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Abstract
[bookmark: _Hlk103257761][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: _Hlk144214655][bookmark: _Hlk144298392]A steady decrease in the Dugong (Dugong dugon) population has been notices worldwide. Considering the social function and utilization rate, dugong chirp classification has become an important bioacoustics research topic, which may help marine biologists monitor the change of their population, study their behavioral context in different environments and optimise the protection policy. However, the objective classification of dugong chirps has not been adequately addressed in the literature. In this paper, an automatic fundamental contour extraction using the tempo-frequency variables to describe the contours of the fundamental frequency of the chirps is presented. With the automatic fundamental contour extraction, the time-frequency information of dugong chirps can be effectively represented, which gives a good classification performance. Following the principles used for the classification of dolphin whistles, three variables were chosen and performed with hierarchical cluster analysis. Based on these results and further visual examination, five categories of chirps were identified. A simple classification criterion was proposed which could be used in the automatic and effective identification of chirp types. Our findings enrich the known repertoire of dugong chirps, and may be useful in future passive acoustic monitoring studies.
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1 Introduction
The dugong (Dugong dugon) is a benthic herbivorous marine mammal belonging to the order of Sirenia (Marsh et al., 2002). The International Union for Conservation of Nature currently ranks this species as vulnerable, facing a high risk of extinction in the wild (Marsh and Sobtzick, 2019). 
Dugongs have poor eyesight (Dexler and Freund, 1906), and so acoustic signals play a major role in their social interactions and communication. Dugong chirps are the most frequently reported dugong vocalization, and account for approximately 90% of all calls recorded in both wild and captive dugongs (Anderson and Barclay, 1995; Hishimoto et al., 2005; Ichikawa et al., 2003, 2006, 2011; Okumura et al., 2007). They are short (typically <300 ms), frequency-modulated signals with two or more harmonics in the 3 – 18 kHz band (Anderson and Barclay, 1995; Ichikawa et al., 2006). Anderson and Barclay (1995) argued that dugongs shared a function-specific repertoire of chirps, and some chirps were used as signatures to distinguish neighbors from possible mates or challengers. Frequency modulation can endow chirps with considerable information content and may enable acoustic features to be individualized (Anderson and Barclay, 1995). Thus, passive acoustic monitoring and automatic detection of dugong vocalizations have been performed, mostly on the basis of chirps (Duan et al., 2022; Ichikawa, 2007; Ichikawa et al., 2006, 2012; Tanaka et al., 2016, 2017).
Chirps are often produced in a sequence, starting in an up-sweep and then turning into down-sweeps within several hundred milliseconds (Anderson and Barclay, 1995; Ichikawa et al., 2006). At present, just duration and few parameters describing the contour of the fundamental frequency (such as its initial, terminal and mean frequency) are extracted from each detected signal and used to characterize them (Anderson and Barclay, 1995; Ichikawa et al., 2003, 2006, 2009, 2010, 2011, 2012). This is an inadequate feature set with which to represent the time-evolutionary characteristics of dugong chirps.
[bookmark: _Hlk144284321]In this study, an automatic fundamental contour extraction was proposed for dugong chirps, as an extension of our previous paper (Jiang et al., 2020). A set of 10 acoustic variables were determined for the contour representation. Next, the categorization of chirps in terms of the acoustic variables were identified based on hierarchical clustering analysis (HCA). Finally, a classification criterion was summarized, which could be used for simple classification of dugong chirp types.

2 Materials and methods
2.1 Study sites
Two passive smart acoustic hydrophone systems (LoPAS, SonicInfo Co. Ltd., China; frequency response: 2 Hz to 50 kHz, sensitivity: ˗196 dB±6 dB re 1 V/µPa) were placed around Libong Island in locations shown in Fig. 1. One was located at station I from March 20 to 21, 2019 and then moved to station III from March 21 to 28, 2019, whereas the other was placed at station II from March 20 to 28, 2019. The systems were moored 1 m above the sea bed and recorded continuously. Recordings were .wav files at 24 bits with a sampling rate of 128 kHz. 
The sea floor is flat and at a depth of 4.82±0.09 m with few obstacles; the water column has a mixed-layer profile, with a water temperature of 29.2±0.1 ℃, which suggests a uniform propagation horizontally in any direction (Ichikawa et al., 2011).
[image: ]
Fig. 1.  Map of the study site. Locations of the operated acoustic systems are shown by red pentagrams.
[bookmark: _Hlk150171776]Boat-based and drone-based (SZ DJI Technology Co., Ltd, China) visual surveys were conducted during the daytime (i.e., from 9 am to 3 pm) under calm sea conditions (Beaufort < 2) and satisfactory visibility (> 1 km). A wooden boat (11.3 m in length and 2.4 m in width) was operated for daily trips, switching between the stations (Fig. 1). Two experienced observers, who have been conducting visual observations of dugongs in Thai waters for many years, visually scanned for dugongs from the front of the bow to 90° of the port and the starboard. The observation platform was built on the boat and was 1.84 m high with a sunshade roof to prevent reflections affecting visibility. Another observer controlled the flight altitude and camera angle of the drone. A sighting event was recognized as animals surfaced to breathe (Anderson and Barclay, 1995). Simultaneously, photographs and videos were obtained from the drone. For every dugong sighting, information, including the time, location, group size, surface behavior, and the presence/absence of calves, was recorded. During the surveys, no marine mammal species other than dugongs were observed in the two areas. 
2.2 Data analysis
1 
2 
2.1 
2.2 
2.2.1 Detection of chirps
The sound recordings were first analyzed as spectrograms [Hamming window, 4096-point fast Fourier transform (FFT), 50% window overlap] in Adobe Audition CC 2020, producing a frequency resolution of 31.25 Hz and a time resolution of 16 ms. The chirps were detected visually and aurally based on their similarity with previous reports and recordings of dugong chirps (Anderson and Barclay, 1995; Ichikawa et al., 2003, 2006, 2009, 2011), and were selected for further analysis according to three criteria: (1) high signal-to-noise ratio, based on clearly audible in the recording and the fundamental frequency component being clearly visible in the spectrogram (Hoffman et al., 2017); (2) no overlap between any parts of two or more chirps; and (3) a gap between the two adjacent chirps longer than 60 ms, or longer than each adjacent chirp (Anderson and Barclay, 1995; Bazúa-Durán and Au, 2002).
2.2.2 Extraction of fundamental contours and acoustic variables
[bookmark: _Hlk144285032]The contours and acoustic variables of the chirps were extracted with a custom-made routine that was developed in a previous study using MATLAB (Jiang et al., 2020). A set of ten parameters, previously used to characterise dolphin whistles, (Au and Hastings, 2008; Jiang et al., 2020) were automatically obtained from the detected chirps with a custom-made MATLAB routine (Table 1). The full set of parameters were: (1) duration of chirp (D) (s), (2) minimum frequency (MNF) (kHz), (3) maximum frequency of fundamental wave (MXFF) (kHz), (4) initial frequency of fundamental wave (INF) (kHz), (5) terminal frequency of fundamental wave (TMF) (kHz), (6) bandwidth of fundamental wave (BWF) (MXFF−MNF in kHz), (7) maximum frequency of chirp (MXFC) (kHz), (8) bandwidth of chirp (BWC) (MXFC−MNF in kHz), (9) number of harmonics (NH) and (10) number of inflection points (NP). Figure 2 was a schematic diagram of some extracted parameters.
Table 1. Description of acoustic parameters of dugong chirps. 
	Abbreviation
	Unit
	Description

	D
	s
	Duration of the chirp 

	MNF
	Hz
	Minimum frequency, which is the lowest frequency of the chirp

	MXFF
	Hz
	Maximum frequency of fundamental wave (the first harmonic)

	INF
	Hz
	Initial frequency of fundamental wave

	TMF
	Hz
	Terminal frequency of fundamental wave

	BWF
	Hz
	Bandwidth of fundamental, which is MXFF minus MNF

	MXFC
	Hz
	Maximum frequency of chirp (considering all harmonics)

	BWC
	Hz
	Bandwidth of chirp, which is MXFC minus MNF

	NH
	–
	Number of harmonics 

	NP
	–
	Number of inflection points. As reported by Au and Hasting (2008), an inflection point is defined as a point at which the slope of the contour reverses in direction.


[image: ]
Fig. 2. A chirp spectrogram with some of the extracted parameters of the contour labeled.
2.2.3 Classification of chirps
The chirps were classified based on a subset of only three parameters using HCA. The three parameters selected were INF, TMF, and NP, these are used as the main basis of six general broad categories for dolphin whistles (Au and Hastings, 2008). The two main inspection criteria for HCA were: (1) belonging to a category with more than 90% similarity; and (2) more than 10 in each category. All fundamental contours of the type classifications generated by HCA were then verified visually. A specific classification criterion was proposed to distinguish the chirp types based on the characteristic of each type.

3 Results
More than 730 GB of underwater sound data were obtained in this study. Detailed values were shown in Wang et al. (2022). In total, 13642 calls were detected as chirps, and 1537 signals were selected for analysis. 
3.1 Classifications

[image: ]
Fig. 3. Dendrogram of the chirps recorded from dugongs, based on HCA. Different main clusters (similarity over 99.6%) are shown in different colors.
HCA was used to cluster the three parameters of INF, TMF, and NP, and a dendrogram (Fig. 3) was constructed from the HCA results. Five main clusters were determined with similarity scores all exceeding 99.6%. 
According to the results of HCA and further examination, the chirps were identified as five contour types: upsweep (up), downsweep (down), and three categories of convex contours, distinguished by the relative values of INF and TMF. Thereinto convex type, it includes three categories: convex_C (similar INF and TMF), convex_L (INF smaller than TMF) and convex_H (INF larger than TMF). This naming of the contours mirrors that used in an earlier study on dolphin vocalizations (Au and Hastings, 2008). An example of each contour type is shown in Fig. 4 (a–e). The statistics of the acoustic parameters for each type are presented in Table 2.
[image: E:\我的文章\儒艮\chirp-JASA\Figure4.jpg]
[bookmark: _Hlk98448249]Fig. 4. Examples of spectrograms showing representative (a) upsweep, (b) downsweep, (c) convex_L, (d) convex_H, and (e) convex_C by dugongs. Spectrogram settings: hamming window, FFT size = 4096 points, frequency overlap = 50%, producing a frequency resolution of 31.25 Hz and a time resolution of 16 ms.

According to Fig. 4 and Table 2, the classification criterion of five fundamental-contour categories was given as follow (Table 3).
1) Upsweep: chirps that were frequency modulated with the instantaneous frequency increasing over time and did not contain any inflection points (INF < TMF, NP = 0).
2) Downsweep: chirps that were frequency modulated with the instantaneous frequency decreasing over time and did not have any inflection points (INF > TMF, NP = 0).
3) Convex_L: chirps that were frequency modulated with the instantaneous frequency initially increasing and then decreasing over time, and the ending frequency higher than the beginning, with a difference exceeding 10% of the beginning frequency(INF < TMF and , NP = 1).
4) [bookmark: _Hlk130218073]Convex_H: chirps that were frequency modulated with the instantaneous frequency initially increasing and then decreasing over time, and the beginning frequency higher than the ending, with a difference exceeding 10% of the ending frequency (INF > TMF and , NP = 1).
5) Convex_C: chirps that were frequency modulated with the instantaneous frequency initially increasing and then decreasing over time, and the difference in frequency between the beginning and the ending of approximately 10% or less of the smaller value ( , NP = 1).
The above classification standard will be important for future research by enabling automatic and effective identification of these five fundamental-contour chirp types.


Table 2. Descriptive statistics of acoustic characteristics of fundamental-contour types of chirps by wild dugongs in Libong Island, Thailand. Minimum, maximum, average () and standard deviation () are shown for acoustic variables for each type.
	Parameters
	Statistics
	Up
(n=11)
	Down
(n=43)
	Convex _H
(n=274)
	Convex _L
(n=316)
	Convex _C
(n=893)

	D (s)
	
	0.10±0.03
	0.12±0.05
	0.10±0.03
	0.08±0.03
	0.08±0.04

	
	Range
	0.05~0.16
	0.05~0.24
	0.03~0.25
	0.02~0.25
	0.03~0.25

	INF (kHz)
	
	3.02±0.94
	4.44±1.43
	3.58±1.11
	3.44±1.74
	3.35±1.18

	
	Range
	2.12~5.30
	2.75~10.42
	1.12~9.85
	1.84~12.59
	0.99~12.23

	TMF (kHz)
	
	4.06±0.91
	3.20±1.42
	3.17±1.11
	3.80±1.75
	3.37±1.21

	
	Range
	3.04~6.26
	1.28~8.84
	1.12~9.85
	2.15~12.84
	1.13~12.38

	MNF (kHz)
	
	3.02±0.94
	3.20±1.42
	3.17±1.11
	3.44±1.74
	3.31±1.11

	
	Range
	2.12~5.30
	1.28~8.84
	1.12~9.85
	1.84~12.59
	0.99~9.31

	MXFF (kHz)
	
	4.17±1.00
	4.44±1.43
	3.88±1.10
	4.03±1.72
	3.71±1.17

	
	Range
	3.22~6.76
	2.75~10.42
	1.66~10.11
	2.21~12.84
	1.18~12.38

	BWF (kHz)
	
	0.61±0.45
	0.68±0.25
	0.64±0.41
	0.64±0.43
	0.62±0.33

	
	Range
	0.07~2.09
	0.07~2.29
	0.07~2.45
	0.08~1.45
	0.07~1.15

	MXFC (kHz)
	
	4.17±1.00
	4.23±1.13
	4.07±1.39
	4.13±1.82
	3.88±1.37

	
	Range
	3.22~14.19
	1.93~18.82
	1.66~10.90
	2.21~12.84
	1.18~14.39

	BWC (kHz)
	
	0.74±0.91
	0.70±1.10
	0.75±0.34
	0.75±0.86
	0.74±0.77

	
	Range
	0.07~6.06
	0.07~15.78
	0.08~8.15
	0.08~10.79
	0.08~11.99

	NH
	
	0.05±0.16
	0.12±0.97
	0.41±0.70
	0.11±0.48
	0.29±0.68

	
	Range
	0~1
	0~4
	0~2
	0~2
	0~4

	NP
	
	0.00±0.00
	0.00±0.00
	1.00±0.00
	1.00±0.00
	1.00±0.00

	
	Range
	0~0
	0~0
	1~1
	1~1
	1~1


Table 3. Description of the classification criterion for five fundamental-contour categories.
	Category
	Description
	Formula

	Upsweep
	frequency increasing over time and without any inflection points 
	INF < TMF, NP = 0

	Downsweep
	frequency decreasing over time and without any inflection points
	INF > TMF, NP = 0

	Convex_L
	frequency increasing and then decreasing over time, and the ending frequency at least 10% higher than the beginning frequency
	, NP = 1

	Convex_H
	frequency increasing and then decreasing over time, and the beginning frequency at least 10% higher than the ending frequency
	, NP = 1

	Convex_C
	frequency increasing and then decreasing over time, and the difference between the beginning and ending frequency less than 10% of the smaller one
	, NP = 1


3.2 Characteristics of chirp types

The duration of convex contours (comprising convex_L, convex_H and convex_C) were slightly shorter than the other two types: up and down (t test, p < 0.05; Table 2). Up and down types had a higher mean value and narrower range of MXFF, but a lower mean value and narrower range of MNF than the convex contours. The MXFC of up and down types had higher averages and wider ranges than the convex contours. The average of BWF for each type was approximately the same. The mean values of NHs of three convex contours were slightly more than those of the other two types. 
In our recordings, convex_C was the most commonly encountered (893 of 1537, 58.1%), followed by convex_L (316 of 1537, 20.6%), convex_H (274 of 1537, 17.8%) and down (43 of 1537, 2.8%), whereas up was lowest (11 of 1537, 0.7%). In total chirps with convex contours accounted for 96.5% of those measured. 
 
4 Discussion
This study reports the first objective description of five fundamental contour types of chirped vocalizations from dugongs, based on the detailed acoustic parameters of fundamental contours. The fundamental frequencies of the chirps are most commonly reported by increasing with time initially and then decreasing with time in the ending portion (Anderson and Barclay, 1995; Ichikawa et al., 2006), which was a pattern referred to as convex in this study. The second chirp type (frequency decreasing over the time, corresponding to the down type in this study) has been described in a study in Shark Bay (Parsons et al., 2013) in which only two chirp types were reported. The lack of standardization in techniques and classification categories has hindered the determination of the repertoire of chirps. Our results may provide a way to overcome these difficulties.
More acoustic parameters of chirps were determined in this study than had been considered previously, which is helpful in describing the level of variation in chirps that may exist among populations and species within sirenians (Brady et al., 2022; Dietrich et al., 2022). Difference in fundamental frequencies of chirps has been reported for the captive young dugong (Marsh et al., 1978) and the captive adult dugong (Nair and Lal Mohan, 1975; Nair et al., 1975). All sirenians may produce chirps (Anderson and Barclay, 1995). The variance of duration of chirps was predominant between dugong and manatee, but slight between West Indian and Amazonian manatees (Anderson and Barclay, 1995). Future studies should aim to address whether or not intra and interspecific differences exist in chirp repertoires.
The convex contour in this study was the main shape of dugong chirps (accounting for 96.5% of all). Hishimoto et al. (2005) reported that captive male dugongs in Toba Aquarium produce more chirps during sexual and physical activities. Dugong mating activity exhibits seasonality, and mating behaviour has been observed in March around Libong Island (Adulyanukosol et al., 2007). High proportion and recorded in the mating season led us to speculate that the convex-contour chirps might be related to such mating activity. Identifying and discriminating the callers might further clarify the function of the convex-contour chirps. Additional studies joint with behavioral observation are necessary to better understand the function of every contour type chirp.
The features of chirps in this study differed from those reported previous studies (Anderson and Barclay, 1995; Ichikawa et al., 2003). Chirps in this study were lower in frequency and longer in duration than those reported in Australia (Anderson and Barclay, 1995). These findings might suggest that dugongs adapt chirps to different environments. Longer durations might be used to avoid noise masking effects. Lower frequency chirps are suited to shallower water, given their function of ranging (Anderson and Barclay, 1995; Ichikawa et al., 2011). The durations of chirps were shorter, and the frequencies were lower than those reported by Ichikawa et al. (2003) in a similar location to this study, possibly caused by a high-pass filter (cutoff frequency of 1000 Hz) and a threshold of duration (above 50 ms) employed by Ichikawa et al. (2003). 

5 Conclusions
In conclusion, this study is the first report on the objective standardization in method and classification categories of dugong chirps on the basis of the shapes of the fundamental frequency contours. Five typical types of chirps were identified through hierarchical cluster analysis, and the detailed acoustic characteristics of each type were described. Classification criteria based on the INF, TMF, and NP were proposed. These results may be important when considering passive acoustic monitoring of dugong or understanding potential intra and interspecific differences in chirp repertoires among local populations or species. Classification of dugong chirp types could be considered as a major step for biologists studying dugong recognition and behavior. Detailed behavioral studies and the use of an acoustic recording array would facilitate gathering of more information and aid in interpreting the function of every chirp type. 
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