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Abstract
1. Acoustic telemetry enables spatial ecologists to collect movement data from a  

variety of aquatic species. In estuaries and rivers, accounting for the complex shape 
of water bodies is challenging. Current methods for analysing utilization distribu-
tions (UDs) are restricted to using the locations of receivers where animals have 
been detected, which limits the information available to estimate movement paths.

2. We present a new r package (RSP—Refined Shortest Paths) for analysing the 
movements of animals tracked with acoustic transmitters in environments con-
strained by landmasses. The method estimates the shortest in water locations of 
monitored animals between pairs of detections using least-cost path analysis. It 
then applies dynamic Brownian Bridge Movement Models to calculate UD areas. 
Intra- and interspecific overlaps in space and time are calculated and can be used, 
for example, to investigate potential influencing environmental factors.

3. Tracks refined with RSP follow the estuary shape, yielding substantially longer, 
but more realistic travel distances. Showcased examples demonstrate how RSP 
can be used to analyse intra- and interspecific movement patterns; determine 
similarities in habitat use; identify the environmental conditions responsible for 
influencing the size of the space use areas; and assess levels of spatial overlap 
between different species.

4. The RSP toolkit generates more realistic movements of tracked animals than those 
derived using receiver locations alone. An incidental benefit is its ability to deal 
with receiver loss, a common problem in acoustic telemetry studies. The analysis 
can be readily customized to suit different study species, array configurations and 
habitat shapes.

K E Y W O R D S

constrained random walk, environmental correlates, least-cost analysis, overlapping areas, 
utilization distribution

1  | INTRODUC TION

Traditional studies of fine-scale habitat use in the aquatic environment 
relied on active telemetry techniques (Gannon et al., 2015; Pastor 
et al., 2009; Taylor & Ko, 2011). Active tracking is very laborious, 

costly and requires certain infrastructure which further limits its ap-
plication. It allows researchers to monitor only a limited number of in-
dividuals, usually over short periods of time. Alternatively, measuring 
fine-scale movements has been possible using the time difference of 
arrival of acoustic detections within passive acoustic arrays (Espinoza 
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et al., 2011). However, as this method requires overlapping detection 
ranges and large numbers of receivers, realistically only small geo-
graphical areas can be covered. This approach can therefore be inef-
fective for studying finer-scale movements of wide-ranging animals as 
these might quickly move out of the covered area. Researchers often 
deploy non-overlapping arrays to increase spatial coverage, which 
can still potentially generate thousands of detections (i.e. locations) 
for tracked individuals (Payne et al., 2013). However, when using 
non-overlapping arrays, the number of unique positions is limited by 
the number of receivers.

In aquatic environments, land masses are important barriers that 
limit the movements of animals, yet few analytical tools are capable 
of accounting for this constraint when estimating space use (Aspillaga 
et al., 2019; Wilson et al., 2017). Least-cost path analysis takes into 
account the landscape properties to estimate the best cost-effective 
routes between two positions, that is, start and end points. In habitats 
constrained by landmasses, this approach is useful for calculating the 
shortest in water distances between consecutive acoustic detections. 

These distances can be then used for obtaining the shortest paths the 
tracked animals need to travel to be detected at these locations.

Translating tracking information into utilization distribution 
(UD) areas is a commonly applied method in spatial ecology (Kie 
et al., 2010). This allows for the identification of home range areas 
and their corresponding regions of higher usage, thus revealing 
important biological patterns such as seasonal migrations, trends 
in habitat partitioning and spawning periods (Crossin et al., 2017; 
Heupel et al., 2019). The dynamic Brownian Bridge Movement 
Model (dBBMM) accounts for the time differences between sam-
pled positions and their respective accuracy, while using conditional 
random walks to detect behavioural changes along trajectories for 
estimating UD (Kranstauber et al., 2012).

In this paper, we describe a new method to analyse the fine-scale 
movements of animals tracked with acoustic telemetry in environ-
ments constrained by landmasses to estimate and model space use 
exclusively in water. This approach allows researchers to use stan-
dardized UDs and/or frequencies of overlap between the different 

TA B L E  1   List of Refined Shortest Paths (RSP) analysis and plot functions, and their respective usages including information on the 
important default arguments

Type Function Usage Important arguments

Analysis runRSP() Estimates the RSP between consecutive acoustic 
detections

time.step = 10 (minutes); min.time = 10 (minutes);  
max.time = 24 (hours); distance = 250 (metres);  
er.ad = 5% of distance (or it can be set in metres)

getDistances() Calculates the total distances travelled in each RSP 
track, using only the receiver locations and the RSP 
interpolated positions

dynBBMM() Calculates dynamic Brownian Bridge Movement Models 
(dBBMM) for each tracked animal, both at track level 
and also according to standardized fixed temporal 
windows (if timeframe is set in hours)

A temporal interval of interest can be set for analysis 
using the start.time and stop.time arguments

getAreas() Calculates the areas of space use (in squared metres) at 
track or group level, for particular dBBMM contours of 
interest

type = either “group” or “track” and must be set; 
breaks = 50% and 95% dBBMM contours are used

getOverlaps() When multiple biological groups are tracked, calculates 
the amount of overlap between them

Overlaps are always calculated for the same contours 
obtained using the getAreas() function

Plot plotRaster() Verifies that the stations are in the water using the base 
raster provided

land.col = colour of the land masses

suggestSize() Suggests the most suitable dimensions for saving the 
base raster as a projected map

max = desired size of the longest plot edge

plotTracks() Plots a map of an RSP track of interest land.col = colour of the land masses

plotDensities() Density plot of elapsed time between consecutive 
acoustic detections. Can be either used for all 
monitored animals or for a particular group of interest

group: character vector defining the group of interest. 
If not set, will return the distribution for all monitored 
animals

plotDistances() Plots the total distances travelled by tracked animals by.group = FALSE (returns a single plot for all tracked 
animals); compare = TRUE (distances are returned both 
using only receiver locations and the RSP interpolations)

plotContours() Plots the dBBMM for a particular animal and track of 
interest

breaks = plots the 25%, 50%, 75% and 95% contours; 
land.col = colour of the land masses

plotAreas() Plots the space use areas at group level timeslot must be set for timeslot dBBMM; land.
col = colour of the land masses

plotOverlaps() Plots the overlapping areas between two different 
groups

timeslot must be set for timeslot dBBMM; land.
col = colour of the land masses

addStations() Adds the station locations to an RSP plot Customization parameters available
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groups of animals or individuals as the input for further statistical 
analyses. Here, we show the applicability of this toolkit and use a 
simulated analysis to demonstrate its capacity to account for ran-
domly losing acoustic receivers from arrays, a common issue for 
long-term tracking studies in marine and estuarine environments.

2  | DESCRIPTION OF THE METHOD

The method was developed in R (R Core Team, 2020) and is available 
through the Refined Shortest Paths (RSP) package (https://github.
com/YuriN iella/ RSP), together with a detailed manual. Tagged 
animals are pre-assigned to one or multiple groups, depending on 
the requirements of the study (e.g. different species/sexes/sizes). 
This allows RSP to calculate inter-group overlaps in space and time. 
The approach is divided into three main steps: (a) estimation of the 
shortest paths in water between consecutive acoustic detections, 
(b) calculating UDs constrained by the surrounding landmasses 
using dBBMMs and (c) calculating overlaps between different bio-
logical groups. All RSP functions are listed in Table 1 and the work-
flow (Figure 1) is detailed below.

2.1 | Preliminary analysis of raw detection and data 
preparation

Raw acoustic telemetry data might include false detections (e.g. 
originating from noise) or detections from animals which appear 
to be dead (e.g. repetitive detections at a single location over 

extended periods). In order to include only the most reliable data, 
RSP requires the raw detections to be first filtered using the r pack-
age actel (Flávio, 2020), which is performed through any of its main 
functions, that is, explore(), migration() and residency() (Figure 1). 
These functions are interactive and automatically identify unusual 
data while requiring the user to verify and validate/invalidate de-
tections. Only the valid detections will be used by RSP.

Topographic data are included in RSP by providing a shapefile of 
the study area delimiting the land contours, also imported using actel. 
This shapefile is converted to a raster using loadShape() according 
to a user-defined cell size. Then a transition layer for the study area 
must be created with the transitionLayer() function. Changing the 
base raster resolution will lead to differences in the results obtained.

2.2 | Estimating the shortest paths in water

In complex aquatic habitats (e.g. estuarine, lacustrine, riverine), the 
uncertainty regarding the possible trajectories of animals tracked 
is low compared to open environments (e.g. marine), because the 
former are naturally constrained (e.g. river margins, islands, coast-
line, etc.). By using a transition layer from the study area delimit-
ing land areas, the runRSP() function applies a least-cost analysis of 
constrained random walks to estimate the shortest paths between 
consecutive acoustic detections.

The detection ranges of each receiver are considered to attribute 
location errors for the estimated positions. If not specified, a default 
range of 500 m is used (Kessel et al., 2014). Consecutive detections 
may occur either at the same station (Table 2) or at different stations 

F I G U R E  1   Refined Shortest Paths 
(RSP) workflow showing the preliminary 
analysis and data preparation steps using 
the r package actel

TA B L E  2   Example of the interpolated locations from the runRSP() output (Position = RSP) when consecutive acoustic detections 
(Position = Receiver) occur on the same receivers. Some columns were omitted for simplification

Timestamp Receiver Transmitter Error Longitude Latitude Position Track

2018-03-07 02:05:47 115409 R64K-4075 500 9.380 56.572 Receiver Track_03

2018-03-07 02:30:37 NA R64K-4075 525 9.380 56.572 RSP Track_03

2018-03-07 02:55:27 NA R64K-4075 550 9.380 56.572 RSP Track_03

2018-03-07 03:20:18 NA R64K-4075 550 9.380 56.572 RSP Track_03

2018-03-07 03:45:08 NA R64K-4075 525 9.380 56.572 RSP Track_03

2018-03-07 04:09:59 115409 R64K-4075 500 9.380 56.572 Receiver Track_03
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(Table 3). Intermediary locations are only interpolated if the interval 
is longer than 10 min (defined using the time.step argument). For de-
tections at different stations, new intermediary locations are interpo-
lated if the distance between stations is >250 m (defined by distance).

The longer it takes for an animal to be detected consecutively 
in an array, the more uncertain the possible trajectories become. By 
default, unique sporadic detections (e.g. a single detection within a 
48-hr period) are automatically excluded. Each block of detections 
separated by <24 hr is considered a track. This parameter can also 
be customized using the max.time argument (in hours). The total 
distances travelled during each track can be obtained with getDis-
tances() (Table 4).

For each sequence of interpolated locations, the errors gradu-
ally increase when moving away from the first detection, at a rate 
of 5% of the distance argument. This default value was chosen 

based on the cut-off for statistical significance and simply pro-
vides an ‘inflation coefficient’ to be used during space use cal-
culations. The dBBMM accounts for the elapsed time between 

Animal.tracked Track Day.n Loc.type Dist.travel Group

R64K-4125 Track_02 3 Receiver 14,107 B

R64K-4125 Track_02 3 RSP 17,399 B

R64K-4125 Track_03 4 Receiver 182,882 B

R64K-4125 Track_03 4 RSP 206,815 B

R64K-4125 Track_04 2 Receiver 25,471 B

R64K-4125 Track_04 2 RSP 29,845 B

TA B L E  4   Example of getDistances() 
output showing the corresponding 
distances travelled (Dist.travel) in metres

TA B L E  5   Metadata examples on the dynamic Brownian Bridge Movement Models calculated for group dBBMM with dynBBMM(). Included 
are the corresponding number of valid detections (valid.n), first and last detection times (First.time and Last.time, respectively), and track timespan

Group Tag Track valid.n First.time Last.time Timespan

A R64K-4075 Track_09 303 2018-04-24 11:40:56 2018-04-26 01:00:13 37.3 hr

B R64K-4125 Track_03 1,003 2018-04-25 11:44:05 2018-04-28 14:10:14 74.4 hr

C R64K-4128 Track_06 146 2018-04-28 16:29:07 2018-04-29 15:25:16 22.9 hr

D R64K-4138 Track_10 584 2018-07-14 22:10:35 2018-07-18 18:33:43 92.4 hr

TA B L E  6   Example of a timeslot object saved for a timeslot 
dBBMM using the dynBBMM() function with a daily resolution 
(timeframe = 24 hr)

Slot Start Stop

1 2013-09-02 00:00:00 2013-09-02 23:59:59

2 2013-09-03 00:00:00 2013-09-03 23:59:59

3 2013-09-04 00:00:00 2013-09-04 23:59:59

4 2013-09-05 00:00:00 2013-09-05 23:59:59

5 2013-09-06 00:00:00 2013-09-06 23:59:59

6 2013-09-07 00:00:00 2013-09-07 23:59:59

TA B L E  3   Example of the interpolated locations from the runRSP() output (Position = RSP) when consecutive acoustic detections 
(Position = Receiver) occur on different receivers. Some columns were omitted for simplification

Timestamp Receiver Transmitter Error Longitude Latitude Position Track

2018-04-27 05:27:10 100474 R64K-4125 500 9.922 57.056 Receiver Track_05

2018-04-27 05:35:17 NA R64K-4125 525 9.928 57.054 RSP Track_05

2018-04-27 05:43:24 NA R64K-4125 550 9.935 57.053 RSP Track_05

2018-04-27 05:51:32 NA R64K-4125 575 9.943 57.054 RSP Track_05

2018-04-27 05:59:39 NA R64K-4125 600 9.949 57.056 RSP Track_05

2018-04-27 06:07:47 NA R64K-4125 625 9.955 57.058 RSP Track_05

2018-04-27 06:15:54 NA R64K-4125 650 9.960 57.061 RSP Track_05

2018-04-27 06:24:01 NA R64K-4125 625 9.964 57.065 RSP Track_05

2018-04-27 06:32:09 NA R64K-4125 600 9.968 57.068 RSP Track_05

2018-04-27 06:40:16 NA R64K-4125 575 9.975 57.070 RSP Track_05

2018-04-27 06:48:24 NA R64K-4125 550 9.981 57.072 RSP Track_05

2018-04-27 06:56:31 NA R64K-4125 525 9.986 57.074 RSP Track_05

2018-04-27 07:04:39 107527 R64K-4125 500 9.992 57.076 Receiver Track_05
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TA B L E  7   Metadata examples on the dynamic Brownian Bridge Movement Models calculated for timeslot dBBMM with dynBBMM(). 
Included are the corresponding timeslot (slot), number of valid detections (valid.n), first (First.time) and last detection (Last.time) times, and 
track timespan

Group Tag Track Slot valid.n First.time Last.time Timespan

Bream A69-9002-10473 Track_02 261 17 2014-05-20 22:11:44 2014-05-20 23:58:35 1.8 hr

Bream A69-9002-10473 Track_03 266 45 2014-05-25 13:32:44 2014-05-25 23:40:06 10.1 hr

Luderick A69-9002-10481 Track_01 243 42 2014-05-02 12:49:50 2014-05-02 23:32:07 10.7 hr

Luderick A69-9002-10481 Track_01 244 21 2014-05-03 00:37:42 2014-05-03 20:20:09 19.7 hr

Tarwhine A69-9004-489 Track_03 429 86 2014-11-01 02:21:36 2014-11-01 19:25:42 17.1 hr

Tarwhine A69-9004-489 Track_03 430 123 2014-11-02 05:54:37 2014-11-02 19:18:01 13.4 hr

F I G U R E  2   The plotDensities() function 
can be used to inspect the distributions 
of elapsed time between consecutive 
acoustic detections

F I G U R E  3   Example of tracks from 
runRSP() plotted using plotTracks()  
(a). Receiver locations can be added  
to the plot (b) using addStations()
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consecutive positions to calculate space use areas (Kranstauber 
et al., 2012), therefore, similar location errors might lead to larger 
or smaller UDs depending on the animal's speed. Alternatively, a 
user-defined error increase can be set (in metres) using the argu-
ment er.ad. The location error reaches its maximum at the mid-
point of the space or time elapsed between the first and second 
detections and starts decreasing again as the second detection 
approaches (Tables 2 and 3).

2.3 | Calculating UD areas

The UDs are calculated with dynBBMM(), and performed accord-
ing to the following temporal resolutions: (a) group dBBMM and (b) 
timeslot dBBMM. For group dBBMM, UDs are calculated at track 
level for each animal (Table 5). Alternatively, for timeslot dBBMM 
the UDs are calculated according to fixed temporal intervals by 

F I G U R E  4   Dynamic Brownian Bridge 
Movement Models (Table 5) of two 
brown trout (a, b) tracked in the Limfjord, 
Denmark, plotted using plotContours()

F I G U R E  5   Distribution of space use 
areas from the dBBMM by (a) animal 
tracked and (b) month and (c) total 
distances travelled calculated with 
Refined Shortest Paths (RSP) versus only 
the receiver positions (Receiver) plotted 
with plotDistances()
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F I G U R E  6   Distributions of (a) daily 
areas of 50% use for I = yellowfin bream, 
II = luderick and III = tarwhine, tracked 
in Lake Macquarie, Australia. Generalized 
linear models (Appendix 1) including 
the effects of (b) rainfall upon the areas 
of 50% use of luderick, and (c) water 
temperature upon the overlaps between 
yellowfin bream and tarwhine. Shaded 
areas and dashes (b and c) represent the 
95% confidence intervals and the raw data 
respectively

F I G U R E  7   Space use areas at group 
level using plotAreas() for three yellowfin 
bream and one tarwhine detected during 
the same timeslot at Lake Macquarie, 
Australia, including the (a) plots using 
plotAreas() and (b) the dynBBMM() 
metadata

Group Tag Slot valid.n First.me Last.me Timespan

Bream A69-9004-485 436 22 2014-11-11 
11:09:26

2014-11-11 
23:11:54 

12.0 hours

Bream A69-9004-494 436 48 2014-11-11 
00:53:57

2014-11-11 
23:28:10 

22.6 hours

Bream A69-9004-496 436 272 2014-11-11 
00:05:57

2014-11-11 
23:59:39

23.9 hours

Tarwhine A69-9004-481 436 18 2014-11-11 
05:11:40

2014-11-11 
23:21:19

18.2 hours

(b)

(a)
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defining a timeframe argument (in hours). This option divides the 
monitoring period into smaller windows of equal length (starting at 
midnight on the first day of data) and calculates the dBBMMs within 
each temporal window, hereafter referred to as timeslots (Tables 6 
and 7). When a limited number of receivers are used, setting a short 
timeframe will cause the dBBMMs to include only interpolated lo-
cations. Therefore, we suggest first exploring the output of plot-
Densities() to decide the best timeframe to use (Figure 2). The space 
use areas are obtained for any contour of interest with getAreas(), 
for both group and timeslot dBBMM. These can be calculated at 
track (i.e. individual), or group (i.e. for all individuals simultaneously) 
levels.

2.4 | Calculating the overlaps between biological  
groups

The overlaps are retrieved using getOverlaps(), which only works if 
group areas are provided. Overlaps correspond to the amount of 
the smallest group area that lies within the largest group area and 
are returned both in absolute and percentage values. For group 
dBBMM analysis, overlaps represent the overall amounts of spatial 
overlap between two groups, whereas when timeslot dBBMM are 
used, the overlaps are calculated separately for each timeslot.

3  | TESTING THE METHOD

3.1 | Intraspecific patterns of space use: RSP 
performance

Refined Shortest Paths provides realistic tracks of monitored ani-
mals following the water contours (Figure 3). The dBBMMs can be 
visualized using plotContours() (Figure 4), and its output reveals in-
dividual-specific movement patterns (Figure 5a), together with tem-
poral variations in space use (Figure 5b). Comparing the runRSP() 
output, all individuals have travelled significantly longer distances 
(paired t test, t = −3.01, df = 11, p = 0.012) when using the RSP 
tracks in comparison with only the receiver locations (Figure 5c). 
This indicates that, by generating exclusively in water paths, RSP 
provides more accurate movement patterns as it accounts for the 
generally non-linear trajectories between stations. Details on the 
biological applicability can be found in Appendix 1.

3.2 | Interspecific patterns of fine-scale space use

A daily resolution (i.e. timeframe = 24 hr) was used to obtain stand-
ardized UDs (i.e. timeslot dBBMM) and the overlaps in space and 
time for three species. The daily distributions of the 50% contours 

F I G U R E  8   Daily areas and overlaps between yellowfin bream and tarwhine at the 95% contour including (a) the plots with plotOverlaps() 
and (b) overlaps and areas used in Lake Macquarie, Australia

Date Absolute overlap Percentage overlap Bream area Tarwhine area

2014-11-01 1798386 69.5 14169558 2585492

2014-11-02 1681317 66.1 5981752 2543978

2014-11-03 0 0 8455572 2542317

(b)

(a)
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(i.e. areas where animals spent half of the tracking time), revealed 
periods when each species used larger/smaller areas (Figure 6a). 
Further statistical analysis identified significant influences of 
abiotic conditions upon space use and overlap between species 
(Appendix 1; Figure 6b,c). The plotAreas() function shows the com-
bined space use when multiple individuals are simultaneously de-
tected on a particular timeslot (Figure 7). Overlapping areas can be 
plotted using plotOverlaps(), which allows to investigate the exact 
locations where different groups co-occurred (Figure 8).

3.3 | Loss of individual receivers from an array

A simulation study showed significant relationships between per-
centage receiver loss and the total distances travelled, and the sizes 
of the 50% and 95% contour areas (Appendix 1). The inter-indi-
vidual variations observed (Figure 9) indicate that results are likely 
to vary, not only depending on which receivers are lost, but also 
on the individual-specific movements (Figure 10). Nevertheless, 

similar null effect thresholds were observed across all individuals 
and metrics analysed (Figure 9), suggesting that RSP can overcome 
issues with space use calculations if <25% of receivers are lost. 
However, study-specific elements such as the number of receivers 
or the deployment locations are likely to influence the threshold of 
how many receivers can be lost before impacting results.

4  | CONCLUSIONS

Refined Shortest Paths is an efficient tool providing realistic estimates 
of animal space use in environments constrained by landmasses and 
can be easily customized depending on the array configuration and 
species monitored. This package not only provides a tool for calcu-
lating standardized UDs, but also quantifies the overlaps between 
the different biological groups monitored. Overall, movements are 
analysed by calculating overlaps in space, and fine-scale patterns 
can be analysed by calculating overlaps in both space and time. The 
latter might be used for applying further statistical analysis to test 

F I G U R E  9   Generalized additive models (Appendix 1) of (a) total distances travelled, (b) 50% areas and (c) 95% areas in relation to the 
frequencies of excluded acoustic receivers for bull sharks tracked in Sydney, Australia. Dashed lines and shaded areas represent the null 
effects and the 95% confidence intervals respectively

F I G U R E  1 0   Dynamic Brownian Bridge Movement Models of three bull sharks tracked in Sydney, Australia, on 5 consecutive days. The 
colour and transparency of the landmasses can be changed using the argument land.col in plotContours()
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hypotheses about the potential spatial, temporal and environmental 
variables influencing areas of space use and also the co-occurrence of 
different species or groups of interest (e.g. sex, age/length). The array 
configuration is likely to influence the potential of RSP to overcome 
limitations as a consequence of receiver loss. We reinforce that this 
is not a primary goal from RSP and should be seen as an additional 
benefit from the analysis.
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