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ABSTRACT

Sperm whales (Physeter macrocephalus) have been studied for decades, but the development of their clicks during the animal
growth is not yet well known. The click they emit during socialization and echolocation contains information about the length of
their acoustic organs and, therefore the length of the body through the interpulse interval (IPI).
This paper provides the first IPI/age relationship for juvenile male and female sperm whales (Physeter macrocephalus) based
on field recordings of individuals whose age is largely known. Across 9 years, audiovisual recordings of a Mauritian sperm
whale social unit were carried out. Adult female and juvenile sperm whales were identified and aged. The dataset made from
those recordings is publicly available. The interpulse interval was measured for individuals whose ages ranged from 7 days to
around 38 years. The growth of the acoustic organ of juveniles showed an early inter-individual variability as well as sexual
dimorphism. Usual growth models were also fitted, predicting a mean IPI∞ of 3.5 ms for adults and a physical maturity reached
at around 30 years old. The use of passive acoustic monitoring (PAM) is one of the main tools used to study sperm whales.
This IPI/age relationship may demographic studies on sperm whales by enabling PAM to assess the ages of recorded sperm
whales.
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1 Introduction
The sperm whale Physeter macrocephalus (Linnaeus 1758) is the largest representative of the odontocetes. This species is
spatially distributed worldwide1, and it presents strong sexual segregation and dimorphism. Adult females and their offspring
live in social groups in tropical waters, stay all their life within their natal group, and display strong philopatry to their
birthplace. On the contrary, males attaining sexual maturity leave their natal social group and spend their lives traveling
between high latitudes (feeding grounds) and low latitudes where they visit female social groups for mating and socializing,
with no observation made of a male sperm whale visiting their natal group2. The sexual dimorphism is strongly marked: adult
males are one-and-a-half times the length of adult females (mean 16 m / 45 tons, and 11 m / 15 tons)1, 2. In this paper, adults
designate individuals who have reached physical maturity (having reached the end of growth), and juveniles designate nonadult
individuals. Sperm whales have the largest brains in the animal kingdom at up to 8 kg. Large brains have been linked to more
complex social interaction in mammals3. Sperm whales communicate using clicks4, 5, but also use their acoustic apparatus to
produce clicks for echolocation, which might have also been a selecting factor in this large encephalization6, 7. The hypertrophy
of their nose measures up to one-third of the total body length1, 2, 8, which contains their acoustic organs, also demonstrates the
importance of acoustic in sperm whales.

Sperm whales emit clicks, that are classified by their pattern of emission10: codas11, slow clicks, echolocation clicks, and
buzzes12. They seldom emit other kinds of sounds named trumpets and meows. A click is composed of regularly spaced pulses
produced between 0.2kHz and 25kHz5, 13–15. According to the bent horn theory15, 16, a first pulse bounces back and forth inside
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Figure 1. Left: A coda click from Tache blanche from 2018, with an IPI of 3.29 ms. Pulses from P1 to P7 can be seen. P0 is
not present, as it was recorded from behind. Right: Pulse path in the head of the sperm whale in the leaky bent horn model.
Pulse is emitted at the top of the purple arrow. (Fig. from Ferrari)9

the acoustic organs of sperm whales, losing part of its energy at each cycle, as illustrated in Fig. 1. Several pulses, named Pn,
can therefore be recorded in each click, with n being the number of the pulse starting from 0. Usually, n goes up to 2 but can
reach a higher number In codas, the energy decay of each pulse is smaller than in echolocation clicks. The regular time interval
between these pulses is called the inter-pulse interval (IPI) and is directly linked to the size of the animal’s head10, 12, 17–19. The
first pulse P0 differs from the other pulses as it does not take the same acoustic path. While the time interval between P0 and
P1 will not be exactly as long as the intervals between other Pn and Pn+1, it will have a similar value as it changes with the
orientation of the animal compared to the recording device20. The bent horn theory can also include other acoustic leaks. The
interval between Pn and Pn+1 is referred to as the nominal IPI as it does not vary no matter the receiver position.

For other smaller cetacean species, growth has been studied using animals in captivity, allowing a precise knowledge of the
age of each animal, and precise measurements of their body throughout their life, at the cost of the bias that captivity might
bring. Since sperm whales cannot be kept in captivity, studies were mostly done on catches from whaling21–24, and thus almost
only contains animals above 7 m. More recently, another study was done on three mass strandings on the north and west coasts
of Tasmania25, but with only 6 individuals out of 86 under 8 m. The absence of information on those studied whales also means
that the dates of birth were unknown. To estimate the ages of the measured specimens, the scientists used two methods. The
first one used in all studies is based on the number of dentinal growth layers26, 27. Authors previously disagreed on the exact
growth rate, with the rate taken as either one or two layers per year, with the latter seeming to be very unlikely22, 24. Even with
the now agreed upon one layer per years28, the number of layers for one animal will vary between each tooth29, but this error
source was not taken into account by the previous studies. The second method is based on the ovulation rate since in sperm
whales the ovarian corpora stay in the ovaries. The mean ovulation rate was measured to be around 0.59 per year, but the rate
seems to be decreasing after 12 ovulations22.

At birth, sperm whales range between 3.5 m and 4.5 m21, 23, 30, with no presence of sexual dimorphism in term of size30.
During growth, one aspect of sexual dimorphism is that males have another period of fast growth after the start of puberty22, 24.
The ratio between the length at the start of puberty and the fully grown length seems to be a constant in all whales31. This ratio
for sperm whales is said to be 72.7% by Berzin, 196421 and also fits the data of Best, 197022. It is possible that after reaching
their maximum size, sperm whales might slowly shrink21, 27.

Previous studies have used combined age and length data to understand the growth rate of sperm whales. Almost all
papers have hand-drawn the curve to fit their data. For Best, 197022, the justification for not fitting a model is the presence
of an inflection point in the growth curve of males. This inflection point is due to the second period of fast growth, which
is not included in models such as the Gompertz32 and the Von Bertalanffy33 models. Only two previous studies fitted those
mathematical models25, 34. These curves can be seen in Fig. 2.
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Figure 2. Growth curves of sperm whale from previous studies. All of the curves are redrawn from their original paper (full
line), except for the curves from Bannister, 196934 and Evans et al., 200425 which use their mathematical models (dotted line).

The cited models have for equation:

L(t) = L0 expa(1−exp(−αt)), (1)

L(t) = L∞(1− exp−a(t−t0)). (2)

Eq. (1) is the Gompertz model where L0 is the length at birth and Eq. (2) is the Von Bertalanffy model where L∞ is the
length when the time t tends to infinity and t0 is the time at which the length is 0. In these models, a and α correspond to
exponential growth parameters. Both models were fitted to the hand-drawn curves, and are reported in Table 1 along with the
parameters of models already given in the literature. The parameters given in Evans et al., 200425 do not match its figure but
can be easily corrected as shown in Tab. 1.

The growth of sperm whales can also be observed acoustically35. The spermaceti organ size is correlated to the size of
the sperm whale27. Since the duration of the IPI is linked to the size of the spermaceti organ, the sperm whale length can be
extrapolated from the IPI. From this relation, multiple articles provided equations for this correlation. All those proposals differ
as they investigate different groups (e.g. 15 m males, females), different locations, and sometimes only used a small number of
individuals (e.g. 5, 11, 1236, 37). They are not suitable for juvenile sperm whales as they extrapolate to sizes above 7 m for
small IPI (1.5 ms), when sperm whales are born at around 4 m25, 27, 30. Thus they overestimate the size of juvenile sperm whales.
Inversely, if these equations are inverted to predict an IPI from a length instead, they predict an IPI with a negative value for
4 m. The formulas we retained for this paper are:

L = 4.833+1.453IPI−0.001IPI2, (3)

L = 5.736+1.258IPI, (4)

L = 0.76+2.32IPI−0.126IPI2. (5)

Eq. (3) was based on 11 sperm whales from Sri Lanka and the Azores, smaller than 12 m36, while Eq. (4) was based on 33 New
Zealand sperm whales larger than 12 m37. Finally, we provide Eq. (5), a corrected version of the equation given by Møhl et al.,
198138. As noted by Gordon, 199136, this equation was based on a speed of sound in the spermaceti organ that was twice as

3/15



Gompertz Von Bertalanffy
Paper L0 a α L∞ a t0

Male
Ohsumi, 197724 6.522 0.8782 0.06742 15.94 0.05315 -8.891
Gambell, 197223 5.676 0.9965 0.07911 15.48 0.06782 -4.568
Best, 197022 6.021 1.062 0.05462 19.06 0.03287 -11.06
Berzin, 196421 3.586 1.466 0.1155 15.94 0.07498 -3.207
Bannister, 196934 1.385 2.414 0.1167 16.03 0.072 0.697
Nishiwaki et al., 196327 3.853 1.408 0.1086 15.96 0.07761 -3.255

Female
Best, 197022 3.216 1.158 0.3320 10.37 0.2272 -1.653
Berzin, 196421 3.287 1.159 0.2646 10.66 0.1727 -2.252
Bannister, 196934 4.324 0.8852 0.1404 10.52 0.115 -4.177
Nishiwaki et al., 196327 3.422 1.109 0.6629 10.51 0.3336 -1.221
Evans et al., 200425 3.858* 1.03 0.18 10.82 0.16 -2.58 ⋄

Table 1. Parameters for models in the literature. Bold: parameters fitted from the hand-drawn curves by using each pixel as a
data point. Normal: parameters are given in the paper. * We fixed the parameters with L0 =

L∞

expa . ⋄ The sign was changed from
+ to -. Both corrections to Evans et al., 200425 were done because the parameters given in their paper do not match their results.
The corrections we propose both fit their results and are obtained for the reported parameters suggesting they are the parameters
they obtain when fitting their model

fast. Hence, the correction simply replaces IPI by IPI
2 in the original equation. An alternative correction could use another

speed of sound based on more recent papers39, 40. It was not attempted here as it was out of the scope of this paper.

The focus of this study is to measure the IPI’s development during growth while considering sexual dimorphism. The study
is based on the recording of the same identified individuals whose date of birth is known, belonging to the same social unit over
several consecutive years. This study is key to assess the evolution of the sperm whale acoustic organs and opens perspectives
in large population acoustical studies.

2 Results

This study produced two main results. The first being the acoustic development of sperm whale clicks from a whole Mauritian
clan (Irene’s clan) over 9 years. All individuals were recorded in Mauritius (Indian Ocean). They were previously identified
and, for most of them, their date of birth is known41, 42. This is the first IPI/age relation for juvenile male and female sperm
whales based on field recordings of 26 individuals, 12 of which (8 juvenile males, 4 juvenile females) whose age is known. The
second main result is the fitting of mathematical models of development of the IPI.

Dataset

The dataset was created from videos where either a single sperm whale emitted clicks toward the audiovisual recorder, or when
the two sperm whales of a dyad were emitting codas. Most of the on-axis emitted clicks were buzzes, and other off-axis clicks
were mainly codas. Recordings were taken between 2013 and 2022 with a lack of chosen data in 2014 (See Tab. 2) and a lack
of data in 2021 due to Covid19 lockdown. The total length of the dataset is 2h 46min 03sec for a total number of 114 videos.
Recordings with no evidence of IPI were not taken into account.
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Table 2. Number of videos and recording acoustic materials used from 2013 to 2022. Blank cell indicated that no specific
acoustic recording device was present this year.

Year
Number

of
videos

video materials
Acoustic
materials

Total
length (min)

2013 1 GoPro Hero 3 3min 31sec
2015 7 GoPro Hero 3, Sony F55 14min15sec

2016 20
GoPro Hero 3, GoPro Hero 4,

Sony F55
27min 56sec

2017 24
GoPro Hero 3, GoPro Hero 4,

Sony F55
JASON 25min 05sec

2018 36 GoPro Hero 3, GoPro Hero 8, Sony F55 JASON 24min 20sec
2019 25 GoPro Hero 7, Sony F55 JASON 53min 22sec
2020 10 GoPro Hero 8, Sony F55 11min 47sec
2022 5 GoPro Hero 8, Sony F55 5min 45sec

Sperm whale IPI
From acoustic data collected over 9 years in the same Irène’s clan, we measured the IPI of 26 individuals aged from 7 days old
to about 38 years old41. The outcome of this annotation effort is illustrated in Fig. 3.

Despite the individual variability, sexual dimorphism appears after 7 years old. We have noticed that the teeth are also
visible at 7 years old for all juveniles and could indicate the beginning of puberty. Nevertheless, for some juvenile males, this
dimorphism is clearly marked as early as 4 years old (Tache blanche and Eliot compared to Chesna or Zoé). For both of them,
the growth is similar, which is likely since they are half-brothers42. This early dimorphism is however not only due to sexual
dimorphism (which might play no part at all) but also inter-individual dimorphism. Indeed, the IPI growth curve of one juvenile
male (Roméo) is similar to the one of the juvenile female Zoé, although Zoé is nine months younger than Roméo. Yet, they
have similar body lengths. The future study of individuals such as Daren will show if Roméo is really small or if Eliot and
Tache blanche that are tall. Inversely, a female juvenile can emit IPI as spaced as the larger male juvenile at the same young age.
For example, Miss Tautou whose IPI of 2.51 ms is comparable to the one of Arthur, both at 3.1 years old. These two data points
overlap in Fig. 3. It is in accordance with the lack of sexual dimorphism near birth and shows that the individual variability
is large enough that, at the same age, the male and female populations cannot be distinguished by IPI alone. Nevertheless,
starting between 5 and 7 years old (Fig. 4), the increased growth of males seems to be large enough such that their IPI can be
distinguished from the one of a similarly aged female.

Regression model of the growth of sperm whales
From the collected data, we fitted the Gompertz (1) and Von Bertalanffy (2) growth model. The Von Bertalanffy fitted model is
illustrated in Fig. 4, and the parameters are given in Tab. 3. Since we only have adult data for females, only a female model is
plotted. The males’ fitted parameters are still reported for completeness. The Gompertz model for females is not plotted in
Fig. 4 because of its similarity to the Von Bertalanffy model would only hinder the figure’s readability.

Parameters Predicted values
model IPI0 or IPI∞ a α or t0 IPI0 IPI∞ t72.7 t95 t99

G_M 1.57±0.09 0.907±0.109 0.180±0.058 1.57±0.09 3.91±0.55 5.78±2.32 15.8±6.1 24.9±6.1
V_M 4.25±0.80 0.113±0.053 -3.95±1.21 1.53±0.67 4.25±0.80 7.52±7.73 22.5±17.6 36.7±17.6
G_F 1.61±0.11 0.780±0.067 0.146±0.019 1.61±0.11 3.53±0.06 6.12±1.04 18.6±2.6 29.7±2.6
V_F 3.54±0.05 0.127±0.016 -4.31±0.88 1.49±0.27 3.54±0.05 5.90±1.64 19.2±3.3 31.9±3.3

Table 3. Fitting results of the IPI growth models
Models with a G are the Gompertz models (Eq. (1)) while the models with a V are the Von Bertalanffy models (Eq. (2)). The M
and F at the end of the model’s name indicate the sex. t72.7 and t95 are the times when the sperm whale’s IPI reaches 72.7% and
95% of its maximal IPI value respectively .
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Concerning parameters that are linked to the end of the growth curve, the standard deviation is much higher for males than
females, as expected by the lack of adult males. Note that if we remove Roméo from the data before fitting the male models,
the 95% confidence interval width is only 0.8 ms, with the largest error between the fitted curves and a data point being 0.12 ms,
and tends to IPI∞ that are even lower. Since the data is only composed of the half-brothers Tache blanche and Éliot after 3
years old, this is most likely due to the overfitting of these two individuals, and would not be representative of the general trend.
Hence, we chose to not include those results. The time t72.7 at which Berzin, 196421 said the female sperm whales reach their
puberty is around 6 years old for both models. The age of physical maturity which ranges from 28 to 45 years old depending on
the authors21–23, 27, 43 corresponds to our findings of the t99 of 30 years old where the female sperm whale has achieved 99% of
its growth. Using Eq. (3) and Eq. (4) for IPI∞ gives a final female size of 9.95 m and 10.18 m respectively.

The example of Roméo and Éliot showed that inter-individual dimorphism can be significant even before the end of the
growth. To account for this variability, the prediction interval was evaluated. The width of the 95% prediction intervals starts
from around 1.1 ms and stays constant at around 0.95 ms after 5 years. It is only 0.32 ms for the 50% prediction interval.
Converting to length, the 95% prediction intervals become [9.26 m, 10.64 m] for Eq. (3) and [9.58 m, 10.77 m] for Eq. (4)
respectively, meaning that most of the female adult sperm whale population have length that fit inside a range of 1.3 m. By
combining the age-length models from the bibliography and our age-IPI models, a new IPI-age equation could be derived.
However, sources of errors such as the large IPI variability for an age or the imprecision of growth models for juvenile sperm
whales would lead to an incorrect equation. Thus, the equation L = −4.634+ 6.345IPI− 0.553IPI2 derive from the Von
Bertalanffy model from Evans et al., 200425 and our Von Bertalanffy model is just given as an indication.

3 Discussion
Although a small number of individual sperm whales were recorded, this study gives the first IPI-age relation for juvenile
females and males, based on individuals whose age is precisely known.

While adult males were present during the period of this study, we chose to not integrate them. The main reason was that the
only type of click that visible males emitted during our recordings were slow clicks (also known as clangs) and we were unable
to conclude on a coherent IPI value for those clicks. To our knowledge, there is no IPI study based on slow clicks. Echolocation
clicks from adult males were also recorded, but without the presence of its emitter at the surface, it was not possible to attribute
them to an individual with this protocol. This lack of adult males led to large uncertainty on some parameters of the model, and
mostly the value of IPI∞. Both male-fitted models predict a value that is close to 4 ms. The fact that the model fitted on juvenile
males does not extrapolate to a correct adult IPI might be an indication of the second period of fast growth reported by Best,
197022 and Ohsumi, 197724. This growth is not represented in our data, since only one male data point is at an age of 11 years
old, with all the others being below 9 years old. If this assumption is correct, it would mean that there would not be such a large
difference in size between male and female sperm whales if the males did not have a second period of fast growth.

We use the mean primiparous age to estimate the age of female sperm whales. However, it has one main issue that the first
offspring could have died, or left the clan if it is a male. Mislabeling the second or third child as the first offspring would bring
down the estimated age by 6 or 12 years. This issue is tackled by two points. Firstly the large standard deviation on the age
estimation is large enough to encapsulate those errors, while also dealing with the lesser issue of the variability of the first
pregnancy. Secondly, the growth curve is flat in the region of mature females. Varying the age of the point in this part of the
curve only varies the estimated parameters by a little bit, and is already included in the uncertainty of those parameters. Thus
estimating the age of mature females is only crucial when the female is close to the transition age between juvenile and adult.

Since all individuals are different, an alternative would have been to fit a separate growth curve to each individual and
compare their differences afterward. It would give a more meaningful confidence interval for each individual growth model,
and allow us to study the prediction interval by comparing the estimated size of each individual at each time t. In this paper,
only four juvenile whales (one female and three males) were recorded for more than five years, and at most seven years, which
we consider to be too few to be analyzed in that way. Nonetheless, those kinds of results along with the only method (obtaining
birth) to obtain accurate age demonstrate the need to increase the focus on individuals, and to follow them from their birth.

As described in Sarano et al., 202142, Irène’s clan is to this date composed of two subgroups. During our study, the initially
monolithic clan progressively divided into these subgroups (the 2 subgroups were seen together in 100% of the observations in
2013, and only 19% in 2022). The subgroups are mainly driven by genetics42. The 2 larger half-brother juveniles Éliot and
Tache blanche and the larger female juvenile Zoé are within the same subgroup. Inversely the smaller male Roméo is in the
other subgroup. Thus the new subgroups have a smaller inter-individual variation.

A potential source of error in our click dataset is the depth at which they were recorded, as described in the Materials
section. Most of the clicks were recorded 50 cm below the surface, and some of them were at a depth of 20 m. Thus clicks are
polluted with their surface echoes, causing interference in the signal. Acoustics leaks also produce similar issues. However, the
variation of geometry during the recording (position and orientation of both the sperm whale and the hydrophone array held
by the diver), allows us to differentiate between moving pulses and stable ones. Since the hydrophone array was not always
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available, consumer recording devices such as GoPro were used. They have the inconvenience of loosely compressing the audio
signal in a way meant for human perception, and recorders are not meant to record underwater sounds. The artifacts introduced
by the compression method made the annotation task harder. Also, the GoPro Hero 3 needed a waterproof case, which might
alter the frequency answer. Nonetheless, all the pulses of a click should be changed similarly, except for the non-linear effects
introduced by the compression. We suppose that this only increases the variance of the IPI measurement, but not its bias. This
was confirmed by comparing annotations on segments where both the hydrophone array and a consumer recorder were present.

This paper lacks measurements of the body length. It prevented us from having a better comparison with the literature
and producing a new IPI-to-length formula that would have spanned across a wider scale. The correlation between the length
and IPI would also have helped to confirm both IPI and length measurements, at the limit of their difference in growth speed.
Nonetheless, the development of the IPI in itself is meaningful as an insight on the development of the acoustic organs, which
together form a key tool used by sperm whales to sense their environment. Since various factors affect the IPI value during the
whales’ growth, measuring the outputted IPI directly instead of estimating it from the head’s growth leads to better accuracy.
Even without a measurement to associate each measured IPI to a length, the birth size of around 4 m to the size of an adult
female of around 11 m showed that the current state-of-the-art formula does not work for juveniles, since they extrapolate to
negative IPI at birth. The only exception being the corrected formula Eq. (5) which for an IPI of 1.5 ms gives a length of 3.96 m.
While this equation gives a matching result for 4 m, it still needs to be verified as it also gives a length of only 9 m for an IPI of
4 ms. Thus, until a new formula is found, or lengths are estimated from the video database of Mauritian sperm whales, Eq. (5)
could be used to derive a length from the juvenile’s IPI given in this paper. It was not attempted here as this correction (or an
alternative on) should be studied more in-depth than just conveniently fitting our data before being used.

To our knowledge, IPI emitted for very young juveniles as only been reported by Tønnesen et al., 201844 showing the need
for more insights on clicks emitted by sperm whales during their first years.

Other than the study of sperm whale length, a continuation of this study could be the combined analysis of trains of click
such as creaks or social codas. As used in this paper, the rhythmic structure of these series can help to tie multiple clicks to an
individual. Inversely, the precise knowledge of individual IPI values can help to segregate interlaced codas and tie them to their
emitter. It would allow to better understand an exchange of codas and correlate them to the behaviors that follow.

Finally, these results may provide useful knowledge for monitoring continuing changes in the demographic parameters
of this species even without long-term mark–recapture studies on sperm whales in a region, or frequent stranding. Passive
acoustics and conversion of small IPI to the corresponding age would help to assess the poorly known early life history and
demography of this endangered species.

4 Materials

4.1 Field recordings
Video recording and underwater observations have been carried out on the west coast of Mauritius (Indian Ocean) for a global
study led by Longitude 181 association, based in France, in the frame of a project called Maubydick initiated by the Marine
Megafauna Conservation Organization (MMCO), based in Mauritius. Permission to conduct the Maubydick project was granted
by the Mauritius Prime Minister’s Office on the 21st of February 2017. The underwater videos were taken between 0 and
20m depth, according to the respect of the official Charter for responsible approach and observation of marine mammals and
the Maritime zones regulations (Conduct of Marine Scientific Research/ Notice n°57 of 2017) promulgated by the Mauritian
Government. At first detection of a sperm whale group, the boat, a 15 m cabin cruiser designed for diving, stopped ca 100 m
away and dropped off the observers (a scuba diver and 4 snorkellers), then it moved aside and remained ca 200 m away from
the whales. This ensured both respect for the security rules and compliance with the charter for the responsible approach and
observation of marine mammals. The scuba diver recorded videos and observations at a maximum depth of 40 m. Snorkelers
waited for the cetaceans to swim by. If sperm whales did not move, snorkelers slowly and carefully swam towards them41, 42.

4.2 Instrumentation
Most of the database has been recorded with GoPro Hero 3-8 and SonyF55 (a video camera). As one goal is to understand the
relationship between individuals inside the family group and the dynamics of the Mauritian sperm whale population, the protocol
has been reinforced via H. Glotin’s SMIoT DYNI teams, with the design of a high sampling rate compact hydrophone array
(called ’JASON’), in order to diarize each or their vocalizations45, 46. It evolved over the years, starting from 2 hydrophones in
2017, 3 in 2018, and 4 in 2019. The hydrophones were spaced at most by 60 cm. Its hydrophones are Cetacean Research C55
and C57. The sound recording device is the Qualilife sound card47 allowing a sampling rate up to 1 MHz, 24 bits per channel,
up to 5 channels in an embedded solution.
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5 Methods
We employed two methods to measure the IPI: manual annotation directly on the signal and an annotation interface. The whole
IPI dataset was not annotated using the two methods, but an overlap exists between each method to verify that there is not a
bias in one of the methods. In all methods, a highpass filter was used. Below 1.5 kHz, it removes the background noise which
mainly consists of wave and boat noise, and divers breathing, leaving the signal above 1.5 kHz where the sperm whale click
energy starts to appear. However, for multiple clicks, the energy below 10 kHz was blurred between the pulses in multiple
clicks. Thus, 10 kHz highpass filters were used except for the spectrogram visualization where only 1.5 kHz highpass filters
were used. For both methods and for each file, the annotators selected clicks spread across the file, starting with the clicks with
the highest energy, excluding clipped clicks. Click from codas were prioritized as they are easier to annotate. Echolocation
clicks were not used as not emitted by the animals at the surface4. If there was a doubt about the IPI measurement, the click
was discarded and another one was annotated if possible. Only clicks with at least 3 pulses visible were selected.

5.1 Manual IPI annotation
The manual annotation of the IPI was done using the software audacity48 with a 10 kHz highpass filter. Clicks were annotated
by experts by selecting a sample in P1 and selecting the corresponding sample in P2. Some annotations were done on P2P3
or P3P4, but P0P1 was avoided due to its variation based on the animal’s orientation. For each file, around 10 clicks were
annotated.

5.2 Interface for IPI annotation
The second method used for the annotation was based on a specialized interface we developed49. An annotation tool was
developed to combine four usual visualizations of IPI: signal, spectrogram, autocorrelation, and cepstrum. On top of the tool, 20
seconds of the signal is shown, where a click can be analyzed by clicking on it. Then clicks (with their four visualizations) can
be seen at the same time. The tool will show the results of the annotation on the four visualizations simultaneously to combine
their cumulative information, with each visualization helping to filter out spurious pulse. Thus, the IPI value was chosen as the
value that satisfied all the visualizations. In other term, while the annotation tool allows to save one value per visualization
(except for the spectrogram as an alternate representation of the time signal), only one IPI value was annotated per click.

5.3 Click attribution and individual recognition
The click attribution has three distinct categories: juvenile, adult females, and adult males. The identification of the individual
present in the video was done by experts using visual criteria such as scars, caudal shape, or other body markers which are
described in Sarano F. et al., 202141. The categorization of clicks was only use to confirm the emitting whale, but not to
determine its identity. Adult males are the easiest clicks to attribute since only one large male is present at a time and male
emits only slow clicks or clicks with an IPI larger than the ones of non-adult male sperm whales. The second easiest category is
juveniles. In our data set, recordings with multiple juveniles have juveniles that are always distinguishable by their size/IPI. For
the female category, the task is a bit harder, as their size, hence their IPI, is similar and multiple individuals can be present
simultaneously. Moreover, the GoPro field of view only covers part of the environment, which can lead to some sperm whales
being heard but not seen in the video. The recording protocol made these kinds of events rare as the divers remained outside of
the group and only happened when an animal swam back from the depth. For the video where the JASON array was present,
the click direction of arrival (DoA) was computed using the time delay of arrival (TDoA) and was matched with the individual
present in the same direction45. For the selected clicks, the TDoA were computed using cross correlation between the signal
recorded by each hydrophone. 15 ms of signal centered on P1 of the first channel was used for the cross correlation. The TDoA

were converted to DoA using the least square solution of −

x1y1z1
...

xnynzn

x
y
z

 = c

τ01
...
τ0n

, where

x1y1z1
...

xnynzn

 are the position

of the hydrophone with hydrophone 0 at the origin,

x
y
z

 is the DoA, c the speed of sound in water, and

τ01
...
τ0n

 the TDoA

between the hydrophones and hydrophone 0. Finally, knowing both the field of view and the fisheye effect of the camera
provided a map between the DoA and the pixel coordinate inside the frames of a video. An example is shown in Fig. 5. For the
rest of the videos, if only one animal is present, then loud enough clicks (according to the annotator) were attributed to the
subject. If more than one animal was present, then only codas were annotated when a socio-sexual interaction happened in
front of the camera. The attribution within the dyad50 (2 females in socio-sexual interaction) is then done by using the relative
size of each animal and the IPI they should have according to the other measurements of the same female in another video (for
the 9 annotated dyads, the minimum IPI different was 0.18 ms and the median 0.51 ms). Female-juvenile interaction were delt
with in a similar manner. Only one video was rejected due to incoherent IPI, and after further analysis, another pair of sperm
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whales were seen in the background showing a stronger social interaction. No video with more than two individuals interacting
were used.

Figure 5. Frame from a GoPro video (GOPR4105.MP4) shot on the 1st of April, 2019 with different Directions of Arrival
(DoA) of 3 clicks. It shows localization (red dots) of one click emitted from a male juvenile named Alexander at 3 months old,
and two clicks from a male juvenile named Tache Blanche (in the foreground), 8 years old. The disambiguation between the
two overlapping whales was done with the other clicks emitted when the overlap was not present. The black frame inside the
white rectangle (top right) represents the field of view (FOV) of the GoPro to check the animal emitting detected clicks. Click
in the white rectangle are only displayed for one frame, unlike the video where they are displayed for 7 frames.

5.4 Age determination for each individual
All birth dates by month were known for juvenile sperm whales due to birth proofs during field sessions41. If the day of birth is
not precise, it is assumed that the juvenile is born on the 15th of the month. For the mature female, the observation started
too late to observe their birth. Their age was instead estimated using the genealogy tree of the clan, which was obtained by
analyzing the mitochondrial DNA42. With the genealogy tree, the first limits were set by sorting the parents and infants. The
age at which sperm whales first give birth is around 13 years old34, which sets a minimum age by adding it to the age of
their firstborn. Another insight is the duration between two births which is around 6 years in this clan, which is similar to the
population observed near Durban (east coast of South Africa)30. Thus two adult sisters should also follow that pattern and have
at least an age difference of 6 years. Finally, other observations of this group prior to our study also add proof an individual
already existed at a certain time and had already reached adult size. This was also in concordance with visual observations,
such as the number of scars, or skin decoloration.

5.5 Model fitting and statistical analysis
Since our measurements have uncertainty both in age and IPI, the orthogonal distance regression (ODR)51 method was chosen
to fit the models. The models were only fitted on female IPI.

The annotated IPI are grouped by measurement campaign (meaning at most one point per year per animal). While the
animal would have grown a bit between the start and the end of the campaign, the campaigns were short enough (typically two
weeks) for this growth to be negligible compared to the annotation error, and for the local growth curve to be flat enough for the
mean point to also fall on the curve. The combination of more measurements helped increase the accuracy of the estimated
IPI, and prevent the multiple recaptures of one sperm whale to bias the fitted model toward its own growth curve. For each
grouping of IPI per campaign, the measurements are weighted according to the annotation quality (good=1, middle=0.5, and
bad=0.25), to produce a weighted mean IPI point and its weighted standard deviation. All IPI standard deviations have been
clipped to a minimum of 0.068 ms (3 samples at 44.1 kHz). Other than increasing the variance for a series of too similar clicks,
this minimum also helps with ODR which weighs each datapoint by the square inverse of the standard deviations. For the age,
The standard deviation was set based on our age-determination methods. Thus, 1 day or fifteen for juveniles, and around 6 or
10 years for adults. Germine is the exception with only one year.
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Thus, from the data points with their standard deviation in age and IPI, the two ODR fitted models have estimated parameters
β̂ , along with its covariance matrix COV(β̂ ). The covariance matrix can then be used to compute the confidence and prediction
interval. The confidence interval or region52 is the interval in which the model could be. Thus, it displays the mean growth.
The prediction interval describes where a data point could be measured. It relates to inter-individual dimorphism and could be
thought of as the standard deviations at a certain age. It should be noted that prediction interval has a different meaning in time
series analysis, but is not used here as the goal is not to predict the future growth of a single sperm whale.

Multiple methods exist to compute the confidence interval. However, their results might vary52. Two methods were tested.
The linearized method uses the series expansion of the non-linear function:

f (t,β ) = f (t, β̂ )+∇β f (t, β̂ )(β − β̂ )+o(β ) (6)

From the linearized function, the standard deviation is:

σ( f (t,β )) =
√

∇β f (t, β̂ )⊺COV(β̂ )∇β f (t, β̂ ) (7)

The other method is to estimate σ( f (t,β )) using a Monte-Carlo estimation by varying the random variable β .
Both methods agreed on the linear part of the function (before 8 y.o. and after 20 y.o.), but disagree on the non-linear part.

We chose to use the Monte Carlo estimate since it produces a larger standard deviation. The confidence interval is then taken
following the t-distribution. The prediction interval is built by estimating the standard deviation σp of the error between a new
prediction and the mean growth. It should take into account all sources of variability, which in our case is the model variability
σ( f (t,β )), the uncertainty in our data points in both directions σIPI and σ f (t) = ∇t f (t, β̂ )σt , and finally the residual error
which is the error between the mean growth and the measured IPI. Since our dataset is limited, we assumed that the residual
error is independent of time.

σp =
√

σ( f (t,β ))2 +σ2
e +σ2

IPI +σ2
f (t) (8)

The prediction interval is then also extracted from the t-distribution.

Data availability
The dataset of sperm whale clicks used in this study is fully available at
http://sabiod.lis-lab.fr/workspace/Maurice_individual_clicks
The python script used for the annotation in this study is available on the GitLab repository at
https://gitlab.lis-lab.fr/maxence.ferrari/ipi_annot
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Figure 3. IPI-age relation linked to the growth of the acoustic organ of adult female and juvenile sperm whales, with a zoom
on juvenile. The vertical bars are the standard deviations for the corresponding points. The horizontal bar is the standard
deviation for the age and is only given for mature females for clarity. Dashed curves correspond to individuals belonging to
Vanessa’s subgroup.
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Figure 4. The Von Bertalanffy model fitted on the female sperm whales (Irène’s clan, Mauritius). The confidence interval is
the interval in which the model could be due to the uncertainty of the parameters. The n% prediction interval is the interval in
which n% of the population is present.
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