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Influence of dense macrophyte vegetation 
and total gas saturation on the performance 
of acoustic telemetry
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Abstract 

Background:  Acoustic telemetry is widely used as a method for high resolution monitoring of aquatic animal move-
ment to investigate relationships between individual animals and their environment. In shallow freshwater ecosys-
tem, aquatic macrophytes are common and their presence increases habitat complexity and baffles sound propaga-
tion. These properties may be likely to affect the performance of acoustic telemetry, however, to date this issue has 
received little attention, when studying the ecology of movements of fishes in and around the important macrophyte 
habitats. Here, we conducted a range-test study in a freshwater riverine ecosystem, with mass development of the 
aquatic macrophyte Juncus bulbosus (L.), to assess how dense macrophytes impact detection probability, detection 
range, and performance of a three-dimensional receiver positioning system. Supersaturation of gas frequently occurs 
at the study site as a by-product of upstream hydroelectric power generation and gave a unique opportunity to inves-
tigate how total gas saturation affects the performance of acoustic telemetry. We also investigated the influence of 
environmental conditions (i.e., day-of-year, time of day, average water level above J. bulbosus) on detection probability 
together with vertical position of transmitters and location inside or outside macrophytes.

Results:  The detection probability and range were generally low for transmitters in and outside J. bulbosus stands, 
with mean hourly detection probabilities ranging from 1.18 to 5% and detection ranges between 17.26 m ± 0.74. The 
interaction between total macrophyte biomass and distance to receiver reduced the detection probability and detec-
tion range substantially. Detection probability further decreased with increasing total gas saturation, and transmitters 
positioned near the sediment and close to the surface also had lower detection probabilities compared to receivers 
in the middle of the water column. Finally, the low detection probability affected position estimates, where only 23% 
of the detections could be positioned using the average positioning estimation method and positional accuracy and 
precision were low ranging from 1.48 to 164.8 m and 0 to 50.1 m, respectively.

Conclusions:  Our findings demonstrate the impact of macrophytes and total gas saturation on detection probability 
and range of acoustic transmitters in a shallow ecosystem, where tagged fish are unlikely to be detected by receivers 
or positioned. These results emphasise that in situ range testing is strongly needed before determining the density 
and design of receiver array when performing acoustic telemetry studies in shallow ecosystems.

Keywords:  Acoustic telemetry, Range testing, Aquatic plants, Juncus bulbosus, Passive monitoring, Detection 
probability, Gas supersaturation
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Background
Acoustic telemetry is widely used in animal movement 
ecology to quantify movement of aquatic animals and 
elucidate their use of different habitats [10]. Studies on 
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the performance of acoustic telemetry between differ-
ent ecosystem types and habitats are limited, however 
[6, 11, 13, 27]. Performance of acoustic telemetry highly 
depends on detection efficiency, the probability of a 
receiver to detect an acoustic transmission, and detec-
tion range, the distance between transmitter and receiver 
with a successful detection at a given detection efficiency, 
generally 50% [13]. Understanding detection efficiency, 
hereafter detection probability, and detection range is 
essential when receiver arrays are designed as positioning 
systems. Positioning systems allow determination of fine-
scale movements of tagged individuals as their positions 
can be estimated through triangulation. However, the 
triangulation method requires that transmitted acous-
tic signals are detected on a minimum of three receivers 
at the same time [1]. A successful application of a posi-
tioning system, therefore, depends on a receiver arrays’ 
detection probability and overlapping detection range 
of receivers [27]. The performance of acoustic receiver 
arrays is sometimes assumed and in situ range testing not 
conducted. Consequently, data on the performance of 
acoustic telemetry in many types of habitats and environ-
mental conditions are lacking today.

Acoustic biotelemetry has the underlying assump-
tion that the rate of acoustic signal attenuation is sta-
ble over space and time [6]; however, acoustic receivers 
performance is influenced by dynamic environmental 
conditions. This can potentially cause dramatic varia-
tion in detection probability and detection range of the 
receiver array and hence the performance of positioning 
systems. Physical obstruction, such as topography [3], 
the presence of aquatic macrophytes [8, 25, 27, 31] and 
air bubbles, derived from wind-generated waves [6] or 
gas supersaturated water, can block and refract the trans-
mission of acoustic signals. Supersaturated water occurs 
when water at atmospheric pressure becomes even more 
pressurised under higher pressure, allowing additional 
gas to be dissolved in the water making it supersaturated 
relative to atmospheric pressure [20]. Supersaturated 
water are generated as a by produced for some hydro-
power plants [15]. Moreover, water temperature [34] and 
stratification layers in the water column such as thermo-
clines (temperature) and haloclines (salinity) can change 
speed and refract sound [7, 11]. Noise from natural and 
anthropogenic sources, such as wind-generated waves 
[13], biological noise [7] and anthropogenic sounds, i.e., 
boat traffic [7], can further temporarily reduce the detec-
tion probability and detection range. Finally, behavioural 
traits can affect the performance of acoustic telemetry as 
variation in detection probability occurs when fish shel-
ter or refuge behind rocks or within macrophytes, hin-
dering the transmission of acoustic signals [27, 33]. These 
factors all contribute to spatial and temporal variation 

in the performance of acoustic telemetry. This creates a 
strong need to perform in situ range testing prior to con-
ducting studies in such ecosystems, in order to optimise 
the receiver array design to the varying conditions and 
consequently reveal the limitations for the following data 
analyses.

Performance of acoustic telemetry is poorly under-
stood in shallow freshwater ecosystems with dense 
aquatic macrophytes [26, 27, 31]. Macrophytes are struc-
turally complex and often considered as ecosystem engi-
neers in freshwater ecosystems due to their key functions 
for ecosystem structure and functions [12]. The spatial 
distribution of many fish species is linked to macrophytes 
t for foraging, shelter, spawning or as nurseries [16, 28]. 
Shallow freshwater ecosystems with dense macrophytes 
are, however, under increasing anthropogenic pressure as 
macrophytes are often perceived a nuisance when inter-
fering with human activities such as fishing, boating and 
swimming [30] and thus frequently removed. Evaluating 
the effects of macrophyte removal for fish communities 
and their movements is, therefore, a focus for many con-
servation and fisheries managers. This has contributed to 
the increasing interest in evaluating the spatial and tem-
poral use of dense macrophyte habitats in shallow fresh-
water ecosystems [9, 16, 29] and using acoustic telemetry 
is one approach to explore relationships between indi-
vidual animals and their use of macrophytes as habitat. 
However, shallow ecosystem with dense macrophytes 
pose challenges for conducting acoustic telemetry stud-
ies. Macrophytes are likely to obstruct the signal by caus-
ing a physical barrier for sound propagation together 
with their photosynthetic activity producing oxygen 
emitted as air bubbles that influence on sound propaga-
tion [5, 33]. Recently, some studies have evaluated the 
performance of acoustic telemetry in ecosystems with 
aquatic macrophytes [26, 27, 31], but no studies have yet 
performed in  situ range testing and evaluated position-
ing systems in shallow ecosystems with very dense mac-
rophytes growth, i.e., mass developments. Successful 
implementation of acoustic telemetry in ecosystems with 
high densities of macrophytes will require understanding 
of how macrophytes influence detection efficiency and 
detection range to determine the restrictions that may 
constrain the conclusions in such studies.

In this study, we assessed dense submerged macro-
phyte influence on the performance of acoustic telemetry 
in a shallow riverine ecosystem with extensive growth of 
the aquatic macrophyte Juncus bulbosus (L.). Specifically, 
the aim was to compare detection probability and range 
for transmitters within and outside macrophytes over a 
gradient in J. bulbosus density and distance to receivers. 
We also assessed how other environmental variables such 
as total gas saturation and water level above macrophytes 
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influence on performance of acoustic telemetry. Finally, 
we evaluated how positional accuracy and position pre-
cision were influenced by dense J. bulbosus stands when 
using the position averaging method.

Methods
Study area
This study was conducted in the Rysstad Basin, a part 
of River Otra, Southern Norway (Fig.  1). The Rysstad 
Basin is shallow (average depth, < 5 m) and the habitat 
is mainly dominated by the native aquatic macrophyte 
species J. bulbosus that forms dense stands across the 

entire basin. The biomass of J. bulbosus is relatively 
constant throughout the year, as the plants do not 
senesce in autumn due to low temperature fluctuations 
(min: 4  °C and max:12  °C) (Schneider et  al., unpub-
lished data). A few other macrophyte species, such as 
Potamogeton polygonifolius (Pourr.) and Sparganium 
spp., have been observed in the Rysstad Basin, but their 
abundance < 1% of the total macrophyte biomass (Thie-
mer, K., unpublished data). In addition to dense plant 
coverage, supersaturation of dissolved gases (mainly 
oxygen and nitrogen) is frequently occurring as a by-
product of the upstream hydropower plant at Brokke 

Hydropower plant
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Fig. 1  Map of study site and location of receivers and transmitters. Black dots represent receivers, green and red the transmitter deployments inside 
and outside J. bulbosus at the six locations (deployment and five relocations), respectively. Numbers indicate the relocation period
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and levels have been measured as high as 172% with 
peak in spring and winter [21].

Experimental design
A network of 20 receivers (TBR700, Thelma Biotel, 
Trondheim, Norway) was installed in a section of the 
Rysstad Basin in May 2020 (Fig. 1). The receivers formed 
a triangulation grid and the distances among receiv-
ers were less than 200 m. All receivers were attached to 
rebar moored in place on a concrete block. The 20 receiv-
ers were deployed at depth ranging from 1.35 to 1.80 m. 
Eight sync tags (ART-MP-13, Thelma Biotel, output 
power: 153 dB re 1 uPa at 1 m) were attached to selected 
receivers (Fig. 1). Range testing was conducted using six 
transmitters (Model D-2MP7, 32 mm length, 3.7 g in air, 
60–120  s transmission interval, 69  kHz, Power output: 
141 dB re 1 µPa at 1 m, 0–25 m depth range (0.1 m res-
olution), 10.6  month battery life, Thelma Biotel, Trond-
heim, Norway) attached to two mobile moorings. The 
transmitters were placed at three heights from the sub-
strate, 8  cm, 55  cm and 95  cm above bottom, to assess 
the influence of vertical position of potential fishes in 
the water column on detection efficiency. Transmitters 
are hereafter referred to as bottom, middle and top posi-
tions. It is likely that transmitters implanted internally 
in fish will perform differently than transmitters on the 
deployments, thus there is a small risk of overestima-
tion of detection range in our study [4]. The transmitter 
deployments were relocated six times (approximately 
every second week) during the study period (May to Sep-
tember) (Fig.  1). The relocations of the two transmitter 
deployments were done so one transmitter deployment 
was always located outside J. bulbosus stands, whereas 
the other transmitter deployment was inside J. bulbosus 
stands. Distances between transmitter deployments and 
each receiver for each relocation period were calculated 
as Euclidean distance using GPS-points (Differential 
GPS, Trimble, TSC3). In Fig.  2, potential scenarios of J. 
bulbosus densities between transmitter deployments 
(inside and outside) and receivers at varying distances are 
illustrated.

Macrophyte biovolume mapping
Submerged aquatic macrophytes biovolume (plant vol-
ume inhabited in water column) of J. bulbosus was meas-
ured five times during the study period. Plant cover 
(0–10%, 11–20%, 21–30%, 31–40%, 41–50%, 51–60%, 
61–70%, 71–80%, 81–90%, 91–100%), average plant 
height (cm) and depth (cm) were measured in 130–284 
quadrats randomly distributed within the study area. 
From this, macrophyte biovolumes (L m−2) were calcu-
lated as plant cover (%) multiplied by plant average height 
(dm). Density maps of predicted macrophyte biovolume 

were made from the point data collected at each reloca-
tion time using the calculated biovolumes and the ordi-
nary kriging method as interpolation method (Fig.  3). 
Density maps of predicted water level above J. bulbosus 
(i.e., the difference between depth and average plant 
height) were likewise made for the five periods using the 
kriging interpolation method (Additional file 1).

Total gas saturation
Total gas saturation (%) was monitored every 30 min by 
a Total Gas Analyzer 3.0 (FischundWassertechnik with 
an accuracy of +—1% TGS). Total gas saturation is meas-
ured as percentage of dissolved air in the surface water. 
The gas logger was located approximately five km down-
stream the study site (Fig. 1) and as the degassing in the 
Rysstad Basin is slow cf. Lennox et  al. [15], we, there-
fore, used measurements from the downstream station 
as a proxy for the total gas saturation in our study area. 
Total gas saturation averaged from 101 to 130% with 
values below 110% in the beginning of May and the first 
peak > 130% was recorded on May 27th followed by peaks 
in June (15th,16th and 18th) (Table 1, Fig. 4).

Data preparation
Detection probability
The detection probability for each receiver and trans-
mitter deployment was calculated as the total number 
of recorded detections over the number of expected 
detections. Expected detections were simulated ping 
sequences retrieved from Thelma Biotel based on the tag 
programming. Retrieval days were omitted from the data 
set to provide detection measures for uninterrupted 24 h 
periods from 14th May to 9th September 2020. Detection 
probability was then binned in hourly means. The top-
transmitter on the transmitter deployment positioned 
within J. bulbosus was lost 24th June (103  days after 
deployment, experiment run in a total of 180 days) and 
detection probabilities were, therefore, not calculated 
for this transmitter for the remaining period. Finally, five 
receivers were temporarily on land from June 14th to 
June 24th, while the area underwent maintenance mow-
ing of the macrophytes under purview of the municipal-
ity (Thiemer et  al. in prep), thus probabilities for these 
receivers during this time were also omitted.

Environmental conditions
Total macrophyte biovolume values between the trans-
mitter deployments and receivers were calculated for 
all five periods by extracting the predicted macro-
phyte biovolumes along a line combining the respective 
receivers and transmitter deployments (40 combina-
tions for each period). The extracted biovolume values 
were then summed for each line to produce a proxy for 
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Total macrophyte biovolume between each transmit-
ter deployment and receiver pairs and were assigned 
to all observations within each relocation period. 
Regrowth of J. bulbosus within each period was con-
sidered to be negligible in the 2–3 week span between 
macrophyte mappings, as growth rates for J. bulbosus 

is slow (Schneider et  al., unpublished data). Distances 
between transmitter deployments and receivers ranged 
from 4.18 to 452.13  m (Table  1) with correspond-
ing total macrophyte biovolumes ranging from 375.7 
to 39,251.9 L m−2 (Fig.  3, Table  1). Moreover, aver-
age water level above J. bulbosus was calculated using 

Outside

Inside

Fig. 2  Illustration of potential scenarios of J. bulbosus densities and distance between receivers and transmitter deployment inside or outside J. 
bulbosus stands



Page 6 of 14Thiemer et al. Animal Biotelemetry            (2022) 10:4 

the same approach as the total macrophyte biovolume 
corrected by hourly water levels changes. Average 
water level above J. bulbosus (cm) ranged from 62.64 
to 250.14  cm and was generally highest in June due 
to snowmelt-induced increase in discharge from the 

upstream catchment (see density maps in Additional 
file  1). Finally, the environmental variables, total mac-
rophyte biovolume, average water level above J. bulbo-
sus and total gas saturation (%) were then merged to the 
data sets (hourly and daily mean, respectively).

Fig. 3  J. bulbosus biovolume (L m−2) density maps of the study area at the five relocation and mapping days. Lines with dots represent unique 
receiver–transmitter deployment pairs (40 lines per plot)

Table 1  Mean, minimum and maximum values of environmental conditions

Variables Source Scale Mean Min value Max value

Distance to receiver (m) Measured Continuous 215.83 4.18 452.13

Total gas saturation (%) Measured Continuous 110 101 130

Total biovolume (L m−2) Measured Continuous 11,396.2 375.7 39,251.9

Average water level above J. bulbosus 
(cm)

Measured Continuous 129.10 62.64 250.14
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Statistical analyses
Influence of macrophyte biovolume and environmental 
conditions on detection probability
The influence of distance on detection probability of the 
transmitter deployment inside and outside J. bulbosus was 
estimated by fitting GLM models with a binomial fam-
ily (logit-link) and the dose.p function from the MASS-
package and was used to determine the detection range.

Relationships between mean hourly detection prob-
ability of the transmitter deployments and environmental 
variables were estimated by fitting Generalized Addi-
tive Mixed models (GAMMs) using the bam function in 
mgcv package [35]. The GAMMs were fitted using a beta 
regression, which is suitable for proportional data, and 
with distance to receiver, total macrophyte biovolume, 
total gas saturation, average water level above J. bulbo-
sus, day-of-year (collinear with temperature in temper-
ate rivers), location (inside and outside J. bulbosus) and 
height (bottom, middle and top) as independent variables 
and with tag ID and receiver ID as random intercept 
effects to account for the lack of independence between 
detections within ID and receiver, respectively. Smooth-
ing functions were applied to the variables: distance to 
receiver, total macrophyte biovolume and day-of-year, as 
these are expected not to follow a linear response. Total 
gas saturation and average water level above J. bulbosus 
were linear variables. Hour of day was fitted using cyclic 
smooth to account for the cyclic nature. Day-of-year 
was not fitted with a cyclic smooth as the study was not 
conducted throughout a full year. Total macrophyte bio-
volume was likely to depend on distance. Therefore, two 
candidate models were fitted, one with the interaction 

of distance and Total macrophyte biovolume and one 
without the interaction. The two models were com-
pared by Akaike Information Criterion (AIC). The model 
including the interaction between distance to receiver 
and total macrophyte biovolume attained more AIC 
support (AIC = 711.5185 model with interaction and 
AIC = 735.4965 model with no interaction). The final 
model was, therefore:

bam(Probability ~ s(Distance  to  receiver) + Loca-
tion +  Height +  s(Day-of-year) +  s(Hour-of-day) +  
Total Gas saturation + Average water level above J.  
bulbosus + s(Total Macrophyte Biovolume) + s(Total 
Macrophyte Biovolume, Distance to receiver) + s(ID, 
bs = "re") + s(Receiver, bs = ”re”).

Positional accuracy and Position precision
Position averaging estimates were calculated in 30  min 
bins following the procedure in Simpfendorper et al. [24], 
as the sync tag network was not powerful enough for syn-
chronization of the receiver array, and therefore, high-
resolution positioning via triangulation was not possible 
(Additional file 2). This method has been widely used in 
acoustic telemetry studies on fish movement patterns and 
habitat use [3]. The ability of the receiver array (i.e., Posi-
tioning system) to position a transmitter is dependent on 
at least three receivers detecting an acoustic transmis-
sion signal at the same time [1]. Position estimates from 
detections on < 3 receivers were, therefore, not included 
in further analysis. Hourly mean positional accuracy, 
indicating the bias in position estimates, was calculated 
as Euclidean distance between transmitter deployments 
measured with GPS and the estimated positions. Position 
precision, reflecting the variability in positional accuracy, 
was measured as the standard deviation of positional 
accuracy estimates. Generalized linear models (GLMs) 
were used to test the influence of the position of trans-
mitters (location x height) on hourly accuracy and preci-
sion. The GLMs were fitted with a gamma distribution.

All statistical analyses were performed in R Studio pro-
gramme for Statistical computing v. 3.6.6.4 [22] using the 
following packages: kriging [18], mgcv [35] and MASS 
[23]. Graphics were made using ggplot2 [32].

Results
Detection summary
The range testing in the Rysstad basin was completed 
from May to September 2020, producing a total of 
375,819 detections on 16 receivers. The four receivers 
with no detections were all located opposite the trans-
mitter deployments in the river. In general, the mean 
hourly detection probability detected over the study 
period was low for all transmitters, ranging from 1.18 to 

Fig. 4  Relationship between total number of detections pr. 
day-of-year (DoY) and Total gas saturation (%)
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5.00% with highest values for transmitters in the middle 
(Table 2). The positional averaging estimates contained a 
total of 19,304 estimates and showed the same trend as 
the fraction of detections (Table 2). Positional averaging 
estimates based on detections on more than two receiv-
ers accounted for only 23% of the total detections, indi-
cating that many transmitter detections were not possible 
to include in the triangulation procedure.

Influence of environmental conditions on detection 
probability and detection range
Detection probability decreased with distance to receiver 
as expected, and the overall detection range for both 
transmitter deployments was 17.26 m ± 0.74 (SE) (GLM, 
P < 0.0001). Detection range, the distance, where detec-
tion probability is 50%, differed between the transmit-
ters located inside and outside J. bulbosus stands (GLM, 
P = 0.00017, Fig.  5). Detection range for transmitters 
inside J. bulbosus varied between 17.46 and 23.34 m and 
for transmitters outside J. bulbosus 0–18.81  m, where 
transmitters placed in the top and middle did not have 
detection probabilities > 50% (Fig. 5).

Overall, the results of the GAMM model showed that total 
macrophyte biovolume, distance to receiver, their interac-
tion, total gas saturation, average water level above J. bul-
bosus together with position of transmitters significantly 
influenced detection probability. Mean hourly detection 
probability was influenced by the position of the transmit-
ter (GAMM, t = 2.46, P = 0.0856). Detection probability 
improved when transmitters were positioned in the middle 
compared to the top and bottom positions (Fig.  6). Loca-
tion of transmitter deployments inside or outside J. bulbo-
sus stands did not significantly affect detection probability, 
but there was a tendency that detection probabilities were 
higher for transmitters outside J. bulbosus (GAMM, t = -1.60, 
P = 0.1094). Variation in mean hourly detection probability 

was further explained by distance to receiver, total macro-
phyte biovolume, their interaction, total gas saturation and 
average water level above J. bulbosus (GAMM, Deviance 
explained = 68%, R2 = 0.47, Fig. 6). Considering that acoustic 
signals attenuate over distance and that high biovolumes of 
macrophytes is also likely to obstruct acoustic signals, their 
interaction was expected to be an important variable for pre-
diction of detection probability. The significant interaction 
between distance and total macrophyte biovolume showed 
that higher total macrophyte biovolumes have negative 
effects on detection probability with greater distances than 
lower total macrophyte biovolumes (F = 86.71, P < 0.001, 
Fig. 6). The linear effects of total gas saturation and average 
water above J. bulbosus were significant with a negative slope 
(GAMM, t = -13.05, P < 0.0001, Fig.  6) and positive slope 
(GAMM, t = 10.29, P < 0.001), respectively, indicating that 
detection probability was reduced with increasing gas levels 
and improved with increasing average water level above J. 
bulbosus. Finally, the day-of-year and hour-of-day smooth-
ers were also significant (GAMM, F = 197, P < 0.0001, Fig. 6), 
with highest detection probability in the spring (cooler 
temperatures approx. 4–8  °C) compared to summer and a 
strong diurnal pattern increasing from the middle at the day 
to evening, maximum at approx. 6  pm (GAMM, F = 3.48, 
P < 0.0001, Fig. 6).

Positional accuracy and Position precision errors
Receiver array performance was generally low when using 
the average positioning method (Fig.  7A) and highly 
affected by the location and height of transmitters. The 
hourly mean positional accuracy ranged from 1.48 to 
164.8  m and improved for transmitters located within J. 
bulbosus and for transmitters positioned near the bot-
tom (GLM, P < 0.001, Fig. 7A). Hourly mean position pre-
cision was likewise low and ranged from 0 to 50.1 m and 
improved for transmitters located within J. bulbosus and 

Table 2  Detection summary for the six transmitters used in the range testing experiment in the Rysstad Basin

Total number of observed detections, total number of expected detections and mean hourly detection probability (%) (± SD). Nb. the transmitter placed outside J. 
bulbosus in the top was lost 24th June, hence the lower total expected pings

Total no. of detection No. expected detections Mean hourly detection probability 
(%)

Total no. of positional 
averaging estimates

Inside J. bulbosus

Top 63,148 1,788,080 3.53% (14.9) 744

Middle 83,861 1,788,080 4.96% (17.3) 1029

Bottom 21,111 1,788,080 1.18% (8.9) 4

Outside J. bulbosus

Top 29,829 6,000,880 4.95% (17.9) 439

Middle 89,424 1,788,080 5.00% (11.5) 1668

Bottom 41,405 1,788,080 2.23% (17.6) 572
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for transmitters positioned towards the bottom (GLM, 
P < 0.001, Fig. 7B).

Discussion
This study demonstrates that dense macrophyte growth 
has a strong impact on the performance of acoustic 
telemetry in a shallow freshwater riverine ecosystem. 
Overall, the results revealed low mean hourly detection 
probabilities (1.18–5%) with corresponding low detection 
ranges (17.26  m ± 0.74). The poor detection probability 
and range affected the position estimates, where only 
23% of the detections could be positioned using the aver-
age positioning method estimation. In addition, the posi-
tional accuracy and precision for the position estimates 
were likewise low ranging from 1.48 to 164.8 m and 0 to 
50.1  m, respectively. This highlights the poor ability of 
detecting a sufficient number of acoustic signals to calcu-
late the position of fish individuals in the Rysstad Basin, 

which experiences high density of J. bulbosus and peri-
odically gas supersaturation.

The detection probability of the six ID-MP7 transmit-
ters (141 dB, 69 kHz) in the Rysstad Basin was explained 
by several environmental variables. Detection probability 
decreased with increasing total macrophyte biovolumes 
and thus align with the a priori expectation and previous 
studies that macrophytes represent an obstacle for trans-
mission of acoustic signals [8, 25, 27, 31]. The signifi-
cant interaction between total biovolume and distance 
to receiver further indicates that high total biovolume in 
the receiver–transmitter line substantially reduced detec-
tion probability even at short distance between receiver 
and transmitter. Vertical position of transmitters was 
found to influence detection probability, where detec-
tion probability was reduced for transmitters near the 
top and bottom. Location of transmitters (inside or out-
side J. bulbosus stands), on the other hand, did not have 

Fig. 5  Mean hourly Detection probability at varying distance between receiver and transmitters at three different heights A Transmitter 
deployment inside J. bulbosus and B Transmitter deployment out J. bulbosus. Red dashed line represents the distance at which 50% of the 
transmissions were detected
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any significant influence on detection probability, which 
contrasted with expectation and previous findings [27]. 
A likely explanation is that J. bulbosus accounted for the 
majority of the macrophyte biovolume in the Rysstad 
Basin and filled up a high proportion of the water col-
umn. The average water level above J. bulbosus between 
each transmitter and receiver pair, which allows better 
propagation of acoustic signals, was generally low irre-
spective of the location of the transmitter deployments. 
The positive relationship between detection probability 
and average water level above J. bulbosus represents the 
better sound propagation in open waters which has been 
highlighted in other range testing studies [7, 11]. Loca-
tion and vertical position also influenced on positional 
accuracy, with higher positional accuracy for transmitters 
located inside J. bulbosus compared to outside and for 
transmitters close to the sediment. This contrasts with 
expectations and the results of the GAMM model. An 
apparent explanation is the that the positioning averag-
ing method can be strongly influenced by the number of 
receivers that positional estimates are based on and the 
number of detections within the bin-time, thus the trans-
mitters outside J. bulbosus may have been detected on 

more receiver and thus the averaging estimates based on 
larger spatial area.

Previous range testing studies performed in ecosystems 
with aquatic macrophytes have reported similar results as 
found in the current study [27, 31]. Detection range has 
been found to decrease up to ~ 96% from 196 m to 7.85 
in a near shore riverine ecosystem with native macro-
phytes [31] and by 47% from 85 to 40 m in a marine eco-
system with seagrass meadows [27]. Seasonal differences 
in macrophyte biovolumes (i.e., growth in spring/sum-
mer and senescence in autumn) have, moreover, been 
reported to strongly influence detection range [31]. Sea-
sonal variability in detection probability and range due to 
macrophyte senescence was not observed in the current 
study as J. bulbosus biomass is relatively constant in the 
Rysstad Basin (Schneider et  al., unpublished data). The 
significant effect of day-of-year is thus related to tem-
perature rather than macrophyte growth or senescence. 
A single study, from a shallow (< 1 m) freshwater wetland, 
found a positive effect of macrophyte presence on detec-
tion probability, but this was explained as an artefact of 
the nested nature of the random effects that could not 
be accounted for in the study design [26]. The impact of 

Fig. 6  Generalized additive mixed model (GAMM) plots showing the partial effects of selected explanatory variables on the detection probability 
of acoustic signals. The y-axis represents the partial effect of each variable. Solid and dashed lines indicate the predictions of the model and the 95% 
confidence intervals, respectively. Rug plot inside each plot indicate the distribution of observations
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aquatic macrophytes on the performance of a positioning 
systems (based on time of arrival) has only been evalu-
ated in a single study from a marine seagrass habitat. 
Here positional accuracy and precision were significantly 
lower when transmitters were positioned within seagrass 
(0.9  m) compared to above (0.45  m) [27]. These results 
demonstrate the importance of in  situ range testing 
before conducting acoustic telemetry studies in ecosys-
tem with macrophytes. The current range testing studies 
from ecosystem with macrophytes have been conducted 
under different design and environmental conditions, 
e.g., with receivers placed above the seagrass meadow 
[27], in very shallow ecosystem (< 1 m) with sparse Phrag-
mites spp. stems and use of high-powered transmitters 
(158 dB) [26] or with just a single receiver [31]. However, 
no studies have reported detection ranges larger than 
196 m hence designing receiver arrays in ecosystems with 
macrophytes suggest high density of receivers.

The effect of macrophytes on detection probability has, 
moreover, been suggested to be species dependent [27, 
31]. Distinct morphology and leaf architecture between 
macrophyte species are likely to influence differently on 
sound propagation. In general, species with finely dis-
sected leaves forming dense beds, such as J. bulbosus, 

create high hydraulic resistance, hence high attenua-
tion of acoustic signals, compared to species with a sim-
ple leaf structure for example Sparganium sp. [2] and 
Phragmites sp. [26]. Moreover, the photosynthetic activ-
ity of macrophytes has been found to also control sound 
propagation [5, 33]. In a study on acoustic refuge for fish 
in seagrass meadows, the sound transmission through a 
seagrass canopy was altered by the formation of oxygen 
bubbles mediated by photosynthesis [33]. The influence 
of photosynthetic activity on sound propagation was 
more profound for high-frequency sound (e.g., also for 
transmitters with high frequency), as their shorter wave-
lengths are more likely to interact with the small oxygen 
bubbles and thus increase the sound attenuation [33]. 
The photosynthetic control on sound propagation was 
found to be highly species-specific, as photosynthetic 
activity is highly variable between species. However, 
future research is necessary to explore how differences in 
macrophyte complexity and photosynthetic activity will 
affect detection probability in freshwater ecosystems [27, 
31].

Additional environmental conditions that are likely 
to influence acoustic telemetry performance were also 
assessed. The upstream hydropower plant formed a 

Fig. 7  Distributions of the mean hourly A positional accuracy (m) and B position precision (m) for the transmitters within or outside J. bulbosus 
stands in three heights, respectively. Horizontal lines represent the mean. No precision estimates were possible for bottom position within J. 
bulbosus stands
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unique opportunity to evaluate the effect of total gas 
saturation on acoustic telemetry performance. Detec-
tion probability was negatively affected by levels of high 
total gas saturation (i.e., gas supersaturation), and to 
our knowledge this is the first study to evaluate how gas 
supersaturation impacts detection probability and conse-
quently performance of acoustic telemetry used for posi-
tioning of aquatic animals. Air bubbles in surface water, 
caused by mixing of wind and rain have previous been 
shown to attenuate sound by absorption and scatting of 
the acoustic signals [6] and air bubbles caused by super 
saturation will likely have the same impact. Our results, 
therefore, suggest that consideration of the impact of gas 
supersaturation on detection probability can is important 
when designing receiver array in environments with high 
gas saturation levels. The implication of high gas satura-
tion levels for acoustic telemetry studies is likely to be less 
profound for studies conducted in deeper ecosystems, as 
total gas saturation levels have been shown to decrease 
with 9.7% per meter, thus supersaturation will only be of 
concern in the surface waters or in shallow ecosystems 
[20]. The day-of-year proxy for water temperature, had a 
significant effect on detection probability, where detec-
tion probabilities were highest in late spring and early 
autumn (lower temperatures approx. 4–8  °C) compared 
to summer (temperature maximum 12 °C). This is in con-
cordance with expectations and previous findings [34], as 
water temperature affects propagation of sound through 
its impact on water density [17]. Finally, a strong diurnal 
pattern was observed, where detection probability was 
increasing during the day and declining at night. This 
is in concordance with findings in previous studies [14, 
19, 27] and has been suggested to be caused by biologi-
cal sources, such as macrophyte metabolism or animals 
that are nocturnally active and create background noise. 
Macrophytes produce oxygen via photosynthesis that 
is either emitted during day or stored at night [14] thus 
contributing to the attenuation of the acoustic signal. In 
the Rysstad Basin, the strong diurnal pattern in detection 
probability is most likely caused by the metabolism of the 
dense J. bulbosus stands and, therefore, not to be con-
fused for fish behaviour as it may look like fish are hiding 
during the day but it is actually a loss of range.

Conclusions
This study demonstrated that within a shallow freshwater 
ecosystem, dense macrophyte biomass and total gas satu-
ration are underestimated factors negatively influencing 
transmission of acoustic signals and hence the performance 
of acoustic telemetry. Vertical position of transmitters 
(i.e., potential fish) was also found to be important for the 
detection probability and individuals close to the sediment 
and surface had significant lower probability of detection. 

Moreover, this study revealed that using the averaging posi-
tion method to estimate individuals position caused low 
positional accuracy and precision. Our findings emphasise 
the importance of in situ range testing that should be con-
ducted to design a receiver array with sufficient detection 
range. To optimise the acoustic telemetry performance in 
shallow freshwater ecosystem like the Rysstad Basin, hav-
ing receivers close together and placed at different heights 
could be one suggestion together with applying stronger 
synchronisation tags and transmitters with low-frequency 
sound. Another alternative would be to use radio tags 
instead as their wavelength is longer; however, the preci-
sion of radio tags is lower. In the future and with increasing 
research on the topic, it may be possible to develop a set 
of recommendations that can be applied in shallow ecosys-
tems with high macrophyte biovolumes and/or in systems, 
where gas supersaturation occurs.
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