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Abstract
The patterns of underwater acoustic signals, called soundscapes, were characterized at the river segment scale.
A hydrophone was mounted onto the frame of an inflatable multihull raft and held just below the water’s surface
while floating for 5–24 km to continuously record acoustic signals along the longitudinal axis of the main channel
(thalweg) of five hydro-geomorphologically different river segments in Italy, Switzerland, and the United States of
America. The river segments could be clearly distinguished based on sound pressure level (SPL), sound variability,
and the spatial organization of the acoustic signal (10 octave bands: 0.0315–16 kHz). The spatial soundscape
diversity between river segments was most likely related to the organization of turbulence along the segment
length (distance between rapids) and to sound source (hydraulic turbulence or local sediment transport).
Hydraulically and morphologically heterogeneous segments revealed more complex soundscapes than more
homogeneous ones. Higher flow levels resulted in higher SPLs over most frequency bands. The acoustic
variability of single octave bands increased from base to intermediate flow, while it decreased from intermediate
to bankfull flow. The pulsating sound produced by breaking and reforming turbulent waves on flow obstacles was
associated with SPL peaks and high acoustic variability in midrange frequency bands (0.063–0.5 kHz), whereas
high-frequency SPLs (1–16 kHz) were related to particle collisions during streambed sediment transport.
Underwater soundscapes provide an independent measure to quantify habitat heterogeneity and spatial habitat
organization that can be applied to river corridors at the segment scale.

Underwater acoustic signals in rivers are generated by
turbulent flow and the nature by which air is trapped and
released in the water. Hence, rapids have a different
soundscape (i.e., spatial acoustic signature) than that
produced by riffles and both are distinctly different in the
acoustic signature from runs and pools (Tonolla et al.
2010). Indeed, acoustic signatures provide a greater level of
discrimination between aquatic habitat types than can be
achieved through traditional measures of flow and morphological properties (Amoser and Ladich 2010; Tonolla et
al. 2010).
Underwater acoustic signals are most likely an important information source for aquatic organisms, many of
which are able to use acoustic cues in their environment for
spatial orientation and positioning within suitable habitats
(Slabbekoorn and Bouton 2008; Stanley et al. 2010;
Vermeij et al. 2010). In order to improve the fundamental
understanding of the influence of physical sound on the
behavior of freshwater biota, it is first necessary to quantify
the physical characteristics of underwater soundscapes in
different river types, as well as their spatial and temporal
heterogeneity.
Different freshwater ecosystems such as streams, rivers,
and lakes, each considered as large composite environments, vary in sound pressure levels and their spectral
characteristics (Amoser and Ladich 2005, 2010; Wysocki et
al. 2007). Similarly, laboratory flume studies of various
turbulent patches were also shown to produce distinct
* Corresponding author: tonolla@igb-berlin.de

acoustic patterns (Tonolla et al. 2009). Amoser and Ladich
(2010) attributed seasonal changes in the acoustic signature
(sound pressure levels [SPLs] and spectral composition) of
seven freshwater fish habitats mainly to differences in
substrate types and transport, discharge and flow velocities.
Moreover, Tonolla et al. (2010) showed that average
relative roughness and streambed sediment transport were
mainly responsible for sound generation (SPL and temporal sound variability) in pools, runs, riffles, and step-pools.
Thus, spatial position and complex variations in these key
factors are expected to influence the radiation of acoustic
signals along rivers.
Assessing the physical template of structural heterogeneity and process-based complexity, from small spatial
scales to entire river systems, is necessary for understanding
river ecosystems (Fausch et al. 2002; Wiens 2002; Tockner
et al. 2010). Hence, it would be valuable to examine how
the complexity and arrangement of energy gradients,
coupled with the nature and degree of flow obstructions
(e.g., bedrocks, boulders, bars, and large wood), combine
with the availability and size of sediment particles along the
river corridor to affect the composition and distribution of
acoustic signals. The ability to measure and differentiate
soundscapes provides a new, yet underexplored view of
river ecosystems.
The goal of this study was to analyze underwater
acoustics at the river segment scale. First, the soundscapes
of five hydro-geomorphologically different river segments
(5–24 km long), recorded at intermediate flow conditions,
were quantified. Second, the effect of increasing flow level
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on the soundscapes of two river segments was assessed.
Specifically, we expected that the different river segments
are acoustically distinguishable by SPLs and sound
variability, and that an increase in flow level would
influence the acoustic variability and SPL of distinct octave
bands depending on specific hydro-geomorphological
characteristics of the segments.

Methods
Acoustic recordings were conducted during the summers
of 2007 and 2009 along five hydro-geomorphologically
different rivers in Switzerland, Italy, and the United States
of America. The river segments during base flow conditions
exist as a sequence of alternating aquatic habitats (e.g.,
glides, runs, riffles, and rapids). Generally, these habitat
types and their downstream sequence (e.g., riffle-pools) differ
in their hydraulic (e.g., flow depth and flow velocity), and
geomorphic (e.g., slope, sediment size, and bed roughness)
conditions (Montgomery and Buffington 1997; Thompson et
al. 2006; Wohl and Merritt 2008). In this study, river segment
selection was based on three criteria: (1) the degree of channel
constraint, (2) the overall slope, and (3) the supply and
caliber of sediment. The aim was to sample a range of river
types from braided and anastomosing gravel-bed rivers to
rivers confined by bedrock or manmade constraints.
Study river segments—The Thur River (henceforth, Thur)
was constrained and stabilized by stone rip-rap as early as
the 1890s. The 13-km segment consisted of a straight lowturbulent run with a few gravel point bars (mainly located
between segment-km 5 and 8) and some turbulent habitats
such as riffles and rapids (Fig. 1; Tables 1, 2).
The 24-km segment of the gravel-bed North Fork of the
Flathead River (henceforth, North Fork) had a bedrockconstrained channel with limited alluviation for most of its
length. An , 3-km-steep section of a semi-constrained
alluviating valley was at the head of the segment, in addition
to a downstream, less steep 5-km alluvial deposition section.
The local sediment supply was from eroding paleoriver
deposits. The segment consisted of many large rapids
characterized by meter-high standing waves and large
turbulent boils connected to smaller rapid-run–glide sequences and a few sand–gravel banks (Fig. 1; Tables 1, 2).
The 8-km segment along the Tagliamento River (henceforth, Tagliamento) was located in an island-braided
gravel-bed river floodplain (max. active width , 800 m;
Tockner et al. 2003). The main channel mostly consisted of
a long turbulent run broken by a few shallow rapids and a
large lateral supply of sediment (Fig. 1; Tables 1, 2).
Two morphologically different segments of the Middle
Fork of the Flathead River were investigated. The first 12km segment (henceforth, Nyack) was located in the
anastomosing alluvial Nyack floodplain (active width up
to 500 m). The main channel of the Nyack consisted of a
series of sequentially linked small rapids and runs and a
lateral supply of sediment (Fig. 1; Tables 1, 2). The second
5-km segment investigated (henceforth, Middle Fork), was
heavily bedrock-constrained, had a steep slope, and no
lateral supply of sediment. This segment consisted of many

linked (class II–IV) whitewater rapid–run–glide sequences
and a few sand–gravel banks (Fig. 1; Tables 1, 2).
Data recording—Hydraulic flow conditions and acoustic
signals were continuously collected while floating on an
inflatable multihull cataraft during intermediate flow
conditions for 5–24 km along the downstream axis of the
main channel (thalweg) of each of the five river segments.
In order to determine the influence of increasing flow on
the underwater soundscape, two segments (North Fork and
Nyack) were again floated along during a different flow
stage (Table 2). The acoustic signals were recorded by a
hydrophone, amplified, and stored on a digital recorder
(for details see Tonolla et al. 2010). The hydrophone was
secured on a small metal rod (, 40-cm length), mounted on
the frame of the raft and positioned between the hulls just
below the surface of the water (, 30 cm) with the head
facing upstream.
Velocity profiles and flow depths were simultaneously
recorded using a 3-MHz Acoustic Doppler Current-Profiler
(ADP: type RS3000; SonTek/YSI) and were used for a
general hydraulic characterization of the five river segments
(Table 2). Velocity measurements were collected within 15cm depth bins at a nominal sampling rate of 5 s.
Acoustic data analysis—For a full description of the data
analysis used in this study please see Tonolla et al. (2009,
2010). The length of the acoustic recording of each segment
varied depending on the segment length and flow velocity.
Therefore, even though the temporal resolution of , 1.11 s
(three Fast Fourier Transformation [FFT] frames) was the
same for each acoustic analysis, the sample size varied
between segments ranging from n 5 1993 (Middle Fork) to
n 5 22,248 (North Fork at base flow) for each single octave
band (10 octave bands from 0.0315 kHz to 16 kHz).
Reduction of sources of uncertainty (noise)—The hydrophone, cable, and metal rod suspended in the water
column, and their potential vibrations and turbulence
generation, created a potential source of noise in the
recordings. Moreover, short energy peaks generated by
squeaking sounds of the raft, as well as unwanted noise
produced by water bubbles and turbulence generated from
the moving raft or from paddling (kept to a minimum
during recording) may have affected the recorded signal. It
has been shown that water breaking the surface and
entraining air mainly influences SPL in the mid-frequency
range (0.125–2 kHz; Lugli and Fine 2003; Tonolla et al.
2009, 2010). Some preliminary analyses of the original data
set of this study showed that SPL increases in the 1-kHz
octave band significantly correlated with sounds caused by
water breaking the surface and entraining air produced by
the raft, whereas the correlation with similar sounds
produced by the river (e.g., in high turbulent sections)
was weak. In order to reduce the unwanted noise produced
while floating and to increase the reliability of the recorded
data, acoustic data over the whole acoustic range were
removed if there was a step of more than 20 dB from one
second to the next in the 1-kHz octave band. Furthermore,
the use of octave bands instead of third-octave bands
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Fig. 1. Oblique photographs of a typical section of the five river segments at intermediate flow. Arrows indicate flow direction. All
photographs, except of Thur, by D. Tonolla.

resulted in the reduction of the spectral resolution, thus
significantly lowering the uncertainty (Tonolla et al. 2010).
Finally, noise generated from the moving raft contributed
little to the total energy (sound) produced by the river and
may have only affected the recording in the quietest
sections and only for short periods.
Quantification and characterization of the acoustic
patterns—In order to facilitate the quantification and
characterization of the underwater acoustic patterns
recorded over many kilometers, a multiple-level analytical
process based on visual comparisons, spatial analysis,

standard acoustic analyses, and power spectral analyses
was applied.
Visual comparisons were applied to determine segmentlong variations in sound patterns. Consequently, the
acoustic signal of each river segment was plotted as a
three-dimensional graphical image (henceforth, soundscape
image) that included the frequency classes (10 octave bands
in kHz; x-axes), time period in which the sample was taken
(converted to downstream distance in km; y-axes), and
SPLs (in dB relative [re] 1 mPa; z-axes).
Spatial indices were computed for each soundscape,
providing supportive indicators for the standardized
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Table 1. Description of the river-catchments. The Middle Fork catchment encompasses the river segments Nyack and Middle Fork
(see text). pa, a: prealpine or alpine with high summer precipitation; n: nival, snow dominated; p-n: flashy pluvio-nival; nd: no data; a. s.
l.: above sea level.

(km2)

Area
Strahler’s order
Main river length (km)
Average catchment elevation (m. a. s. l.)
Source elevation (m. a. s. l.)
Hydrological regime
Location

Thur

North Fork

Tagliamento

Middle Fork

1700
7
130
770
900
pa, a
NE Switzerland

4010 (1560 in Canada)
5
140
nd
1970
n
SE Canada and NW
Montana

2580
7
170
1200
987
p-n
NE Italy

2920
5
150
nd
1650
n
NW Montana

comparison and interpretation of the acoustic patterns
observed in the soundscape images. First, each soundscape
image was converted to a raster image, with each pixel
containing the corresponding SPL value. The number of
different SPL values in each raster was used as an indicator
of the amount of different sounds occurring in the
soundscape. Second, two spatially explicit indices were
selected and calculated: an area-related index (patch
density, PD) and a diversity-related index (Shannon’s
diversity index, SHDI). These indices provided quantitative
spatial–structural information on the arrangement of
acoustic signals in the soundscape. In this study, each
patch was the aggregation of neighbor polygons sharing the
same SPL (on a 1-dB interval). The PD equaled the number
of patches in the landscape divided by the total landscape
area (calculated as the total length of the river segment over
which sound was recorded [pixels along the y-axis]
multiplied with the 10 octave bands [10 pixels along the
x-axis] using a pixel size of 1 m) providing a measure of the
landscape configuration. High PD values indicate acoustic
structural richness (spatial heterogeneity of SPL). The
SHDI provided a measure of relative patch diversity in a
landscape, which is determined by both the number of
different patch types and the proportional distribution of
theParea between patch types and was calculated as
{ ki~1 pi ln pi , where pi is the proportion of patch types
i in the total landscape area and k is the number of patch
types. High SHDI values indicate high acoustic variability
(heterogeneity) of the soundscape. These indices were
originally designed to quantify landscape patterns in a
variety of ecological studies, but they can also be used to
characterize the composition and structure of acoustic
landscapes (Mazaris et al. 2009). The selected indices were
implemented in the ArcGIS extension vector-based landscape analysis tool V-LATE 1.1 (Lang and Langanke 2005;
Langanke et al. 2005) and calculated within ArcGIS 9.2
(Environmental Systems Research Institute). The vector
entities (polygons) considered by V-LATE represent the
landscape patches (or classes).
Traditional acoustic analyses were used to assess the
amount of acoustic information and its distribution in each
of the frequency classes (10 octave bands) and over the
whole frequency range, in each of the river segments. Four
acoustic variables were calculated over the entire sample
size: (1) the average signal power in each octave band
(henceforth, energetic mean), (2) the variance, as spatial

variability of the acoustic signal, of each octave band
(henceforth, variance), (3) the average signal power, and (4)
the variance of the broadband signal over the whole
frequency range (henceforth, broadband mean value and
broadband mean variance, respectively). Given that variance is influenced by the sample size (n), and because this
showed a strong variation between the five river segments,
standardization of the variance values was necessary for
comparisons. Thus, the 1993 data points (the smallest n of a
single octave band of the five segments) from each segment
were randomly selected to calculate standardized variances.
Power spectral plots were computed for each river
segment in order to characterize the acoustic patterns from
the frequency domain perspective. First, the coincident
location information from the ADP and acoustic recordings were achieved by interpolating both data sources onto
a common 5-s time base. Second, the longitudinal distance
between each 5-s record was calculated and all variables
were interpolated again onto a 3-m distance base. The
power spectral density was then calculated by performing
an FFT analysis on each of the 10 octave bands using the
Welch method of power spectrum estimation in the
software program Matlab (version 7.9). This approach
converted the sound signal from the time domain to an
equivalent frequency domain but expressed as distance;
hence, power spectral plots had a maximum noise
reduction but with peaks that are smoothed in the distance
domain (Davis 1973). Moreover, this allowed comparing
each river in terms of the spatial organization of sound
along the longitudinal domain.
Statistical analysis: Statistical analyses were performed to
test whether or not the acoustic patterns observed in the
different soundscape images were the result of random
changes. A Kruskal–Wallis one-way analysis of variance by
rank (H-test) was performed on all raw acoustic measurements (one SPL data point every , 1.11 s; over the entire
segment length) of each octave band (test variables) to test for
differences in the median SPL between the five river segments
collected at intermediate flow (grouping variable). Subsequently, a Mann–Whitney (U-test) one-way analysis of
variance by rank with the Bonferroni correction was
performed for each pair-wise comparison to test for specific
differences between segments. Additionally, separate Mann–
Whitney tests were performed on the raw acoustic measurements of each octave band to test for differences in the median
SPL between segments collected at different flow levels.

30 Jun 09
48.60201 and
48.47048
2114.16109 and
2114.07361
24 (C)
990
0.004
141.9{
1.760.8
1.961.0
1
2

13 Jul 07

47.58904 and
47.58854

8.94729 and
8.78304

13 (C)
380

0.002

55.4{
1.560.3
1.160.2
1

1

North Fork

1

29.01
2.260.6
1.360.5
3

0.003

8 (U)
150

13.01836 and
12.95901

46.21687 and
46.17961

16 Jun 07

Tagliamento

1

162.3||
1.760.5
1.460.5
2

0.003

12 (U)
1020

2113.77469 and
2113.85826

48.42525 and
48.49116

29 Jun 09

Nyack

3

162.3||
2.060.6
3.261.4
1

0.005

5 (C)
980

2113.91723 and
2113.96518

48.49683 and
48.49867

29 Jun 09

Middle Fork

2

24.6{
0.760.5
1.461.1
1

0.004

24 (C)
990

2114.16109 and
2114.07361

48.60201 and
48.47048

24 Aug 07

North Fork

Base flow

1

447.4||
2.660.4
2.160.7
3

0.003

12 (U)
1020

2113.77469 and
2113.85826

48.42525 and
48.49116

28 May 09

Nyack

Bankfull flow

* In bracket valley form. U: unconstrained, C: constrained.
{ Average annual discharge for the year 2007 at the nearest gauging station was 45.5 m3 s21. Discharge data from the Swiss Federal Office for the Environment, hydrological data, site number:
2044, http://www.hydrodaten.admin.ch/e/index.htm?lang5en.
{ Average annual discharges for the years 2007 and 2009 at the nearest gauging station were 84.0 m3 s21 and 65.2 m3 s21, respectively. Discharge data from the U.S. geological survey, surface-water
data for the Nation, site number: 12355500, http://waterdata.usgs.gov/nwis/sw.
1 Average annual discharge for the year 2007 at the nearest gauging station was 25 m3 s21 (dry year). Stage data from the Ufficio Idrografico, Udine, Italy; the discharge was evaluated by a flow
rating curve at the Venzone hydrometric station, roughly estimated from the cross-section geometry, similar as in Bertoldi et al. (2009).
||
Average annual discharge for the year 2009 at the nearest gauging station was 67.6 m3 s21. Discharge data from the U.S. geological survey, surface-water data for the nation, site number:
12358500, http://waterdata.usgs.gov/nwis/sw.
" Sediment supply and roughness (as variable for turbulence generation) were given values from an ordinal scale of 1–3, where 1 5 no–few, 2 5 moderate, and 3 5 strong sediment supply, and
roughness respectively (based on observations).

Date of
recording
Start and end
latitude
(decimal
degree)
Start and end
longitude
(decimal
degree)
Length (km)*
Average
elevation (m.
a. s. l.)
Average slope
(m m21)
Q (m3 s21)
u (m s21)
h (m)
Sediment
supply"
Roughness"

Thur

Intermediate flow

Table 2. Characterization of the river segments. a. s. l.: above sea level; Q: daily average discharge at the nearest gauging station; u: flow velocity (mean 6 SD); h: flow
depth (mean 6 SD).
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Spearman’s rank correlation analyses were used to
identify the direction and strength of relationships between
a broad range of hydro-geomorphological (average slope,
discharge, average flow velocity, average flow depth,
sediment supply, and roughness; Table 2) and acoustic
(energetic mean, variance, broadband mean value, broadband mean variance, PD, and SHDI) variables. All tests
were performed in SPSS (version 14.0).

Results
River soundscapes at intermediate flow—At intermediate
flow, the five river segments exhibited distinct soundscapes
owing to segment-long variations in SPL and sound
variability (Fig. 2). The single characteristic common to
all soundscapes was high SPLs in the low-frequency range
(0.0315 kHz). The broadband mean value differed by up to
20 dB between the soundscapes, and the difference in the
average signal power of single octave bands was up to 40 dB
between soundscapes (e.g., the difference between Thur
0.5 kHz and Middle Fork 0.125 kHz; Fig. 3).
The regulated Thur exhibited the lowest broadband
mean value, the most homogeneous soundscape over all
octave bands (Fig. 2; Table 3), a low patch density and
Shannon’s diversity (Table 3), as well as the smallest range
of different SPL values (Fig. 4).
The other four river segments exhibited a similarly high
acoustic heterogeneity (Table 3) with a large range of SPL
values (Fig. 4). The soundscapes of the Tagliamento and
Nyack (unconstrained floodplain segments) were characterized by a bimodal sound distribution with SPL peaks at
1–16 kHz and 0.0315 kHz, respectively, and a distinct SPL
depression at midrange frequencies (Figs. 2, 3). Except for
the octave band 0.0315 kHz, the two octave bands with the
highest energetic means were 8 kHz and 16 kHz and 4 kHz
and 8 kHz in the Tagliamento and Nyack, respectively
(Fig. 3). The broadband mean value was slightly higher in
the Tagliamento than in the Nyack (Fig. 3), whereas the
broadband mean variance did not differ (Table 3). In the
Nyack, the energetic mean peaked at 0.125 kHz as the
result of very high SPLs at a single location (at an
approximate distance of 2.8 km downstream; Fig. 2)
coinciding with the location of a set of artificially added
large boulders that produced a distinct zone of turbulence
similar in nature to a hydraulic jump. In contrast, the
North Fork and Middle Fork bedrock-constrained canyon
segments exhibited many SPL peaks in the midrange octave
bands (Fig. 2) with a maximum SPL at 0.125 kHz (Fig. 3).
The North Fork exhibited an additional energetic peak at
0.5 kHz (Fig. 3). Maximum variance values occurred in
both segments at midrange frequencies (Table 3). The
Middle Fork showed by far the highest broadband mean
value and the highest broadband mean variance (Fig. 3;
Table 3).
Significant differences were found in the median SPL of
all octave bands between the five river segments, collected
during intermediate flow conditions (Kruskal–Wallis: p ,
0.001). Furthermore, pair-wise comparison tests revealed
that all river segments exhibited significantly different SPLs
over all octave bands (Mann–Whitney: p , 0.001; critical

Bonferroni-corrected alpha: 0.005), except for the SPL of
the octave band 0.125 kHz between the North Fork and
Nyack segments (p 5 0.769) and for the SLPs of the octave
bands 8 kHz and 16 kHz between the North Fork and
Middle Fork segments (p 5 0.297 and p 5 0.05,
respectively).
Effect of flow level on river soundscapes—An increase
from base to intermediate flow in the North Fork resulted
in a general increase in both SPLs and acoustic spatial
heterogeneity (Fig. 2; Table 3). An energetic mean increase
of up to 13 dB was detected in the octave band 0.125 kHz
(Fig. 3). The two distinct power peaks (0.125 kHz and
0.5 kHz) found at intermediate flow disappeared at base
flow (Fig. 3). The acoustic signal at base flow was mainly
dominated by SPLs of , 103 dB, whereas at intermediate
flow a wider distribution of the SPLs was detected (Fig. 4).
An increase from intermediate to bankfull flow in the
Nyack resulted in a general increase in SPLs, a decrease in
sound variability of single octave bands (maximal at 2–
8 kHz) and in the broadband mean variance (Fig. 2;
Table 3). The broadband mean value increased by 18 dB,
with increases of . 20 dB in the high-frequency range of 1–
8 kHz (Fig. 3). The mid-frequency range depression typical
at intermediate flow persisted with increasing flow level. At
bankfull flow, the acoustic signal was dominated by SPLs of
around 117 dB, 129 dB, and 149 dB, whereas at intermediate
flow a wider distribution of SPL was detected (Fig. 4).
Furthermore, the two octave bands with the highest
energetic mean shifted from 4 kHz and 8 kHz at intermediate
flow to 2 kHz and 4 kHz at bankfull flow (0.0315 kHz at
intermediate flow was not considered; Fig. 3). Pair-wise
comparison tests revealed that the SPLs of all octave bands
were significantly different between flow levels (Mann–
Whitney: p , 0.001).
Relationship between acoustic and hydro-geomorphological variables—River segment slope and roughness were
strongly correlated with the variance of octave bands from
0.063 kHz to 0.5 kHz and the broadband mean variance
(Table 4). Flow velocity and sediment supply significantly
influenced the high-frequency (1–16 kHz) energetic means
and the variance of 16 kHz. Flow velocity was also strongly
correlated with the broadband mean value and the
Shannon’s diversity index (Table 4). Flow depth was a
good predictor of the low- to mid-frequency (0.0315–
0.5 kHz) energetic means and variances (Table 4).
Spatial organization of acoustic patterns—The five river
segments exhibited major differences in the spatial organization of the acoustic patterns along the segment length,
both in spectral shape (No. of peaks, amplitude), distance
domain (where the peaks occur) and in octave band
dominance (Fig. 5).
The Thur showed the simplest spectral shape with the
single high-frequency peaks at 2–16 kHz coherent at 400-m
distance (Fig. 5). The Tagliamento exhibited spectral
energy peaks at 0.5–16 kHz, dominated by the octave band
16 kHz, over a broad spectral distance. Moreover, at very
short scale (, 155 m) low-frequency peaks (0.0315–

Underwater soundscapes of rivers

Fig. 2. Soundscape images of the five river segments. Flow type in brackets. X-axes:
frequency classes (10 octave bands) in kHz; y-axes: downstream distance in km; z-axes: sound
pressure level (SPL) expressed in decibels (dB re 1 mPa).
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Fig. 3. Sound pressure levels (energetic mean 6 SD) of 10 octave bands in the five river segments. Flow type in brackets. Broadband
mean values (BMV) representing the average signal power of the broadband signal are indicated.

0.063 kHz) occurred. The Middle Fork exhibited spectral
coherence at 250 m and 350 m, dominated by midfrequency (0.125–0.25 kHz) and high-frequency peaks (4–
8 kHz), respectively (Fig. 5). Moreover, spectral energy
peaks occurred at very long (, 1 km) and very short
(, 175 m) scales.

The North Fork at base flow exhibited spectral
coherence at 800 m and 400 m, dominated by midfrequency peaks at 0.125 kHz, which disappeared at
intermediate flow condition (Fig. 5). The spectral shape
for the intermediate flow condition was dominated by
smooth high-frequency peaks (2–4 kHz) at about 400-m
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Table 3. Spatial variability of the acoustic signal (variance of each octave band and broad band mean variance [BMVa],
standardized to n 5 1993) and spatial indices for the quantitative characterization of the arrangement of acoustic signals in the five river
segments. No.: total number of patches.
Intermediate flow

Spatial variability
0.0315 kHz
0.063 kHz
0.125 kHz
0.25 kHz
0.5 kHz
1 kHz
2 kHz
4 kHz
8 kHz
16 kHz
BMVar
Spatial indices
Patch density (No. m22)
Shannon’s diversity

Base flow

Thur

North Fork

Tagliamento

Nyack

Middle Fork

29.1
11.0
8.2
2.1
5.2
14.7
32.1
43.9
51.3
47.2
27.1

71.4
83.5
88.1
87.1
86.2
58.0
61.1
70.6
75.5
56.7
47.1

78.2
55.1
33.0
23.0
34.8
65.3
80.7
78.2
86.8
95.2
41.5

55.5
65.2
70.8
54.9
52.1
54.6
71.1
73.5
90.2
84.5
43.8

78.1
102.5
117.7
136.5
102.8
95.5
108.0
97.2
84.1
53.5
68.8

0.62
3.13

0.79
3.74

distance, which was the inverse of frequency dominance
from the base flow condition (Fig. 5).
An increase from intermediate to bankfull flow in the
Nyack resulted in no important shift of the segment
organization (spectral energy peaks at 400 m and 700 m at
intermediate flow vs. 300 m and 700 m at bankfull flow;
Fig. 5). However, the frequency dominance changed, and
the amplitude of the peaks showed a dramatic change. The
peak at 700 m was dominated by the octave band 16 kHz at
bankfull and by 2 kHz at intermediate flow. The peak at
400 m or 300 m was dominated by the octave band 16 kHz
at bankfull and by 8 kHz at intermediate flow (Fig. 5).

Discussion
We characterized the soundscape complexity of kilometer-long river segments (along the thalweg). These river
segments could be clearly acoustically separated based on
the SPL, as well as the spatial variability and organization
of the acoustic signal. The soundscape differences between
river segments was most likely related to the organization
of turbulence along the segment length (distance between
rapids) and to sound source (hydraulic turbulence or
sediment transport).
Three stream types were acoustically different: (1) the
artificially channelized Thur, (2) the unconstrained floodplains along the Tagliamento and Nyack, and (3) the two
bedrock-constrained segments of the North Fork and
Middle Fork. With increasing flow level and flow velocity,
the SPLs of the entire soundscape increased. However,
while the acoustic variability of single octave bands
decreased (with a maximum at 2–8 kHz) from intermediate
to bankfull flow, it generally increased from base to
intermediate flow, depending on the hydro-geomorphological characteristics of the segments. This work provides the
first insights into the questions of which factors contribute
to the origins and propagation of underwater ambient

0.71
3.77

0.80
3.75

0.82
3.88

North Fork
71.7
93.2
52.3
60.5
44.1
34.5
19.3
11.6
5.9
2.4
46.4
0.55
3.20

Bankfull flow
Nyack
32.8
39.7
47.8
49.7
28.4
31.7
33.8
33.1
51.0
84.8
27.6
0.72
3.93

sound in rivers. This has potentially broad effects on the
ecology of sound-sensitive aquatic organisms.
River soundscapes at intermediate flow—Acoustic signals
travel about five times faster in water compared to air and
exhibit a lower attenuation rate compared to light and
chemical substances (Hawkins and Myrberg 1983; Rogers
and Cox 1988), thereby providing a very effective dispersal
of information about the environment. As an acoustic
signal travels in flowing water it can be reflected and
scattered at the bottom, at the surface, and at flow
obstructions, as well as from air bubbles in the water
column (Hawkins and Myrberg 1983; Urick 1983; Lurton
2002). It can also be modified by multiple sound sources,
constrained, or transmitted well with minimal distortion.
Furthermore, sound cannot propagate as acoustic waves in
water that is shallower than about one-fourth of the
wavelength (cutoff theory: Officer 1958; Urick 1983;
Rogers and Cox 1988) and is, therefore, rapidly attenuated
(Fine and Lenhardt 1983; Lugli and Fine 2003, 2007). All
of these interactions and constraints have been found to
generate complex soundscapes at spatial scales ranging
from centimeters (Tonolla et al. 2009) to meters (Wysocki
et al. 2007; Amoser and Ladich 2010; Tonolla et al. 2010),
and to kilometers (this study) with hydraulically and
morphologically heterogeneous habitats and river segments
showing more complex soundscapes than more homogeneous ones.
We recorded acoustic signals at a scale of several
kilometers, and typically at flow depths of . 1 m. Local
sediment transport, flow velocity, as well as the relative
roughness and flow obstructions (i.e., streambed heterogeneity), were most likely the main factors influencing the
acoustic signals. Similarly, Wysocki et al. (2007) and
Amoser and Ladich (2010) suggested that acoustic signatures were determined by discharge, flow velocity, and type
and transport of bed sediments. Furthermore, Tonolla et

2328

Tonolla et al.

Fig. 4. Frequency distribution of the sound pressure level pixels in the five river segments. Flow type in brackets. Total number of
pixels is shown in each panel.

al. (2009, 2010) showed that underwater sound is mainly
generated by turbulence and air bubbles resulting from the
interaction of flow velocity, relative roughness, flow
obstructions, and streambed sediment transport. Lowfrequency (0.0315 kHz) sound found in all river segments
and in many aquatic habitats (e.g., riffles, rapids, runs,
pools, backwaters, and lakes; Lugli and Fine 2003;
Wysocki et al. 2007; Tonolla et al. 2010), are not likely to
be useful in discriminating spatial heterogeneity.

The channelized Thur, with its low streambed heterogeneity and limited local sediment supply and transport,
exhibited the most homogeneous soundscape, while the
soundscape was more complex in the unconstrained
alluvial Tagliamento and Nyack where the channel banks
were a major source of sediments (see Fig. 1). The collision
between sediment particles in transport and those on the
river bed were most likely responsible for the sharp increase
of high-frequency SPLs (1–16 kHz; Tonolla et al. 2010).

Underwater soundscapes of rivers
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Table 4. Spearman’s rank correlation (r) between hydro-geomorphological and acoustical variables. BMV: broadband mean value;
BMVar: broadband mean variance; PD: patch density; SHDI: Shannon’s diversity. n 5 7 (five at intermediate flow + two at different flow
levels, North Fork and Nyack; Table 2).

Energetic mean of each
octave band (kHz)

Variance of each octave
band (kHz)

Acoustic
variables

Average
segment
slope (r)

Daily
average
discharge (r)

Average
flow
velocity (r)

Average
flow
depth (r)

Sediment
supply (r)

Roughness
(r)

0.0315
0.063
0.125
0.25
0.5
1
2
4
8
16
BMV
0.0315
0.063
0.125
0.25
0.5
1
2
4
8
16
BMVar
PD
SHDI

0.67
0.67
0.67
0.77*
0.43
0.24
0.09
20.22
20.22
20.67
0.24
0.62
0.95**
0.86*
0.95**
0.86*
0.67
0.32
0.24
20.06
20.28
0.95**
0.41
0.24

0.54
0.36
0.61
0.63
0.83*
0.68
0.56
0.63
0.63
0.45
0.68
20.38
20.09
0.36
0.20
0.18
0.02
0.36
0.22
0.22
0.40
0.02
0.74
0.68

0.63
0.59
0.41
0.36
0.74
0.92**
0.95**
0.94**
0.94**
0.72
0.92**
0.20
20.20
0.02
20.07
20.02
0.34
0.59
0.41
0.31
0.85*
20.11
0.45
0.92**

0.85*
0.70
0.81*
0.95**
0.90**
0.68
0.50
0.29
0.29
20.14
0.68
0.18
0.58
0.77*
0.77*
0.63
0.41
0.36
0.18
20.07
0.07
0.63
0.67
0.68

0.06
0.06
20.06
20.16
0.32
0.64
0.80*
0.90**
0.90**
0.90**
0.64
0.06
20.48
20.38
20.48
20.38
0.00
0.26
0.10
0.30
0.90**
20.48
0.04
0.64

0.54
0.54
0.54
0.66
0.24
0.00
20.18
20.48
20.48
20.84*
0.00
0.48
0.90**
0.78*
0.90**
0.78*
0.54
0.18
0.18
20.18
20.54
0.90**
0.30
0.00

* p , 0.05; ** p , 0.01.

The nonuniformity in morphology, hydraulics, and intensity of streambed sediment transport along river segments
truncated these signals. For example, in slow-flowing
sections (e.g., glides), sediment particles might be deposited
on the river bed, thus resulting in lower high-frequency
SPLs (e.g., the first kilometers of the Nyack; Fig. 2). The
more even distribution of high-frequency SPLs, a higher
average signal power, and variance of the broad-band
signal along the Tagliamento can be attributed to the
higher energy gradient along the corridor (higher flow
velocity; see Table 2), which, in turn, produced continuous
flow competent conditions suitable for the sediment
particles composing the bed along the entire segment.
Furthermore, the sediment particles were finer in the
Tagliamento than in the Nyack; thus, less energy was
necessary to put the particles into motion. Interestingly,
this differentiation of finer and coarser sediments was
reflected in the frequency distribution of the highest sound
levels, with the Nyack at intermediate flow showing the
highest energetic means and spectral peaks at lower
frequencies (4–8 kHz), probably generated by coarser
particle collisions, as compared to the Tagliamento (8–
16 kHz). Finally, differences between organization length
(spectral distance) showed that the Nyack, at intermediate
flow conditions, was the most longitudinally organized
river segment; contrasted with the Tagliamento, which was
not so well as organized in the longitudinal direction.
The two bedrock-constrained river segments North Fork
and Middle Fork also exhibited a complex acoustic mosaic.

This heterogeneity was most likely due to turbulence
sections generated by the organization of rapids along the
forced alluvial steps or boulder clusters that form
somewhat equally spaced rapids along these segments (see
Fig. 1). Accordingly, these soundscapes were characterized
by a series of patches with high SPLs, high acoustic
variability, and spectral peaks, especially in the midfrequency range (high-turbulent rapids) followed by
acoustically more silent patches (low-turbulent runs and
glides). Rough structures such as bedrock outcrops create
flow obstructions that break the water’s surface, generating
rapids characterized by high-turbulence zones that trap air
underwater, leading to increased SPLs at all frequencies,
with the highest increment in mid-frequency SPLs (Lugli
and Fine 2003; Tonolla et al. 2009, 2010).
The shorter organization scale in the Middle Fork in
respect of the North Fork was probably due to individual
boulders strewn throughout the segment with mid-frequency dominance in the downstream turbulent pools, while the
longer scale peaks were most likely generated by bedrock
nick points with very deep and long pools below major
rapids. Moreover, in the Middle Fork, sediment transport
seems to be more dominant than in the North Fork, as
reflected in the high-frequency peak coherent at the 350-m
scale. This was probably due to the higher velocity (energy)
of this segment. Furthermore, this seems to indicate a
common length scale of hydro-geomorphological organization for these rivers that are all similar in volumetric
discharge and sediment supply, with the exception of the
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Fig. 5. Power spectral plots of 10 octave bands in the five river segments. Flow type in brackets. X-axes: spectral distance
representing the longitudinal distance (i.e., organization length) in meters; y-axes: nondimensional power spectral density, which is the
square of the variance within each spectral distance.

Tagliamento, which has a high sediment load vs. discharge,
resulting in the broad-banded response.
Distinctive SPL peaks in the North Fork and Middle
Fork were detected in the octave bands 0.125–0.5 kHz, with
a dominant peak at 0.125 kHz (especially pronounced in

the Middle Fork, where major turbulence zones were
generated by large class III–IV whitewater rapids). Similar
results were reported by Lugli and Fine (2003), who found
SPL peaks between 0.2 kHz and 0.5 kHz near rapids and
waterfalls. Moreover, Tonolla et al. (2010) reported SPL

Underwater soundscapes of rivers
peaks between 0.5 kHz and 2 kHz and 0.125 kHz to 0.5 kHz
in riffle and step-pool habitats, respectively. Distinct
turbulence created at large flow obstructions shifted the
power peak to lower frequency bands. Thus, the pronounced decline in midrange frequency SPLs found in the
Thur, Tagliamento, and Nyack was probably due to a lack
of major turbulence-sound generating sources, similar to
the situation in pools, backwaters, and lakes (Wysocki et al.
2007; Amoser and Ladich 2010; Tonolla et al. 2010).
Pulsating sound produced by breaking and reforming
turbulent waves on bedrock and noncompetent boulders
was probably associated with the high acoustic variability
found in midrange frequency bands of the North Fork and
Middle Fork, while the limited or lacking lateral supply of
sediment in the North Fork and Middle Fork resulted in
significantly lower high-frequency SPLs and acoustic
variability with respect to the Tagliamento and Nyack
floodplains.
Effect of flow level on river soundscapes—An increase in
flow level and flow velocity (Table 2) resulted in an increase
in SPLs over most octave bands. However, Lugli and Fine
(2003) only found an SPL increase in the low frequencies
during high-discharge conditions. A decrease in flow level
results in an increase in relative roughness. Theoretically, a
high relative roughness induces stronger turbulence and a
related increase in midrange frequencies SPLs (Tonolla et
al. 2009, 2010). However, high roughness coupled with low
flow velocities can only induce a small amount of
turbulence and, hence, produce less sound. Therefore, the
North Fork soundscape at base flow was characterized by a
reduced temporal sound variability and SPLs (especially at
midrange frequencies) compared to the soundscape at
intermediate flow. However, spectral analyses of the North
Fork highlighted a contrasting result. The North Fork
exhibited a smoothing (from base to intermediate flow) of
any coherent organization over all octave bands, which was
expected because this canyon reach fills with water and
becomes more of a continuous turbulent run where at base
flow there was greater distinction between rapids and very
clam and quite glides.
On the other hand, very high-flow conditions such as in
the Nyack during bankfull conditions, led to a decrease in
sound dominance and acoustic variability in the midfrequency range because of increasing flow depth and the
related decrease in relative roughness and turbulence.
Momentum exchanges between colliding particles also
increased, resulting in a break-up of the channel bed
(Lorang and Hauer 2003). The dominance of sediment
transport signal organized at 300 m and 700 m corresponded to the length scale of the rapid–glide series on this
segment, as well as the flow confluences below complex bar
units.
The sediment transport processes resulted in higher highfrequency SPLs (up to . 20 dB) at bankfull flow than at
intermediate flow and in a shift of the highest SPL peaks to
lower frequencies (from 8–16 kHz to 2–4 kHz). Additionally, the sharp decrease in the acoustic variance in the highfrequency range coincided with bankfull flow conditions,
when maximal rates of sediment can be transported from
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the river, thus resulting in more continuous flow competent
conditions that are suitable for the transport of sediment
particles composing the river bed. This maximal rate was
also reflected in the large spectral peak at 16 kHz.
Natural sounds of up to 150–160 dB during floods are, in
contrast to boat traffic or sounds produced by strong
turbulence (e.g., rapids), constant and long-lasting (floods
can persist from days to weeks). These natural flood sounds
have the potential to affect much larger areas (e.g., whole
riverine ecosystems) and affect various freshwater biota.
For example, fishes may not be able to respond to the stress
or interferences to biological communication caused by
loud sounds by simply avoiding these areas. However,
auditory sensitivities may change in relation to higher
conditions of sound pressure levels.
Nevertheless, the low-energy quiet zone found along all
soundscapes (also at high flow levels) at 0.063–0.5 kHz
coincides with the best hearing range of many fish species
(Hawkins 1981; Fay and Simmons 1999; Ladich and
Popper 2004) and it is similar to the one found in the
pressure and velocity spectra of other studies (Lugli and
Fine 2003, 2007; Tonolla et al. 2010). These quiet zones
may be highly important for active communication and
stress reduction in loud river sections.
In a recent study, Amoser and Ladich (2010) found that
SPLs (variations of up to 51 dB in single frequencies) and
spectral composition may change throughout the year. In
this study, we showed that a river is highly complex along
its thalweg and that the spectral composition might change
quite rapidly with pronounced changes dependent on the
nature of the river itself (e.g., constraint vs. unconstraint).
Thus, we believe that highly dynamic rivers would show
different soundscapes throughout the seasons and the year,
coinciding with specific climatic conditions (e.g., rainfall,
snow melting, and drought) and related hydrological
mechanisms (flow regime).

Implications and applications
The present study clearly showed that underwater sound
is a complex and robust signal, and, hence, should be
considered as an important and unique property of riverine
ecosystems. Furthermore, there is a need to conserve,
protect, and value natural soundscapes as it is done for
other aspects of nature (Pijanowski et al. 2011).
Quantifying underwater soundscapes offers new insights
into the nested complexity of entire river segments.
Soundscape analysis could be used to assess and quantify
the heterogeneity of river corridors and to provide a
spatially continuous representation of habitat organization,
because they reflect important hydraulic (turbulence levels)
and geomorphic (bedload mobility) dynamics. This approach is a more direct (i.e., less biased) and potentially
more cost-effective than visual classification by observers in
the field. For example, soundscape analysis could potentially be used to monitor river restoration measures that
change the flow field and subsequent streambed sediment
transport–deposition processes. Furthermore, the alteration of the river acoustic environment, mostly dependent
on hydro-geomorphological and anthropogenic changes
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(e.g., hydropeaking, channelization, dams, and shipping),
could affect the behavior of freshwater organisms and,
therefore, have general ecological implications.
It is well-known that that inter- and intraspecific
communication is not the only role of sound in aquatic
ecosystems, but that many aquatic organisms, such as
crustacean and fish larvae, use acoustic cues as an important
information source about their environment (Stanley et al.
2010; Vermeij et al. 2010; Wright et al. 2010). Moreover,
some of them can also retain information from recent
acoustic experiences (Simpson et al. 2010). Therefore,
Slabbekoorn and Bouton (2008) and Fay (2009) suggested
that fishes and aquatic invertebrates probably exploit
acoustic scenes (soundscapes) for orientation (e.g., migration) within the water course and probably also to locate and
navigate to habitat types with favorable attributes (e.g., for
resting, feeding, and breeding). Thus, we are convinced that
the insights gained through our study may help improve
future experimental designs aimed at better understanding
the effects of the soundscapes on freshwater organisms.
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