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Abstract 

Animals rely on limited sensory information to make behavioral decisions. 
Sounds are important underwater and especially relevant in quiet freshwater 
habitat. However, acoustic masking may also be severe in quiet waters and reduce 
signal efficiency for vital behaviors, such as mating, habitat selection, territory 
defense, foraging, and predator avoidance. There is growing support for noise 
mitigation measures in marine and terrestrial ecosystems, but policy is lagging 
behind for freshwater, which involves some of the most vulnerable ecosystems in
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the world. Many of the fish species with the most sensitive hearing occupy 
freshwater habitats. Furthermore, acoustic communication by freshwater organ-
isms, such as aquatic insects, amphibians, and fish, can be as diverse and 
abundant as in marine and terrestrial ecosystems. Local habitat characteristics, 
such as sediment type, flow speeds, and presence of aquatic plants and animals, 
may be audible, while river boat noise and traffic noise from cities, roads, and 
bridges can undermine the audibility. The authors therefore call for a rise in 
acoustic awar eness and urge policymakers to implement measures for noise 
mitigation in vulnerable quiet waters with endangered species.
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Introduction 

Freshwater biodiversity is not doing well: from 1970 to 2022, it declined globally 
with 87%, compared to 69% for terrestrial, and 56% for marine biodi versity (WWF
2024). One quarter of all freshwater species are threatened with extinction (Sayer 
et al. 2025). Freshwater fish are considered the most vulnerable group of all 
vertebrates, and migratory species are particularly threatened (Costa et al. 2021). 
This is caused by a wide range of stressors, including canalization and urbanization, 
migration barriers, habitat loss and degradation, invasive species, overfishing, chem-
ical pollution, and climate change (Costa et al. 2021). However, a source of pollution 
that is rarely listed as a stressor in freshwater ecosystems but may have contributed to 
this decline is anthropogenic noise (Mickle and Higgs 2018). 

In the past decades, human-made noise has been increasingly recognized as a stressor 
to both humans and animals (Slabbekoorn 2018). While the effects of noise on aquatic 
animals are relatively well studied in marine mammals, with also some insight from 
marine fish and i nvertebrates, studies on freshwater animals are still relatively s carce 
(Mickle and Hig gs 2018). The acoustic landscapes of marine and freshwater systems 
differ considerably in terms of sound propagation, background levels, and types and 
distribution of sound sources (Wysocki et a l. 2007). Therefore, freshwater ecosystems 
may also be affected differently by anthropogenic noise. To understand how anthropo-
genic noise may contribute to population-level effects of freshwater animals, it is 
necessary to understand how they use sound in their na tural environmen t.

Most, if not all, aquatic animals can detect and respond to sound (Popper et al. 
2019), and they have been shown to use sound for communication, predator- and 
prey detection, orientation, navigation, and habitat selection (Popper et al. 2019). 
There are animals that can detect but that are not known to actively produce sound, 
but many fish and invertebrates produce sound as a means of underw ater commu-
nication (Greenhalgh et al. 2025; Looby et al. 2022). It is believed that the use of 
abiotic sounds, heterospecific calls, and unintended sounds may be important for



orientation and habitat selection (Slabbekoorn and Bou ton 2008). However, only a 
few studies addressed the nature, diversity, and sources of natural freshwater 
soundscapes. Systematic underwater recordings are required to disentangle 
geophoni c, biophonic, and anthropogenic sources to gain a better unde rstanding of 
the acoustic world of aquatic animals.
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Conceptual Framework to Study the Acoustic World of Migratory 
Fishes 

The authors propose a conceptual framework to evaluate the importance of natural 
soundscapes and the potentially detrimental effects of anthropo genic noise for 
freshwater animals, in general, and migratory fishes in particular (Fig. 1). The first 
step in the framework is to make field recordings for identifying and quantifying 
natural sounds and anthropogenic noise sources. This can then already be used to 
make a precautionary impact assessment by comparing the intensity of anthropo-
genic noise with natural sounds and quantifying the extent of spatial and temporal 
overlap, which may be used to predict masking impact. Furthermore, it is important 
to identify natural sounds that have high potential to be used as acoustic cues for 
aquatic animals, which can then be used in controlled laboratory playback experi-
ments, to verify whether they elicit behavioral changes in fish. If they do, this should 
be followed up with field experiments to investigate how they may affect free-
swimming fi sh. Once the importance of acoustic cues is identified, the insights can 
contribute to mitigation measures, fish guidance, or biodiversity monitoring.

Disentangling Natural Sound Sources 

Natural soundscapes can be studied through a combination of spatially replicated, 
short-term recordings and long-term, stationary deployments. Short-term recordings 
enable extensive spatial coverage, revealing heterogeneity across and within fresh-
water ecosystems. Long-term recordings capture temporal variability with diurnal, 
tidal, lunar, or seasonal cycles. Continuous sound sources (typically geophonic), 
such as water flow, wind, and sediment-induced sounds, can be distinguished from 
transient sound events (typi cally biophonic), such as animal vocalizations, bubble s,
and splashes (Geay et al. 2020; Tonolla et al. 2010; Wysocki et al. 2007). Studies by 
te Velde et al. (2024, 2026a) showed that increases in water velocity result in 
increased sound levels over a wide range of frequencies and that obstructions in 
flowing water create turbulence and bubble formation, producing sound signatures 
most pronounced between 125 and 2000 Hz. A wat er-velocity threshold was also 
identified at which flow-induced sounds start to dominate the soundscape. Sediment 
transport generates sound from interparticle collisions, in particular above 1000 Hz
(Geay et al. 2020), while spectra vary among sediment types (Greenberg et al. 2025). 
The local soundscape varies, in addition, with position across the river cross-section 
(te Velde et al. 2024).
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Fig. 1 Framework for investigating how natural acoustic information is used by aquatic animals, in 
general, and migratory fish, in particular, and evaluating the impacts of anthropogenic noise. (Icons 
used in this figure were made by the authors or adapted from public domain sources; car and heron 
by Wikimedia Commons, plant by Openclipart.org , boat image by Vectorportal.com) 

Biophonic sounds are diverse and widespread in temperate river syst ems in 
Europe (te Velde et al. 2024, 2026a). Underwater sounds include calls from animals, 
such as amphibians, fish, and insects, and even from birds on, above, or next to the 
water. Animal sounds are highly variable in spectral and temporal characteristics and 
are often species-specific. Furthe rmore, there are many natural sound events not 
specifically linked to communication, such as gas bubbles from aquatic plants or 
bubbles escaping from the sediment (van der Lee et al. 2025). Still, most biotic 
sounds in freshwater have as yet not been described, and only a very lim ited number 
of species have been investigated for sound production (Looby et al. 2022; 
Greenhalgh et al. 2025). Innovative sound processing methods, including machine

http://openclipart.org
http://vectorportal.com


learning algorithms, will likely accelerate progress in the study of transient biotic 
sounds (Stowell 2022; Parcerisas et al. 2024). 
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Potential Acoustic Cues 

In marine systems, attraction to habitat-associated soundscapes has been shown in a 
wide range of taxa and life stages, including corals, bivalves, crustaceans, and fish 
(i.e., Lillis et al. 2013; Montgomery et al. 2006; Vermeij et al. 2010). The same may 
be true for freshwater fish. Soundscape orientation may be especially valuable to 
migratory fishes that have to navigate long distances in environments limited in 
terms of other sensory cues (Slabbekoorn and Bouton 2008). Playbacks of coral and 
oyster reef sounds typically concern a wide range of sounds, from fish calls to shrimp 
snaps and from geophysical forces, such as wind, waves, and waterflow, and have 
revealed experimental evidence for positive phonotaxis (Lillis et al. 2013; Mont-
gomery et al. 2006). 

Freshwater systems are less often tested experimentally, and soundscape compo-
nents are rarely tested by themselves for their response triggering potential. How-
ever, the authors believe that habitat-specific river soundscapes can also be used by 
fish as navigational cues. Especially, sediment variation and water fl ow fluctuations 
have high potential to yield acoustic cues that have meaning, as many fish have 
specific sediment and flow condition requirements to deposit their eggs (Kemp et al.
2011). River size and sediment typically change gradually from upstream to down-
stream, offering reliable acoustic cues due to the predictable geophysical nature of 
rivers, and may therefore act as acoustic beacons for navigation. Although biophonic 
sound events are generally less abundant, they can provide high-quality information 
on habitat suitability, prey availability, potential mates, shelter , and predation risk. 
For example, bubbles produced by aquatic plants could inform fish about suitable 
spawning habitats or shelter. The presence of specific species is often linked to 
specific habitat features (Slabbekoorn and Bouton 2008). 

Quantifying Anthropogenic Noise 

In freshwater systems, there are two main sources of anthropogenic noise, namely, 
shipping noise and road traffic noise. Shipping noise is generally composed of a 
broadband component and a set of tonals, which are both generally high in amplitude 
compared to natural soundscapes (Jansen and de Jong 2017). Shipping noise in large 
European rivers can be predicted from AIS (Automatic Identification System) 
density data from commercial shipping. The density data close ly match with higher 
noise levels near estuaries compared to more upstream locations (te V elde et al.
2026a; Smott et al. 2018). Boat sound presence occurred during 40–100% of the 
time throughout the Rhine and the Elbe estuary (Te Velde et al. 2026a), which is 
exceptionally high compared to other studies (Marley et al. 2016; Smott et al. 2018; 
Vieira et al. 2021). The Rhine is one of the busiest rivers in the world, and the Elbe is



the third busiest river in Europe (Central Commission for the Navigation of the 
Rhine 2024). 
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Noisy conditions vary with vessel activity in time and space. In 24-hour spectro-
grams, slightly lower boat presence was visible during the night. Strong temporal 
patterns in boat noise occurrence have been found before with higher boat noise 
during the day, weekends, and summer (Marley et al. 2016; Smott et al. 2018; Vieira 
et al. 2021). Commercial boat traffic may be more persistent across day, week, and 
season, while recreational boat traffic, not captured in AIS data, may have stronger 
diurnal, weekly, and seasonal patterns. There were elevated sound levels and clear 
diel noise patterns in cities and under bridges in the Netherlands. Even rural 
locations had diel patterns that are likely attributable to land-based traffic noise 
(te Velde et al. 2024; Te Velde et al. 2024). Weekends were slightly quieter under 
bridges compared to weekdays, which was also in line with earlier studies (Mar tin 
and Popper 2016). Still, it was rarely quiet under bridges, even at night. Noisy events 
from passing vehicles on bridges or in tunnels are generally low in frequency, up to 
700 Hz, and sometimes up to 2000 Hz (Holt and Johnston 2015; Song et al. 2020). 

The Extent of Masking of Natural Sounds in Freshwater Systems 

If anthropogenic noise overlaps with biologically relevant sounds, it can lead to 
masking. Quantitative insights remain limited, but masking reduces the range and 
time over which suitable mates, predators, prey, and habitats can be detected 
(Voellmy et al. 2014). Communication is used by many freshwater animals in 
behaviors, such as mate attraction and alarm calls. Evaluating the masking impacts 
of noise on acoustic signals vital for survival and reproduction, requires the charac-
terization and quantification of species-specific sounds. As indicated, non-
communicative biotic sounds and geophonic sounds can also provide animals with 
valuable information on local resources, threats, and navigational landmarks . Efforts 
should be made to mitigate masking of natural sounds wherever possible.

Geophonic sounds can reflect physical aspects of the local river, but they can also 
produce noisy habitats that limit communication or other subtle sources of biophonic 
information. And animals are likely adapted to the acoustic environments they 
occupy. Some species are known to use frequencies that coincide with natural 
“quiet windows” in freshwater soundscapes for communication (Lugli 2010). 
Anthropogenic noise may not only mask signals but also fill these natural quiet 
windows, reducing opportunities for acoustic communication. It is important to 
quantify the intensity and spectrum of both natural and anthropogenic sounds to 
be able to predict masking impacts from anthropogenic noise sources. A noisy, high-
flow, turbulent river environment is less likely to be impacted by noise than a quiet 
lake. Comparison of the spectral intensity of identified natural sound sources with 
that of boats recorded in large European rivers indicates that almost all natural sound 
sources in rivers are fully masked in the presence of boat noise (Te Velde et al.
2026a). Road traffic noise in and close to cities (te Velde et al. 2024; Te Velde et al. 
2024) will likely mask low- and mid-frequency sounds, such as fish grunts.
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Responses to Sounds by Freshwater Animals 

Fish have been shown to respond to natural and anthropogenic sounds in a variety of 
ways, including spatial responses and activity level changes (Table 1; Slabbekoorn 
et al. 2025). Fish either swim toward the sound source (attraction) or away from the 
sound source (deterrence) (als o referred to as positive and negative phonot axis) 
(De Vincenzi et al. 2021; Matos et al. 2024; Shafiei Sabet et al. 2016a; Waddell and 
Širović 2023). Deterrence is typically interpreted as an auditory assessment of 
unfavorable conditions, such as predator presen ce, male competitors, or unsuitable 
habitat (Liu et al. 2019; Moynan et al. 2016; Parmentier et al. 2015; Qin et al. 2020). 
Attraction toward sounds is generally linked to beneficial conditions such as poten-
tial mates, food availability, or suitable habitat (De Vincenzi et al. 2021; Holt and 
Johnston 2011; Moynan et al. 2016; Wang et al. 2021). Sound can also increase 
(upregulate) or decrease (downregulate) the occurrence or intensity of certain behav-
iors, such as swimming speed or antipredator responses (De Vincenzi et al. 2021; 
Beach et al. 2025; Leduc et al. 2021; Matos et al. 2024; Shafiei Sabet et al. 2016a). 

In freshwater, only a few studies have tested responses to natural soundscape cues 
(Table 1). Holt and Johnston (2011) showed the attraction of several freshwater fish 
species to acoustic playbacks of sediment disturbances in the field. Fe brina et al. 
(2015) described how intensity-dependent sound preferences of adult and juvenile 
Ayu (Plecoglossus altivelis) varied for several pure tone frequencies and the sounds 
from an unpassable weir and a passable fish ladder . Three-spined sticklebacks 
(Gasterosteus aculeatus) swam closer to the speaker when natur al flow sounds 
were played (te Velde et al. 2026b). Kowal et al. (2023) did show increased 
aggregation and changes in swimming patterns and longitudinal position of chub 
(Squalius cephalus) and brown trout (Salmo trutta) in response to acoustic playbacks 
of a high-flow and sediment transport environment. Future experiments shoul d 
expand across species and contexts, use carefully controlled and well-replicated 
acoustic stimuli, and focus on behaviors that can be linked to fi tness (Slabbekoorn
and Bouton 2008; Slabbekoorn et al. 2019). 

Conservation with Limited Knowledge 

How animals use natural sound cues, how they are affected by noise in freshwater 
river systems, and how important natural sounds are to their survival and fitness vary 
among species, life stages, and contexts (Shafiei Sabet et al. 2016b) and can only be 
determined through experiments. However, experiments take time, and given the 
current threats to freshwater ecosystems, immediate conservation measures are 
required to prevent further degradation. A precautionary approach to noise pollution 
in freshwater is recommended. Given that all natural sounds may serve as important 
information for aquatic animals, masking of natural sounds should be limit ed 
wherever possible, especially in vulnerable habitats and for endangered species.

Unlike the EU Marine Strategy Framework Directive (MSFD), which has 
included underwater noise as a pollutant since 2008 and requires Member States to
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monitor and set thresholds for it, the Water Framework Directive (WFD) incorpo-
rates no legislative protection for freshwater ecosystems against anthropogenic noise 
(Bolgan et al. 2016). However, freshwater ecosystems over a large geographic range 
experience noise pollution from various sources for long periods of time. Associated 
problems can be counteracted, for example, by limiting sound transmission through 
material choices when constructing roads and bridges or through modifications to 
ship propellers, but also with speed limits, rerouting shipping lanes, requiring ships 
to travel in convoy, incentivizing fewer boats with larger trans port capacity (Mer-
chant 2019), or by enforcing closed seasons or times for boat traffic in important 
seasons or habitats (Findlay et al. 2023).

10 K. te Velde and H. Slabbekoorn

Conclusions 

Soundscape recordings reveal that the most prominent sounds in freshwater habitats 
include continuous geophonic sounds from water flow, wind, and sediment transport. 
Furthermore, transient biophonic sounds from amphibians, fish, and insects appear 
diverse and widespread. These natural sounds stand out as promising acoustic cues for 
migratory fish. Although transient biophonic sounds, such as animal communication 
signals or aquatic plant bubbles, have lower temporal availability, they may provide 
high-quality cues by reflecting nearby resources or dangers, such as conspecifics, 
predators, shelter, or food. The dominant anthropogenic noise sources in freshwater 
systems are inland shipping and land-based traffic  noise.  Commercial  shipping  pro-
duces continuous high-amplitude broadband noise in large rivers and estuaries, while 
road noise produces persistent low-frequency noise near roads, cities, and under 
bridges, with clear temporal patterns characteristic of human activity. Hence, acoustic 
masking of natural sounds by anthropogenic noise may be widespread in freshwater 
systems. Future research should prioritize experimental validation of potential acoustic 
cues in the field, effects of anthropogenic noise sources on fish migration, the use of 
passive acoustic monitoring using machine learning, and the development of predic-
tive noise maps to assess ma sking impacts. A precautionary approach to noise 
management is urgently needed, and soundscapes should be integrated into conserva-
tion planning, particularly at migratory bottlenecks and vulnerable habitats for migra-
tory fishes. Noise monitoring and mitigation measures should be incorporated into 
intern ational freshwater legislation, such as the European Water Frame work Directive.
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