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Abstract

Understanding the age-structure of mammal populations is important for understanding population dynamics and informing wildlife con-
servation and management. For decades, cementum annuli analysis (CAA), the process of estimating animal age by counting cementum annuli 
in teeth, has been a standard method used by wildlife biologists from around the globe. The process of histological preparation for CAA of 
demineralized teeth often involves multiple steps that can be achieved using a variety of techniques. One technical issue that has been largely 
unexplored is understanding the effect of tooth section thickness on the process of accurately aging mammals by CAA. In this study, we 
investigated the relationship between validation of 2 experts aging mammals identically by CAA and tooth section thickness, species, and 
animal age. Our purpose was to determine if cutting teeth thicker than our standard of 14 µm compromises the ability of experts to age teeth 
identically. To carry out our study, 2 experts used CAA to determine the age of 30 American Black Bear (Ursus americanus) from Alaska, 30 Elk 
(Cervus canadensis) from Colorado, and 30 White-tailed Deer (Odocoileus virginianus) from Maine using teeth cut to different section thicknesses: 
14 µm (our standard), 25 µm, and 35 µm. Ages ranged from 1 to 8 yr for American Black Bear, 2 to 7 yr for Elk, and 1 to 17 yr for White-tailed Deer. 
We found that more teeth were aged identically by experts at 14 µm thickness (96%) compared to 25 µm (79%) and 35 µm thickness (82%). Age 
assignments from the experts agreed most frequently for Elk (93%), followed by American Black Bear (89%) and White-tailed Deer (74%). Animal 
age had no effect on experts aging teeth identically. Future studies interested in exploring an optimal tooth section thickness for CAA should 
strive to include individuals spanning the latitudinal range of the species and to use known-age animals whenever possible.
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Many key life history traits such as fecundity, dispersal, and survival 
are age-dependent (Vandermeer and Goldberg 2013). Age is therefore 
a crucial factor for understanding population dynamics and species 
distribution (Alexander 1958; Newman et al. 2014), both of which are 
used to inform conservation and management decisions that benefit 
wildlife and people (Leopold 1933; Morris 1972; Larson and Taber 
1980). For example, wildlife managers use age-at-harvest data in sta-
tistical models to monitor population size trends of White-tailed Deer 
(Odocoileus virginianus)—a widespread species of economic impor-
tance in the United States (Hewitt 2015)—and set future harvest reg-
ulations to achieve management objectives (Collier and Krementz 
2007; Brandell et al. 2022).

For decades, teeth have been useful for aging mammals (Laws 
1952). Each year in the life of a mammal, the cementum—the outer-
most tissue of a tooth root—forms a new outer growth layer resulting 
in bands of cementum called annuli. When cross-sectioned, thick 
and light cementum bands are related to periods of fast growth (e.g., 
spring and summer foraging), whereas thin and dark cementum 
bands are related to periods of slow growth (e.g., low nutrition during 
winter) when mammals are in physiological stress (Grue and Jensen 
1979; Lieberman and Meadow 1992; Colard et al. 2017; Fig. 1). Cemen-
tum growth layers are continuously synthesized in this fashion 
throughout the life of a mammal; thus, identification of annuli 

coupled with knowledge of tooth eruption timing can be used to 
estimate the age of an individual (Perrone et al. 2022). Cementum 
annuli analysis (CAA; also known as cementochronology), which 
involves identifying and counting these growth layers in teeth often 
under a transmitted light microscope (Fig. 1), can be a reliable method 
used by wildlife researchers and managers to determine age for a 
wide variety of mammals (Fancy 1980; Colard et al. 2018).

The steps of tooth preparation for CAA vary based on whether the 
tooth is demineralized or not (Fancy 1980). The procedure of histo-
logical preparation for CAA of demineralized teeth often involves the 
following steps: (i) the tooth is decalcified using a chemical treatment 
and processed (dehydration, clearing, and matrix infiltration); (ii) the 
tooth is then embedded in a matrix of paraffin wax, so the tooth can 
be cut into thin sections; and (iii) the tooth is stained to amplify the 
contrast between light and dark cementum annuli, which are then 
counted using the aid of a microscope (Fancy 1980; Matson et al. 
1993). Although each of these steps can be achieved using a variety 
of techniques (Fancy 1980; Kvaal et al. 1996), one aspect of deminer-
alized tooth preparation that has been largely unexplored is under-
standing the effect of tooth section thickness on the process of 
accurately aging mammals by CAA.

In CAA studies, tooth section thickness ranges from 6 to 30 µm for 
decalcified teeth (Adams and Watkins 1967; Takken Beijersbergen 
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2019). Despite the range in section thickness used, there are no stud-
ies to our knowledge that have investigated an optimum thickness 
that achieves the most easily interpretable annulations. The purpose 
of this study was to determine if cutting teeth thicker than our stan-
dard of 14 µm compromises the ability of experts aging teeth identi-
cally. We therefore evaluated the relationship between the agreement 
of experts aging mammals by CAA and tooth section thickness, spe-
cies, and animal age.

Methods
We performed all histological preparation and CAA at Matson’s Lab-
oratory (Manhattan, Montana, United States), a commercial lab that 
specializes in CAA. Since 1969, Matson’s Lab has analyzed over 3 

million teeth from over 200 different mammalian species submitted 
by biologists, researchers, and hunters from around the world (Mat-
son’s Laboratory 2024).

Tooth selection.
In this study, we focused on American Black Bear, White-tailed Deer, 
and Elk because of their environmental and economic importance 
(Ziegltrum and Nolte 2001; Koontz and Loomis 2005; Hewitt 2015), 
their availability for use in this study, and the Matson’s Lab expertise 
in aging these species (e.g., Harshyne et al. 1998; Hamlin et al. 2000; 
Costello et al. 2004; Adams and Blanchong 2020). In 2024, these 3 
species made up 57% (63,712 of 112,001) of the teeth processed and 
aged at Matson’s Lab (American Black Bear = 38,458; White-tailed 
Deer = 17,093; Elk = 8,161).

We selected samples from teeth that were collected and stored 
dry in 2022, histologically processed at Matson’s Lab (see Matson et al. 
1993 for details of processing methods) in 2023, and stored at room 
temperature embedded in paraffin blocks for 6 mo or less after pro-
cessing. Paraffin blocks have been shown to be a stable long-term 
storage option for tissues (Likhithaswamy et al. 2022). We are unaware 
of any studies assessing the deterioration rate of histological features 
in dry tooth specimens, but Matson’s Lab has always processed tooth 
specimens stored in this manner and has had success correctly aging 
known-age specimens (Harshyne et  al. 1998; Hamlin et  al. 2000; 
Costello et al. 2004; Foley et al. 2022), suggesting that this manner of 
storage is not significantly deleterious.

For each species, we first identified a northern population with 
teeth from >50 different individuals. We limited sampling to northern 
populations because teeth from latitudinal regions that experience 
discrete seasons exhibit annuli that are more distinct due to sharp 
seasonal changes in metabolic rates and hormones (Asmus and 
Weckerly 2011; Kohler et al. 2012). We used a random number gen-
erator to select 30 teeth from 895 American Black Bear from Alaska, 
1,001 White-tailed Deer from Maine, and 53 Elk from Colorado. We 
used the first premolar for American Black Bear (Willey 1974) and the 
first incisor for White-tailed Deer and Elk (Gilbert 1966; Keiss 1969). 
We removed teeth that were damaged, either from extraction or orig-
inal sectioning, to avoid known negative effects on CAA accuracy 
(Grue and Jensen 1979; Costello et al. 2004), and a new random tooth 
was selected as a replacement. We did not stratify our sampling by 
sex because past studies of mammals with known-ages suggest that 
sex does not have an effect on the accuracy of CAA for American 
Black Bear, White-tailed Deer, or Elk (Hamlin et al. 2000; Costello 
et al. 2004).

The presence of known-age animals within a submission is rarely 
revealed to Matson’s Lab because such animals are intended to act 
as a blind test of CAA accuracy. Due to this and the general paucity 
of known-age wild animals, we were unable to use known-age sam-
ples in this study; therefore, we were unable to directly analyze how 
tooth section thickness affects CAA accuracy. Nonetheless, our study 
provides insights to improve the performance of CAA by focusing on 
tooth section thickness, one of the few factors that can be controlled 
in such analyses.

Histological processing.
We embedded decalcified teeth in paraffin wax (Leica Surgipath Par-
aplast Plus) and sectioned teeth longitudinally using a Leica Histo-
Core Biocut microtome fitted with a C.L. Sturkey Permanent 
Microtome Knife. We chose 14 µm as the thinnest section because 
that is the standard thickness used by Matson’s Lab and we were 
interested in examining the relationship between this and greater 
section thicknesses and CAA repeatability for subsequent isotope 
ratio mass spectrometry (IRMS) experimental studies. Tooth sections 

Fig. 1.  Examples of cementum annuli (magnification = 40×) for American 
Black Bear (Ursus americanus), White-tailed Deer (Odocoileus virginianus), and 
Elk (Cervus canadensis). Numbers on annuli correspond to the age at which 
each was deposited and were therefore used to age each specimen. The 
inset for American Black Bear shows a pattern of paired annuli that is 
characteristic of a female during cub-rearing years (at least 7).
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thicker than 35 µm have proven to not adhere adequately to micro-
scope slides following Matson’s Lab standard protocol. We did not 
include section thicknesses less than 14 µm because they are increas-
ingly less likely to provide enough material for IRMS. A total of 6 
sections were taken from each tooth at the following thickness in the 
following order: 14 µm, 25 µm, 35 µm, 14 µm, 25 µm, and 35 µm. We 
sectioned teeth in this order to ensure that at least 1 section of each 
thickness was obtained before optimal tooth tissue was exhausted. 
We collected 2 sections of each thickness to further increase the 
chances of obtaining sections suitable for analysis, which is standard 
practice at Matson’s Lab.

We mounted sections in pairs by thickness on petrographic micro-
scope slides (Ward’s Natural Science 27 × 46 × 1.2 mm), resulting in 
3 slides for each animal (14 , 25 , and 35 µm). The slides were depar-
affinized and Giemsa-stained using standard Matson’s Lab protocol 
(Matson et al. 1993). We did not place coverslips on the slides because 
of the nature in which they were to be used in subsequent IRMS 
studies.

Cementum age analysis.
All 90 teeth were analyzed by 2 experts trained using Matson’s Lab 
species-specific aging models (Matson 1981). Experts aged each tooth 
independently. Both experts analyzed each 14 µm tooth section, 
waited at least 1 wk to analyze each 25 µm tooth section, and then 
waited at least 1 more week to analyze each 35 µm tooth section. 
Experts viewed duplicate sections of each tooth and assessed the 
collective evidence presented in both sections to determine a single 
age (Matson et al. 1993), yielding a total of 540 age measurements.

We applied a drop of reverse osmosis water (imitates a coverslip) 
over the sections immediately before viewing under a Leica DME or 
Leica DM750 compound light microscope (40× to 100× magnification). 
We removed reverse osmosis water and analyzed dry sections in cases 
when the water caused too much lighting of the sample, which was 
typical for the 14 µm sections.

For purposes of aging, we used 1 February for the birthdate of 
American Black Bear and 1 June for White-tailed Deer and Elk (Sev-
eringhaus 1949; Marks and Erickson 1966; Keiss 1969). If a tooth was 
extracted soon after those dates, the annulus denoting the most 
recent winter may or may not be visible along the periphery of the 
tooth section, especially for American Black Bear which have a birth-
date during the non-growing season (Matson et al. 1993). In such 
cases, the outermost light cementum layer was included in the 
annuli count.

Statistical analysis.
We first used binomial regression to calculate the log odds that 2 
experts will age a tooth identically depending on the age of the ani-
mal, tooth section thickness (14, 25, and 35 µm), and species (Amer-
ican Black Bear, White-tailed Deer, and Elk). We reported the estimated 
regression coefficient, SE, 95% CI, z-score, and P-value for each pre-
dictor in our logit model. Because these regression coefficients cor-
respond to the change in log odds, we exponentiated each coefficient 

and reported the odds ratios (with 95% CIs) for easier interpretation. 
We then used a Wald’s test to determine the overall effect of tooth 
section thickness and species on the uncertainty in aging and if both 
tooth section thickness coefficients and species coefficients were 
statistically different from one another. Lastly, we compared the rela-
tionships among the predicted probability of 2 experts aging an ani-
mal identically by tooth section thickness to determine the optimal 
tooth section thickness for aging the species in this study.

We conducted all analyses in R and reported statistical differences 
between groups using a standard significance level (α) of 0.05 (R Core 
Team 2023).

Results
We found that the mean age assigned by experts was 3.7 for all spe-
cies, but ages ranged from 2 to 7 (x = 4 8. ) yr for Elk, followed by 1to 8 
(x = 3 4. ) yr for American Black Bear, and 1to 17 (x = 3 0. ) yr for 
White-tailed Deer (Table 1; Supplementary Data SD1). We found that 
the 14-µm section had the fewest misclassifications for all 3 species 
examined in this study (Table 1). Specifically, we found that the 2 
experts assigned identical ages for far more teeth at 14 µm thickness 
(96%) compared to 25 µm (79%) and 35 µm thickness (82%; Table 1). 
Expert age agreement was 74% for White-tailed Deer, 89% for Amer-
ican Black Bear, and 93% for Elk (Table 1).

Using our 3-covariate (animal age, tooth section thickness, species) 
logit model, we found that animal age had no effect on experts aging 
teeth identically (i.e., the CI contained zero and P > 0.05; Table 2). We 
did, however, find that both tooth section thickness (x2 = 10.0, df = 2, 
P = 0.007) and species (x2 = 14.7, df = 2, P < 0.001) had an overall effect 
on the uncertainty in aging. Unlike the coefficients for Elk (vs. Amer-
ican Black Bear) and White-tailed Deer (vs. American Black Bear), 
which were different from one another (x2 = 12.4, df = 1, P < 0.001), we 
found no effect (x2 = 0.32, df = 1, P = 0.57) of experts aging a tooth 
identically when comparing 25 µm versus 14 µm with 35 µm versus 
14 µm. Regardless of animal age, the predicted probability of 2 experts 
aging a tooth identically is highest at 14 µm (Fig. 2).

Discussion
We made 2 important discoveries in this study. First, we found that 
experts were best at aging Elk followed by American Black Bear and 
White-tailed Deer when analyzing individuals from their northern 
ranges. We also learned that, regardless of animal age and species, 
our standard 14 µm sections yielded highest age agreement among 
experts and is therefore the tooth thickness we recommend for CAA 
analysis of decalcified teeth.

In order to produce histological samples with consistent visual 
properties, Matson’s Lab follows a standard histological sample 
preparation protocol that employs tooth sections that are 14 µm 
thick. Matson’s Lab also uses species-specific CAA aging models that 
describe detailed criteria for determining age. Matson’s Lab produced 
these aging models using samples prepared following their standard 

Table 1.  Summary statistics of cementum annuli analysis age estimates recorded by 2 experts for each species, including tooth sections 
assigned different ages by experts (Misclass) and mean (with standard deviation, SD) of mean ages by species and tooth section thickness.

Section thickness 14 µm 25 µm 35 µm

Species Misclass Mean SD Misclass Mean SD Misclass Mean SD Total 
Misclass

American Black Bear (n = 30) 1 3.35 0.02 3 3.35 0.07 6 3.13 0.14 10
Elk (n = 30) 0 4.77 0.00 3 4.75 0.40 3 4.75 0.07 6
White-tailed Deer (n = 30) 3 2.95 0.07 13 3.25 0.34 7 3.15 0.21 23
Total (n = 90) 4 19 16
Mean 1.33 3.69 0.03 6.33 3.78 0.27 5.33 3.68 0.14 13.00
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histological sample preparation protocol; therefore, it is not surprising 
that our study revealed that experts aged animals most similarly 
using 14 µm sections, as experts are trained in CAA using this thick-
ness. Interestingly, although an experts ability to age animals iden-
tically decreased as section thickness increased from 14 µm to larger 
section thicknesses, the number of misclassifications was similar 
when increasing section thickness from 14 to 25 µm and 14 to 35 µm. 
This may suggest that annuli of 25 and 35 µm sections are equally 
interpretable, leading us to wonder if experts could be trained accord-
ing to nuances in the visual presentation of each. It is possible that 
the variable addition of reverse osmosis water during microscopy, 
which was most common for 25 and 35 µm sections, may have influ-
enced the observed pattern, but we are unable to test this because 
water application was not recorded during analysis. Future studies 
interested in exploring an optimal tooth section thickness for CAA of 

decalcified teeth should utilize cover-slipped slides to eliminate this 
variable.

We did not find evidence that animal age influenced CAA. Our 
estimated ages ranged from 1 to 17 yr, but our dataset did not contain 
many older animals and did not span an age range wide enough to 
detect an effect of age on experts assigning identical ages for these 
species. Despite this result, our sample is likely representative of the 
actual age structure of the wild populations sampled (Robison and 
Bolen 1989). Other studies of White-tailed Deer incisor pairs from 
Iowa (Adams and Blanchong 2020) and known-age Elk, Mule Deer, 
and White-tailed Deer from Montana did not find a relationship 
between CAA consistency or accuracy and age (Hamlin et al. 2000). 
Adams and Blanchong (2020) attributed the lack in finding a relation-
ship to deficiencies with their dataset (estimated ages ranged from 1 
to 8 and 95% of their sample were aged 1 to 4). In contrast, other 

Fig. 2.  The predicted probabilities of 2 experts aging a tooth identically by species (American Black Bear, Ursus americanus; Elk, Cervus canadensis; 
White-tailed Deer, Odocoileus virginianus), animal age (years), and tooth section thickness (µm). The dashed line denotes the average age measured by 
experts in this study for each species for all tooth section thicknesses combined.

Table 2.  Statistics used to interpret results from our binomial regression model, including the odds ratio (and 95% CI) that 2 experts will 
age a tooth identically by cementum age analysis depending on the estimated age of the animal: American Black Bear (Ursus americanus), 
White-tailed Deer (Odocoileus virginianus), and Elk (Cervus canadensis).
Model: logit(p) = log(p/(1−p)) = β0 + β1×Age  +  β2×Thickness + β3 × Species.

Coeff. SE Low 
CI (2.5%)

High 
CI (97.5%)

z P Odds ratio Low 
CI (2.5%)

High 
CI (97.5%)

(Intercept) 3.778 0.656 2.493 5.063 5.762 <0.001 43.722 13.580 184.329
Age −0.096 0.066 −0.225 0.334 −1.447 0.148 0.909 0.796 1.036
Thickness 25 µm −1.840 0.588 −2.992 −0.688 −3.130 0.002 0.159 0.043 0.459
Thickness 35 µm −1.618 0.595 −2.785 −0.451 −2.718 0.007 0.198 0.534 0.585
Elk 0.715 0.555 −0.374 1.803 1.287 0.198 2.043 0.702 6.426
White-tailed Deer −1.071 0.427 −1.909 −0.234 −2.508 0.012 0.343 0.143 0.773
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studies using known-age animals to investigate the effects of age on 
CAA accuracy found that accuracy declined with animal age and 
estimated animal ages were usually negatively biased (e.g., McLaugh-
lin et al. 1990; Costello et al. 2004; Storm et al. 2014; Foley et al. 2022), 
except for 1 study that revealed mostly overestimates for American 
Black Bear in Pennsylvania (Harshyne et al. 1998). Loss of CAA accu-
racy with increasing animal age has been attributed to the decrease 
in cementum deposition with increased age, resulting in thinner and 
more compact annuli later in life that are more difficult to differen-
tiate than earlier annuli (Sauer et al. 1966; Grue and Jensen 1979).

We found that species had a significant effect on CAA results. 
Specifically, using the 14 µm thickness, 2 experts aged 3 White-tailed 
Deer differently (90% assigned identical age; age difference of 1 yr in 
all misclassifications), 1 American Black Bear differently (97% 
assigned identical age; age difference of 1 yr in misclassification), and 
0 Elk differently (100% assigned identical age; Supplementary Data 
SD1). Other studies from the United States that investigated CAA 
consistency conducted at Matson’s Lab found matching CAA ages for 
74% of American Black Bear (n = 232) analyzed from New Mexico and 
81% of White-tailed Deer (n = 473) analyzed from Iowa (Costello et al. 
2004; Adams and Blanchong 2020). In both studies, the majority of 
age misclassifications differed by 1 yr, though discrepancies up to 4 yr 
in White-tailed Deer and 6 yr in American Black Bear were reported. 
In contrast to our study, these studies compared age estimates of 2 
different teeth (usually identical tooth type) from the same animal 
rather than age estimates of the same tooth by 2 different experts. 
Investigating the validity of CAA using 2 different teeth from the same 
animal could be problematic because different teeth from the same 
animal may be subjected to different biological factors (e.g., trauma, 
pathology) that affect cementum deposition and could lead to differ-
ential histological characteristics, resulting in different CAA ages. A 
study that evaluates CAA accuracy and consistency using the same 
expert analyzing different teeth from the same animal with a known 
age as well as different experts with similar training and experience 
analyzing the same tooth would be ideal.

Past studies using known-age animals revealed that the accuracy 
of CAA conducted by Matson’s Lab ranges from 97% for Elk (Hamlin 
et al. 2000; Montana, USA, n = 111), 80% to 92% for American Black 
Bear (Costello et al. 2004; New Mexico, United States, n = 30: Harshyne 
et al. 1998; Pennsylvania, United States, n = 671), and 60% to 85% for 
White-tailed Deer (Foley et  al. 2022; Texas, United States, n = 264: 
Hamlin et al. 2000; Montana, United States, n = 74). Past results com-
bined with the findings of this study, which focuses on northern pop-
ulations and therefore likely reports liberal estimates of age 
agreement, suggest that the reliability of CAA is not consistent across 
species or populations within the same species. Complexity or irreg-
ularity in the appearance of cementum annuli (i.e., split annuli, false 
annuli, resorption) and indistinct annulations prevalent in southern 
populations are often the greatest cause for uncertainty and error in 
CAA (Harshyne et al. 1998; Naji et al. 2022) and such characteristics 
are found in at least some individuals of all species (Grue and Jensen 
1979). Ungulates, in particular, commonly exhibit irregularities in 
annuli appearance due to resorption resulting from reparative pro-
cesses in response to pathology or trauma (Grue and Jensen 1979; 
Bosshardt and Selvig 1997). In our experience, White-tailed Deer show 
annuli complexity to a much greater extent than Elk, though we have 
not quantified these differences (Hamlin et al. 2000). Reproductive 
history also complicates CAA of American Black Bear, which is not 
observed in ungulates. In particular, cub-rearing years are evident by 
proportionally less light cementum deposition during that time (Coy 
and Garshelis 1992), resulting in the appearance of paired annuli that 
may be mistaken as annuli complexity (Fig. 1), especially if the sex 
of the bear is unknown. Ultimately, quantification of the histological 
characteristics (i.e., annuli complexities and irregularities) that 

accompany known-age animals across the latitudinal gradient of 
their range can help elucidate whether misclassifications during CAA 
are due to human errors or are species-related and/or regionally 
related. Future studies interested in exploring optimal tooth section 
thickness for CAA should strive to use known-age animals and ani-
mals from multiple latitudes to evaluate the accuracy and repeat-
ability of CAA.
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