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ABSTRACT

Tympanic bullae and baleen plates from bowhead whales of the Western Arctic
population were examined. Growth layer groups (GLGs) in the involucrum of the
tympanic bone were used to estimate age of the whales, and compared to stable
isotope signatures along transects of baleen plates and the involucrum. The involu-
crum of the tympanic bone consists of three regions that form in utero, during
nursing in the first year, and during the first decades of life, respectively. Life his-
tory events, such as annual migration, are recorded in the bowhead tympanic bulla.
It is likely that bone growth in the bowhead tympanic occurs during periods of
high food intake, while slow or arrested growth occurs during periods of low food
intake. Comparisons between numbers of GLGs in the tympanic, number of iso-
topic oscillations in a baleen plate, length of the baleen plate, and total whale
length show correlation coefficients as high as 0.97. The tympanic GLG method is
particularly useful for estimating the age of whales up to 20 yr old.
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Estimating the age of individual bowhead whales (Ba/aena mysticetus) is important
in the management of existing populations. Several age estimation methods are
available, but only cover limited parts of the bowhead lifespan. Growth models uti-
lize baleen length (Lubetkin ez 2/. 2008, 2012), isotope oscillations within baleen
plates (Schell ez @/. 19894, Schell and Saupe 1993), numbers of corpora albicantia in
sexually mature females (George er #/. 2011, Tarpley ez al. 2016), and enantiomer
ratios in the alpha-crystalline of the eye lens (George er /. 1999, Rosa ez al. 2004).
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A critical age range for which most of these methods are imprecise or inadequate is
between 10 and 30 yr.

Whereas growth layer groups (GLGs) in the dentin of odontocete teeth are often easily
readable for age estimation (Perrin and Myrick 1980, Hohn 2009), this is not usually the
case for GLGs in the bones of whales (Larsen and Kapel 1982, 1983; Olsen 2002; Olsen
et al. 2003). One exception to this may be the tympanic bullae of baleen whales (Klevezal
and Mitchell 1971; Christensen 1981, 1995; Sukhovskaya ez /. 1985; Klevezal et /.
1986; Konradsson and Sigurjonsson 1989; Klevezal 1996; Hohn 2009). Similarly, Mar-
montel ez zl. (1996) used histology of the periotic bone of manatees (Trichechus manatus)
to estimate age. These authors showed that the number of periotic GLGs correlates well
with the age of the animal, with the best accuracy for manatees up to 10-15 yr of age.

Here, we investigate the microstructure of the involucrum part of the tympanic
bone in a sample of the Western Arctic population of bowhead whales. We focus on
GLGs, as defined by Perrin and Myrick (1980) for marine mammals, in the perios-
teal region of tympanic bullae and assess their potential to estimate age. In addition
to “GLG” we also use two other terms defined by Perrin and Myrick (1980).
“Incremental growth layer” is defined as a “discernible layer occurring parallel to
the formative surface of a hard tissue (dentine, cementum, bone) which shows any
contrast with adjacent layers” (p. 49). “Accessory layers” are defined as “any single
layered component of a GLG which is discernible from adjacent layers in a hard
tissue” (p. 48). We also occasionally use bone histological terms defined by Hutten-
locker er /. (2013) as they are used in the broader field of hard tissue histology (see
also Francillon-Vieillot e #/. 1990, de Ricqles ez /. 1991, Currey 2003).

We characterize the different parts of the involucrum histologically and isotopi-
cally, and compare these results with data on baleen plate length and number of iso-
topic oscillations in the baleen.

In the Western Arctic population, baleen stable isotope values record the fall
migration of the whales from the Beaufort Sea to the Chukchi and eventually the
Bering Sea where they winter (Saupe ¢t a/. 1989; Schell ez al. 19894, b; Schell and
Saupe 1993). Life history events, such as nursing and weaning are also recorded by
stable isotopes. In addition, birth is recorded morphologically in the baleen, since
the direction of plate growth changes. This produces a neonatal notch in the labial
side of the baleen plate (Zenitani and Kato 2010).

MATERIALS AND METHODS

Inupiat subsistence hunters in Barrow, Alaska, harvest a small number of bowhead
whales during the annual migration in Spring and Fall (Suydam and George 2004).
Data and samples were gathered by scientists from the Department of Wildlife
Management of the North Slope Borough, Barrow, Alaska (NSB-DWM) under
NOAA-NMES permit # 17350-01. We studied tympanic bullae and the longest
baleen plate. All specimens (baleen, sectioned slices of the involucrum, and thin sections
of the involucrum) were subsequently deposited in the collections of the NSB-DWM.

We cut rostral and caudal slices in the coronal plane of the involucrum of the
bulla with an approximate thickness of 3 mm. The involucrum and its periosteal
region are thickest in the caudal slices, and this region is the focus of our study
(Fig. 1A, B). For two specimens (2014B11, 2014B14) a simple bone core was taken
from the caudal involucrum, and slices were prepared from it.

Bone slices were embedded in Buehler EpoThin epoxy resin, polished on one
side, and mounted (polished side down) with either epoxy or Loctite 349 (a UV
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Figure 1. (A) Tympanic bulla of bowhead whale NSB-DWM 2015B2 with caudal
involucrum slice removed. (B) Anterior view of involucrum slice taken from NSB-DWM
2015B2. (C) Microstructure of transect of involucrum from a fetal bowhead NSB-DWM
2014BGF, showing that only region 1 is present. (D) Microstructure of transect of invo-
lucrum from bowhead whale NSB-DWM 2012B5, showing regions 1 and 2. This animal
is estimated to be 1 yr old based on baleen length and single baleen §'>C oscillation. (E)
Microstructure of transect of involucrum from bowhead whale NSB-DWM 2013B18
estimated to be about 10 yr of age using GLGs. Red arrowheads indicate borders of
regions. Two mm scale bar refers to C-E.

curing adhesive). Slices were then ground down to approximately 50-100 pm
thickness and polished. We used 2x and 4x objectives under brightfield lighting
with an Olympus BX40 microscope to take photos.

We decalcified one bone slice for 1 wk in formic acid, embedded it in paraffin, and
stained it with hematoxylin and eosin, following a method modified from Christensen
(1981) and Marmontel ez /. (1996). Although this method helped to distinguish
GLGs close to the periosteal edge, deep GLGs became diffuse and unreadable.
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For two bullae specimens (NSB-DWM 2012B5, 2013B6), samples were collected
for 0°C analysis of structural carbonate within the bone mineral (bioapatite).
Approximately 6-9 mg of bone powder was drilled at 1 mm intervals along a tran-
sect starting at the center of the involucrum to the ventromedial edge. Since the
incremental growth layers in the periosteal region are thin, collection of samples
sufficiently large for isotopic analysis could not be accomplished for all GLGs. Bone
samples were taken using Carpenter Microsystems 2 software with a 600 pm drill
bit. Sample sites were 5—7 mm long and were 600—1,500 pm deep. Approximately
0.6 mg of bone powder from each sample was dissolved in 100% phosphoric acid at
25°C and the resulting CO, was analyzed. Stable isotope analysis of bone mineral
employed a ThermoFisher GasBench II coupled to a continuous flow ThermoFisher
Delta Plus XP Isotope Ratio Mass Spectrometer (IRMS). Repeated analysis of inter-
nal lab standards (NIST SRM 1486, NIST SRM 120c) and international standards
established an instrument precision (1 @) of <0.1%, for 02C values.

Investigations of the stable isotopes of baleen, especially 15¢C and "N, have been
carried out by a number of authors (Schell ez @/. 19894, b; Schell 1992; Withrow
et al. 1992; Hobson and Schell 1998; Lee et z/. 2005; Lubetkin ez «/. 2008; Mat-
thews and Ferguson 20156), and we adapted their methods. We determined baleen
plate lengths and extracted powdered samples every centifiieter fiom che most prox-
im@leRd (embedded in the palate) to the most distal (protruding into the oral cav-
ity), along the labial edge using a Foredom microdrill. Dry baleen powder samples
were weighed in tin capsules (~1 mg) and combusted using a Costech 4010 Ele-
mental Analyzer coupled to a continuous flow ThermoFisher Delta Plus XP IRMS.
Instrument precision (1 ¢) was determined as <0.1%, for 6'°C and 6"°N values
through repeated measurement of internal lab standards (acetanilide, glutamic acid,
keratin) and international standards. All §'°C and 6"°N isotope values are reported
relative to Vienna Pee Dee Belemnite (VPDB) scale and AIR (Atmospheric nitro-
gen) scale, respectively, in standard delta notation: 8'3C or 6"°N (%) = (Rsample/
Rotandara — 1) x 1,000 where R is the ratio B¢C/2C or PN/MN in a sample and
standard (VPDB or AIR).

Counting the number of annual isotopic oscillations along a baleen plate with a
neonatal notch provides a method of age estimation. In older animals that lack a
neonatal notch, counting annual isotopic oscillations provides only a minimum age
estimate, as part of the baleen has worn off.

Baleen plate length correlates well with age for certain age ranges of male and
female bowheads (Lubetkin ez #/. 2008, 2012). Lubetkin ez /. (2012) fit a sex-specific
von Bertalanfty II growth model with a juvenile growth spurt which yielded the pre-
dictive model A = ¢y + ¢; Infeo/(c; — L)}. Where A is age, L is the (longest) baleen
plate length, and the estimated parameters (co—3) are given in Table 1. We estimated
relationships between the number of GLGs and baleen length, estimated whale age,
and number of stable 3'°C isotope cycles using simple linear regression. A log-log fit
was used when appropriate to account for nonlinearity and/or to stabilize variance.

RESULTS
Tympanic Bone Structure

Three roughly concentric regions can be distinguished on a slice of the tympanic
bulla, referred to as regions 1-3 (Fig. 1B-E). Region 1 covers most of the cross-
sectional area. Region 2 is external to region 1 on all sides, and is thickest on the


Can do this with Julie 


SENSOR ET AL.: TYMPANIC BONE IN BOWHEAD AGING 351

Table 1. Estimated parameters for the von Bertalanfty IT growth model of Lubetkin ez a/.
(2012).

Small bowhead Large male bowhead Large female bowhead
longest longest longest
Parameter plate <1.81 m plate>1.81 m plate>1.81 m
‘o 0 10 10
cl 3.1075 26.4135 37.3516
0 166.56 136.5578 193.1078
e 187.82 317.71 374.26

ventromedial side of the involucrum. Region 3 is a narrow band along the periosteal
surface, external to region 2. On the ventromedial side of the slice, the bulla forms a
gnarled crest with many infoldings. In this area, region 3 is thicker than anywhere
else and displays the best developed GLGs.

On the cut slice, region 1 is the darkest in color. On thin-section in coronal view,
it consists primarily of woven bone with a largely reticular pattern of vasculature
(fibrolamellar bone; Fig. 1C-E). Vessels are oriented predominantly dorso-medial in
postnatal individuals (Fig. 1D,E). Primary osteons occur in region 1, and this region
lacks Haversian systems proper, with no cement line or evidence of resorption
around the osteons. Some specimens, in addition to their reticular vasculature, have
radial vessels that cross the interface between regions 1 and 2 (NSB-DWM 2012B5,
2013B6, 13B15, 2014B11, 2014B14, and 2015B24). Additionally, specimen
NSB-DWM 2015B2 has some radial vessels throughout region 1. Region 1 is the
only region present in the tympanic bone of a fetus, and is spongy in appearance,
being poorly mineralized (Fig. 1C; NSB-DWM 20146F).

On a cut slide, region 2 is white to yellow in color (Fig. 1B). It consists predomi-
nately of primary woven bone with reticular and radial vasculature (fibrolamellar
bone). Most of the longer vessels extend parallel to each other and curve in a ventro-
medial direction, as opposed to the general dorso-medial direction of vessels in
region 1. Primary osteons occur within region 2, but as in region 1, there is no evi-
dence of remodeling.

Region 3 consists of incremental growth layers that constitute GLGs. These are
subsequent dark and light/translucent layers (Fig. 2—7). Accessory layers, which are
dissimilar from one GLG to another, may occur within a GLG (white boxes in
Fig. 2, 3, 5, 6; NSB-DWM 2013B1, 2013B6, 2013B18, 2014B14, 2015B16, and
2015B24) and are not cyclic.

The dark incremental growth layers of a GLG are thicker than the translucent
growth layers, except near the periosteal surface in some older individuals, when
total GLG thickness decreases. Histologically, growth layers may consist of slow
growing lamellar bone (Fig. 2, 4, 6; NSB-DWM 2011B9, 2013B5, 2014B11,
2014B14, 2015B16, 2015B17, 2015B19, and 2015B24), woven bone with reticu-
lar vasculature (Fig. 2, 3; NSB-DWM 2013B15 and 2013B18) or a combination of
the two (Fig. 2, 6; NSB-DWM 2013B6 and 2015B2).

Radial and longitudinal vessels can occur in region 3, and these intersect with the
GLGs at a variety of angles. Some specimens display only radial vessels (Fig. 2, 3;
NSB-DWM 2013B5, 2013B6, and 2013B18) in the dorsal portion of a tympanic
slice, while others display both types of vasculature (Fig. 4, 6; NSB-DWM 2011B9,
2014B11, 2014B14, 2015B2, 2015B16, 2015B17, and 2015B24). Small secondary
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Figure 2. (A, C, E, G, I) 5"3C (black) and 0N (green) values from baleen keratin
taken along the total length of the plate from distal (left) to proximal (right). Yellow
zones within the plots indicate isotope values of prenatally formed baleen (as indicated
by the neonatal notch), white indicates the nursing period, blue indicates postweaning
period. (B, D, F, H, J) Details of regions 2 and 3 microstructure of tympanic bullae
from A, C, E, G, I, respectively. Yellow arrowheads in histological images indicate boun-
daries between GLGs, 2 mm scale bar refers to all these images. Boxes in D refer to
insets and show accessory layers, 1 mm scale bar refers to insets only (A, B) NSB-DWM
2012BS5. (C, D) NSB-DWM 2013B6. (E, F) NSB-DWM 2013B15. (G, H), NSB-DWM

2013B19, NSB-DWM 2013B5.
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Figure 3. (A) 6"°C values of baleen keratin of whale NSB-DWM 2013B18 covering
the entire length of the plate from distal (left) to proximal (right), this baleen only pre-
serves a record of the independent feeding period. (B) Region 3 microstructure of tym-
panic bulla of the same whale. Yellow arrowheads indicate boundaries between GLGs. A
white box indicates presence of accessory layers.
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Figure 4. (A) 6'°C values from baleen keratin of whale NSB-DWM 2011B9 along the
entire length of the plate from distal (left) to proximal (right), this baleen only preserves
a record of the independent feeding period. (B) Region 3 microstructure of tympanic
bullae of the same whale. Blue arrowheads mark the boundary of the first and last GLG
as well as every 5th GLG.

osteons occur in some of the older whales (Fig. 7; NSB-DWM 2013B1, 2015B2,
2015B17, and 2015B24).

Stable Isotopes

Isotopic analyses show that baleen §'°C and 6'°N values oscillate along the
length of the plate (Fig. 2-5). The neonatal notch of the baleen plate is a mor-
phological indicator of the timing of birth, and can be used to calibrate isotope
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Figure 5. (A) Region 3 microstructure of the tympanic bone of whale NSB-DWM
2013B1. Yellow box is enlarged in B. (B) Enlarged view of GLGs magnified from A,
yellow arrowheads indicate boundaries between GLGs, and white box marks area of
accessory lines. (C) 8'°C values of baleen keratin along the entire length of the plate
from distal (left) to proximal (right) of this whale.

signals around birth. Baleen growth in the first year (which includes the nursing
period) is approximately 75 cm (George er a/. 2016). In our specimens, at
lengths between 62 and 92 cm we observed a drop in §'°N values (Fig. 2), and
this drop is statistically significant for different specimens (NSB-DWM
2013B15: white area of Fig. 2E: 1 ¢ =0.269,, blue area: 1 ¢=0.699,,
F=06.593, P<0.0001; NSB-DWM 2013B6: white area of Fig. 2B: 1
0 =0.25%,; blue area: 1 ¢=0.499,,, F=3.844, P <0.0001). We also deter-
mined 6'°C composition for transects through region 1 and 2 of two involucra
(Fig. 8), in order to compare these with baleen isotope signals and baleen mor-
phology (neonatal notch).
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Figure 6. Region 3 microstructure of six tympanic bone slices under brightfield mag-
nification. (A) NSB-DWM 2014B11. (B) NSB-DWM 2015B2. (C) NSB-DWM
2014B14. (D) NSB-DWM 2015B24. (E) NSB-DWM 2015B16. (F) NSB-DWM
2015B17. Yellow arrowheads indicate boundaries between GLGs, and blue arrowheads
are placed on the boundary of the first and last GLG and every Sth GLG. A white box
marks accessory lines.

Life History Data

Table 2 compiles biological data with age estimates for the individuals studied.
Figure 9 explores regression models for these data. Figure 9A shows a linear regres-
sion of whale length on GLGs. The slope and intercepts are 0.264 (SE = 0.014) and
8.018 (SE =0.207), respectively, with R*=0.97. Figure 9B plots baleen plate
length in a log-log regression on GLG number. Since baleen plate length does not
grow linearly with whale age, we fitted these data to a nonlinear curve. The
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Figure 7. (A) Low magnification image of region 3 of the tympanic bone of NSB-
DWM 2013B18. GLGs are distinctive on the left side of the image but less so on the
right in the black box. (B) Low magnification image of region 3 in NSB-DWM
2013B1. Yellow arrows indicate presence of secondary osteons and areas of resorption.

relationship between estimated age (based on baleen length) and number of GLGs is
essentially linear (Fig. 9C), but a log-log fit was required to equalize variance. The
slope and intercept estimates for such a fit are 1.097 (SE =0.074) and 0.168
(SE = 0.173) respectively, with R* = 0.95. Figure 9D shows a linear regression of
the number of stable §'°C cycles in baleen plate GLGs. The slope and intercept esti-
mates are 0.659 (SE=0.072) and 1.961 (SE=1.059), respectively, with
R? = 0.94. For each of these four models, we tested sex as a potential additional pre-
dictor, but this factor was not statistically significant in any model.

DiIscuUssiON

The bone histology of regions 1-3 displays a pattern that indicates that bone
growth in the bowhead tympanic is similar to that in other mammals (Huttenlocker
et al. 2013, Woodward ¢t «/. 2013). Fibrolamellar bone, as found in region 1 and 2
indicates fast growth. This type of bone is also located in the cortex of long bones of
land mammals, a region comparable to region 2 of the bowhead tympanic. In con-
trast, the periosteal surface of mammalian long bones is similar to region 3 of the
bowhead tympanic and consists of slow-growing, parallel-fibered or lamellar bone.
With age, bone remodels, but the rate for this process varies (Klevezal 1996). We
see some evidence of remodeling in bowhead in the form of secondary osteons
(NSB-DWM 2013B1, 2015B2, 2015B17, 2015B24; Fig. 5-7), but only in older
individuals. Remodeling is also slow to occur in the periotics of manatees
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Figure 8. 5"3C values of bone apatite (red line) and baleen keratin (black line). Bone
samples were taken along a transect of an involucrum slice from the center of region 1 of
the involucrum (left) to the border between regions 1 and 2 (right). Baleen samples were
taken along a transect the total length of the plate from distal (left) to proximal (right).
Yellow area marks prenatally formed tissue, white indicates the nursing period, blue indi-
cates the postweaning period. (A) NSB-DWM 2012B5. (B) NSB-DWM 2013B6.

(Marmontel ¢z 2/. 1996) and other mysticetes (Klevezal 1996). This indicates that
much of the structure of bowhead tympanic has remained unchanged since it was
formed, and thus can form a record of the life of the individual. Our data indicate
that the three morphological regions that we identified were formed during differ-
ent parts of the life history of the animal.

Region 1 of the involucrum is deposited during the fetal period, as evidenced by
NSB-DWM 2014B6F (Fig. 1C), a fetal specimen in which only region 1 of the
tympanic is present. Fertilization in bowheads occurs around March (George ez /.
2016), and this whale was caught in early October, hence region 1 represents
approximately 6—7 mo of bone formation. Interestingly, baleen formation begins
only a few months before birth (Thewissen ¢z #/. 2017), and none was present in this
specimen when its mother was caught. Therefore, the isotopic record of the bone in
region 1 of the involucrum represents a longer period of fetal life than the baleen
plate does (Fig. 8). The border of the yellow and white area in Figure 8, marks the
position where the neonatal notch was located on the baleen plate.

Region 2 of the bulla is deposited during the nursing period. This is evidenced
by specimen NSB-DWM 2012B5 which displays only regions 1 and 2 (Fig. 1D,
2B), and is approximately 1 yr old based on the baleen length. Bowheads nurse for
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Figure 9. Tympanic bulla GLG counts plotted against four other variables from these
same bowhead individuals. (A) Whale length (m) fitted to a linear regression line. (B)
Longest baleen plate length (cm) fitted to a log-log regression curve. (C) Age estimated
based on longest baleen plate (for model used, see text) fitted to a log-log regression. (D)
Number of §'°C isotope cycles in the longest baleen plate fitted to a linear regression
line.

approximately 9 mo (George er al. 2016), and consistent with this, baleen of this
individual displays only a single isotopic oscillation (Fig. 2A, Table 2). The isotopic
signal ends when the whale was caught in the Chukchi Sea, likely around weaning.
The seasonal oscillations that are evident in the isotope record of the baleen of inde-
pendently feeding individuals (Schell ez «/. 19894, b) are dampened in nursing
whales due to the buffering effect of the mother’s milk, the carbon and nitrogen of
which are sourced from diet and body tissue stores (Newsome ez /. 2010). This
effect also occurs in isotope records of dentin in belugas (Matthews and Ferguson
20154). We interpret the drop in "N values of baleen as the end of nursing, and
this occurs when the plate is between 62 and 92 cm long in our specimens (Fig. 2;
NSB-DWM 2013B6, 2013B15, and 2015B19; nursing period with white back-
ground, independent feeding in blue).

Figure 8 shows the calibration of isotope records for baleen and regions 1 and 2 of
the tympanic bone. The neonatal notch is calibrated to the end of region 1 (men-
tioned above) and the drop in isotope values of baleen is calibrated to the end of
region 2. When both bone and baleen signals end suddenly these are calibrated
because this is when the whale was harvested (Fig. 8A). Bone of the tympanic bulla
does not grow at the same rate as baleen, but both record specific points in the life
history of bowheads. The 6'°C values recorded from bone mineral of regions 1 and
2 of the tympanic bulla of NSB-DWM 2012B5 match those of its baleen, but this
is not the case in 2013B6 (Fig. 8). The reason for this is unclear.
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Region 3 of the tympanic is only found in whales older than 1 yr, and it represents
slow periosteal growth with GLGs. This pattern has also been observed in the tympanic
bone of fin (Balaenoptera physalus), minke (Balaenoptera acutorostrata), and gray (Eschrich-
tius vobustus) whales (Klevezal and Mitchell 1971; Christensen 1981, 1995; Klevezal
e al. 1986; Klevezal 1996). The physiological reason why GLGs form is unclear, but
the process has been studied in a variety of non-cetacean mammals. Kohler ez #/. (2012)
showed that, in some ruminant species, formation of incremental growth layers is the
result of cyclical endocrine and physiological changes that are related to the energetically
unfavorable season. When feeding is limited, incremental growth layers are thinner.
Huttenlocker e a/. (2013) indicated that thick incremental growth layers reflect a
period of robust growth, whereas thin ones indicate slow or ceased growth.

Castanet ez /. (2004) proposed a different mechanism for GLG formation in the
bones of the small arboreal primate Microcebus, showing conclusively that GLG for-
mation was dependent on photoperiod during the year. Physiological variables that
affect GLG formation are also known to be affected by photoperiod in arctic and
subarctic artiodactyls, although these may be modulated by other environmental
factors (Suttie and Webster 1995, Poso 2003, Piccione et z/. 2009).

Bowheads go through periods of robust feeding during summer in the Beaufort
and Chukchi Seas and opportunistic and limited feeding during winter in the
Bering Sea (George 2009). Thicker, dark colored incremental growth layers would
be formed in summer, and thinner, light-colored layers in winter. Christensen
(1981) came to similar conclusions for minke whale bullae based on results from
teeth of seals and odontocetes. Thus, bowhead GLGs would be formed by a process
that reflects seasonality and this process is probably not tightly tied to photoperiod,
unlike Microcebus. This should not be a surprise given that the longest continuous
light period in the Beaufort Sea lasts for more than 2 mo, and that winters in the
Bering Sea have nights that last more than 21 h.

To assess the validity of GLG counts in bowhead tympanics as a means of age esti-
mation, we regressed body length, baleen length, and age estimates based on baleen
length against the number of GLGs (Fig. 9A-D). Overall, the correlation between
body length and GLG numbers is strong and linear (Fig. 9A), but bowhead body
length has been shown to plateau after weaning for much of the middle of the first
decade of life (George et /. 2016), and this signal is not seen in our data. It is possible
that a subtle growth trend is not recovered due to our small sample size, but other
explanations are also possible. For instance, limited body growth and limited tym-
panic bone growth may co-occur. An extended period of low resource intake, such as
the growth hiatus experienced in young bowheads, may result in a loss of annual reso-
lution of growth patterns in the tympanic for that time in some individuals.

Baleen plate length increases with age, but the increment of annual growth slows
(Fig. 9B) (Schell and Saupe 1993, Lubetkin ez /. 2008, 2012, George et al. 2016),
and a power function models the relation between GLG counts and baleen length
reasonably well (Fig. 9B). Lubetkin ez /. (2012) designed a model for relating
baleen length to age (y-axis in Fig. 9C), and the outcome of this function correlates
relatively closely to GLG counts, where the slope of 1 is evidence that one GLG
accumulates each year. Indeed, age estimates based on the Lubetkin ¢z 2/. (2012)
model are similar to those of GLG counts (Table 2) in most individuals. A substan-
tial difference occurs in NSB-DWM 2013B5 and 2014B14, where the Lubetkin
et al. (2012) model predicts ages approximately twice that of the number of GLGs.
We hypothesize that these two whales experienced some lean years with absence of
GLG formation, or with GLGs so thin that they cannot be recognized.
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Figure 9D shows that a positive linear relationship between baleen isotope oscilla-
tions and GLGs exists, however, the data are limited and the estimated slope differs
from 1. This is partly caused by wear of the baleen, where entire annual migration
records are lost in older whales. But the match between tympanic GLG numbers
and isotope cycles is also not perfect for young individuals either. Here, it appears,
again, that particulars of an individual’s life history matter. Animals may be born in
different seas, may migrate at different times, may wean earlier or later, and may
spend more or less time in isotopically different areas of their range (Moore and
Reeves 1993, Citta ez /. 2015). For instance, NSB-DWM 2013B15 (Fig. 2E) shows
two poorly resolved tympanic GLGs. These do not match the number of baleen iso-
topic oscillations which suggests 2 yr of independent feeding, plus 1 yr of nursing.
The absence of clear GLGs may suggest that this whale did not experience the nor-
mal physiological stress that underlies the deposition of a thin incremental growth
layer. Overall, Figure 9 indicates that GLGs provide reasonable estimates for age of
individual whales, although they are not absolute and infallible age gauges.

Deposition of recognizable GLGs is influenced by unique events in the lives of
bowhead individuals, and for older whales, GLGs become thin and indistinguishable
from one another (Fig. 7B). This limits the use of GLGs for estimating age to younger
individuals. A farther complication in distinguishing GLGs is that they do not form
homogenously along the periosteal edge of the involucrum (Sukhovskaya et /. 1985,
Klevezal 1996), and may become diffuse in some areas (Fig. 7A). Nonuniformity
could be due in part to bone remodeling (arrowheads in Fig. 7B). Another issue is the
distinction between GLGs and accessory layers (white boxes in Fig. 2D, 3B, 5A, 6C~
E; Hohn 2009). Discussed by Larsen and Kapel (1982) and Olsen (2002), such acces-
sory layers also occur in other tissues, such as teeth. Accessory layers may record par-
ticular transitory but important events in the life of the animal (Klevezal 1996, Hohn
2009), and mimic or overprint cyclical, annual patterns.

Conclusions

Tympanic GLGs can be used to estimate the age of bowhead whales, and we believe
that this method is reliable up to ages of approximately 20 yr, somewhat reliable for
ages between 20 and 30, but not reliable for older bowhead whales. This is broadly
consistent with findings on the efficacy of this method in balaenopterid whales. As
such, GLG counts are a useful addition to age estimation methods already available
for bowheads. They hold particular promise for estimating the age of specimens where
only limited samples are available, such as fossils or stranded specimens.

More important in our view is that tympanic GLGs are a window into the life
history of the individual, and that histology of the tympanic bone records events
that are not recorded in other anatomical samples. The recognition that region 1
and 2 of the tympanic are formed, respectively, in the fetal and nursing period, is an
example thereof. Other life history parameters that could affect GLGs are feeding
and migration. Thus, the GLGs in the tympanic of bowhead whales are more similar
to a diary than to a calendar recording the individual’s life.
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