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1 | INTRODUCTION

There is growing recognition that ecosystems can be described

based on the complexity of the sounds they produce (Farina,

| Brett Parker | Simon Linke

| Samantha Capon | Fran Sheldon

Abstract

1. Understanding soundscapes, that is, 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.

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

tinuously 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 Als to
describe daytimes across streams as well. Most difference in stream soundscapes
was observed during the daytime with significant variation in soundscapes both

between hours and among sites.

4. Synthesis and Application. We demonstrate how to characterize stream sound-

scapes 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 characterize them in a holistic and universal way.
While we developed this technique for freshwater streams, it is also applicable to

terrestrial and marine soundscapes.
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an individual's, or society's, perception of, understanding and in-
teraction with the sonic environment” (Payne, Davies, & Adams,
2009). Soundscapes provide a unique insight into both the biotic
and abiotic components of ecosystems (Farina, 2014) including

2014). Soundscapes can be defined as “the totality of all sounds terrestrial (Farina & Fuller, 2017), marine (Putland, Constantine,

within a location with an emphasis on the relationship between

& Radford, 2017), and freshwater (Linke, Decker, Gifford, &
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Desjonqueéres, 2020) systems. Within ecosystems they have been
described for many individual biotic components including mam-
mals, 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 summarize sound-
scape complexity across space and time and thereby provide fur-
ther insights into aspects of ecosystem function.

Ecosystems are typically described in relation to their species’
complexes, functions and physical/chemical processes (Ulgiati
& Brown, 2009) which collectively tend to vary with respect to
three major dimensions of biocomplexity, that is, spatial hetero-
geneity, organizational connectivity, and temporal contingencies
(Cadenasso, Pickett, & Grove, 2006). These ecological dimensions
can be summarized by a range of indices and metrics such as tax-
onomic richness, tolerance-based biological indices, functional re-
dundancy, and response diversity (Soria et al., 2019). Indices can
be used to detect anthropogenic impact in different ecosystems
(Mouillot, Graham, Villéger, Mason, & Bellwood, 2013; Soria et al.,
2019) and monitor both natural and disturbed systems (Belmar
et al., 2019; Bruno, Gutiérrez-Canovas, Velasco, & Sanchez-
Fernandez, 2016). Further indices, such as functional diversity
(Laliberte & Legendre, 2010), biodiversity (Izsak & Papp, 2000),
and species richness (Heltshe & Forrester, 1983), are also useful
for describing complex ecological contexts in a simple and univer-
sal way.

River habitats have traditionally been characterized according to
physical, chemical, and ecological parameters (Leopold & Maddock,
1953; Montogomery & Buffington, 1997; Wohl & 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 (Desjonquéres et al., 2015) as well as nonbiological
sounds produced by physical processes such as sediment transport
(Tonolla, Lorang, Heutschi, Gotschalk, & Tockner, 2011). Some hu-
man-generated sounds, such as the sounds emitted from boats, have
also been investigated (Amoser, Wysocki, & Ladich, 2004; Wysocki,
Dittami, & Ladich, 2006). In contrast, very few studies have explored
the freshwater soundscape as a whole (e.g., Desjonquéres et al.,
2015; Linke et al., 2020).

Rivers are longitudinal systems, connected from their headwa-
ters 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, Tockner,
Uehlinger, & Malard, 2001) and likely the same is true for their
soundscapes. In their lowland reaches, rivers are connected later-
ally to their floodplains (Junk, Bayley, & Sparks, 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 (Desjonquéres, Rybak, Castella, Llusia, & Sueur, 2018).
Factors contributing to these spatial patterns in sound, however, re-
main poorly understood.

The most fundamental physical attribute that varies across fresh-
water systems is the presence, or absence, of flowing water. Lentic
habitats, for instance, generally have lower sound levels compared
with lotic habitats (Wysocki, Amoser, & Ladich, 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, Acuna,
Lorang, Heutschi, & Tockner, 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 het-
erogeneity and limited local sediment supply and transport tend to
exhibit the most homogeneous soundscapes (Tonolla et al., 2011).
Differences in soundscapes among freshwater habitats are there-
fore driven not only by their biotic communities, but also their phys-
ical attributes.

In addition to spatial variation, freshwater soundscapes also ex-
hibit multiple levels of temporal variation. Fish, aquatic insects, and
hydraulic sounds often occur during specific times of day and, de-
pending on the freshwater system, dusk and dawn periods can have
high sonic activity (Linke, Decker, Gifford, & Desjonquéres, 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 rainfall (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, that
is, 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 char-
acterize soundscapes by summarizing either the whole soundscape
or a specific frequency range (Sueur, Farina, Gasc, Pieretti, & Pavoine,
2014) and allow for overall diversity comparison between different
sites (Gasc, Sueur, Jiguet, et al., 2013). This is especially useful in fresh-
water systems where other noninvasive methods like visual detection
are limited by vegetation and turbidity. In freshwater systems, acous-
tic indices have been applied to detect daily acoustic patterns of fish,
aquatic insects, and streamflow (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
(Desjonqueéres 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 am-
plitude (Indraswari et al., 2018). Though several freshwater studies
have used acoustic indices in recent years (e.g., Desjonquéres 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.
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Here, we use summary statistics of acoustic indices to ex-
plore the spatial and temporal diversity of freshwater stream
soundscapes across 12 sites in South East Queensland, Australia.
Our aim was to characterize 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 hypothesized that sound-
scapes will be unique to particular stream types and acoustic indi-
ces will be able to adequately describe the soundscape patterns.
We recorded 12 lowland streams for three days and characterized
the soundscapes on a 24 hr 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 sta-
tistics of these acoustic indices in a principal component analysis
(PCA) to evaluate soundscape similarity between sites and times
of day.

2 | METHODS
2.1 | Study area

This study was conducted in South East Queensland (SEQ) on the
subtropical, eastern coast of Australia. The region comprises 15
major catchments with a combined area of almost 23,000 km?2.
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
& Planning, 2017). The receiving waters of Moreton Bay and its
estuaries have very high conservation value and support fisher-
ies and tourism, while the western catchments are the region's

primary water supply (Zhou, Li, Tao Shen, Kitsuregawa, & Zhang,

TABLE 1 Streams with site code and HWL name
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2006; Bunn et al., 2010). Since the late 1800s, European set-
tlement has left a significant ecological footprint in the region,
resulting in substantially altered catchment hydrology and nu-
merous environmental concerns including significant declines in
water quality and biodiversity loss (Bunn et al., 2010; Zhou et al.,
2006). 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 alter-
ations) 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 1) and analyzed

their soundscape.

2.2 | Recording technique

We used four Aquarian Audio H2a Hydrophones (Sensitivity:
-180 dB re: 1V/uPa) and four Zoom Hé 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 hr
with the hydrophone placed in the middle of the stream. Data
were saved on SD cards before transferred to an external hard
drive. Recording took place from 7th to the 21st of April 2018.
(Table 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 s at intervals of every
10 min (sensu Linke et al. 2020) and using the multimedia soft-
ware ffmpeg (Hann windows of 1,024 samples with 80% overlap,

FFmpeg, 2019) to produce spectrograms.

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 14-17.4.2018
Cai Cainbable Creek Road, Kerry Cainbable Creek 153.0793 -28.0967 14-17.4.2018
Wal Villis Bridge, Niebling Road, Tarome Warrill Creek 152.4784 -27.9886 14-17.4.2018
Wa2 Kalbar Connection Road, Kalbar Warrill Creek 152.6003 -27.93221 14-17.4.2018
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, Sheepstation Creek 152.5246 -26.8669 18-21.4.2018

Kilcoy
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2.3 | Data analysis

2.3.1 | Variation in acoustic soundscapes
between sites

To find acoustic properties that best described variation in recorded
soundscapes between sites, we calculated three acoustic indices
(Als: Table 2) for every minute of every hour of recording from each
site using the R packages Seewave (Sueur, Aubin, & Simonis, 2008)
and Soundecology (Villanueva-Rivera & Pijanowski, 2016). Summary
statistics for each hour at each site (i.e., minimum, maximum, me-
dian, mean, standard error, standard deviation, 95% confidence
interval, variance, coefficient of variation, and interquartile range)
were then calculated separately for each Al using the R package
pastecs (Grosjean, 2018). We used a combination of all three acous-
tic indices, as the aim was to characterize the soundscapes in a ho-
listic way rather than look at which Al 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
S1. We classified scaled summary statistics of Als for each site using
Ward's method based on the Euclidean distance between site hours.
The R function “hclust” was used to minimize 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 (L&, Josse, & Husson, 2008) with
summary statistics of each Al as variables and site hours as individual

observations (in total 12 sites*24 hr = 288 individual observations).

2.3.2 | Spatial and temporal variation in
soundscapes

We then analyzed and described sites and hours according to their
acoustic properties using summary statistics of Als and results from
the PCA. Coordinates of individual observations along the PCA di-
mensions 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 analyze temporal patterns. To generate a single coor-
dinate 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, Francois, Henry, & Miller, 2019).

TABLE 2 Acousticindices used in this study

Acoustic differences between groups were described by calcu-
lating the mean, standard deviation and minimum of each Al to de-
scribe variation, central tendency and outer position in these data.
For easier interpretation, we used inverted values of mean and min-
imum of the H index, as O indicates high envelope and spectral com-

plexity and 1 indicates no envelope and spectral complexity.

3 | RESULTS

3.1 | Variation in acoustic soundscapes between
sites

Sites with similar acoustic properties were identified and de-
scribed using a dendrogram and summary statistics of Als. Acoustic
soundscapes were initially separated into three groups at a height
of 10 (Figure 1). Combining visual inspection of spectrograms and
dendrogram showed that a separation of sites into 5 groups at
height 4 is more appropriate (Figures 1 and 2). Each group was
characterized and “named” according to the visual representation
of the combined acoustic signal. A “Silent” group was character-
ized by little to no visual patterns (Figure 2a), while the group
denoted “Faint” showed some dim, but nevertheless distinct, pat-
terns within the spectrogram (Figure 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 2c). Spectrograms of sites in the “DailyDay” group
showed defined dark patterns during the day and no distinct vis-
ible signal at night (Figure 2d), while the “Flow” group was charac-
terized by a continuous dark pattern in the lower frequency band
(Figure 2e).

According to PCA, over 56% of the variation between sites
and hours could be explained in two dimensions (Appendix S2)
with a distinct distribution of two groups along the first dimension
(Figure 3). Variation in the distribution of sites along Dimension 1
was correlated with mean spectral entropy (H

SE.mean’ ACICI.mean.0.95’
variation in amplitude envelope (M

variation of spec-
ACI ), and

mean)'

ACI

std.dev’ M MCI.mean.O.‘?S) of
hours within a site (Table 3, Appendix S3). Variation between sites

tral complexity (ACI

std.dev’ coef.var’

SE.mean’

along Dimension 2 was correlated with median amplitude envelope,
frequency of amplitude envelope and minimum amplitude envelope
(M Mgum» Mmin) Of hours within a site (Table 3, Appendix S3).

median’ min

Full name Abbreviation Principle References
Median of amplitude envelope M The median of the amplitude envelope, which is an indicator ~ Depraetere et al.
of overall sonic activity (2012)
Acoustic Entropy Index H A measure of complexity in both time and frequency Sueur, Pavoine,
et al., (2008)
Acoustic Complexity Index ACI A measure of spectrogram complexity based on frequency Pieretti, Farina,

bins

& Morri, (2011)
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FIGURE 1 Euclidean dendrogram with

five groups. Sites within one circle indicate

sites with similar acoustic properties and =4 ::';‘::u”

soundscape pattern. Height represents

Euclidean distance between nodes (i.e., =——Slleat
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DayNight
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Time - 3 days

FIGURE 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. Darker patterns indicate a
higher amplitudes

When the groups identified through the classification were 3.2 | Acoustic properties of groups
mapped onto the PCA, the group “Silent” was negatively correlated

with Dimension 1, “Faint” correlated negatively with both dimen- To analyze acoustic properties of each group found through the PCA,
sions, “DayNight” correlated positively with Dimension 1 and neg- we looked at summary statistics of each Al separately. To further ex-
atively with Dimension 2 and “DailyDay” and “Flow” correlated plore how summary statistics of Als describe soundscapes of groups,

positively with both dimensions (Figure 3, Appendix S4). we analyzed within- and between-group acoustic properties. The group



4984 WI LEy_Ecology and Evolution

DECKER ET AL.

Open Access,

FIGURE 3 Sites along first two
dimensions of PCA. Ellipses indicate
sites with similar acoustic properties and
soundscape patterns

Soundscape
pattern

s Silent

g - Faint
E = « =DayNight
[a]
....... Daﬂy]_)ay
Flow
-25
-4 -2 0 2
Dimf (37.4%)
TABLE 3 Variables contribution (>0.7
Variables that contribute the Variables that contribute the to the princioal component anal sis( )
most to Dimension 1 Value most to Dimension 2 Value P P P 4
H_mean -0.75716 M_sum 0.722416
ACI_SE.mean 0.744357 M_min 0.715212
ACI_Cl.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_Cl.mean.0.95 0.723513
ACI_max 0.703344

“Silent” had the lowest values and variation for almost all hourly sum-
mary statistics of each Al (Figure 4) and no obvious pattern in the spec-
trograms of sites “Mon” and “San” (Figure 2a). Summary statistics for
sites within the group “Faint” were similar to “Silent,” though exhibited
higher values and variation for most summary statistics (Figure 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 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 2c). The highest variation of hourly statistics of ACI
were from sites within the “DailyDay” group (Figure 4), which exhibited a
diurnal sound pattern during daytime (Figure 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 4, Table 4).

3.3 | 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 center 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 5, Appendix S5).

4 | 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 characterize soundscapes across multiple fresh-
water 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 freshwa-
ter streams can be highly variable in both space and time. Even among
similar streams in the same region, soundscapes differed greatly. A
variety of papers have examined sounds occurring in single freshwa-
ter 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 Als. While many studies have used Als to
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mean, (b) average hourly standard deviation, (c) average hourly minimum. Mean and minimum values for H index are represented inverse for

easier comparison

TABLE 4 Visual and statistical
description of groups

Group

Silent

Faint

DayNight

DailyDay

Flow

Visual description

No visual pattern in spectrogram

Little visual pattern

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

Pattern visible only during the day

Constant pattern in the lower
frequency band

Summary statistics
Low values and variation in all
summary statistics

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

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

Biggest variation of ACI

Highest value for M_mean, M_min,
H_mean, and H_min

predict, assess, and monitor biodiversity (Buxton et al., 2018; Gasc,
Sueur, Pavoine, Pellens, & Grandcolas, 2013; Jérome Sueur, Pavoine,
Hamerlynck, & Duvail, 2008), summary statistics of Als have not pre-

viously been used to characterize soundscapes in their entirety.

4.1 | Acoustic properties of groups

Each stream soundscape examined here was unique but also exhib-

ited 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). This is
also reflected in spectrograms of groups “Faint” and “Silent” which
did not show much diversity compared with other groups indicating
a quiet and relatively simple acoustic composition. A possible expla-
nation for the lack of sonic activity within these sites could be the
absence, or low abundance, of soniferous species and/or sediment
movement (Desjonquéres et al., 2015), however, this demands further

investigation.
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FIGURE 5 Hours along the first two dimensions of PCA. Ellipses indicate hours within the same daytime

Acoustic variation between stream soundscapes within groups
“DayNight” and “DailyDay” was the largest compared to sound-
scape 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 patternsin the spectrogram. Sitesin group “DailyDay”
had the highest values of summary statistics for acoustic index
ACI, indicating complexity of soundscapes. The high standard de-
viation along the first dimension of the PCA in “DailyDay” sites
can be explained by the noncontinuous sound activity over time.
During the day, “DailyDay” sites displayed a higher sonic activity
than at night leading to a higher variability of ACl in total, meaning
soundscapes in these sites were not continuously complex, but
rather exhibited diurnal variation.

Group “DayNight” had high summary statistics for acoustic index
H indicating greater complexity over time that was also highly vari-
able 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; Fairbrass, Rennett, Williams, Titheridge, & Jones, 2017,
Towsey, Wimmer, Williamson, & Roe, 2014) 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 indi-
ces without preprocessing acoustic data. In the future, detection

and removal of rainfall sounds (Metcalf, Lees, Barlow, Marsden, &

Devenish, 2020) could be considered to reduce the influence of ex-
ternal sounds.

Like rainfall, the sound of water flow can display very high am-
plitudes (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 in-
dicated by little variation in the summary values for the Als of M
high M high 1-H and high 1-H__ ;... That said, on ex-
amining the spectrogram (Figure 2), we found underlying sound-
scape 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 in-

mean’

minimum? mean’

dices. Group “Flow” comprised only one site, further investigation
of whether our method, that is, summary statistics of Als 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 dissimilar-
ity index between a pair of soundscapes. While manual annotation
provides a more detailed description of the soundscape (Linke et al.,
2020) it is very labor intensive and sometimes only takes specific
sound into account (Desjonqueéres 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, Sueur, Pavoine, et al., 2013).
The use of a dissimilarity index is an effective way to compare sound-
scapes with each other, it does not characterize them (Sueur et al.,

2014). Our aim was not only to compare, but also to characterize
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soundscapes of different creeks. Our technique facilitates a de-
scription 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 eco-
systems and hydrological indices can describe hydrological diver-
sity in rivers and streams (Kennard et al., 2010; Puckridge, Sheldon,
Walker, & Boulton, 1998). We recorded 12 freshwater 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
(Desjonqueéres et al., 2015; Gottesman et al., 2020). Therefore, fur-
ther research is needed to make broader decisions about species
abundance and “health” of streams using acoustic indices and asso-

ciated summary metrics.

4.2 | 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 Als to charac-
terize temporal patterns in soundscapes of different streams. We
found that we could also use summary statistics of Als 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 5). Interestingly, dusk hours were more acousti-
cally 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 (Depraetere et al., 2012; Radford, Jeffs, Tindle, &
Montgomery, 2008).

Most differences in stream soundscapes identified in our
study were observed during the daytime. During daytime, there
was significant variation in soundscapes both between hours and
among 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 behavior throughout the day (Desjonquéres et al., 2020;
Rountree & Juanes, 2017). The detection of a clear separation be-
tween night, twilight, and day hours further indicates that using
summary statistics of Als can characterize diurnal variation in

freshwater streams.
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5 | CONCLUSION

Soundscapes in streams are diverse and unique, although they ex-
hibit 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 characterize them in a
holistic and universal way. Further research is needed to understand
why soundscapes in freshwater 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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