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ABSTRACT
Knowledge of age structure and longevity (maximum age) are essential for modelling marine
mammal population dynamics. Estimation of age in common dolphins (Delphinus spp.) is
primarily based on counting Growth Layer Groups (GLGs) in the dentine of thin, decalcified
and stained sections of teeth. An annual incremental deposition rate was validated for
Delphinus spp. 30-years ago through the use of tetracycline. However, it is not known if the
pulp cavity becomes occluded in older individuals or GLGs continue to be deposited in
dentine tissue. To investigate the deposition of GLGs in dentine tissue, teeth samples were
obtained during the necropsies of two short-beaked common dolphins (Delphinus delphis)
that were held in captivity for 31 and 33 years in New Zealand. Individuals were captured
together in Hawkes Bay, North Island, New Zealand and classified as juveniles based on
physical appearance. Teeth were processed in two ageing laboratories, using four different
bone decalcifiers, two sectioning techniques incorporating the use of both a freezing
microtome (-20°C) and paraffin microtome, and two different stains. An age was estimated
for one of the dolphins, in line with that proposed based on estimated age at capture and
period in captivity. However, a hypomineralised area was observed in the dentine tissue close
to the pulp cavity of the second individual, preventing estimation of maximum age. The
presence and structure of this anomaly is explored further within the study.

INTRODUCTION
Age provides important information on an individual’s life history including
growth and development, both sexually and physically. Knowledge of age
structure and longevity (maximum age) are essential for modelling marine
mammal population dynamics. In addition, the ability to estimate age of freeranging dolphins can provide pertinent information on fluctuations of
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mortality rates within birth cohorts. Common dolphins (Delphinus spp.)
possess small, slightly curved conical homodont teeth, composed of three
hard tissue types; enamel, dentine and cementum. The neonatal line, a
hypocalcified band in the dentine, is laid down at birth and is thought to be
caused by hormonal stress due to abrupt environmental and nutritional
changes (Avery 1976, Lockyer 1995, Danil 2004). It delineates the pre- and
post-natal dentine tissue, and after which the first incremental layer or Growth
Layer Group (GLG) begins to be deposited. GLGs may be recognised by their
cyclic repetition and must involve at least one change that can be defined as
a countable unit representing, for most species, a 1-year period (Klevezal
1980, Perrin and Myrick 1980, Scheffer and Myrick 1980, Myrick 1998,
Murphy et al. 2012). In decalcified and stained sections of small delphinid
dental tissue, GLGs are composed of two components in post-natal dentine:
(1) a broad layer of intermediate optical density and (2) a thinner more
translucent layer. This is as a result of variations in the content and
distribution of the mineral component, e.g. hydroxyapatite, in dental hard
tissues producing differences in optical density and stainability (Klevezal
1980, Luque 2008). In more recent GLGs in older individuals, the opaque
layer becomes more compressed and the translucent layer appears
proportionally more prominent (Perrin and Myrick 1980). As common
dolphins have small teeth, dentine deposition may occlude the pulp cavity
before an animal dies (Gurevich et al. 1980), though this has not been
investigated in individuals of known-age.
A number of different methods have been used to calibrate the GLG
deposition rate in small delphinids, by assessing layering patterns in: (1) teeth
obtained from captive-born and therefore known-age dolphins (Myrick and
Cornell 1990; and references therein); (2) multiple tooth extraction from
either captive or free-ranging dolphins over a defined period of time (Hui
1978, Hohn et al. 1989); or (3) teeth of captive dolphins with tetracycline
‘time marked’ labels (Myrick et al. 1984, Myrick et al. 1988, Myrick and
Cornell 1990, Myrick 1998). An annual incremental deposition rate was
validated for Delphinus spp. 30-years ago by Gurevich et al. (1980) through
the use of tetracycline, an antibiotic that was employed as a fluorescent vital
marker in teeth of captive dolphins. Estimation of age in common dolphins
is primarily based on counting GLGs in the dentine (Murphy and Rogan 2006,
Danil and Chivers 2007, Westgate and Read 2007, Murphy et al. 2009) rather
than the cementum tissue, as the latter can be too thin to allow resolution of
GLGs (Perrin and Myrick 1980). Danil et al. (2004) did use counts of GLGs
in the cementum for verification of GLG based estimates in dentine tissue,
though actual results of this comparison in accumulation of incremental layers
was not presented. Although an annual GLG deposition rate in dental tissue
was identified for Delphinus spp., it is not known if the pulp cavity becomes
occluded in older individuals or if GLGs continue to be deposited in dentine
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tissue. To investigate the deposition rate of GLGs in dentine tissue, teeth
samples were obtained during the necropsies of two New Zealand common
dolphins, later identified as Delphinus delphis based on cranial morphology
(Jordan 2012). Teeth were processed in two ageing laboratories using a
number of different decalcifiers, and preparation methods. Thus within the
current study, comparisons of age estimation techniques for common
dolphins was also undertaken.
MATERIALS AND METHODS
Two common dolphins, named Shona and Kelly, were captured off Port
Napier, Hawkes Bay, North Island, New Zealand on the 13th December 1974.
Both individuals were removed on the same day, though at different times of
the day, and housed at Marineland, Napier for their entire period in captivity.
Further details on the facility and enclosure can be found in Kyngdon et al.
(2003). Individuals were classified as juveniles based on physical appearance.
Kastelein et al. (2000) estimated the birth date of both individuals using body
length, weight, condition of teeth, general body condition and (length, weight)
data from eight common dolphins caught in the eastern tropical Pacific (see
André et al. 1990). Shona and Kelly were first measured in 1987, 13 years
post-capture, though they were first weighed in 1978. At the time of capture,
Kastelein et al. (2000) estimated ages of c.4 and c.3 years for Shona and Kelly,
respectively - though it was stated that ages may be over estimated by one to
two years. Shona and Kelly died on the 7th April 2006 and 11th September
2008, respectively, spending almost c.31 and c.34 years in captivity.
Approximately ten teeth were extracted during post-mortem examinations,
comprising of the least worn/curved teeth, and stored either frozen or in 70%
ethanol for further analysis. Depending on the degree of tooth wear, samples
were primarily selected from the middle of the lower jaws/mandibles, as the
largest most uniformly layered teeth are found within this region (Hui 1978).
In addition, Gurevich et al. (1980) noted that dental layering may cease earlier
in maxillary than mandibular teeth.
Teeth processing techniques
Teeth were processed in two ageing laboratories using four different bone
decalcifiers, two sectioning techniques incorporating the use of both a
freezing microtome (cryostat) (-20°C) and a paraffin microtome, and two
different histological stains as detailed herein.
Histology laboratory 1
Fixation and decalcification: Teeth were cleaned and fixed in 10% neutral
buffered formalin at a tissue to solution volume ratio of 1:10 for two weeks.
Two decalcification solutions were used: (1) Formical-4™, a fixative
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decalcifier supplied by Decal®, and (2) the rapid decalcifier RDO©, a
commercial acid mixture produced by Apex Engineering Product
Corporation. Formical-4 is a combination of formic acid, formaldehyde, and
EDTA (Ethylene-diamine-tetra-acetic acid) and the primary agent in RDO is
hydrogen chloride in aqueous solution. Mechanical agitation of tissues in the
solutions is recommended during the decalcification process. Teeth were
washed in slow running tap water prior to decalcification to remove as much
fixative as possible, the period of time depended on the type of decalcifier
used. This consisted of three to four minutes for Formical-4 and 24 hours for
RDO – the latter should not be combined with formaldehyde as this may result
in the potential release of toxic gases. For effective decalcification, bone
samples should not be more than 4-5mm thick. Maximum width of teeth from
Shona and Kelly were approximately 4 and 3 mm, respectively.
Teeth were transferred into containers containing either Formical-4 or RDO
at a tissue to solution volume ratio of 1:20. Tissue samples were checked for
decalcification by determining pliability, or undertaking a chemical endpoint
indicator test. The ammonium oxalate turbidity test assessed if calcium was
present within the used decalcifying solution (after Luna 1992, RDO 2012).
The endpoint test also determined if the decalcification solution was
exhausted. 5 ml of the decalcifying solution from the bottom of the specimen
container (avoiding picking up particles in the pipette) was added to a 30 ml
tube containing a pH indicator strip. Approximately 5 ml of ammonium
hydroxide was pipetted into the tube, neutralising the solution as indicated by
the pH strip. Subsequently, 5 ml of ammonium oxalate was added to the tube.
If the test aliquot was clear after 30 minutes, decalcification was completed.
If cloudy, the solution was exhausted, indicated by the precipitated calcium
oxalate, decalcification was not complete and the solution was changed (Luna
1992, RDO 2012). Following the decalcification process, teeth were rinsed in
water overnight to remove any residues of the acid solution. Teeth were then
stored in 70% alcohol.
Wax embedding technique
Teeth were initially placed in containers with 70% alcohol and 4% phenol for
a period ranging between two-three days and one week, depending on the
tooth size. Phenol was used to soften the teeth, as during preliminary trials of
the wax embedding technique, teeth became too brittle and were dislodged
from the paraffin wax block during sectioning. Teeth were further dehydrated
(at room temperature) through increasing concentrations of alcohol; including
70% alcohol (1 hour), 96% alcohol (1 hour), absolute alcohol (1.5 hours), a
mixture of 50/50 absolute alcohol/methyl benzoate (2 hours), methyl
benzoate (3 hours), and finally chloroform (1 hour) for clearing purposes.
Teeth were embedded in paraffin wax and sectioned at 5μm using a Leitz
Microtome equipped with a steel histology knife. Longitudinal sections were
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obtained from the tooth, by cutting in the buccolingual plane or perpendicular
to the mandible, i.e. dolphin cut. Initial sections were discarded, and a series
of sections were taken from the centre of the tooth. At this stage, if the tooth
was not fully decalcified, Mollifex™, a commercial tissue softener containing
glycerol, phenol, acetone and alcohol, was applied to the cut surface of the
paraffin block.
Teeth sections were mounted onto polysine slides, for improved tissue
adhesion, transferred to a hotplate for 2 h and following this, kept overnight
in a 37ºC oven. Teeth were stained using 60% Harris’ haematoxylin for twothree days, or overnight in 100% haematoxylin. Sections were dipped in a
0.2% acid alcohol solution and blued in Scott’s Tap water. Tooth sections
were rinsed in running water, dehydrated using 100% alcohol, cleared in
xylene and permanently mounted with DPX and a coverslip.
Histology laboratory 2
Fixation and decalcification: Teeth were adequately fixed in 10% neutral
buffered formalin, rinsed in tap water for up to 24 hours, and decalcified in
10% unbuffered formic acid (pH ~1.6). Endpoints for calcium removal were
determined by the ammonium oxalate turbidity test (as above). Decalcified
teeth were rinsed in water for at least one hour, and often overnight.
Freezing microtome technique: Teeth were mounted using OCT embedding
compound (Tissue-tek® -Sakura) onto a specimen holder and frozen to -20oC
in a Leica Jung CM1800 cryostat. Sections 18–25 μm in thickness were cut
along the longitudinal axis of the tooth, and all sections from the centre of the
tooth were selected. These were then placed in histological cassettes and
immediately transferred into the staining solution of 0.2% toluidine blue (pH
8.4) for 10–15 minutes (at room temperature). Sections were rinsed and
positioned on superfrost plus slides (Menzel Glaser), left to dry (> 10
minutes) and dehydrated in 70% ethyl alcohol (EtOH) (30 seconds), 95%
EtOH (30 seconds), 100% EtOH (30 seconds), and xylene (30 seconds).
Sections were then mounted using Entellan resinous medium (ProScitech).
Following trials of 10% formic acid as a decalcifier, a second decalcification
solution of 10% EDTA in 0.1 M PBS (pH 7.0) was employed together with
radiological endpoint testing (Fig. 1). When calcium was no longer detected
by radiography, in comparison with a matched non-decalcified tooth, the
tooth was sectioned, stained with toluidine blue and mounted as described
above.
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a)

b)

Fig. 1. Radiology end point testing of Shona’s teeth (a) after three weeks in
10% EDTA, changing the solution every 3-4 days and (b) after an additional
two weeks in 10% EDTA. Shona’s teeth are highlighted by asterisks and
weighed approximately 120 g prior to decalcification.
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Age readings
Teeth sections were examined by the first author under a Zeiss Axiostar Plus
light microscope (x25-400 magnification) for deposition of GLGs within the
postnatal dentine tissue. Multiple digital images, at varying magnifications,
were obtained using a canon PowerShot G6 (7.1 megapixel) digital camera
attached to the light microscope and also an Olympus BX51 microscope and
XC50 digital camera system (x12.5, x40, x100 x400 magnification). Pictures
of the pulp cavity region were obtained at x400 magnification. Digital images
were enhanced by adjusting tone and contrast using Adobe Photoshop CS4.
Images were read blind, i.e. without prior knowledge of body length or sex,
by a second Delphinus ageing expert (FLR). Multiple readings were obtained
by each reader and GLGs were marked on digital images by both readers to
allow inter-reader comparisons to be made.
Mineral content of teeth
One cleaned tooth sample from both Shona and Kelly were embedded in a
two-component epoxy resin produced by EPO-TEK® (using a combination
of Part A and Part B (4:1 ratio)). The resin was left to harden for 24 hours at
room temperature. The epoxy embedded teeth samples were then ground with
a Struers Discoplan-TS, fitted with a diamond cup wheel and a vacuum holder
for simultaneous grinding. This produced a longitudinal half-section, with an
exposed pulp cavity. The tooth sample was further ground using P600
sandpaper, and polished using P1200 sandpaper and 0.3 µ Linde-A
(aluminium oxide A) to remove scratches that may cause contrast variations.
The tooth sample was kept moist during all stages of grinding and polishing
to ensure the chemical composition was not altered due to overheating. In
addition, after each grinding and polishing stage, the epoxy embedded sample
was placed in an ultrasonic water bath for removal of fine particles. Polished
samples were then carbon coated, and the mineral content/chemical
composition was measured by Energy-Dispersive Spectroscopy (EDS) at
Massey University.
RESULTS
Shona measured 206 cm in body length, and exhibited signs of atrophy within
skeletal muscle tissue, with a dorsal blubber layer depth of 13 mm and a body
weight of 74 kg. Mortality was attributed to congestive heart failure. A
combination of liver and heart disease led to severe weakness and
cardiovascular collapse with either direct pulmonary oedema, or drowning
(Massey University, unpubl. data). All mandibular teeth were worn to the
gum line on both sides, as well as all teeth in the left maxillae. The first 12
teeth in the right maxillae were partly worn or damaged and the remaining
teeth were worn to the gum line. Due to tooth wear, teeth samples were
obtained from the middle of the lower left and upper right jaws for analysis.
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GLG counts for teeth from the left and right maxillary bones were 43 and 41,
and from the left and right mandibular bones were 42 and 41, respectively.
Kelly measured 204.5 cm in body length and died in good nutritional
condition, with a c.20 mm blubber layer depth and body weight of 95 kg.
Cause of death was attributed to anaemia due to chronic gastrointestinal
ulceration, and gastric impaction secondary to outflow obstruction (Massey
University, unpubl. data). Teeth were worn to the gum line in the first 11 and
10 maxillary teeth on the right and left hand sides, respectively, and the first
25 teeth in both mandibles. The majority of the remaining teeth were partially
worn, damaged or broken. Due to tooth wear, teeth were obtained from the
mid-to-dorsal aspect of the right mandible. GLG counts from teeth from the
maxillary bone were 45 for both the left and right side, and from the left
mandible were 49. Teeth were extracted prior to obtaining tooth count data
for the right mandible.
Age estimations
Shona
Eight teeth were processed using four different decalcifiers, including both
acids and a chelating agent. These included two commercial decalcifiers,
RDO and Formical-4, and two standard laboratory decalcifiers, 10% formic
acid and 10% EDTA (Table 1). As can be observed in Figure 2, teeth
decalcified using Formical-4 produced the best age estimates. Sections
decalcified using RDO (for an extended period, up to 3 days) were poorly
stained using a commercially produced Harris’ haematoxylin, which affected
the clarity of the observed GLGs and consequently the accuracy of age
estimations. Only minimum age estimates were obtained using 10% formic
acid as the centre of the tooth/region around the pulp cavity was not fully
decalcified, even though chemical endpoint testing was employed. On further
assessment, laboratory 2 identified calcium deposits in regions around the
pulp cavity using the Von Kossa method. Subsequently, 10% EDTA and
radiology endpoint testing were employed.
Although teeth were worn, the neonatal line was still present in dental tissues
of all processed teeth from both dolphins, thus enabling estimation of age.
Based on sections of teeth decalcified using Formical-4 (and wax embedded),
age and age ranges estimated for Shona by Reader 1 were 32 year and 30-34
years, respectively. For Reader 2, age and age ranges for Shona were 31 year
and 30-32 years, respectively. Although age ranges overlapped between
readers, the slight inconsistency in the estimated age possibly resulted from
the differing reading planes, i.e. examined under a microscope by Reader 1,
and using digital images by Reader 2. For comparisons, both readers marked
each reference GLG on digital images, and inconsistencies primarily existed
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Table 1. Decalcifiers evaluated within the current study
Decalcifier

Type

Endpoint test

Decalcification
period

RDO©

Inorganic/
mineral acid

Pliability or
Ammonium
oxalate endpoint
test

Up to 3 days

10%
Formic acid

Organic acid

Ammonium
oxalate endpoint
test

4-6 weeks

10% EDTA

Chelating
agent

Radiology

> 6 months

Formical4™

Combination
of formic acid,
formaldehyde
and EDTA

Ammonium
oxalate endpoint
test

4-6 weeks

in the most recent GLG adjacent to the pulp cavity. This was resulting from
the pulp cavity being virtually occluded and subsequent difficulties in
deciphering the smaller newer GLGs. In addition, in the digital images there
were difficulties in following younger GLGs along the side of the tooth due
to poor uptake of the haematoxylin stain. For the other techniques, a
maximum age of >13 years and >20 years were estimated using the freezing
microtome and decalcifiers 10% formic acid and 10% ETDA, respectively. A
maximum age of >20 years was determined using RDO and the wax
embedding technique.
Kelly
Only minimum age estimates of 10 and 23 years were obtained using RDO
and the wax embedding technique and 10% Formic acid and the freezing
microtome technique, respectively. ‘Consensus counts’ were achieved
between Readers. As a ‘mineralised’ zone surrounding the pulp cavity was
visible within thin sections obtained using both RDO and 10% formic acid,
further investigations using 10% EDTA, radiology endpoint testing and the
freezing microtome technique were undertaken to assess if this was resulting
from a lack of decalcification. Using this methodology, X-rays verified that
all the calcium had been removed from the tooth. However, the zone of
‘anomalous tissue’ surrounding the pulp cavity was still present and a
minimum age of 21 years was estimated by both Readers (see Fig. 3).
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Fig.2. Thin sections of teeth from Shona; (a) decalcified using 10% Formic Acid, sectioned at
25 µ using a cryostat and stained using toluidine blue (x40 magnification); (b) decalcified using
10% EDTA, sectioned at 25 µ using a cryostat and stained with toluidine blue (x40
magnification); (c) decalcified using RDO, wax embedded and sectioned using a microtome at
5µ and stained using haematoxylin (x25 magnification) ; and (d) decalcified using Formical-4,
wax embedded and sectioned using a microtome at 5µ and stained using haematoxylin (x12.5
magnification).
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Fig. 3. Abnormality surrounding the pulp cavity of Kelly’s teeth that
occurred to varying degrees in the seven processed teeth samples; (a)
tooth A, decalcified using 10% formic acid, sectioned at 25 µ using a
cryostat and stained with toluidine blue (x12.5 magnification); (b) tooth
B, decalcified using 10% EDTA, sectioned at 25 µ using a cryostat and
stained with toluidine blue (x12.5 magnification).

GLGs were not read in the cementum of sections from either Shona or Kelly
due to poor condition of the tissue, as found in other studies on this species.
Mineral composition of dental tissue
The anomaly surrounding the pulp cavity in all teeth processed from Kelly to
date (n=7) – anomaly observed to varying degrees - was further assessed by
estimating the composition (weight percentages) of calcium (Ca) and
phosphorus (P) in teeth from both individuals, for comparisons. As
demonstrated in Table 2 and Figure 4, lower Ca and P levels were observed
within different regions of Kelly’s tooth. GLGs adjacent to the pulp cavity
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(areas 3 and 4) had lower Ca and P levels compared to previously deposited
GLGs (areas 1 and 2, see Figure 4, Table 2). Conversely, no substantial
differences in Ca or P levels were observed in different regions of Shona’s
tooth (Fig. 4).
DISCUSSION
Teeth processing methodologies
Methodologies varied between ageing laboratories based in the United
Kingdom and New Zealand for varying reasons; (1) due to available
equipment, (2) ongoing laboratory practices, and most importantly (3) for a
comparison of techniques, including the use of decalcifiers, sectioning
apparatuses, and histological stains.
Decalcifiers
All 15 teeth were adequately fixed prior to decalcification as this reduces
potential tissue damage during the decalcification process. Due to the age of
both individuals (>30 years) and the nature and small (stubby) size of the
teeth, difficulties were encountered in removing the relatively high density of
calcium deposits that accumulated within the dental tissue, without disturbing
the underlying structure of the GLGs.
For age estimation purposes, good decalcifying agents should (1) remove all
calcium, (2) preserve cellular detail, (3) not affect staining, and (4) have a
short processing/decalcification time. The main active ingredient in RDO is
hydrochloric acid, a strong mineral (inorganic) acid that ionizes and dissolves
calcium salts. RDO works relatively quickly, i.e. removes large quantities of
calcium at a rapid rate, but can damage cellular morphology and affect
staining if over-decalcified (RDO 2012). Formic acid, an organic acid, acts
more slowly than mineral acids and requires an acidic environment (pH 1.61.8) for effective decalcification. As formic acid is less harsh on cellular
properties, in comparison to mineral acids, partial over decalcification should
result in fewer detrimental effects to staining properties or tissue morphology
(Callis 2008).
EDTA is a chelating agent that binds calcium ions at a neutral pH.
Decalcification can be a relatively slow process as it penetrates the tissue
poorly, though this should have a less deleterious impact on the tissue
morphology compared to both mineral and organic acids. However, within
the current study both 10% formic acid and 10% EDTA had similar
decalcification times of four to six weeks. As chemical endpoint tests are not
recommended for EDTA, radiology endpoint testing was employed.
Formical-4, composed of a combination of formic acid, formaldehyde and
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Fig. 4. Sampling locations of calcium and phosphorus in cross sections of
teeth from (a) Shona and (b) Kelly. See Table 3 for weight percentage values
measured using energy-dispersive spectroscopy.
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Table 2. Composition (weight percentages) of calcium (Ca) and
phosphorus (P) in different regions of dental tissues from Shona
and Kelly. See Fig. 4 for location of areas.
wt% Area 1
Shona
24.32
Ca
12.43
P

Area 2

Area 3 Area 4 Area 5 Area 6

24.95
12.83

25.55
12.97

20.08
10.41

39.45
17.49

1.06
0.28

0.95
0.41

20.2
10.43

19.97
10.35

Kelly

Ca
P

25.28
13.2

EDTA, is a fixative decalcifier. Samples can be placed directly into this
solution without prior fixation, with the primary aim of shortening the
processing times. As noted in Table 1 however, decalcification using this
commercial solution can be a relatively slow process. While Formical-4
produced the best sections of Shona’s teeth for age estimation, future work
on common dolphins will not focus on the use of this decalcifier due to the
extended decalcification period - unless the individuals in questions are of an
older age and only minimum age estimates are obtained using other
methodologies.
Time required for decalcification was determined, depending on the type of
decalcifier used (see Table 1), by manual assessment of pliability, calcium
oxalate precipitation endpoint tests and radiography. On general agreement,
X-rays are the most accurate method for determining the endpoint, followed
by chemical and physical testing (Callis 2008). However, X-rays are a
relatively expensive option, and within the current study chemical endpoint
testing was not found to be consistently reliable as some calcium deposits
remained present upon sectioning, despite the ammonium oxalate test
indicating all calcium had been removed. This was also observed using a
larger sample of teeth from stranded NZ common dolphins, and in a previous
study ageing monk seal (Monachus monachus) dental tissues (Murphy et al.
2012). Determining pliability through bending the specimen is less accurate
than chemical testing, and can potentially damage samples.
RDO is the primary decalcifying agent used to date in marine mammal age
estimation studies (e.g. Myrick et al. 1983, Lockyer 1993, 1995, Hohn and
Fernandez 1999, Gibbens and Arnould 2009, Luque et al. 2009, Dellabianca
et al. 2011), including those on common dolphins (Murphy and Rogan 2006,
Danil and Chivers 2007, Westgate and Read 2007), due to its short
decalcification time. Based on the current analysis, it is recommended that for
individuals of an age greater than 25 years (determined from an initial age
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estimation assessment or where minimum age is known), that alternative
decalcifiers are used as extended periods of time within the harsh RDO
solution - up to 3 days, due to the high density of calcium deposits in these
older individuals – possibly resulted in poor tissue staining (see Fig. 2c).
However, it cannot be ruled out that this may have occurred by using the
commercially produced Harris’ haematoxylin, whereas better results may
have been obtained using a laboratory prepared Erlich’s haematoxylin (such
as in Murphy and Rogan 2006). In cases where edges of the tooth can be
sectioned using a scalpel blade prior to decalcification, to expose as much of
the centre of the tooth as possible to the decalcification solution, RDO may
well be of potential use. Though it should be noted that the slices must be
even and continuous, otherwise sectioning is difficult. Grinding could be an
alternative approach.
Processing techniques and staining
The differing methodologies resulted in varying section thicknesses of 5 μm
using a Leitz microtome (wax embedding) and 18–25 μm for the Leica Jung
CM1800 cryostat (freezing microtome). Additional accessory layers can be
visible within GLGs of thick sections if teeth are sectioned at a slight angle,
which may cause errors in age estimation readings. Accessory layers may
overlap each other thus giving the appearance of more layers. Within the
current study, minimum age estimates were obtained using the cryostat
methodology enlisted by Laboratory 2, though this was attributed to the type
of decalcifying agent used and not to section thickness and/or processing
technique. Toluidine blue proved a better stain on cryostat processed thick
sections within the current study, compared to commercially produced
Haematoxylin. Using a larger sample size of teeth from stranded NZ common
dolphins, neither were the laboratory prepared haematoxylins, Gill’s method
(chemical oxidation) or Erlich’s method (natural ripening), able to provide
the contrast afforded by toluidine blue. This was independent of section
thickness and whether or not a progressive versus regressive staining method
was employed, suggesting that toluidine blue may have retained better
affinity for tissues decalcified using organic acids and chelating agents.
However, the opposite has been found in another study on common dolphins
using the inorganic acid RDO (Read pers. obs.). The main differences
between the wax embedding techniques employed within the present analysis
and that of Luque et al. (2009) was the usage of xylene within the latter study,
a standard clearing agent used within histological practices. Chloroform was
used in the present study prior to paraffin embedding, as dental tissue became
too brittle for sectioning using xylene – a methodology used for general
processing of small cetacean teeth within laboratory 1. In addition, the methyl
benzoate double embedding method was employed to ensure that teeth
samples did not spend an extended period of time in the alcohol solutions.
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Age estimations of captive dolphins
A maximum age could only be determined for Shona in the current study due
to the area of hypomineralisation in Kelly’s teeth. Based on dental samples,
an age of 32 years and an age range of 30-34 were estimated. Shona spent
31.3 years in captivity and as noted earlier, estimated age at capture was four
years - though this may have been over estimated by one to two years
(Kastelein et al. 2000). This all suggests that Shona ranged between 33 and
35 years in age. Although these ages are within the estimate age ranges from
dental samples proposed for the animal, the difficulties in deciphering newer
GLGs adjacent to the pulp cavity, the pulp cavity being virtually occluded,
and the poor staining/lack of contrast within all GLGs, incorporated a certain
degree of error into the readings. To date, the oldest aged wild common
dolphin was estimated to be over 30 years old, though a maximum age or age
range was not determined for this animal (Westgate and Read 2007). All
maximum ages reported in other common dolphin populations world-wide
were ≤ 30 years (see Table 3).
Table 3. Maximum age estimates for common dolphin
populations worldwide.
Location

Species

Age
(yrs)

Reference

Black Sea,
Turkey

D. delphis
ponticus

28

(Amaha 1994)

D. delphis

30

D. delphis

>30

D. capensis

21

(Nino-Torres et al.
2006)

18

(Siciliano et al. 2007)

Northeast
Atlantic
Northwest
Atlantic
Gulf of
California,
Mexico

Southeast Brazil Delphinus sp.

(Collet 1993, Murphy
et al. 2010)
(Westgate and Read
2007)

North Pacific

D. delphis

27

(Ferrero and Walker
1995)

Eastern Tropical
Pacific

D. delphis

25

(Danil and Chivers
2007)

Japan

D. delphis

27

(Takahashi et al. 2006)

New Zealand

D. delphis

29

(Stockin et al. 2011)

South Africa

D. capensis

24

(Mendolia 1989)
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Results from the current study suggest that the pulp cavity possibly becomes
occluded in common dolphins >30 years and this, in addition to errors in
reading new GLGs adjacent to the pulp cavity in these older dolphins, may
lead to under-estimation of maximum age within populations. It should be
noted however that although the “straightest” teeth were sampled, the teeth
that were collected from both Shona and Kelly were stubby, curved and some
slightly twisted. These characteristics produced slightly “off centre” sections
that may have missed some of the critical areas around the pulp cavity where
small GLGs are deposited, thus possibly affecting estimation of maximum
age.
Hypomineralisation
The significantly lower levels of calcium and phosphorus adjacent to the pulp
cavity in Kelly’s teeth suggest either resorption of minerals (Ca and P) from
dentine tissue, or mineralization interference, i.e. dentine tissue was not
appropriately mineralized. Factors responsible for resorption and repair of
dental tissues were initially believed to be only of local origin, with
odontoclastic and cementoclastic activity occurring in response to local
injury, pressure, disease and malocclusion (Myrick 1988). However, in
addition to these local causes, system alternation of dental tissues are believed
to occur through regulation of blood-serum calcium (Myrick 1988). Lockyer
(1993) argued that resorption is a response to a severe long-term or continuing
change in physiological state, probably with hormone imbalance, which
either exacerbates any pre-existing hereditary-based tendency or initiates a
chronic hypocalcaemia condition.
Mineralisation interference has been defined by Lockyer (1993) as
irregularities in the lamina formation, generally found in the pulp cavity edge,
resulting in wavy lines, swirl patterns and asymmetry which disrupt usual
patterns. In addition, Myrick (1988) noted a strong discontinuity in pattern,
or a layer that was especially dark, followed by a gap in layering. This
interruption was succeeded by prominent thickened unmineralised
predentine. The anomaly in Kelly’s teeth did not exhibit the typical ‘scallop’
or ‘convoluted scallop’ appearance identified by Myrick (1988) for moderate
and advanced mineralisation interference. Thickened unmineralized predentine was observed in some teeth sections, in addition to wavy lines along
tissue margins (see Fig. 3). In other teeth, however, more noticeable internal
resorption of minerals around the pulp cavity was evident with obliteration of
the pulpal margin, and the presence of a dark stained layer adjacent to the
anomaly was also observed. The extensive size of the pulp cavity in some
teeth (see Fig. 4b) from an individual of this age - more than 33 years suggests internal resorption of dental tissue rather than a cessation of dental
deposition due to mineralisation interference. In addition, other skeletal bones
also exhibited a lower mineral weight/density. For example, Kelly’s cranium
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weighed less than free-ranging females of a similar condylobasal length
(Jordan 2012). Myrick (1988) however reported that resorption generally
resulted in actual erosion and frequent repair of existing regular laminated
dental tissue, resulting in amorphous and/or globular appearance; frequently
with holes, cutting across into regular tissue (Myrick 1988, Lockyer 1995).
The anomaly surrounding the pulp cavity was observed to varying degrees in
all eight teeth processed teeth from Kelly, suggesting that the anomaly is of
systemic and not local origin. The causes for systemic resorption or
interference within Kelly’s skeletal material could be due to a number of
reasons such as (a) old age and development of osteoporosis, and/or (b) stressinduced hypocalcaemia. Hypocalcaemia, or low serum calcium, occurs when
calcium intake into the blood is exceeded by calcium loss from circulation
(Myrick 1988). Serum calcium levels are restored through acquiring calcium
from tissues such as extracellular and bone. Elevated cortisol levels can
decrease serum calcium, resulting in borrowing of calcium from skeletal
material (Myrick 1988), and various external and internal stressors can
stimulate the release of cortisol through the hypothalamic-pituitary-adrenal
pathway. When bone calcium resorption is greater than deposition, this can
lead to osteoporosis and deposition of calcium in soft tissues. This is also a
principle sign of ageing.
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