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Abstract: Harbour and grey seals rely on acoustic signals to mate, socialise and defend their territory.
Previous studies have focused on their behaviour, movements and communication from the coast,
leaving a knowledge gap in the offshore environments, and therefore being unable to determine the
proper use they give to those areas and the risks they face around them. Acoustic data collected with
a SoundTrap were analysed to assess the detectability of both species in the Malin Sea. Vocalisations
were classified based on aural and visual features, as well as using non-parametric classification trees.
Differences in the vocalisation rate of grey seals per diel, season and tidal state were also assessed
through Generalised Linear Mixed Models, obtaining significant results, and finding similarities in
the vocalisations of grey seals with the Scottish and Irish populations. A small sample of adult and
pup harbour seals was detected, and differences in call type and number of detections per type were
found across the seasons. These results show the importance of the area for both species, and lay the
foundations for future studies, which will help to implement proper conservation measures such as
Marine Protected Areas.

Keywords: acoustic behaviour; diel; seasonal; tidal patterns; grey seal; harbour seal; offshore waters;
passive acoustic monitoring; pinniped conservation; underwater vocalisations; vocalisation rate

1. Introduction
1.1. Pinnipeds, Communication, Threats and Conservation

Pinnipeds are commonly used as indicators of ecosystem function [1,2]. Present in
most aquatic environments such as Arctic and Antarctic seas, tropical seas, estuaries and
continental shelves [3], pinnipeds can vocalise in water and in air, and some are also
capable of performing it simultaneously above and below the water [4]. They produce a
great variety of sounds that can be classified as barks, grunts, groans, snorts, growls, roars,
yelps, whinnies, creaks and buzzes, among others [5]. The variability of these call types
can be assessed at a species and individual level, finding differences even by age, gender,
geographic location, emotional state and current social behaviour [4,6].

Nowadays, many pinniped populations are declining (e.g., Northern fur seal Callorhi-
nus ursinus [7]; Antarctic fur seal Arctocephalus gazella [8]; Hawaiian monk seal Neomonachus
schauinslandi [9]) or threatened (e.g., Australian sea lion Neophoca cinerea [10]; Caspian seal
Pusa caspica [11]; Galapagos fur seal Arctocephalus galapagoensis [12]), with fisheries inter-
actions (direct and indirect), pollution and infections being their main threats [13,14]. In
addition, considering their distribution, principally in cold waters and close to continental
shelf regions, and their poor adaptability to tropical conditions [14], climate change is going
to play an important role in the survival of these animals.

Although the impact of noise at a large scale and the development of acoustic moni-
toring techniques have been more focused on cetaceans [15-19], some evidence of acoustic
disturbance on pinnipeds has been investigated (e.g., offshore wind farms [20]; acoustic
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deterrents [21]; shipping [22]). Nevertheless, in order to assess the effects of anthropogenic
underwater noise, and therefore protect and manage pinniped species, it is crucial to de-
scribe and understand first their vocal behaviour. Satellite telemetry [23-25], aerial and
ground surveys [26,27], photo-identification [28,29] and recently, habitat modelling [30-32]
have been used to identify important breeding, foraging and pupping areas. To a lesser
extent, despite its advantages over the previous techniques, underwater acoustic studies
have been carried out on different pinniped populations, describing the variety of calls that
they produce and their associated behaviours (e.g., Weddell seal Leptonychotes weddellii [33];
grey seal Halichoerus grypus [34]; crabeater seal Lobodon carcinophagus [35]; bearded seal
Erignathus barbatus [36]). However, such studies have only been performed close to haul-out
sites, paying more attention to the breeding calls of the males (e.g., grey seal [37]; harbour
seal Phoca vitulina [38]), and on a short-term basis. Therefore, there is a need for long-term
studies focused on the use of haul-out sites and foraging areas in order to fill this knowledge
gap and design effective Marine Protected Areas (MPAs) [39].

1.2. Harbour and Grey Seals
1.2.1. Distribution, Status and Protection

Harbour seals, or common seals, as well as grey seals, can be found in the Northern
Hemisphere coastlines and in the shores of the North Atlantic Ocean, respectively [3,40-42].
Both species are protected by the EU Habitats Directive (Council Directive 92/43/EEC)
(Annex II), which requires the maintenance or restoration to a Favourable Conservation
Status of the species as well as the designation of Special Areas of Conservation (SAC) to
protect their habitat [27,43].

In Europe, around 40% of harbour seal populations can be found in the UK, with most
of them in Scotland [44], with the last estimate being 43,450 individuals in 2016 [45]. Certain
colonies are increasing or remaining stable [46,47], whereas others are suffering dramatic
declines [48,49]. In the Republic of Ireland, harbour seals are very common in its coastal
waters, with haul-out sites covering the entire coast [44]. However, little is known about
the trajectory of these populations, with the last estimate carried out in the early 2000s
with approximately 2905 individuals [50-53]. Grey seal populations in the UK numbered
116,100 individuals in 2010 [54], a small increase from those obtained in previous years,
and representing approximately 40% of the world population [55]. In Ireland, grey seal
populations are estimated to be between 7284 and 9365 individuals, around 6% of the total
number in Western Europe [44,56,57]. According to [58], it seems that these populations are
following a positive trend, with an increase of 25% from the estimates carried out by [56] to
the counts made by [59].

To date, nine and thirteen designated SACs with harbour seals as qualifying interests
are present in the UK and the Republic of Ireland, respectively, whereas in the same order,
seven and ten SACs for grey seals have been designated in such countries [60,61].

1.2.2. Feeding Ecology

Both harbour and grey seals are generalist and benthic feeders [62], preying on a wide
variety of taxa [63]. Nevertheless, differences in their diets can be found at regional and
seasonal scales [24,64—66], subject to prey availability, distribution and abundance as well
as additional factors in the surroundings of the haul-out sites [67,68]. Since both species are
central-place foragers, they spend most of their time foraging within 50 km of the coast [69],
although distances up to 300 and 1280 km have been recorded for harbour [70] and grey
seal pups [63], respectively. In general, they travel for a few days (e.g., harbour seal trips
lasted 1-3 days in Scotland [71,72]; grey seal trips lasted 2-5 days in the Baltic Sea [24,73],
restricted to return onshore between foraging trips [74].



J. Mar. Sci. Eng. 2024, 12,118

30f26

1.2.3. Breeding, Nursing and Communication

Both species exhibit high site fidelity, returning to the same haul-out sites to rest, moult
and reproduce [28,75,76]. During the mating season, underwater acoustic displays and
dives will be performed for male-male competition and fighting, as well as for territory
defence and female attraction [77-82]. Several studies around the world have described the
loud vocalisations emitted by the males during these dives: a broadband, nonharmonic roar,
with energy ranging from 0.05 to 4 kHz of frequency being the most displayed by harbour
seals [83-87]; and a small repertoire of short, broadband calls described as typically less
than 3 kHz, with clicks with harmonics reaching 15-30 kHz emitted by grey seals [37,88,89].
Recently, forelimb claps were observed as underwater percussive signals in grey seals,
which may be attributed to a warning for potential competitors and/or a sign of fitness to
females [90].

However, despite certain similarities, grey seals are found to be more vocal [37,91-93]
and spend more time at sea below the surface [94], and their moulting and breeding seasons
occur at different times of the year [75,95,96], and whereas harbour seal pups can enter the
water almost immediately after birth [97], grey seal pups remain on land for around 18 days
to nurse [41]. During the lactation period, mother and pup remain in constant contact [98],
although female grey seals have been reported to leave their pup alone while they spend
several hours in the water [99]. Therefore, vocal communication and recognition occur
during the mentioned period [100-103], with pups displaying individually distinctive
calls of different frequencies and harmonic patterns to attract their mother’s attention;
these calls are no longer included in their vocal repertoire once weaned [99,104-108]. In
general, female harbour seals barely vocalise, except when they are on land, in order to
communicate with their offspring and/or to threaten other seals [83]. Similarly, female
grey seals may use acoustic signals during certain social interactions, but they almost never
do so with their offspring [99].

1.3. Research Objectives

This study is focused on the acoustic data collected with a SoundTrap in the Malin
Sea across a 10-month period as part of the SeaMonitor project [109]. Such data were
processed, analysed and compared with the results of new studies on seal vocalisations to
(1) evaluate the acoustic detectability of these species in offshore waters; (2) describe the
acoustic characteristics of harbour and grey seals present in the area; (3) assess differences
in their vocalisations between day and night, seasons, tidal states and locations.

Results from the study will help to (a) shed some light on the scarce knowledge
of both species; (b) determine the importance of the area and detect periods when the
animals are more acoustically active as well as evaluate the possible anthropogenic distur-
bance; (c) develop more studies of these characteristics across their distribution; (d) lay the
foundation for the implementation of a future cross-border MPA network.

2. Materials and Methods
2.1. Study Area and Data Collection

This study was carried out using data collected during the SeaMonitor project in the
Malin Sea. An acoustic array system consisting of three SoundTraps ST500 HF (Ocean
Instruments, Auckland, New Zealand) was deployed as part of a larger telemetry tracking
array from the R.Vs. Celtic Voyager (Marine Institute) of Queen of Ulster (DAERA) at an
average depth of 55 m from October 2020 to October 2022 (Figure 1). Data from March 2021
to December 2021 from the station 76 (55°37/12.9” N 6°46/35.4" W) were analysed during
the present study. An extended use of the area by harbour and grey seals has been reported
through satellite telemetry studies and survey counts in haul-outs along the coast [44,110].
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Figure 1. Deployment sites (red dots) of acoustic receivers between the UK and the Republic of
Ireland. Station ID numbers are also indicated.

Such a station was designed as a single point mooring and comprised 70 kg of sacrifi-
cial iron chain links, a VEMCO VR2AR telemetry unit, which was also used as an acoustic
release, the SoundTrap, standing 2-3 m above the seafloor, and two subsurface buoys
(Figure 2). SoundTrap units were set to record for 20 min every hour, at a sampling rate of
96 kHz [111].

Figure 2. Diagram of the mooring system of station 76. From bottom to top: anchor weights, VEMCO
unit, SoundTrap and buoys.
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2.2. Data Processing and Extraction

The recorded audio files were decompressed through SoundTrap Host software (ver-
sion 4.0.13; available at https:/ /www.oceaninstruments.co.nz/downloads/; accessed on
20 February 2023) and the resulting .wav files were processed in PAMGuard, version
2.02.07 [112]. To do so, data were downsampled to 5 kHz with a decimator, and a low-
frequency fast Fourier transformation (FFT) module with a FFT length of 512 and FFT Hop
of 256 and a whistle and moan detector with a maximum frequency of 5 kHz were selected.
The processed data were then explored in PAMGuard Viewer Mode and detections were
manually annotated in Raven Lite, version 2.0.4 [113], which was set to show spectrograms
at FFT resolution of 2456 bands (window size), a maximum frequency of 5000 Hz and time
resolution of 10 s. Spectrogram brightness and contrast were set to 71 and 74, respectively,
but modified when needed depending on the file. The type of window selected was Default
1.3 Power. Different parameters were extracted per vocalisation (Table 1), following a
similar approach to studies carried out on pinniped calls [34,35,83].

Table 1. Parameters extracted from spectrograms in Raven Lite.

Parameter Abbreviation Description

Low Frequency (Hz) Low_Freq Frequency (Hz) at the lowest point of the call

High Frequency (Hz) High_Freq Frequency (Hz) at the highest point of the call

Duration (s) Delta_Time Duration of the call, calculated as the diff.erence of time between
the end point of the call and the start point of the call

Frequency Range (Hz) Delta_Freq gi]il’fie_lgrfezej;ﬁrglﬁf;r(izlS{)s:vri?iezy the call, calculated as:

Average Power Density (dB FS/Hz) Avg_Power_D Power of the call’s signal as a function of frequency

In order to assess the possible influence of diel (day/night), season (pre-breeding/breeding)
and tides in the vocal behaviour of the species, sunrise and sunset hours were extracted
per recording date (https://www.timeanddate.com, accessed on 5 December 2023) and
sea surface height was downloaded from Copernicus Marine Environment Service (http:
/ /marine.copernicus.eu, accessed on 5 December 2023). In RStudio, version 4.2.2 [114], day
was defined as the time span between one hour before the sunrise and two hours before
the sunset, and night was defined as the time span between one hour before the sunset
and two hours before the sunrise [58,115]. Sea surface height (tidal elevation) was used to
calculate high and low tides with VulnToolkit R package, version 1.1.4 [116]. These values
were then used to calculate and classify tidal states as high (H), low (L), ebb (E, between
high and low tide) and flood (F, between low and high tide) in RStudio, following the
methodology employed by [115].

2.3. Data Analysis
2.3.1. Classification of Vocalisations

Harbour and grey seal vocalisations were manually classified based on aural and visual fea-
tures such as shape, frequency and call descriptions given by previous studies [34,37,83,92,108,117].
In this way; six different categories were defined for harbour seals (Figure 3) and according to those
described by [83,108,117]. Ten categories were also defined for grey seals (Figure 5), following
those described by [34,92] when finding similarities, and creating new ones for those that
were reported for the first time. Following a similar approach described by [34], two-part
calls such as “Rupe C” (Type 2C) and Type 5 as well as multiple element vocalisations like
“Guttural rupe” (Type 1), “Cry” (Type 9) and “Pop” (IType 10) were selected as a single
detection (Figure 5).


https://www.oceaninstruments.co.nz/downloads/
https://www.timeanddate.com
http://marine.copernicus.eu
http://marine.copernicus.eu
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Figure 3. Underwater repertoire of harbour seals in the Malin Sea: “roar” (a), “groan” (b), “growl” (c),
“creak” (d) and “grunt” (e) calls corresponding with adult individuals, and “pup” (f) with young
seals. Spectrograms show the frequency (kHz) versus time (s) per vocalisation type.

Mean and standard deviations of each call parameter were calculated in RStudio,
version 4.2.2 [114], as well as the proportion of vocalisations per call type (Tables 2 and 3).
Moreover, quantitative classifications of harbour and grey seal calls were made using non-
parametric classification tree analyses [118], following the methodology used by [34,119]
to classify grey and harbour seal vocalisations, respectively. Such methodology is rec-
ommended for acoustic data collected using a single recorder [120,121], where some
pseudo-replication can be present, and allows for validation of the manual classifica-
tions. Classification trees were built with rpart R package, version 4.1.19 [122], using
all the acoustic parameters. The trees were split into nodes using the Gini index, vali-
dated with cross-validated error values and the complexity parameter (Figures Al and A2,
Tables Al and A2), and finally pruned using the “One Standard Error Rule” (1 SE rule) to
avoid model overfitting and to ensure the best result [118].
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Table 2. Quantitative description (mean £ SD) of each harbour seal call (n = 403). Proportion of
vocalisations (N) per type is also presented.

Vocalisation Low Frequency High Frequency Duration Frequency Range Average Power N
Type (Hz) (Hz) (s) (Hz) Density (dB FS/Hz) (%)
Roar 110 £ 31 1022 + 10 3.36 4+ 0.60 911 + 41 —73.87 £ 0.09 0.50

Growl 96 + 17 2533 4 1298 2.30 +2.10 2437 4+ 1301 —77.53 £3.75 58.31
Grunt 402 + 370 1949 + 879 0.26 £0.14 1546 + 993 —88.07 + 6.63 14.64
Groan 577 + 466 1930 + 780 0.87 = 0.69 20,269 + 111,791 —89.72 £7.70 8.68
Creak 129.58 + 1.43 2589 + 179 1.35+0.14 2460 + 181 —79.85 £+ 0.38 0.50
Pup 686 + 405 3387 + 2110 0.35 £ 0.10 2700 + 2138 —107.76 £ 3.66 17.37
Table 3. Quantitative description (mean £ SD) of each grey seal call (n = 8554). Proportion of
vocalisations (N) per type is also presented.
Vocalisation Low Frequency High Frequency Duration Frequency Average Power N
Type (Hz) (Hz) (s) Range (Hz) Density (dB FS/Hz) (%)
1 133 £+ 50 396 + 121 0.57 £0.14 262 + 127 —87.03 +5.51 74.18
2A 75 + 31 419 + 195 0.14 £ 0.08 344 + 180 —91.88 +4.99 10.12
2B 67 £ 16 406 + 97 0.32 +£0.09 339 +£97 —88.54 + 4.11 2.53
2C 78 £ 32 512 + 278 0.36 = 0.19 434 + 251 —91.61 +4.91 0.43
3 221 + 257 1165 + 937 0.38 = 0.58 944 + 909 —92.89 + 6.61 0.13
4A 84 + 38 462 + 288 0.24 +0.08 377 + 284 —89.26 +4.94 0.48
4B 99 1 46 822 + 713 0.29 £+ 0.04 723 + 666 —92.99 + 13.64 0.02
87 £ 23 565 + 137 1.13 £0.38 477 + 134 —91.87 £2.27 0.18
6 184 £ 73 388 + 111 0.56 + 0.46 202 +£ 76 —92.67 +4.20 5.83
7 125 + 24 714 4+ 219 048 +0.14 589 + 200 —97.94 +2.94 0.07
8A 104 £ 21 2815 4 1422 410 +1.51 2711 £ 1429 —91.15 £ 3.93 0.15
8B 109 + 27 2521 + 32,067 0.81 £ 0.51 340 + 137 —92.67 £5.11 5.61
9 363 + 50 861 + 340 0.97 +£0.99 497 + 313 —103.42 £ 4.13 0.19
10 168 + 48 689 + 85 0.88 = 0.55 520 + 56 —97.22 £ 1.50 0.08

2.3.2. Influence of Season, Diel and Tides

Due to the small sample obtained for harbour seals, further analyses were only per-
formed on grey seal data. Differences in the vocalisation rate (calls-min~!) of grey seals be-
tween day and night and pre-breeding (May—August) and breeding (September—December)
seasons, as well as under the four different tidal states, were also assessed. The number of
calls emitted per minute was first calculated, and then data exploration and visualisation
were carried out using Q-Q plots to check for normality and differences in the vocalisation
rate between diel, seasons and tidal states with Wilcoxon test; bar plots and boxplots were
carried out in RStudio, version 4.2.2 [114].

Generalised Linear Mixed Models (GLMMs) with Poisson distribution [123] were
the chosen test statistics and were performed using Ime4 R package, version 1.1-33 [124],
with the vocalisation rate as the response variable, and the diel, season, tidal state and
interaction between season and tide as the explanatory variables. Date was included in the
model as a random factor to account for potential pseudo-replication. Such an approach
was also carried out by [58], and allowed for the examination of the possible differences
in the results. Model selection was based on the Akaike information criterion (AIC) and
later on, collinearity, overdispersion and residual plots were inspected in order to validate
the model [125,126]. Finally, pairwise comparisons between tidal states and the interaction
between season and tides were conducted with emmeans R package, version 1.8.6 [127].
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3. Results
3.1. Harbour Seal Vocalisations

Overall, 403 harbour seal vocalisations (333 corresponding to adult and 70 to young
individuals) were detected and classified into six categories (Figure 3). Call type and
number of detections per type differed across the seasons (Table A3).

The call types “roar” and “creak” (Figure 3a,d) were the least detected vocalisations,
being both only recorded twice in summer (Table A3). Roars had a mean duration (£5SD)
of 3.36 s (£0.60) and a mean high frequency of 1022 Hz (+10) (Table 2). The beginning
of these calls was characterised by a “breathing” sound, like if the animals were taking
air through the mouth before vocalising. Creaks, on the other hand, presented a higher
frequency range, 2460 Hz (£181) (Table 2), and their sound was similar to a rusty hinged
door being opened or closed [83].

Call types “groan” and “grunt” (Figure 3b,e) showed similar mean low and high
frequencies and lasted less than a second on average; however, grunts were shorter, at 0.26 s
(££0.14) (Table 2). Groans sounded like moaning and were found at different frequencies,
whereas grunts presented a variety of shapes and aural sounds, including “waap”, “ruurh”,
“wahwap” and “hhuh”, as described by [83].

Growls (Figure 3c) were the most recorded vocalisation and only present in winter
(Table A3). This type of call had different durations, with a mean of 2.30 s (2.10) (Table 2),
finding normally long growls (the longest lasted 11.55 s) right after short growls. Such
vocalisations had a characteristic hoarse sound, and despite the similar shape to those
described by [83,117], their mean high frequency was much higher, at 2533 Hz (£1298)
(Table 2).

Harbour seal pups were also detected in summer and at the beginning of autumn
(Table A3). This call type (Figure 3f) was short in duration with a mean of 0.35 s (£0.10),
and a mean fundamental frequency of 686 Hz (£405). The presence of harmonics gave
this call a wide frequency range (Table 2). This vocalisation sounded like a dog puppy
crying very shortly, sometimes similar to a “mew”, and uttered most of the times in series
of 24 elements, although a series of up to 47 elements was also registered.

A quantitative classification of the harbour seal calls was also performed through
classification trees (Figure 4). Such a classification was only carried out with adult calls,
removing harbour seal pup calls from the analysis. All acoustic parameters showed in
Table 2 were included in the analysis. The misclassification rate for this tree was 12.91%.

Avg_Power_D

>= -85

< -85

Delta_Time | Delta_Time ‘

I I
>=0.4 ‘ >=0.52 ‘

<04 <0.52

&G o

Figure 4. Quantitative classification tree of harbour seal vocalisation types. The main factors deter-
mining splits were average power density (Avg_Power_D) and duration (Delta_Time).
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3.2. Grey Seal Vocalisations
3.2.1. Call Descriptions and Classification

A total of 8554 grey seal vocalisations (1637 during the pre-breeding and 6917 during
the breeding seasons) were detected and classified into ten categories (Figure 5). Call type
and number of detections per type differed between day and night (Figure 6) and pre-
breeding and breeding seasons (Figure 7), as well as under different tidal states (Figure A3).

(d) “Rupe C”

(e) “Trrot”

(a) “Guttural rupe” (b) “Rupe A” (c) “Rupe B”

Frequency (kHz)
Frequency (kHz)

Time (s) Time (s) Time (s) : Time (5 Time (s)
ime (s}

(f) Type 4 A (g) Type4 B (h) Type 5 (i) “Moan” () Type7
Time (s) Time (s) Time (s) T ,mL @
(k) “Growl A” (1) “Growl B”

Frequency (kHz)
Frequency (kHz)

Time (s)

5
Time (s)

(n) “Pop”

Frequency (kHz)

Frequency (kHz)

Time (s) o4

Time (s)

Figure 5. Underwater repertoire of grey seals in the Malin Sea: call type 1 “guttural rupe” (a), call
type 2 “rupe” (A, (b); B, (c); C, (d)), call type 3 “trrot” (e), call type 4 (A, (f); B, (g)), call type 5 (h),
call type 6 “moan” (i), call type 7 (j), call type 8 “growl” (A, (k); B, (1)), call type 9 “cry” (m) and call
type 10 “pop” (n). Spectrograms show the frequency (kHz) versus time (s) per vocalisation type. The
spectrogram of a “clap” is also presented (o), although this is not a vocalisation.
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Figure 6. Proportion of grey seal calls for each vocalisation type recorded during day and night. On
the top, the total number of detections (Total N) per vocalisation type is given.
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Figure 7. Proportion of grey seal calls for each vocalisation type recorded during pre-breeding and
breeding seasons. On the top, the total number of detections (Total N) per vocalisation type is given.

Call type 1 “guttural rupe” (Figure 5a) was more abundant during the night (77.5%),
with most of the detections occurring during breeding season (Figures 6 and 7). This
multiple element vocalisation showed different shapes (Figure A4), with a mean frequency
range of 262 Hz (+127) and a duration of 0.57 s (£0.14) (Table 3). Most of the detections
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were found in series of 3 elements; however, pulses of 1-9 elements were also recorded.
Such a type showed some similarities with “guttural rup” described by [92] and types
1 and 5 defined by [34].

Call type 2 “rupe” presented three subtypes (Figure 5b—d), with all of them being most
displayed during the day and pre-breeding season (Figures 6 and 7). “Rupe A” was the
most abundant of all subtypes, as well as the shortest in duration, at 0.14 s (£0.08) (Table 3).
Such a subtype was characterised by its cone shape and “pu” sound. “Rupe B” was similar
to “Rupe A” in mean frequency range, 339 Hz (£97) (Table 3) and sound; however, the main
difference lay at the mid/end of the call, with the sound being more constant (“puuu”).
Both subtypes were often emitted in succession. “Rupe C” was a two-part call, emitted at a
higher frequency range, 434 Hz (£251); and duration, 0.36 s (£0.19) (Table 3). The first part
of the vocalisation was similar to “Rupe A” in shape and sound, whereas the second part
was more similar to call type 6, “moan” (Figure 5i). All these subtypes were compared to
“rupe”, described by [92]; and call type 8, defined by [34].

Call type 3 “trrot” (Figure 5e) was one of the least recorded, being mostly emitted
during the night and pre-breeding season (Figures 6 and 7). This vocalisation presented
a wide frequency range, 944 Hz (+909) (Table 3), characterised by a series of 2-3 pulses
comparable to a drumbeat, and sometimes found in series of up to 40 repetitions. Such a
call was compared with type 6 [34] and “trrot” [92].

Type 4 presented two subtypes (Figure 5f,g). Type 4A was more abundant during the
day and pre-breeding season, whereas Type 4B was only recorded twice, once per diel and
season (Figures 6 and 7). With similar durations and ascending shapes, the latter subtype
doubled the mean frequency range of Type 4A, with 723 Hz (+666) (Table 3). Both subtypes
were similar in sound to type 4 described by [34,92].

Type 5 (Figure 5h) was only recorded in the pre-breeding season (Figure 7), occurring
73.3% of the time during the night (Figure 6). This less common vocalisation was made
up of two parts, the first being constant and the second being similar to a “guttural rupe”
(Figure 5a). Such a vocalisation had a mean frequency range of 477 Hz (£134), almost half
of type 3, described by [34], but it was longer in duration, lasting 1.13 s (£0.38) (Table 3),
like type 6, described by [92].

Call type 6 “moan” (Figure 5i) was the third most abundant, being recorded 97.2% of
the time during the day and 64.3% of the time in the breeding season (Figures 6 and 7). This
type had a mean high frequency of 388 Hz (£111) (Table 3) due to the presence of harmonics
on some occasions, and different shapes (Figure A4). With a mean duration of 0.56 s (-0.46)
(Table 3), moans were often found in series, with a maximum of 238 detections recorded in
20 min. This call type was very similar in shape to moans described by [92], but shorter in
duration. Some similarities were also found with type 9, presented by [34].

Type 7 (Figure 5j) was an uncommon call only detected during the pre-breeding season
(Figure 7), and 83.3% of the time during the day (Figure 6). Such a vocalisation was similar
in shape and low frequency to type 7, described by [34]; however, it was characterised by
a “purr” resonant sound, like emitted from the throat, of longer duration 0.48 s (+0.14)
(Table 3).

Call type 8 “growl” was found in two subtypes (Figure 5k,1). Growl B was the most
abundant of both subtypes, found 60.2% of the time during the day and 99.6% of the
time during the pre-breeding season. Growl A was only recorded during the day and
pre-breeding season (Figures 6 and 7). The main difference between subtypes was on the
duration and the frequency range, with Growl A lasting around four times more than Growl
B, 4.10 s (+1.51), and with a frequency range nine times higher, 2711 Hz (+1429) (Table 3).
Another difference was in the sound, defining Growl A as a “scraping” vocalisation, similar
in shape to growls described by [92], whereas Growl B could be described as a “buzzing”
sound of less energy, similar to type 10, described by [92], and with different shapes
(Figure A4), such as type 2 in [34].

Call type 9, “cry” (Figure 5m), was only found during the day (Figure 6) at low tide
(Figure A3), and 81.2% of the time in the pre-breeding season (Figure 7). Such a short
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vocalisation, with a mean duration of 0.97 s (+0.99) and never described before, was emitted
in series of four elements most of the time. It had a higher low frequency, 363 Hz (+50),
compared to the rest of the repertoire (Table 3), sounding like a dog “crying”.

Type 10, “pop” (Figure 5n), was only recorded 7 times, all of them during the day,
at low tide and breeding season (Figures A3, 6 and 7). Such a vocalisation was similar
in shape to type 9, “cry” (Figure 5m), and “Rupe A” (Figure 5b), but different in sound,
which could be described as a short “pop”. Most of the time, it was emitted in a series of
four elements, at a higher rate than cries, and the sound differed in some of them. This
short vocalisation, with a mean duration of 0.88 s (+0.55) and a mean high frequency of
689 Hz (£85) (Table 3), is described in this study for the first time.

“Claps” (Figure 50), despite not being a vocalisation, and therefore being excluded
from the analysis, were detected three times in this study (two of them during the pre-
breeding season). Such an acoustic signal was similar to those described by [90] but
generally at lower frequencies (around 2-4 kHz), with the exception of the one shown in
Figure 50.

A non-parametric classification tree of the grey seal calls was also made (Figure 8),
including all acoustic parameters shown in Table 3 in the analysis. The misclassification
rate for this tree was 14.33%.
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| |
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Figure 8. Quantitative classification tree of grey seal vocalisation types. The main factors determining
splits were duration (Delta_Time), low frequency (Low_Freq), average power density (Avg_Power_D),
high frequency (High_Freq) and frequency range (Delta_Freq).

3.2.2. Diel, Seasonal and Tidal Patterns in the Vocalisation Rate

Means (£SD) of vocalisation rate per diel, season and tidal states were calculated. In
this way, the mean grey seal vocalisation rate was higher during the day, 3.10 calls-min !
(£3.75), than during the night, 2.78 calls-min~! (£2.38) (Figure 9). The number of vocal-
isations per minute was also higher during breeding (3.14 + 3.08 calls-min~—!) than pre-
breeding season (1.85 £ 2.03 calls-min—1) (Figure A5). When looking at the different tidal
states, the highest vocalisation rate was recorded during low tide, with 3.34 calls-min—1
(£3.46), followed by ebb, with 3.03 calls-min—1 (+2.66); high tide, with 2.25 £ 1.78 calls min—1;
and flood tide, with 1.79 calls-min~! (+1.14) (Figure A6).
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Figure 9. Grey seal vocalisation rate (calls per minute) recorded in the Malin Sea per day and night.

Significant differences in the grey seal vocalisation rate between day and night
(Figure 9; Table 4) as well as between seasons (Figure A5; Table 4) were found. The selected
GLMM model also showed tidal states as a significant factor (Figure A6; Table 4), and
results from the post hoc pairwise analysis displayed lower values of vocalisation rate at
flood tide (Table A4). The interaction between season and tide was also significant, record-
ing higher numbers of calls per minute during breeding and low tide periods, compared to
pre-breeding ebb, high and low, and breeding ebb and high (Tables A4 and 4; Figure 10).
On the opposite side, vocalisation rate was significantly lower during pre-breeding and
flood conditions, compared to the breeding ebb and high tide period and the pre-breeding
low tide period (Tables A4 and 4; Figure 10).

Table 4. Results of the GLMM based on the AIC value. Differences in the vocalisation rate per diel,
season and tidal state are shown. ? Breeding was the reference category for season, day for diel, and
ebb for tidal state. The asterisk (*) indicates different levels of significance for the p-value.

Predictor Variables Estimate 1 SE? Z Value } p Value §
Intercept —17.05 0.12 —147.97 <2 x 10716 %
Season ?

Pre-breeding —0.54 0.17 —3.14 0.0017 **
Diel 2
Night 0.32 0.006 57.50 <2 x 10716 %
Tidal state ?
Flood —0.54 0.009 —63.37 <2 x 10716 %
High —0.38 0.008 —48.66 <D % 1016 #xx
Low 0.14 0.007 21.08 <2 x 10716 %+
Season x Tidal state
Pre-breeding x Flood 0.51 0.05 10.30 <2 x 10716 #
Pre-breeding x High 0.09 0.04 2.11 0.0347 *
Pre-breeding x Low —0.25 0.04 —6.37 1.9 x 1010 #x+

¥ Results must be interpreted with caution, since some overdispersion was found.
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Figure 10. Grey seal vocalisation rate (calls per minute) recorded in the Malin Sea per tidal state
and season.

4. Discussion

This is the first study to report harbour and grey seal vocalisations in offshore waters.
Underwater acoustic displays were detected during the period May-December 2021, and
consequently analysed and classified, following and complementing previous studies on
harbour [83,108,117] and grey seal [34,92] calls onshore.

4.1. Harbour Seal Vocalisations

Similarities and differences were found between the acoustic repertoires described
here and those previously reported. A small sample of harbour seal detections, including
adults and pups, were recorded: roars and creaks were only found during the breeding
season (June-July), together with groans and grunts, which were also detected during the
moulting season (August-September) but to a lesser extent. Growls were only recorded in
November, accounting for 58.31% of all vocalisations (Tables A3 and 2).

According to [128], only male harbour seals emit underwater vocalisations, which oc-
cur mainly during the pre-breeding and breeding seasons [79,85]. Despite detecting similar
calls to those described by [83] on male breeding harbour seals in California, variations in
the duration, frequency range and frequency of appearance are clearly presented here. In
general, calls were shorter and with lower frequencies, except growls and groans, whose
frequencies were higher than those of the Californian population (Table 2). Nevertheless,
such differences may rely on the fact that the individuals belong to distinct populations, re-
ceiving the influence of different evolutionary, environmental, and life history factors [129],
as well as the small sample size. On the other hand, it must be noted that this species has
never been reported vocalising outside of the pre-breeding and breeding seasons as found
during this study. Such a behaviour, only recorded on few occasions but at high intensity,
that is, accounting for most of the registered calls, may be linked to a shift in their reproduc-
tive cycle, as reported in the Wadden Sea by [130]. Therefore, females may have given birth
months later than expected, or even extended their oestrus. In addition, previous studies
have shown that female harbour seals perform foraging trips in late lactation, that is, when
they are in oestrus [131,132], attracting males to the region. Another possibility may be a
different mating tactic displayed by the males in the area, as also seen in the Moray Firth,
Scotland [85], where males were observed using distinct display areas (close to haul-out
sites, transit routes or foraging areas); and in Monterey Bay, California [79], where male
acoustic displays were detected peaking one month before peak oestrus when in groups,
and peaking during peak oestrus when alone.
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Harbour seal pups were mostly detected during the summer (June-July), coinciding
with the pupping season, but some vocalisations were also found in August (Table A3).
The frequency range of these calls, and the way they were emitted, corresponded with the
description provided by [108], giving information on the level of stress through the number
of calls and their rate of emission [133]. The fact that seal pups were detected during
this study lays the foundation on new research questions to be explored, since up until
now, only a few studies have focused on their vocal development [134,135], plasticity [136]
and rhythms [137-140] in air and in captive/controlled conditions. In the wild, studies
have been conducted on their behaviour towards their mother while hauled out [98,102]
and have also reported long-distance movements in offshore waters through satellite
telemetry [70]. Therefore, seal pups may be vocalising throughout these offshore trips not
only to grab their mother’s attention as previously thought, but also to communicate with
other pups.

The classification tree built with adult calls (Figure 4) only included growls, grunts
and groans in the final model based on their duration and average power density. The fact
that the other categories that were excluded were only detected twice may have had an
influence on the result; however, the final tree showed a good separation, similar to the
manual classification reported by [83]. Further studies will allow for testing of the accuracy
of these results.

4.2. Grey Seal Vocalisations

Grey seals were detected more frequently and in greater number than harbour seals,
with most of the detections occurring during the breeding season. Such results agree with
previous studies, which affirm that this species is more vocal [37,91-93]. Similarities and
differences in the acoustic parameters and shape of the vocalisations detected in this study
were found with those described by [92] in Scotland and [34] in the Blasket Islands, Ireland.
In general, calls were shorter in duration and presented lower frequencies than those of the
Scottish population. Compared to the Irish population, calls such as “guttural rupe” and
“trrot” were similar in frequency and duration to types 1 and 8 and to type 6, respectively
(Figure 5; Table 3).

“Guttural rupe”, previously reported as the most numerous vocalisation type during
the breeding season by [34,37,92,141], accounted for 74.18% of the calls, mostly emitted
during the breeding season at night (Figures 6 and 7) and in accordance with these studies.
Such a result reinforces the hypothesis defined by [34] regarding the important role of this
call in the communication, territorial defence and mating of the species.

“Rupes” were all more abundant during the day and pre-breeding season (Figures 6 and 7),
accounting all subtypes for the 13.08% of the vocalisations. This call has been suggested
to be uttered by females during female-male social interactions [37,92]; however, due to
the characteristics of the present study, such a hypothesis cannot be confirmed here. In
the Blasket Islands, this call type was also very common during the breeding season [34].
This difference in the seasonality may indicate that seals could spend more time offshore,
foraging, during the day in the summer season, as reported in Canada by [142], and then
move closer to the coast at night during the breeding season. Moreover, the fact that
ambient and anthropogenic noise was present in the audio recordings may have covered
these low-frequency vocalisations, and therefore reduced their detectability.

“Trrot” was a less common vocalisation, detected more at night during the pre-
breeding season (Figures 6 and 7). According to [143], this call type is produced by males
during sexual and dominance interactions. Considering the low number of detections and
the conditions of the study, no behaviours can be linked to it. Call types 4 and 5 were more
detected in the pre-breeding season. Previously described by [92], their function remains
unclear, although type 4 has been linked to “rupes”.

“Moans” were a more abundant vocalisation, recorded mostly during the day and
breeding season (Figures 6 and 7). Emitted by both males and females in a social interaction
context [92,143], this call type was found more common during the summer by [92,141].
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However, the results presented here show more similarities with those obtained by [34] in
the Blasket Islands, where grey seals were observed during social interactions and emitting
this call in the breeding season [144].

Almost all “growls” were recorded during the pre-breeding season, with “growl A”
only found during the day and “growl B” more abundant at night (Figures 6 and 7). Similar
vocalisations were found by [37,92] during the breeding season, whereas [34] recorded
them during both seasons, being more abundant in summer and suggesting the presence of
early breeding males in the area. The difference in use between subtypes is still unknown.

Call type 7, “cry” and “pop” were reported for the first time during this study
(Figure 5). Although some similarities in the shape were found with other vocalisations
described by [34,92], sound and acoustic parameters did not coincide. “Type 7" and “cry”
were mostly found during the pre-breeding season, whereas “pop” was only registered dur-
ing the breeding season, suggesting a completely different use in communication. “Claps”,
described as a mating tactic [90], were also recorded during both seasons, just like for the
Irish locations.

All these calls were used to build a classification tree (Figure 8) where “guttural
rupe”, “rupe A”, “moan” and “growl B” were the only ones included in the final model
based on all the acoustic parameters presented in Table 3. In a similar way to the harbour
seal classification analysis, the other categories may have been excluded because of their
low frequency of appearance. The opposite trend may have occurred with “guttural
rupes”, highly recorded during the study, and therefore with more variability that fits in
the final categories of the tree. Further studies will allow an improvement of the results
obtained here.

Significant differences were found in the vocalisation rate of the grey seals between
day and night, producing a greater number of calls per minute during the day. These
results are the opposite of those obtained in previous studies on grey [58], harbour [145]
and harp seals [146], among others, which were, however, performed in coastal waters.
The foraging behaviour of grey seals has been linked to oceanographic conditions and
distribution of prey [142,147]. Such factors may have had an influence on the seals, being
more acoustically present during the day in the area, and maybe moving towards the coast
at night.

A higher number of vocalisations were recorded during the breeding season, as
reported by [141] in the Gulf of Riga, finding significant differences in the vocalisation rate
between the pre-breeding and breeding seasons. Such results are the opposite of those
obtained by [58] in the Blasket Islands; however, the latter study was carried out in a
short-term basis and from the coast, which could explain the differences. Moreover, due
to the continuous monitoring of this study, the number of calls was seen to progressively
decrease towards the end of the breeding season, similarly to [37].

Significant differences were also found in the vocalisation rate under the four tidal
states, resulting in a higher number of vocalisations per minute at low tide and a lower
number during flood tide. It is noticeable that [58] reported the opposite pattern, that is, the
lowest vocalisation rate during low tide, linking this behaviour to space availability in the
haul-out sites at low- and high-tide conditions [144], and/or feeding patterns [25,142,147].
The results obtained during the present study may suggest that a large number of grey
seals are present in offshore waters during low tide and not necessarily resting onshore.
Additional studies would help to reveal this type of behaviour. Another possibility would
be linked to a higher detectability of low frequency sounds by the hydrophones during low
tide conditions, since less ambient noise would be present in the recordings. A significantly
higher vocalisation rate was found at low tide during the breeding season, possibly associ-
ated with a greater number of females present in the water [58,86], since mating can take
place either in water or land for this species [41]. In addition, it could be suggested that
the study area constitutes a travel corridor for grey seals, as seen in tracking studies [147],
and therefore, males would be more acoustically active as reported in harbour seals [84].
A significantly lower vocalisation rate was recorded during the pre-breeding and flood
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conditions, which may be linked to foraging strategies displayed by the animals in the
area [142,147,148].

4.3. Implications of the Study, Limitations and Future Recommendations

This study demonstrates that passive acoustic monitoring of seals can be feasible
in offshore waters. To date, knowledge of both species has been mainly concentrated in
their social behaviour at haul-out sites (e.g., through video recordings [98]), in-air and
underwater vocal behaviour close to their colonies [92,112], their distribution while foraging
(e.g., using GPS tags [142]), or the number of individuals present in the area (e.g., with
aerial counts [44]). Nevertheless, although satellite telemetry has shown the movements of
these species throughout the years, recording specimens of Irish and Scottish populations
travelling between both countries [110], it is still unknown the proper use that they give to
those areas and the risks that they can face around them.

Nowadays, thirty-six offshore windfarm projects are under different stages of devel-
opment around Ireland as part of its commitment to net-zero carbon emissions no later
than 2050 [149], and a similar trend is being followed in Scotland, with seventeen projects
under development, such as the Malin Sea Wind, in order to be net zero by 2045 [150].
Furthermore, aquaculture farms and vessels can be found around the area. Since passive
acoustic monitoring has been widely used to study cetaceans [17,18], the same approach
can be applied to pinnipeds, which would allow for an understanding of their distribution,
habitat use and communication throughout their whole range.

Several limitations were identified during the present study. Despite the long-term
recordings, no vocalisations were detected from March until the end of May. This may be
due to the high levels of noise recorded during that period, possibly linked to the spring
tide, covering the low-frequency calls that these animals emit, or the possibility that there
were no seals vocalising during those months. Moreover, the lack of visual monitoring
impeded linking behaviour to the calls as well as understanding the number, age or sex of
the individuals that were in fact vocalising.

As a result of the present work, future studies of these characteristics will allow for
the gathering of more information on both species. As a future improvement, acoustic tags
could be also used in some specimens of known sex and age in order to identify differences
associated with these factors, and the vocalisations they use while travelling. Cameras
would also help to record the behaviour displayed by the animals throughout their range.
In the long-term, static acoustic monitoring seems a cost-effective, non-invasive method to
study pinnipeds. Considering the different projects that have been focused on cetaceans,
existing acoustic datasets can now be explored to search for seals. This would allow the
gathering of enough data that can be used to model their distribution and habitat use, as
well as to estimate their population size as an alternative option to visual surveys, which
need the use of drones and more effort to collect the data. Finally, taking into account
the conservation status of these species and the requirements to keep their populations
and habitats in a favourable status, as demanded by the EU Habitats Directive (Council
Directive 92/43/EEC) (Annex II), static acoustic monitoring studies will help to identify
hotspots, key areas used by these species, and therefore design and maintain a cross-border
MPA network between both countries and as a step forward to the protection of 30% of
the oceans by 2030 [151]. It would also allow for regional monitoring of noise and its
potential effects on these species, as required under the EU Marine Strategy Framework
Directive (MSFD).
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Appendix A

Table Al. Cross-validation results obtained for the classification tree analysis of harbour seals.

cpP nsplit rel Error Xerror xstd
1 0.39 0 1.00 1.00 0.08
2 0.17 1 0.61 0.67 0.07
3 0.06 2 0.44 0.53 0.07
4 0.04 3 0.38 0.44 0.06

size of tree

X-val Relative Error

Inf 0.26 0.1 0.05

P

Figure Al. Cross validation relative error plotted against complexity parameter obtained for the
classification tree analysis of harbour seal calls.

Table A2. Cross-validation results obtained for the classification tree analysis of grey seals.

cpP nsplit rel Error Xerror xstd
1 0.27 0 1.00 1.00 0.02
2 0.09 1 0.73 0.74 0.02
3 0.04 2 0.64 0.65 0.02
4 0.01 3 0.61 0.62 0.02
5 0.01 7 0.55 0.56 0.02
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Figure A2. Cross-validation relative error plotted against complexity parameter obtained for the
classification tree analysis of grey seal calls.

Appendix B

Table A3. Number of harbour seal underwater vocalisations detected per season: summer (May-July),
autumn (August—October) and winter (November—January).

Roar Groan Growl Creak Grunt Pup
Summer 2 32 0 2 55 59
Autumn 0 3 0 0 4 11
Winter 0 0 235 0 0 0

Vocalisation.Type Cry Growl.A Growl.B Guttural.rupe Moan Pop Rupe.A Rupe.B Rupe.C Trrot Typed A TypedB Type5 Type.7
Total N 16 13 480 6345 499 7 866 216 37 11 41 2 15 6
150%  11.3%

2.1%
4.9%
9.1%
16.7%
26.7%
30.8%

Tidal state
Ebb
Flood

B High

. Low

Cry Growl A Growl B Guttural rupe Moan Pop Rupe A RupeB RupeC  Trrot Type4A TypedB TypedH Type7

7.7% 58%  76%
17.6%

Proporticn of GS Calls

Vocalisation Type

Figure A3. Proportion of grey seal calls for each vocalisation type recorded during four tidal states:
ebb, flood, high and low. On the top, the total number of detections (Total N) per vocalisation type
is given.
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(a) “Guttural rupe” (b) “Guttural rupe” (c) “Moan” (d) “Growl B”
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Figure A4. Different shapes found in the underwater repertoire of grey seals in the Malin Sea. The
first two (a,b) correspond to call type 1, “guttural rupe”. The third figure (c) is call type 6, “moan”,
with harmonics and a wavy shape. The last figure (d) is an alternative shape to type 8, “growl B”.
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Figure A5. Grey seal vocalisation rate (calls per minute) recorded in the Malin Sea per season.
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Figure A6. Grey seal vocalisation rate (calls per minute) recorded in the Malin Sea per tidal state.
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Table A4. Results of the post hoc pairwise comparisons for tidal state and interaction between season
and tidal states. Only those with significant differences in the vocalisation rate are shown.

Pairwise Comparison Estimate SE Z Value p Value
Tidal state
Ebb-Flood 0.29 0.02 11.82 <0.0001
Ebb-High 0.33 0.02 15.28 <0.0001
Flood-Low —-0.31 0.02 —16.83 <0.0001
High-Low —0.35 0.01 —29.95 <0.0001
Season x Tidal state
Breeding x Ebb — Pre-breeding x Ebb 0.54 0.17 3.14 0.0362
Breeding x Ebb — Breeding x Flood 0.54 0.009 63.37 <0.0001
Breeding x Ebb — Pre-breeding x Flood 0.58 0.17 3.38 0.0168
Breeding x Ebb — Breeding x High 0.38 0.008 48.66 <0.0001
Breeding x Ebb — Pre-breeding x High 0.83 0.17 4.88 <0.0001
Breeding x Ebb — Breeding x Low —0.14 0.007 —21.08 <0.0001
Breeding x Ebb — Pre-breeding x Low 0.65 0.17 3.83 0.0033
Pre-breeding x Ebb — Pre-breeding x High 0.29 0.04 6.70 <0.0001
Pre-breeding x Ebb — Breeding x Low —0.68 0.17 -3.95 0.0020
Breeding x Flood — Breeding x High —0.17 0.008 —21.40 <0.0001
Breeding x Flood — Pre-breeding x Low —0.68 0.007 —109.32 <0.0001
Pre-breeding x Flood — Breeding x High 0.25 0.03 7.38 <0.0001
Pre-breeding x Flood — Pre-breeding x Low —0.72 0.17 —4.19 0.0007
Breeding x High — Breeding x Low —0.52 0.005 —96.85 <0.0001
Pre-breeding x High — Breeding x Low -0.97 0.17 —5.70 <0.0001
Pre-breeding x High — Pre-breeding x Low —0.18 0.02 —7.95 <0.0001
Breeding x Low — Pre-breeding x Low 0.79 0.17 4.65 0.0001
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