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The interaction effects of light
and noise on the acoustic
parameters of underwater
vocalisations of wild spotted
seals (Phoca largha) in Liaodong
Bay, China1

Liangliang Yang*

Guangdong Provincial Key Laboratory of Marine Disaster Prediction and Prevention, Shantou
University, Shantou, China
Some marine mammals can adjust acoustic parameters of their sound signals in

response to changes in sunlight and ambient noise. Evidence was found in

several toothed whales; however, relatively little research has focused on true

seals. Spotted seals (Phoca largha) are highly vociferous during the breeding

season. Four major underwater call types, drums, growls, knocks, and sweeps,

have been identified in the acoustic repertoire of wild spotted seals in Liaodong

Bay, China. This study investigated the potential effects of light (day and night)

and noise (105–135 dB re 1 mPa, broadband 50–8,000 Hz) conditions on the

centroid frequency (CF), root-mean-square bandwidth (BW), duration (DU), and

received level (RL) parameters of their underwater vocalisations using a series of

generalised linear models (GLMs). Results showed that there were significant

interaction effects of light and noise on knock CFs and the BWs for all call types.

Specifically, knock CFs decreased and BWs for all call types became narrower

when noise increased at night but kept stable during daytime. No significant

interactions were found in other acoustic parameters. However, the results of

univariate GLM analyses showed that the spotted seals could lengthen their

vocalisations at night and increase the vocalisation RLs in response to higher

noise levels (the Lambard effect), regardless of call type. To our knowledge, this is

the first study to demonstrate that the spotted seals, a poorly studied species in

Chinese waters, have some capabilities to adjust their vocalisations in response

to changes in light and noise conditions. The results are helpful to understand

how seals interact with their habitats and useful when developing mitigation

strategies to minimise disturbance of light and noise from human activities in

Liaodong Bay, China.
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1 This article was formatted in British English.
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1 Introduction

Most marine mammals rely on sounds for underwater

communication (Au and Hastings, 2008). Some species have been

shown to be capable of adjusting their sound signals to optimise

communication dependent on natural sunlight (referred to as light

hereafter) and ambient noise (excluding the conspecific and other

biotic underwater sounds, referred to as noise hereafter) (Brumm,

2013). There are a number of studies that aim to explore how

toothed whales (odontocetes) adjust their ultrasonic click and

whistle sounds in response to changes in light or noise (e.g.,

Foote et al., 2004; Soldevilla et al., 2010; Deconto and Monteiro-

Filho, 2016; Fouda et al., 2018; Ogawa and Kimura, 2023). True

seals (Phocidae) are known to be quite vocal underwater, especially

during the breeding seasons, and their vocalisations play an

important role in coordinating social and sexual behaviour (Costa

and McHuron, 2022). However, to my knowledge, only a few

studies exist on the noise effects on the acoustic parameter

adjustments of true seals (Matthews et al., 2020; Fournet et al.,

2021; Yang et al., 2022) and little is known about the light impacts.

In order to address this research gap, it is valuable to examine the

effects of light and noise on acoustic parameter changes in

underwater vocalisations of true seals.

Underwater true seals emit vocalisations mainly in low-

frequency ranges (a few hundreds of Hz to a few kHz), which are

highly overlapping with the predominant frequencies of ambient

noise due to wind and shipping sources (Wenz, 1962; Terhune,

2019; Costa and McHuron, 2022). Ambient noise with high

intensity can mask the seal vocalisations and further disturb their

behaviours. According to the hypothesis of acoustic adaptation

(Morton, 1975), the seals probably use different compensation

strategies in noisy conditions to reduce masking, for example,

shifting the vocalisation frequency and timing or raising the

sound amplitude (the Lombard effect) (Brumm, 2013; Luo et al.,

2018). Nevertheless, recent findings about true seals do not support

this hypothesis. Both harbour (Phoca vitulina) and bearded

(Erignathus barbatus) seals had no or limited ability to adjust

amplitude, duration, or frequency parameters of their

vocalisations to compensate for ambient noise masking

(Matthews et al., 2017; Fournet et al., 2021). Notably, these two

studies selected only seal vocalisations with high (50–70 dB) signal-

to-noise ratio (SNR) for analyses, and the bearded seal study only

used the daytime data. More studies are needed on this topic to

reduce bias in vocalisation sample selections.

Many true seals, including harbour, bearded, ribbon

(Histriphoca fasciata), Weddell (Leptonychotes weddellii), leopard

(Hydrurga leptonyx), and crabeater (Lobodon carcinophagus) seals,

were generally more vocally active during nighttime than during

daytime (Thomas and DeMaster, 1982; Rouget et al., 2007; Frouin-

Mouy et al., 2016; Nikolich et al., 2018; Otsuki et al., 2018, Shabangu

and Charif, 2021). Although the precise function of seal underwater

vocalisations is currently unknown, they are suspected to be

primarily related to foraging, mating, courtship, territorial

defence, and other social contacts (Hayes et al., 2004; Charrier

et al., 2013). Visual acuity in true seals is quite good underwater, at
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least at the sea surface, and visual cues play an important role in

mediating the seal behaviours in good light conditions (Costa and

McHuron, 2022). But during nighttime, when the seals’ sight was

limited, they may adjust their vocalisation parameters to improve

the probability of successful communication. Furthermore, light

and noise can be co-sensed by underwater vocalising seals, and it is

therefore curial to study their interaction impacts on seal vocal

behaviours. During daytime, seals are not likely to adjust their

vocalisation parameters in response to increasing ambient noise

because they can supplement sensing with visual cues. But this may

be different during nighttime. This pattern is true for some bird and

dolphin species (Brumm and Zollinger, 2013; Deconto and

Monteiro-Filho, 2016). However, no information is currently

available regarding examination of potential interaction effects of

light and noise on true seal vocalisations.

Spotted seals are the only wild pinniped species that reproduce

in Chinese waters (Rugh et al., 1997; Han et al., 2010; Yang et al.,

2023). They are sea-ice obligates and migrate annually to the

breeding area in the Liaodong Bay (approximately 38°43′–40°58′
N and 119°50′–122°18′E), China, where they reside from late

October to early May depending on the presence of sea ice (Won

and Yoo, 2004; Han et al., 2010). The abundance of wild spotted

seals in Liaodong Bay has decreased from approximately 4,500

individuals in 1990 to <500 individuals in 2020, raising concerns for

the conservation status of this species (Li et al., 2017; Wang, 2023).

The spotted seals are highly vocal during the breeding season,

particularly when they mate and forage under water (Beier and

Wartzok, 1979; Yang et al., 2017; Sills and Reichmuth, 2022). The

underwater vocal repertoire of the wild spotted seal population in

Liaodong Bay includes at least four call types, i.e., drums, growls,

knocks, and sweeps (Yang et al., 2017). These acoustic signals create

an opportunity to test how spotted seals adjust their underwater

vocalisations under different light and noise conditions. This study

recorded underwater vocalisations from a group of wild spotted

seals in Liaodong Bay during the breeding season. The aim of this

study was to examine the potential interaction effects of light and

noise on the vocalisation parameters of spotted seals in Liaodong

Bay, China.
2 Materials and methods

2.1 Data collection

Underwater sounds were recorded in calm or moderate sea

states (Beaufort 0–3) during 7 days (23–24 March 2014, 1–3 April

2016, and 30 March–1 April 2018) at a haul-out site for spotted

seals in the Liao River Estuary in the north of Liaodong Bay, China

(Figure 1). The chosen recording days are immediately after ice melt

and within the breeding season of the spotted seals (Han et al.,

2010). On average, 150–200 spotted seals of different genders and

ages hauled out on the tidal mudflat were counted on each of the

seven recording days. The recording site is located in a remote rural

estuary area. No fisheries, tourism, shipping, and other human

activities were observed during data collection. The underwater
frontiersin.org
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ambient noise sources are primarily involved in the wind changing

and distant shipping (>5 km outside the recording site).

Sound data were continuously recorded using a calibrated

autonomous sound recorder (DSG-Ocean Acoustic Datalogger;

Loggerhead Instruments, Sarasota, FL, USA) sampling at 80 kHz

with 16-bit resolution. The DSG contains an omnidirectional

hydrophone with a sensitivity of -180.6 dB re 1 V/mPa and a flat

frequency response ( ± 3 dB) between 20 Hz and 25 kHz. The DSG

was moored to a 10-kg 3-fluke anchor with a rope at approximately

5 m above the muddy seafloor in 10–20-m water depths (depending

on the tide). A surface buoy was connected to the DSG with rope for

retrieval. Seal counts and visual observation were only performed

during daytime, while underwater sounds were recorded in both

daylight and darkness.
2.2 Data analysis

Sound recordings were first filtered with a 10-pole Butterworth

band-pass filter with cutoff frequencies between 50 and 8,000 Hz in

Adobe Audition 3.0 (Adobe Systems Inc., San Jose, CA, USA). The

low cutoff frequency was at 50 Hz to remove unwanted low-

frequency flow noise. The high cutoff frequency was chosen

because all of the energy in the spotted seal underwater

vocalisations is found below 8,000 Hz (Beier and Wartzok, 1979;

Yang et al., 2017; Sills and Reichmuth, 2022). To examine how

acoustic parameters change in different light conditions (containing

daytime and nighttime in this study), 60 1-min segments of sound

recordings were randomly selected from each of the 7 days during
Frontiers in Marine Science 03
daytime (8:00 a.m. to 2:00 p.m.) and during nighttime (10:00 p.m. to

4:00 a.m.). All sound segments were visually examined using

spectrograms (Hanning window, FFT size = 1,024 points,

frequency overlap = 50%) and aurally reviewed in Adobe

Audition to manually identify and extract the spotted seal

vocalisations. Four call types (i.e., drum, growl, knock, and

sweep) with clearly distinct vocal contours (Yang et al., 2017) and

SNR values >6 dB (Matthews, 2017) were extracted in each 1-min

segment. Given that the spotted seals produce knock vocalisations

in trains (see Figure 4 in Yang et al., 2017), only the highest-

amplitude knock in each of the knock trains was used for further

analyses. To minimise the data nonindependence, only one

vocalisation of each of the four call types was selected in each 1-

min segment.

Acoustic parameter analyses were made using custom-written

routines in Matlab R2016a (MathWorks, Natick, MA, USA)

according to the measurement methods of dolphin click

parameters (Yang et al., 2020; Yang et al., 2021). Four acoustic

parameters including the centroid frequency (CF), root-mean-

square (rms) bandwidth (BW), duration (DU), and received level

(RL) were determined for each selected seal vocalisation. The CF

(defined as the frequency separating the spectrum into equal energy

halves on a linear scale) and BW (defined as the standard deviation

of a linear spectrum around CF) parameters were calculated from

the power spectrum using equations given in Au and Hastings

(2008). It was noted that the peak frequency and -3 dB bandwidth

were not considered here because they are unstable parameters in

broadband sound analyses (Kinsler et al., 1999). DU was

determined as the time interval corresponding to 95% of
FIGURE 1

Study area of spotted seal (Phoca largha). Underwater vocalisations were recorded using a DSG-Ocean Acoustic Datalogger in Liao River estuary in
Liaodong Bay, NE China. Black dot indicates the position (40°54′N, 121°49′E) of the DSG and shadowed seals’ area indicates the tidal mudflat for seal
haul-out.
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accumulated energy (Madsen et al., 2004). The RL of each seal

vocalisation was calculated as rms sound pressure within the signal

duration. Since previous hearing studies showed that true seals are

able to interpret and respond to sound signals less than 0.5 s

(Reichmuth et al., 2012), rms ambient noise levels (NLs) were

calculated for the 1-s period prior to the selected seal vocalisations

in accordance with the study of Fournet et al. (2021).
2.3 Statistical analysis

All statistical analyses were performed using R version 4.0 (R

Core Team, 2020) and R Studio version 1.2.5042 (R Studio Team,

2019). A series of generalised linear models (GLMs) with Gaussian

error structures was fitted using the “glm” function in the R’s

standard stats package (Mauro et al., 2020). Specifically, four

different models were built with the CF, BW, DU, and RL as

response variables. A backward selection process was used,

starting off with initial models that contained a three-way

interaction among call type (drum, growl, knock, and sweep),

light condition (daytime and nighttime), and NL (continuous

variable). If a significant three-way interaction was observed, a

two-way interaction analysis between light condition and NL for

each of the four call types would be made separately. If there was no

interaction, a univariate GLM analysis would be carried out for the

light condition and NL, respectively. The alpha criterion for

statistical testing was set at p-value <0.05.
3 Results

In total, 661 high-SNR (>6 dB) spotted seal underwater

vocalisations (including 182 drums, 242 growls, 112 knocks, and

125 sweeps) and the preceding ambient noise recordings during

daytime and nighttime were selected and analysed. Table 1 presents

the minimum, maximum, median, and 25% and 75% quartiles of

the CF, BW, DU, and RL parameters of the seal vocalisations and

the NLs.

Four initial GLMs that contained a three-way interaction

between light condition (daytime and nighttime) NL, and call

type were run for the four acoustic parameters. A significant

interaction was detected only in the CFs (t = -2.91, p < 0.05,

Table 2). Then, the dataset was split into four groups based on the

call type to examine the interaction effects of light condition and NL

on the CFs separately. Specifically, for the knocks, the interaction of

light condition and NL significantly affected their CFs (t = -2.07, p <

0.05, Table 3). The knock CFs significantly decreased during

nighttime when the noise enhanced (t = -4.01, p < 0.05) and kept

stable during daytime (t = -1.31, p > 0.05) (Table 4, Figure 2). For

the remaining three call types (i.e., drum, growl, and sweep), no

significant interaction effects between light condition and NL were

detected (p > 0.05 for all, Table 3). The univariate GLM results

showed that there were significant differences for the drum and

growl CFs between daytime and nighttime (drum: t = 2.54, p < 0.05;

growl: t = -0.27, p < 0.05), but no significant differences between two

light conditions were detected for the sweep CFs (t = 0.31, p > 0.05)
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(Table 3, Figure 3). Furthermore, the CFs were significantly

decreased with NLs for both drum (t = -4.27, p < 0.05) and growl

(t = 6.41, p < 0.05) vocalisations; however, this was not the case for

sweeps (t = -1.09, p > 0.05) (Table 3, Figure 3).

As for the BW, there was a significant two-way interaction

between light condition and NL (t = 28.32, p < 0.05; Table 2).

During nighttime, the BWs significantly decreased when NLs

increased (t = -2.59, p < 0.05), while noise had no significant

influence on the BWs during daytime (t = -0.39, p > 0.05)

(Table 4, Figure 4).

Neither a significant three-way interaction between light

condition, NL, and call type nor a significant two-way interaction

between light condition and NL was observed for the DU and RL

parameters (p > 0.05 for all, Table 2). For all four call types, the

results of univariate GLM analyses showed that the spotted seals

produced significantly longer underwater vocalisations during

nighttime than daytime (t = 2.07, p < 0.05), and light condition

had no significant impact on the RLs (t = 0.86, p > 0.05), while the

RLs were significantly increased with the NLs (t = 22.93, p < 0.05),

and the noise effect on the DUs was not significant (t = 0.86, p >

0.05) (Table 2, Figure 5).
4 Discussion

Understanding how seals in the wild adjust their acoustic

signals in response to changes in multiple environmental factors

is a great challenge, since the semiaquatic seals often lived in remote

and inaccessible areas and they had complex sensory adaptations

and abilities (Costa and McHuron, 2022). The present study is the

first attempt to investigate the interaction effects of light and noise

on the acoustic parameters of underwater vocalisations recorded

using a broadband hydrophone system from the wild spotted seals

in Liaodong Bay, China. The results of regression models

demonstrated that there were significant interaction effects of

light and noise on the knock CFs and all call type BWs, but not

on DUs and RLs. Furthermore, regardless of call type, univariate

GLM analyses showed that this species had longer vocalisations

during nighttime than during daytime and might have the

capability to raise the vocalisation intensity in response to the

ambient noise that ranged from 105 to 135 dB re 1 mPa.
The present study proved that the knock CFs and BWs of the

four call types significantly decreased with the increasing NLs

during nighttime but they did not change during daytime

(Figures 2, 4). Previous bearded seal study only used the

vocalisation data recorded during daytime, and this species had

limited ability to adjust its vocalisation frequency and bandwidth

parameters in different noise conditions (Fournet et al., 2021). Both

knock CF ranges (here, range was defined as the difference between

maximum and minimum) and BW ranges of the four call types

were much higher during nighttime compared to during daytime

(Table 1). This provided enough dynamic ranges for seals to adjust

their frequencies at night.

Ambient noise of the present study was mainly a result of

fluctuations in wind and distant shipping, and the NLs had no

significant difference between day and night for each and all of the
frontiersin.org
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four call types (Table 1, Mann–Whitney U tests, p > 0.05 for all).

Light difference between day and night would be the primary reason

for the frequency adjustments. During nighttime, the seals had

relatively poor visibility, leading them to rely more heavily on
Frontiers in Marine Science 05
acoustic cues for communication (Brumm, 2013). Therefore, it

was reasonable to speculate that the occurrence of vocal

adjustment during nighttime would be beneficial for the seal

communication with insufficient visual cues.
TABLE 1 Acoustic parameters of four call types (drum, growl, knock, and sweep) of spotted seals (Phoca largha) in Liaodong Bay, China.

CF (Hz) BW (Hz) DU (ms) RL (dB re 1 mPa) NL (dB re 1 mPa)

Call type Light n
Median
(25%-75%)
(Min-Max)

Median
(25%-75%)
(Min-Max)

Median
(25%-75%)
(Min-Max)

Median
(25%-75%)
(Min-Max)

Median
(25%-75%)
(Min-Max)

Drum

Day 99
209
(162, 333)
(79, 668)

87
(59,138)
(14,275)

336
(240,407)
(71,915)

143
(137,148)
(127,159)

122
(119,127)
(113,134)

Night 83
233
(185,420)
(87,1042)

118
(84,166)
(22,456)

417
(329,544)
(93,1706)

142
(134,148)
(123,162)

122
(119,126)
(107,135)

Overall 182
218
(172,381)
(79,1042)

103
(69,156)
(14,456)

374
(272,493)
(71,1706)

142
(136,148)
(123,162)

122
(119,126)
(107,135)

Growl

Day 139
234
(183,329)
(119,528)

87
(64,116)
(27,267)

416
(307,610)
(68,1925)

141
(135,146)
(124,155)

121
(117,125)
(108,133)

Night 103
225
(167,338)
(82,645)

101
(56,143)
(19,413)

489
(328,745)
(81,2567)

141
(135,146)
(125,158)

122
(118,126)
(108,133)

Overall 242
231
(179,334)
(81,645)

90
(60,125)
(19,413)

446
(317,677)
(68,2567)

141
(135,146)
(124,158)

121
(117,125)
(108,133)

Knock

Day 59
369
(281,435)
(152,809)

96
(63,138)
(35,292)

13
(9,17)
(3,36)

144
(139,149)
(126,155)

118
(114,122)
(107,131)

Night 53
384
(290,485)
(177,1368)

107
(76,131)
(36,721)

11
(9,16)
(4,30)

146
(140,149)
(125,159)

120
(115,123)
(105,129)

Overall 112
376
(286,463)
(152,1368)

105
(68,133)
(35,721)

12
(9,16)
(3,36)

145
(140,149)
(125,159)

118
(114,123)
(105,131)

Sweep

Day 69
272
(175,375)
(72,627)

81
(51,124)
(16,329)

43
(25,109)
(5,370)

137
(133,142)
(124,152)

119
(116,122)
(106,129)

Night 56
242
(176,409)
(118,662)

92
(55,143)
(16,416)

92
(35,176)
(10,335)

138
(134,144)
(123,155)

121
(117,125)
(111,134)

Overall 125
255
(177,387)
(72,662)

84
(53,132)
(16,416)

50
(29,144)
(5,370)

137
(134,143)
(123,155)

120
(116,123)
(106,134)

Four call types

Day 366
251
(183,371)
(72,809)

86
(61,125)
(14,329)

283
(42,424)
(3,1925)

141
(135,146)
(124,159)

120
(117,124)
(106,134)

Night 295
259
(188,402)
82,1368)

106
(66,147)
(16,721)

323
(44,496)
(4,2567)

142
(135,147)
(123,162)

122
(118,125)
(105,135)

Overall 661
255
(184,386)
(72,1368)

95
(63,136)
(14,721)

299
(43, 470)
(3, 2567)

141
(135,146)
(123,162)

121
(117,124)
(105,135)
The values are given as median with minimum (Min), maximum (Max), and 25th and 75th percentile values (in parentheses). CF, centroid frequency; BW, root-mean-square bandwidth; DU,
95% energy duration; RL, received level; NL, noise level; n, sample size. Given that the spotted seals emitted knocks in a series of repetitive knocks (i.e., knock train), only the knock with the
highest amplitude was extracted in each knock train.
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Furthermore, in order to convey more information to

conspecifics during nighttime, it was highly possible that the seals

would exhibit a broader frequency range, longer duration, and

higher sound intensity. The results of univariate GLM analyses

showed that there was no significant linear relationship between the

sound intensity of spotted seal vocalisations and light conditions
Frontiers in Marine Science 06
(Figure 5C), which made the seals receive vocalisations with

relatively stable SNRs. On the other hand, the present data not

only proved that all call types had longer durations during

nighttime (Figure 5A) but also showed that most BWs were

higher during nighttime under the same noise condition

regardless of call type (Figure 4). The duration and bandwidth
TABLE 2 Results of the generalised linear models for interaction effects of call type (CT), light (LT), and noise (NL) conditions on the CF (centroid
frequency), BW (root-mean-square bandwidth), DU (95% energy duration), and RL (received level) parameters of underwater vocalisations from
spotted seals (Phoca largha) in Liaodong Bay, China.

Slop SE df t p-value

Three-way models (Model building for four call types)

CF ~ CT*LT*NL -5.75 1.98 653 -2.91 < 0.01 *

BW ~ CT*LT*NL -0.45 0.91 653 -0.50 0.62

DU ~ CT*LT*NL -1.69 4.02 653 -0.42 0.67

RL ~ CT*LT*NL -0.05 0.08 653 -0.63 0.53

Two-way models (Model building for four call types)

BW ~ LT*NL -2.77 0.95 657 28.32 < 0.01 *

DU ~ LT*NL 1.74 4.77 657 0.37 0.72

RL ~ LT*NL 0.01 0.08 657 0.12 0.91

Univariate models (Model building for four call types)

DU ~ LT 53.38 25.85 659 2.07 0.04 *

DU ~ NL 3.91 2.38 659 1.65 0.10

RL ~ LT 0.50 0.58 659 0.86 0.39

RL ~ NL 0.92 0.04 659 22.93 < 0.01 *
fro
A backward selection process was used (If the three-way model has no significant result, two-way models will be run; furthermore, if the result of the two-way model is not significant, univariate
model will be run.). Slop with its SE (standard error) and t-based p-values were reported (df, degrees of freedom; *p < 0.05).
TABLE 3 Results of the generalised linear models for interaction effects of light (LT) and noise (NL) conditions on the CF (centroid frequency) of the
four call types (drum, growl, knock, and sweep) from spotted seals (Phoca largha) in Liaodong Bay, China.

Call type Slop SE df t p-value

Two-way models: CF ~ LT*NL

Drum 3.69 4.08 178 0.91 0.37

Growl -0.76 2.52 238 -0.30 0.76

Knock -12.69 6.12 108 -2.07 0.04 *

Sweep -7.09 5.14 121 -1.38 0.17

Univariate models: CF ~ LT

Drum 58.90 23.18 180 2.54 0.01 *

Growl -3.59 13,51 240 -0.27 < 0.01*

Sweep 7.78 25.23 123 0.31 0.76

Univariate models: CF ~ NL

Drum -8.80 2.06 180 -4.27 < 0.01 *

Growl -8.00 1.25 240 -6.41 < 0.01*

Sweep -2.66 2.44 123 -1.09 0.28
A backward selection process was used (If the result of the two-way model is not significant, univariate model will be run.). Slop with its SE (standard error) and t-based p-values were reported
(df, degrees of freedom; *p < 0.05). Given the spotted seals emitted knocks in a series of repetitive knocks (i.e., knock train), only the knock with the highest amplitude was extracted in each
knock train.
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results are in good consistency with numerous animal species, e.g.,

fish (Feng and Bass, 2016), bird (McCracken and Sheldon, 1997),

bat (McGowan and Kloepper, 2020), and dolphins (Bittencourt

et al., 2016).

It is important to highlight that the acoustic parameters of a

seal’s vocalisations are highly influenced by its underwater

behaviour (Mizuguchi et al., 2016). Sound recordings were carried

out at the end of the sea ice season (in late March or early April),

when adult spotted seals were mainly in their moulting stage and

hauled-out more frequently during the warm period (Burns, 2009;

Han et al., 2010). On average, the air temperature difference

between day and night was approximately 20°C–25°C during the

seal sound recordings. Spotted seals might therefore spend more

time on the mudflat haul-outs during the daytime to reduce heat

loss associated with the moulting behaviour (Paterson et al., 2012).

This suggested that more vocalising spotted seals could be recorded

during nighttime than during daytime. Some harbour seals (the
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closest sister species to spotted seals), especially females, spend

more time in foraging underwater during nighttime than other time

of day; males spend more time in the water to increase their chances

of encountering females (Matthews et al., 2017). This may increase

the probability of recording more underwater vocalisations

associated with seal foraging and mating activities during

nighttime. If this is true for the spotted seals, these behavioural

variances could be another reason to explain the acoustic parameter

changes between day and night.

The underwater vocalisations of spotted seals covering a range

from several tens of Hz to 1,000 or more Hz could be completely or

partially masked by loud ambient noise with a similar range.

Surprisingly, the spotted seals decreased the CF and BW

parameters of their vocalisations with increasing NLs (Figures 2–

4). Such frequency-shift pattern was very different from toothed

whales, which generally increased the frequency parameters of their

communication whistles as noise increased (Papale et al., 2015). For
TABLE 4 Results of the generalised linear models for noise (NL) effects in different light conditions (day and night) on the knock CF (centroid
frequency), four call types’ BW (root-mean-square bandwidth) of spotted seals (Phoca largha) in Liaodong Bay, China.

Light condition Slop SE df t p-value

CF ~ NL (Model building for knock)

Day -1.21 3.14 57 -0.385 0.70

Night -13.89 5.36 51 -2.59 0.01 *

BW ~ NL (Model building for four call types)

Day -0.65 0.50 364 -1.31 0.19

Night -3.42 0.85 293 -4.01 < 0.01 *
fro
Slop with its SE (standard error) and t-based p-values were reported (df, degrees of freedom; *p < 0.05). Four major underwater call types, drums, growls, knocks, and sweeps, were used in this
study. Given that the spotted seals emitted knocks in a series of repetitive knocks (i.e., knock train), only the knock with the highest amplitude was extracted in each knock train.
FIGURE 2

Interaction effect of light (day and night) and noise on centroid frequencies (CFs) of knock vocalisations emitted from spotted seals (Phoca largha) in
Liaodong Bay, China.
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example, to avoid masking, the common bottlenose dolphins

(Tursiops truncatus) produced relatively high-frequency (4–18

kHz) whistles through phonic lips and the melon, which had very

few or no frequency overlap with the ambient noise (Fouda et al.,

2018; van Ginkel et al., 2018). Unlike the whistles, the underwater

vocalisations produced by the spotted seals var expansion of the

tracheal membrane were mainly approximately hundreds of

frequencies (Table 1), which highly overlapped the frequency

range of ambient noise (Martin et al., 2017). Increasing the

vocalisation frequencies would have few contributions to avoid

noise masking for the seal species. Alternatively, the seals adjusted

their vocalisations by decreasing the frequency and bandwidth
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parameters when noise increasing. The seal vocalisations with

lower frequency propagate better under water and induce more

closely spaced harmonics, which are often easily identified by

conspecifics (Au and Hastings, 2008). This frequency finding was

in line with the study of Torres Borda et al. (2021), which showed

that captive harbour seal pups produced in-air vocalisations with

lower fundamental frequency in response to noise increasing.

The seal vocalisation frequencies tend to be decreased when the

animal moves away from the hydrophone (a phenomenon known

as the Doppler effect) (Siderius and Porter, 2006). It is assumed that

the underwater distribution of vocalising seals around the

hydrophone is random; thus, there is no reason to deduce that
FIGURE 4

Interaction effect of light (day and night) and noise on root-mean-square bandwidths (BWs) of four call types emitted from spotted seals (Phoca
largha) in Liaodong Bay, China.
B
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FIGURE 3

Centroid frequency (CF) differences between day and night and the relationships between CF and noise levels (NLs) for drum (A, B), growl (C, D),
and sweep (E, F) vocalisations of spotted seals (Phoca largha) in Liaodong Bay, China. * indicates statistical significance (p < 0.05).
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the decrease in seal frequency is a result of the seals moving away

from the hydrophone. Consequently, the Doppler effect would be

unsuitable to explain why the spotted seals decreased their

vocalisation frequencies when the noise was increasing.

According to the RL analyses, the spotted seals in Liaodong

Bay, China, exhibited the Lombard effect in that they increased the

intensity of their vocalisations in increased ambient noise

(Figure 5D). Spotted seal vocalisations had a median RL of 141

dB re 1 mPa (regardless of the call type), and the RLs increased by

0.92 dB per dB increase in NLs (univariate GLM, slop = 0.92, p <

0.05; Table 2). The difference between the highest and lowest NLs

measured in this study was approximately 20 dB. The predicted

change in RLs would be approximately 18 dB, which was larger

than the RL interquartile range (11 dB; Table 1). Taken together,

this indicated that the adjustment of vocalisation RLs in response

to the ambient noise changes might mainly result from the seals’

Lombard response rather than the natural variance of

vocalisation intensity.

An approximately 1:1 correlation between the increase in RLs

and increase in NLs was found in this study. This finding was

consistent with my recent study on spotted seal growls (Yang et al.,

2022) and some previous studies on cetacean species, e.g.,

humpback (Megaptera novaeangliae) (Dunlop et al., 2014), killer

(Orcinus orca) (Holt et al., 2011), and belugas (Delphinapterus

leucas) (Scheifele et al., 2005) whales. However, Matthews et al.

(2020) showed that the source level of harbour seal roars increased

by only 0.16 dB for every 1-dB increase in ambient noise, and this

adjustment did not sufficiently compensate for increasing noise.

Bearded seals did increase their vocalisation intensity until ambient
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NL reached a behavioural threshold, above which the seal would

stop increasing the vocalisation source levels (Fournet et al., 2021).

Previous studies on frogs and bats had revealed that it was more

likely to detect the Lombard effect when using vocalisations with

lower SNRs (for a review, see Luo et al., 2018). The harbour and

bearded seal studies selected the vocalisations with very high SNR

values ranging from 50 to 70 dB, which is much higher than the

SNRs used in this study (approximately 20 dB on average, estimated

in Table 1). This might be the reason why the Lombard effect was

detected in spotted seals here. It would be of interest of future work

to investigate the SNR impacts when estimating the presence of the

Lombard effect in different seal species.

An additional finding of this study was that the noise had no

significant effect on the durations of spotted seal vocalisations

(Figure 5B). This was also true for other phocids, including

harbour (Matthews et al., 2020), Weddell (Terhune, 2016), and

bearded (Fournet et al., 2021) seals. The maximum durations of

seals’ underwater vocalisations were generally brief (less than a few

seconds) probably due to the limitation of their physical ability, and

therefore, the seals could not lengthen their vocalisations further in

noisy conditions.

Although the sample size in the present study is relatively small

and limited to a single recording site, the results clearly indicated

that there were significant interaction effects of light and noise on

the two frequency-related parameters (i.e., CF and BW) of spotted

seal vocalisations and that their vocalisation DU and RL parameters

were influenced by light and noise, respectively. Further research

with an appropriate sampling design and a large sample size is

needed to confirm the interaction effects of light and noise without
B

C D

A

FIGURE 5

Differences of (A) 95% energy duration (DU) and (C) received level (RL) between day and night and the relationships between (B) DUs or (D) RLs and
noise levels (NLs) for four call types of spotted seals (Phoca largha) in Liaodong Bay, China. * indicates statistical significance (p < 0.05).
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having statistical significance on acoustical parameters, such as the

DU and RL parameters here.

In summary, the present study highlights that the spotted seals,

a poorly studied species in Chinese waters, have some capabilities to

adjust their vocalisations in response to changes of light and noise

conditions. An increased knowledge regarding the seal vocalisation

adjustments was helpful to understand how seals interact with their

habitats (Yang et al., 2023). Results from this study could therefore

be useful when developing evidence-based management and

conservation strategies to minimise disturbance to spotted seals

from anthropogenic activities in both Liaodong Bay and elsewhere.
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