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Abstract
Background  Acoustic telemetry is a widely used tool for studying the behaviour of aquatic species. Underpinning 
acoustic telemetry research is an understanding of parameters influencing the ability of receivers to detect tags, 
facilitating accurate study design and interpretation of the data. Tide is a regular predictable phenomenon that 
may affect detection probabilities, for example via signal loss and/or distortion due to water movement. Here, we 
examined the performance of acoustic receivers in the Bristol Channel, UK (an area with one of the largest tidal ranges 
in the world), investigating the influence of tidal phase, tidal height and other covariates such as receiver orientation 
and depth on the detection efficiency of acoustic tags.

Results  Tidal phase had a strong influence on detection efficiency, with reduced detection efficiency during the 
mid-tide period when water movement was greatest. Detection efficiency was further reduced during spring tides, 
where tidal flow is increased, and with larger surface waves. Moreover, surface-deployed receivers experienced 
stronger tidal effects compared to receivers deployed on the seabed. Detection range varied with tide, falling during 
mid-tide periods. The distance at which 50% of expected pings were detected fell by 44% for low power test tags 
from high water to mid-tide. Detection ranges also varied with tag model and power, with low-power tags having 
smaller detection ranges compared to high power, and test tags having smaller detection ranges compared to 
receiver sync tags.

Conclusions  Detection efficiency and range can strongly vary throughout the tidal cycle. Neglecting the tidal cycle 
when analysing acoustic telemetry data may result in erroneous conclusions regarding animal behaviour in response 
to tide (e.g. incorrectly assuming animal absence is due to tide) or poor study design for future studies (e.g. fine-scale 
arrays with receiver spacing too wide for positioning during mid-tide periods). Given the regular nature of tide, we 
highlight the need for acoustic telemetry users to quantify and understand tidal influence on their study systems with 
the same tag models as to be used by animals and adjust study design and data analysis appropriately.
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Background
 Acoustic telemetry is a widely used tool for studying the 
movement of aquatic species. Animals are tagged with 
an acoustic transmitter, or tag, which emits a unique 
coded signal that is decoded and recorded by underwater 
hydrophones (acoustic receivers). Acoustic telemetry has 
been applied across ecosystems, spatio-temporal scales 
and taxa, targeting species ranging from cephalopods 
and crustaceans to elasmobranchs and cetaceans [1]. 
Acoustic telemetry can shed light upon animal move-
ments, from broad-scale movements along continental 
coasts [2] to precise positions within a discrete area on 
sub-minute intervals [3]. With advancing technology 
enabling new tag types such as those which can detect 
predation events [4] to the development of new methods 
for analysis and global networks for sharing data which 
facilitates the identification of transboundary movements 
[5–7], acoustic telemetry research is proliferating [8].

Detections of tagged animals at receivers can provide 
insight into a wide array of animal behaviours. Detec-
tions at different receivers can provide valuable data on 
animal movement, while detections in discrete areas can 
provide measures of residency, giving researchers an 
insight into spatial usage and drivers [2, 9]. For example, 
recent work with acoustic telemetry has linked changes 
in bull shark (Carcharhinus leucas) residency and migra-
tion timings to warming oceans [10]. Where receivers are 
deployed with overlapping detection ranges, fine-scale 
acoustic telemetry can estimate precise positions of ani-
mals that are detected by multiple receivers simultane-
ously, producing precise tracks of animal movements and 
new insights into animal behaviour, such as behavioural 

responses to hydraulic cues [11], habitat preferences 
[3] and social behaviour [12]. However, the ability of a 
receiver to detect a transmitter is reliant on the propaga-
tion of that signal through water, with distance a major 
limiting factor due to energy loss as the signal moves 
through the water [13]. Where environmental conditions 
further limit signal propagation, the detection probability 
and range – the relationship between distance and detec-
tion probability [14] – will be lessened. Consequently, a 
lack of detections does not necessarily indicate absence, 
and insights from acoustic telemetry are underpinned by 
an understanding of system performance and its variabil-
ity with environmental conditions.

The variability of detection probability has been well 
described with many parameters, though results can vary 
with study location. Habitat type, topography, vegeta-
tion and bathymetry affect detection range [14–16], for 
example with greater detection ranges in homogenous 
habitats [17]. Weather conditions can introduce tempo-
ral variability in detection probabilities, with detection 
probability falling with increasing wind speeds [18, 19] 
and increasing rain [20] – though not always [18]. Tem-
perature also affects detection probability, via affecting 
the speed of sound [14], seasonal stratification of the 
water column [21] and/or thermoclines [22]. Similarly, 
increased levels of background noise in a system can 
also reduce detection range, as noise can interrupt or 
overpower transmitted signals [14, 18, 19, 22]. If detec-
tion probability is reduced under certain conditions and 
researchers neglect to consider this, interpretations may 
be false: were there fewer animals in the system under 
these conditions or could we simply not detect them? 
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Indeed, Payne et al. [23] demonstrated that apparent diel 
patterns in cuttlefish movement were instead a product 
of diel variation in detection efficiency rather than animal 
behaviour. Moreover, understanding of detection ranges 
and efficiencies is essential in shaping the study design. 
For example, Radigan et al. [24] modified their receiver 
array based on detection range analysis to optimise 
detection distance. Where the intention is to develop 
a fine-scale array, which is dependent on overlapping 
receiver detection ranges, knowing that detection range 
may drop predictably could enable appropriate receiver 
spacing and data collection across a range of conditions. 
As such, it is vital to understand how array performance 
may vary under expected conditions at the study site in 
question: something often neglected with many studies 
opting to use detection range figures published in other 
literature [14].

A key variable affecting acoustic array performance 
is the tidal cycle. Tide is a regular and predictable phe-
nomenon affecting coastal and estuarine systems, with 
alternating periods of slack and moving water. Tide 
could affect detection through multiple mechanisms. In 
between low and high waters, when tidal currents are 
present, the water movement may affect receiver perfor-
mance via signal loss/distortion and/or increased noise: 
increased water movement causes reduced detections 
and positions of animals in acoustic telemetry arrays [19, 
25–28]. Moreover, water currents may cause receivers to 
be tilted [28], creating a detection shadow from which 
direction efficiency is lessened [18]. Tide also introduces 
changes in water depth, via tidal height, further impact-
ing tag detection. For example, Long et al. [29] reported 
higher efficiencies as water depth increased for a range 
of 0–10 m, indicating limited performance in shallower 
waters. Additionally, increased turbidity and suspended 
particulate matter in the water column due to tidal flow 
could interrupt signal propagation, limiting detection 
probability and range [30]. Given the regular, predict-
able nature of tide coupled with the fact that tide may 
influence animal behaviour, it is vital to understand how 
tide may influence receiver detection efficiency. While 
variation in detection efficiency with tidal cycle has 
been described before, there is further research to be 
done. Bruneel et al. [28] demonstrated variable detection 
ranges in an estuarine system were largely affected by 
water speed with complex tidal patterns. In Mathies et al. 
[31] – in the marine environment – sample size was small 
(two receivers and two tags = max four receiver-tag pairs) 
and strength of tidal effect variable, while other studies 
have included tidal height as a parameter [14] which may 
not necessarily capture the effect of water movement.

Here, we use a controlled telemetry investigation 
to quantify the influence of tidal cycle on the detec-
tion range and efficiency of acoustic receivers in a tidal 

system, to inform analysis of acoustic telemetry data in 
the area and design of a fine-scale acoustic telemetry 
array. Detection range and efficiency are modelled for a 
range of tag models and powers. We quantify the influ-
ence of tidal cycle on detection efficiency, accounting 
for the influence of other covariates including receiver 
tilt, background noise, and tidal height. We then explore 
the effect of tidal phase on detection range and effi-
ciency across the whole tidal cycle, at slack water, and at 
mid-tide.

Methods
Study site and data collection
An acoustic telemetry array was set up around the Hin-
kley Point C nuclear powerplant sea water abstractions 
heads, located in Bridgwater Bay, the Bristol Channel, 
UK (Fig. 1). The area is a highly tidal environment – one 
of the largest tidal ranges in the world (tidal range of up 
to ~ 13 m in Bridgwater Bay during this study) – with a 
fine-mud seabed [32, 33]. Due to strong tidal currents, 
the environment is turbid and can have high suspended 
sediment concentrations [34].

During the study period, the array consisted of a total 
of 21 Innovasea (Halifax, Canada) receivers, of which 
six were VR2AR Acoustic Release receivers and 15 were 
VR2Tx Acoustic receivers (Fig.  1). All receivers oper-
ated on a 69 kHz frequency. The receivers were deployed 
within an area of 10.84 km2. Note that not all receiv-
ers were deployed for the entire duration (Supplements 
Table S1). The VR2AR receivers were deployed on the 
seabed in an upright position with 75  kg of weight and 
attached to an acoustic release canister (RS Aqua ARC 
unit, Fig. 2D). Six VR2Tx receivers were deployed on the 
seabed attached to 50 kg of weight and fixed to be orien-
tated upwards (Fig. 2F). The remaining 9 receivers were 
attached to permanent surface marker buoys pointing 
towards the seabed (Fig.  2C). All receivers, apart from 
the six VR2Tx receivers on the seabed, had internal sync 
tags programmed to emit a coded signal on a randomised 
540–660  s burst interval, at either “low” (n = 2), “high” 
(n = 8), or “very high” (n = 5) power levels.

A total of 24 test tags were deployed in five distinct 
batches (of different numbers) to investigate detection 
range and probability (Fig.  1). Batches contained dif-
fering numbers of test tags and varied in start and end 
date and duration: test tag deployments are summarised 
in Supplements Table S2. Test tag models were either 
V9 (n = 12) or V7 (n = 12) and were chosen because of 
their use in long-term research on salmon (Salmo salar) 
smolts and twaite shad (Alosa fallax), two species of con-
servation interest at the Hinkley Point C site. All test 
tags were bottom-mounted. Four test tags in one batch 
were deployed on fishing line with floats meaning their 
location was mid-water column (4.4–4.7  m above the 
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Fig. 2  Diagram showing the deployment of receivers and test tags. Test tags were either deployed with a receiver, attached to clump weights or attached 
to an umbrella stand (F). Test tags were attached via either a rope attached to a threaded bar (A), to a threaded bar itself (E) or midwater attached to 
fishing line and a float (B). Receivers were either deployed at the surface, attached to a surface marker buoy and orientated downwards (C), or bottom-
deployed and orientated to the surface (D & F). Bottom-deployed receivers were either acoustic-release receivers (D) or attached to a clump weight (F) 
and were orientated upwards

 

Fig. 1  Map of the study site, receivers and test tags and a diagram of receiver and test tag deployments. (A) Map of the UK and Ireland, with the Bristol 
Channel shown in red and the study location indicated by a black star. (B) Location of receivers and test tags included in this study as well as the Waverider 
buoy and tidal gauge which provided site-specific data on conditions and tide. The dashed-lines enclose the receivers and test tags that were deployed 
for a 10-day period in March 2025. Note that some receivers and test tags were co-deployed therefore overlap on the figure
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mooring; Fig.  2B); the remaining test tag deployments 
were within 1 m of the mooring. Test tags had a random 
burst interval of 870–930  s and alternated between low 
and high-power level tag IDs (i.e. each tag ID was emitted 
on a randomised 1740–1860 s interval), meaning a total 
of 48 test tag IDs. Individual tags were deployed mul-
tiple times. Test tag ping rate selection may bias results 
depending on study duration with longer ping rates being 
inappropriate for short study durations. As test tags 
emitted a tag ID on ~ 30  min intervals, a brief explora-
tion of the influence of tag burst interval is presented in 
the supplements which highlights that while with a short 
study duration a 30 min ping rate may be inappropriate, 
at high data quantities the issue is minimalised.

Test tag data were collected across different deploy-
ment periods from 14th August 2024 until 22nd April 
2025. Receivers were recovered by 19th June 2025, mean-
ing data on receiver sync tag detections were recorded 
until then. Distances between receivers and tags ranged 
from 0 to 4203 m (mean 1574 ± 1028 m standard devia-
tion). A summary of receiver and test tag deployments 
and distances is provided in the supplementary materials 
in Tables S1, S2 and Figure S1.

Data processing
All data processing and analyses were conducted in R 
version 4.5.0 [35].

Prior to analysis, data were filtered to remove possible 
false detections and possible reflections. False detections 
are erroneous detections of a tag ID due to collisions of 
acoustic signals in the water. False detections generally 
occur isolated in time at a given receiver, i.e. they do not 
occur in bursts [36]. Detections were considered false 
detections and removed if they occurred > 24 h apart 
from another detection of that tag ID at a given receiver. 
Reflected detections occur when the transmitted signal 
bounces off a reflective surface (e.g. concrete wall, metal, 
etc.) before reaching a receiver. As a result, it is possi-
ble for a receiver to detect a given emission twice: once 
directly and again indirectly when reflected. To deal with 
possible signal reflections, we removed tag ID detections 
that occurred within the minimum burst interval (540 s 
for receiver sync tags, 1740 s for test tags) of its previous 
detection at a given receiver.

Hourly detection efficiencies were calculated for each 
receiver-tag pair, by calculating the ratio of detections 
recorded per hour to the number of pings expected. For 
each tag, the number of expected pings per hour was cal-
culated for the nearest receiver that was deployed for the 
entire duration of that tag’s deployment. Missing detec-
tions were identified via dividing the time between sub-
sequent detections by the mean burst interval of the tag. 
To account for the random burst interval, the value was 
rounded to the nearest whole number: if the value was 2 

or more, it indicated detections had been missed. Missing 
detections were then assigned a time stamp calculated 
as the mean burst interval from the previous detection. 
From here, the expected hourly number of pings per tag 
was determined and used to calculate detection efficiency 
per tag-receiver pair as a ratio of detected to expected 
pings. Due to the random nature of the burst intervals, 
sometimes a ping fell in the previous or following hour, 
resulting in a small amount of hourly detection efficien-
cies > 1 (~ 0.06% of total data). Since we could not be sure 
to which hour these pings belonged, we removed those 
few cases where hourly detection efficiencies were > 1.

Covariate data were assigned to each hour. Each 
receiver recorded hourly temperature and receiver tilt, 
as well as mean background noise: all receivers were 
subject to potential tilting. While receiver tilt and mean 
background noise were assigned to each hourly detec-
tion efficiency measurement without further manipula-
tion, temperature records were summarised to a median 
hourly temperature to account for potential receiver 
recording errors and because temperature was not 
expected to vary significantly across the study site.

Tidal and wave data were obtained via a Waverider 
buoy (WaveNet data provided by Cefas on behalf of the 
data owner, EDF Energy ​h​t​t​p​​s​:​/​​/​w​a​v​​e​n​​e​t​.​​c​e​f​​a​s​.​c​​o​.​​u​k​/​​d​e​t​​
a​i​l​s​​/​H​​I​N​K​L​Y​3​D​W​R​/​I​N​T) and tidal gauge present at the 
study site (Fig. 1C). Tidal height was recorded every 5 
min by a downward‑facing Valeport VRS20 Radar, con-
nected to a Valeport Tidemaster, installed on the Hinkley 
Point C jetty: the data were also used to identify high and 
low tide times at the site. Tidal phase was defined as the 
data point’s position in a 12 h tidal cycle between suc-
cessive high tides. Given each data point spanned one 
hour, e.g. from 12:00:00 to 12:59:59, the time used was 
the middle of the hour, e.g. 12:30:00. As time between 
high waters during the study period varied between 
12.2 and 13.2 h, values were corrected based on occur-
rence relative to high and low water times, such that 0 
and 12 corresponded to high water and 6 to low water. 
The following wave data were recorded every 30 min: 
significant wave height (m), dominant peak wave period 
(s), average zero crossing wave period (s), and dominant 
peak wave direction (°). Tidal height and wave data were 
collated into hourly means. Wave data were unavailable 
from 00:00 on 30th April 2025 until 08:00 on 2nd May 
2025 due to an issue with the buoy. Moon phase (range 
0–1, where 0 = new moon, 0.5 = full moon, and 1 = new 
moon) was obtained via the getMoonIllumination 
function in the sunCalc R package [37].

Data were filtered to exclude data at times of receiver 
or tag deployment and receiver servicing or download-
ing. Finally, prior to analysis distances over 2 km, beyond 
which detections are unlikely, were removed to prevent 
zero-inflation [18].

https://wavenet.cefas.co.uk/details/HINKLY3DWR/INT
https://wavenet.cefas.co.uk/details/HINKLY3DWR/INT
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Analysis
Overall detection ranges
We followed the same approach to calculate detection 
ranges as Edwards et al. [18], using dose-response curves 
via the R package drc [38]. As tag power is not com-
parable across tag models with regards to noise output, 
separate dose-response curves per tag power were made 
for test tag models and receiver sync tags with distance as 
an explanatory covariate. From the resulting curves, the 
distance at which detection efficiency was 50% (D50) and 
5% (D05) were determined. D05 corresponds to what can 
be considered a maximum detection range and D50 is a 
midpoint range [39].

Effect of covariates on detection efficiency
Distances above the D05 for a given model were omit-
ted from the second stage of analysis, as few detections 
are expected beyond that, as were distances of 0 m (e.g. 
co-located receiver-tag or a receiver’s own sync tag) as 
detection efficiencies were high at this distance and may 
not provide much insight into environmental variability.

Covariate influence was investigated by comparing 
actual detection efficiency of a given tag-receiver com-
bination to the predicted detection efficiency for that 
distance from the dose-response curves for each tag 
model [18]. Where actual detection efficiency was higher 
than predicted, a value of 1 was assigned; otherwise, 0 
was assigned. The new binary response, representing 
improved or impaired detection efficiency, was then used 
as the response variable in a generalised additive mixed 
model (GAMM) using the R package mgcv [40].

As the response variable was already specific to a given 
tag model and power, and preliminary modelling indi-
cated broadly similar patterns across tag models and 
powers, a single binomial GAMM was fitted to the data. 
Covariates investigated are listed in Table  1 and were 
transformed and explored before inclusion in the model. 
Receiver tilt was transformed into its sine, where 0° and 
180° (i.e. vertical) both equal 1, while 90° (i.e. horizontal) 
equals 0, due to having both surface and bottom mounted 
receivers. For dominant peak wave direction, the cosine 
was used (0° and 360° = 1, 180° = -1). After these trans-
formations, covariates were investigated for collinearity 
(Figure S3): none were deemed to be highly correlated 
(Supplementary materials), and all were included in satu-
rated models (Table 1), though we note that several wave 
descriptors (average zero crossing wave period, dominant 
peak wave direction and dominant peak wave period) 
were moderately correlated (max 0.55) as were noise and 
the sine of receiver tilt (0.54). Continuous covariates were 
standardised prior to modelling, by subtracting the mean 
then dividing by the standard deviation.

The saturated model was, in mgcv format:

Improved efficiency ~ receiver depth * (tempera-
ture + tidal height + sin(receiver tilt) + noise + significant 
wave height + dominant peak wave period + cos(dominant 
peak wave direction) + average zero crossing wave 
period) + s(time since high water, bs = “cc”, by=receiver 
depth, k = 12) + s(moon phase, bs= “cc”, by=receiver 
depth, k = 12) + s(receiver_id, bs= “re”).

where * denotes an interaction between receiver depth 
and all terms within the following brackets, s(…) repre-
sents the splines, “cc” indicates a cyclic cubic regression 
spline, k sets the basis dimension of the spline, and “re” 
means random effects. Moon phase and time since last 
high water were modelled as a cyclic cubic regression 
spline: all other covariates were linear. For test tags, the 
mooring height of the test tag (i.e. bottom versus mid-
water) was not included in models because on recov-
ery it was discovered that tags were generally nearer to 
the bottom due to line-entanglements. The deployment 
depth of the detecting receiver (bottom versus surface) 
was included as an interaction with all covariates, to 
determine whether effects varied with deployment depth, 
considering all test tags were bottom-deployed and some 
covariates (e.g. surface wave parameters) may affect sur-
face-deployed receivers more. Receiver ID was included 
as a random intercept in the model. Backwards stepwise 
model selection was applied using Akaike’s Information 
Criterion (AIC) to compare models [41]. A more com-
plex model was only retained if it reduced model AIC by 
at least 2 units. Smooths were not tested in model selec-
tion and instead interpreted based on model output. 
Fixed effects were visualised via predicting probabilities 
of improved detection across their ranges. Partial effects 
of the splines were extracted and plotted via the gratia 
package in R [42].

Tidal variation in detection range
To illustrate the impact of tides on detection range, dose-
response curves were fitted to subsets of data for each 
hour of the cycle between high tides (i.e. the first twelfth, 
high water, being when time since last high water is 
< 0.5 h or > 11.5, the second twelfth being > 0.5 and < 1.5 
etc.). D50 was calculated for each tag model for each tidal 
twelfth. Lastly, considering deployment of a fine-scale 
array at the study site, predicted efficiencies at 50, 100 
and 150 and 200 m were extracted for the low-power V7s 
for slack water (tidal twelfth = 0 or 6) and mid-tide peri-
ods (tidal twelfth = 3 or 9) and compared to the overall 
values. The low-power V7 test tags were chosen as they 
were expected to have the lowest detection range of all 
test tags in the study, therefore providing a minimum 
expected detection range.
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Results
Overview on receivers and test tags
On recovery, four test tags (= 8 tag IDs) were found to be 
lost. While detections suggest the tags remained attached 
for at least one day, it is not known when they became 
detached from their mooring. As such, these tags were 
removed entirely from the data for the deployment on 
which they became lost (note that one of the tags had 
prior deployments where it contributed to the data, see 
Table S2).

The final data frame used in analyses was composed of 
1,195,163 data points from 758 tag-receiver pairs, rang-
ing 0 to 1998 m apart (mean 795 ± 673 m standard devia-
tion). Excluding co-located receiver-tags, the distance 

apart ranged from 9 to 1998 m (mean 903 ± 646 m stan-
dard deviation). Of the data, 749,631 data points were for 
test tags and the remaining 445,532 for receiver tags. An 
overview of data is available in the supplements (Table 
S3).

Overall detection ranges
Detection ranges varied with tag type and power (Fig. 3; 
Table 2). D50s ranged from 88 m for the low power sync 
tags to 226 m for the high-power sync tags. Receiver sync 
tags generally had a higher D50s than the test tags, aside 
from the low power sync tags which had the lowest of 
all D50s. D50 increased as tag power increased, with the 
exception of the high and very high-power receiver sync 

Table 1  Descriptions and summary statistics of covariates included in the statistical modelling of improved efficiency, defined as 
whether (or not) hourly detection efficiency was better than expected
Covariate Description Mean (± Stan-

dard deviation)
Median 
(Range)

Justification for inclusion + expectation

Receiver 
depth

Categorical covariate describing if the 
receiver was moored on the seabed 
(= bottom) or at a surface marker buoy 
(= surface)

– – Receivers moored at the surface may be affected 
more by surface waves while receivers moored at 
the bottom may be impacted more by suspended 
sediment.

Tidal height 
(m)

Tidal height at a given point in time rela-
tive to chart datum, provided via a gauge 
at Hinkley recording every 5 min.

6.30 (± 2.90) 6.20 (0.09–12.80) Increased tidal height means increased water depth 
which affects detection efficiency.
Higher detection efficiency is expected when water 
is deeper [29]

Corrected 
time since 
high water 
(h)

The time since the last high water, rela-
tive to the middle of each hourly bin, 
corrected for tidal cycle duration to be 
between 0 and 12

6.10 (± 3.50) 6.20 (0.08-12.00) Increased water movement (such as tidal currents) 
lowers detection efficiency [25,26].
Tidal current will vary over the tidal cycle, expected 
to peak around 3 and 9 h after high water, and being 
lowest around 0, 6 and 12 h after the last high water. 
Detection efficiency is expected to peak when tidal 
current is expected to be lowest and vice versa.

Moon phase Variable from 0 to 1 where 0 is a new 
moon and 0.5 is full moon

0.51 (± 0.28) 0.52 
(0.001-1.000)

At new and full moons, tidal currents are greater, 
therefore it is possible that detection efficiency may 
be reduced at new and full moons.

Noise (mV) Ambient noise, recorded by the VR2Tx 
and VR2AR receivers as an hourly mean

304.20 (± 125.00) 271 (5.00-944.00) Detection efficiency is reduced when ambient noise 
is high [14,18].

Tilt (sine) Tilt of the receiver, transformed into its 
sine for modelling

0.38 (± 0.27) 0.31 (0–1)
NB. (0 = 0° or 
180°; 1 = 90°)

A tilted receiver may be angled away from a tag and 
be unable to detect it [18,19].

Temperature 
(°C)

Ambient temperature recorded by receiv-
ers, median hourly value used in analysis

10.70 (± 3.90) 9.20 (5.70–20.30) Detection efficiency increases as temperature 
increases, due to increased speed of sound in water 
[14].

Significant 
wave height 
(m)

Peak to trough height of the top third 
highest waves in each 30 min period.

0.48 (± 0.39) 0.37 (0.02–3.60) Larger waves are expected to reduced detection 
probability [18].

Dominant 
peak wave 
period (s)

Represents the period associated with 
waves of significant wave height in each 
30 min period

6.10 (± 3.50) 5.3 (1.70–24.00) Greater wave period means bigger, more power-
ful waves and are expected to reduce detection 
probability.

Dominant 
peak wave 
direction 
(cosine)

Direction of approach of the waves 
contributing to significant wave heigh in 
each 30 min period. Transformed into its 
cosine for modelling

0.43 (± 0.32) 0.39 
((− 1.00)−(+ 1.00)
NB. (-1 = 180°; 
1 = 0° or 360°)

Waves from a more north-westerly direction at Hin-
kley Point C have a longer uninterrupted path and 
are expected to have a bigger effect on detection 
probability.

Average zero 
crossing 
wave period 
(s)

The average time duration between suc-
cessive waves.

3.50 (± 0.97) 3.40 (1.80–8.50) Wave period will affect wave size and power and air 
entrapment, while more frequent waves may also 
increase air entrapment [14].
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tags, where the high-power tags had a greater D50 by 
~ 2 m. In addition, the V9 test tags had a higher D50 than 
V7s for both power levels. D05s ranged from 290 m for 
the low power receiver tags to 1564 m for the very high-
power receiver sync tags.

Influence of covariates on detection efficiency
The interaction between receiver depth and tidal height 
was removed in the AIC model selection: all other vari-
ables remained. Model coefficients and the AIC table is 
provided in the supplementary materials (Tables S4-6).

Fig. 3  Dose-response curves for (A) receiver sync tags and (B) the test tags. Dashed vertical lines show the distance at 50% efficiency while solid vertical 
lines show the distance at 5% efficiency. Points represent mean detection efficiencies for a given tag-receiver combination. Note in (A) the 50% detection 
efficiency dashed vertical line for high power tags is overlaid by that of very high power tags
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The tidal and lunar cycles affected detection efficiency 
(Fig.  4). Detection efficiency peaked around 6 and 12  h 
after the previous high water, i.e. slack water at low or 
high tide, with lowest detection probabilities around 3 
and 9 h after high water, i.e. mid-tide where tidal veloc-
ity is expected to be greatest (Fig. 4A). Bottom-deployed 
receivers typically had a weaker relationship with tide, 
with a longer peak at low water and the high water peak 
occurring slightly early, while surface-deployed receiv-
ers experienced stronger tidal effects. In addition, there 
was asymmetry apparent: for surface deployed receivers, 
efficiency was lower for the outgoing tidal period (~ 3 h) 
compared to incoming (~ 9  h). For bottom-deployed 
receivers, the opposite was true though the difference was 
smaller. Moon phase also affected detection probability 

(Fig. 4B). Detection probabilities were highest around 0.3 
and 0.8 (i.e. neap tides) while lowest around 0, 0.5 and 1 
(i.e. spring tides). There was a prolonged trough around 
spring tides at 0.5. As with tidal cycle, the effects of moon 
phase were weaker for the bottom-deployed receivers.

Temperature, tidal height, average zero crossing wave 
period and dominant peak wave period had a positive 
effect on detection efficiency (Fig. 5). Receiver tilt, noise 
and significant wave height negatively affected detec-
tion efficiency (Fig.  5). The cosine of dominant peak 
wave direction had a positive effect on efficiency for 
bottom-deployed receivers (i.e. more northerly direc-
tions had improved efficiencies) and a negative effect 
for surface deployed receivers (i.e. more southerly direc-
tions had improved efficiencies): both effect sizes were 
small though (Table S4). The effect of tidal height did not 
vary with receiver depth. Surface-deployed receivers had 
stronger effects for: temperature, significant wave height, 
average zero crossing wave period and the cosine of dom-
inant peak wave direction. The effect of significant wave 
height on surface-deployed receivers was the strongest of 
all variables. The effects of dominant peak wave period 
were similar in magnitude with receiver depth, but mar-
ginally greater for bottom-deployed receivers (coeffi-
cients 0.026 versus 0.024, Table S4). In addition, the effect 
of average zero crossing wave period on bottom deployed 
receivers was also comparatively weak, as with dominant 
peak wave period.

Table 2  Detection ranges from the dose-response curves for 
50% detection efficiency (D50) and 5% detection efficiency (D05) 
across all tidal states. Detection ranges are given to the nearest 
whole number
Tag type Tag power D50 (m) D05 (m)
Receiver sync tag Low 88 290

High 226 770

Very high 224 1564

Test tag, V7 Low 101 414

High 120 502

Test tag, V9 Low 131 650

High 157 811

Fig. 4  Partial effects from a generalised additive mixed model, using cyclic cubic regression splines for time since high water (A) and moon phase (B). In 
Figure A, HW represents high water, and LW is low water. Receiver depth affected detection efficiency, with bottom-deployed receivers having a higher 
detection efficiency at a given distance compared to surface-deployed receivers. In addition, receiver mooring depth affected the strength of relation-
ships with other covariates, with significant interactions between all terms excluding tidal height
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Detection range in different tidal states
The D50 range fell during mid-tide periods (time since 
last high water = ~ 3 or ~ 9) and increased during slack 
waters (time since last high water = ~ 0, ~ 12 or ~ 6, 
Fig.  6). There was slight dissonance with the low water 
peak occurring around hour 7, i.e. one hour after low 
water. In addition, for the very high-power receiver 
tags, there was not an increase in D50 at high water, as 
observed with other tag types. Values at high water, low 
water and mid-tide periods for the low-power V7 test 

tags, low-power V9 test tags and high-power receiver 
tags are given in Table  3. The low-power V7 test tags 
are shown given they have the lowest detection range of 
all test tags while the high-power receiver tags have the 
most data of the receiver sync tags.

Considering the low-power V7 and high-power 
receiver sync tags in more detail, D50 increased to 305 
and 367 m for the high-power receiver sync tags and to 
137 and 115 m for the low-power V7 test tags at high and 
low waters, respectively. Mid-tide, D50 fell to 160 and 

Fig. 5  Predicted probability of improved detection efficiency of acoustic telemetry tags with each covariate. The interaction between receiver depth and 
tidal height was not significant: in all other plots, the difference with receiver depth is considered significant. The 95% fixed-effect confidence intervals 
are shown. Plots show the change in predicted probability of improved efficiency with: (A) temperature; (B) tidal height; (C) sine of receiver tilt; (D) noise; 
(E) significant wave height; (F) dominant peak wave period; (G) average zero crossing wave period; and (H) cosine of dominant peak wave direction
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176  m for receivers and 77 and 78  m for test tags, rep-
resenting a decrease of 56% and 44% from maximum to 
minimum values, respectively. By comparison, collating 
all data provided D50s of 226 m and 101 m respectively, 
representing a decrease of 66 m and 24 m mid-tide and 
an increase of 141 and 36 m at high water.

D05 – considered a maximum detection range – 
behaved similarly with tide for receiver tags, falling mid-
tide and increasing at slack water. For the low-power 
V7s, D05 was at a maximum of 502 m at high water, with 
the high-low water period and low water having similar 
values (408 versus 394 m). It was lowest in the low-high 
water period (334 m).

Table 3  Predicted distances between receiver and tag for 50% detection efficiencies (D50) and 5% detection efficiencies (D05, 
considered maximum range) for high power receiver sync tags, low power V7 test tags and low power V9 test tags, at both slack 
waters and mid-tide periods. In the table, HW refers to high water (tidal twelfth = 0 or 12), LW refers to low water (tidal twelfth = 6), 
HW-LW is the mid-point of an outgoing tide (tidal twelfth = 3), and LW-HW the mid-point of an incoming tide (tidal twelfth = 9)
Tag type D50 - distance with 50% detections efficiency (m) D05 - distance with 5% detections efficiency (m)

Overall HW HW-LW LW LW-HW Overall HW HW-LW LW LW-HW
Receiver sync tag,
high power

226 305 160 367 176 770 1044 518 807 632

V7 test tag, low power 101 137 77 115 78 414 502 408 394 334

V9 test tag, low power 131 184 96 149 105 650 838 561 623 544

Fig. 6  Variation in the mid-point detection range (where detection efficiency is 50%) with tidal cycle for (A) test tags and (B) receiver sync tags across the 
tidal cycle. In the figure, HW refers to high water and LW to low water
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Considering receiver spacing for a fine-scale array vis-
ited by animals tagged with low-power V7 tags, predicted 
efficiency at 50 m was 0.91 and 0.88 at high and low slack 
waters, and 0.68 and 0.71 for and the periods between 
high and low waters (Fig. 7). At the other extreme, effi-
ciency at 200 m was 0.30 and 0.21 at high and low water 
while 0.15 and 0.13 during the mid-tide periods.

Discussion
Through analysing detection data from a variety of tag 
types and powers at surface and bottom-deployed receiv-
ers, we have described the influence of tidal cycle on 
detection range and efficiency in a tidal system. Detec-
tion efficiency and range are lowest between tides, when 
tidal currents are greatest with efficiency further decreas-
ing at spring tides when tidal currents are stronger (com-
pared to neap tides), suggesting a reduced ability to 
detect animals during these periods. As other variables 
such as tilt and noise were accounted for in our analy-
ses and had low correlation with expected tidal currents, 
we propose that the remaining tidal variation represents 

water movement and associated effects (e.g. suspended 
sediment). With many telemetry studies set in coastal 
environments, understanding the influence of tide upon 
both detection efficiency and detection range is crucial to 
data interpretation.

Detection efficiency decreased between tides, when 
tidal current is greatest. Previously, tidal effects have 
largely been investigated in relation to tidal height [14, 
29] or attributed to other mechanisms e.g. receiver tilt 
[18]. As receiver tilt and tidal height were accounted for 
separately in the GAMM, we suggest that the remaining 
observed variation in detection efficiency due to the tidal 
cycle represents the effect of tidal current on signal prop-
agation. The negative impacts of water movement have 
previously been described [19, 25, 26], though effect sizes 
vary. Reubens et al. [19] noted minimal effects between 
the maximum and minimum current speed, though cur-
rent speed in their study ranged from 0.13 to 0.92 ms− 1: 
at Hinkley, tidal current can reach ~ 1.7 ms− 1 [43]. By 
comparison, water movement had the greatest impact in 
How and De Lestang [25], however we highlight “water 

Fig. 7  Predicted detection efficiency for a low-power V7 tag at 50, 100, 150, and 200  m. Predicted efficiencies are shown for high water (HW, tidal 
twelfth = 0 or 12), low water (LW, tidal twelfth = 6), an outgoing tide (HW-LW, tidal twelfth = 3), an incoming tide (LW-HW, tidal twelfth = 9) and the overall 
values when considering all data together
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movement” in their manuscript encompasses not only 
current, but also movement due to swell etc. In addi-
tion, Merk et al. [26] found lower detection probabili-
ties at higher current velocities in an estuarine system. 
Moreover, increasing sediment in the water column 
due to tidal current could further affect receiver perfor-
mance by blocking signals [13, 25]. Detection efficiency 
was also reduced during spring tides – i.e. at full or new 
moon – during which tidal current is higher, supporting 
the idea that tidal current is the driver behind the chang-
ing efficiency. This finding differs somewhat from pre-
vious literature. How and De Lestang [25] investigated 
detection efficiencies in relation to the moon and found 
higher efficiencies at full moon, i.e. during spring tide. 
The differences between How and De Lestang [25] and 
our results may have emerged from several differences 
between the two studies. One notable difference between 
our study and How and De Lestang’s [25] work is the 
way that moon phase was included in the models, where 
they included it as a linear term with 0 = new moon and 
1 = full moon and we included it as a cyclic cubic spline. 
Looking ahead, using tidal phase as a covariate when 
modelling detection efficiency rather than tidal current 
itself might allow consideration of tidal current impacts 
in systems where tidal current data is not easily available 
(e.g. tidal current models are unavailable or behind a pay-
wall, or researchers lack the ability to continuously mea-
sure tidal current during their study).

Implications for research are numerous. As tags are less 
likely to be detected mid-tide, this has major consider-
ations for future studies of fish behaviour. Tide is a known 
cue affecting fish behaviour. For example, tidal phase has 
been linked to marine excursions by estuarine fish [44] 
while schooling behaviour has been linked to tides [45, 
46]. For reef fish, increasing tidal current has been linked 
to reduced pelagic fish abundance, where fish take refuge 
from the flow [47]. As another example, fish activity has 
also been linked to tidal phase [48]. With this in mind, it 
is critical for acoustic telemetry users to be aware of tidal 
effects on receiver performance, lest inaccurate conclu-
sions be drawn. Where detections decrease during mid-
tide due to reduced detection efficiency, the erroneous 
interpretation of animal behaviour affected by tide could 
be drawn, such as for example animals leaving the study 
site or taking refuge in an area without a direct line of 
sight to receivers. Conversely, higher observed detections 
at slack water could be interpreted as increased pres-
ence. In reality, such observations could reflect variation 
in array performance, and, without corrections to the 
detection data, inferences from them could be spurious. 
For example, Payne et al. [23] accounted for detection 
variability by correcting the hourly number of cuttle-
fish detections by the mean detection frequency of con-
trol tags in that hour. Brownscombe et al. [39] presented 

an approach to account for and correct detection range 
variability over time. Both Brownscombe’s et al. [39] and 
Payne et al.’s [23] approaches highlight the ability for 
researchers to correct for detection variability prior to 
analyses. Coastal acoustic telemetry users should deter-
mine detection efficiency and ranges under different tidal 
states, to understand the impact on their own research 
and then correct detections as needed. Deploying test 
tags as controls should therefore be considered, to enable 
corrections. Given test tag detection ranges vary with tag 
model and power, control test tags should therefore be of 
the same variety as tagged fish to permit accurate correc-
tions. If researchers are unable to deploy test tags, cau-
tion should be taken when linking animal detections to 
the tidal cycle and perhaps aggregating data over a tem-
poral scale coarser than the tidal cycle (e.g. daily pres-
ence) should be considered.

Understanding tidal effects on detection range and effi-
ciency can also direct future study design, particularly 
fine-scale array design. For example, the observed tidal 
effects in this study influenced the subsequent deploy-
ment of a fine-scale array at Hinkley Point C, which 
will be used to monitor fish movements relatively to the 
infrastructure. Informed by preliminary analyses show-
ing the lower mid-tide detection efficiency, the array was 
designed with a 50 m receiver spacing, with the intention 
of still having sufficient detections mid-tide for accurate 
positioning. With some fish tagged with low power V7s, 
the influence of tide on detection ranges and efficiency 
for the low power V7 test tags of the present analyses 
is particularly informative. Had we based the receivers 
spacing solely on the overall detection ranges from the 
present study (D50 = 101 m, D05 = 414 m) or on receiver 
spacing figures in literature (e.g. 150 m for a fine-scale 
array in the nearby English Channel [49] or Reubens et al. 
[19] in the North Sea reporting 70% detection efficiencies 
at ~ 200 m, although for different tag types), it is likely 
only few receivers would have detected any given ping 
at mid-tide resulting in a limited quantity and quality of 
subsequent animal positions. Indeed, mid-tide detection 
efficiency for the low-power V7s is ~ 0.7 at 50 m, fall-
ing to ~ 0.4 at 100 m, ~ 0.2 at 150 m and ~ 0.15 at 200 
m, highlighting that even a 100 m receiver spacing – the 
overall D50 value – would have been inappropriate in 
this area. Without prior investigation into detection effi-
ciency and range at the study site, our ability to study fish 
behaviour during tidal periods would have been compro-
mised, limiting the ability to gain valuable conservation 
insight. Detection range studies typically quote a single 
value per study site and tag model for the duration of 
the study. Given we have demonstrated regular, predict-
able declines in detection range with tide – which may 
also vary predictably with other temporal patterns e.g. 
diurnally [23] – we postulate that during range testing, 
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researchers should calculate detection ranges across 
temporally-variable parameters e.g. slack water v mid-
tide. By doing so, researchers can identify whether detec-
tion range regularly drops significantly and modify study 
design and analysis appropriately.

Of course, the impact of tide will likely vary with tidal 
strength. The Bristol Channel experiences one of the 
largest tidal ranges in the world [33] and tidal height at 
the study site during the study period ranged over 0–13 
m. In other systems with weaker tides, effects may be 
reduced or even non-existent in locations with small 
tides. In Reubens et al. [19], tidal current range was small, 
limiting the overall effect of tidal current on detection 
efficiency. However, until more acoustic telemetry practi-
tioners relate detection range and efficiency tests to tide, 
we cannot know the strength of effects in other systems. 
Moreover, we note that splines do not always completely 
adhere to an expect tidal or spring-neap cycle, e.g. peaks 
and troughs shifting slightly to when expected, prolonged 
troughs etc. This could be a byproduct of the splines 
themselves, where the number of basis functions meant 
a more complex shape could be fitted. A solution could 
be the application of harmonics in the model instead of 
splines, which have been used in other contexts to model 
temporally regular variability in data [50]. Alternatively, 
unique features of the site could contribute to this obser-
vation. For example, asymmetry was apparent for the 
effect of tidal cycle on detection efficiency. For surface-
deployed receivers, the trough between high and low 
water – the ebb tide – exceeded that between low and 
high water – the flood tide. At Hinkley Point C, differ-
ing tidal current strength between ebb and flood tides 
have been reported, with a stronger ebb than flood tide 
observed during spring tides [43]; the difference between 
the tides decreases towards neaps. While the opposite 
was the case for bottom-deployed receivers, the differ-
ence was also weaker. Such variation could explain some 
of the patterns in the data, while other unknown idiosyn-
crasies with tide in Bridgwater Bay could explain further 
deviations from expected patterns.

Aside from tide, other covariates affected detection. 
Bigger, more frequent waves resulted in lower detection 
probabilities, likely due to waves producing noise and air-
bubbles in the water. Air bubbles in water increase signal 
attenuation and scatter the sound signal, thereby reduc-
ing detections of tag transmissions [17, 51]. The nega-
tive effect of wave height has previously been described 
[29] and our findings echo the value of monitoring wave 
height. In Edwards et al. [18], the authors discussed the 
impact of wind speed and direction on detection effi-
ciencies, linking wind’s negative effects to wave action. 
Effect of dominant peak wave direction in our study was 
minimal and contrasting for surface vs. bottom-deployed 
receivers. The effect of wave direction could be more 

complex, and modelling direction as a cubic cyclic spline 
using degrees instead of cosine could enable more precise 
patterns e.g. specific angles with peak efficiency. Alter-
natively, additionally modelling the sine of wave direc-
tion could provide insight on east versus west effects of 
wave direction [18]. In addition, tidal height typically had 
a positive effect on detection efficiency, echoing previous 
studies. Long et al. [29] reported a similar effect of water 
depth, which had a similar range to our study, on their 
surface-deployed receivers. Similarly, Claisse et al. [52] 
reported increased detection range for deeper-deployed 
receivers (depth range 5–20 m). We note that tidal height 
is affected by time since high water (i.e. location in the 
tidal cycle) and, to a lesser extent, moon phase (i.e. more 
extreme values are expected at new and full moons) 
– both also being included in our model. We opted to 
still include tidal height in the model so that time since 
high water reflected the effect of tidal current on detec-
tion efficiency, and not the combined effect of tidal cur-
rent and tidal height. The effect of tidal height is further 
emphasised by comparing detection across tidal states 
where, with the exception of high- and very high-power 
receiver tags, high water detection ranges were greater 
than low water values, indicating increased ability to 
detect fish at high water as a combination of low tidal 
current and increase water depth.

We also report negative effects of receiver tilt and 
noise, and a positive effect of temperature. Temperature 
typically has a positive effect on detection efficiency, as 
sound propagation in water increases with temperature 
[14, 18, 29]. The effects of noise and receiver tilt also 
agree with expectations and the literature. As ambient 
noise increases in the 69 kHz band, whether due to biotic 
(e.g. animal activity) or abiotic (e.g. wave action) factors, 
receivers are less likely to detect an acoustic transmis-
sion as the ambient sound can overpower transmissions. 
Meanwhile, as a receiver becomes more tilted, the 
antenna may no longer have a direct line-of-sight to a tag 
and a tag may fall in the receivers shadow, limiting detec-
tion efficiency [18], though we highlight that if a receiver 
is tilted in the direction of a tag, detection efficiency may 
be unaffected [19].

Receiver deployment depth affected detection prob-
ability. Bottom-deployed receivers generally had higher 
detection probabilities, particularly with test tags. More-
over, some of the covariates describing wave action (sig-
nificant wave height and average zero-crossing wave 
period) had a weaker effect on bottom-deployed receiv-
ers. For surface-mounted receivers, wave action will likely 
have a larger effect for example due to increased noise or 
air bubbles interfering with signal transmission [19, 29]. 
Surface-deployed receivers were also more affected by 
tidal variables indicating that, in systems where a high 
tidal current velocity is expected, deploying receivers 
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on the seabed could improve detection probabilities and 
ranges. It must be noted that our results reflect that test 
tags were also mounted on the seabed, thus results indi-
cate improved detection between tag and receiver when 
both are moored on the bottom, versus bottom to surface 
transmission with the surface-deployed receivers. If test 
tags had been successfully mounted mid-column – more 
representative of the behaviour of some fish species – the 
difference may have been less stark.

In this paper, we present the results of a GAMM, where 
the model indicates if a covariate improves detection 
efficiency compared to expected for that distance. As 
a result, models do not give a value for detection prob-
ability, rather the probability of improved efficiency. As 
such, we do not have a complete indication of effect size. 
We took this approach over a full integrated model (i.e. 
a GAMM that also includes distance as a covariate) due 
to computational reasons. In addition, predicted detec-
tion probabilities would be for specified conditions, e.g. 
the mean values of each covariate, and specific to those 
conditions. Covariates in our study varied greatly and 
some were uniformly distributed (e.g. time since high 
water and moon phase), meaning a predicted probabil-
ity of detection may not actually be representative of the 
wider picture. As our main objective was to understand 
tidal influences on detection efficiency, rather than model 
exact probabilities, we consider our presented approach 
an acceptable option. Our paper takes a similar approach 
to Edwards et al. [18] while Huveneers et al. [22] mod-
elled covariate effects on daily D50s. In addition, covari-
ate influence may vary with distance. In Reubens et al. 
[19], noise and wind had little effect on detection effi-
ciency at close distances, while as distance increased a 
negative effect emerges. Again, an interaction between 
distance and covariates was not included due to pro-
jected computational times and study objectives.

Here, we report detection ranges for several tag models 
and powers. Our ranges sit within published literature. 
The D50s in our study are similar to Edward et al. [18], 
who reported low and high power D50s of 123 and 149 
m respectively in the Wadden Sea. The test tags in their 
study were V13s – a larger tag model with a higher out-
put than the V7s and V9s used here – though our val-
ues for the V9 tags are moderately higher, highlighting 
site-specific differences and emphasising the need for 
range testing at each study site. Edwards et al. [18] also 
reported D50 for very high-power receiver sync tags of 
311 m, far higher than reported in our study. In the wider 
detection range literature, detection ranges are variable 
and generally specific to a given study site due to for 
example topography or sediment [19, 25]. For example, 
Reubens et al. [19] reported detection probabilities of 0.7 
up to 200 m in the Belgian North Sea, and noted their 
results are from winter months where harsher weather 

may reduce detection range. Meanwhile Huveneers et al. 
[22] reported a D50 of ~ 650 m off the Australian coast 
– more than triple the highest value in our study. To the 
other extreme, recent work by Kanno et al. [16] demon-
strated 50% of detections were heard up to 20 m within 
a mangrove forest, versus up to 120 m outside, further 
emphasising the great variability with site-specific con-
texts. In How and De Lestang [25], D50s differed with 
both tag model and deployed site, ranging from 65 to 514 
m across the south-west Australian coast, demonstrat-
ing inter-site variation and the need for study-specific 
range testing. Our variable detection ranges with tag 
type and power echoes Kessel et al.’s [14] earlier senti-
ment that detection range testing should include all tag 
types deployed during the study, or at least the tags with 
the lowest expected output (in our case, the low power 
V7s) for an idea of minimum detection ranges for tagged 
animals. Given the link between tag size (and power) 
and detection range, if animals are tagged with larger or 
smaller tags than used in this study, we expect different 
detection ranges from our results. Moreover, given the 
lower detection ranges for test tags (i.e. the tags used for 
animals) compared to receiver sync tags, it highlights a 
need to include test tags in detection range studies and 
not solely rely on the in-built receiver sync tags. 

Compared to other detection range studies, our 
study contained a large number of receivers and test 
tags, and data collected over a long-time frame. We 
had 21 receivers deployed and 24 test tags, providing 
758 receiver-tag combinations from 0 to 1998 m apart. 
By comparison, Reubens et al. [19] had seven acoustic 
receivers in their study resulting in 49 distances and no 
test tags. In addition, one of the few studies to consider 
tidal cycle, Mathies et al. [31], had just two receivers and 
two test tags, while Bruneel et al. [28] had eight receiv-
ers with in-built sync tags. Given the existence of inter-
receiver variability in detections [28], and receiver ID 
widely treated as a random effect in models (e.g. Kanno et 
al. [16]), more tag-receiver combinations will strengthen 
conclusions. Moreover, our study covers ~ 10 months 
total for receiver sync tags and ~ 8 months for test tags, 
both including the winter months. Detection range can 
vary seasonally [24] and with short-term environmen-
tal conditions e.g. weather. Therefore, it is important for 
detection range studies to be conducted over a longer 
time frame covering poor or, ideally, different weather 
conditions. Reubens et al. [19] noted this – while their 
study lasted 22 days, it occurred during winter months 
when weather was harsher, thus they could presume 
that at other times with better conditions (e.g. summer) 
detection range may be increased. In How and De Les-
tang [25], one of their test periods at a specific site lasted 
seven days and had a drastically lower D50 than another 
site where the trial lasted 56 days: the poor performance 
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of the seven-day trial could represent a period of poorer 
conditions. We did not investigate seasonal variation in 
detection efficiency or range here. Moreover, we did not 
include weather covariates, which in turn may be linked 
to seasonal variability. For example, wave height and 
direction will be linked to wind speed [18, 19], with wind 
speed and direction influencing wave height and direc-
tion. On seasonal effects, it is possible that, during peri-
ods of harsher weather causing greater waves, mid-tide 
detection ranges and efficiencies will be even lower than 
reported here.

The test tags models used in this study – V7 and V9 
tags – match those used in telemetry studies of two 
species of conservation concern in the Hinkley Point C 
study area, salmon smolts and twaite shad. The test tags 
alternated between a low- and high- power emission, 
with a given tag ID emitted roughly every ~ 30 min. In 
this study, hourly detection efficiencies were the basis 
of the analysis, meaning for the test tags one ping being 
missed by chance may potentially have an overwhelm-
ingly large effect (e.g. if two pings were expected but one 
was missed due to chance, rather than due to environ-
mental conditions, the efficiency is 0.5). However, taking 
a coarser detection efficiency window was not compat-
ible with study goals. As the main focus of this research 
was tidal effects, a coarser window (e.g. 2–3 h) would 
have encompassed a much wider range of tidal current 
velocities, potentially dampening observed effects. We 
highlight that the study contained many test tags and 
receivers deployed over months, providing a greater vol-
ume of data than other studies (e.g. [19, 28, 31]). mean-
ing the effect of a ping missed due to chance (rather than 
environmental conditions or distance), may have less of a 
bearing across the dataset (as supported by the analysis 
in the supplementary materials). While the study dem-
onstrates the importance of tidal cycle on detection effi-
ciency, the size of tidal effects presented in our GAMMs 
may be lower compared to if a faster ping rate was used 
(see supplementary materials). As a result, we empha-
sise the observed trends and relative effect sizes between 
receiver depth, rather than the absolute values from the 
GAMM,

Conclusion
Acoustic telemetry performance varies predictably with 
tidal cycle, with detection range and efficiency falling 
during mid-tide periods. Reduced mid-tide performance 
could lead to erroneous data interpretation regarding 
animal behaviour and limit the ability to position animals 
in fine-scale arrays. In addition, detection ranges differed 
with tag type and power. Our work highlights the value of 
calculating detection ranges across a regular temporally 
changing variable, e.g. tidal cycle, and conducting range 

testing using tags equivalent to animal tags in their study 
site.
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