forming the border between the FLC and the EFS. Ontoge-
netic series of femora were reconstructed for each popula-
tion by superimposition of histological slides to account for
lost growth marks (Woodward et al. 2013). This allowed us
to find CGMs that are partially erased by the expansion of
the medullary cavity in three females of C. e. hippelaphus
(IPS-74171, IPS-56306, IPS-56307; Fig. S1; Table 1). In most of
the analysed bones, the first BGM was either discontinuous
and interrupted by growing tissue or it changed into an
annulus instead of a well-defined BGM. Moreover, we
found a sudden change of tissue in the inner region of most
of the tibiae analysed (Fig. 3) and in the femora of IPS-
56308, IPS-106840, 1PS-83491, IPS-83505, IPS-83506 and IPS-
83507.
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Fig. 1 Long bones histology of Cervus elaphus. (A) Laminar bone in the femur of an adult male (IPS-83513). (B) Plexiform bone in the femur of
an adult male (IPS-60877). (C) Reticular bone in the femur of a juvenile female (IPS-83490). (D) Radial canals present in the tibia of a juvenile male

(IPS-83508). Scale bar: 500 pm.

Growth curves

We plotted the growth curves using accumulative growth
zone areas of femur (Fig. 4A) and tibia (Fig. 4B; i.e. active
bone deposition between two BGMs). We used area instead
of perimeter as a variable because it is more related to body
mass and hence better reflects the ontogenetic stages.
Growth follows a sigmoidal curve, showing a section of lin-
ear fast growth and another of asymptotic or slow growth.
In both subspecies, females reached the inflection point at
an earlier age than males (third and fourth BGM, respec-
tively).

Mean growth areas of femora for C. e. hispanicus and
C. e. hippelaphus were 270.71 and 421 mm?, respectively,
during the first year of growth, and 58.38 and 81.90 mm?
in the last year before the formation of EFS (Fig. 4Q).
Regarding total growth zone areas of femora, significant
differences (P = 0.013) were found between subspecies but
not between sexes (P = 0.0924). In the case of the tibiae,
significant differences were not found between subspecies,
either in total growth areas (P = 0.617) or in single areas.
We calculated the growth rates for each growth zone both
for tibia and femur using bone growth areas, instead of dis-
tance between BGMs (Marin-Moratalla et al. 2013, 2014;
Kolb et al. 2015b; Jordana et al. 2016). It is important to
highlight that specimens from Lleida exhibited a different
growth pattern than the other two populations, both in
femora (Fig. 4A-b) and tibiae (Fig. 4B-b). With increasing

age, growth rates in the femora suffered an abrupt
decrease, being very low the year before the formation of
the EFS (Fig. 4C-a). By contrast, growth rates in the tibiae
suffered a strong decline during the first year of growth
(from 2.216 to 0.344 mm? day"); after that, bone growth
occurred slowly and continuously (Fig. 4C-b).

Discussion

Data obtained here allow for the first time the calibration
of eruption pattern and epiphyseal closure with bone his-
tology and key LH traits (age at skeletal and reproductive
maturity) in two subspecies of extant C. elaphus. Summa-
rizing the results, femora and tibiae of the individuals
within our red deer populations showed the same num-
ber of annual marks in their FLC (before deposition of the
EFS), with the exception of one adult male of C e. hip-
pelaphus, where the femora had fewer BGMs within the
FLC than the tibia. Hence, both long bones appear to be
equally useful for skeletochronology. The analysis of den-
tal eruption pattern and epiphyseal fusion allowed us to
establish different age categories for both deer sub-
species.

Ageing

Deposition of zonal bone is triggered by photoperiod (Cas-
tanet et al. 2004) and seasonal environmental cycles of

© 2019 Anatomical Society
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Fig. 2 Dental eruption (A,E), stage of epiphyseal closure at the proximal (B,F) and distal region (C,G) and anterior cortex of femora (D,H) of a juve-
nile male (IPS-56308) (A-D) and an adult female (IPS-56304) (E-H). White arrow indicates the presence of EFS. White scale bar: 1 cm. Black scale

bar: 500 pum.

Fig. 3 Neonatal line in the inner cortex of the femur of a young captive male (IPS-56308). Double-head white arrow indicates the pre-natal tissue.

Scale bar: 500 pm.

resource availability (Kohler et al. 2012), recording seasonal
physiological cycles of hypometabolism during the unfa-
vourable season (i.e. winter; Kohler et al. 2012). The total
number of BGMs within the FLC and the EFS is expected to
provide the age at death of the individual. This has been
claimed to be true for ruminants in a study based on
femora of wild individuals of unknown age (Jordana et al.
2016) but has been shown not to be fully reliable in equids
of a known age (Nacarino-Meneses et al. 2016a). Here, we
discuss the results of our approach for the red deer.

Material of known age

Our aged material from the Vienna enclosure belongs to
some but not all possible age categories, lacking animals
of ages between 1 and 3 years, and 7 and 13 years. The
analysis of the C. e. hippelaphus population confirms that

© 2019 Anatomical Society

the total number of BGMs is not as reliable for deer as
expected from previous publications (Jordana et al. 2016).
The data provided about the ages of these deer show
that the number of BGMs present in tibiae corresponds
to the known age. In the case of the femora, however,
the number of BGMs only corresponds to the age before
the deposition of EFS. When EFS is present, some individ-
uals show more BGMs than expected from their age,
indicating that after attainment of skeletal maturity,
growth not only slows down but also ceases more fre-
quently than before. On the other hand, there appears
to be an age at which no further BGMs are deposited in
the femur, leading to a lower final number of BGMs, as
occurs in the oldest individuals. These outcomes agree
with previous findings by Castanet et al. (2004) for the
small primate Microcebus, and suggests that growth
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Fig. 4 Representation of growth curves and growth rates of subspecies of Cervus elaphus. (A) Growth curves based on growth zone areas repre-
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Female sample. m: growth zone of males. f: growth zone of females.
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definitely ceases a few years after attainment of repro-
ductive maturity.

Epiphyseal closure stages match the age, females being as
reliable as males. Dental eruption stages also correspond
precisely to the age of up to 3.5 years (indicating the age of
skeletal maturity). After this age, we can only age individu-
als by means of the analysis of their dental wear. Age
classes and dental wear stages correspond to the age from
the youngest (0-6 months) to the oldest specimen
(13 years). Our findings determined that the specimens
with all epiphyses unfused are younger than 1.5 years.
Though a delayed epiphyseal fusion has been described in
castrated specimens of sheep (Davis, 2000), we did not find
variation in the maturation time of the skeletal elements of
the castrated specimens.

Material of unknown age

We estimated the age for the specimens of C. e. hispanicus
considering CGMs only within the FLC (Table 2). The Span-
ish sample is broader than that from Austria and contains a
wide variety of age categories between 0.5 and 8 (esti-
mated) years. As with the C. e. hippelaphus sample, the
dental eruption and epiphyseal closure stages agree, with a
few exceptions, with the age estimated from histological
analyses in both males and females.

Although most of the data from our sample support
that femur and tibia are equally useful for skele-
tochronology, there are some important remarks to
make here. The tibiae of two adult males of the
C. e. hispanicus (IPS-83513) and C. e. hippelaphus (IPS-
106843) populations, showed eight and seven CGMs
within the FLC and were still lacking the EFS, whereas
the maximum number of CGMs within the FLC of the
femora was five. This variation between the number of
CGMs found in long bones, as well as the absence of
EFS in the tibia, agrees with findings in equids (Nacar-
ino-Meneses et al. 2016b). This can be explained by the
low and fairly continuous growth rate of bone deposi-
tion in tibiae. This bone takes more years than the
femur to reach a time when the radial growth rate
decreases, leading to more CGMs than expected in the
FLC.

Because births in red deer take place in summer (May-
July in C e. hippelaphus from the Wildlife Institute,
Vienna), fawns show their first CGM at ca. 6 months, coin-
ciding with their first winter season. In our specimens, this
first winter CGM appears either faint or as an annulus as a
consequence of the rapid growth of deer calves (Wood-
ward et al. 2013). Considering this, the change of tissue
detected in the innermost cortex of some specimens could
represent the moment of birth (i.e. the NL), as Nacarino-
Meneses & Kohler (2018) describe in their study of Equus.
Specimens younger than 6 months showed this shift in the
central part of the cortex, which supports its non-cyclical
origin. The change of tissue, both in femora and tibiae,
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often accompanied by radial canals, could be produced by
the beginning of locomotion and weight bearing in new-
borns (Nacarino-Meneses & Kohler, 2018).

Attainment of skeletal and reproductive maturity

The effects of the attainment of skeletal or reproductive
maturity on the bone cortex are still controversial. Some
researchers assume that the formation of the EFS is corre-
lated with the attainment of sexual maturity or with the
first reproduction in ungulates (Marin-Moratalla et al.
2014; Jordana et al. 2016; Nacarino-Meneses et al. 2016b).
On the other hand, some authors circumvent this problem,
relating the EFS to the attainment of skeletal maturity both
in extant and extinct groups (Marin-Moratalla et al. 2014;
Amson et al. 2015; Kolb et al. 2015a). Here, we demon-
strate for the first time a correlation between the presence
of EFS, complete dental eruption and epiphyseal fusion of
long bones of known age specimens and corroborate the
presence of an EFS in femora as an indicator of skeletal
maturity in red deer.

The moment of deposition of the EFS is reflected in the
growth curves as an asymptotic slowdown of the growth
(Fig. 4A). We calculated the age at which specimens reach
skeletal maturity by counting the CGMs within the FLC
before EFS formation (Chinsamy-Turan, 2005); females
attain skeletal maturity prior to males (shortly after 3.5 vs.
4.5 years, respectively), which is more than 1 year earlier
than estimations by Jordana et al. (2016), who estimated
ages of 5 and 6 years, respectively. The difference between
females and males reveals how important the sex factor is
for this LH trait. An earlier cessation of growth in females
has also been shown in other deer species such as white-
tailed deer (Flinn et al. 2013) and fallow deer (Carden &
Hayden, 2002). The different investment in body size
between sexes is attributable to the extended period of
growth of males to attain dominance in intraspecific com-
petition, whereas females invest in reproduction (Flinn
et al. 2013).

The absence of EFS in the castrated specimens could be
conditioned by the fact that their age (5 years) is within the
threshold of EFS formation in males. Further studies are
needed to establish the effects of castration on the forma-
tion of EFSs.

According to data gathered from the captive population,
we affirm that reproductive maturity in females of
C. e. hippelaphus is reached at the age of 3 years because
most of the females gave birth to their first calf at this age.
There are no data about birth dates in lberian deer but,
according to the literature, C. e. hispanicus females can
give birth as early as the age of 2 years (Carranza, 2017).
First reproduction in males occurs later than in females, at
the age of 5-7 years (Clutton-Brock et al. 1983; Ibler & Fis-
cher, 2016). This phenomenon of bimaturism, the different
onset of maturity between sexes, is typically found in
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polygynous species such as various species of hoofed mam-
mals and some primates (Stearns, 1992). With these results,
we conclude that, in deer, reproductive maturity precedes
the attainment of skeletal maturity, as previously suggested
by some authors (Lee et al. 2013).

How fast do deer bones grow?

Dissimilarities found in the growth of the two subspecies
might be due to (1) genetics, as C. e. hispanicus is one of
the smallest subspecies of C. elaphus (Garde et al. 2010); (2)
life conditions, because specimens of C. e. hippelaphus
were bred in captivity while C. e. hispanicus were born in
the wild; and (3) environmental conditions, as the popula-
tions belonged to different geographical regions with vari-
able climatic conditions.

Biological differences between subspecies are based on
the genetic differentiation of C. e. hispanicus due to the
isolation of the territory by the Pyrenees (Garde et al.
2010). Genetic studies (Skog et al. 2009; Zachos & Hartl,
2011) support the existence of different lineages (Iberian
for C. e. hispanicus and Balkan/Carpathian for C. e. hip-
pelaphus) belonging to different glacial refuges.

Regarding the lifestyle, the captive population receives
proper veterinary care and has better food availability and
quality than the wild populations of Spain, which could
lead to differences in growth rates (Dmitriew, 2011).
Notwithstanding, it is difficult to attribute these variations
to the captive conditions due to the absence of samples of
wild specimens of the same location with which these could
be compared, and to the non-constant variability of other
attributes such as genetics or environmental conditions
(Turner et al. 2016). Moreover, the possible semi-wild condi-
tions of some C. e. hispanicus populations make it difficult
to establish clear differences. Both subspecies belong to dif-
ferent geographical regions with different climatic condi-
tions and resource availability, which implies body size
variations according to Bergmann'’s Rule (McNab, 2010; Ros-
vold et al. 2014). Accordingly, the environmental factor
could also be an element that affects body size.

Growth variations between C. e. hispanicus populations
of Badajoz and Lleida could be attributed to their belong-
ing to different lineages (Carranza et al. 2016); however,
we should bear in mind that the existence of different
genetic lineages results from natural selection acting on
body mass and/or LH traits. Thus, it is also possible that their
different habitat and management cause variations in
growth. Faster growth rates of specimens from Badajoz
could be triggered by their development in dehesas or
Mediterranean forests and its possible food support due to
the hunting management to ensure persistence of the deer
population (Olea & San Miguel-Ayanz, 2006). On the other
hand, specimens from Lleida lived in a temperate forest of a
rather native environment where low nutrition conditions,
common in hard seasons, could cause slower growth rates

(Popkin et al. 2012). Finally, it could also be possible that
increased hunting pressure on the Lleida population, espe-
cially on fawns (see the relatively high number of fawns in
our Lleida sample), might be a selective force favouring an
advancement of reproductive maturity through an earlier
cessation of growth associated with a decrease in body size,
as proposed by LH theory (Stearns, 1992; Palkovacs, 2003).

Growth caveats

The wide variety of growth patterns within the C. e. hip-
pelaphus population could be attributed to the captivity
regime maintained in the Wildlife Research Institute of
Vienna for several generations. This is supported, for
instance, by studies of captive populations (Trut, 1999) in
which morphological and body size variations are described
to evolve within a few generations of foxes.

Conclusions

Bone growth in extant deer is tightly related to the sched-
ule of LH events. The formation of the EFS in femora occurs
at the same time as the epiphyseal fusion of proximal and
distal femur and tibia and the complete eruption of the
dentition, denoting the attainment of generalized skeletal
maturity. Tibiae, however, continue growing beyond this
age. We found differences at the histological level between
sexes, with females attaining skeletal maturity earlier than
males. Finally, our study provides evidence that reproduc-
tive maturity in deer occurs shortly before skeletal maturity.
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Supporting Information

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

Fig. S1. Superimposition of femora of 13-year-old (IPS-56307)
and 5-year-old females (IPS-56304). Red line indicates the first
CGM lost by the expansion of the medullar cavity. Blue lines are
two CGM partially eroded within FLC. Scale bar: 2 mm.

Fig. S2. Histological detail of the anterior part of the tibia of
the young male IPS-109289. The change of colour indicates the
shift from woven-fibred to parallel-fibred bone caused by the
slowdown in growth at the beginning of the winter season.
Scale bar: 200 um. Image obtained under polarized light with a
A\ filter.
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