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“Sound is the heartbeat of the biosphere, the places on Earth where life exists. If we 

can measure this heartbeat, we can determine the condition of the biosphere." 

- A. Farina & S. Gage 2017   - 
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Abstract 

Freshwater systems are dramatically transformed by human activities and are in need of 

effective monitoring to halt the decline of ecosystem health. Ecoacoustics presents a new cost 

effective way to monitor changes in ecosystems by investigating sounds and their relationships 

with the environment. However, while ecoacoustics has been explored as a monitoring tool in 

terrestrial and marine realms, it only gained traction in recent years in freshwater systems.  

In this thesis, I investigate ecoacoustics as a monitoring tool for freshwater systems. By 

investigating spatial-temporal variation in soundscapes of this realm (Chapter 2), examining 

the main biological drivers of these soundscapes (Chapter 3) and relating acoustic properties 

to environmental parameters (Chapter 4), I provide comprehensive studies on how freshwater 

soundscapes change and how ecoacoustics can be used as a monitoring tool.  

In the first study (Chapter 2), I characterize soundscapes across multiple freshwater streams, 

classify these streams according to their soundscape and use acoustic indices to describe 

spatial-temporal variation of freshwater soundscapes. The results demonstrate that 

soundscapes in 12 freshwater streams can be highly variable in both space and time. Even 

among similar streams in the same region, soundscapes differ greatly. Further all 12 streams 

used in this thesis have a unique soundscape with most differences between soundscapes 

being observed during the daytime.  

For the second study, I manually annotated biological sounds from the 12 freshwater streams 

analysed in the previous study. Results demonstrate high level of spatial and temporal 

variation in sound composition between streams with each stream containing a unique sound 

composition. The sound composition in each stream exhibits a daily cycle with site-specific 

sequences of sonic activity. Further, sound types are partitioned into temporal, frequency and 

spatial niches which aligns with the acoustic niche hypothesis. 

In my last study I relate acoustic properties of 12 freshwater streams to their environmental 

parameters. In particular, I explore the relationship between acoustic indices from Chapter 2, 

annotated biological sounds from Chapter 3 and environmental parameters of each stream. 

Further I investigate 1) the capacity of acoustic indices to detect biological sounds and 2) 

biological sounds and acoustic indices as potential monitoring tool for environmental 

parameters in freshwater streams. Results demonstrate that flow, depth and macrophyte 

cover are the key drivers of sound composition and that acoustic indices can be used to detect 

biological sounds and reflect environmental parameters in freshwater streams.  
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Very few studies have explored soundscapes of freshwater bodies over a broad spatial and 

temporal scale. Overall, my thesis represents an important first step towards monitoring and 

analysing freshwater soundscapes. Soundscapes of freshwater streams exhibit spatial-

temporal variation and are unique in their sound composition. This suggests that there is a 

great potential for ecoacoustics to provide a monitoring tool for freshwater systems, especially 

through easy and efficient use of acoustic indices. However, more research should investigate 

automated process to extract more acoustic information by using machine learning. My 

research expands our knowledge of freshwater acoustics and ecoacoustics as a cost effective 

long-term monitoring tool.  
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 Introduction 

Ecoacoustics is a growing field of cross-disciplinary science investigating patterns and 

processes in biodiversity and ecosystem function using acoustic signals. This approach has 

been used intensively in marine and terrestrial realms but has only recently been directed 

towards freshwater systems. My thesis examines the application of ecoacoustics to monitoring 

freshwater ecosystems using streams in subtropical south-east Queensland as a case study. 

This chapter provides the background, study area, methods and research aims of my thesis.  

 Background 

Freshwater systems worldwide have been dramatically transformed through large changes to 

land cover, urbanization, agriculture and industrialization (Dudgeon et al. 2006, Vörösmarty et 

al. 2010). Climate change and species’ invasions pose further significant threats to freshwater 

systems (Jacobsen et al. 2012). To stop the decline of ecosystem health and improve the 

sustainability of water resources for both environmental and human needs, effective 

monitoring is critical (Revenga et al. 2005). Conservation and restoration of biodiversity 

depends on a thorough knowledge of the spatial and temporal patterns in community 

composition and structure as well as the key biotic and abiotic drivers of these. A wide range 

of survey techniques for different environments and species exists for freshwater (Ebner et al. 

2008), marine (Beck et al. 2001) and terrestrial (Garden et al. 2007) systems, some of which 

vary with respect to their cost and efficacy in different situations. Due to rapid ecosystem 

degradation, however, there is an urgent and growing need for robust and cost effective 

monitoring technologies that can provide a standardized approach across large areas and long 

time periods and which can generate data that can be appropriately analysed and evaluated to 

inform management decisions. 

Bioacoustics is a promising and cost effective tool for surveying freshwater systems (Rountree 

and Juanes 2017, Linke et al. 2018) which, to date, has mostly been applied in terrestrial (Llusia 

et al. 2011, Fristrup and Mennitt 2012) and marine settings (Notarbartolo di Sciara and Gordon 

1997, Au and Hastings 2008). Bioacoustics refers to the investigation of sound in the 

environment as well as the production, dispersion and reception of sounds in animals, 

including mammals (Hammer and Barrett 2001, Zeppelzauer et al. 2015), birds (Thompson et 

al. 1994, Farina et al. 2015, Ptacek et al. 2015), amphibians (Akmentins et al. 2015, Chuang et 

al. 2016, Clulow et al. 2017), invertebrates (Leston et al. 1965, Aiken 1985a, Lavery and 

Stanton 2002, Polhemus 2009, Sweger and Uetz 2016), reptiles (Young 2003, Dorado-

Rodrigues et al. 2012), fish (Sandeman and Wilkens 1982, Anderson et al. 2008, Favaro et al. 

2011) and plants (Gagliano et al. 2012).  
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In recent years, the focus of bioacoustics research has shifted from describing single species to 

a more holistic approach, referred to as ecoacoustics, which investigates soundscapes and 

their relationship with the environment (Tonolla et al. 2011, Sueur and Farina 2015). 

Soundscapes can be defined as acoustic compositions of voluntary and involuntary sounds of 

biotic and abiotic origin (Pijanowski et al. 2011b). The International Organization for 

Standardization defined soundscape as the “acoustic environment as perceived or experienced 

and/or understood by a person or people in context” (International Organization for 

Standardization 2014). In this thesis I will only deal with sounds within the hearing range of 

humans being between 20 Hz and 20 kHz (Rossing 2007). Understanding soundscapes and 

their components is an important part of ecoacoustics and can contribute to novel approaches 

for investigating and managing ecosystems. The major components of ecological soundscapes 

are geophony, biophony and anthropophony - all of which overlap spatially and temporarily 

(Payne et al. 2009) (Table 1.1). A conceptual model of the drivers of sound in freshwater 

systems and the impacts of humans on the soundscape is outlined in Figure 1.3 and Figure 1.5.  

Geophony refers to the sum of sounds resulting from non-biological natural movement of 

agents such as wind, running water, rain and sediment. Geophony represents the sonic 

background and is affected by geomorphic/physical traits and the climate of a region/habitat 

(Pijanowski et al. 2011b). In the marine realm, geophony mainly results from wind, rain, tides 

and breaking surf (Haxel et al. 2013, Staaterman et al. 2014, Erbe et al. 2015). Similarly, 

geophony is strongly influenced by rain and wind in terrestrial systems (Fairbrass et al. 2017). 

In freshwater systems, geophony mainly  reflects sediment/bedload transport (Tonolla et al. 

2011, Lorang and Tonolla 2014), hydraulically-generated sounds (e.g. roaring) (Tonolla et al. 

2009), wind and ice cracking (Martin and Cott 2016). 

Biophony is the term used for the sound produced by living organisms (Krause 1993). Each 

biome - i.e. the community of animals and plants at a given location  has a specific biophony 

that can vary temporally in relation to season and hour of day (Pijanowski et al. 2011a) and 

spatially, according to habitat type (McWilliam and Hawkins 2013, Putland et al. 2017). Marine 

biophony results from soniferous marine mammals such as whales (Sousa-Lima and Clark 

2009), turtles (Papale et al. 2020), fish and invertebrates such as snapping shrimp (McWilliam 

and Hawkins 2013, Erbe et al. 2015). In terrestrial systems, biophony is produced by soniferous 

terrestrial animals such as birds (Gasc et al. 2013a), amphibians (Grant and Samways 2016), 

mammals (Fairbrass et al. 2017) and insects (Jeliazkov et al. 2016, Roca and Proulx 2016). 

Common biophony sounds recorded in freshwater ecosystems are made by fish (e.g. Anderson 

et al. 2008, Roca et al. 2020) (e.g. Anderson et al. 2008), insects (e.g. Desjonquères et al. 2015) 

and amphibians (e.g. Brunetti et al. 2017)  
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As nearly all freshwater systems globally have been impacted by human use, the further 

significant component within their soundscapes is ‘anthropophony’, the artificial sound made 

by humans (Gage and Axel 2013). A subcategory of anthropophony is technophony which is 

defined as sound produced by human technology/machines (Mullet et al. 2016). In marine 

systems, anthropophony results from human activities occurring within the marine 

environment, such as ships (Erbe et al. 2015), as well as human noise from outside the marine 

systems (Bailey et al. 2010, Thompson et al. 2010, 2013, Floum 2017). In the terrestrial realm, 

anthropophony is a sum of sounds such as air and road traffic and human speech (Fairbrass et 

al. 2017, Munro et al. 2017). In freshwater ecosystems, like marine environments, 

anthropophony includes noises generated within the freshwater environment, such as from 

boats (Amoser et al. 2004, Wysocki et al. 2006), as well as noises generated from outside 

freshwater systems (Martin and Cott 2016). 

 

Table 1.1: Examples for origins of anthropophony, geophony and biophony in different realms 

 

Ecoacoustic recordings can be used to assess biodiversity in different landscapes ranging from 

cities to forests (Luczkovich et al. 2008, Farina and Pieretti 2014, 2017, Tucker et al. 2014). 

Further, the potential for ecoacoustics as a monitoring tool has been explored in marine (Risch 

and Parks 2017), terrestrial (Fuller et al. 2015) and freshwater systems (Linke et al. 2018, van 

der Lee et al. 2020). However, while the patterns and processes of ecoacoustics have been 

intensively studied in marine and terrestrial environments, they have only gained traction in 

freshwater systems in recent years (Table 1.2). Freshwater ecoacoustics has the potential to 

provide a greater understanding of freshwater species and their environments and can 

therefore contribute to effective decision-making in conservation and restoration planning. 

Recorded sounds can be used to monitor and analyse species (e.g. fish; Luczkovich et al. 2008), 

 Marine Terrestrial Freshwater 

Anthropophony Ships, Turbine, 

UAS 

Cars, Planes, 

Footsteps,  

Lawnmowers, Music 

Ships, boats, air crafts, road 

vehicles  

Geophony Wind, Rain, 

Tides 
Wind, Rain, 

Wind, rain, sediment, ice 

cracking  

Biophony 

Cetaceans, 

Crustaceans, 

Invertebrates, 

Fish 

Terrestrial animals, 

birds 

Fish (~20%), Insects, 

amphibians 
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populations, communities and ecosystems (e.g. Hudson River; Anderson et al. 2008, Martin 

and Popper 2016). Sound recordings can therefore inform assessments of biodiversity, species 

conservation planning and analyses of the effects of human sonic activity in freshwater 

systems.  

 

Table 1.2: Google scholar results for different keywords in different realms (conducted on 
09.11.2020) 

 

 Recording and analysing sounds in the environment  

One of the challenges in studying ecoacoustics is actually recording the sounds in a way that 

allows analysis. In terrestrial environments, acoustic recordings are collected using 

microphones while hydrophones (essentially waterproof microphones) are used in marine and 

freshwater systems (Farina and Gage 2017a). Ecoacousticians have to work closely with 

engineers to improve acoustic sensor systems and to ensure that these will meet the 

challenges of acoustic monitoring in different environments with contrasting physical and 

biological attributes (Farina 2018). An important step in the development of effective sensor 

technology was the creation of a recording system that can be programmed to record at 

selected times, sleep and record again over long periods of time (e.g. Frontier Labs 2018;  

Wildlife Acoustics Inc. 2018). Another significant development was the creation of Soundscape 

Explorer (SET= soundscape explorer terrestrial or SEA=soundscape explorer aquatic) by the 

International Institute of Ecoacoustics (International Institute of Ecoacoustics 2018). SET is a 

sound and meteorological data recorder that records acoustic files while processing such files 

in real time using the Acoustic Complexity Index (ACI) metric (Farina et al. 2016).  

No. of results in 

google scholar for 

word + realm 

(09.11.2020) 

Marine Terrestrial Freshwater 

bioacoustics 15700 7590 4440 

ecoacoustics 451 409 239 

biophony 550 456 214 

geophony 410 365 150 

anthropophony 329 270 145 

soundscape 5920 3650 1670 
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Hydrophones are the central element of an underwater recording system (Figure 1.1). Most 

hydrophones contain a piezoelectric element in a waterproof capsule that converts sound 

pressure into an electrical signal that can be recorded and analysed. Most hydrophones are 

omnidirectional, though direction and spatial attributes can be measured  using an array of 

hydrophones (Karaconstantis et al. 2020). Captured acoustic vibrations are converted into an 

electrical signal, which is often enhanced by a pre-amplifier to limit the potential of noise 

contamination from additional components to the hydrophone. The electrical signal is then 

translated back and digital recorded into either wav or mp3 format. Depending on the sound 

range of the target species or soundscape, a hydrophone should be chosen based on its 

sensitivity and frequency response. The frequencies of most fish sounds range from 20 Hz to 4 

kHz (Rountree et al. 2006) while underwater insect sounds range between 200 Hz (e.g. 

Coleoptera imago Acilius sulcatus) (Leston et al. 1965) and  100 kHz e.g. Hydropsychidae 

larvae) (Silver and Halls 1980). 

 

 

Recorded data is usually saved on a Secure Digital Memory Card (SD card) and later transferred 

to a computer where it can be analysed. Several software products can be used to analyse 

recordings e.g. MATLAB (The MathWorks 2012), Raven (Bioacoustics Research Program 2014), 

Adobe Audition (Adobe Systems Software 2015) and R (R Development Core Team 2018). 

Further, a spectrogram can be produced to visualize the recording using time and frequency of 

the recording as the x-y dimensions respectively, while the z-axis represents the sound 

Figure 1.1. Scheme of a hydrophone 
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intensity. An example is given in Figure 1.2, where time on the x-axis is in hours, minutes and 

seconds (hms) and frequency on the y-axis is in hertz (Hz).  

 

 

The two most common types of ecoacoustic analyses for environmental monitoring are single 

species approaches and soundscape analyses. A single species approach can be focused on 

detecting, for instance, particular life history events, such as spawning (Parsons et al. 2009, 

Straight et al. 2014, Bolgan et al. 2018), or for detecting changes in species composition, such 

as the presence of invasive species (Kottege et al. 2015, Rountree and Juanes 2017). 

Alternatively, a soundscape approach can be used to monitor changes in an ecosystem as a 

whole (Gage et al. 2015, Sueur and Farina 2015, Krause and Farina 2016). The latter is often 

achieved by calculating acoustic indices, akin to ecological community metrics (e.g. various 

diversity indices), and characterizing soundscapes on different acoustic levels such as 

frequency and amplitude (Gage et al. 2001, Sueur et al. 2014, Towsey et al. 2014a, Harris et al. 

2016, Decker et al. 2020). This type of ecoacoustic approach was developed in terrestrial 

settings (Sueur et al. 2008b) and has only recently been adapted to freshwater systems 

(Desjonquères et al. 2015, Decker et al. 2020).  

Acoustic indices consider the whole, or a selected, frequency range of sounds in an ecosystem 

to describe richness, complexity or dissimilarity (Sueur et al. 2014). Acoustic indices can be 

divided into three categories. First, there are indices that measure amplitude or intensity of 

sound (e.g. Torija et al. 2011). Second, some indices estimate frequency and temporal 

complexity of sounds (Sueur et al. 2008a, Pieretti et al. 2011). These indices assume that the 

acoustic composition of a community or landscape will increase in complexity with an increase 

in the number of singing individuals and species, though this is not always true (see Linke & 

Decker et al. 2020). The last group of indices divides the soundscape into two components, i.e. 

Figure 1.2. Example of a spectrogram. Time on the x-axis over 3 days, frequency on 
the y-axis in Hz and intensity of sound on z-axis (the darker the colour the more 
intense the sound). 
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biophony and anthropophony. One frequency band between 0.2 and 2 kHz is assumed to be 

mechanical sound while the second, between 2 and 8 kHz, is assumed to be primarily occupied 

by animal sound. The main idea of this third approach is to estimate the relative acoustic 

contribution of biophony and anthropophony (Joo et al. 2011).  

Within this thesis, the following three acoustic indices are used: the Acoustic Complexity Index 

(ACI), the Acoustic Entropy Index (H) and the Median amplitude of envelope (M) (Table 1.3). 

The ACI measures spectral complexity of soundscapes by calculating the variability of 

intensities in audio recordings in different frequency bins and was developed to extract 

acoustic information of the natural soundscape, monitor changes in the vocalizing community 

and therefore monitor animal dynamics (Pieretti et al. 2011). The H index measures spectral 

and temporal complexity by quantifying the evenness of amplitude envelope over time units 

(Sueur et al. 2008a, 2008b). Finally, the M index is a measurement of the median of the 

amplitude envelope - a measure of overall sound pressure (Depraetere et al. 2012). These 

indices were previously established in other freshwater studies (Karaconstantis et al. 2020, 

Linke et al. 2020) and were therefor chosen for this thesis. The focus of the thesis was to 

develop ecoacoustics as monitoring tool and not to compare all available acoustic indices with 

each other. I therefore used acoustic indices that were established in freshwater systems in 

previous studies (Karaconstantis et al. 2020, Linke et al. 2020). These acoustic indices reflect 

amplitude (M), spectral complexity (ACI) and spectral-temporal complexity (H) and therefore 

describe the key sources of variation. For an overview of other acoustic indices please see 

Sueur et al.  2014. 

Table 1.3. Acoustic indices used in this thesis. 

 

 Spatial and temporal variation in natural soundscapes 

Ecological soundscapes exhibit considerable variation in both space and time (Figure 1.3).  

Different soundscapes occur not only between different ecosystems, but also between 

different habitats within an ecosystem (Radford et al. 2010, McWilliam and Hawkins 2013, 

Full name Abbreviation Principle Reference 

Acoustic 
Complexity Index 

ACI a measure of spectrogram 
complexity in frequency bins 

Pieretti et al. 2011 

Acoustic Entropy 
Index 

H A measure of complexity in 
both time and frequency 

Sueur et al. 2008a 

Median of 
amplitude 
envelope 

M The median of the amplitude 
envelope, which is an indicator 

of overall sonic activity 

Depraetere et al. 
2012 
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Harris et al. 2016, Putland et al. 2017). For example, within marine systems it has been 

observed that sites with high fish diversity and higher coral cover have a higher SPL (SPL: the 

effective sound pressure relative to a reference value (Madsen 2005)) in the lower frequency 

range compared with lower fish diversity and coral cover sites (Elise et al. 2019). Further, on-

shelf acoustic environments have been shown to have a higher SPL and acoustic heterogeneity 

when compared to pelagic environments (Roca and Van Opzeeland 2019). Distinct underwater 

sound characteristics have similarly been found between different coastal habitats (Radford et 

al. 2010), coral reefs (Nedelec et al. 2015) and kelp forest, seagrass and macroalgal-seagrass 

habitats (Rossi et al. 2017), suggesting a high degree of spatial heterogeneity within the marine 

environment. 

 

 

Figure 1.3. Conceptual model of the natural drivers of sound in freshwater  

 

In terrestrial environments, landscape patterns are often reflected within the soundscape 

(Bormpoudakis et al. 2013, Grant and Samways 2016, Pijanowski 2016). In general, large and 

complex habitats and those that have not been disturbed by humans for a long time have a 

higher diversity of sounds (Pijanowski 2016, Müller et al. 2020). In the  Brazilian Amazon forest 

soundscape, saturation during the dawn period depended on whether canopy cover was open 

or closed, with intact forest exhibiting higher acoustic activity compared with degraded forest 
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(Rappaport et al. 2020). Natural protected grasslands were found to have a higher acoustic 

diversity compared with intensively managed grasslands, with acoustic diversity increasing 

with plant heterogeneity and patch size (Grant and Samways 2016). Further, different 

vegetation types and temperature have been shown to correlate with the acoustic complexity 

of the morning chorus of birds across Mediterranean regions (Farina et al. 2015). This implies 

that an interaction between spatial and temporal variations in terrestrial soundscapes exists. 

In freshwater systems, the underwater landscape has similar effects on soundscapes as 

observed in marine and terrestrial environments. The main physical characteristic that differs 

across freshwater systems is the presence, or absence, of flowing water. Several studies, both 

short-term and long-term, have demonstrated a change in SPL reflecting habitat type (Amoser 

and Ladich 2010, Tonolla et al. 2010, Martin and Popper 2016) and streambed sediment 

transport (Geay et al. 2017). Standing water habitats, for instance, generally have lower sound 

levels compared with flowing habitats (Wysocki et al. 2007). Similarly, rivers with streambed 

transport have higher sound levels than rivers without this movement of materials (Tonolla et 

al. 2010). Further, hydrological connectivity between floodplains can influence the river 

soundscape with more hydrologically connected sites sharing similar acoustic soundscapes 

(Desjonquères et al. 2018), though even adjacent waterholes along one river can differ 

significantly from each other (Karaconstantis et al. 2020).  Therefore, one of the challenges in 

freshwater systems, particularly flowing systems, is separating geophony from biophony, as 

streams inherently are rich in sounds. 

The three main dimensions of temporal variation in soundscapes are diurnal, lunar and 

seasonal. The first description of daily sound patterns in marine environments around 

Australia was published in the late 1970s (Cato 1976, 1978). In the temperate reefs of New 

Zealand increased intensity of biophony during dusk has been attributed to sea urchins and 

snapping shrimps (Radford et al. 2008). Likewise, the daily dusk and dawn chorus is dominant 

in terrestrial systems (Farina et al. 2015). The dawn chorus (Farina et al. 2015) and dusk chorus 

contain the highest sound diversity due to the vocalization/stridulation overlap of birds 

(Stanley et al. 2016) during the daytime and insects (Belwood and Morris 1987, Luther and 

Gentry 2013) and amphibians (Tuttle and Ryan 1981, Jennions and Backwell 1992) during 

night-time (Pijanowski 2016). Although it has not been investigated in depth, diurnal variation 

of sounds also exists in freshwater systems (Decker et al. 2020, Gottesman et al. 2020, 

Karaconstantis et al. 2020). Fish, aquatic insects and hydraulic sounds often occur during 

specific times of the day (Figure 1.4) and, depending on the freshwater system, dusk and dawn 

periods can have high sonic activity (Linke et al. 2020) or none at all (Gottesman et al. 2020). 
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This shows that like other diel variations in ecosystems (e.g. day/night), soundscapes change 

throughout the day as well.   

Temporal variation is not only restricted to daily cycles; for example, in marine ecosystems 

higher sound frequencies, such as those from snapping shrimp, showed daily cycles, while 

lower frequencies, such as those from fish, were more reflective of lunar cycles (McCauley 

2012); Staaterman et al. 2014). The ambient sound in a New Zealand temperate reef was 

highest during the new moon phase, which was attributed to sea urchin and snapping shrimp 

activity (Radford et al. 2008). Similar results have been reported for reefs in the Florida Keys, 

USA, where the highest sound levels occurred during the new moon phase and the wet season 

(Staaterman et al. 2014). Linke et al. (2020) also observed an increase in the insect chorus with 

decreasing moonlight in waterholes of an ephemeral river in Northern Queensland, Australia 

(Linke et al. 2020). This suggests that moonlight impacts species acoustics behaviour in many 

ecosystems - which will have to be accounted for in any monitoring program - though little 

research has been done in this field.   

Seasonal variation in soundscapes often depends on migration and species life histories. In the 

open ocean, seasonal soundscape changes reflect activities of marine mammals like humpback 

whales which vocalize during breeding season from winter to spring (Au et al. 2000). Seasonal 

patterns in terrestrial and freshwater systems are evident as well (Gage and Axel 2013, Montie 

et al. 2015). Cricket sounds, for example, correlate with seasonal climate variation over the 

course of one year (Jeliazkov et al. 2016), while bird sounds reflect seasonal patterns in 

breeding and migration (Grava et al. 2008, Holmes et al. 2014). In freshwater systems in 

Southern California, fish produce species specific sounds from spring to autumn, but not in 

winter (Montie et al. 2015). Similarly, SPL was significantly lower in freshwater lakes in winter 

compared to summer (Putland and Mensinger 2020). Due to this seasonal variability in 

soundscapes, ecoacoustics can be used to predict species migration in various ecosystems and 

monitor changes of migration patterns.  

In summary, spatial and temporal variation in soundscapes exits in all environments, although 

they have been most extensively studied in marine and terrestrial settings. The same 

knowledge is still lacking for freshwater systems. To explore and use the full potential of 

ecoacoustics in freshwater environments, it is imperative to understand spatial and temporal 

variation and the acoustic behaviour of the resident animals. Further, due to human activity 

many ecosystems are degraded, which can lead to a change in soundscape composition. 

Monitoring soundscapes might therefore be used to detect changes in ecosystems.  
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Vessel noise has been shown to interfere with fish choruses (Buscaino et al. 2016) and has the 

potential to trigger behavioural responses in mammals (Aulanier et al. 2017). European 

seabass (Dicentrarchus labrax), for example, showed reduced predator inspection and 

increased ventilation rate (stress indicator) when exposed to elevated noise levels (Spiga et al. 

2017). Though anthropophony has been shown to negatively impact some animals, several 

studies suggest that the tolerance of anthropogenic sounds by animals may change over time 

and that short-term studies might not reflect long-term impacts (Neo et al. 2014, Nedelec et 

al. 2016, Nabe-Nielsen et al. 2018). Further, Berthe & Lecchini (2016) implied a positive effect 

of anthropophony on marine aquaculture, if used as a repellent for eagle rays the main 

predators of pearl oysters (Berthe and Lecchini 2016). Therefore management plans should 

carefully consider, before taking actions against anthropophony as it might be useful in certain 

cases.  

Anthropophony in terrestrial environments also impacts behaviour in animals due to masking 

of auditory cues with the potential to decrease urban song diversity (Proppe et al. 2013). 

Breeding house sparrows (Passer domesticus), great tits (Parus major) and blues tits (Cyanistes 

caeruleus) inhabiting disturbed environments showed increased vigilance, decreased foraging 

and feeding when exposed to anthropogenic noise (Meillère et al. 2015, Klett-Mingo et al. 

2016, Lucass et al. 2016). Despite the evidence of impacts, many animals in terrestrial systems 

appear to have adapted to the noises humans make, with many urban avian species relatively 

well adapted to noise pollution (Francis et al. 2009). For example, over the course of 36 years, 

populations of white sparrows have increased the minimum frequency of their song in 

response to anthropophony (Luther and Derryberry 2012). Similarly, female field crickets have 

been observed to have difficulty finding mating partners when background noise is increased 

(Schmidt et al. 2014), while tree crickets seem to have adapted to this (Costello and Symes 

2014). In general,  biophony in terrestrial environments is negatively correlated with 

anthropophony with an increase from rural land-use to highly urban land-use (Joo et al. 2011, 

Munro et al. 2017) and the negative correlation is typically stronger in locations where 

motorized vessels are used (Mullet et al. 2016, Ghadiri Khanaposhtani et al. 2019). Though 

research suggest that some species are adaptable to human generated noise, anthropophony 

poses another selection pressure on species - those who can adapt to human noise and those 

who cannot.  
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Most freshwater acoustic studies related to human impact explore anthropophony and its 

effect on freshwater species. Anthropophony, especially technophony, overlaps spectrally and 

temporally with biophony in the freshwater soundscape (Rountree et al. 2020a) and is a 

known threat to fish communities and possibly other organisms (Amoser and Ladich 2010, 

Bolgan et al. 2016). Exposure to anthropogenic noise raised auditory thresholds and increased 

hearing loss in hearing specialists like goldfish (Carassius auratus) (Smith 2004a) and fathead 

minnows (Pimephales promelas) (Scholik and Yan 2002b). Hearing generalists, like tilapia 

(Oreochromis niloticus) or bluegill sunfish (Lepomis macrochirus), on the other hand, appear to 

be less affected by anthropogenic noise (Scholik and Yan 2002a, Smith 2004b). The differential 

impact between hearing specialist and generalist species, however, may not be universal, as 

common carp (Cyprinus carpio) and gudgeon (Gobio gobio), both hearing specialists, and 

European perch (Perca fluviatilis), a hearing generalist, are equally stressed by technophony 

resulting from ship noise (Wysocki et al. 2006). This suggests that anthropophony can cause 

harm to species directly by impacting physiological function and indirectly by masking auditory 

cues.  

Anthropophony can also impact fish behaviour by masking acoustic communication during 

activities such as spawning aggregations and courtship interactions (Amoser and Ladich 2010; 

Slabbekoorn et al. 2010). Communication and orientation of fish can be limited by artificial 

noise (Wysocki and Ladich 2005) and ship noise can decrease the ability to detect conspecific 

acoustic signals (Vasconcelos et al. 2007). Artificial noise can further induce different 

behaviour in in fish. When daffodil cichlid (Neolamprologus pulcher), were exposed to boat 

Figure 1.6: Soundscape change due to natural and anthropogenic variation. Black notes 
indicate natural sound, red notes indicate anthropophony. 
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noise they displayed reduced digging behaviour, decreased defence against predators of eggs 

and increased aggression which has negative consequences for their fitness (Bruintjes and 

Radford 2013). Though the impact of anthropogenic noise on fish might be context dependent, 

such as during breeding (Bruintjes and Radford 2013), many studies suggest that the overall 

impact of anthropophony on fish is negative, and therefore by default, likely also negative for 

freshwater ecosystems.  

In general, anthropogenic noise is a potential threat to a diverse range of taxa, possibly 

inducing changes in foraging behaviour, predator-prey dynamics, reproductive success, density 

and community structure (Barber et al. 2010, Mullet et al. 2016). A city with more vegetation 

will most likely have more enjoyable sounds (e.g. bird songs) than one which is less well 

vegetated (Gage and Joo 2017). Indeed, not all human produced sounds are considered merely 

‘noise’ (e.g. Mozart, Beethoven) (Smith and Pijanowski 2014) and some animals have been 

shown to adapt to anthropophony (Luther and Derryberry 2012, Slabbekoorn 2013, Costello 

and Symes 2014). Luther & Derryberry (2012) even suggest that “behavioural adjustment to 

anthropogenic ambient noise over time can affect cultural evolution and communication” 

(Luther and Derryberry 2012). Therefore, careful consideration is required before 

implementing management actions to address anthropogenic noise as some animals might 

have adapted to, or even need, background noise. Further monitoring of soundscapes in 

different environments is needed to better understand the relationship between soundscape 

and environment. 

 

Ecoacoustics and monitoring 

Biomonitoring is used to characterize ecological condition and the existence, extent and 

severity of biological degradation as well as long-term trend analysis (Buss et al. 2015). 

Biomonitoring programs aim to identify regional biotic attributes and patterns as well as 

potential sources and causes of degradation. Biomonitoring can evaluate the effectiveness of 

pollution control and remediation activities and can be used to detect and assess cumulative 

impacts (Barbour et al. 1999, Hering et al. 2006, Paulsen et al. 2008). Though many biological 

assemblages are used for assessing ecological condition of freshwater systems, benthic 

macroinvertebrates are the most common bio-indicator (Hellawell 1986). Macroinvertebrates 

are widely used in biomonitoring programs (see Buss et al. 2015), especially in the framework 

of the ‘reference condition approach’ (Bailey et al. 2004).  

The reference condition approach attempts to compare test sites to matching reference sites 

that have similar ecological characteristics to the site being assessed. Hypothetically, natural 
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environmental characteristics can be used to explain variation in ecological characteristics in 

reference sites. In the reference condition approach, statistical models are used to make 

predictions of the expected condition at sites being assessed if stressors were absent (Bailey et 

al. 2004). The assessment is carried out by quantifying the degree to which the observed 

condition differs from the natural expected condition (Wright et al. 2000).  

Many studies have used the reference condition approach (Reynoldson et al. 1997, Reece and 

Richardson 1999, Bailey et al. 2004, 2014, Bowman and Somers 2005, Stoddard et al. 2006, 

Herlihy et al. 2008), among them the Freshwater Ecosystem Health Monitoring program 

(EHMP) (see Bunn et al. 2010). The EHMP is a comprehensive and cost effective ecological 

monitoring program in South East Queensland (SEQ) that uses the reference condition 

approach with five ecological indicators (water quality, ecosystem processes, nutrient cycling, 

macroinvertebrates and fish) containing eighteen different indices (Healthy Land and Water 

2007; Bunn et al. 2010). One missing component though is the soundscape within sites that 

could complement the acquired data and help assess condition of the ecosystems in a more 

holistic way.  

Ecoacoustics has been used to monitor biodiversity and detect fish chorus in marine systems 

(Siddagangaiah et al. 2019). Nedelec et al. (2015) propose the use of ecoacoustics to monitor 

the health of coral reef ecosystems, suggesting full bandwidth and midrange SPL would be 

expected to diminish in response to a reduction in coral cover and increased macro-algae 

cover, which is associated with an increase in audible ‘snaps’ of snapping shrimp (Nedelec et 

al. 2015). Likewise, Butler et al. (2016) showed higher soundscape spectra levels in healthy 

hard-bottom marine environments when compared with degraded environments with the 

degraded environments sounding more like healthy ones after restoration (Butler et al. 2016). 

The sounds themselves may also influence perception of habitat quality, when healthy reef 

sounds were played at a degraded coral reef the fish community doubled in overall 

abundance, and species richness increased by 50% after 40 days (Gordon et al. 2019). This 

shows that ecoacoustics can be used to monitor habitat health and support the success of 

habitat restoration in marine systems.   

In the terrestrial realm, acoustic indices are often used as a monitoring tool. For example, 

acoustic indices have been applied to predict the diversity of avian species vocalization in 

different land-use types in India (Buxton et al. 2018), assess phylogenetic diversity in bird 

communities (Gasc et al. 2013a), predict wilderness areas along an urban-wild gradient 

(Carruthers-Jones et al. 2019), monitor activity of water-dependent birds in response to 

restoration activity (Linke and Deretic 2020) and facilitate animal diversity assessment in 

woodland habitat such as mature forest, young forest and forest-cropland ecotone 
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(Depraetere et al. 2012). Three different soundscape indices (Acoustic evenness index, 

Acoustic entropy index and Acoustic diversity index) were shown to be significantly different 

between cleared, regrowth and remnant woodland ecosystems (Ng et al. 2018). Further, three 

indices (i.e.  acoustic entropy, acoustic evenness and normalized difference soundscape index) 

could connect soundscape with landscape characteristic, ecological condition and bird species 

richness (Fuller et al. 2015). While acoustic indices are a promising monitoring tool, Fairbrass 

et al. (2017) and Gasc et al. (2015), both recommend pre-filtering of background noise(Gasc et 

al. 2015, Fairbrass et al. 2017). This suggests that acoustic indices can be used as a proxy to 

measure vegetation condition for biodiversity values and assess and understand the 

effectiveness of habitat restoration, but further methodological research is needed to improve 

acoustic indices and therefore ecoacoustics as a monitoring tool.  

As previously stated, ecoacoustics in freshwater systems has not been explored to the same 

extent as in marine and terrestrial realms, though some studies have examined the use of 

ecoacoustics as a monitoring tool in freshwater systems (van der Lee et al. 2020, Clink and 

Klinck 2020). For example, acoustic monitoring has been used to rapidly map sediment 

transport during disturbance events such as river bank erosion (Lorang and Tonolla 2014) and 

to estimate metabolism in freshwater systems by detecting oxygen fluctuation (van der Lee et 

al. 2020). Further, freshwater ecoacoustics showed potential for detecting spawning activities 

and determine the seasonal and spatial distribution of endangered fish (Wang et al. 2015, 

Yamamoto et al. 2016, Bolgan et al. 2018) as well as assess the distribution of invasive fish  

(Rountree and Juanes 2017). Though ecoacoustics has gained traction in freshwater systems in 

recent years, there are still challenges to overcome in order to use ecoacoustics as a 

monitoring tool.  

 

 Challenges for ecoacoustics monitoring 

Ecoacoustics is a unique discipline with many interactions with other disciplines, e.g. art, music 

(Barclay et al. 2018). Consequently, ecoacoustics is prone to a lack of attention from 

researchers and slower improvement (Farina and Gage 2017a). One major challenge facing 

ecoacoustics is handling of big data. Using ecoacoustics as a monitoring tool means producing 

a large amount of data, storage (Equation 1) and information wise. To extract information 

from recordings, audio files are often plotted using graphics that summarise several variables, 

thus representing a challenge for big data visualisation (Gage and Axel 2013, Towsey et al. 

2014b). Ways ecoacousticians deal with the “big data” challenge (Hampton et al. 2013) include 

acoustic indices and several acoustic processing and delivery systems (e.g. Butler et al. 2007; 

Kasten et al. 2012; Villanueva-Rivera & Pijanowski 2012). In the future it will be necessary to 
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improve systems to receive, store, analyse and deliver acoustics including implementing a 

cyberinfrastructure capable of processing data from large-scale acoustic surveys even in 

remote areas  (Butler et al. 2007, Aide et al. 2013). 

 

44 𝑘𝐻𝑧 ∗ 16 𝑏𝑖𝑡 ∗ 2 = 1408000
𝑏𝑖𝑡

𝑠
= 176000

𝑏𝑦𝑡𝑒𝑠

𝑠
= 633600000

𝑏𝑦𝑡𝑒𝑠

ℎ
= 604.2 𝑀𝐵/ℎ  

Equation 1.1.604.2MB are recorded per hour capturing standard quality recording with a 
sampling frequency of 44 kHz with 16 bit rate and two channels  

 

What does the acoustic composition we record tell us? Is acoustic complexity of a community 

linked to its biodiversity? Can an acoustic composition be linked to ecosystem health? Though 

ecoacoustics is increasingly recognized as a monitoring tool, there are still many questions to 

be answered (for more questions see Krause & Farina 2016). To improve and further develop 

this method, standardized measurements and a better understanding of the acoustic 

contributors and their relationship to each other is required (Fuller et al. 2015). For example, 

no internationally accepted protocol exists to record ecoacoustic attributes at the appropriate 

temporal and spatial scale (Pieretti et al. 2015). A standardized method should be developed, 

to be able to compare acoustic recordings from plots, habitats, ecosystems and ecoregions. 

Connecting biodiversity and habitat health with the soundscape at any one site can be 

problematic across all environments, though it may be especially challenging in freshwater 

systems since little research has been done to connect habitat health to the soundscape at a 

site. Figure 1.7 describes one problem associated with using biophony as a measure of 

biodiversity and habitat health. Only 20 percent of fish (Kaatz 2002) and four orders of aquatic 

insects (Coleoptera, Hemiptera, Odonata, Trichoptera (Aiken 1985a) are soniferous. This 

makes soundscape assessments of fish or invertebrate communities more problematic than 

their terrestrial counterparts. The absence of sound in a river does not necessarily mean fewer 

species. The river may just have less soniferous species, but still the same species richness 

(Figure 1.7). Both an aquatic habitat with no animals (Figure 1.7a) and a habitat with only non-

soniferous fish (Figure 1.7b) will bear no detectable biophony. Similarly, richness of soniferous 

and non-soniferous species in a habitat cannot be distinguished by only using sound as a 

measurement. Figure 1.7c and d will have akin biophony, but not the same diversity or 

richness of species.  
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Another challenge for using ecoacoustics as a monitoring tool for the soniferous community is 

the ability to connect a change in soundscape to the cause of the change (Figure 1.9). Impacts 

causing soundscape change might range from general human influence (e.g. Proppe et al. 

2013) to an increase in abundance of invasive species (e.g. Leathwick et al. 2016; Collier et al. 

2017) leading to an increase or decrease in the abundance and/or activity of soniferous 

species. Another reason for an observed change in biophony could reflect a change in the 

sound behaviour of the resident species, a change in the frequency or level of sound. Evidence 

shows that vocal animals try to reduce the effect of background noise by either increasing the 

amplitude of the acoustic signal, the ‘Lombard effect’ (Brumm and Zollinger 2011), or shifting 

the signal frequency (Ladich 2015). Frogs and birds, for example, have been shown to adapt to 

traffic noise by increasing the frequency of their call (Parris et al. 2009, Luther and Derryberry 

2012), while tree swallows increase amplitude level of their songs (Leonard and Horn 2005). A 

change in the biophony of a site, therefore, does not necessarily mean a change in the 

composition of the soniferous community, it might just be a shift in their sound production.   

In summary, therefore, the soundscape across many environments is highly context 

dependent. Ecoacoustics, like other monitoring tools, has some challenges that need to be 

overcome. In freshwater systems, increased sound levels due to anthropogenic influence 

reflect an increase in human activity which is negatively associated with ecosystem health. To 

use ecoacoustics as a monitoring tool in freshwater systems, we need to understand how 

acoustic properties vary between different sites, what drives these differences and how the 

freshwater soundscape is related to the physical and biological characteristics of the 

freshwater environment. 
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 Study area – South-east Queensland, Australia 

South East Queensland (SEQ) is itself classified as a bioregion in the Interim Biogeographic 

Regionalisation of Australian (Australian Government 2020) and comprises 15 major 

catchments with a combined area of almost 23,000 km2. SEQ is the fastest growing region in 

Australia with an estimated growth from 3.5 million people to 5.3 million people projected in 

the next 25 years (Department of Infrastructure Local Government and Planning 2017). The 

receiving waters of Moreton Bay and its estuaries have very high conservation value and 

support fisheries and tourism, while the western catchments are the region’s primary water 

supply (Zhou et al. 2006). Since European settlement, human activity has left a significant 

ecological footprint, resulting in substantially altered catchment hydrology and environmental 

problems including significant loss of native vegetation (Zhou et al. 2006, Bunn et al. 2010). In 

the 1990s, a coordinated approach was initiated to address the problem of declining water 

quality and aquatic ecosystem health in Moreton Bay and the Brisbane River. In 2001, the SEQ 

Regional Water Quality Management Strategy was developed, founding the Ecosystem Health 

Monitoring Program (EHMP) (Healthy Waterways 2018).  

The Freshwater EHMP provides a comprehensive assessment of health and response of 

aquatic ecosystems to human activities, e.g. catchment alterations, for each of South East 

Queensland’s major catchments, river estuaries and Moreton Bay zones. Currently in the 

freshwater program, 75 sites are sampled every year in the Australian autumn (April – May). 

Each year, the sampled sites consist of 48 ‘regular’ sites (sampled every year) and one out of 

three sets of 27 rotating sites (sampled every three years). The sites are divided into four 

stream classes: upland (6 sites), lowland (37 sites), coastal (27 sites) and wallum (5 sites). To 

Figure 1.9: Illustration of possible reasons for change in biophony. 
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assess the health value of a stream 14 parameters are measured at each site (Table 1.4). An 

index value is then calculated (Equation 1.2) and compared against Ecosystem Health 

Guideline values to derive a standardized health score. Resulting score range from zero 

(‘unhealthy’/heavily disturbed) to one (‘healthy’/minimal disturbed).  

 

𝑆𝑐𝑜𝑟𝑒 = 1.0 − |
𝑥𝑖𝑗 − 𝐺𝑢𝑖𝑑𝑒𝑙𝑖𝑛𝑒

𝑊𝐶𝑆 − 𝐺𝑢𝑖𝑑𝑒𝑙𝑖𝑛𝑒
| 

Equation 1.2. Calculating score for each of the 12 index with xij being the value of index i at a 
site within stream class j, Guideline being the corresponding ‘ecosystem health guideline value 
and WCS being the corresponding ‘worst case scenario’ value (IWC 2009, Bunn et al. 2010).  

 

Table 1.4. Parameters measured at each EHMP site 

 

 

 

 

 

 

 

 

 

Four orders of aquatic insect - Trichoptera, Odonata, Hemiptera and Coleoptera and 

approximately twenty percent of all fish are known to produce sound  (Aiken 1985a, Kaatz 

2002). During the EHMP sampling macroinvertebrates are collected and identified to family 

level and although research has not yet identified all soniferous macroinvertebrate families, 

some found in the study area could be expected to produce sound based on previously studied 

soniferous species within the family (Table 1.5).  

 

Group Parameter 

Physical/chemical  

pH 

Conductivity 
Temperature: Maximum 
Temperature: Range 
Dissolved oxygen: Minimum 
Dissolved oxygen: Range 

Ecosystem processes 
Benthic Respiration 
Gross Primary Production 

Aquatic macroinvertebrates 
 

Taxa richness 
PET 
SIGNAL 

Fish 
PONSE 
O/E50 
Proportion alien 
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Table 1.5. Potential soniferous species in the study area 

Potential soniferous 
species found by EHMP 

Order of 
species 

Reference 

Amniataba percoides 
Percifomes 

Farina & James 2016 

Leiopotherapon unicolor Linke et al. 2020 

Neoarius graeffei Siluriformes (Ladich and Fine 2006) 

Dytiscidae 

Coleoptera 

Aiken 1985 

Gyrinidae 

Hydraenidae 

Hydrophilidae 

Noteridae 

Belostomatidae 

Hemiptera 

Corixidae 

Naucoridae 

Nepidae 

Notonectidae 

Pleidae 

 

 

 Thesis aims and outlines 

In this thesis, I explore the potential application of ecoacoustic techniques to monitoring the 

condition of freshwater systems. In particular, I sought to explore spatial and temporal 

variation of soundscapes in freshwater streams to better develop the applicability of 

ecoacoustics as a monitoring tool. The overall aim of my research was to: 1) explore spatial 

and temporal variation of freshwater soundscapes across multiple streams in South East 

Queensland (SEQ); 2) investigate the origin of differences in freshwater soundscapes in SEQ; 

and 3) relate acoustic properties to environmental parameters of freshwater streams.  

Each of these research aims is address by a specific study, reported here in separate chapters 

(Chapters 2 to 4). To establish ecoacoustics as a monitoring tool for freshwater realms, it is 

imperative to first investigate whether different streams exhibit different acoustic properties. 

If streams that are physically and/or chemically different cannot be distinguished by acoustic 

properties, ecoacoustics is not a viable tool to monitor streams. However, if streams can be 

acoustically distinguished, then ecoacoustics has the potential to detect environmental 

differences between streams and may have potential to be used as a monitoring tool. The 

second chapter in this thesis therefore explores spatial-temporal variation of stream 

soundscapes and the viability of acoustic indices to detect differences/similarities of different 

creeks. To achieve this, I recorded twelve lowland streams in South East Queensland over 

three days and calculated three acoustic indices for each stream.  
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The third chapter looks more closely into what drives differences in soundscapes between 

streams recorded in the second chapter. I used the full biophonic spectrum to investigate 

differences between soundscapes across this broad spatial range. Specifically, I examined the 

spatial and temporal differences in annotated biological sounds and the biophony of these 

lowland streams. This is an important step in ecoacoustics as it enables further research into 

freshwater acoustics and the potential use of ecoacoustics as a monitoring tool. 

Building on the findings of Chapters 2 and 3, I relate acoustic properties of the lowland streams 

to their environmental parameters in Chapter 4. In particular, I explore the relationship 

between acoustic indices (Chapter 2), biological sounds (Chapter 3) and environmental 

parameters of each stream. Here, I investigate 1) the capacity of acoustic indices to detect 

biological sounds and 2) biological sounds and acoustic indices as potential monitoring tools to 

describe river health gradient in freshwater streams.  

In the final chapter (Chapter 5), I synthesise all findings reported in this thesis and discuss 

future direction for the field of freshwater ecoacoustics and its potential application as a 

monitoring tool.  
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 Singing streams: describing freshwater soundscapes 

with the help of acoustic indices 

Forward: This chapter examines applicability of acoustic indices to investigate spatial-temporal 

variation of 12 freshwater soundscapes in South-East Queensland. Determining variation in 

freshwater soundscapes provided the first inside on how ecoacoustics can be applied as 

monitoring tool. 

This chapter is a co-authored paper that is published in Ecology and Evolution and is presented 

in its published format. My contribution to the paper involved: Conceptualization; Data 

curation; Formal analysis; Methodology; Visualization; Writing‐original draft; Writing‐review & 

editing. The bibliographic details of the co-authored paper are: 

Decker E, Parker B, Linke S, Capon S, Sheldon F. Singing streams: Describing freshwater 

soundscapes with the help of acoustic indices. Ecol Evol. 2020;10:4979–4989. 

https://doi.org/10.1002/ece3.6251 
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 Abstract  

1. Understanding soundscapes, i.e. the totality of sounds within a location, helps to 

assess nature in a more holistic way, providing a novel approach to investigating 

ecosystems. To date, very few studies have investigated freshwater soundscapes in 

their entirety and none across a broad spatial scale.   

2. In this study, we recorded 12 freshwater streams in South East Queensland 

continuously for three days and calculated three acoustic indices for each minute in 

each stream. We then used principal component analysis of summary statistics for all 

three acoustic indices to investigate acoustic properties of each stream and spatial 

variation in their soundscapes. 

3. All streams had a unique soundscape with most exhibiting diurnal variation in acoustic 

patterns. Across these sites, we identified five distinct groups with similar acoustic 

characteristics. We found that we could use summary statistics of AIs to describe 

daytimes across streams as well. Most difference in stream soundscapes was observed 

during the day-time with significant variation in soundscapes both between hours and 

amongst sites. 

4. Synthesis and Application. We demonstrate how to characterise stream soundscapes 

by using simple summary statistics of complex acoustic indices. This technique allows 

simple and rapid investigation of streams with similar acoustic properties and the 

capacity to characterise them in a holistic and universal way. While we developed this 

technique for freshwater streams, it is also applicable to terrestrial and marine 

soundscapes.  

 

Keywords: ecoacoustics, freshwater acoustic, freshwater streams, indices  
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 Introduction 

There is growing recognition that ecosystems can be described based on the complexity of the 

sounds they produce (Farina 2014a).  Soundscapes can be defined as “the totality of all sounds 

within a location with an emphasis on the relationship between an individual’s, or society’s, 

perception of, understanding and interaction with the sonic environment” (Payne et al. 2009). 

Soundscapes provide a unique insight into both the biotic and abiotic components of 

ecosystems (Farina 2014a) including terrestrial (Farina & Fuller, 2017), marine (Putland, 

Constantine, & Radford, 2017) and freshwater (Linke, Decker, Gifford, & Desjonquères, 2020) 

systems. Within ecosystems they have been described for many individual biotic components 

including mammals, birds (e.g. Elemans et al., 2015), amphibians (e.g. Clulow, Mahony, Elliott, 

Humfeld, & Gerhardt, 2017), invertebrates (e.g. Sweger & Uetz, 2016), reptiles (e.g. Young, 

2003) and fish (e.g. Rountree & Juanes, 2018). Despite this broad range of soundscape 

description, there have been few attempts to summarise soundscape complexity across space 

and time and thereby provide further insights into aspects of ecosystem function. 

Ecosystems are typically described in relation to their species’ complexes, functions and 

physical/chemical processes (Ulgiati and Brown 2009) which collectively tend to vary with 

respect to three major dimensions of biocomplexity, i.e. spatial heterogeneity, organizational 

connectivity, and temporal contingencies (Cadenasso et al. 2006). These ecological dimensions 

can be summarised by a range of indices and metrics such as taxonomic richness, tolerance-

based biological indices, functional redundancy and response diversity (Soria et al. 2019). 

Indices can be used to detect anthropogenic impact in different ecosystems (Mouillot et al. 

2013, Soria et al. 2019) and monitor both natural and disturbed systems (Bruno et al. 2016, 

Belmar et al. 2019). Further indices, such as functional diversity (Laliberte and Legendre 2010), 

biodiversity (Izsák and Papp 2000) and species richness (Heltshe and Forrester 1983), are also 

useful for describing complex ecological contexts in a simple and universal way. 

River habitats have traditionally been characterised according to physical, chemical and 

ecological parameters (Leopold and Maddock 1953, Montogomery and Buffington 1997, Wohl 

and Merritt 2008), however, very little is known about their acoustic character. To date, 

freshwater acoustic research has mainly focused on describing the biological sounds produced 

by specific soniferous species like fish (Anderson, Rountree, & Juanes, 2008; Montie, Vega, & 

Powell, 2015) and insects ( Desjonquères et al. 2015) as well as non-biological sounds 

produced by physical processes such as sediment transport (Tonolla, Lorang, Heutschi, 

Gotschalk, & Tockner, 2011). Some human generated sounds, such as the sounds emitted from 

boats, have also been investigated (Amoser et al. 2004, Wysocki et al. 2006). In contrast, very 
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few studies have explored the freshwater soundscape as a whole (e.g. Desjonquères et al., 

2015; Linke et al., 2018).  

Rivers are longitudinal systems, connected from their headwaters to lower reaches by the 

downhill movement of water (River Continuum Concept: Vannote, Minshall, Cummins, Sedell, 

& Cushing, 1980). Along this continuum, they vary spatially and temporally over many scales in 

terms of flow and sediment regimes (Ward et al. 2001) and likely the same is true for their 

soundscapes. In their lowland reaches, rivers are connected laterally to their floodplains (Junk 

et al. 1989). Hydrological connectivity between floodplain habitats can influence the range of 

recorded biotic sounds, with more hydrologically connected sites sharing similar acoustic 

soundscapes and macroinvertebrate communities (Desjonquères et al. 2018). Factors 

contributing to these spatial patterns in sound, however, remain poorly understood.  

The most fundamental physical attribute that varies across freshwater systems is the presence, 

or absence, of flowing water. Lentic habitats, for instance, generally have lower sound levels 

compared with lotic habitats (Wysocki, et al. 2007). Furthermore, the relative roughness of 

habitats (i.e. relative submergence) at a site predominantly affects middle sound frequencies 

(63 Hz-1 kHz) while streambed sediment transport can increase sound pressure level (SPL: the 

effective sound pressure relative to a reference value (Madsen 2005)) in the high-frequencies 

(2-16 kHz) (Tonolla et al. 2010). Across a range of studies, SPL across the entire soundscape 

tends to increase in relation to flow level and flow velocity. However, rivers with lower physical 

heterogeneity and limited local sediment supply and transport tend to exhibit the most 

homogeneous soundscapes (Tonolla et al. 2011).  Differences in soundscapes amongst 

freshwater habitats are therefore driven not only by their biotic communities, but also their 

physical attributes. 

In addition to spatial variation, freshwater soundscapes also exhibit multiple levels of temporal 

variation. Fish, aquatic insects and hydraulic sounds often occur during specific times of day 

and, depending on the freshwater system, dusk and dawn periods can have high sonic activity 

(Linke et al. 2020) or none at all (Gottesman et al. 2020). While most sounds exhibit a diurnal 

pattern, some might occur only rarely or be more frequent after rain fall (Gottesman et al. 

2020). Seasonal sound patterns are less explored in freshwater systems, though fish have been 

found to have “species specific” seasonal patterns with fish sound production often beginning 

in spring, continuing into autumn and not occurring during winter (Montie et al. 2015).  

One way to simplify acoustic data is to use acoustic indices, i.e. summary metrics analogous to 

ecological indices that can be used to expose underlying patterns associated with certain 

characteristics of soundscapes such as loudness and complexity. These indices characterise 
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soundscapes by summarising either the whole soundscape or a specific frequency range (Sueur 

et al. 2014) and allow for overall diversity comparison between different sites (Gasc et al. 

2013a). This is especially useful in freshwater systems where other non-invasive methods like 

visual detection are limited by vegetation and turbidity. In freshwater systems, acoustic indices 

have been applied to detect daily acoustic patterns of fish, aquatic insects and stream flow 

(Linke et al. 2020) as well as seasonal acoustic dynamics across the whole soundscape 

(Gottesman et al. 2020). Acoustic indices have been used to measure acoustic diversity 

(Desjonquères et al. 2015) and acoustic richness (Gottesman et al. 2020). Further, acoustic 

indices have been employed to distinguish species and describe acoustic features such as call 

rate and call amplitude (Indraswari et al. 2020). Though several freshwater studies have used 

acoustic indices in recent years (e.g. Desjonquères et al., 2015; Gottesman et al., 2020; Linke et 

al., 2020), no study to date has investigated the whole soundscape of more than six sites.  

Here, we use summary statistics of acoustic indices to explore the spatial and temporal 

diversity of freshwater stream soundscapes across 12 sites in South East Queensland, 

Australia. Our aim was to characterise the spatial patterns in soundscapes across multiple 

stream systems, to classify streams according to their soundscape and explore the potential 

use of acoustic indices to describe stream soundscapes. We focussed our study on the 

soundscapes of lowland streams and hypothesised that soundscapes will be unique to 

particular stream types and acoustic indices will be able to adequately describe the 

soundscape patterns. We recorded 12 lowland streams for three days and characterised the 

soundscapes on a 24 hour and daytime scale (i.e. grouping hours into day, night and twilight 

hours) using three acoustic indices, each of which describes different aspects of the 

soundscape: 1.) M (Median of amplitude envelope); 2.) H (Acoustic entropy index) and 3.) ACI 

(Acoustic complex index). We then used summary statistics of these acoustic indices in a 

principal component analysis (PCA) to evaluate soundscape similarity between sites and times 

of day.  
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 Methods 

2.3.1. Study area 

This study was conducted in South East Queensland (SEQ) on the sub-tropical, eastern coast of 

Australia. The region comprises 15 major catchments with a combined area of almost 23,000 

km2. SEQ is the fastest growing region in Australia with an estimated projected growth from 

3.5 million to 5.3 million people over the next 25 years (Department of Infrastructure Local 

Government and Planning 2017). The receiving waters of Moreton Bay and its estuaries have 

very high conservation value and support fisheries and tourism, while the western catchments 

are the region’s primary water supply (Xiaofang Zhou, Li, Tao Shen, Kitsuregawa, & Zhang, 

2006; Bunn et al. 2010). Since the late 1800s, European settlement has left a significant 

ecological footprint in the region, resulting in substantially altered catchment hydrology and 

numerous environmental concerns including significant declines in water quality and 

biodiversity loss (Zhou et al. 2006, Bunn et al. 2010). For more information on the SEQ region 

see Bunn et al. (2010). 

Sites for this study were selected from a pool of locations used in a large-scale monitoring 

program that has been conducted across SEQ since the 1990s (Bunn et al., 2010; Healthy 

Waterways, 2018). The Healthy Land and Water monitoring program provided a 

comprehensive assessment of river health and the response of aquatic ecosystems to human 

activities (e.g. catchment alterations) for each of SEQ’s major catchments, river estuaries and 

Moreton Bay zones (Bunn et al. 2010, Sheldon et al. 2012). We used the Healthy Land and 

Water monitoring data to identify 12 suitable lowland creeks (stream order <4) (Table 2.1. 

Streams with site code and HWL name) and analysed their soundscape.  

2.3.2. Recording technique 

We used four Aquarian Audio H2a Hydrophones (Sensitivity: -180 dB re: 1V/µPa) and four 

Zoom H6 Handy Recorders (44.1 kHz/16bit, maximum gain with a -20dB pad) at all the sites. A 

recorder and hydrophone were placed at each site for 72 hours with the hydrophone placed in 

the middle of the stream. Data was saved on SD cards before transferred to an external hard 

drive. Recording took place from 7th to the 21st of April 2018. (Table 2.1). During this time, 

sunrise was around 06:00 and sunset around 17:30. Visualization of recordings was 

accomplished by subsampling recordings for periods of 1 second at intervals of every 10 

minutes (sensu Linke et al. 2020) and using the multimedia software ffmpeg (Hann windows of 

1024 samples with 80% overlap, FFmpeg, 2019) to produce spectrograms.  
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Table 2.1. Streams with site code and HWL name 

Site code Site Name Waterway Longitude Latitude Recorded 

Emu Grieves Road, 

Colinton 

Emu Creek 152.2928 -26.96295 7-10.4.2018 

Bua Rocky Gully Road, 

Coominya 

Buaraba 

Creek 

152.4336 -27.3975 11-14.4.2018 

Lai Railway Bridge, 

Gordon Street, 

Forest Hill 

Laidley 

Creek 

152.377 -27.60235 11-14.4.2018 

San Wivenhoe - 

Somerset Road, 

Crossdale 

Sandy Creek 152.5554 -27.2246 11-14.4.2018 

Bur Boonah 

Rathdowney Road, 

Maroon 

Burnett 

Creek 

152.6803 -28.1701 14-17.4.2019 

Cai Cainbable Creek 

Road, Kerry 

Cainbable 

Creek 

153.0793 -28.0967 14-17.4.2019 

Wa1 Villis Bridge, 

Niebling Road, 

Tarome 

Warrill Creek 152.4784 -27.9886 14-17.4.2019 

Wa2 Kalbar Connection 

Road, Kalbar 

Warrill Creek 152.6003 -27.93221 14-17.4.2019 

Del Dewhurst Road, 

Mount Delaney 

Delaney 

Creek 

152.715 -27.00615 18-21.4.2018 

Kan Kangaroo Creek 

Road, Moore 

Kangaroo 

Creek 

152.3809 -26.8806 18-21.4.2018 

Mon Monsildale Creek 

Road, Linville 

Monsildale 

Creek 

152.2814 -26.78268 18-21.4.2018 

She Crossing No 2, 

Kilcoy - Murgon 

Road, Kilcoy 

Sheepstation 

Creek 

152.5246 -26.8669 18-21.4.2018 

 

2.3.3. Data analysis  

2.3.3.1.Variation in acoustic soundscapes between sites 

To find acoustic properties that best described variation in recorded soundscapes between 

sites we calculated three acoustic indices (AIs: Table 2.2) for every minute of every hour of 

recording from each site using the R packages Seewave (Sueur et al. 2008a) and Soundecology 

(Villanueva-Rivera and Pijanowski 2016). Summary statistics for each hour at each site (i.e. 

minimum, maximum, median, mean, standard error, standard deviation, 95 % confidence 

interval, variance, coefficient of variation and interquartile range) were then calculated 

separately for each AI using the R package pastecs (Grosjean 2018). We used a combination of 
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all three acoustic indices, as the aim was to characterise the soundscapes in a holistic way 

rather than look at which AI separates the soundscapes of sites better. 

To identify sites with similar acoustic properties, a dendrogram based on Euclidean distance 

was used and sites were classified based on their acoustic soundscape as described by the 

variables in Appendix 1. We classified scaled summary statistics of AIs for each site using 

Ward’s method based on the Euclidean distance between site hours. The R function “hclust” 

was used to minimise the variance between clusters. To identify acoustic variables that best 

described the variation between sites and hours, we then ran a Principal Component Analysis 

(PCA) using the R package FactoMineR (Lê et al. 2008) with summary statistics of each AI as 

variables and site hours as individual observations (in total 12 sites*24 hours = 288 individual 

observations).  

2.3.3.2.Spatial and temporal variation in soundscapes 

We then analysed and described sites and hours according to their acoustic properties using 

summary statistics of AIs and results from the PCA. Coordinates of individual observations 

along the PCA dimensions were extracted from the PCA and either grouped by sites (24 data 

points per site) for spatial analysis or hours (12 data points per hour) to analyse temporal 

patterns. To generate a single coordinate for each site or hour, we calculated the mean and 

standard deviation of coordinates for each site or hour using the R package “dplyr” (Wickham 

et al. 2019).  

Acoustic differences between groups were described by calculating the mean, standard 

deviation and minimum of each AI to describe variation, central tendency and outer position in 

these data. For easier interpretation, we used inverted values of mean and minimum of the H 

index, as 0 indicates high envelope and spectral complexity and 1 indicates no envelope and 

spectral complexity.  
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Table 2.2. Acoustic indices used in this study 

 

  

 Results 

2.4.1. Variation in acoustic soundscapes between sites 

Sites with similar acoustic properties were identified and described using a dendrogram and 

summary statistics of AIs. Acoustic soundscapes were initially separated into three groups at a 

height of 10 (Figure 2.1). Combining visual inspection of spectrograms and dendrogram 

showed that a separation of sites into 5 groups at height 4 is more appropriate (Figure 2.1, 

Figure 2.2).  Each group was characterised and ‘named’ according to the visual representation 

of the combined acoustic signal.  A “Silent” group was characterised by little to no visual 

patterns (Figure 2.2a), while the group denoted “Faint” showed some dim, but nevertheless 

distinct, patterns within the spectrogram (Figure 2.2b). Spectrograms of group “DayNight”, 

except for site “Kan”, exhibited repeated acoustical patterns during day and night with day-

time patterns being darker on the soundscape tracing, indicating higher activity during these 

hours (Figure 2.2c). Spectrograms of sites in the “DailyDay” group showed defined dark 

patterns during the day and no distinct visible signal at night (Figure 2.2d), while the “Flow” 

group was characterised by a continuous dark pattern in the lower frequency band (Figure 

2.2e).  

Full Name Abbreviation Principle Reference 

Median of 
amplitude 
envelope 

M The median of the 
amplitude envelope, 

which is an indicator of 
overall sonic activity 

Depraetere et al., 
2012b 

Acoustic Entropy 
Index 

H A measure of 
complexity in both time 

and frequency 

Sueur et al., 2008 

Acoustic 
Complexity Index 

ACI A measure of 
spectrogram complexity 
based on frequency bins 

Pieretti, Farina and 
Morri, 2011 
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Figure 2.1. Euclidean dendrogram with five groups. Sites within one circle indicate sites with 
similar acoustic properties and soundscape pattern. Height represents Euclidean distance 
between nodes (i.e., the total within-cluster error sum of squares) 

 

According to PCA, over 56 % of the variation between sites and hours could be explained in 

two dimensions (Appendix 2) with a distinct distribution of two groups along the first 

dimension (Figure 2.3). Variation in the distribution of sites along Dimension 1 was correlated 

with mean spectral entropy (Hmean), variation of spectral complexity (ACISE.mean, ACICI.mean 0.95, 

ACIstd.dev, ACIcoef.var) and variation in amplitude envelope (Mstd dev, MSE.mean, MCI.mean.0.95) of hours 

within a site (Table 2.3, Appendix 3). Variation between sites along Dimension 2 was correlated 

with median amplitude envelope, frequency of amplitude envelope and minimum amplitude 

envelope (Mmedian, Msum, Mmin) of hours within a site (Table 2.3, Appendix 3).  

When the groups identified through the classification were mapped onto the PCA, the group 

“Silent” was negatively correlated with Dimension 1, “Faint” correlated negatively with both 

dimensions, “DayNight” correlated positively with Dimension 1 and negatively with Dimension 

2 and “DailyDay” and “Flow” correlated positively with both dimensions (Figure 2.3, Appendix 

4).  
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Table 2.3. Variables contribution (>0.7) to the principal component analysis. 

Variables that contribute 
the most to Dimension 1 

Value Variables that contribute 
the most to Dimension 2 

Value 

H_mean -0.75716 M_sum 0.722416 

ACI_SE.mean 0.744357 M_min 0.715212 

ACI_CI.mean.0.95 0.74435 M_median 0.703503 

ACI_std.dev 0.741106   
ACI_coef.var 0.737254   
M_std.dev 0.726835   
M_SE.mean 0.723637   
M_CI.mean.0.95 0.723513   
ACI_max 0.703344   
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Figure 2.2. Spectrograms of each site grouped according to their acoustic properties. (a) sites in group “Silent,” (b) sites in group 
“Faint,” (c) sites in group “DayNight,” (d) sites in group “DailyDay,” (e) group “Flow.” Rectangle in “Kan” site indicates rain. D Darker 
patterns indicate a higher amplitudes. 
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Figure 2.3. Sites along first two dimensions of PCA. Ellipses indicate sites with similar acoustic properties and soundscape patterns 
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2.4.2. Acoustic properties of groups  

To analyse acoustic properties of each group found through the PCA we looked at summary 

statistics of each AI separately. To further explore how summary statistics of AIs describe 

soundscapes of groups, we analysed within- and between-group acoustic properties. The 

group ”Silent” had the lowest values and variation for almost all hourly summary statistics of 

each AI (Figure 2.4) and no obvious pattern in the spectrograms of sites “Mon” and “San” 

(Figure 2.2a).  Summary statistics for sites within the group “Faint” were similar to “Silent”, 

though exhibited higher values and variation for most summary statistics (Figure 2.4). Sites 

within “DayNight” displayed high variation within the hourly means of H and M and the 

standard deviation of H, while hourly statistics of ACI were similar to sites within “Faint” 

(Figure 2.4). Spectral inspection revealed different patterns occurring during day and night in 

the sites “Cai” and “Wa2” of group “DayNight” while only a rain pattern was seen in site “Kan” 

(Figure 2.2c). The highest variation of hourly statistics of ACI were from sites within the 

“DailyDay” group (Figure 2.4), which exhibited a diurnal sound pattern during daytime (Figure 

2.2d). Sites within the group “Flow” had the highest hourly mean and minimum for M and H 

and a low variation of hourly standard deviation for both (Figure 2.4, Table 2.4).  
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Figure 2.4. Boxplot with hourly summary statistics of AIs in groups “Silent,” “Faint,” “DayNight,” “DailyDay,” and “Flow”. (a) Average hourly mean, (b) average 
hourly standard deviation, (c) average hourly minimum. Mean and minimum values for H index are represented inverse for easier comparison.  
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Table 2.4. Visual and statistical description of groups 

Group Visual description Summary 
statistics 

Silent 
no visual pattern 
in spectrogram 

low values and 
variation in all 
summary 
statistics 

Faint 
little visual 
pattern 

similar to "Silent" 
but higher and 
bigger variation 
of summary 
statistics values 

DayNight 

Distinct pattern 
during day and 
night times with 
day time pattern 
being darker 

Big variation of 
H_mean, 
M_mean and 
H_std.dev; ACI 
values similar to 
"Faint" 

DailyDay 
pattern visible 
only during the 
day 

Biggest variation 
of ACI 

Flow 
constant pattern 
in the lower 
frequency band 

highest value for 
M_mean, M_min, 
H_mean and 
H_min 

 

 

2.4.3. Temporal variation  

To explore acoustic variation between times of day, we performed a PCA with site hours as 

individual observations and grouped the results by hours. When plotting site soundscapes on 

PCA dimensions by the time of day, a clear pattern of temporal change emerged. Night hours 

(20:00 until 05:00) grouped closely together within the PCA and were negatively correlated 

with Dimension 1. Twilight hours (06:00, 07:00. 18:00 and 19:00) grouped within the centre of 

the PCA, though the dusk hours were closer to night hours on the negative side of Dimension 

1, while dawn hours were positioned closer to daytime hours. Soundscapes recorded during 

daytime hours (08:00 until 17:00) had the broadest distribution and standard deviation within 

hours. Earlier hours (08:00 until 12:00) correlated positively with Dimension 2, later hours 

correlated negatively with Dimension 2 (Figure 2.5, Appendix 5). 
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Figure 2.5. Hours along the first two dimensions of PCA. Ellipses indicate hours within the same daytime. 
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 Discussion 

This study represents the first attempt to investigate soundscape diversity of freshwater 

streams over a broad spatial scale. The aim of the study was to characterise soundscapes 

across multiple freshwater streams, classify these streams according to their soundscape and 

explore the use of acoustic indices to describe freshwater stream soundscapes. Our results 

demonstrate that soundscapes in freshwater streams can be highly variable in both space and 

time. Even amongst similar streams in the same region, soundscapes differed greatly. A variety 

of papers have examined sounds occurring in single freshwater bodies (Gottesman et al. 2020, 

Linke et al. 2020), but this is the first study to examine variation in soundscapes across 12 

streams, of similar size, in the same region. Across these sites, we identified five distinct 

groups with similar acoustic characteristics as described using summary statistics of AIs. While 

many studies have used AIs to predict, assess and monitor biodiversity (Buxton et al., 2018; 

Gasc et al., 2013b; Jérôme Sueur et al., 2008), summary statistics of AIs have not previously 

been used to characterise soundscapes in their entirety.  

2.5.1. Acoustic properties of groups 

Each stream soundscape examined here was unique but also exhibited some acoustic 

characteristics that were generic across other streams. Acoustic variation within stream 

soundscapes of sites in the groups ‘Silent’ and ‘Faint’ was smaller compared with that of other 

groups (indicated by the smaller ellipse in Figure 2.2). This is also reflected in spectrograms of 

groups “Faint” and “Silent” which did not show much diversity compared to other groups 

indicating a quiet and relatively simple acoustic composition. A possible explanation for the 

lack of sonic activity within these sites could be the absence, or low abundance, of soniferous 

species and/or sediment movement (Desjonquères et al. 2015), however, this demands further 

investigation.  

Acoustic variation between stream soundscapes within groups “DayNight” and “DailyDay” was 

the largest compared to soundscape variation within other groups. Summary statistics for both 

acoustic groups displayed similar values for the acoustic index M indicating a high amplitude in 

stream soundscapes which aligned with the dark patterns in the spectrogram. Sites in group 

“DailyDay” had the highest values of summary statistics for acoustic index ACI, indicating 

complexity of soundscapes. The high standard deviation along the first dimension of the PCA in 

“DailyDay” sites can be explained by the non-continuous sound activity over time. During the 

day, “DailyDay” sites displayed a higher sonic activity than at night leading to a higher 

variability of ACI in total, meaning soundscapes in these sites were not continuously complex, 

but rather exhibited diurnal variation.   
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Group “DayNight” had high summary statistics for acoustic index H indicating greater 

complexity over time that was also highly variable between hours and sites within this group. 

The only unusual site in the “DayNight” group was “Kan”. The spectrograms for sites “Cai” and 

“Wa2” showed a daily day-night pattern while site “Kan” only exhibited sonic activity during 

the rain. Acoustic indices have been shown to be biased by the presence of rainfall 

(Depraetere et al. 2012, Towsey et al. 2014a, Fairbrass et al. 2017) which would explain the 

surprising pairing of “Kan” with “Cai” and “Wa2” in the dendrogram. The aim of this study was 

to investigate the use of acoustic indices without pre-processing acoustic data. In the future, 

detection and removal of rainfall sounds (Metcalf et al. 2020) could be considered to reduce 

the influence of external sounds. 

Like rainfall, the sound of water flow can display very high amplitudes (Tonolla et al. 2011) and 

therefore mask other sounds. The soundscape from the Group “Flow”, represented by the 

single site ‘She’,  was continuously loud and the most complex over time, as indicated by little 

variation in the summary  values for the AIs of Mmean, high Mminimum, high 1-Hmean and high 1-

Hmaximum. That said, on examining the spectrogram (Figure 2.2), we found underlying 

soundscape patterns that were distinct from flow. This is evidence for the masking effect of 

flow – also coherent with the findings of Linke et al. (2020) who described the effect of 

dominant sounds on acoustic indices. Group “Flow” comprised only one site, further 

investigation of whether our method i.e. summary statistics of AIs would also work with fast 

flowing streams/rivers is needed. 

Other methods to describe and compare soundscapes include the use of manual annotation or 

calculating the acoustic dissimilarity index between a pair of soundscapes. While manual 

annotation provides a more detailed description of the soundscape (Linke et al. 2020) it is very 

labour intensive and sometimes only takes specific sound into account (Desjonquères et al. 

2015, Gottesman et al. 2020). Studies in the terrestrial realm used dissimilarity indices to 

compare soundscapes of different environments (Depraetere et al. 2012) or different times of 

day (Gasc et al. 2013b). The use of a dissimilarity index is an effective way to compare 

soundscapes with each other, it does not characterise them (Sueur et al. 2014). Our aim was 

not only to compare, but also to characterise soundscapes of different creeks. Our technique 

facilitates a description of each soundscape individually as well as a comparison of 

soundscapes between sites, sites within groups and groups with each other.  

Here, we have demonstrated that summary metrics of acoustic indices can describe 

soundscapes in freshwater streams in the same way as biotic indices can describe biological 

diversity within ecosystems and hydrological indices can describe hydrological diversity in 

rivers and streams (Puckridge et al. 1998, Kennard et al. 2010). We recorded 12 freshwater 
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sites, twice as many as previous studies, and found five distinct sound patterns originating 

from both biotic and abiotic sources. Studies relating underwater sounds to species and 

stream condition are still limited (Desjonquères et al. 2015, Gottesman et al. 2020). Therefore, 

further research is needed to make broader decisions about species abundance and “health” 

of streams using acoustic indices and associated summary metrics.  

2.5.2. Temporal variation of soundscapes in streams 

Previous studies have used acoustic indices in freshwater systems to describe temporal 

acoustic patterns (Gottesman et al., 2020) and temporal frequency specific patterns (Linke et 

al., 2020). Here, our main aim was to use summary statistics of AIs to characterise temporal 

patterns in soundscapes of different streams. We found that we could also use summary 

statistics of AIs to describe daytimes across streams as most streams showed diurnal variation 

in their soundscape. Similar to Gottesman et al. (2020), night-time hours showed less sonic 

difference between hours, indicated by small ellipse and less variation between sites, than that 

of day-time hours (Figure 2.5).  Interestingly, dusk hours were more acoustically related to 

night hours, while soundscapes during dawn hours were closer to those of day-time hours. 

While Gottesman et al. (2020) recorded very little sonic activity during twilight, many studies 

in other habitats have identified high acoustic activity at dusk and dawn (Radford et al. 2008, 

Depraetere et al. 2012). 

Most differences in stream soundscapes identified in our study were observed during the day-

time. During day-time, there was significant variation in soundscapes both between hours and 

amongst sites. This is contrary to a previous study conducted in Australia in which most 

biological sound activity occurred during night (Linke et al. 2020). A further separation of early 

and late day-time hours along the second dimension indicates earlier hours displaying higher 

sonic activity than late hours. This is most likely due to different species occurring during 

different times of day (Gottesman et al. 2020, Linke et al. 2020) or changing their sonic 

behaviour throughout the day (Rountree and Juanes 2017, Desjonquères et al. 2020). The 

detection of a clear separation between night, twilight and day hours further indicates that 

using summary statistics of AIs can characterise diurnal variation in freshwater streams.  

 Conclusion 

Soundscapes in streams are diverse and unique, although they exhibit similar acoustic patterns 

across different sites. The technique presented here allows a simple and fast investigation of 

streams with similar acoustic properties and the ability to characterise them in a holistic and 

universal way. Further research is needed to understand why soundscapes in freshwater 
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streams differ and how they will change over time. While we developed this technique in 

freshwater streams it is also applicable to other acoustic realms. 
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 Abstract 

Biophony, i.e. the sum of all biological sounds in a given biome, varies across space, time and 

acoustic frequency. While biological sound composition has been extensively studied in 

terrestrial and marine realms, biophony in freshwater systems is relatively unexplored. In this 

study, soundscape of 12 lowland stream sites over three days were recorded, then after 

subsampling the recordings for one second every 10 minutes, every biological sound detected 

was annotated.  Abundance and richness of biological sound types in each stream was 

calculated and between-class principal component analysis was performed to investigate 

variation in biophony between days within sites as well as between sites. Results 

demonstrated high level of spatial and temporal variation in sound composition between 

streams with each stream containing a unique sound composition. The sound composition in 

each stream exhibited a daily cycle with site-specific sequences of sonic activity. Further, 

sound types were partitioned into temporal, frequency and spatial niches which aligns with the 

acoustic niche hypothesis. These findings represent important new knowledge in acoustic 

community assemblage and acoustic community evolution in freshwater systems, suggesting 

further research into understanding freshwater acoustics and the potential use of ecoacoustics 

as a monitoring tool.  

 

Keywords: acoustic niche, acoustic partitioning, bioacoustics, biophony, ecoacoustics, 

freshwater acoustics, freshwater stream, monitoring, sound partitioning, sounds 
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 Introduction  

The concept of resource partitioning suggests that co-occurring species will minimize 

competition by specializing on different resources, thereby creating a unique ecological niche 

(Darwin 1859, MacArthur 1958, Lack 1961). While the ecological niche concept originally 

focussed on physical resource partitioning, it has been extended to include the spectro-

temporal dimension of the soundscape, the so called ‘acoustic niche hypothesis’ (Krause 

1993). Similar to niche differentiation, where competition occurs for resources like food and 

habitat, species also appear to differentiate their sonic resources i.e. the “space” in time and 

frequency. The ‘acoustic niche hypothesis’ suggests that species will avoid sound competition 

by producing sounds within a unique bandwidth at unique times (Krause 1993). Such spectral 

differentiation in sounds has been observed in different species of cicadas (Sueur 2002) and 

frogs (Feng and Schul 2007) which exhibit species-specific spatial, temporal and frequency 

differentiation in callings. In the tropical forests of Borneo, for example, spectral 

differentiation was observed between major taxonomic groups with birds, gibbons, frogs and 

insects showing unique acoustic niches, with spectral and temporal differentiation in sound 

frequency (Krause 2008).   

A well-researched phenomenon in terrestrial birds is the sonic partitioning within the dawn 

chorus. Birds have been shown to shift their acoustic niche by either changing the time of their 

singing or the frequency of their song (Luther and Gentry 2013). Birds near an airport 

advanced their chorus to avoid an overlap with air traffic noise (Gil et al. 2015). Similar, birds 

with high-frequency vocalization start singing only after orthopteran insects stopped 

producing loud sounds in the same frequencies avoiding acoustic masking (Stanley et al. 2016). 

Ecosystem change is known to impact the behaviour of species (Hunter 2007), likewise, 

environmental change can also shape the features of sound signals according to the acoustic 

adaptation hypothesis (Krause and Farina 2016). Further, the hypothesis states that sites with 

similar properties are likely to contain sound types with similar acoustic differentiation. 

Adaptation to environmental sounds has been shown in birds, which adapted their song to 

urbanization over the course of 36 years (Luther and Derryberry 2012). 

In freshwater systems, however, acoustic differentiation has not yet been observed, although 

aquatic insects and fish have been observed to sing at different times of the day and at 

different frequencies (Hao et al. 2012). Common soniferous species in freshwater ecosystems 

include fish (e.g. Anderson, Rountree, & Juanes, 2008), insects (e.g. Desjonquères et al., 2015) 
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and amphibians (e.g. Brunetti, Muñoz Saravia, Barrionuevo, & Reichle, 2017). Recorded 

frequencies of most fish sounds or ‘barks’ (Rountree and Juanes 2020) range from 20 Hz to 4 

kHz (Rountree et al. 2006), while recorded underwater insect sounds have ranged between 

200 Hz (Coleoptera imago Acilius sulcatus; (Leston et al. 1965)) and 100 kHz (Hydropsychidae 

larvae; (Silver and Halls 1980)), varying from squeaking to stridulation (Aiken 1985a). Frogs 

tend to produce low frequency sounds, ranging from 309 Hz (Brunetti et al. 2017) up to 2.3k Hz 

(Kwong-Brown et al. 2019), and can have different calls depending on particular 

circumstances; e.g. ‘growling’ during fighting and increased note repetition during courtship 

(Ringeis et al. 2017). Although research on the soniferous species of freshwater systems is 

growing (Greenhalgh et al. 2020), most studies have focussed on specific species sounds, 

rather than the biophony as a whole (Rountree et al. 2020b, Higgs and Humphrey 2020).  

Biophony is the term used for the sound produced by living organisms in a given biome, the 

community of animals and/or plants at a given location (Krause 1993), with each biome having 

a specific biophony that can vary spatially, according to latitude and habitat type (McWilliam 

and Hawkins 2013, Putland et al. 2017), and temporally in relation to season and hour of day 

(Pijanowski et al. 2011a). Temporal variation in freshwater soundscapes has been observed in 

aquatic insects and fish, which are known to produce sounds during specific times of the day 

(Linke et al. 2020). Fish have also been shown to have species-specific seasonal acoustic 

patterns, often producing sounds in spring but not in winter (Montie et al. 2015). This suggests 

that diurnal and seasonal variation in the freshwater biophony is likely, although this has not 

been thoroughly explored to date.  

Spatial variation in acoustic signals in freshwater systems has been observed across numerous 

habitat types. Ponds in closed forest habitats, for instance, have been shown to exhibit more 

sounds than ponds in semi-closed and open field habitats (Desjonquères et al. 2015). 

Hydrological connection can also have an influence on the soundscape, with hydrologically 

connected sites sharing greater similarity in soundscapes than disconnected sites 

(Desjonquères et al. 2018). Some of these patterns likely reflect different community 

composition between habitat types, as it is known that more hydrologically connected sites 

have greater assemblage similarity for both invertebrates, including insects (Marshall et al. 

2006, Sheldon and Thoms 2006) and fish (Arthington et al. 2005).  However, not every fish or 

insect within an assemblage is soniferous and some have been shown to be louder in different 

habitats due to different background noises and seasonal and diurnal variation (Holt and 
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Johnston 2014). This difference in sounds between time and space is most likely true for other 

sound-emitting species, yet little is known about the spatial and temporal variation in 

freshwater biophony across multiple sites.   

A previous study suggested that lowland streams have spatially unique soundscapes based on 

a suite of acoustic indices (Decker et. al 2020, Chapter 2). Here, the full biophonic spectrum is 

used to investigate differences between soundscapes across this broad spatial range. 

Specifically, the spatial and temporal differences in biological sounds and the biophony of 

these lowland streams is examined. It is hypothesised that each stream will have a unique 

biological sound composition which will exhibit a diurnal pattern, as previously sites were 

shown to have a unique soundscape. Further, I hypothesise that creeks with a high sound type 

richness will have a high abundance of sounds. Like resource partitioning, in which species 

reduce competition by using different resources, I hypothesise that all biological sound types 

will occupy a unique “space” in time and frequency resulting in an acoustic niche for each 

sound type. 

 

 Methods  

3.3.1. Study area and site selection  

The study area was South-east Queensland (SEQ) on the sub-tropical, eastern coast of 

Australia. The region comprises 15 major catchments with a combined area of almost 23 000 

km2. Using the database of sites sampled by Healthy Land and Water (HLW) for the South-east 

Queensland Freshwater Ecosystem Health Monitoring Program (Healthy Waterways 2018), 16 

lowland streams were selected (stream order < 4) covering a broad spatial area. Streams were 

selected based on physical similarities and accessibility. During fieldwork, the soundscape of 

four of the sixteen sites could not be recorded due to animal interference and/or equipment 

failure. Soundscapes from the remaining 12 lowland sites (Table 3.1) were recorded and 

analysed in this study. For more information on the SEQ region see Bunn et al. (2010) and for 

more information on site selection see Decker et al. (2020).   
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Table 3.1. Streams with site code and name from the Healthy Land and Water site database 
(Healthy Waterways 2018) 

Site code Site Name Waterway 

Bua Rocky Gully Road, Coominya Buaraba Creek 

Bur Boonah Rathdowney Road, Maroon Burnett Creek 

Cai Cainbable Creek Road, Kerry Cainbable Creek 

Del Dewhurst Road, Mount Delaney Delaney Creek 

Emu Grieves Road, Colinton Emu Creek 

Kan Kangaroo Creek Road, Moore Kangaroo Creek 

Lai Railway Bridge, Gordon Street, Forest Hill Laidley Creek 

Mon Monsildale Creek Road, Linville Monsildale Creek 

San Wivenhoe - Somerset Road, Crossdale Sandy Creek 

She Crossing No 2, Kilcoy - Murgon Road, Kilcoy Sheepstation Creek 

Wa1 Villis Bridge, Niebling Road, Tarome Warrill Creek 

Wa2 Kalbar Connection Road, Kalbar Warrill Creek 

 

3.3.2. Recording and annotation of sound types 

I used recordings obtained in a previous study (Decker et al. 2020, Chapter 3) in which I used 

four H2a-XLR Hydrophones (sound range <10 Hz to >100 kHz; Sensitivity: -180 dB re: 1V/µPa) 

and four Zoom H6 Handy Recorders (setting 44.1 kHz at 16 bit rate,  maximum gain and -20 

dB). Recorders were powered by a 20000 mAh power bank and four AA size (LR6) batteries. A 

recorder and hydrophone were placed at each site for 72 hours with the hydrophone placed in 

the middle of the stream. Data were saved on SD cards and later transferred to an external 

hard drive. Recording took place from 7th of April to the 21st of April 2018, during this period 

sunrise was around 06:00 and sunset around 17:30.  

As the full length recordings were logistically impossible to annotate, I settled on subsampling 

each recording 1 second from every 10 minutes (sensu Linke et al. 2020, who found that 86.6 

% of sound classes were retained under this regime). Similar to Desjonquères et al. (2015) and 

Gottesman et al. (2020) classification of different biological sound events was conducted by 

simultaneously evaluating visual and aural cues in Adobe Audition CC 2015 (Adobe Systems 

Software 2015, Desjonquères et al. 2015, Gottesman et al. 2020). The focus was on detecting 

biological sounds occurring in the water in a manner similar to that conducted by 
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Desjonquères et al. (2015). Previous field studies allowed observation and familiarization of 

distinct acoustic pattern belonging to biological, geological and anthropogenic sources (see 

Linke et al. 2020). Geophonic sounds such as sediment movement, flow, wind or rain, as well 

as sounds from outside the creek, such as birds, were not annotated. Sounds were categorised 

as sound ‘event’ and sound ‘types’ where sound ‘event’ was the occurrence of any sound. 

Sound ‘types’ were then defined by grouping sound ‘events’ within each site based on similar 

frequency, duration and periodicity. I conducted the annotation myself to ensure consistent 

classification of biological sound events. In total, 2788 biological sound events were annotated 

and initially consolidated into 21 sound types. At the end of the annotation process, sound 

types were re-evaluated to ensure they were distinct from each other. Comparing samples 

from each sound type with each other, consequently reduced 21 sound types to 16 (Appendix 

6).  

3.3.3. Acoustic composition  

To characterize acoustic composition in each stream I calculated the total sound events of 

each sound type (i.e. sound type abundance) and the number of sound types occurring in each 

stream (i.e. sound type richness). Further, sound types unique to single streams were 

identified. Calculations were undertaken using software R (R Development Core Team 2018). 

To investigate the relationship between abundance and richness of sound types in streams I 

calculated Spearman correlations between sound type richness and sound type abundance, 

and the number of streams a sound type occurred in, using the R package ‘ggpubr’ 

(Kassambara 2019). The dominant sound type in a stream was defined as the sound type 

contributing at least 50 % to the total sound occurrence/events in that stream. The threshold 

of 50 % was chosen to account for the majority of all sound occurrences. If no single sound 

type reached the 50 % mark, the two most common sound types were defined as dominant 

sound types.  

The hourly presence-absence matrix of sound types composed 873 rows (12 streams * 72.75 

hours), this was reduced to a daily presence-absence matrix per site which included 36 rows 

(12 streams * 3 days) and 16 columns (number of sound types) to compare sound composition 

between streams. Similar to the approach taken by Desjonquères et al. (2018), this abundance 

matrix was analysed by Principal Component Analysis (PCA) using the R packages ‘ade4’ (Dray 

et al. 2018) and ‘vegan’ (Jari Oksanen 2019) before being further processed with a ‘between-

class’ Principal Component Analysis (bPCA) using streams as a factor of variance maximization 
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(Desjonquères et al. 2018). The first three axes of the bPCA were used to visualize 

differences/similarities in sound type composition between streams.  

Richness of each sound type in each stream for every hour was summarized into 24 hours by 

taking the average sound type richness of each hour of each stream over the three days of 

recording. ‘Day-time’ was defined as the time between 06:00 and 17:59 while ‘night-time’ was 

defined as the time between 18:00 and 05:59. Day and night activity i.e. percentage of total 

sound abundance in respected time, was calculated for each stream.  Day- and night-time 

abundance for each sound type was calculated across all streams and for each stream 

separately. 

3.3.4. Partitioning of sound types 

To test whether sound types overlapped in the frequency-temporal space, frequency and 

temporal features of each sound type were extracted. I calculated the dominant frequency 

using the R package ‘seewave’ and extracted the lower and upper frequency band of each 

sound type (Sueur et al. 2008a). For the temporal component the frequency of occurrence for 

each sound type across four separate time periods was calculated. The hours 00:00-06:00, 

06:00-12:00, 12:00-18:00 and 18:00-00:00 were chosen as a previous study showed an 

acoustic difference between these time periods (Decker et al. 2020, Chapter 2). The resulting 

frequency-temporal matrix (16 rows and 7 columns) was analysed by a Principle Component 

Analysis (PCA) using the R package ‘factoextra’.  

 

 Results 

3.4.1. Sound type occurrence 

To investigate biological sound composition in streams 2788 sound events were annotated 

across all streams. A total of 16 sound types were identified among the 12 streams, these 

sounds types could be related to either Coleoptera (C), fish (F), Hemiptera (H) or unknown 

origin (U) (Table 3.2) based on previously established reference calls (Linke, Decker et al 2020). 

Most sound events were detected for the sound type C1 which occurred at least three times 

more often than any other sound type. Sound types C3, C5, C6 and U4 occurred less than 10 

times in 2 or less streams. No single sound type occurred in all streams, but sound types F, C1, 

H1 and C2 occurred in more than five sites. The number of sites in which a sound type 
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occurred correlated moderately with the frequency of the sound type (Figure 3.1, R = 0.46, p-

value = 0.073).   

 

Table 3.2. Sound type code. Number of times a sound occurred and number of sites a sound 
occurred in 

Species sound type 
code 

number of 
occurrences 

number 
sites 

Coleoptera C1 1063 6 

Coleoptera C2 354 5 

Coleoptera C3 6 2 

Coleoptera C4 174 4 

Coleoptera C5 1 1 

Coleoptera C6 5 3 

Fish F 143 7 

Hemiptera H1 163 7 

Hemiptera H2 105 4 

Hemiptera H3 90 4 

Hemiptera H4 172 1 

Hemiptera H5 46 2 

Hemiptera H6 316 1 

Unknown U1 33 2 

Unknown U2 102 3 

Unknown U3 14 1 
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3.4.2. Spatial variation in biological sound composition  

Sound type composition was highly variable between streams, demonstrating that a unique 

sound composition occurred for each stream. Five streams, namely Bua, Bur, Cai, Emu and 

Mon, each contained unique sound types (Table 3.3). Sounds that were unique to one site 

occurred only in sites with five or more sound types in total, however not all sites with more 

than five sound types contained a unique sound type (Table 3.3). The frequency of sound 

events in a stream correlated moderately, but not significantly, (R = 0.55, p-value = 0.078) with 

the richness of sound types in a stream (Figure 3.2), indicating that a noisier stream did not 

necessarily contain more sound types. The highest frequency of sound events was found in the 

sites Cai and Emu, while the highest richness of sound types was detected in Cai and Wa2. Less 

than 100 sound events i.e. less than 4 % of all sounds were found in Mon and San and no 

biological sound event was heard in one stream (Kan). No single sound type was dominant in 

all streams, although sound type C1 dominated Bua, Del, Wa1 and Wa2 (Table 3.3). Other 

streams, however, were dominated by a range of sound types (Table 3). 

 

Figure 3.1. Spearman correlation (R = 0.46) between number of sites in which a sound type 
occurred and frequency of sound type. Grey area is indicating 95% confidence interval. 
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Table 3.3. Number of sound events, number of sound types, number of sound types unique to 
each stream and dominate sound type in each stream 

 

 

 

The bPCA of the sound presence-absence matrix revealed a significant difference in sound type 

composition between streams (Monte-Carlo permutation test: 1000 permutations, p < 0.001, 

Figure 3.3), with the first three axes explaining 60.0 % of the overall variance (first axis: 25.0 %, 

second axis: 19.2 %, third axis: 15.8 %). The position of the sites in ordination space was best 

explained by the negative contribution of sound type H1, and the positive contribution of H6 

and U1 to the first axis, the negative contribution of H5 and H6 and the positive contribution of 

C1 to the second axis and the positive contribution of sound types C2 and H4 to the third axis 

(Appendix 7). The coordinates of streams in the first three bPCA axes revealed streams Emu 

and Lai as the most acoustically distinct and Kan, Mon, San, and Wa2 the least distinct sites 

compared with the other sites (Figure 3.3, Appendix 8).  

Stream sound 
events 

sound 
types 

unique 
sound 

dominate 
sound types 

Bua 234 4 1 C1 (85.0%) 

Bur 269 6 1 C4 (60.6%) 

Cai 488 7 1 C2 (56.6%) 

Del 197 3 0 C1 (68.0%) 

Emu 446 5 1 H6 (70.9%) 

Lai 207 6 0 
H2 (38.2%),  
H1 (37.2%) 

Mon 91 5 1 U2 (88.0%) 

San 24 3 0 U2 (79.2%) 

She 265 2 0 C1 (99.6%) 

Wa1 275 4 0 C1 (87.3%) 

Wa2 291 7 0 C1 (77.0%) 
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Figure 3.2. Spearman correlation (R = 0.55) between number of distinct sound types 
and total number of sound occurrences in one site. 
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3.4.3. Temporal variation in sound composition in streams 

Biological sound composition showed a reoccurring daily variation. Diurnal variation in sound 

events occurred in all streams that contained biological sounds (Figure 3.4, Figure 3.5). The 

daily sound composition cycle was constant over the three days in each stream with a site-

specific sequence of sonic activity apparent at each site; for example, at the site Bua, sound 

activity peaked at midday, while activity at Bur peaked in the morning and at Wa2 in the 

afternoon (Figure 3.4, Table 3.5). Most sites experienced a higher sonic activity during the day 

compared to the night. Emu and Lai showed a pattern of constant sound activity during day 

and night. Cai was the only site with a higher sound activity during the night (Figure 3.4, Figure 

3.5, Table 3.4).  

 

Table 3.4. Percentage of sound occurrence during day (06:00-17:59) and night (18:00-05:59). 

Site 
Day activity 

[%] 
Night activity 

[%] 
Peak hour of 
sonic activity 

Bua 85.96 14.04 11 

Bur 97.40 2.60 7 

Cai 20.70 79.30 20 

Del 100.00 0.00 7 & 10 

Emu 57.40 42.60 18 

Lai 46.38 53.62 6 

Mon 98.90 1.10 13 

San 95.83 4.17 11 

She 99.25 0.75 10 & 11 

Wa1 93.09 6.91 13 

Wa2 79.73 20.27 14 
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Figure 3.4. Relative number of sounds occurring in each hour of each site in subsampled sound file. Hour of day is continuous 
e.g.  Hour 0, 24 and 48 mean midnight but on different days. 
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Figure 3.5. Average number of biological sound events per hour of day for each site in subsampled sound file.  
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3.4.4. Spatial-temporal variation of sound type occurrence 

Spatial-temporal variation of sound type occurrence was observed with some sound types 

being daytime specific, while others occurred during both day and night (Figure 3.6, Table 3.5). 

More than 90 % of all sound events of sound types C1, C4, H3, C5, U1, U2 and U3 occurred 

during the day across all sites. Six sound types were specific to daytime and site. The time 

occurrence of sound types H1, C2, C3, H5 and C6 were site specific; for example, H1 occurred 

during the day 100% of the time in Bua while in Lai it occurred during the night for more than 

90% of the time. Four sound types (F, H2, H4 and H6) did not have a dominant time of 

occurrence, with sound events occurring less than 75 % of the time during either daytime or 

nighttime (Table 3.5). 
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Figure 3.6. Day-time occurrence of sound types. Grey bar indicting times of occurrence during the day. Black bar 
indicating times of occurrences during the night. 



 
 

- 65 - 
 

Table 3.5. Sound type occurrence in sites during daytimes. Day sites indicate sites in which the 
sound type occurred more than 75% during the day. Night sites indicate sites in which the 
sound type occurred more than 75% during the night. Day/Night sites indicate sites in which 
the sound type occurred during day and night less than 75%. 

Sound 
type 

Total 
occurrence 

Day 
occurrence 

[%] 

Night 
Occurrence 

[%] Day sites 
Night 
sites 

Day/Night 
sites 

C1 1063 97.37 2.63 
Bua, Del, Mon, 
She, Wa1, Wa2 

  

C2 354 31.36 68.64 Bur, Wa1, Wa2 Cai Mon 

C3 6 16.67 83.33 Bur Wa2  

C4 174 96.55 3.45 Bur, Lai, San Wa2  

C5 1 100.00 0.00 Bur   

C6 5 60.00 40.00 She, Mon Emu  

F 143 53.15 46.85 
Bua, Cai, Lai, 
Mon, Wa1 

 Emu, Wa2 

H1 163 29.45 70.55 Bur, Del, Mon 
Bua, Cai,  

Wa2 
Lai 

H2 105 43.81 56.19  Cai Lai, Wa1 

H3 90 95.56 4.44 Bur, Del Cai Lai 

H4 172 27.33 72.67   Cai 

H5 46 69.57 30.43 Cai  Lai 

H6 316 56.01 43.99   Emu 

U1 33 93.94 6.06 Emu, San   

U2 102 100.00 0.00 Emu, Mon, San   

U3 14 100.00 0.00 Bua   

 

3.4.5. Sound type partitioning 

Evidence of acoustic niches in freshwater systems would be represented by the frequency and 

temporal partitioning of sounds at any one site. The observed sound types from the 12 

streams appeared to be partitioned into frequency, temporal and spatial niches, and 

importantly the sound types did not overlap. When temporal and frequency patterns of each 

sound type were compared using PCA, over 78 % of the variation between frequency and 

temporal occurrence of sound types could be explained in the first two dimensions (Figure 3.7, 

Appendix 9).  Variation in the distribution of sound types along PC1 reflected frequency 

properties, while the distribution of sound types along PC2 reflected the temporal occurrence 

of sound types (Appendix 10).  

Two pairs of sound types, C1 and C4 as well as C2 and H4 appeared to be closely related and 

not well partitioned. However, C1 and C4 were spatially separated, not occurring in the same 
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sites apart from site Wa2 where they were temporally separated with C1 occurred during the 

day while C4 occurred at night (Table 3.5). The other pair of sound types grouping closely in 

ordination space, and appearing to not be partitioned were C2 and H4; Unlike C1 and C4, C2 

and H4 actually had no obvious frequency, temporal or spatial partitioning, but were 

generated by different taxa (C2: Coleoptera and H4: Hemiptera).   

 

 Discussion 

Previous studies have shown that soundscape and biophony are different in different sites 

(Desjonquères et al. 2015, 2018),  however, this study is the first to explore differences in 

biophony across 12 freshwater streams over a continuous period for three days and to explore 

the acoustic niche hypothesis in freshwater streams. A previous study from the same sites 

established that the soundscape of each site was unique (Decker et al. 2020, Chapter 2), this 

study focussed more on the origin of the difference,  distinguishing differences in biophony 

composition between sites and time of day. This is an important step in ecoacoustics as it 

enables further research into freshwater acoustics and the potential use of ecoacoustics as a 

monitoring tool. The results demonstrate that freshwater streams have unique biological 

Figure 3.7. Sound types along the first two dimensions (Dim) of PCA 
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sound compositions. Even amongst similar streams in the same region, biological sound 

composition differed, some sounds were specific to time of day and others to site.  Further, 

each biological sound type occupied a unique acoustic niche, most likely to avoid acoustic 

masking and increase communication detection, as has been observed in terrestrial systems 

(Stanley et al. 2016).  

In a previous study (Decker et al. 2020), different streams were found to have unique 

soundscapes and here the same streams were shown to have unique biological sound 

compositions. This means ecoacoustics can be used to detect differences between streams, 

not only on a geophonic level (Tonolla et al. 2010), but also on a biophonic level. This aligns 

with previous studies that used annotation to look at sound composition between different 

sites (Desjonquères et al. 2015, 2018). Like previous studies, here sounds could not be related 

to their origin; however, in agreement with Rountree et al. (2019) future research should be 

dedicated to relate sounds to their source to get a better understanding of freshwater 

acoustics (Rountree et al. 2019).  

Each site in this study was shown to have a unique sound composition, this spatial uniqueness 

in sound composition has been observed in other freshwater ecosystems (Desjonquères et al. 

2015, 2018). The most acoustically distinct sites were Emu and Lai, which were dominated by 

Hemiptera and contained more than 200 sound events. In comparison the streams San and 

Mon were the least distinct and were dominated by U2, an unknown biological sound, and 

contained less than 100 sound events. According to the ‘acoustic adaptation hypothesis’ sites 

with similar properties are likely to contain sound types with similar features (Krause and 

Farina 2016). The current study tried to keep the sites similar by choosing only lowland creeks 

in South East Queensland and found that some sites like San and Mon share certain sound 

types e.g. U2, though further research should investigate whether physical and chemical 

parameters are related to sound type composition and adaptation.  

Over the course of 3 days across all sites 16 biological sound types were found. This is less than 

reported from previous studies, though those studies annotated all sounds and not only 

biological ones and were located in highly productive tropical freshwater systems (Gottesman 

et al. 2020, Linke et al. 2020). Another reason for the lower detection of sound types could 

relate to the relatively short recording time. Gottesman et al (2020) and Desonjquere (2015) 

recorded 23 and 84 days respectively with Gottesman et al (2020) stating that some sound 

types occurred only after rain fall. Seasonal variation in biophony has been explored in 
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terrestrial and marine ecosystems (Gage and Axel 2013, Montie et al. 2015), so it is likely 

biological sound type composition in freshwater systems would vary across long-term 

recordings as well.  

Many species produce different sounds depending on external stimuli (Farina and Gage 

2017b). Frogs, for example, have different callings for fighting, courtship and encounter 

(Ringeis et al. 2017). The 16 biological sound types found in this study might therefore not be 

16 different species. This again emphasises the need for further research into the origin of 

sounds and the establishment of a sound data bank with annotated sounds as suggested by 

Rountree et al (2017). A sound data bank will help future researchers to build automated 

detection algorithms for freshwaters, such algorithms exist for marine and terrestrial realms 

(Thode et al. 2012, Holmes et al. 2014) and have been explored for their utility in assessing 

acoustic activity of freshwater insects (Desjonquères et al. 2020). Automated detection of 

sounds would lead to a more detailed analysis of the biophony over time and a more holistic 

understanding of the ecosystems.  

Sound composition differed throughout the day and between sites. Desjonquere et al. (2015) 

found each pond had its own daily patterns of activity. Similar, in this study each site was 

found to have a unique daily acoustic pattern with different sonic peak hours and sonic 

activity. Like Gottesman et al. (2020) biological sound composition in the study streams varied 

over 24 hours, some types were daytime specific, others were daytime and site specific, while 

others occurred across all times. Time specific acoustic activity has been documented across a 

wide range of ecosystems (Gasc et al. 2013b, Ruppé et al. 2015, Gottesman et al. 2020, Linke 

et al. 2020) and for several aquatic insect species (Aiken 1985b). Interestingly, the fish sound 

type F was not time specific and occurred throughout the ”24 hour” time period, similar results 

have been observed in the Hudson river for fish (Rountree and Juanes 2017).  

Certain times of day are more favourable for sound production as they increase the chance of 

conspecific reception, finding available acoustic niche space and reducing predation risk. Some 

biological sound types were specific to daytime and site. A reason for this could be the same 

species is occupying different acoustic niches in time without changing its acoustic signal, or 

two species in different locations having very similar acoustic signals that are separated 

temporally. Jansson (1973) discovered that different species within the genus Cenocorixa 

(Corixidae) exhibited distinct peak sound production periods ranging from morning to dusk 

(Jansson 1973). He suggested that light intensity caused these diurnal patterns. Therefore, 
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another reason for the daytime and site-specific sounds found in this study might be the 

different light insolation at different sites.  

The 16 sound types found in this study did not overlap in frequency-temporal space. This aligns 

with the acoustic niche hypothesis (Krause 1993) and studies undertaken in other realms 

(Krause 2008, Sinsch et al. 2012). The coleopteran sound C2 and hemipteran sound H4 were 

similar and occurred in the same site during the night. While overlapping of species sounds can 

occur (Ruppé et al. 2015), I discovered upon inspecting the sound files that C2 and H4 did not 

overlap, but were temporally distinct, with one occurring directly after the other. This 

phenomenon has been observed in the terrestrial realm, when birds with high-frequency 

vocalization started singing only after orthopteran insects stopped producing loud sounds in 

the same frequencies avoiding acoustic masking (Stanley et al. 2016).  

Species produce sounds for various reasons including communicating information, mating and 

potential predation (Bradbury and Vehrencamp 2011). Some communications depend on time 

of day, such as the dawn chorus (Pijanowski et al. 2011b) and others on external stimuli like 

encounter of rivals (Ringeis et al. 2017). Variation between sound types was best explained by 

aspects of sound frequency including minimum, maximum and the dominant frequency of 

sound types. This makes sense as some calls occur spontaneously (e.g. encounter of a rival) 

and are time independent (Kaatz et al. 2017). Predator warning signals and sounds to increase 

group cohesion (Van Oosterom et al. 2016) are important for the survival of the species and 

therefore should be distinguishable no matter the time of day (Spiga et al. 2017).   

We need to start relating sounds to their origin and create a freshwater acoustic data bank to 

explore change over time (Rountree et al. 2019). Insects for example are the least studied 

species in freshwater acoustics (Greenhalgh et al. 2020), yet contribute significantly to 

biophony. Further, each sound type in this study occupied a unique acoustic niche and while 

the presented approach to explore acoustic partitioning is simplified, it is a first step in 

exploring acoustic partitioning of the whole soniferous aquatic community in freshwater 

systems. Other studies have only looked at specific groups of species and took sound patterns, 

sound duration, hour of day (Tricas and Boyle 2014, Ruppé et al. 2015) and spatial component 

into account (Sueur 2002). In future similar approaches should be explored in freshwater 

systems to better understand their acoustic community assemblage and acoustic community 

evolution.  
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 Ecoacoustics as a freshwater monitoring tool 

Forward: This chapter examines the applicability of annotated sounds and acoustic indices as 

monitoring tools in freshwater systems. This is the last step to establish whether ecoacoustics 

can be used as a long-term, cost effective method to monitor freshwater condition. 

This chapter has been prepared as a manuscript for publication in “Ecological Indicators”. My 

contribution to the paper involved: Conceptualization; Data curation; Formal analysis; 

Methodology; Visualization; Writing‐original draft; Writing‐review & editing.  
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 Abstract  

Freshwater systems are dramatically transformed by human activities and are in need of 

effective monitoring to halt the decline of ecosystem health. Ecoacoustics presents a new cost 

effective way to monitor changes in ecosystems, but has mainly been explored in marine and 

terrestrial realm. In this study I examine whether ecoacoustics can be used to monitor 

freshwater condition by relating annotated acoustic data and acoustics indices to 

environmental parameters. Results demonstrate that flow, depth and macrophyte cover are 

the key drivers of sound composition and that acoustic indices can be used to detect biological 

sounds and reflect environmental parameters in freshwater streams. Given that ecoacoustics 

can be a long-term, cost effective monitoring tool it should be incorporated in freshwater 

monitoring programs to allow for a more complete picture of ecological condition.  

Keyword: acoustic indices, bioacoustics, ecoacoustics, freshwater monitoring, freshwater 

systems, manual annotation,  
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 Introduction  

Freshwater systems throughout the world have been dramatically transformed by widespread 

changes to land cover, urbanization, agriculture, industrialization and engineering schemes, 

especially those associated with water resources development (Dudgeon et al. 2006, 

Vörösmarty et al. 2010). Climate change and species invasions pose further significant threats 

to freshwater systems (Jacobsen et al. 2012). To halt the decline of ecosystem health and 

sustainably manage freshwater ecosystems for both environmental and human needs, 

effective monitoring is critical for detecting and understanding ecological responses to 

pressures as well as management interventions (Revenga et al. 2005). In freshwater 

environments, the most common approaches to biodiversity monitoring include survey 

techniques such as electrofishing and use of nets (e.g. trawling, kick nets, fyke nets) which are 

typically invasive and biased, as the sampling itself can cause “flee” responses in target species 

(Thompson et al. 1997, Engel and Kvitek 1998, Nielsen 1998).  A more recent technique, 

environmental DNA, is very sensitive to biotic factors, enabling greater detection of species 

over broader temporal windows, but is often expensive, prone to contamination and does not 

result in real-time information about the presence of observed species (Stoeckle et al. 2016). 

Declining trajectories in the health and integrity of freshwater systems demand exploration of 

all possible conservation and monitoring solutions (Abell et al. 2007). 

Biomonitoring, the use of organisms as indicators of ecological condition, is used to 

characterize ecosystems and patterns in the extent and severity of their degradation as well as 

for long-term trend analysis (Buss et al. 2015). Biomonitoring programs typically aim to identify 

regional biotic attributes and patterns as well as potential sources and causes of ecological 

change, including degradation. Further, biomonitoring can seek to evaluate the effectiveness 

of pollution control and remediation activities and can be used to detect and assess cumulative 

impacts and ecosystem recovery (Barbour et al. 1999, Hering et al. 2006, Paulsen et al. 2008). 

Though many biological assemblages can be used for assessing ecological condition of 

freshwater systems, benthic macroinvertebrates are one of the most common bio-indicators 

(Hellawell 1986). Macroinvertebrates are widely used in biomonitoring programs and 

protocols (for an overview Buss et al. 2015), as they are a diverse group reflecting a wide range 

of sensitivity to environmental parameters  and anthropogenic stressors (Rosenberg and Resh 

1993).   
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Most species in freshwater systems are insects (Balian et al. 2008), amongst which four orders 

are known to produce sound - Trichoptera, Odonata, Hemiptera and Coleoptera (Aiken 1985a). 

Other soniferous, sound producing species, in freshwater systems include fish (Bolgan et al. 

2018, Rountree and Juanes 2020, Rountree et al. 2020b), amphibians (Brunetti et al. 2017, 

Ringeis et al. 2017, Kwong-Brown et al. 2019), reptiles (Giles et al. 2009, Ferrara et al. 2014) 

and mammals (Campbell et al. 2017). The observation that a broad range of freshwater species 

produce sound has led to an increased interest in freshwater acoustics, as underwater sounds 

can provide new and additional information about ecosystems (Linke et al. 2018).  

Ecoacoustics is a promising and cost effective tool for surveying freshwater systems (Rountree 

and Juanes 2017, Linke et al. 2018).  Ecoacoustics investigates soundscapes and their 

relationships with the environment (Sueur and Farina 2015) and, to date, has mostly been 

used in terrestrial (Llusia et al. 2011, Fristrup and Mennitt 2012) and marine realms 

(Notarbartolo di Sciara and Gordon 1997, Au and Hastings 2008). The soundscape is defined as 

an acoustic composition of voluntary and involuntary sounds of biotic and abiotic origin 

(Pijanowski et al. 2011b). Advances in sound technology (e.g. storing of large sound data) have 

allowed soundscapes to be utilised as a new approach to monitoring the environment (Farina 

2014b).  

The two most common ecoacoustic analytical approaches for environmental monitoring are 

single species approaches or soundscape analyses. A single species approach can be 

customised and used to detect life history events such as spawning (Parsons et al. 2009, 

Straight et al. 2014, Bolgan et al. 2018) or the presence of invasive species (Kottege et al. 

2015). In contrast, soundscape approaches seek to monitor changes in an ecosystem as a 

whole (Gage et al. 2015, Sueur and Farina 2015, Krause and Farina 2016). The latter is often 

achieved by calculating acoustic indices (AI), akin to ecological community metrics (e.g. 

richness or diversity), which are then used to characterize soundscapes with respect to  

differences in sound parameters, such as loudness or complexity (Gage et al. 2001, Sueur et al. 

2014, Towsey et al. 2014a, Harris et al. 2016).  

Ecologists already use ecoacoustics to monitor environmental conditions in terrestrial and 

marine ecosystems (Pijanowski et al. 2011a, Tucker et al. 2014, Nedelec et al. 2015). Butler et 

al. (2016), for instance, showed higher soundscape spectra levels in mangrove and healthy 

hard-bottom habitats when compared with seagrass and degraded hard-bottom habitats. 

When habitats were restored, the soundscape in the degraded and modified habitats changed, 
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displaying similar soundscape spectra to healthy habitats (Butler et al. 2016). Acoustic indices 

were shown to predict the diversity of avian species vocalization in different land-use types in 

India (Buxton et al. 2018), detect vegetation condition of woodland ecosystems (Ng et al. 

2018) and facilitate animal diversity assessment in woodland habitat such as mature forest, 

young forest and forest-cropland ecotone (Depraetere et al. 2012). Acoustic indices and 

relative soundscape power (i.e. energy in frequency intervals expressed as watts/kHz) were 

shown to connect soundscape and landscape characteristics, ecological condition and bird 

species richness (Tucker et al. 2014, Fuller et al. 2015). While the potential for using 

ecoacoustics as a monitoring tool has been explored in marine (e.g. Risch & Parks 2017) and 

terrestrial (e.g. Fuller et al. 2015) systems, relatively little investigation has occurred in the 

freshwater realm.  

To date, research in freshwater ecoacoustics has mainly focused on describing sounds 

produced by specific aquatic species (Anderson et al. 2008, Desjonquères et al. 2015), non-

biological sounds produced by physical processes such as sediment transport (Tonolla, Lorang, 

Heutschi, Gotschalk, & Tockner, 2011) and human generated sounds such as the sounds 

emitted from boats (Amoser et al. 2004, Wysocki et al. 2006). Spatial and temporal acoustic 

variation, as well as acoustic variation related to spatial connectivity in freshwater acoustics 

has been explored, showing clear differences spatially between sites and temporally 

throughout a day (Desjonquères et al. 2015, 2018, Decker et al. 2020, Linke et al. 2020). 

Despite growing research in freshwater acoustics, only one study to date has linked acoustic 

indices to soniferous insects and dissolved oxygen fluctuations suggesting that ecoacoustics 

can be used to monitor metabolism in freshwater systems (van der Lee et al. 2020). The 

question remains whether a general measure of freshwater condition can be approximated by 

either specific sounds or the whole soundscape. 

Here, the potential use of ecoacoustics as a freshwater monitoring tool is investigated. The aim 

is to explore the relationships between biological sounds, acoustic indices (AIs) and 

environmental parameters. In particular, 1) the capacity of AIs to detect biological sound types 

(i.e. grouping of biological sounds that have the same frequency range, duration and 

periodicity and are distinguishable from other sounds), 2) relationships between biological 

sound types and environmental health/parameters and 3) relationships between AIs and non-

acoustic measures of environmental health. AIs have been developed to summarise certain 

acoustic properties; therefore (i) AIs should be able to detect sound type richness, and (ii) AIs 
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and biological sound types should be related to background environmental parameters. To test 

these hypotheses, manually annotated acoustic data and AIs obtained though previous studies 

in South East Queensland in relation to a range of environmental health parameters measured 

in the field were used (Decker et al., 2020; Chapter 2, Chapter 3). Initially the correlation 

between biological sound type richness and AIs was tested and then the relationships between 

biological sound type composition and environmental parameters, as well as the relationships 

between AIs and environmental parameters. Finally, the efficacy of both methods in detecting 

environmental parameters was compared and the potential of ecoacoustics as a monitoring 

tool in freshwater streams evaluated.  

 

 Methods 

4.3.1. Study area and site selection 

This study was conducted in South East Queensland (SEQ), the fastest growing region in 

Australia  (Department of Infrastructure Local Government and Planning 2017). The receiving 

waters of Moreton Bay and its estuaries have very high conservation value and support 

fisheries and tourism, while the western catchments are the region’s primary water supply 

(Zhou et al. 2006). Human activity in this region has resulted in a significant alteration of 

catchment hydrology and significant native vegetation loss (Zhou et al. 2006, Bunn et al. 2010). 

To address the issue of declining water quality, an ecosystem health monitoring program that 

covered both freshwater and marine environments, was established in 2000 (Healthy 

Waterways 2018). In this study, 12 lowland stream sites (Table 4.1) were selected from the 

sub-group of lowland stream sites monitored (Bunn et al., 2010; Healthy Waterways, 2018). 

For more information on site selection see Decker et al. (2020). For more information on the 

study area and the development of the monitoring program see Bunn et al. (2010).  
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Table 4.1. Site code, HLW code and name 

Site Code HLW code Waterway HLW site Name 

Bua 143-0068 Buaraba Creek Rocky Gully Road, Coominya 

Bur 145-0015 Burnett Creek Boonah Rathdowney Road, Maroon 

Cai 145-0012 Cainbable Creek Cainbable Creek Road, Kerry 

Del 143-0066 Delaney Creek Dewhurst Road, Mount Delaney 

Emu 143-0012 Emu Creek Grieves Road, Colinton 

Kan 143-0010 Kangaroo Creek Kangaroo Creek Road, Moore 

Lai 143-0040 Laidley Creek Railway Bridge, Gordon Street, Forest Hill 

Mon 143-0011 Monsildale Creek Monsildale Creek Road, Linville 

San 143-0020 Sandy Creek Wivenhoe - Somerset Road, Crossdale 

She 143-0028 Sheepstation Creek Crossing No 2, Kilcoy - Murgon Road, Kilcoy 

Wa1 143-0044 Warrill Creek Villis Bridge, Niebling Road, Tarome 

Wa2 143-0049 Warrill Creek Kalbar Connection Road, Kalbar 

 

 

4.3.2. Environmental data collection and acoustic recording 

Acoustic recordings at each site were collected using one Aquarian Audio H2a Hydrophone 

(Sensitivity: -180 dB re: 1V/µPa) placed in the middle of the stream and connected to one 

Zoom H6 Handy Recorder (44.1 kHz/16bit, maximum gain with a -20dB pad). Each site was 

recorded for 72 hours. For more information on setup and recording see Decker et al. (2020). 

A range of environmental parameters were also measured twice at each site at the beginning 

and end of the acoustic recording (i.e. four measurements in total). Atmospheric pressure, pH, 

temperature, conductivity (SPC and C), dissolved oxygen (DO) and turbidity (NTU) were 

measured with an YSI ProDSS Multiparameter Sampling Instrument. Stream flow was 

measured with a Swoffer 2100 flow meter. Width, depth, and macrophytes cover of the 

stream were estimated on the spot. Canopy cover was measured using a camera with a fish-

eye lens and the program CAN-EYE (INRA Centre de recherche PACA 2017). Temperature and 

DO were not measured over 24 hours and therefore were excluded from data analyses as I 

could not account for full daily variation of these parameters.  

4.3.3. Acoustic indices and sound events 

Three acoustic indices (AIs), namely ACI (acoustic complex index), M (median of amplitude 

envelope) and H (acoustic entropy),  were calculated for every minute of every hour of 

recording from each site using the R packages Seewave (Sueur et al. 2008a) and Soundecology 

(Villanueva-Rivera and Pijanowski 2016). These indices were used in a previous study to group 
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sites with similar acoustic properties together (see Chapter 2). In that study, summary statistics 

of all three indices were grouped based on the similarity of their soundscapes using principle 

component analysis. The resulting acoustic groups were described as “Silent”, “Faint”, 

DailyDay”, DayNight” and “Flow” (see Chapter 2; Decker et al., 2020). 

Biological sound events used for this study have been annotated for a previous study (see 

Chapter 3). Biological sound events were annotated for one second of every ten minutes for 

each site and grouped according to their acoustic properties. Biological sounds belonged to 

either fish (F), Coleoptera (C), Hemiptera (H) or unknown biological origin (U). For more 

information see Chapter 3.   

In this study the calculated AIs from Chapter 2 were used to explore the relationships between 

AIs and biological sound types from Chapter 3 and background environmental variation.  To 

explore the relationship between AIs and biological sound type richness, Spearman 

correlations were calculated between the mean values of each AI per hour and the sum of the 

annotated sounds per hour over the “72 hour” cycle using the R package ‘ggpubr’ (Kassambara 

2019). For easier interpretation of the H index the values were inverted (1-H), this way a value 

of 0 indicated no spectral complexity and 1 maximum spectral complexity.   

4.3.4. Statistical Analysis  

4.3.4.1.Linking environmental data and sound type presents 

To find significant (p <0.05) environmental variables that best described the variation in 

biological sound type presence, the function dudi.pca from the R packages ‘ade4’ was used to 

run a PCA using the sound type composition of each site (Dray et al. 2018). The environmental 

data was then fitted onto the ordination using the function ‘envfit’ from the R package ‘vegan’ 

(Jari Oksanen 2019), with 1000 permutations (see van der Lee et al. 2020). Presence/absence 

data of sound types, rather than abundance data, was used as a higher abundance of a 

particular sound does not necessarily mean a higher abundance of a species.  

4.3.4.2.Linking environmental data and acoustic indices  

Linear models were developed to assess the relationships between measured environmental 

parameters and each AI. Following the method used by Fuller et al. 2015, AIs were averaged by 

hour across all days resulting in 24, hourly, acoustic metrics (Fuller et al. 2015). The AIs, as the 

dependent variable, were not normally distributed, the R package bestNormalize (Peterson 

2020) was therefore used to find the best transformation for each AI to ensure normal 
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distribution and homoscedasticity. Each transformation was assessed using cross validation 

with 10 folds and 5 repeats, with ordered quantile normalization (Peterson and Cavanaugh 

2019) deemed to be the best transformation for the AI data.  

Collinearity between variables was handled using a stepwise procedure to sequentially remove 

the variable with the highest variance inflation factor (VIF) until each variable scored less than 

three (Zuur et al., 2010). The VIF was calculated using the R package CAR (Fox et al. 2020). 

Consequently, conductivity and macrophyte cover were excluded from the model.  

Following Fuller et al. (2015), a linear mixed-effects model (Y=  Xβ +Zγ + ε) was fitted using 

restricted maximum likelihood estimation (REML) without a temporal covariance structure 

(i.e., as an independent errors model) with the lme4 package (Bates et al. 2015) in the 

statistical program R (R Development Core Team 2018). Fixed main effects included acoustic 

index (Y) and environmental parameters (flow, width, depth, atmospheric pressure, pH, 

turbidity and canopy cover) (X). Sites were modelled as a random effect (Z).  Fixed intercept 

effect (β) was common to all sites, while random intercepts (γ) were incorporated to allow site 

specific variation in the model coefficient (Mikkonen et al. 2008, Fuller et al. 2015). Final model 

selection for each acoustic index was performed with stepwise Akaike Information Criterion 

(AIC) procedure to select the most parsimonious model (Zuur et al., 2010).  
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 Results 

4.4.1. Acoustic properties of each site 

AIs and dominant sound types varied considerably between sites and site group (Table 4.2). 

The acoustic group “Silent”, consisting of sites Mon and San, was characterized by low values 

of each AI and was dominated by the sound type U2. Group “Faint” showed greater variation 

of summary statistics of each AI compared with the “Silent” group and was mainly dominated 

by hemipteran calls. Group “DayNight” had similar ACI values to “Faint”, but more variation of 

mean values of H and M and was dominated by coleopterans. The “DailyDay” group had the 

biggest variation of ACI and was dominated by the coleopteran sound C1. The group “Flow” 

was characterized by the highest values of mean M and H and again dominated by the sound 

type C1.  

Table 4.2. Acoustic properties of each site. Coleoptera sounds are indicated by C, Hemiptera 
sounds by H and unknown biological sounds by U. Name of group indicates acoustic properties 
as summarized through AIs and spectral inspection. 

  

Site 
Sound 
abundances 

Dominant 
sound Summary statistics of AIs Acoustic group  

Mon 91 U2 (88.0%) low values and variation in all 
summary statistics of ACI, M and H 

Silent 
San 24 U2 (79.2%) 

Bur 269 C4 (60.6%) 
similar to "Silent" but higher  and 

bigger variation of summary 
statistics values of ACI, M and H 

Faint 
Emu 446 H6 (70.9%) 

Lai 207 
H2 (38.2%) 
H1 (37.2%) 

Cai 488 C2 (56.6%) Big variation of H mean, M mean 
and standard deviation of H; ACI 

values similar to "Faint" 
DayNight Kan 0 0 

Wa2 291 C1 (77.0%) 

Bua 234 C1 (85.0%) 
Biggest variation of ACI DailyDay Del 197 C1 (68.0%) 

Wa1 275 C1 (87.4%) 

She 265 C1 (99.6%) 
highest value for M mean, M 

minimum, H mean and H 
minimum 

Flow 
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4.4.2. Relationship between acoustic indices and biological sound abundance 

Correlation between AIs and biological sound type abundance was site specific. ACI showed 

daily variation in 10 out of 12 streams (Figure 4.1) and similar patterns to sound type 

abundance in most streams. ACI was strongly correlated (R >0.7) with biological sound type 

abundance in five sites and moderately correlated with sound type abundance (0.5< R < 0.7) in 

three sites (Figure 4.2). Acoustic index H showed daily variation in 10 out of 12 sites (Figure 

4.3), but less correlation than ACI with sound type abundance in eight sites (Figure 4.4). Index 

M exhibited repeated daily variation in eight of 12 sites with patterns similar to those in sound 

type abundance (Figure 4.5). M was highly correlated (R >0.7) with sound type abundance in 

four sites and moderately correlated (0.5< R < 0.7) in four sites (Figure 4.6). Not a single 

acoustic index correlated moderately with sound type abundance in sites Del, Kan and Lai.  
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Figure 4.1. Sum of sound events (red) and ACI (black) over 72h in each stream. 
ACI was scaled between 0 and 20 to fit in the plot 

Figure 4.2. Spearman correlation between ACI and number of sound events 
richness for each stream 
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Figure 4.3. Sum of sound events (red) and H (black) over 72h in each stream. 
Inverted H was scaled between 0 and 20 to fit in the plot 

Figure 4.4. Spearman correlation between H and number of sound events for each 
stream 
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Figure 4.5. Sum of sound events (red) and M (black) over 72h in each of 12 
streams. M was scaled between 0 and 20 to fit in the plot 

Figure 4.6. Spearman correlation between M and number of sound events for 
each stream 
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4.4.3. Environmental parameters and acoustic properties  

Relating environmental data to site acoustics revealed that different acoustic properties 

correlated with different environmental properties. Difference in sound type composition 

could be linked to flow (r2 = 0.52, p = 0.04), macrophyte cover (r2 = 0.55, p = 0.04) and depth (r2 

= 0.56, p = 0.04) (Appendix 12). 

Linear models were developed to test the relationship between each acoustic index and 

environmental parameters, the models are presented in Table 3. There was a significant 

positive relationship between ACI and flow, with increased flow leading to an increased ACI 

(Table 4.3). H had a significant positive relationship with width, pressure, turbidity and canopy 

cover and a significant negative relationship with flow and depth. M had the opposite 

relationship with environmental parameters to H with the most significant relationship being 

with flow (Table 4.3). This means a fast, deep stream with lower pH and little turbidity has a 

louder soundscape. Stream width had little impact on both H and M index. 

Table 4.3. Linear mixed model between acoustic indices and environmental parameters. 
Estimates of fixed effects, significance, lower and upper confidence intervals (CI) are indicated 

 

 

 

 

 

 

 

 

 

 

 

 

Effect Estimate 
Standard 

error t-value 
2.5% 

lower CI 
97.5% 

upper CI p-value 

ACI       
Intercept -0.389 0.209 -1.864 -0.795 0.016  
flow 3.909 1.155 3.386 1.666 6.152 0.002 

       
H       
Intercept -36.902 23.219 1.589 -68.793 -5.011  
flow -3.331 1.104 -3.018 -4.848 -1.815 0.000 

width 0.068 0.021 3.184 0.039 0.097 0.000 

depth -1.264 0.775 -1.631 -2.328 -0.199 0.024 

pressure 0.363 0.229 1.583 0.048 0.678 0.027 

turbidity 0.179 0.095 1.886 0.049 0.310 0.011 

canopy 0.009 0.006 1.533 0.001 0.018 0.032 

       

M       
Intercept 6.672 3.591 1.858 1.268 12.075  
flow 4.902 1.059 4.629 3.309 6.495 0.000 

width -0.039 0.021 -1.845 -0.070 -0.007 0.020 

depth 1.926 0.727 2.649 0.832 3.020 0.002 

pH -1.007 0.515 -1.955 -1.783 -0.232 0.015 

turbidity -0.111 0.077 -1.433 -0.227 0.005 0.060 
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 Discussion  

The current study investigated the potential to use ecoacoustics as a monitoring tool in 

freshwater ecosystems. The aim of the study was to explore relationships between biological 

sound abundance, acoustic indices and environmental parameters. Results demonstrated that 

flow, depth and macrophyte cover were key drivers of sound type composition and that AIs 

can be used to detect biological sounds reflecting environmental parameters in freshwater 

streams. Previous studies in Europe correlated AIs to soniferous insects and dissolved oxygen 

fluctuation (van der Lee et al. 2020), but the current study is the first to demonstrate 

relationships between biological sound composition, environmental parameters and AI in 

Australia. This suggests that the simple use of acoustic indices has great potential to become a 

cost effective, long-term monitoring tool in freshwater systems.  

All AIs examined here exhibited daily variation in most sites. Sites Kan and Lai were the only 

two sites for which not a single AI presented a recurring diel pattern. Similarly, most sites 

exhibited a daily occurring pattern of sound events excluding site Kan, which did not contain 

any sounds. This is consistent with previous studies that showed daily recurring sequences of 

AIs and biological sounds (Desjonquères et al. 2015, Gottesman et al. 2020, Linke et al. 2020). 

All indices were correlated with the number of sound events in most sites. Similar to the 

results of Linke et al. (2020), acoustic entropy (H) had a lower correlation with number of 

sound events compared with ACI and M (Linke and Deretic 2020, Linke et al. 2020) although 

other studies have described H as the best index for detecting biological sounds (van der Lee et 

al. 2020). This indicates that acoustic index choice is likely to be specific to the ecosystem 

investigated. 

ACI has been designed to avoid bias induced by the presence of noise and the absence of 

sounds (Depraetere et al. 2012, Gasc et al. 2013b). This is reflected in this study as ACI and M 

significantly correlated the most with number of sound events in streams, even in sites with a 

high flow rate and therefore high background noise. ACI was highly correlated (R > 0.7) with 

sites that had more than 200 sound events and were dominated by the coleopteran sound 

type C1 or C4. Soniferous aquatic Coleoptera have been described for more than a century 

(Aiken 1985a) and can be detected by ACI, yet appropriate recordings are still lacking, or even 

when these have been collected are often inaccessible. As recommended by Linke et al. 

(2018), there is a need for such recordings to be committed to centralized reference collection 

repositories (Linke et al. 2018), with robust meta-data. 
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Acoustic indices did not correlate with number of sound events in sites Del, Kan and Lai. 

However, there are reasons for this lack of correlation at two of these sites; no sound types 

were recorded at site Kan, therefore no correlation could be drawn. Site Del was subjected to 

rainfall and rain has been previously identified as a problem in acoustic studies in most realms 

(Depraetere et al. 2012, Towsey et al. 2014a, Fairbrass et al. 2017). In the future, removal of 

rainfall sound should be considered (Metcalf et al. 2020) to allow for a more realistic 

comparison of AIs and biological sound events. One unexpected result was the lack of 

correlation detected between sound type abundance and AIs in site Lai, the only site with two 

dominant sound types. Future studies, should record sites for longer than three days to test 

whether this is an anomaly or an underlying pattern that has not been discovered yet.  

ACI, M and H are well established indices in freshwater acoustics, with the combination of ACI 

and M needed to detect number of sound events in all but one site (Lai). Combining acoustic 

indices in order to detect species specific sound events has been explored using false colour 

spectrograms (Towsey et al. 2014b, Indraswari et al. 2020). In this process three acoustic 

indices are mapped to red, green and blue colours and displayed in a spectrogram. The 

resulting false-colour spectrogram can be used to detect various species including crows, 

grasshoppers, crickets and anurans (Towsey et al. 2014b, 2018b, Indraswari et al. 2020). As 

shown here, combining the correlation results of two acoustic indices leads to a better 

outcome. Each AI summarises different acoustic properties. ACI is able to detect sounds that 

are more complex, while M might detect sounds that have a higher amplitude (i.e. are louder). 

Further ACI could be used selectively on different frequency bands to enhance detection of 

specific sound events. Both acoustic properties - loudness and complexity- are important when 

describing sounds, future studies involving AIs should therefore consider combing AIs as an 

alternative to manual annotation.  

Macroinvertebrate community composition is influenced by hydrological controls such as 

water depth, flow velocity, wetted width, aquatic vegetation and overhead canopy (Poff 1997, 

Leigh 2013, Karaouzas et al. 2019). Relating soundscapes to environmental parameters has had 

only limitted success so far. Desjonquere (2018) could not relate sound type composition to 

environmental parameters apart from stream connectivity (Desjonquères et al. 2018). Van der 

Lee et al. (2020) found that insect communities responded to several environmental 

parameters, but the soniferous community only reflected temperature (van der Lee et al. 

2020). This study meassurred 10 parameters and found that macrophyte cover, depth and flow 
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were linked with sound type composition, reflecting the impact of water velocity on soniferous 

species (Mazzucco et al. 2015). Unlike previous studies that have mostly been conducted in 

Europe, this study was conducted in Australia and the different results are therefore most 

likely due to the different species composition between the two continents. This is in line with 

the philosophy of the reference condition approach (Bailey et al. 2004) - comparisons in river 

health assessments should always be in the local context. Further, this study, like many others, 

has not taken calibration of hydrophones into account. The hydrophones are specified at 

180dB re: 1V/µPa (+/- 4dB 20Hz-4KHz). We deemed this as acceptable as a similar setup was 

used by other studies (Karaconstantis et al. 2020, Linke et al. 2020). Future research should 

consider preforming absolute calibration of hydrophones, so studies can be directly compared 

to each other.   

Benthic macroinvertebrates are the most common bio-indicator (Hellawell 1986) and are 

widely used in biomonitoring programs and protocols (for an overview Buss et al. 2015). Even 

if sound type composition could not be directly related to species, using acoustic indicators 

represents a new way of holistically studying ecosystems. The results of this study suggest that 

sound type composition is a promising tool for describing environmental conditions and 

therefore ecosystem health. Similar to the development of biotic indices for bioassessment, 

there is a need to identify and catalogue freshwater sound types including the habitats they 

occur in. With the creation of a sound reference library, future research can develop a ‘health 

sound score’ for freshwater systems that potentially can be included in integrative river health 

monitoring programs (Bunn et al. 2010, Healthy Waterways 2018).  

All three AIs were related to flow. Increased flow has been shown to affect the lower 

frequency bands and contribute substantially to the whole soundscape (Tonolla et al. 2009, 

Lumsdon et al. 2017). ACI correlated the most with number of sound events but was only 

assosiated with the environmental parameter flow. Linke et al. (2020) found that ACI could 

detect flow between two waterholes, Hemiptera and fish chorus, when seperated into 

appropriate frequency bands (Linke et al. 2020). Results in the current study suggest that ACI is 

useful for detecting sound events, but less so for describing  environmental parameters. This 

finding aligns with the conclusions of van der Lee et al. (2020) who showed that  ACI correlated 

significantly with soniferous invertebrates, but could only detect one out of seven 

environmental stressors (van der Lee et al. 2020).  
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In this study the indices H and M related to six and four environmental parameters respectivly. 

Flow had the highest correlation with the M index, followed by depth and pH. H, a measure of 

complexity in time and frequency, was most affected by flow, followed by depth, atmospheric 

pressure and turbidity. Change in soundscape due to flow and depth has been shown before 

(Tonolla et al. 2011). Interestingly, a change in soundscape due to atmospheric pressure, pH 

and turbidity was also found, which has not been demonstrated before. Presence of abiotic 

variables like substrate are important to aquatic insects and directly affect the distribution 

range of species (Death and Winterbourn 1995). Variation in abiotic factors that influence 

soniferous insects in their behavior or distribution might therefore cause a change in 

soundscape as well.  

Correlation between H and number of annotated sound events was lower compared with ACI 

and M, but was higher with most environmental parameters. One explanation could be that H 

is good at detecting specific soniferous species, e.g. fish, that are sensitive to environmental 

parameters but contribute relatively little to the overall number of sounds present. Another 

explanation could be that H can detect environmental processes that have not been measured 

before. As suggested by van der Lee et al. 2020,  photosynthesis, respiration and reaeration 

produce distinguishable sounds and should be recorded in future experiments to gain better 

understanding of the acoustic composition in freshwater systems (van der Lee et al. 2020).  

In conclusion, the common acoustic indices ACI, H and M allowed the detection of biological 

sound events as well as environmental parameters. AIs are easy to calculate and relate more 

to environmnetal parameters than manually annotated sounds, which are often labour 

intesive to obtain. Using ecoacoustics in the form of AIs presents a cost effective, less labour 

intensive and less invasive long-term monitoring option for freshwater systems. Similar to 

measuring all parameters and insects of/in the water to ensure a holistic picture of the 

condition of the freshwater ecosystem, ecoacoutics should be incorporated in monitoring 

programs to allow for a more complete picture of ecological condition.  
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 Discussion  

The overall aim of my thesis was to explore the potential to utilise ecoacoustics as a 

monitoring tool for freshwater systems by i) investigating spatial-temporal variation in 

soundscapes of this realm, ii) examining the main biological drivers of these soundscapes and 

iii) relating acoustic properties to environmental parameters. This is the first study that has 

explored soundscapes of freshwater bodies over broad spatial and temporal scales. 

Soundscapes and biological sound composition in freshwater streams can be highly variable, 

even amongst similar streams in the same region (Figure 2.2). Acoustic indices (AIs) show great 

utility in characterizing sonic assemblages in the face of this complexity and relating sound to 

environmental parameters of freshwater streams, suggesting that there is a strong potential 

for ecoacoustics to provide a cost effective, long-term monitoring tool for freshwater systems. 

Chapters 2 and 3 provide the necessary foundation for exploring ecoacoustics as a monitoring 

tool. Without knowing how, or if, soundscapes vary between freshwater bodies, the full 

potential of ecoacoustics cannot be explored. In Chapter 2 I developed an analytical approach 

demonstrating that AIs can be used to describe soundscapes in a quick and relatively 

straightforward way (Decker et al. 2020). While this method was developed in freshwater 

systems, it is not restricted to a freshwater setting but is also applicable to terrestrial and 

marine environments.  

In Chapter 3, I investigated spatial variation in these soundscapes in greater detail, by manually 

annotating all biological sounds in subsampled recordings of each site.  While manual 

annotation of soundscape data is labour intensive, this approach provided a more 

comprehensive overview of the main drivers of variation in soundscapes between freshwater 

streams in the study region. Establishing differences in soundscapes and biological sound 

composition among the 12 study streams (Chapters 2 and 3) allowed further exploration of 

ecoacoustics as a tool for monitoring environmental parameters (Chapter 4). I therefore 

recommend applying the methods used in Chapter 2 and 3 for specific monitoring goals (see 

Figure 5.1) to gain a better understanding of how acoustic properties vary across different 

freshwater systems.  

During my research, I discovered that soundscapes are unique to each of the 12 freshwater 

streams studied, demonstrating that ecoacoustics can be used to monitor spatio-temporal 

variation. My study sites were located within a 100 km radius and yet all had unique sound 
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compositions with not a single sound common among them. Karaconstantis et al. (2020) also 

found that four waterholes along one river in Northern Queensland (Australia) had different 

acoustic properties (Karaconstantis et al. 2020), while Desjonqueres et al.  (2018) 

demonstrated that laterally connected freshwater sites in France all shared a similar acoustic 

composition which differed to that of disconnected sites (Desjonquères et al. 2018).  My study 

sites were limited to a 100 km region and therefore do not represent a global range of 

freshwater bodies, however my research represents a critical foundational step in 

understanding variation amongst freshwater soundscapes on a broad spatial scale. Further 

research should expand to sampling more sites than was possible here to investigate how 

soundscapes vary spatially across different regions and countries.  

My goal in this study was to record similar streams in one region across a gradient of human 

influence to investigate spatial-temporal variation in soundscapes. Therefore, the selected 

streams were all small (stream order < 4) with limited flow (0.10 ± 0.16 m/s). Lentic habitats 

generally have lower sound levels compared to lotic habitats (Wysocki et al. 2007). Similarly, 

sound pressure levels (SPL: the effective sound pressure relative to a reference value (Madsen 

2005)) across the entire soundscape tend to increase in relation to flow level and flow velocity 

(Tonolla et al. 2010). Annotating biological sounds and describing the distinct acoustic 

properties in fast flowing rivers might be more challenging than in low flowing freshwater 

systems like the 12 streams examined in this thesis. Furthermore, the dominant acoustic effect 

of flow might mask other sounds that potentially relate to environmental parameters such as 

oxygen fluctuation. Future research should record the soundscape of as many freshwater 

bodies as possible, as per Rountree  et al. (2020), to establish a baseline of freshwater 

acoustics and to better understand the impact of flow on freshwater soundscape (Rountree et 

al. 2020a). 

In addition to spatial variation, I was also able to detect temporal variation in freshwater 

soundscapes which was mainly driven by biological sounds. Each of the 12 streams studied 

exhibited diurnal variation except one (Kan), which was silent over the recording time. A clear 

next step in developing freshwater ecoacoustics for monitoring should therefore be to 

investigate how the soundscapes within and between streams change over seasons and years 

in relation to key drivers such as weather conditions. Specifically, such research could address 

whether changes in environmental parameters over time can be detected using ecoacoustics. 
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Identifying shifts in freshwater system condition using ecoacoustics could provide cost 

effective early warning systems to detect ecosystem decline.  

Understanding the main drivers of soundscapes and relating sounds in freshwater bodies to 

their origin, as well as modifying factors and interactions, will be critical to the application of 

ecoacoustics to monitor the health of freshwater systems. However, manual annotation is very 

time consuming and while it was possible within the scope of this thesis, it is not likely to be 

practical or cost effective for broad-scale monitoring work. An emerging technique to solve the 

problem of labour-intensive annotation involves machine learning algorithms that can detect 

sounds without any, or only limited, manual annotation (Kasten et al. 2012, Farina and Salutari 

2016, Zhong et al. 2020). Algorithms to detect sound events have been successfully applied in 

the marine (Mellinger et al. 2011) and terrestrial (Hao et al. 2012, Clink and Klinck 2020) 

realms, but are lacking for freshwater systems. Future research should investigate whether 

acoustic detection methods used in terrestrial and marine systems can also be implemented in 

freshwater recordings.  

Manual annotation can provide more detailed information about acoustic drivers in freshwater 

systems, such as the dominant sound type, however, AIs were found to be more sensitive to 

environmental parameters such as turbidity and pH (Chapter 4). I therefore recommend using 

AIs to monitor changes in soundscapes and freshwater condition where time and resources are 

limited. I used AIs to detect spatial and temporal variation in soundscapes as well as 

environmental parameters of 12 streams. Researchers recently developed a software platform 

that can manage and visualize acoustic environmental data and calculate AIs in a faster and 

easier way than previous approaches (Towsey et al. 2018a). For a broad spatio-temporal study, 

AIs would be recommended as they are easy to calculate and are comparable between 

freshwater streams. Similar to measuring all parameters and insects on/in the water to ensure 

holistic information of freshwater ecosystem condition, I suggest ecoacoutics be incorporated 

in broader monitoring programs such as SEQ’s Ecosystem Health Monitoring Program (EHMP) 

to provide a more complete picture of freshwater systems and their spatial and temporal 

dynamics. 

Current monitoring methods can be invasive and often provide only a snapshot in time. 

Gathering freshwater monitoring data often requires stepping into the freshwater body and 

collecting specimens, e.g. macroinvertebrates and fish. Techniques like electrofishing and the 

use of nets can hurt endangered species, cause frighting responses in target species and 
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further provide only a snapshot in time about the assemblage of species (Thompson et al. 

1997, Engel and Kvitek 1998, Nielsen 1998). Ecoacoustics offers a more sustainable monitoring 

tool that can provide near continuous data over long timescales. The placement of a 

hydrophone likely does not endanger species and due to its long-term deployment, species 

could adjust to the foreign object and continue their behaviour as usual. In Chapter 3, a daily 

repetition of biological sounds was detected, indicating that species overcame the initial 

disturbance of hydrophone placement and continued their daily routine whilst this was 

deployed. Using ecoacoustics is therefore a less invasive method to monitor species behaviour 

than traditional collection of specimens. Further, the long-term deployment of a hydrophone 

allows observation of temporal variations in ecological condition. For this thesis, I used H6 

recorders to continuously record for three days. Other recorders such as “Song meter” 

(Wildlife Acoustics 2020) and “AudioMoth” (AudioMoth 2020) have the capacity to record for 

longer, but have mostly been used in terrestrial realms. Future research should investigate 

possibilities to record freshwater bodies for more than three days.  

Other benefits of implementing ecoacoustics as a freshwater monitoring tool include easy use 

and cost efficiency. Collecting and identifying macroinvertebrates requires highly trained 

personnel, which is time consuming and costly. Further, the process of identifying species has 

to be done frequently to monitor a freshwater body over time. On the other hand, once a 

programming script for AIs is written, it can be used repeatedly. Additionally, once sounds are 

properly associated with their origin and a classifier is built, analysis of soundscapes can be 

highly computerized. This ability to automate the analysis process makes ecoacoustics an 

accessible monitoring tool that can conveniently be implemented in current monitoring 

programs with little effort.  

Ideally, monitoring tools should have certain properties to meet the needs of environmental 

monitoring. These features include the capacity to: i) provide outputs that are easy to 

interpret, ii) be objective and replicable, iii) relate to appropriate spatio-temporal scale, iv) be 

cost effective, v) reflect important ecological values and threat to these, vi) be scientifically 

defensible, vii) respond predictably to damage and external factors and viii) relate to 

management goals (Artiola et al. 2004). In this thesis, I showed that ecoacoustics meets the 

first six criteria. Monitoring criteria seven and eight were beyond the scope of a thesis but 

should be explored in the future. To aid in the implementation of ecoacoustics as a tool in a 

monitoring project, I provide a guide in Figure 5.1. The guide outlines necessary measurements 
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for three major categories of freshwater soundscape and likely monitoring outcomes each one 

will provide (Figure 5.1).  

 

 

Though spatial and temporal monitoring of sites often go hand in hand, sometimes it is either 

not possible to monitor for a long time or across a large spatial scale. Spatial variation might be 

of more interest if one is monitoring multiple sites and is interested in determining differences 

in sediment transport or variation in assemblages of soniferous species between sites. In this 

case spatial replication is important, though I would also recommend to record for at least 24h 

to explore full diurnal variation between sites. Subsampling each recording as per Chapter 3 

should then be sufficient to manually annotate biological sounds and determine similarities 

and differences in biological sound composition across all sites. Sounds of flow and sediment 

transport occur in the lower frequencies (0-2kHz) of the freshwater soundscape (Lorang and 

Tonolla 2014). AIs can be calculated for those frequencies to determine the difference in 

sediment transport between sites. As well as providing a primary monitoring tool, freshwater 

ecoacoustics can further complement other monitoring methods and help with interpretation 

Figure 5.1. Guide to use freshwater soundscape as a monitoring tool to investigate spatial- 
temporal variations and human impact on freshwater bodies.  
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of findings. For example, sites that have similar insect assemblages, but different biological 

sound composition might indicate a sampling error or difference in species activity due to 

other stressors.    

If exploration of temporal variation in freshwater systems over a small scale (e.g. single site) is 

the main objective of a monitoring program, I recommend deployment of at least three 

recorders, in case one fails or data is corrupted. Depending on the monitoring goal, recordings 

can be continuous or scheduled to save data. Observing temporal variation in freshwater 

soundscapes can help establishing an acoustic baseline for a freshwater body. The baseline can 

then be used to compare against the soundscape in a disturbed freshwater body or after 

restoration of the freshwater body took place. Further, ecoacoustics can determine when 

soniferous species arrive at a freshwater body (Linke and Deretic 2020) or when they are most 

active (Linke et al. 2020) and therefore help establish a sampling regime for other monitoring 

approaches such as the collection of species. To analyse long-term ecoacoustics data, I would 

recommend using a similar approach to that presented in Chapter 2, but instead of differences 

between sites, differences between timeframe (e.g. months) could be explored. To understand 

differences in sound composition or arrival of species, manual annotation could be used. The 

subsampling regimen used in Chapter 3 might not be feasible for a long-term recording and 

should be restricted to for example one day a week across one year (total 54 days).  

Due to the widespread decline of freshwater systems (Dudgeon et al. 2006, Vörösmarty et al. 

2010), monitoring programs often need to observe human impacts on freshwater systems.  In 

Chapter 4, I showed that acoustic signals can be related to environmental parameters. Further 

research could examine how ecoacoustics can be related to freshwater disturbances such as 

agricultural runoff. Even without other measurements of disturbance, ecoacoustics can be 

useful to detect human impact, including management actions such as elimination of an 

invasive soniferous species. For example, round goby (Neogobius melanostomus) is a 

soniferous species (Higgs and Humphrey 2020) invasive in parts of the world (Bergstrom and 

Mensinger 2009, Borcherding et al. 2011). In this case ecoacoustics can be used to investigate 

whether round gobies are still occurring in a freshwater system after remediation action took 

place.  

This thesis represents an important first step towards monitoring and analysing freshwater 

soundscapes, but freshwater ecoacoustics is more than just another monitoring tool. 

Underwater recordings provide the opportunity to explore a new acoustic world and expose a 
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captivating soundscape beneath the surface. This can inspire community engagement through 

interactive workshops and recording expeditions (Barclay et al. 2018). Ecoacoustics can 

therefore help monitor and protect freshwater systems in more than one way - both through 

its non-invasive, cost effective, long-term application as well as by bringing awareness to the 

general public about aquatic biodiversity and environmental issues in a new engaging way.  
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Appendix 

 Appendix for Chapter 2 

Appendix 1. Scaled summary statistics of each AI used for the dendogram. First letters indicates AI followed by the summary statistic. 

Site M_min M_max M_range M_sum M_median M_mean M_SE.mean 
M_CI.mean. 

0.95 
M_var M_std.dev M_coef.var M_IQR 

M_ 
variability 

Bua -0.2321 -0.2062 -0.1441 -0.4096 -0.2554 -0.2805 -0.1734 -0.1720 -0.4643 -0.2565 -0.0209 -0.4460 -0.0833 
Bur -0.4550 -0.5471 -0.4596 -0.6044 -0.4906 -0.5316 -0.4256 -0.4245 -0.5414 -0.4894 -0.1073 -0.4930 -0.1782 
Cai 0.1892 0.2056 0.1640 0.1869 0.4164 0.3759 0.2809 0.2823 -0.2237 0.1959 0.2141 0.4842 0.1191 
Del 0.1360 0.8327 0.9672 0.4166 0.0789 0.4272 1.7209 1.7197 1.1308 1.7755 1.6013 2.6442 0.6142 
Emu -0.2725 -0.7436 -0.7912 -0.3408 -0.2995 -0.3943 -0.8388 -0.8390 -0.5925 -0.8260 -0.8041 -0.6947 -0.6486 
 Kan -0.5053 1.7317 2.3907 -0.2699 -0.5105 -0.2515 2.0237 2.0251 2.6651 1.9260 2.2427 0.4974 2.8286 
Lai -0.5224 -0.2008 0.0022 -0.5476 -0.5705 -0.6005 -0.3226 -0.3228 -0.4454 -0.3177 0.2634 -0.5436 0.4076 
Mon -0.5384 -0.8171 -0.7544 -0.5657 -0.6183 -0.7005 -0.8768 -0.8773 -0.5819 -0.8401 -0.6516 -0.8722 -0.4249 
San -0.4177 -1.0396 -1.0883 -0.5722 -0.5329 -0.6335 -1.0782 -1.0783 -0.6342 -1.0738 -1.1511 -0.9761 -0.8715 
She 3.0829 1.9685 0.9583 3.0117 3.0233 2.9612 0.6256 0.6232 0.5805 0.8101 -0.5312 0.5372 -0.5459 
Wa1 -0.2849 -0.5378 -0.5299 -0.1010 -0.0818 -0.1329 -0.2620 -0.2624 -0.3163 -0.2428 -0.3792 0.3153 -0.5664 
Wa2 -0.1799 -0.6463 -0.7150 -0.2041 -0.1592 -0.2392 -0.6738 -0.6741 -0.5768 -0.6612 -0.6760 -0.4527 -0.6506 
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 Appendix 1 continue 

 

  

H_min H_max H_range H_sum H_median H_mean H_SE.mean H_CI.mean.0.95 H_var H_std.dev H_coef.var H_IQR H_variability 

-0.2611 -0.0107 0.2572 -1.4325 -0.5240 -0.5020 0.4755 0.4770 0.1326 0.3885 0.3958 0.1571 0.3111 

0.6029 0.5285 -0.4850 -0.6313 0.6753 0.7630 -0.4859 -0.4851 -0.5519 -0.5292 -0.5437 -0.5167 -0.5149 

-0.9970 -0.1683 0.9547 -1.8303 -0.4500 -0.7261 1.1732 1.1771 0.7930 0.9535 0.8849 0.2312 0.9346 

0.5844 -0.1915 -0.6224 0.3894 0.0651 -0.0085 -0.3000 -0.3006 -0.4338 -0.2626 -0.2796 0.3313 -0.6198 

0.5361 0.3727 -0.4523 0.8207 0.6428 0.8062 -0.7142 -0.7145 -0.5767 -0.6920 -0.6868 -0.7572 -0.4845 

-1.2333 0.5891 1.3535 -0.0291 0.5370 0.1377 0.7969 0.7964 0.5899 0.8198 0.7315 0.6199 1.2460 

0.3630 0.6293 -0.2248 0.6094 0.8271 0.8417 -0.3732 -0.3736 -0.4126 -0.3540 -0.3884 -0.5348 -0.2770 

1.1233 0.6526 -0.9754 1.7077 0.9792 1.1467 -0.9410 -0.9413 -0.6376 -0.9120 -0.8836 -0.8710 -0.9858 

1.0542 0.4555 -0.9495 0.7513 0.7946 0.9773 -0.9124 -0.9125 -0.6556 -0.9040 -0.8749 -0.8165 -0.9563 

0.1561 -3.0183 -0.8081 -0.0852 -2.5209 -1.9181 -0.7598 -0.7603 -0.6208 -0.7257 -0.6496 -0.4914 -0.6953 

0.2676 0.1735 -0.2285 0.3537 -0.1928 0.0025 -0.2853 -0.2860 -0.3900 -0.2476 -0.2542 -0.1126 -0.2163 

-2.1962 -0.0125 2.1805 -0.6239 -0.8333 -1.5205 2.3260 2.3234 2.7634 2.4652 2.5487 2.7608 2.2583 
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Appendix 1 continued 

ACI_min ACI_max ACI_range ACI_sum ACI_median ACI_mean ACI_SE.mean 
ACI_ 

CI.mean.0.95 
ACI_var 

ACI_ 
std.dev 

ACI_ 
coef.var 

ACI_IQR 
ACI_ 

variability 

0.6943 1.2398 1.3532 -0.9386 1.7072 1.5049 1.4755 1.4794 0.7340 1.2430 1.1857 1.5602 1.2081 

-0.3647 -0.3897 -0.3640 -1.3151 -0.3442 -0.3568 -0.2078 -0.2061 -0.5771 -0.3130 -0.2796 -0.2731 -0.3310 

-0.5662 -0.0008 0.2362 -1.7485 -0.4428 -0.4848 -0.2195 -0.2165 -0.4102 -0.3915 -0.3567 -0.5686 0.3395 

2.1542 1.4737 1.0516 1.0144 1.2971 1.5951 1.8468 1.8447 2.7155 1.9449 1.9246 1.8069 1.0353 

-0.6758 -0.0116 0.2677 0.2286 -0.4079 -0.4376 -0.2878 -0.2885 -0.4807 -0.2556 -0.2109 -0.1439 0.3637 

-0.9975 -0.9739 -0.8735 -0.4902 -1.1671 -1.0853 -0.7385 -0.7386 -0.5909 -0.7371 -0.7251 -0.9435 -0.8476 

-0.6981 -0.8558 -0.8424 -0.1780 -0.9040 -0.8955 -0.8042 -0.8043 -0.3861 -0.7998 -0.8040 -0.9798 -0.8280 

-0.8121 -1.4450 -1.5759 0.7411 -0.9883 -1.0148 -1.3069 -1.3074 -0.8353 -1.2591 -1.3086 -1.0475 -1.6399 

-0.9173 -1.1535 -1.1453 -0.1502 -1.0015 -1.0036 -1.0375 -1.0377 -0.7581 -1.0302 -1.0547 -0.9055 -1.1621 

1.1524 0.6740 0.4109 1.6401 0.9452 0.8847 0.1061 0.1035 0.3353 0.3108 0.2757 0.1251 0.3589 

0.2654 1.2431 1.5373 0.6300 0.5624 0.6287 1.1168 1.1152 0.5958 1.1919 1.2473 0.9687 1.5910 

0.7653 0.1998 -0.0557 0.5663 0.7439 0.6649 0.0571 0.0562 -0.3422 0.0956 0.1062 0.4011 -0.0879 
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Appendix 2. Eigenvalue of each dimension of the Principal Component Analysis 

 Dimension eigenvalue 
percentage 
of variance 

cumulative 
percentage 
of variance 

Dimension 1 14.59 37.41 37.41 

Dimension 2 7.48 19.17 56.58 

Dimension 3 5.47 14.02 70.61 

Dimension 4 5.05 12.94 83.55 

Dimension 5 1.76 4.52 88.07 

Dimension 6 1.42 3.64 91.7 

Dimension 7 0.87 2.22 93.93 

Dimension 8 0.73 1.87 95.8 

Dimension 9 0.53 1.36 97.17 

Dimension 10 0.27 0.68 97.85 

Dimension 11 0.24 0.61 98.45 

Dimension 12 0.17 0.43 98.88 

Dimension 13 0.11 0.29 99.17 

Dimension 14 0.07 0.19 99.36 

Dimension 15 0.06 0.15 99.52 

Dimension 16 0.05 0.13 99.65 

Dimension 17 0.04 0.11 99.76 

Dimension 18 0.03 0.07 99.83 

Dimension 19 0.02 0.05 99.88 

Dimension 20 0.02 0.04 99.92 

Dimension 21 0.01 0.02 99.95 

Dimension 22 0.01 0.02 99.96 

Dimension 23 0 0.01 99.97 

Dimension 24 0 0.01 99.98 

Dimension 25 0 0.01 99.99 

Dimension 26 0 0 99.99 

Dimension 27 0 0 99.99 

Dimension 28 0 0 100 

Dimension 29 0 0 100 

Dimension 30 0 0 100 

Dimension 31 0 0 100 

Dimension 32 0 0 100 

Dimension 33 0 0 100 

Dimension 34 0 0 100 

Dimension 35 0 0 100 

Dimension 36 0 0 100 

Dimension 37 0 0 100 

Dimension 38 0 0 100 

Dimension 39 0 0 100 
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Appendix 3. cos2 value (contribution) of each variable for each dimension of the PCA 

 Variable Dim.1 Dim.2 Dim.3 Dim.4 Dim.5 

ACI_CI.mean.0.95 0.744 0.165 0.548 0.294 -0.024 

ACI_SE.mean 0.744 0.166 0.548 0.294 -0.023 

ACI_range 0.646 0.102 0.545 0.234 0.252 

ACI_variability 0.626 0.085 0.538 0.249 0.284 

ACI_max 0.703 0.171 0.535 0.157 0.16 

ACI_std.dev 0.741 0.208 0.531 0.31 0.043 

ACI_coef.var 0.737 0.191 0.53 0.321 0.071 

ACI_IQR 0.599 0.207 0.474 0.087 -0.247 

ACI_var 0.618 0.259 0.466 0.384 0.001 

ACI_mean 0.689 0.336 0.353 -0.209 -0.367 

ACI_median 0.612 0.306 0.3 -0.314 -0.403 

H_max -0.336 -0.695 0.204 0.541 -0.099 

ACI_min 0.549 0.411 0.14 -0.338 -0.409 

H_mean -0.757 -0.124 0.1 0.606 0.015 

H_median -0.603 -0.394 0.092 0.582 0.045 

H_min -0.638 0.563 0.086 0.304 -0.264 

ACI_sum 0.126 0.48 0.075 0.027 0.537 

H_sum -0.404 0.283 0.039 0.346 0.564 

H_coef.var 0.676 -0.644 0.001 -0.318 0.06 

H_std.dev 0.668 -0.671 -0.002 -0.278 0.076 

H_SE.mean 0.663 -0.682 -0.004 -0.27 0.015 

H_CI.mean.0.95 0.663 -0.682 -0.004 -0.269 0.014 

H_IQR 0.627 -0.433 -0.02 -0.356 -0.071 

H_var 0.576 -0.655 -0.023 -0.335 0.092 

H_variability 0.609 -0.659 -0.042 -0.25 0.215 

H_range 0.567 -0.691 -0.046 -0.197 0.242 

M_min 0.271 0.715 -0.239 -0.483 0.197 

M_median 0.342 0.704 -0.271 -0.483 0.183 

M_sum 0.429 0.722 -0.32 -0.324 0.254 

M_mean 0.456 0.687 -0.35 -0.378 0.138 

M_IQR 0.458 0.274 -0.38 -0.027 -0.211 

M_coef.var 0.667 -0.138 -0.442 0.485 -0.109 

M_variability 0.539 -0.208 -0.511 0.513 -0.042 

M_std.dev 0.727 0.13 -0.518 0.399 -0.049 

M_range 0.673 0.038 -0.52 0.463 0.031 

M_SE.mean 0.724 0.085 -0.536 0.402 -0.099 

M_CI.mean.0.95 0.724 0.084 -0.536 0.402 -0.1 

M_max 0.697 0.18 -0.544 0.345 0.069 

M_var 0.567 0.039 -0.557 0.466 -0.015 
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Appendix 4.  Coordinates of sites and groups for the first two dimensions of the PCA 

Group Site 
Dimension 

1 
Dimension 

2 

Group 
average 

dimension 1 

Group 
average 

dimension 2 

Silent Mon -3.66 0.14 -3.59 0.14 

Silent San -3.52 0.14   

Faint Bur -1.73 -0.29 -1.92 -0.23 

Faint Emu -2.04 0.33   

Faint Lai -1.98 -0.73   

DayNight Cai 1.31 -1.66 1.92 -2.74 

DayNight Kan 1.42 -2.65   

DayNight Wa2 3.02 -3.91   

DailyDay Bua 1.76 -0.32 1.64 0.92 

DailyDay Del 2.74 2.29   

DailyDay Wa1 0.43 0.79   

Flow She 2.26 5.85 2.26 5.85 
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Appendix 5. Coordinates of hours and daytimes for the first two dimensions of the PCA 

Daytime Hour 
Dimension 

1 
Dimension 

2 

Daytime 
average 

dimension 1 

Daytime 
average 

dimension 
2 

Day 8 0.81 0.16 2.15 -0.16 

Day 9 1.02 0.36   

Day 10 2.8 0.33   

Day 11 1.64 0.2   

Day 12 4 0.38   

Day 13 2.73 -0.03   

Day 14 2.79 -0.31   

Day 15 2.37 -0.84   

Day 16 1.66 -1.03   

Day 17 1.66 -0.83   

Night 0 -2.07 0.49 -2.02 0.31 

Night 1 -1.93 0.52   

Night 2 -2.35 0.28   

Night 3 -2.04 0.09   

Night 4 -2.22 0.18   

Night 5 -1.4 -0.15   

Night 20 -2.11 0.45   

Night 21 -1.89 0.37   

Night 22 -2.11 0.38   

Night 23 -2.09 0.46   

Twilight 6 -0.03 -0.7 -0.32 -0.37 

Twilight 7 0.05 -0.52   

Twilight 18 -0.64 -0.39   

Twilight 19 -0.65 0.15     
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 Appendix for Chapter 3 

Appendix 6. Sound types 

Sound type 
Frequency range 

[kHz] 
Dominant frequency 

[kHz] Form of sound 

C1 1.6-7.6 3.34 Quickly repeated beetle stidulation 

C2 2.8-6.7 4.13 Quickly repeated beetle stidulation 

C3 1.5-3.3 2.27 Beetle stidulation 

C4 2.7-4.9 3.73 Beetle stidulation 

C5 2.4-2.9 2.64 Beetle stidulation 

C6 2.1-3.4 2.73 Similar to C4 but longer duration of sound 

F 0.7-1.5 1.26 Drumming 

H1 4.6-8.9 5.55 Hemipteran stridulation 

H2 6.5-8.1 7.09 Hemipteran stridulation 

H3 5.1-8.0 6.12 Hemipteran stridulation 

H4 3.2-5.0 4.05 Hemipteran stridulation 

H5 5.2-7.8 6.68 Hemipteran stridulation 

H6 6.9-18.0 10.49 Hemipteran stridulation 

U1 1.0-3.0 2.07 Repeated clicking 

U2 1.4-1.8 1.51 Clicking 

U3 0.6-1.2 0.88 4 repeated frog like sounds 
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Appendix 7. Contribution of sound types to each Axis 

Sound 
type Axis 1 Axis 2 Axis 3 Axis 4 Axis 5 Axis 6 Axis 7 Axis 8 Axis 9 Axis 10 

C1 0.044481 0.381989 -0.27083 -0.21755 0.418953 -0.20694 0.253807 -0.20561 -0.46101 -0.29846 

C2 -0.18218 -0.08304 0.555546 -0.19563 0.106018 -0.00707 0.081592 -0.13784 -0.13494 -0.10544 

C3 0.000895 0.041463 0.038588 0.06343 0.175925 0.005673 0.473981 -0.42261 0.387748 0.200971 

C4 -0.13246 0.009872 0.240082 0.564042 0.148313 0.388951 0.19216 0.043032 -0.1951 -0.19006 

C5 -0.06918 0.017319 0.161035 0.335518 0.107017 0.231971 0.079977 0.062553 -0.22652 -0.02234 

C6 0.141668 -0.0271 -0.01313 0.003042 -0.24048 4.27E-05 -0.00472 -0.27866 -0.65412 0.55816 

F 0.385659 -0.31805 0.015219 -0.04441 0.265334 -0.0278 0.226007 -0.31875 0.159188 -0.02778 

H1 -0.41802 -0.33591 0.010694 -0.05343 0.157999 0.129643 -0.04873 -0.30001 -0.01291 0.167316 

H2 -0.33066 -0.36114 -0.36753 -0.02015 -0.00317 -0.07275 0.10032 0.051171 -0.17666 -0.43629 

H3 -0.11223 0.135812 0.04594 0.435244 0.28058 -0.46222 -0.58373 -0.33644 0.069023 -0.01654 

H4 -0.1647 -0.12366 0.508265 -0.43021 0.022825 -0.14058 -0.13895 -0.00807 -0.09108 -0.13072 

H5 -0.32774 -0.38733 -0.32366 0.017352 -0.03233 -0.00418 -0.03004 -0.09556 -0.00679 0.179847 

H6 0.417417 -0.38494 0.0215 0.044527 0.168707 0.025015 -0.16196 0.053609 -0.14949 -0.04941 

U1 0.393196 -0.35556 0.021029 0.047398 0.128616 0.031197 -0.15366 0.056643 -0.06936 -0.16675 

U2 0.11664 0.036625 0.014295 0.066935 -0.6309 0.113171 -0.06259 -0.5622 0.011372 -0.46056 

U3 0.005797 0.20057 -0.17622 -0.30147 0.268884 0.693753 -0.42742 -0.19479 0.06752 -0.0079 

 

 

Appendix 8. Distance matrix between sites in the first three bPCA axis 

 Bua Bur Cai Del Emu Kan Lai Mon San She Wa1 Wa2  

Bua 0 3.67 5.67 0.92 6.61 1.65 6.12 1.84 1.8 0.8 0.91 1.57 31.56 

Bur 3.67 0 2.06 2.77 6.88 2.47 5.91 2.77 2.55 3.2 3.19 2.72 38.19 

Cai 5.67 2.06 0 4.8 7.34 4.3 6.44 4.5 4.32 5.14 5.09 4.52 54.18 

Del 0.92 2.77 4.8 0 6.57 1.12 6.04 1.45 1.31 0.74 0.96 1.17 27.85 

Emu 6.61 6.88 7.34 6.57 0 5.56 8.31 5.16 5.35 5.98 5.98 5.42 69.16 

Kan 1.65 2.47 4.3 1.12 5.56 0 5.7 0.55 0.3 0.97 0.96 0.28 23.86 

Lai 6.12 5.91 6.44 6.04 8.31 5.7 0 6.11 5.93 6.16 5.5 5.86 68.08 

Mon 1.84 2.77 4.5 1.45 5.16 0.55 6.11 0 0.28 1.05 1.26 0.37 25.34 

San 1.8 2.55 4.32 1.31 5.35 0.3 5.93 0.28 0 1.04 1.17 0.26 24.31 

She 0.8 3.2 5.14 0.74 5.98 0.97 6.16 1.05 1.04 0 0.69 0.83 26.6 

Wa1 0.91 3.19 5.09 0.96 5.98 0.96 5.5 1.26 1.17 0.69 0 0.92 26.63 

Wa2 1.57 2.72 4.52 1.17 5.42 0.28 5.86 0.37 0.26 0.83 0.92 0 23.92 
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Appendix 9. Eigenvalue of each dimension of the Principal Component Analysis. 

  

eigenvalue 
percentage 
of variance 

cumulative 
percentage of 

variance 

Dimension 1 3.47 49.63 49.63 

Dimension 2 2.03 29.07 78.70 

Dimension 3 1.07 15.23 93.93 

Dimension 4 0.27 3.86 97.79 

Dimension 5 0.15 2.14 99.93 

Dimension 6 0.00 0.07 100.00 

Dimension 7 0.00 0.00 100.00 

 

Appendix 10. cos2 value (contribution) of each variable for each dimension of the PCA; d1 
indicates frequency of occurrence for each sound type between 00:00 and 06:00, d2 
occurrence between 06:00 and 12:00, d3 occurrence between 12:00 and 18:00, d4 18:00 and 
00:00 

  Dim.1 Dim.2 Dim.3 Dim.4 Dim.5 

min frequency 0.681 0.246 0.002 0.000 0.070 

max frequency 0.630 0.257 0.035 0.000 0.078 

dominant frequency 0.707 0.279 0.010 0.000 0.000 

d1 0.510 0.335 0.013 0.142 0.000 

d2 0.286 0.489 0.224 0.000 0.000 

d3 0.213 0.005 0.780 0.001 0.001 

d4 0.446 0.424 0.003 0.127 0.000 
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 Appendix for Chapter 4 

Appendix 11. Environmental parameters of each site. Temperature and dissolved oxygen (DO) 
were measured, but excluded from data analysis. 

Site 
Flow 
[m/s] 

Width 
[m] 

Depth 
[m] 

Macrophyte 
cover [%] 

Temperature 
[°C] 

Pressure 
[kPa] 

DO [%] SPC C pH NTU 
Canopy 
cover 

[%] 

Bua 0.23 3.75 0.20 75.00 21.90 101.17 66.58 405.75 
394.5 

7.03 2.73 0 

Bur 0.04 5.00 0.35 5.00 19.03 99.41 69.93 322.25 
302.75 

7.15 6.48 52.23 

Cai 0.00 10.00 1.00 1.00 21.20 99.84 83.05 529.25 
511 

7.35 2.98 10.34 

Del 0.47 5.00 0.15 0.00 19.63 100.41 88.88 390.75 
368.5 

7.64 1.75 80.08 

Emu 0.00 3.50 0.30 100.00 26.20 102.10 56.58 732.75 
741.25 

7.13 0.73 55.8 

Kan 0.00 4.00 0.30 100.00 21.95 100.29 49.70 681.50 
661.5 

7.07 2.60 36.86 

Lai 0.00 3.50 0.40 32.50 21.15 100.67 57.50 507.00 
489 

7.46 4.40 20.76 

Mon 0.00 30.00 0.50 50.00 23.83 100.35 132.23 554.75 
550.5 

7.78 1.75 45.16 

San 0.00 3.75 0.50 50.00 20.43 101.04 39.85 1038.25 
993 

7.25 2.13 52.57 

She 0.32 2.50 0.23 22.50 22.03 100.33 77.88 344.25 
334 

7.12 1.63 68.43 

Wa1 0.00 6.00 0.23 30.00 23.58 99.77 99.08 421.50 
413.5 

6.96 0.35 16.5 

Wa2 0.14 5.50 0.50 25.00 23.15 100.48 126.70 504.50 
493.25 

7.99 0.63 0 

mean 
± SD 

0.10 
±0.16 

6.88 
±7.53 

0.39 
±0.23 

40.92 ±35.22 
22.00 
±1.98 

100.49 
±0.71 

78.99 
±28.95 

536.04 
±201.81 

521.06 
±188.68 

7.33 
±0.33 

2.34 
±0.72 

39.88 
±26.74 
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Appendix 12. Correlation between environmental data and sound type composition  

 

 

 

 

 

 

 

 

 

 

 

  

 Axis1 Axis2 R2 
p-
value 

Flow 
-0.39448 -0.91891 0.51664 0.04 

Width 
0.838308 0.545197 0.027756 0.84 

Depth 
-0.31101 0.950407 0.557407 0.041 

Macrophyte 
cover 

0.958889 0.283782 0.546395 0.029 

Pressure 
0.991748 -0.1282 0.379249 0.135 

SPC 
0.627179 0.778875 0.290534 0.209 

C 
0.649297 0.760535 0.327592 0.176 

pH 
-0.80643 -0.59133 0.043816 0.822 

Turbidity 
-0.9858 -0.1679 0.11302 0.533 

Canopy 
-0.23477 -0.97205 0.124657 0.566 
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 Appendix: Publications during my thesis 

Appendix 13: Publication of which I am shared first author. This paper was prepared and 
published during my thesis.  

 

Linke, S., E. Decker, T. Gifford, AND C. Desjonquères. 2020. Diurnal variation in freshwater 

ecoacoustics: Implications for site‐level sampling design. Freshwater Biology:86–95. 

https://doi.org/10.1111/fwb.13227 

 

 

The article could not be included in this thesis due to copyright reasons.  
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