t.)

i Check for

Received: 19 June 2020 Accepted: 24 September 2020

DOI: 10.1111/2041-210X.13503 updates

: . BRITISH
Methods in Ecology and Evolution E el

actel: Standardised analysis of acoustic telemetry data from
animals moving through receiver arrays

APPLICATION

Hugo Flavio | Henrik Baktoft

Freshwater Fisheries and Ecology, Technical
University of Denmark, Silkeborg, Denmark

Abstract

1. Acoustic telemetry data often contain erroneous detections, which need to be
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addressed before further analysis. It is important that this process is systematic,

standardised and reproducible.

Handling Editor: Edward Codling 2. The r package actel provides a systematic conditional pipeline to filter and analyse
acoustic telemetry data in a reproducible fashion, for animals moving between
receiver arrays.

3. actel outputs a standardised report containing the main results and the steps
taken by the user, in addition to summary information for each animal and other
content such as efficiency estimations for each receiver array.

4. actel improves the reproducibility of the acoustic data filtering and analysis, and

simplifies the integration of acoustic data sets originating from different studies

KEYWORDS

receivers

1 | INTRODUCTION

The use of acoustic telemetry in ecology studies is expanding rap-
idly, allowing the recording of multiple variables such as movement,
habitat use and survival (Heupel et al., 2006; Thorstad et al., 2013).
In particular, researchers are increasingly using stationary arrays of
acoustic receivers to track the migration routes and/or residency
patterns of tagged animals (e.g. fish, mammals, reptiles, crustaceans)
as they pass through partially confined water bodies (e.g. rivers,
lakes, fjords; Bowlby et al., 2007; Kristensen et al., 2018; Lothian
et al., 2018; Urke et al., 2013) and also through more open coastal
or oceanic areas (e.g. Hazel et al., 2013; Reubens et al., 2014). In
such studies, certain assumptions can be made about the animal be-
haviour. For example, migrating animals are expected to move in a
given direction; animals are not likely to pass through multiple re-
ceiver arrays undetected; and animals are not likely to move over
certain speeds. As such, detections that deviate significantly from
these expected movement patterns may indicate death, tag shed-

ding, predation or the presence of erroneous detections in the data

(in time and/or in space).

acoustic telemetry, array efficiency, data sorting, migration, reproducibility, stationary

(e.g. due to background noise; Pincock et al., 2010). These detections
are no longer representative of the tagged animal, and therefore
must be identified and excluded from the dataset before running
further analyses, so that the obtained results are not biased.
Additionally, it is important that the process of acoustic data fil-
tration is reproducible, and that clearly defined rules are applied to all
animals. With these needs in mind, we developed a pipeline of condi-
tional tools that allow the user to process acoustic data from arrays of
receivers in a systematic and reproducible fashion. This improves the
consistency of the analysis and is particularly relevant for researchers
comparing results of multiple studies (at different geographical sites,
at different times or both). These tools have been wrapped in a set of

master functions and implemented in the R package actel.

2 | OVERVIEW OF THE ACTEL PACKAGE

The actel package was designed to help researchers analyse telem-

etry data from animals moving through receiver arrays in a quick,
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systematic and reproducible way. By processing the data through
a standardised conditional pipeline, actel ensures that all detection
data are processed according to the same rules. actel will alert the
user to the presence of irregularities in the data, allowing swift ac-
tion against common errors in the input (e.g. wrongful specification
of release times). Furthermore, researchers can choose the actel
analysis that better suits their study to obtain the most appropriate
results (Table 1). An overview of the functions provided by the actel
package is presented in Figure 1.

Importantly, actel can cope with multiple animal groups, mul-
tiple release sites, tags that emit multiple signals and complex
study areas with multiple waterways and/or barriers (explained in
more detail below). actel has been equipped with a detailed set of
package vignettes (accessible by running browseVignettes(‘actel'),
or directly through this link), that guide the user from the be-

ginning steps of formatting the input data in an actel -friendly

Function Description

explore() °
o Works with the simplest input
e Returns limited results

migration() °
through the study area

Allows the user to obtain a quick overview of their data

way, to the possibilities unlocked by advanced arguments and
functions.

2.1 | Preparing the input

actel requires that the input data are set up in a specific fashion.
Briefly, four files are essential: (1) a table containing the tag data
(i.e. the biometrics file), (2) a table containing the location of the re-
ceivers and release sites (i.e. the spatial file), (3) a table containing
the receivers deployed at each location (i.e. the deployments file)
and (4) either a folder containing the detection files or a single file
containing all the detections. Additionally, two optional files can be
included: a distances matrix between the spatial points of the study
area, and a spatial.txt file indicating how the different arrays connect

to each other.

TABLE 1 The three main analyses
provided by the actel package. Each
function contains additional arguments
that allow the user to convey details of
the study area into the analysis process

Designed for studies where animals are expected to move unidirectionally

e The unidirection assumption allows for Cormack-Jolly-Seber (CJS) efficiency

analyses

e Animals are assigned as successful or unsuccessful migrants automatically

residency() .
within the study area
e Computes residence times at the different sections

Designed for studies where animals are expected to move back and forth

e Automatically generated graphics reveal movement patterns over time
o Efficiency estimates are provided, but may be less precise as the analysis
cannot rely on the assumption of unidirectional movement

Input data

-

exampleWorkspace() —> Mandatory

)
createWorkspace()

biometrics.csv
emptyMatrix()

workflow
deployments.csv

< spatial.csv -\

detections/

completeMatrix()

[ shapefile )—»( loadShape() )
transitionLayer()
distancesMatrix()

| N —

Optional

>» distances.csv

spatial.txt

A,

Main analyses Refine output

( getSpeeds() ) (plotDetections())
( getTimes() ) ( plotMoves() )
Y

(timesToCircuIar()) ( plotSensors() )

Y
( plotTimes() ) ( plotResidency() )
( plotArray() ) ( plotRatios() )

advEfficiency()

\ /
loadSpatial()
Reload saved results
readDot()

explore()

migration()

residency()

Check input
quality

dataTolList()

FIGURE 1 Workflow of actel. * The preload() function can be used to load R objects directly into actel's main functions, without the need
to save them as .csv files. The functions loadSpatial() and readDot() allow the user to run quality checks on their spatial data (e.g. column
names, column content, input formatting), before attempting to run one of the main analysis. More details on the functions that allow
refining the output are provided in a dedicated vignette page (vignette 6.0)


https://cran.r-project.org/package=actel
https://cran.r-project.org/package=actel/vignettes/f-0_post_functions.html
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2.1.1 | Biometrics

The biometrics file contains information for each tag. This file has
two mandatory columns: ‘Release.date’ and ‘Signal’. These define
when the animal was released, and the signal(s) emitted by the tag.
Note that the ‘signal’ of a tag is not the same as the tag's serial num-
ber. For example, for a Vemco tag ‘A69-1303-1234/, the signal is
1234'. Tags with multiple signals can then be listed by separating
the signals with a ‘|’ (e.g. ‘1234|1235’). Additional optional columns in
this file include ‘Release.site’, ‘Group’ and ‘Sensor.Unit’, which can be
used to obtain a more detailed analysis. The release site must match
a release site from the spatial file, and the group can be any mean-
ingful group for the study (e.g. ‘male’ and ‘female’, ‘wild’ and ‘hatch-
ery’, etc.). The user can also include additional columns with data
relevant for the study, and these will be carried through the analysis
and adjoined to the final results. Additionally, columns whose names
contain the keywords ‘length’, ‘mass’ or ‘weight’ will have boxplots

automatically drawn per group in the analysis report.

2.1.2 | Spatial

The spatial file contains information on the geographical locations
where either (a) receivers were deployed, or (b) animals were re-
leased. The structure of this input is more rigid than that of the
biometrics, with four mandatory columns: ‘Station.name’, ‘Array’,
‘Section’ and ‘Type'. There are two types of station: hydrophone
stations and release sites. Both stations and release sites can be
named freely, but the names must match across the different input
files (i.e. biometrics, spatial and deployments). Hydrophone sta-
tions are grouped into arrays (functional, isolated units between
which the animal can move), and arrays are grouped into sections
(study area blocks for which the user would like to compute spe-
cific metrics, such as residence time or survival), as exemplified in
Figure 2. For the release sites, the ‘Array’ column should indicate
the first array(s) where the released animals are expected to be
detected, and the ‘Section’ column is not used. A vignette page
has been dedicated solely to the formatting of the study area
(vignette 1.1).

FIGURE 2 Example of a study area
and of the relationship between stations,
arrays and sections. Note how the arrays
are isolated from each other, creating
individual spaces between which the

spatial.txt—Connections between arrays

If the study area's arrays are not connected linearly (i.e. the study area
has multiple water paths), then the user must specify how the arrays
connect with each other. The spatial.txt is an auxiliary file that allows the
user to transmit this information to the analysis. For example if array A
and B are connected (i.e. an animal can move from A to B), then the user
must write 'A -- B'in this file. Additionally, the user can specify unidirec-
tional barriers (e.g. 'A -> B!, if the animals can move from A to B, but not
from B to A). More details on how to configure this file are provided in

this section of the manual.

2.1.3 | Deployments

The deployments.csv file indicates which receivers were deployed at
each station (matching the ‘Station.name’ in the spatial file), and how
long that deployment lasted. This file has four mandatory columns:
‘Station.name’, ‘Receiver’, ‘Start’ and ‘Stop’, with the last two being
the timestamps (in ‘yyyy-mm-dd hh:mm:ss’ format) of the deploy-
ment and recovery of the respective receiver. Multiple receivers can
be simultaneously placed at the same station, and the same receiver

can be redeployed at different stations over time.

2.1.4 | Detections

The offloaded detections can be pasted directly as .csv files into
the detections folder. In fact, opening these .csv files and/or editing
them is not recommended, as it can introduce unexpected modifi-
cations to the file contents (e.g. changing timestamp formats). For
example, the user can make use of the arguments start.time and stop.
time to trim the detections that are used for the analysis, thus avoid-
ing editing the detection files manually. actel is able to determine
the manufacturer of the hydrophone based on the headings of the
.csv file, and from there it is able to import the detections. For ex-
perienced data analysts, the possibility is given to use a standard file
format, which allows the user to save previously edited detections
in a format that actel will comprehend, and is manufacturer-agnostic

(details available here).

P Release site
» = Hydrophone station

animal can move. An animal is not

Arrays: :{Riverl] [RiverZ]

(River3) (Fiord1)  (Fjord2)

expected to be within range of two arrays Sections: |

at the same time



https://cran.r-project.org/package=actel/vignettes/a-1_study_area.html
https://cran.r-project.org/package=actel/vignettes/a-0_workspace_requirements.html#optional-spatial.txt-file
https://cran.r-project.org/package=actel/vignettes/a-0_workspace_requirements.html#standard-detections-file
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2.1.5 | Distances matrix

To enable the calculation of movement speeds between arrays,
the user must create a distances.csv file, containing the distances
between the multiple stations/release sites of the study area. This
file must have a very specific formatting and, as such, the steps to
obtain it are explained in a dedicated vignette page (vignette 1.2).
Currently, actel does not take detection range into consideration
when calculating movement speeds. If the arrays are very close
to each other (e.g. 2 km apart), this can lead to considerable over-
estimates of migration speed, if the tag was detected at the very
detection range edge of both arrays. This is something the user
should keep in mind. The possibility of including receiver detec-
tion ranges to the analysis is being planned for a future update.

2.1.6 | Creating a template workspace

The user can run the function createWorkspace() to automatically
create a directory with template files. The user can then fill these
template files with the data relevant for their study. This reduces the
risk of errors arising due to formatting mistakes (e.g. wrongly named
columns). It is important to note that actel is hardware-agnostic, and
no compatibility issues between manufacturers should arise so long
as the input data is formatted according to the provided vignettes.

2.1.7 | Running the analysis with R objects

Advanced R users may prefer to load their data into R and manipu-
late it before running the analysis. To avoid having to write all objects
into .csv files, the user can call the function preload() to compile a
datapack ready to be analysed. This function is explained in detail in
vignette 1.3. Note that a compatibility token is generated for each
datapack compiled through preload(), and this token will expire once

R is restarted.

2.2 | Initial data checks

Some preliminary data quality checks are performed by actel be-
fore initiating the analyses. Among others, these include checking
that (a) the user did not accidentally state that a single receiver was

First Last First Last
Array Detections station station time time
Riverl 12 St.1 St.2
River2 5 St.3 St.3
River3 1 St.4 St.4
River4 7 St.5 St.6
River5 6 St.7 St.7

1:30:15

deployed at different places at the same time, (b) there are no detec-
tions registered for a tag before the specified release time of their
respective animals and (c) there are no duplicated signals in the data
(i.e. two tags from different manufacturers and/or different fre-
quencies emitting the same code). If any of these initial tests fails,
the user will receive a detailed warning or error message, indicating

what needs to be corrected.

2.3 | Movement events

actel condensates the detection data into functional events (i.e.
groups of detections that indicate movement), which are then used
to assess data quality and entry and exit points of each section of
the study area. The detections of each individual tag are grouped
by receiver array and threshold time (Table 2). This threshold time
defaults to 60 min (max.interval argument), and determines how
much time can pass between detections before these detections
are considered separate events. This argument is explained in detail
in vignette 2.0. In short, this argument controls how many individ-
ual events are generated for a given set of consecutive detections
at an array (see the vignette mentioned above for an illustration).
Note that the number of sequential events at a given array does not
have any impact on the final calculations (so, in essence, max.inter-
val = 10 and max.interval = 1000 yield the same output in terms
of arrival times, residence times, speeds, etc.). However, because
a smaller max.interval leads to the generation of more events (for
sequential detections at the same array), it also allows the user
to invalidate smaller groups of detections at a time (because in-
validation is performed at the event level). Nevertheless, max.in-
terval should always be set to a value that allows some measure of
grouping of detections at the same array. For example, max.interval
should never be lower than the transmission rate of the tags, and
we would not recommend setting it to <10 min, as that could gen-
erate a massive amount of events, which would be hard to manage

during data quality checks.

2.4 | Movement checks
actel performs multiple quality checks aimed at revealing potential

flaws in the data. For example, by default, tags that only have one

movement event with two or less detections are considered invalid

TABLE 2 Example of a movements

Ti Time i .

‘me . fmen table generated based on the detections
travelling array X . R

of a single tag. Timestamps were omitted

295:44:34 0:08:12 to reduce the table's size. Time travelling
3:48:39 0:04:01 and time in array are represented as
17:24:25 0:00:00 hh:mm:ss
4:05:53 0:04:12

0:03:06


https://cran.r-project.org/package=actel/vignettes/a-2_distances_matrix.html
https://cran.r-project.org/package=actel/vignettes/a-3_preload.html
https://cran.r-project.org/package=actel/vignettes/b-0_explore.html#max.interval
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TABLE 3 Movement quality checks performed by actel

For tags with only one movement event, verifies that the tag was detected a minimum number of times
(determined by the argument minimum.detections) for the data to be considered reliable

Verifies that the tag did not move between arrays that are not connected (e.g. moving over a barrier; more

Verifies how many arrays were skipped between movement events. The behaviour can be controlled using
the jump.warning and jump.error arguments (which default to 2 and 3, respectively; see more details here)

Verifies if a tag has moved too quickly between different arrays. Only activated if the user defines at least
one of the speed.warning or speed.error arguments (in m/s, more details here)

Verifies if a tag has stayed at the same location for an extended period of time before disappearing. Only
activated if the user defines at least one of the inactive.warning or inactive.error arguments (in days, more

Verifies if a tag was detected at an array that is not within the expected migration path of the respective

Verifies if a tag has moved in a reverse direction to what the expected migration path was. Only triggers a
warning if the tag moves between sections (i.e. back and forth movements between arrays of the same

Check Analysis Description
Minimum detections  All
Impossible All
movements details here)
Skipping arrays All
Speed All
Inactiveness All
details here)
Detections outside migration
expected migration animal (more details here)
path
Reversed migration
movements
section are tolerated; more details here)
Consecutive section residency

detections detections; more details here)

for further analyses (argument minimum.detections defaults to 2).
Note that if max.interval is set to a value lower than the tag transmis-
sion rate, and minimum.detections is set to a value higher than one,
this fail-safe will never be triggered. A list of all movement quality
checks, as well as the arguments that control them, is provided in
Table 3.

2.5 | Subsequent steps
2.5.1 | Fate assignment

actel determines the last location of each animal based on its last
valid movement event. In the residency analysis, a barplot is gener-
ated showing the number of animals last seen at each study area
section. In the migration analysis, actel goes a step further and as-
signs each animal as a successful or unsuccessful migrant, depending
on their last locations. Arrays indicative of successful migration can
be personalised through the success.arrays argument. The last-seen
barplot then shows how many animals disappeared in each section
and how many succeeded.

2.5.2 | Array efficiency

In the migration analysis, array efficiency is estimated using
Cormack-Jolly-Seber (CJS) modelling, as adapted for telemetry ar-
rays by Perry et al. (2012). These efficiency estimates are used to
estimate the total number of animals that could have crossed each
receiver array and quantify how many recorded fates may dif-

fer from the real fates (the method is explained in further detail in

Verifies if a tag has periods of very short section residency (argument section.minimum defaults to 2

vignette 3.3). In the residency analysis, array efficiency is estimated
by analysing pairs of movement events at different arrays and de-
termining (a) if the two arrays are neighbours (i.e. the animal can
move directly from one to the other) and, if not, (b) which arrays
have failed to detect the animal between the two recorded events.
Importantly, actel is able to calculate efficiency estimates for non-
linear study areas, such as rivers with multiple branches or complex
inter-connecting channels. This is made possible by a preliminary as-
sessment of the array disposition (i.e. how are the arrays connected
with each other), which is explained in detail in vignette 4.3. Note
that, for completely open study areas (e.g. ocean arrays), where an
animal can leave an array and arrive at any other array simply by
moving around the study area, actel will refrain from calculating ef-
ficiency values, simply because all arrays are essentially directly con-
nected to each other.

If the study area has replicated arrays (sensu Perry et al., 2012),
the user can specify the receivers composing the replicate array
using the replicates argument (informative illustrations are available
here). This also allows the user to estimate the efficiency of the edge
arrays (i.e. arrays placed at the borders of the study area, where an
animal may be detected before moving out of the study area). Lastly,
any of the above-mentioned efficiency results can be enhanced by
running advEfficiency() on the standard efficiency output, which
provides the user with a 95% confidence interval over the estimated

efficiencies.

2.5.3 | Residency times

The residency analysis calculates time spent at the different sec-

tions of the study area. By default, this information is compiled at


https://cran.r-project.org/package=actel/vignettes/c-3_migration_efficiency.html
https://cran.r-project.org/package=actel/vignettes/d-3_residency_efficiency.html
https://cran.r-project.org/package=actel/vignettes/c-0_migration.html#replicates
https://cran.r-project.org/package=actel/vignettes/b-1_explore_processes.html#impassables
https://cran.r-project.org/package=actel/vignettes/b-1_explore_processes.html#jumping-arrays
https://cran.r-project.org/package=actel/vignettes/b-1_explore_processes.html#average-speed
https://cran.r-project.org/package=actel/vignettes/b-1_explore_processes.html#inactiveness
https://cran.r-project.org/package=actel/vignettes/c-1_migration_processes.html#additional-movement-processes
https://cran.r-project.org/package=actel/vignettes/c-1_migration_processes.html#backwards-movements
https://cran.r-project.org/package=actel/vignettes/d-1_residency_processes.html#section-movements

6 Methods in Ecology and Evolution

FLAVIO anpo BAKTOFT

R64K-1234 (2019-6-6 to 2019-9-5)

% time per day
o
<

Jun Jul Aug Sep

Location

[ River LakeA
[0 River-Lakea [JJ] LakeA-LakeB
B river-Lakes [ LakeB

Oct

FIGURE 3 Example of an individual residency plot generated from the output of a residency analysis, using the plotResidency() function.
The progression allows the user to quickly identify that the animal moved from lake B to lake A and back, before moving towards the river.
The user can also obtain global and group residency plots by using the function plotRatios()

R64K-4462 (Succeeded)

st17q !
: I
St164 Array
St154 ® Invalid
St144 1
o St134 ! ¢ Seat
E st124 :  Fjord2
o St11q ° Fjord1
o
_g St.104 ® River6
E Stoq ! ® River5
® 1
® sts ! .
S st74 : ® River4
©
o St61 ® River3
?'j- ! ® River2
tad 1
st3d 1 ® River1
St.2- : ® River0
st14

Apr 9 Apr 16 Apr 23 Apr 30

tz: Europe/Copenhagen

FIGURE 4 Example of an individual detection plot generated
from the output of a migration analysis, using the plotDetections()
function. The tag number and respective fate are displayed above
the plot. The vertical black dashed line shows the time of release.
Vertical grey dashed lines show the assigned moments of entry
and exit for each study area section. The user can also compare
the movements of multiple animals simultaneously through the
function plotMoves()

a daily level, for all the days for which there is valid detection data.
However, by setting the argument timestep to ‘hours’ (as opposed
to ‘days’), the user can obtain hourly residency calculations instead,
which provide more detailed results (at the cost of extended com-
puting time). A daily/hourly residency plot is automatically generated
for each animal in the report (if report = TRUE), and allows the user
to quickly identify potential movement patterns over time (e.g. cycli-
cal movements between different study area sections; Figure 3). The
processes behind these calculations are explained in further detail

in vignette 4.1.
2.6 | Analysis output
The three main analyses (explore(), migration() and residency()) re-

turn output both in the form of R objects and, if run with the argu-
ment report = TRUE, in the form of a HTML report. The R output

19 5
18 6
17 7

L

25%
DA (20) 13 11
OB (14) 12

FIGURE 5 Example of a circular plot generated by the
plotTimes() function. This plot shows the arrival times-of-day of
the different animals to array ‘Seal, split by the groups defined in
the biometrics file. Long coloured dashes at the plot edge indicate
the mean value for each group and the respective short dashes
show the standard error of the mean. Each groups’ bars sum to
100%. The number of animals in each group is presented between
brackets in the legend. A shaded area was added using the night
argument

is a list of objects containing information on multiple aspects such
as the recorded movements, the array efficiency and the analysis-
specific metrics computed. The HTML report details the analysis
performed, containing summary information on the study area and
input data, the array efficiency, any warning messages displayed or
comments left by the user during the analyses, the plots generated
for each individual animal (e.g. Figures 3 and 4), among other topics.
Circular graphics showing the time of arrival at each array are also
produced (Figure 5). The data used in these plots are part of the R
output, which allows the users to personalise their plots with the
various plot functions provided (e.g. plotMoves() and plotTimes();

see Figure 1 for a full list).


https://cran.r-project.org/package=actel/vignettes/d-1_residency_processes.html

FLAVIO anp BAKTOFT

Methods in Ecology and Evolution 7

2.6.1 | Reproducibility

The HTML report includes a log of the analysis’ progress, including
the decisions made by the user while running the analysis. This al-
lows the user to re-run the analysis in the same way, and allows other
researchers to reproduce the same analysis, if provided with the re-
port. This log is one of the key pieces of actel, as it vastly increases
reproducibility of the acoustic data analyses. Note that even if an
analysis is run with report = FALSE, the user will be given a chance to

save the job log as a .txt file.

2.7 | Finding and correcting irregularities

Upon analysing the output, the user may decide that actel has missed
an irregularity and want to take action manually. In that case, the
user has the possibility to list the relevant tags in the override argu-
ment and re-run the analysis. Doing so will trigger full manual mode
for the listed tags. This allows the user to freely decide which move-
ment events are valid or invalid, while bypassing the default checks
performed by actel. The individual detection plots for the overridden
animals are highlighted in red in the report, and the manual decisions/

actions taken are documented in the report to ensure reproducibility.

2.71 | Example data

To allow users to quickly explore the workflow of actel, the package
includes a set of example data that can be deployed and analysed
immediately using the function exampleWorkspace(). This function
will deploy the example files and present the user with a suggestion
of how to run the analysis.

3 | CONCLUSIONS

actel facilitates a quick and methodological way of analysing telem-
etry data for animals moving through receiver arrays. Furthermore,
actel allows the user to identify inconsistencies, so that the corre-
sponding input data can be scrutinised and determined as valid or
invalid. The flexibility provided by actel ensures that it is applicable
to a wide range of scenarios, and can encompass variation in study
design and target animal groups. As such, researchers can rely on
actel to standardise methods and outputs, which in turn eases the
comparison of results from multiple studies. actel has already been
successfully used in peer-reviewed works, such as that of Flavio
et al. (2019) and Flavio et al. (2020), and also plays a central role
in preparing the input data for the recently developed R package
RSP (Refined Shortest Paths), as detailed by Niella et al. (2020).
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