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Acoustic parameters of spotted seals (Phoca largha), including the duration,
peak frequency, and peak-to-peak source level, are reported to vary between
different ages and sexes; however, to our knowledge, the vocal ontogeny of the
spotted seal from newborn to 1 year old is yet to be studied. In the present
study, we recorded and analyzed vocalizations of human-cared spotted seals
from the Liaodong Bay colony from newborn to 1 year old, aiming to document
the first-year development of seal vocalizations. We divided the spotted seal
pups into four age groups (i.e., 1-3-month, 4—6-month, 7-9-month, and 10—
12-month groups) for both sexes. The results show significant differences in sex
patterns in sound parameters in terms of duration, peak frequency, and peak-
to-peak source level. The vocalizations of female seal pups were longer in
duration but lower in peak frequency and peak-to-peak source level than those
of male pups. All three sound parameters were significantly different across
different age groups. Specifically, the 1-3-month group had significantly lower
values in duration, peak frequency, and peak-to-peak source level than the
three other age groups. The 10-12-month group had significantly higher
values in duration and peak-to-peak source level than the three other age
groups. Our results also indicate a sex-specific development pattern of seal
vocalizations from 1 year old until sexual maturity. Our findings will benefit the
evaluation of anthropogenic noise impacts on spotted seal pups and further
conservation of the seal population.
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Introduction

The spotted seal (Phoca largha) is a small polar phocid that
breeds on pack ice. It adopts the maternal strategy of a typical
phocid, with mothers fasting during lactation time in winter
(Atkinson, 1997; Jefferson et al., 2015). Spotted seals reach their
sexual maturity at 4 years old; breeding takes place from January
to mid-April, with pups being weaned in about 3-4 weeks
(Zhang et al., 2014; Jefferson et al., 2015). Spotted seals inhabit
eight separate colonies worldwide, with the Liaodong Bay colony
in China being the southernmost one (38°43'-40°58'N, 119°50"-
122°18’E) (Rugh et al., 1997). Liaodong Bay has recently become
an important ocean shipping access to the Northeast Asian
Economic Zone in China due to huge strides in the Chinese
economy (Wang and Yu, 1997; Gao and Zhang, 2012). Thus,
disturbance caused by the potential overlap of spotted seal
habitats with human activities, including heavy ocean traffic,
coastal development, raw oil exploitation, and aquaculture, is
thought to be one of the most important risk factors for the wild
seal populations in Liaodong Bay (Xu et al., 2019; Liu et al., 2021;
Yang et al., 2022). Noise pollution—a potential environmental
factor affecting the survival of spotted seals, especially those who
are growing up—in Liaodong Bay has become an
important concern.

Acoustic communications are widely used in pinnipeds and
play important roles in various aspects of their behaviors,
especially for reproduction purposes (Van Opzeeland et al,
2008). For spotted seals, their acoustic behaviors are reported
to play an important role in mating (Beier and Wartzok, 1979;
Gailey-Phipps, 1984). A recent study also shows that
vocalizations of spotted seals are produced predominantly
during breeding time, both underwater and in the air, and
seals at different ages emitted significantly different sounds
(Zhang et al., 2016; Yang et al., 2017). For example, in-air
vocalizations from pre-weaning pups are defined as pup calls,
and the acoustic parameters are high in frequency and medial in
duration; in-air vocalizations from yearlings (ca. 1 year old) are
defined as yearling calls and are high in frequency and long.
Adult seals have several kinds of call types; the overall acoustic
parameters for males are low in frequency and short, whereas
those for females are medial in both frequency and duration
(Zhang et al., 2016). Therefore, the acoustic parameters of
spotted seal vocalizations change alongside their body
development. However, to our knowledge, the vocal ontogeny
of the spotted seal from newborn to 1 year old has not yet been
studied. This research gap directly limits the evaluation of
anthropogenic noise impacts on spotted seal pups and further
conservation of the seal population in the Liaodong Bay colony.

Dalian Sun Asia Aquarium (DSAA; 38°52'N, 121°34'E),
located beside the Liaodong Bay colony, is an important
rescue center for wild spotted seals in China. There is a fairly
large population of seals rescued from the Liaodong Bay colony
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in DSAA, and approximately 10 pups are born and subsequently
grow up under human care every year. In the present study, we
recorded the sounds of spotted seal pups in DSAA consecutively
from birth to 1 year old and documented how their acoustic
characteristics varied with age and sex factors to reveal the vocal
repertoire ontogeny of seal pups.

Materials and methods
Animals and housing condition

Nine spotted seal pups at DSAA were investigated in this
study. Four males and four females were born under human care
and nursed by their respective mothers. The remaining male was
rescued from the wild just after weaning with a body mass of
19.5 kg. All seals were first kept in a 400-m> indoor enclosure for
nursing. After lactation, pups were separated from their mothers
and transferred to another 100-m> indoor enclosure. Harmless
microchip bio-tags were subdermally injected for individual
identification when they were 1 month old.

Data collection

Recordings of in-air sounds were collected every 15-35 days
post-parturition, from 4 February 2013 to 28 February 2014.
Sounds were recorded for approximately 3 h between 1900 and
2200 h when there were no public visitors. The in-air sounds
were recorded using a self-designed sound collection platform,
mainly including a USB-4431 data acquisition card (National
Instruments, Austin, TX, USA), 46AE 1/2” Free-field
Microphone Set (GRAS, Holte, Denmark; frequency response
of 3.5 Hz-20 kHz, within +1 dB at 5 Hz-10 kHz) and laptop. The
sampling rate for sound recording was 16 kHz, which covered
the frequencies of spotted seal in-air vocalizations (Zhang et al.,
2016). The distance between the microphone and vocalizing seal
pups was 3 to 5 m. The precise distances were marked before
sound recordings.

Data analysis

All sound data were first scanned using spectrograms
(Hanning Windows, FFT size 1,024 points and 50% overlap
for a spectral resolution of 16 Hz and a time resolution of 64 ms)
in Adobe Audition (version 3.0, Adobe Systems Inc., San Jose,
CA, USA). Sound files were filtered in Audition with a 10-pole
Butterworth high-pass filter with a cutoff frequency of 50 Hz.
Only the sound signals with distinct and clear vocal contours,
which typically had a signal-to-noise ratio of more than 20 dB,
were extracted for further analysis. The selected vocalizations for
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TABLE 1 Sample sizes of spotted seal pup vocalizations for different sex and age groups.

Age Female
1-3 months 215
4-6 months 49
7-9 months 138
10-12 months 132
Total 534

each individual were separated by at least 5-min intervals to
minimize data non-independence.

Three sound parameters, i.e., duration (DUR), peak
frequency (FP), and peak-to-peak source level (SLPP), were
measured from each vocalization using custom-written codes
in MATLAB (version 2012b, MathWorks, Natick, MA, USA).
The DUR (ms) was determined by the length of a window
containing 95% of the total signal energy (Madsen and
Wahlberg, 2007). The FP (Hz) was defined as the center
frequency of the band with the highest amplitude of the
spectrum, which was calculated from a 1,024-point FFT on
Hanning windowed data symmetrical around the envelope peak
(Madsen and Wahlberg, 2007). The received level was calculated
from the peak-to-peak sound pressure values on a dB scale over
a 95% energy window and the sensitivity of the microphone. The
SLPP (dB re 20 pPa at 1 m) of each vocalization was calculated
from the sum of the received level and spherical spreading, i.e.,
20log;o(DISTANCEeql-microphone) (Rogers, 2014). The three
sound parameters were chosen for consistency with a previous
study (Zhang et al,, 2016).

Statistical analyses were performed using IBM SPSS Statistics
22. To examine age differences in seal pup call characteristics,
four age groups were created: 1-3, 4-6, 7-9, and 10-12 months
old. Data normality and homogeneity for each age and sex group
were examined using the Kolmogorov-Smirnov and Levene’s
tests, respectively. Given that not all data satisfied equal variance
or normality assumptions, a series of generalized linear models
(GLMs) were conducted to examine the age and sex effects on
the three sound parameters of seal pup in-air vocalizations. A p-
value < 0.05 was considered statistically significant.

Male Total
197 412
121 170
144 282
119 251
581 L115

Results

In total, 1,115 high-quality vocalizations from nine spotted
seal pups were used in the analyses. Sample sizes of seal pup
vocalizations for different sex and age groups are summarized in
Table 1. Amplitude charts and spectrograms of the vocalizations
for each age group are shown in Supplementary Figures 1, 2.
Opverall, the in-air vocalizations of the nine spotted seal pups had
a DUR of 858 + 361 ms (mean + SD), an FP of 991 + 368 Hz, and
an SLPP of 103 + 8 dB re 20 uPa.

The results of the GLMs indicated significant differences in
sex patterns in all three sound parameters, i.e., DUR, FP, and
SLPP values (Table 2). Specifically, the vocalizations of female
pups were longer in DUR (Figure 1A) but lower in FP
(Figure 1B) and SLPP (Figure 1C) compared to those of
male pups.

Similarly, the results of the GLMs showed that all three
sound parameters were significantly different across the four age
groups (Table 2). Specifically, the 1-3-month group had
significantly lower values in all three sound parameters than
the three other age groups (Figure 1). The 10-12-month group
had significantly higher values in DUR (Figure 1A) and SLPP
(Figure 1C) than the remaining three age groups. No significant
differences existed in DUR (Figure 1A) between the 4-6-month
and 7-9-month groups; however, the 7-9-month group had
significantly higher values in SLPP (Figure 1C) as compared to
the 4-6-month groups. The highest FP was observed in the 4-6-
month group among the four age groups (Figure 1B). There were
no significant differences in FP between the 7-9-month and 10-
12-month groups (Figure 1B).

TABLE 2 Results of a generalized linear model analysis on the sound parameters of duration (DUR), peak frequency (FP), and peak-to-peak

source level (SLPP) for different spotted seal pup groups.

DUR (ms) FP (Hz) SLPP (dB re 20 pPa)
Source df
Wald P Wald P Wald P
Intercept 1 7,860.6 <0.001 8,178.6 <0.001 215,183.1 <0.001
Sex 1 111 0.001 933 <0.001 51.4 <0.001
Age 3 3682 <0.001 46.2 <0.001 3247 <0.001
Sex*Age 3 23.1 <0.001 16.2 0.001 79.2 <0.001

* means interaction effect.
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Sex and age effects on the sound parameters of spotted seal pups. (A) Duration (DUR). (B) Peak frequency (FP). (C) Peak-to-peak source level
(SLPP). Different lowercase letters (i.e., a, b, ¢, and d) on each bar indicate significant statistical differences between groups, whereas groups with
the same letter indicate no statistical difference. A p-value < 0.05 is considered statistically significant

The interaction effect results of GLMs are shown in Figure 2.
The vocalizations of female pups were significantly longer in
DUR than those of male pups 10-12 months old. However, no
significant difference in DUR was observed between female and
male pups between 1-3 and 7-9 months old (Figure 2A).
Regarding the FP (Figure 2B) and SLPP (Figure 2C)
parameters, the males had significantly higher values in all the
age groups as compared to the females, except that in the 1-3-
month group, the SLPP values of males were significantly lower
than those of females (Figure 2C). Additionally, the DUR
(Figure 2A) and SLPP (Figure 2C) values of both female and
male vocalizations gradually increased from newborn to 1 year
old. This was also the case for the FP values of male vocalizations
(Figure 2B). However, this was not the case for female
vocalizations in FP values. The FP for female vocalizations
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first increased at 1-3 and 4-6 months old and then decreased
at 7-9 and 10-12 months old (Figure 2B).

Discussion

Our study, for the first time, documents the detailed process
of the ontogeny of spotted seal vocalizations from newborn to 1
year old. The results reveal that the spotted seal pups
significantly increased the FP of their vocalizations at first
(from 1 to 6 months old) for both sexes. Additionally, the FP
for female pups decreased to the same level at 1-3 months,
whereas male pups retained their FP at about 1,200 Hz. As to
DUR and SLPP, spotted seal pups increased both values with
their ages regardless of sex.
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Interaction effects on the sound parameters of spotted seal pups. (A) Duration (DUR). (B) Peak frequency (FP). (C) Peak-to-peak source level
(SLPP). The dark lines and circles represent the results for females, while the gray lines and squares represent the results for males. Lowercase
letters in the parentheses indicate the comparison results of each sound parameter of female seals among four age groups (i.e., 1-3, 4-6, 7-9,
and 10-12 months old). Groups with different lowercase letters indicate a significant statistical difference between them, while those with the
same letter indicate no statistical difference. Similarly, uppercase letters in the parentheses indicate the comparison results for male seals. NS
denotes no significance between sexes in that age group, while * denotes significance. A p-value < 0.05 is considered statistically significant.

Based on our age-stage classifications, the results of our
study can probably be explained when considering the
development of pups’ ecological behaviors in the wild. In late
spring, when spotted seals in the Liaodong Bay colony finish
their annual nursing and mating before sea ice melting, they haul
themselves out on the shores of the mainland and islands and
spend a significant part of the open-water period on their annual
bask and molt cycle and then begin their forage migration after
the middle of May (Beier and Wartzok, 1979; Won and Yoo,
2004; Han et al, 2005; Boveng et al, 2009; Ma et al., 2018)
Seafood in the Bohai Sea is normally poor in winter and spring
(Barman et al., 2020), and hence pups have a limited food supply
between weaning and first forage migration (March to May),
which constrains their body development. We supposed that
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acoustic characteristics in the 1-3-month seals reflect an innate
physiological difference between male and female neonates. We
also examined the body mass of male and female pups when they
were approximately 1 month old and found that the body mass
of female pups (21.1 + 1.7 kg) was slightly lower than that of
males (26.2 + 6.8 kg), but with no statistical difference (Student’s
t-test, p > 0.05), implying that body mass was not a potential
factor affecting the intersex vocalization variation at that time.
Stages of 4-6- and 7-9-month-old pups correspond to the
summer and autumn, when fishery resources are high in the wild
(Barman et al., 2020) and when pups are supposed to be in their
foraging ground (Trukhin et al., 2021). Fast body growth may
also happen at that time, which explains the fast development of
the vocal characteristics of seals at those stages. The 10-12-
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month group corresponds to seals’ breeding-ground migration
in winter. In the northern Yellow Sea, spotted seals finish their
sea-ice habitat occupancy in Liaodong Bay in December, i.e.,
roughly 10 months old for newborn seals (Won and Yoo, 2004;
Trukhin et al, 2021). When comparing sound parameters
between yearlings (i.e., 10-12-month group) and adults, we
can see that there are significant differences in FP and DUR
between them (Zhang et al, 2016), implying still inadequate
vocal development in yearlings (Figure 3). As we currently have
little or no vocal information from elder juvenile seals (i.e., 1-3
years old), more research on the vocalizations of seals of those
ages should be conducted in the future.

In the present 1-year recording, the sampling sizes for 4-6-
month-old pups for both sexes were relatively small as compared
to those of the other three age groups. The seal pups were
generally quiet at 4-6 months, resulting in a limited sample size.
The wild seal pups at the age of 4-6 months migrate out of
Liaodong Bay for foraging (Han et al., 2005; Ma et al., 2018). It is
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FIGURE 3

Interaction effects on the sound parameters of spotted seals.

(A) Duration (DUR). (B) Peak frequency (FP). The dark lines/
dotted lines and circles represent the results for females, while
the gray lines/dotted lines and squares represent the results for
males. Lowercase letters in the parentheses indicate the
comparison results of each sound parameter of female seals
among five age groups (i.e., 1-3, 4-6, 7-9, and 10-12 months
old and adults). Groups with different lowercase letters indicate a
significant statistical difference between them, while those with
the same letter indicate no statistical difference. Similarly,
uppercase letters in the parentheses indicate the comparison
results for male seals. NS denotes no significance between sexes
in that age group, while * denotes significance. A p-value < 0.05
is considered statistically significant.
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possible that they keep silent to save energy for swimming and to
reduce potential detection by prey and predators.

A previous study found that vocalizations between pups and
yearling spotted seals were significantly different (Zhang et al,
2016), and the present study further provided strong evidence
that pups of different ages showed different acoustic parameters.
Specifically, the suckling pups had shorter vocalizations than
yearling pups (Zhang et al., 2016); the present study further
confirmed that the age-based variation in DUR occurred at 4
months old. We also confirmed that sex-based DUR variation
occurred at 10 months old.

Regarding the FP, a significant difference was found between
the male and female pups, with the FP of male pups constantly
higher than in females, from neonates to 1 year old. This result
was surprising because this was not the case for yearling and adult
spotted seals, with a lower FP for males than females (Zhang et al.,
2016). This indicated a continued large change in the FP in seals
from 1 year old onward. Overall, our results indicated a clear
intersex divergence in sound parameters in spotted seals from 1
year old until sexual maturity (i.e., 4 years old).

The spotted seal is a sibling species of the harbor seal but
adopts quite a different nursing strategy. Spotted seals fast
completely during nursing, whereas harbor seals forage,
similar to otariids (Atkinson, 1997; Jefferson et al., 2015).
Acoustic studies on pinnipeds are popular, with a focus on
nursing strategy and mother—pup recognition, as a species (i.e.,
otariids) that can achieve individual vocal recognition is more
likely to be studied (e.g., Insley, 1992; Insley, 2000; Insley et al.,
2003; Tripovich et al., 2005; Collins et al., 2006; Pitcher et al.,
2009; Opzeeland et al., 2012; Reichmuth and Casey, 2014; Sauve
etal, 2015), and the same is true for harbor seals (Van Parijs and
Kovacs, 2002; Khan et al., 2006; Sauve et al., 2015). Seals that
cannot achieve individual vocal recognition, such as spotted
seals, have received little attention. The current study adds to the
body of knowledge about the vocal development of completely
fasting seals during nursing.

There are also some limitations to our study. Firstly, the
studied seals were mostly born under human care and originated
from the Liaodong Bay colony. Our results reflect the case for
captive-born Liaodong Bay seals; further studies are warranted
to determine if there is variation between captive-born and wild-
born seals or between seals from different colonies. Secondly,
after lactation, in the 4-6-month group, pups gradually became
silent; as a result, sounds from this group were mainly recorded
during feeding and enclosure-cleaning times, when the seals
were more vocal due to external disturbance. Regardless, we still
collected relatively few sound signals, which had the potential to
affect the analysis results. For example, the male pups first
increased their sound frequency and then remained steady; but
this was not the case for females, possibly due to the sample size
limitation. Nonetheless, our findings contribute to our
understanding of the vocal development of spotted seal pups
in the wild, but they should be interpreted with caution.
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