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Histology-based skeletochronology is a widely used approach to determine
the age of an individual, and is based on the assumption that temporal ces-
sations or decelerations of bone growth lead to incremental growth marks
(GM), reflecting annual cycles. We studied the reliability of histology-
based skeletochronology in a variety of extant tetrapods by comparing
two different approaches: petrographic ground sections versus stained
microtomized sections. Each bone was cut into two corresponding halves
at its growth centre in order to apply both approaches to one and the
same sample. None of the samples unequivocally revealed the actual age
of the specimens, but truly concerning is the fact that the majority of samples
even led to conflicting age estimates between the two approaches. Although
the microtomized sections tended to yield more GM and thus indicated an
older age than the ground sections, the contrary also occurred. Such a pro-
nounced ambiguity in skeletochronological data strongly challenges the
value of the respective age determinations for both extant and extinct ani-
mals. We conclude that much more research on the fundamental
methodological side of skeletochronology—especially regarding the general
nature and microscopic recognition of GM—is required.
1. Introduction
Reliable age estimates provide the basis for reconstructing various life history
traits such as longevity, age at maturity, growth rates and growth strategies
[1–7], and can provide crucial demographic data needed for the successful man-
agement and conservation of endangered species [8–10]. Consequently, various
approaches for age determinations have been developed. However, morpho-
metric studies on, for example, size frequencies, testis lobation, lens weight or
tooth wear can only provide rather rough estimates for the differentiation of
adults and juveniles, or vague age classes [11–14]. Furthermore, such
approaches not only require a defined frame of reference (individuals of
known age), but frequently depend on soft tissues, and thus are inapplicable
to fossils. Mark–release–recapture studies are often considered the gold stan-
dard, but span over numerous years, frequently pose great challenges
concerning the accessibility of the sampling area and recapture likelihood,
and are equally inapplicable to fossils.

Skeletochronology is a widely used alternative, based on the assumption
that incremental growth marks (GM) are preserved in animal bones and
teeth, and thus can serve the basis for absolute age determinations [15–17]. It
is generally accepted that at least some temporal cessations or decelerations
of growth, namely zones, annuli and lines of arrested growth (LAG), indeed
indicate annual cycles [18,19]. The factors leading to and influencing the depo-
sition of GM, however, are still inconclusively understood. They are invariably
ascribed to unfavourable seasonal conditions that prohibited continued growth,
which may explain their occurrence in ectotherms of temperate climates, but not
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Table 1. Morphometric data and GM counts for the specimens analysed. PC: GM counts based on petrographic ground sections; SC: GM counts based on
stained microtomized sections. Length is given in mm for each bone, true age in years. The asterisk (*) indicates that these GM were heavily splitting.

taxon sample

humerus femur

true agelength PC SC length PC SC

Lissamphibia Bombina orientalis 13 4 7 17 3 5 5

Lepidosauria Sphenodon punctatus n.a. n.a. n.a. 42 21 21 n.a.

Lacerta viridis 15 4 4 18 5 3 5

Pogona vitticeps 37 6 12 40 7 11 16

Paroedura picta 15 4 6 18 6 6 4–5

Testudines Cuora amboinensis 37 6 8 36 8 8 ≥25
Mammalia Mus musculus 13 2* 2* 16 1* 1* 1

Dama dama 215 6 6 176 5 7 15

Aves Gallus domesticus 80 0 0 88 0 1 ≥7
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their presence in endotherms or animals living in aseasonal
climates [19,20]. Growth arrest may also be mediated by
hormonal cues [21], and the expression of GM is governed
by a genetically based internal rhythm synchronized and
amplified by seasonal stressors [19,22].

In theory, no frame of reference is required for skeleto-
chronology, and the utilization of mineralized hard tissues
is furthermore applicable to fossils. Especially for extinct
taxa, bone histology can offer valuable insights into certain
otherwise inaccessible aspects of their physiology, and
even allows—within certain limits—for taxonomic or indi-
vidual allocations of specimens [21,23–26]. On closer
examination, however, skeletochronology is not necessarily
as simple as it appears at first, for reasons ranging from
behavioural and environmental variables, differences in
bone composition, growth and resorption, to the confident
interpretation of GM (especially in the case of missing,
additional, multiple and ambiguous marks) [19,27]. Consid-
ering that skeletochronology yields accurate age estimates
for some species [28–30], but not for others—even closely
related ones—or that accuracy drastically decreases with
age [31–34], a frame of reference for each species (or
even population) remains strongly advised [9,19,27].
However, this is rarely applied in practice and is impossible
for fossils.

Another problem arises from the fact that substantially
different approaches are used for skeletochronology: palaeon-
tologists mainly use undecalcified petrographic ground
sections (ranging in thickness from about 25–200 µm) exam-
ined with polarizing microscopes, whereas neontologists
usually use decalcified microtomized and stained sections
(ranging in thickness from 2 to 25 µm) examined under
normal transmitted light. Considering the fundamental
differences in the applied histological techniques, systematic
evaluations of the comparability of different approaches are
remarkably rare [35]. The aim of the present study was to
address whether petrographic ground sections and microto-
mized sections yield the same age estimates, and how the
number of GM corresponds to the known age of the individ-
ual studied. Or generally speaking, how reliable are
histology-based skeletochronological age determinations
really, and how meaningful is this approach for inferring
life history traits in fossils?
2. Material and methods
Sampling comprised representatives of extant amphibians, reptiles,
birds and mammals of known age. Samples were taken from exist-
ing specimens—no animals were killed specifically for this study.
A complete list of specimens, ages, measurements and additional
information is given in the electronic supplementary material
(but see also table 1).

The right humeri and femora of all specimens were sampled
(except the Sphenodon punctatus sample, for which only the isolated
left femurwas available). The isolated boneswere µCT scanned (for
details, see the electronic supplementarymaterial) to determine the
most suitable sampling area: their growth centre, yielding the most
complete growth record, which was morphologically identified as
the area with the smallest medullary cavity and thickest cortex in
cross section. The bones were cut in the middle of the sampling
area and the proximal halves were used for petrographic ground
sections; the distal halves for conventional microtomized sections.

Samples for petrographic ground sections were placed in
absolute ethanol for one week and air dried. Dry samples were
embedded in epoxy resin (Araldite 2020, Huntsman), cut with a
rock saw (Buehler Isomet 4000 linear precision), and ground on
glass plates with silicon carbide powder (F400, F600, F800 grit
size, Krantz) down to a thickness of 60–180 µm. The sections
were cover-slipped using UV-glue (Verifix LV 740, Bohle).

Samples for conventional microtomized sections were fixed in
4% formaldehyde made fresh from paraformaldehyde in 0.1 M
phosphate-buffered saline (PBS) at 4°C, for 45 to 72 h, depending
on sample size. Fixed samples were washed in 0.1 M PBS for
30 min. and stored in 70% ethanol until further processing. Samples
were decalcified in 5%nitric acid, depending on size, for 1.5 to 50 h,
and washed in 0.1 M PBS overnight. Samples were dehydrated in a
graded series of ethanol and embedded in methacrylate (Technovit
7100, Heraeus-Kulzer). Samples were sectioned at 2–5 µm with
an HM350 rotary microtome (Microm). Staining was done
with 0.1% toluidine blue in 0.1% sodium tetraborate. Supple-
mentary staining was done on selected consecutive sections with
Ehrlich’s haematoxylin, Weigert’s haematoxylin + eosin, and
cresyl violet. Imaging and GM counting was done with a Zeiss
Axio Lab.A1, a Leica DM RE or Leica DM LP microscope (see
electronic supplementary material for details).
3. Results and discussion
A general histological description for all specimens studied,
together with a taxon-specific discussion, is provided in the
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Figure 1. The right femur of Pogona vitticeps sectioned at its centre of growth. Note that the petrographic ground section (left) reveals a smaller number of GM
(arrowheads) than the microtomized section (right). (Online version in colour.)
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Figure 2. The right femur of Lacerta viridis sectioned at its centre of growth. Note that the petrographic ground section (left) reveals a larger number of GM
(arrowheads) than the microtomized section (right). (Online version in colour.)
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electronic supplement. Except for Gallus domesticus (in
which only the microtomized femoral section showed one
GM), GM could be identified with both approaches in all
specimens, a summary of which is given in table 1. However,
visibility as well as GM counts generally varied greatly
between the two approaches, and also between the respective
skeletal elements.

The majority of samples yielded divergent counts when
the two approaches were compared, with a larger number
of GM recognizable in the microtomized sections as the
more frequent case (figure 1). However, one sample also
revealed a higher number of GM in the petrographic
ground sections compared to the microtomized ones
(figure 2). Only two microtomized samples agreed in GM
counts for the humerus and femur, respectively, but none of
the samples showed a consistent number of GM in the two
bones sampled that would reflect their true known age.
One may argue that the fact that most of our specimens
derived from captivity had an effect on GM deposition and
hence interfered with accurate age estimates. However, this
circumstance cannot be held responsible for the observed
differences between the two approaches, which were applied
to one and the same bone sample.

Consistent GM counts between petrographic ground and
microtomized sections were obtained only for a minority of
samples. Three out of eight humeral samples and four out
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Figure 3. Comparison of the femoral ground section (a) and microtomized
section (b) of Cuora amboinensis. Note that the relative spacing of the GM
(indicated by the horizontal bar diagrams in the middle) does not show a
trustworthy match between the two approaches (see arrows), albeit the
numeric value of countable GM agrees in absolute terms. (Online version
in colour.)
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of nine femoral ones agreed in their GM counts for the same
individual. Although identical in terms of the number of GM
counted, only one of these seven ‘agreeing’ sample pairs
revealed a trustworthy corresponding distribution of the
GM along the cross section (Sphenodon punctatus; see elec-
tronic supplementary material). The other six sample
pairs—based on the relative spacing between the individual
GM—raise further doubts that the countable structures
in fact correspond to each other (figure 3; electronic
supplementary material).

Our study presents the first data of a systematic compari-
son of the two primary approaches of GM identification and
strongly suggests that there is a fundamental problem: differ-
ent histological approaches (petrographic ground sections
versus microtomized sections) can lead to substantially
different age estimates. This is particularly concerning
because these deviations can occur in both directions,
namely petrographic ground sections can reveal a smaller
number of GM than microtomized sections within the same
bone (sampled immediately adjacent to each other), and
vice versa. Even more concerning is that, also for those
sample pairs in which the numbers of GM match, their distri-
bution along the cross section does not correspond to each
other, and thus raises doubts of whether the countable GM
in the two approaches actually reflect the same structures.
In other words: do the putative GM identifiable in ground
sections correspond to the putative GM in stained microto-
mized sections at all? Or to put it even more provocatively:
are either one true annual GM at all?

Bone undergoes constant changes, most importantly
resorption and remodelling that can lead to the potential
loss of GM [19]. Some of these transformations, such as endo-
steal resorption due to the expansion of the medullary cavity
and/or region, can be accounted for by methods of back-
calculation, but only if a sufficient growth series is available
[20,28]. More difficult and usually not assessable are
additional (non-annual) GM corresponding to physiological
stresses, such as starvation, disease or abnormally harsh
climatic conditions [36].

The mere visibility of GM can be problematic as well and
it usually seems to be neglected that the visibility might also
greatly depend on the method of sample preparation [35,37].
With regard to the staining of microtomized sections alone,
some authors claim that there is no difference [38], whereas
others claim better results with one stain or the other
[39,40]. We indeed noticed considerable differences in the dis-
tinctness of the GM among our samples. This was true for the
toluidine blue staining alone, but was even more pronounced
when different stains were compared (see electronic sup-
plementary material). Another controversy derives from
sample thickness. Ground sections that are too thin readily
lose optical contrast [37], whereas a reduction of thickness
in microtomized sections aids GM recognition, particularly
in delineating peripheral ones [34].

The accurate recognition of GM that do not represent
annual cycles, but instead mark important life history
events such as metamorphosis in amphibians, hatching in
lizards or reproductive phases in adults, and possibly wean-
ing in mammals [4,19,41–43], is a general problem in
skeletochronology that may lead to an overestimation of
age. Equally problematic are multiple or splitting GM—as
in our mouse or green lizard samples—which may be the
result of differential bone growth on one side of the bone
that should be counted as just one mark [42]. Multiple GM,
however, can also indicate multiple cessations in growth
per annum (e.g. hibernation in winter and aestivation in
summer) and then have to be counted as one annual GM
(e.g. [44]).

We conclude that a number of fundamental questions
concerning skeletochronology are still awaiting an answer,
which are at the very least: what actually constitutes the mor-
phological structure that we see as a GM, and in how far does
its extent of mineralization, or chemical composition, differ
from that of the remaining bone (in extant and fossil bone)?
What structural components or which molecules in GM are
specifically targeted by the different stains? What is the influ-
ence of section thickness (in ground sections and
microtomized sections) on the visibility of GM? Is there a
difference between ground sections of extant bones or those
from fossils, which due to their taphonomic history are
often ‘naturally stained’ and also differ in mineral compo-
sition and degree of mineralization? And last but not least:
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how is it possible that the same bones prepared with the two
different approaches lead to considerably different age esti-
mates, including cases where the thicker ground sections
reveal more GM than the thinner microtomized sections?

Bone histology undoubtedly remains a valuable tool for
understanding certain aspects of population structure and
life history traits in modern and extinct taxa. It of course
cannot be ignored that there are some cases where skeletochro-
nology provided very accurate age estimates (e.g. [30]).
However, the reasons why it only occasionally works are com-
pletely unknown and in general far too much work is done
without a reliable, systematic analysis of the methodological
aspects involved. Our study once again highlights that there
are numerous pitfalls in histology-based skeletochronology,
especially regarding the absolute numeric aspects. The histo-
logical structure of the bone can provide, for example,
insights into the state of maturity or the general growth rate.
Determining the absolute age, on the other hand, unequivo-
cally requires a well-supported frame of reference that
indicates that a given species actually deposits annual GM at
all. The required reliable information, however, might not
always be available for taxa about which only very little is
known and is simply inaccessible for extinct species. Concomi-
tant with this latter circumstance is that the vast majority of
studies that actually took external control data into account
are based on microtomized sections only (but see [45]). For
all of the numerous previous skeletochronological studies, it
is impossible to (a) add such a frame of reference a posteriori,
and (b) to conduct a comparison of the two approaches,
given that this already needs to be considered at the stage of
tissue sampling. Unless it can be shown that the growth
dynamics of extinct taxa differ considerably from those of
extant ones (resulting in much more unambiguous GM), this
may, unfortunately, limit the usefulness of skeletochronology
for fossil taxa, restricting its applicability to the rather general
aspects of their life history mentioned above. Before the wide
usage of skeletochronology in applied studies continues, par-
ticularly for extant taxa, we urge that much more research
should be conducted on its fundamental biological and meth-
odological aspects—especially in terms of understanding the
general nature and microscopic recognition of GM.

Despite its appeal, the theoretical framework of histology-
based skeletochronology does not seem to hold up in reality.
The simplicity of the idea of ubiquitous cyclic GM deposition
makes their analysis easy and a widely employed technique
used by such diverse groups of biologists as physiologists,
ecologists as well as those involved in conservational ques-
tions, and of course palaeontologists. However, this is
usually done more as a means to an end rather than with
the intent to actually understand the morphological
dynamics that occur within the bone. The continued use of
skeletochronology without prior clarification of the true iden-
tity of the structures one counts as putative GM is highly
discouraged due to the high degree of ambiguity shown by
our study, and eventually understanding these dynamics is
required first.
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