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Resumo 

O tráfego marítimo é a fonte mais comum e crônica de poluição sonora nos oceanos. Neste estudo 

usamos uma abordagem multimétodo para avaliar o efeito do ruído do barco no fitness de duas espécies 

de peixes que produzem sons durante a época de reprodução, a corvina (Argyrossomus regius) e o 

xarroco (Halobatrachus didactylus). A Monitorização Acústica Passiva (PAM), associada a uma 

metodologia automática de reconhecimento automático baseada nos Modelos Escondidos de Markov, 

foi utilizada para monitorizar a atividade vocal destes peixes no estuário do Tejo (Portugal). Testamos 

o impacto das passagens do barco na energia acústica do coro tendo observado uma diminuição 

significativa do nível médio de pressão sonora do coro durante as passagens dos barcos. O impacto de 

ruido de barco também foi testado na atividade vocal de xarroco e o sucesso reprodutivo. Dois conjuntos 

de 12 ninhos de betão colocados no estuário do Tejo, que os machos ocuparam espontaneamente, foram 

expostos a quinze dias de sons produzidos por altifalantes (controlo ou ruído de barco). Houve efeitos 

negativos na atividade vocal dos xarrocos expostos ao ruído do barco. Estes resultados sugerem que o 

ruído do barco afeta o fitness dos peixes. 

 

Abstract 

Marine traffic is the most common and chronic source of ocean noise pollution. Here, we used a 

multimethod approach to evaluate the effect of boat noise on fitness traits in two vocal fishes that form 

choruses associated with reproduction, the meagre (Argyrossomus regius) and the Lusitanian toadfish 

(Halobatrachus didactylus). Passive Acoustic Monitoring (PAM) coupled with an automatic pattern-

recognition methodology based on Hidden Markov Models was used to monitor the vocal activity of 

both species in the Tagus estuary (Portugal). We tested the impact of boat passages on meagre choruses 

by quantifying changes in chorus energy assessed by power spectral density. On average we observed a 

significant reduction in the chorus energy during boat passages. Toadfish vocal activity and reproductive 

success were also measured on a field experimental setup. Two sets of 12 concrete nests that toadfish 

males occupy spontaneously, were exposed for a fortnight to either control (environmental sound 

playback) or boat-noise playback. We found a detrimental effect on calling rate in males exposed to boat 

noise. Our results suggest that boat noise have an impact on fish fitness. These multimethod approaches 

aim to yield relevant results necessary to provide guidelines to regulators. 
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1 Introduction 

Manmade noise is changing underwater soundscapes [1], and in shallow waters one of the most 

predominant sources are boat engines, which can affect fish behaviour and physiology [2-6]. How 

anthropogenic noise affects reproductive success in fish is species-specific and poorly understood. For 

example, noise impact could be associated with life traits.  Pelagic spawners may avoid noise sources 

to some extent while species that depend on specific spawning grounds, such as nesting species, may 

lose spawning opportunities when leaving the area. 

Sciaenidae, collectively known as the croakers and drummers, is one of the largest families of 

vocal fishes [7], known for the conspicuous chorusing behaviour associated with the breeding season 

(e.g., [8,9]). The meagre, Argyrosomus regius, is a semi-pelagic species with a high commercial value, 

being farmed in several countries since the 1990s [10]. Adults are pelagic spawners and migrate to 

coastal reproductive areas (e.g. estuaries) when temperatures reach 13 to 23◦C [11]. In Portugal the 

best know reproductive area is the Tagus estuary. The advertisement sounds produced during 

spawning aggregations include a continuous range sounds composed by 1 pulse up to ca. 100 pulses 

[12-14]. Both males and females are able to produce sounds [14]. 

The family Batrachoididae includes several highly vocal fish species that rely on acoustic 

communication to mate [15], such as the Lusitanian toadfish, Halobatrachus didactylus [16,17]. This 

species is highly vocal and has an unusually large acoustic signal repertoire for fish that includes 

boatwhistles (BW), croaks, double croaks, long grunt trains, grunts, and other less frequent sound 

combinations (see [18], for details of the vocalizations). During the breeding season in Portugal, this 

species can be found in estuarine shallow waters, where breeding males occupy nests under rocks and 

produce boatwhistles to attract females in a chorus [19]. The advertisement boatwhistle, the most 

frequent sound in this species, is a highly stereotyped low-frequency signal [18,20], and its emission 

rate is associated with the male’s reproductive success [20]. The boatwhistle presents individual 

differences that allows the recognition of different males based on their sounds which could mediate 

interactions amongst neighbouring territorial males [18,21-22].  

Exposure to boat noise can impact hearing, for example by masking [23], and can severely reduce 

the acoustic communication active space in vocal fish [24,25]. Masking by boat noise could alter calling 

behaviour resulting either in a suppression of calling [26] or in an increase in calling activity to 

compensate for communication impairment [27]. However, whether exposure to boat noise alters both 

species calling activity is not known.  In this study we observed the effect of real boat passages in the 

meagre chorusing activity and tested the effect of boat noise playback on the calling activity of nesting 

Lusitanian toadfish males. 

2 Material and methods 

2.1 Animals and sound recordings 

To investigate the boat noise impact on meagre and Lusitanian toadfish calling activity we recorded 

these species calling activity in two set-ups in the Tagus estuary (Air Force Base 6, Montijo, Portugal; 

38º42'N, 8º58'W). 

2.1.1 Meagre chorus set-up 

The data set used in this study consisted of ca. 30 day round-the-clock recordings of sounds obtained 

in April and May 2018. In a pier, we deployed a High Tech 94 SSQ hydrophone (sensitivity – 165 dB 

re 1 V/μPa, flat frequency response up to 6kHz ±1dB) anchored at about 20 cm from the bottom to a 
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stainless-steel holder projecting from a concrete base where the cable was attached to minimise current-

induced hydrodynamic noise. In this pier it is common to record meagre choruses (Pereira et al., 2019). 

Depth at this place ranged from ca. 2 to 6 m, depending on tide. Boat passages usually occurred from 6 

a.m. to midnight. 

We continuously recorded the vocalizations using a stand-alone 16 channel dataloggers (LGR-5325, 

Measurement Computing Corp, Norton, MA, USA; 4 kHz sampling rate, 16 bit).  

 

2.1.2 Lusitanian toadfish set-up 

To test boat noise impact on Lusitanian toadfish calling activity, boat and environmental noise were 

played back alternately in two plots in an intertidal area. Each plot consisted of: (1) 12 concrete artificial 

hemicylindrical shelters capped at one end (50 cm long, 30 cm wide and 20 cm max height); (2) 12 

custom-made hydrophones, each one placed next to each shelter in mid-lateral position and about 10 cm 

above the substrate, connected to a 16 channel stand-alone data logger (Measurement Computing 

Corporation LGR-5325, Norton, Virginia, USA, 16 bits resolution, 4 kHz sampling rate); and (3) 3 

UW30 Underwater Loudspeakers (ElectroVoice), each one attached to an amplifier (Sony XM-N1004), 

that was connected to a mp4 device that produced the sound stimuli. 

The males spontaneously occupied the concrete shelters to build their nests. These nests were 

positioned 2 m apart in two lines along the shore. No other suitable nesting sites were available near 

each setup, all vocalizations being produced by fish occupying our artificial nests. Moreover, the sounds 

produced by males occupying adjacent nests arrived considerably attenuated (over 6 dB). This 

arrangement was used to ascertaining signal identity throughout the recordings. 

The speakers exposed each nesting male to sounds during a fortnight by playing back either ambient 

sound (control) or boat noise (treatment). Noise treatment mimicked the passage of 10 ferries and 4 

small boats per hour during 18 hours (from 6 to 23 h), similar to what fish may experience in Tagus 

estuary at a nearby site, and was set at a level ca. 30 dB above background corresponding to the increase 

caused by a ferryboat recorded c. 50-70 m away at our study site and comparable to the noise level 

elevation due to boating reported in other studies [26,28-30]. The ambient sound treatment (control) 

used background environmental sound recorded in this area played back above the background noise 

level with the same amplification used in the boat noise treatment. 

2.2 Automatic recognition of fish vocalizations and boat passages 

To detect the sounds on the recordings we used three automatic recognition systems: (s1) for 

Lusitanian toadfish call type identification (as described by [22]); (s2) for boat noise recognition (as 

described by [31]); and (s3) for meagre chorus identification (adapted from [13]). In short, multiple 

Hidden Markov models HMMs were trained using sounds of each defined category, and then used to 

classify the recordings according the highest likelihood. This process includes the signal processing and 

the HMM time alignment. 

2.2.1 Signal processing 

The first step in the signal processing is to cut the waveform into a sequence of elementary segments 

according to a predefined window duration (cf. Figure 1 in [22]). We used the following acoustic 

features: cepstrum, Mel-frequency cepstral (MFC), delta, and acceleration coefficients. To each system 

a different windows and frequency bandwidth was used: (s1) window: 32 ms with a 50% overlap, 

frequency bandwidth: 20 - 1000 Hz; (s2) window: 200 ms with a 50% overlap, frequency bandwidth: 

1200 - 2000 Hz; (s3) window: 32 ms with a 50% overlap, frequency bandwidth: 20 - 2000 Hz. 
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2.2.2. HMM time alignment  

For the Lusitanian toadfish sound recognition (s1), we created a 14 states model to classify the BWs. 

As in [22], we added models with 5 states for modelling background noise (silence), non-biological 

sound patterns with high energy and short duration (e.g., consecutive non-biological pulses with high 

energy), and also a model with 7 states for modelling grunt trains. Additionally, a model with 14 states 

to avoid false positives of the boat noise playback was also added. These additional states were crucial 

to avoid misclassification of BWs but were not used to count those sound types due to their rarity and 

or the low accuracy of recognition (as reported in [22]). 

For the boat noise recognition (s2), we created a 224 states model to classify the noise of small boat 

passages and ferryboats passages. As in [31], we added models with 5 states for modelling background 

noise (silence), and models with 224 states for non-biological sound patterns with high energy and long 

duration.  

For the meagre chorus recognition (s3), we created a 50 states model to classify the choruses 

dominated by pulses (sounds with 1 to 3 pulses), choruses dominated by larger sounds (mostly long 

grunts) with lower rate of overlap; choruses dominated long grunts with high rate of overlap and mostly 

imperceptible individuals sounds; chorus dominated by pulses and long grunts. As in [31], we added 

models with 5 states for modelling croaks, background noise (silence), non-biological sound patterns 

with high energy and short duration (e.g., consecutive non-biological pulses with high energy), and also  

models with 14 states for modelling toadfish boatwhistles, double-croaks and grunt trains in the absence 

of meagre sounds.  

For each sound type, a representative subset of samples was used to train the HMMs. The transition 

probabilities and the elementary segment probability densities of each state were estimated with the 

Baum–Welch algorithm [32]. 

In the recognition phase, each sound type was matched against the estimated HMM for each sound 

type. This was achieved by using a Viterbi algorithm [33] that produced a likelihood measure for each 

HMM. 

For computations we used the HMM Toolkit (HTK, University of Cambridge, UK), a group of 

modules written in C to create automatic recognition systems for human speech [34]. 

2.2.3. Evaluation of the recognition system 

Each automatic HMM-based recognition system was prepared to recognize the pre-defined sounds, 

taking into account the existence of other sounds produced by these species and or other abiotic noises. 

The training set used to produce the Lusitanian toadfish recognition system included 47 BWs with 

high signal to noise ratio of several datasets and in several circumstances (multistyle training), and 86 

sounds for the other models. The performance on these datasets was similar to the ones observed in [22]. 

To optimize the detection of calls of only the fish near each one hydrophone, an additional relative sound 

level threshold was selected for the output of each hydrophone. Each threshold was selected by visually 

inspecting the output of the recognition system of each custom-made hydrophone against the 

oscillograms for a full day. 

The training set used to produce the boat noise recognition system included 142 boat passages and 

76 sounds for the other models. The evaluation on this dataset was previously evaluated by [31] 

(Identification rate = 90.9 %, and an accuracy with the same value). 

The training set used to produce the meagre chorus recognition system included 305 files with the 

different meagre choruses including several observed circumstances (multistyle training) and 714 

sounds for the other models. To evaluate the output of the recognition system its identification rate and 

accuracy were assessed by comparison with manually annotated data on a subsample of ca. 180 min. 

Due of the continuous nature of the chorus, in this case, the identification rate and accuracy was 

evaluated taking into account the number of seconds correctly recognized (instead of the number of 

events) The overall identification rate reached 97.4 %, and the accuracy was 96.7 %. 
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2.3 Data Analysis 

The computations using the sounds’ labels and all statistics were made in R (R Core Team, 2018). 

2.3.1 Boat passages effect on Meagre chorus  

Using the labels produced by the automatic recognition system, we calculated the SPL for each 10 s 

on each boat passage, in the presence or absence of meagre chorus. SPL was calculated for two 

frequency bandwidths: (1) bandwidth dominated by the meagre sounds (300-600 Hz) and (2) were the 

anthropogenic noise is dominant (1700-2000 Hz). Every boat passage was aligned and averaged taking 

into account the start-time of each label defined by the automatic recognition system. We considered 

100 s before and 250 s after the start-time. Only ferryboats passages were considered. The timestamps 

of boats passages and meagre chorus were defined by the automatic recognition systems. 

To understand if the mean SPL variation during the boat passages was significantly different of what 

we would expect by chance, block bootstrap method was performed [35]. The replications were 

generated by the following steps: 

1. Random selection of a start-time; 

2. Measurement of the mean SPL for every 10 s in a block of 350 s, and rescaling was made to start 

from zero at the start-time; 

3. Average of every random selection (n equal to the number of observations); 

4. 100 simulations were made. 

2.3.2 Boat noise playback effect on Lusitanian toadfish calling activity 

Four fortnights (during the peak of the breeding seasons of 2016 and 2017, from  June to July) of 

round-the-clock simultaneous recordings were labelled with the help of the Lusitanian toadfish 

automatic recognition system, using a manually selected sound level threshold for each hydrophone. 

Data include sounds produced by 63 males that colonized the nests (31 from control and 32 from boat 

noise treatment). 

To assess the influence of playback treatment on the fish calling activity, nested Anova was used. 

The treatment was nested in the variable fortnight (random factor). For each fish, several parameters 

were inferred from the labelled BW: Number of hours producing more than 15 BWs (total, daily mean 

for the silence period and daily mean for the playback period), Span of time since the first 15 BWs until 

the last BW (in days), Number of BWs produced by each fish (total, during the silence period and during 

the playback period), Mean calling rate (overall, during the silence period and during the playback 

period), Max calling rate (BW h-1), and Active mean calling rate per hour (accounting only hours with 

more than 0 BWs or hours with more than 15). 

3 Results 

3.1 Boat passages effect on Meagre chorus  

Figure 1 shows an example of the boat passage effect observed in the meagre chorus. Usually boat 

noise decreased the sound level and in some cases we observed an interruption of the calling activity. 

On average, there was a decrease of ca. 1.25 dB (in the 300-600 Hz frequency band) of what would be 

expected in a random selection of sections of ferryboat passages with the presence of meagre choruses 

(Fig. 2; 100 simulations with n = 336). Note that ferryboat also produces energy on the meagre chorus 

frequency bandwidth (300-600 Hz; Fig. 2), i.e. the SPL variation of the boat noise + meagre chorus 

decrease. This means that, during the ferryboat passages, the energy of the meagre chorus decreases 
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more than the energy of the ferryboat noise can compensate for. Boxplots of Figure 2 represent the 

means of each of the 100 simulations created with random selection of the sections. The number of 

sections selected in each simulation is equal to the number of ferryboats passages observed. The 

variation of the means on each of the 100 simulations are under 1 dB, and is maximum in the last 50 s 

of the random sections selected in periods with meagre chorus. 

 
Figure 1 – Spectrograms with examples of the effect of boat passages on the meagre chorus. 

 

 

Figure 2 – Effect of boat passages on the meagre chorus sound level. Red line represents the mean 

SPL variation around ferryboats passages in two frequency bands (300-600 Hz and 1700-2000 Hz). 
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Left column represent sections without meagre chorus; and right column represent ferryboat passages 

when in the presence of meagre chorus. The Zero seconds mark represent the start-time of the 

ferryboat passages. Boxplots refer to randomized sections (100 simulations). 

3.2 Boat noise playback effect on Lusitanian toadfish calling activity 

Some variation was observed in each fortnight. Table 1 represent the output of the nested anova for 

each considered variable. The period between  the first 15 BWs until the last BW in the control treatment 

(mean ± SD; 7.4 ± 2.9 days) was higher (p = 0.016) than in the boat noise treatment (6.7 ± 3.7 days), 

i.e. on average males spent more days calling in the control than in the boat treatment. Furthermore, 

control males spent more hours with a calling activity higher than 15 BWh-1 than boat males (p = 0.045). 

This difference was clear in the playback period (p = 0.026), with the daily mean number of hours with 

high calling activity (> 15 BWh-1 ) being higher in the control treatment (1.5 ± 1.3 h) than in the boat 

treatment (1.1 ± 1.0 h). During the silence period (from 0 to 5 a.m.) no significant differences were 

observed between treatment groups (p = 0.25). All the other analysed parameters showed no significant 

differences between treatments. 

 

Table 1. Effects of playback treatment on multiple variables using 

nested anova (using lmer in R). Results were nested in each fortnight 

(simultaneous pair of treatments: environment or boat noise 

playback). Significances (p < .05) are highlighted in bold. 
 

F-value p-value 

Number of hours ≥ 15 BWs 4.21 0.045 

Mean no. of hours ≥ 15 BWs (0 to 5h) 1.34 0.25 

Mean no. of hours ≥ 15 BWs (6 to 23h) 5.23 0.026 

Span of time since the first 15 BWs until 

the last BW (days) 

6.17 0.016 

Total no. of BWs 0.79 0.38 

Total no. of BWs in silence period (0 to 5h) 0.024 0.88 

Total no. of BWs in pbk period (6 to 23h) 1.60 0.21 

Mean calling rate per min 0.55 0.46 

Mean calling rate per h (0 to 5h) 1.75 0.19 

Mean calling rate per h (6 to 23h) 0.085 0.77 

Max calling rate (BW h-1) 0.19 0.66 

Active mean calling rate per h (>0) 0.64 0.43 

Active mean calling rate per h (≥ 15) 2.18 0.15 
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Figure 3 – Effect of playback noise on mean male vocal activity. Boxplot represent the 5, 25, 50, 

75 and 95 percentiles. * denote significant levels at P < 0.05. 

4 Discussion 

These preliminary results indicate that both species inhibit their calling activity when exposed to boat 

noise. In this study we monitored the meagre chorus reaction to boat passages and monitored the overall 

impact of boat noise playback in the vocal activity of several Lusitanian toadfish males throughout a 

fortnight. Both datasets were annotated using automatic sound recognition systems based on Hidden 

Markov Models. On the Lusitanian toadfish experiment, an additional sound level threshold was applied 

to discriminate the closer male from each hydrophone. 

Sound level of meagre chorus usually decrease in the presence of a boat passage, reassuming the 

initial sound level shortly after. The observation of cases where the sound production interrupts, suggest 

that the sound level reductions is due to a decrease in the number of fish singing. Nevertheless, a 

reduction in sound level might be caused by fish avoiding the noise source. [36] observed the effect of 

boat passages on another sciaenid species, brown meagre Sciaena umbra. In their study the fish 

increased the frequency of hiding behaviours and did not changed sound emission. Interestingly, [27] 

observed that the brown meagre increase sound rate with repeated boat passages. Further work must be 

done to understand the reaction of this species to boat passages. Due to the murkiness of the waters in 

the Tagus estuary, passive acoustic triangulation could be an option to track the movements of fish while 

they are vocalising. 

Lusitanian toadfish from the boat noise treatment stayed on average less time calling from the nest. 

This was more noticeable during the period of playbacks (6 to 23h). The absence of significant 
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differences in calling rate is possible due to the high variability observed in the calling rates. 

Nevertheless, note that the mean calling rate on the control treatment was higher than in the boat noise 

treatment during the day, but lower during the night (Fig. 3). A reduction in calling activity should be 

consistent with the reported for the Atlantic croaker [37] and the Oyster toadfish [38], that showed less 

calling activity in areas with heavier boat traffic. Likewise, two goby species, the two-spotted goby and 

the painted goby, produced fewer courtship sounds when exposed to prolonged continuous noise [26], 

suggesting that noise may impair acoustic communication in various vocal fish that rely on the acoustic 

sensory channel to attract and court mates. This decrease in acoustic signalling can be consequence of 

increases in stress levels which may in turn suppress reproductive behaviour, including acoustic 

signalling [39, 40]. Furthermore, a study using the AEP technique to assess hearing in the Lusitanian 

toadfish indicates that exposure to anthropogenic noise can severely reduce the acoustic communication 

active space [25]. Because there is calling facilitation among neighbouring males in this species [41], 

the reduction in active acoustic space may contribute to the observed decrease in calling activity due to 

the lack of perception of an active neighbour. 

Although both species showed some effect in the vocal activity, the impact on the reproduction 

remains unclear. Whether the short-term reactions of meagre to the boat passages impact the 

reproductive behaviour that is occurring during the chorus or not remains to be investigated. Additional 

studies also should investigate if Lusitanian toadfish males show vocal compensation during quiet 

periods and if are nevertheless able to attract females to the nest. Note that previous work has shown 

that acoustic courtship is key to reproductive success the toadfish [17] suggesting that a decrease in 

calling activity may impact reproduction. 
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