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Abstract

Background Acoustic telemetry is an important tool to study the movement of aquatic animals. However, studies
have focussed on particular groups of easily tagged species. The development of effective tagging methods for eco-
logically important benthic species, such as sea stars, remains a challenge due to autotomy and their remarkable
capacity to expel any foreign material. We tested three methods to surgically attach acoustic transmitters to the com-
mon sea star Asterias rubens; two methods attached the tag to the aboral side of the central body and the third
attached the transmitter to the aboral side of an arm. Laboratory experiments evaluated each method in terms of sur-
vivability, tag retention, associated injuries, and changes in feeding behaviour and physical condition.

Results Laboratory results were highly variable; however, all tagging methods caused significant injury to the epider-
mis and deeper tissue around the attachment site over periods greater than 4 weeks. Attaching a tag by horizontally
piercing the central body (method HPC) had minimal effects in the short-term (2-3 weeks) and this method was used
for a pilot tagging study in the field, where 10 sea stars were tagged and placed within an existing acoustic telemetry
array. Although, the interpretation of field data was challenging due to the characteristic slow movement of sea stars,
movements of a similar magnitude to previous studies were identified during the 2—4 weeks after sea stars were
tagged and released. However, this apparent period of tagging success was followed by a reduction in movement
that, when viewed in conjunction with laboratory results, potentially indicated a deterioration in the sea stars’ physical
condition.

Conclusions While acoustic telemetry continues to provide novel insights into the ecology of a wide variety

of marine species, species-specific effects of tagging should be evaluated before starting field studies. If the autono-
mous study of benthic movement is to expand beyond hard-bodied macroinvertebrates current methodological
and analytical challenges must be addressed.
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Background
Acoustic telemetry has become an important tool to
better understand the movement ecology of a variety of

*Correspondence:

Kirsty J. Lees aquatic organisms [1, 2], including marine mammals [3],
kirsty lees@dfo-mpo gc.ca , , ) herptiles [4, 5], fishes [6, 7], crustaceans [8], and other
Fisheries and Oceans Canada, Institut Maurice-Lamontagne, Mont-Joli, h helled i h .
QC G5H 374, Canada ard-shelled invertebrates [9—12]. However, the majority

of studies have focused on fishes, marine mammals, and

© Crown 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other

third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to

the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40317-024-00362-5&domain=pdf

Nadalini et al. Animal Biotelemetry (2024) 12:8

herptiles as opposed to macroinvertebrates. For example,
of the 107,810 individual animals included in the Ocean
Tracking Network (https://oceantrackingnetwork.org/)
database, only 2734 are macroinvertebrates, and most of
these (2351) are crabs and lobsters. This is particularly
true for studies that use the VEMCO Positioning System
(VPS) to quantify fine-scale movements and gain a
mechanistic understanding of movement behaviours
[13]. In contrast, VPS studies on movements by other
types of marine macroinvertebrates, including sea stars,
are less common [14].

Sea stars often play important ecological roles
as predators and grazers in benthic and intertidal
communities [15-17]. As such, there has been an
increasing desire to better understand their general
ecology [18] and to examine how this may change in the
context of global change [19, 20]. Sea star movement
ecology has been previously studied using plastic or
similar tags to follow animals in situ [21-23], repeated
diver observations [24, 25], and laboratory observations
[26]. Archival tags have also been used to describe the
vertical distribution of sea stars in relation to dynamic
environmental covariates that may be drivers of sea star
Coscinasterias muricata activity [27]. More recently,
two studies have pioneered the use of acoustic telemetry
to better understand sea star movements in the field
(Protoreaster nodosus, [28] and Asterias amurensis,
[29]). These latter efforts have largely concentrated on
validating the tagging procedures used for the species of
interest and quantifying movement parameters. The scale
of adult sea star movement is still considered restricted to
their immediate location, with most dispersal happening
during the pelagic larval phases [30]. Limited studies have
estimated adult monthly displacement~20 m [28] and
daily movement speeds of 4.3+9.1 and 18.1+15.2 m/day
[29]. However, faster movements assisted by currents
could facilitate adult dispersal over greater distances.
During these movements, known as “starballing,” sea
stars curl back their arms into a spheroid and roll along
the seabed during strong tidal flows ~ 0.5 mps; however,
it is unclear if this is a true behaviour or a result of
becoming dislodged in fast currents [31]. The metres
and minutes resolution provided by acoustic telemetry
can offer insight into the scale of post-settlement adult
movements as well as the possibility of identifying
alternate movement states. Currently, the number of sea
star studies using acoustic telemetry remains limited,
largely due to the generally variable success for tagging
sea stars using any method [15, 32]. Tagged animals are
known to suffer from autotomy, abscesses, discarding of
the tag (with animals, at times, observed to pull at tags
until arms are lost or the tag is removed), and cannibalism
[32]. At this time, there are only three previous studies
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that have successfully attached electronic or acoustic tags
to sea stars [27-29] with highly variable tag retention
rates that have ranged from less than 2 weeks to more
than 12 weeks. These previous acoustic telemetry studies
used an external attachment method on the middle arm
whereby monofilament line passed along the mid-ridge
and aborally through the ambulacral groove [28, 29].
Given the known difficulties associated with tagging
sea stars and the variable retention rate, it is prudent to
assess species-specific tagging effects on survival and the
rate of tag retention before undertaking field studies.

As part of a larger project to better understand the
movement ecology of coastal echinoderms in northern
latitudes (e.g., [33]), a method was needed to attach
acoustic tags to the ecologically important and widely
distributed common sea star Asterias rubens [34-36].
To obtain representative movement data, it is important
to minimise potential handling and tagging effects that
may cause stress and injury, and ultimately alter the
observed behaviour [37]. This study reports the results of
an experiment to evaluate three methods of transmitter
attachment, tag retention, and the effects of tagging
on sea star health, feeding rate, and condition. We also
present preliminary field data on A. rubens movement
from a pilot study in the Gaspé region of eastern Canada
using the best tolerated tagging method.

Methods

Laboratory experiment

Collection and care of sea stars

Around 100 sea stars A. rubens (>19.2-29.3 cm
diameter, i.e., arm tip to arm tip) were collected during
the week of December 12, 2021, at Godbout, Quebec,
Canada (49.317, — 67.583) and transported the same
day to the wet lab facilities of the Institut Maurice-
Lamontagne (Fisheries and Oceans Canada). Animals
were maintained in a large (363122 c¢m) tank supplied
with continuous ambient seawater (mean temperature + 1
SE=3.30+£0.14 °C and mean salinity+1SE=27.0+£0.22
ppt during December 2021 Additional file 1: Figs. SI,
S2) at a flow rate of about 16 L/min with an air bubbling
system and held for an acclimation period of about 1
month.

Three weeks before the beginning of the experiment,
64 individuals were randomly assigned to 1 of 4 groups
(3 treatment groups and a control group), each group
was replicated 4 times with n=4 sea stars per replicate.
Each replicate group of sea stars was placed in one of
16 floating baskets (51x35 cm) for the duration of the
experiment. During this pre-experimental period and
the preceding acclimatisation, all individuals were fed
ad libitum with mussels (Mytilus edulis).
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At the beginning of the experiment (March 7, 2022),
all individuals were weighed in-water, measured
(diameter, arm to arm), and photographed. Sea stars that
were assigned to a treatment group were fitted with a
dummy acoustic tag, modelled after Innovasea V9 coded
transmitters (0.9 cm X 2.4 cm; 2.0 g in-water) and printed
in polylactic acid (PLA) using a 3D printer. Sea stars were
tagged in a random order to avoid consecutively tagging
all individuals in a single treatment and all tagging was
carried out by a single person (J-BN) to avoid variation
in handling. The experiment lasted for 119 days. Mean
temperature and salinity+1 SE during the experiment
were 3.94+0.24 °C (range=0.8-9.7 °C) and 26.1+0.18
ppt (range =22.2-29.2 ppt; Additional file 1: Figs. S1, S2).

Types of transmitter attachment

Preliminary tests on the attachment of acoustic trans-
mitters to soft-bodied benthic invertebrates allowed us
to focus our attachment tests on surgical methods using
fishing line (Nadalini, unpublished data). Three types of
surgical attachment were evaluated; all used Dyneema
(Sufix brand) 0.18 mm diameter ultra-high molecular
weight polyethylene (UHMPE) fishing line, but differed
by the location of the surgical stitch used to attach the
transmitter. Two methods used a horizontally placed sur-
gical attachment (HP, for horizontal piercing), and the
third used a vertically placed surgical attachment (VP, for
vertical piercing, Fig. 1 and Additional file 1: Fig. S3). The
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first attachment method (HPC, for Horizontal Piercing
of the Central body) was a horizontally placed surgical
attachment, placed above the central body, on the abo-
ral side. The fishing line stitch crossed the central body
while taking care not to pierce the stomach. To do this,
the needle, once inside the body, followed the inner wall
of the aboral part of the central body. The second attach-
ment method also positioned the transmitter horizon-
tally, this time on the aboral side of the arm, with the
fishing line stitch placed laterally through the inframar-
ginal plates, about 2.5-5 cm from the central body (HPA,
for Horizontal Piercing on the Arm). The third attach-
ment method (VPC, for Vertical Piercing of the Central
body), passed the fishing line stitch vertically through the
central body, entering on the oral side directly beside the
mouth, passing on the inside edge of the ring canal, with-
out piercing the ring canal structure, and then exiting on
the aboral side while again taking care not to pierce the
stomach, or the radial canals which could damage the
hydrovascular system (Fig. 1).

Dyneema fishing line was threaded through sterile
syringes with hollow needles (gauge no. 22 or 0.71 mm
O.D). After piercing a sea star with the syringe, the
fishing line was held in place and the needle withdrawn,
leaving a loop of fishing line threaded through the
body of the sea star. The two ends of the line were tied
together and the transmitter attached to the resulting
loop using a combination of electrical tape and Lepage’s
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Fig. 1 Simplified schematics of sea star anatomy to highlight the key aspects of each attachment method. a HPC—Horizontal Piercing
of the Central body, b HPA—Horizontal Piercing on the Arm and (c) VPC—Vertical Piercing of the Central body. Dashed lines indicate orientation

of cross-sections
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Ultra Gel glue. A gap of about 2.5 cm was left between
the transmitter and the animal’s body to ensure that the
loop was not too tight. A unique number was assigned
to each individual fitted with a transmitter and photos
taken to distinguish sea stars in the event of tag loss and
to allow identification and surveillance of individuals in
the control group.

Response variables

Survival and tag retention

The time of death or day of tag loss (number of days
since tagging) were recorded to calculate the probability
of survival and tag loss. Dead individuals were removed
from the experiment; however, individuals that lost their
tag remained in their treatment baskets until the end of
the experiment or they died. The status of sea stars was
recorded daily except on Saturday and Sunday.

Feeding rate

At the beginning of the experiment, 40 commercial-
sized (~5 cm length) mussels were placed in each basket
to maintain a density of 10 mussels per individual
Preliminary tests indicated that A. rubens maintained in
the wet labs consumed mussels at a mean rate of 1.1+0.6
SE mussels/day. Sea stars were fed twice a week (Monday
and Friday); the mussels consumed were counted and
replaced to maintain the same availability of mussels in
each treatment basket to obtain a daily feeding rate per
individual per basket. Dead mussels or mussels that did
not close on contact were not used and were replaced
if encountered during feeding. As dead sea stars were
removed from the experiment, the number of mussels
provided was adjusted at each feeding to reflect the
number of remaining sea stars in each replicate basket.
Due to mussel availability, the type of mussels used
to feed the sea stars changed during the course of the
experiment. Sea stars were initially fed wild mussels
during their acclimation period before the start of the
experiment; however, between day O (the day sea stars
were tagged) and day 40 of the experiment sea stars were
fed commercial farmed mussels.

Tag-related injuries

An injury scale was used to evaluate the severity of visible
injuries for every sea star at the beginning of the experi-
ment (day 0) and then after 7-, 14-, 28-, 56-, 84-, and 147-
day post-tagging. Sea star injuries present at the tagging
site were classified based on a 6 point scale; 0—no vis-
ible injury, 1—discolouration of the epidermis, 2—slight
deformation of the epidermis, 3—slight injury (visible
lesion<5 mm), 4—injury (visible lesion>5 mm), 5—
internal organs visible (Fig. 2). The rate of autotomy was
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not formally evaluated but, the number of arms lost per
individual was recorded.

Sea star health—righting time

The time taken for each individual to right itself after
being placed upside down on its aboral side was measured
as an index of activity and health [38, 39]. Righting time
was carried out on all sea stars before and immediately
after tagging (day 0), and then at 7-, 14-, 28-, 56-, 84-, and
147-days post-tagging. The order of individual tests was
the same as the randomly determined order of tagging.
During the measurements, individuals were placed on
the bottom of another large tank, where they were left
for 5 min on their oral side, without handling them, to
acclimatise. After this time, individuals were turned over
and placed on their aboral side, and the time needed for
an individual to right itself completely, with all 5 arms on
the ground on their oral side, recorded. The maximum
time permitted for a sea star to turn over was 1 h.

Data analysis

Survival and tag retention analysis

Survival and tag retention analyses used right censored
Kaplan—Meier survival analyses and Cox proportional
hazard models that were run using the R packages
survival [40] and survminer [41]. Survival curves were
generated to compare the probability of an event, in this
case death or tag loss, over time and a log rank test used
to test the null hypothesis that the probability of an event
did not differ between treatment groups at any time
point during the study. If there was a significant effect
of treatment, this was further investigated using a Cox
proportional hazard model with a frailty term to adjust
for the grouping effect of treatment replicates (Basket).

Feeding rate analysis

Feeding rate per basket was calculated as the number
of mussels consumed per day per sea star to adjust for
deaths during the experiment. Feeding rate was modelled
as a function of the type of mussel fed (2 level factor wild
or farmed), treatment (4 level factor), day (the number of
days since tagging, integer), and a two-way interaction
between treatment and day. A random effect (Basket) was
included due to the repeated measures design. As feeding
rate was a continuous variable with a lower bound of 0,
an exponentially modified Gaussian error distribution
with a log link was used within a Bayesian framework
using the R package brms [42]. Priors were placed on the
intercept and coefficients of all models, both Normal (0,
5), except the truncated lognormal model for righting
time (Sect. "Sea star health—righting time") that used flat
prior defaults in brms.
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Injury stage 1.

A discolouration of
the epidermis e.g. a
greying of the
epidermis around the
piercing.

Injury stage 2.

A slight deformation
of the epidermis e.g.
a small indent or
sunken area around
the piercing.

Injury stage 3.

A slight injury (visible
lesion < 5mm) where | | W -3-32-
the surface of the : ‘
epidermis is broken.

Injury stage 4.

An injury (visible
lesion > 5mm) where
the surface of the
epidermis is broken.

Injury stage 5.

An injury where the
internal organs are
visible.

Fig. 2 Typical injuries for injury categories 1-5 on the 6 point injury scale; category 0 was uninjured
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All models were run using four parallel MCMC chains,
posterior predictive checks (Additional file 1: Fig. S4)
and adequate mixing of chains was visually inspected,
and all R-hat (Gelman—Rubin statistic) were <1.00.
R-hat is a model convergence diagnostic that compares
chain estimates for model parameters; if chains have not
mixed well, R-hat is generally larger than 1 [43]. Models
used 6000 iterations with 3000 warm-up interactions.
Model results are reported as the mean of the posterior
distribution and the associated 95% credible intervals
(CIs).

Probability of tag-related injury

Probability of injury was analysed as an ordinal
regression using a cumulative distribution with a probit
link function (brms, [42]). Probability of injury was
modelled as a function of treatment (4 level factor), day
(number of days since the sea star was tagged, integer),
and the interaction between treatment and day. A
random effect Basket/Individual was included to control
for the repeated measures experimental design and to
control for variation among baskets. The diameter of
sea stars was included as a covariate in this model and
for the model on righting time (Sect. "Sea star health—
righting time") and was assessed using leave-one-out
cross-validation [44]. In all cases, sea star diameter did
not improve predictive accuracy and was not included in
the final models.

Sea star health—righting time

Righting time was analysed using truncated lognormal
distribution (brms, [42], 2021; Sect. "Feeding rate
analysis") as a function of main effects treatment (4-level
factor) and day (Integer) and a two-way interaction
between treatment and day, with the random effect
Basket/Individual (Sect. "Probability of tag-related
injury").

Field experiment

Ten sea stars (mean diameter+SE 173+6 mm) were
tagged with V9 acoustic transmitters with a nominal
delay of 5 min (Innovasea Inc.). Sea stars were tagged
using the Horizontal Piercing of the Central Body (HPC)
method on June 23, 2021 (n=7) and August 28, 2021
(n=3) and released within an acoustic receiver array
maintained for a large project at Tourelle, Quebec (49.17,
— 66.37). Sea stars were collected by divers from within
the acoustic array and measured and tagged aboard the
research vessel before being returned by divers to their
capture locations within the acoustic telemetry array.
The tagging procedure took~15 min and individuals
were held in 40 L coolers filled with fresh seawater
while awaiting processing and subsequent release. As
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sea star tracking was part of a large project studying the
movements of benthic invertebrates, the array covered an
area~3 km X 4 km and depths between 10 and 170 m.
The placement of acoustic receivers was informed via a
range test [45]. The frequency of detections logged by
each receiver was modelled as a function of distance
and the resulting detection function used to optimise
the distance between receivers. The distance between
receivers varied between 250 and 450 m, depending on
depth, to attain a detection probability of ~0.8.

Data pre-processing

Sea star trajectories were visually assessed before pre-
processing to assess the presence of positions with a
large error to signal ratio [46] and those potentially
created by starballing [31]. Positions with a large error
to signal ratio typically presented as large apparent step
lengths that then immediately returned very close to
the previous location, creating an acute turn angle or
‘spike’ in the trajectory [46]. These positions are usually
associated with a large positional error or a movement
speed that is beyond the limits of the tagged animal.
However, given the possibility of starballing [31] it
was important to visually assess trajectories as such
movements would exceed the self-propelled speeds of
sea stars and legitimate movements could have been
removed by simply speed filtering data. Scatterplots
of step length (distance travelled per detection period)
and speed (distance/time between detections) were
used to identify potential outlying positions where a
sea star may have moved greater distances at higher
speeds. These potential outliers were identified in the
sea star’s movement track where it was assumed that a
starballing movement would result in a large movement,
but contrary to positions with a large positional error,
the sea star would not immediately return to its original
position. Similarly, to assess the possibility of tide-
assisted movement, either through starballing or the
death of a sea star and subsequent detachment from the
substrate, the relation between step length, speed, and
time from high tide were investigated using generalised
additive mixed models (GAMMs) in R library mgcv [47].
There was no relationship between distance, speed, or
the time from high tide (Additional file 1: Tables S2, S3).
Therefore, based on visualisations and modelling, it was
deemed that there was no tide-assisted movement during
the tracking period and data were subsequently filtered
for high positional error and high speed positions before
further analysis.

The positional error of the acoustic telemetry array
was assessed by comparing two measures of error,
Horizontal Positioning Error (HPE) and HPEm, that are
associated with the synchronisation transmitters using
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linear regression [48, 49]. HPE is a relative measure of
error sensitivity, whereby a detection associated with a
high HPE provides less information on the position of a
sea star relative to a detection with a lower HPE. HPEm is
the measured error between a calculated position and its
known location (e.g., a GPS position of a transmitter; see
[50] for full definition). Subsequently, sea star telemetry
data was restricted to detections with an HPE<®6,
ensuring a maximum error of 22 m (mean 3 m+0.4), and
retaining ~ 77% of the field data. Data were then speed
filtered to remove positions where the speed was>15 cm/
min [51], which retained 43% of the field data. Based on
laboratory results, telemetry data were also restricted
to the first 6 weeks after release when the likely effects
of tagging (i.e., mortality risk or severe injury) and the
probability of tag loss were smallest. This resulted in 6
weeks of data for the sea stars tagged in June and 3 or
4 weeks of data for the sea stars tagged in August due
to the receivers being removed temporarily for data
downloading at the end of September 2021. The first 24
h of data post-release was removed to limit any impact of
handling on sea star behaviour.

Movement and space use of sea stars

Since the likely distance moved by sea stars within the
sampling delay (5 min) was smaller than the maximum
positional error, movement of sea stars and changes in
the distributions of sea star positions were aggregated
to produce weekly estimates. The weekly distribution of
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sea star positions was quantified using minimum convex
polygons [52] within the R library amt [53]. Overlap of
MCPs and the distance between MCP centroids were
calculated between successive weeks to quantify the
potential displacement of sea stars. The spatial overlap
between sequential MCPs for each sea star was calculated
for both the 0.50 and 0.95 MCPs and defined as the
proportion of MCP week; that overlaps MCP week;
(Eq. 1, sensu [54]):

Ajiv1
Ai 4 (1)

HR; ;11 =

where HR; ;4 is the proportion of MCP in week i (e.g.,
week 1) that overlaps the MCP in week i+ 1 (week 2), A;
is the area of MCP week i and A; ;11 is the area of overlap
between both MCPs (e.g., area shared by week 1 and
week 2).

Results

Laboratory experiments

Survival and tag retention analyses

The probability of survival for the different treatment
groups did not vary significantly over time, therefore
there was no effect of tagging on survival (log rank test,
p=0.190, Fig. 3a). Tag retention probability differed sig-
nificantly between treatments (log rank test, p=0.012,
Fig. 3b). The probability of tag retention remained above
90% for the HPC treatment, however, both HPA and VPC
tagging methods resulted in about 50% tag loss after 90
days and 119 days, respectively (Fig. 3b). There was no
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Fig. 3 Probability of (a) survival and (b) tag retention across treatments based on Kaplan-Meier estimates and log rank test p values. Black dashed
line=median survival or tag retention (i.e, when 50% of sea stars had died or lost their tag)
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overlap in the CIs of HPA and HPC after day 90 of the
experiment. Results from the Cox proportional model for
the probability of tag loss indicated that tag loss was sig-
nificantly less likely for the HPC method compared to the
HPA method (p=- 2.79 p<0.05, HR=0.062 [0.005-0.71
95% CI]). HPA and VPC treatments did not differ sig-
nificantly (B=— 1.019, p=0.230) and there was a signifi-
cant effect of sea star diameter on tag retention, whereby
larger sea stars were less likely to have lost their tags
(B=- 0.395, p=0.032, HR=0.674 [0.470-0.966]). There
was no significant interaction between treatment and sea
star diameter (likelihood ratio test, p=0.648).

Feeding rate analysis

The feeding rate of all tagged sea stars decreased
throughout the study period relative to the control group
(Fig. 4). The rate of decrease was similar for all treatments
with considerable overlap of the CIs (BHPA:Day=— 0.03
[- 0.03, — 0.02]; BHPC:Day=—- 0.04 [- 0.05, — 0.03],
BVPC:Day=— 0.04 [— 0.05, — 0.04]; Fig. 4). There was a
negative effect of farmed mussels on the feeding rate of
sea stars compared to wild caught mussels (Farmed mus-
sels= — 1.22 [— 1.42, — 1.04]).

w

Number of mussels per individual per day
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Probability of tag-related injury

The probability of injury differed between HPC and
the other treatments (BHPA=0.74 [0.08, 1.43] and
BVPC=— 1.41 [- 2.48, — 0.50]) and there was a small
increase in the probability of injury over time for VPC
relative to HPC (BHPA:Day=0.01 [—- 0.01, 0.02] and
BVPC:Day=0.03 [0.01, 0.05]; Fig. 5). Fourteen days after
tagging, the probability of injury remained small for HPC
and VPC, however, the probability of remaining unin-
jured for the HPA treatment group had declined to ~ 50%.
After 28 days, the probability of a small injury (<5 mm,
category 3) was similar to being uninjured (category 0)
for the HPA treatment. After 56 days, the probability of
injury had increased further, and Cls of the uninjured
and injured categories overlapped; this was particularly
marked for the HPA treatment (Fig. 5). The rate of auton-
omy was not explicitly investigated; however, 9 sea stars
lost arms during the experiment; 6 of these were asso-
ciated with category 5 injuries (VPC n=4, HPC n=1,
Control n=1), for which between 1 and 3 arms were lost.
In the final weeks of the experiment, a control sea star
lost 3 arms between 31 May and 5 July. The remaining

Treatment # CON & HPA & HPC § VPC

Fig. 4 Conditional effects and 95% Cl of a two-way interaction between treatment and number of days since tagging on sea star feeding rate.
Day 0=day of tagging, preceded by 2 weeks of acclimatisation. Dashed lines mark the start (day 0) and the end of the farmed mussel diet (day
40). The superimposed boxplot is the number of mussels per individual per day for each treatment at each time step. The horizontal line indicates
the median, lower, and upper hinges corresponding to the first and third quartiles (the 25th and 75th percentiles). Whiskers extend from the hinge

to no further than 1.5 x the inter-quartile range
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instances were of single arm losses; 1 in HPA treatment
(an untagged arm), and 1 in the VPC treatment.

Righting times

Several sea stars in each group, including the control,
failed to completely right themselves within 60 min for all
groups including the control (Additional file 1: Fig. S5).
There was considerable overlap of the CIs between treat-
ments (Fig. 6; BHPC=— 0.24 [— 0.65, 0.16]; BHPA =0.41
[- 0.01, 0.84]; BVPC=0.12 [— 0.54, 0.29]), suggesting
righting times varied, were similar between treatment
groups, and did not differ from the Control (Fig. 6). Pos-
terior predictive checks suggested a slight lack of model
fit (Additional file 1: Fig. S4C). The predictive accuracy of
models was not improved by including day or an interac-
tion between day and treatment.

Field experiment

Tagged sea stars were released at depths of 10m and 15
m and remained between 10 and 20 m during tracking.
After pre-processing, there were 8275 sea star detections
(range # detections per sea star, 112—1242), and between
5 and 296 positions per week (mean »n detections per
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Fig. 7 Weekly minimum convex polygons. a Sea stars tagged and released on 23 June 2021 and (b) those released on 28 August 2021. Coordinates
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week + 1SE, 156 +9). The mean speed for sea stars was
8 cm/min+0.1 (mean weekly speed per sea star+1SE,
range 7 cm/min+0.4 to 9 cm/min+1). The size of both
95% and 50% MCPs continued to decrease over the first
3 or 4 weeks of tracking for both individuals tagged
in June and those tagged in August (Fig. 7; Additional
file 1: Fig. S6). The degree of overlap between sequen-
tial MCPs varied between individuals and between
weeks (Additional file 1: Fig. S7). Similarly, the distance
moved, defined here as the distance between the cen-
troids of sequential MCPs, also decreased in 2—-3 weeks
after release as the overlap between MCPs continued to
increase. All MCPs overlapped by 50% by the 5th week of
the study (Fig. 8).

Discussion

Tagging soft-bodied echinoderms, such as A. rubens,
remains challenging with injury and significant
alterations of behaviour and condition evident across
all tagging treatments tested. While acoustic telemetry
offers the possibility of autonomous data collection
on echinoderm movement, none of the tagging
methods tested could provide longer term (>4 weeks)
attachment without deleterious effects on sea star
condition under laboratory conditions due to injury
and reduced feeding rate. Laboratory and field data
suggest that 2—4 weeks is the maximum period within
which conclusions about A. rubens behaviour could
be drawn with reasonable certainty. Although tagging
was not well tolerated in the later stages of the study,
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tag retention rate for the worst performing method
(HPA) was~50% after 90-day post-tagging. This is
comparable to other studies; for example, Miyoshi et al.
[29] observed that 50% of tags were lost by 90 days
and Chim and Tan [28] observed that 50% of tags were
lost by 60 days. Evidence of high tag retention, despite
low feeding rates and visible injury, should caution
against evaluating tagging success simply in terms of
tag retention; gathering detailed movement data from
individuals under significant physical stress and in
degraded condition may result in inaccurate estimates
of movement metrics and behaviours.

Laboratory experiments

Survival probability remained above 50% for all groups
during the first 90 days of the experiment and there
was no difference in the probability of survival between
groups, suggesting a limited effects of tagging on survival.
However, there was a low number of events during both
the survival experiment and the tag retention experiment
that could have resulted in a lack of statistical power to
detect differences between groups. Tag retention was
higher for HPC compared to the HPA treatment and did

not differ between HPC and VPC. HPA tag placement
was perhaps the treatment where it was easiest for the
sea stars to touch the tag with their other arms and this
may have contributed to greater injury and earlier tag
loss. There was overlap in tag retention between HPC
and VPC, suggesting that a central tag placement that
avoids the arms potentially reduces tag loss via rejection
of foreign material, such as the nylon string (e.g., [55]).
Despite the consistent tag retention rate observed for
HPC, to have confidence that natural behaviours are
observed in the field and that tagging will not result in
excess mortality, all possible measures of tagging impacts
should be considered.

Feeding rate was low for all treatments. Sea stars
were fed approximately weekly so there were only two
feeding occasions that occurred during the period
before tagging. Unfortunately, tagging also coincided
with a change to farmed mussels, which were larger
than the wild mussels that had been collected by divers
which may have contributed to the precipitous fall in
the feeding rate immediately after tagging. It was not
possible to disentangle the change in mussel diet from
the effect of tagging due to the small number of data
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points per treatment before tagging (n=2). However,
feeding rate in the control group did improve after
day 40 of the experiment when wild mussels were
available again, but the feeding rate did not improve
for the treatment groups, remaining close to zero until
the end of the experiment. This suggests that tagging
treatments impacted sea star foraging behaviour either
directly via difficulty in processing prey or indirectly
via a loss in physical condition that prevented sea stars
from profiting from the change back to wild mussels
as seen in the control group feeding rate. Sea stars
were fed farmed mussels for 40 days, which is not
long enough to trigger autolysis or autotomy, although
they may have experienced a depletion of their energy
reserves [56]. Tagging likely affected the ability to feed
in different ways, with the possible effect of the VPC
treatment, which pierced the sea star through the
mouth, being perhaps the most self-evident; however,
HPA and HPC sea stars fared just as badly. Piercing the
arm (HPA) not only limited movement, but also likely
interfered with the sea stars’ ability to handle mussels.
While the HPC treatment did not affect the mouth
parts or result in an increased probability of injury as
observed for the HPA treatment, internal organs may
have been accidentally damaged during tagging that
were not immediately apparent. By 7- or 8-weeks post-
tagging, all sea stars were just as likely to have some
kind of an injury as to be uninjured (Fig. 5). These
cumulative effects of reduced feeding, reduced energy
reserves, and injury contributed to overall low sea star
survival. The presence of injuries was not monitored
for the control group as the detection of injuries within
the treatment groups focussed solely on the area of
the sea star in the vicinity of the tag. Nonetheless, a
small number of injuries (3 ‘category 1’ injuries and 1
‘category 5’ injury) were opportunistically recorded for
the control group; unfortunately, it was not possible to
elaborate on the cause of these injuries. Most instances
of autotomy were associated with category 5 injuries
and were likely a secondary response to physical injury
and associated physiological effects (e.g., infection and
reduced feeding). Although sea stars were removed
carefully from their tanks during righting experiments,
it is possible that disturbance from repeated handling
could have contributed to arm losses, particularly if
sea stars were severely injured or in poor condition,
such as those with category 4 or 5 injuries. Autonomy
has been linked to increased prey handling time and
reduced feeding rates (e.g., [57]), which in turn could
have exacerbated injury or poor condition of affected
sea stars.

Righting times were highly variable across all groups,
including the control, and at all stages of the experiment
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with ~ 1 in 10 righting attempts taking more than the
allowed 60 min. Although the righting time model
indicates that tagging did not affect righting time, the
posterior predictive check suggests a slight lack of model
fit. An alternative model was explored where righting
time was a function of injury type, however this model
was too complex and could not converge. As there was
a high level of individual-variability in righting times
across all groups, including the control, it also could
indicate there was some unidentified stressor within
the experimental set-up that obscured differences
between groups. The multiple stresses of reduced feeding
and injury in the later stages of the experiment likely
increased individual-level variability further.

Field studies

When considering a tagging method, the goal should be
to maximise tag retention while minimising deleterious
effects associated with tagging. Although some ambiguity
remains around the effects of tagging due to small sample
sizes and individual variability, the choice of HPC seems
to have maximised tag retention and minimised injury, at
least in the short-term. Due to logistical constraints, field
work began before the laboratory study was completed,
and therefore the decision to use HPC for the field trials
was based on short-term tank observations and the
assumption that, compared to the two other proposed
methods, difficulties feeding and the probability of
autotomy would be lower with HPC. While incidences
of autotomy during the laboratory experiment were
low across the HPA and HPC treatments, longer term
changes (>4 weeks) in feeding behaviour and an increase
in the prevalence of injuries were observed in all groups.
All three measures used to quantify the distribution
of weekly detections, area (m?) of MPCs, overlap of
sequential MCPs, and the movement of MCP centroids,
suggest increased movement in the 2-3 weeks after
release followed by a gradual reduction in the spatial
spread of detections, which could suggest a reduction
in sea star movement. Due to the limited time frame
of the study, it is difficult to interpret this initial period
of movement and subsequent period of reduced space
use. Initial movement could be a prolonged disturbance
effect or a genuine period of activity unrelated to the
tag and driven by other internal or external stimuli,
although it was observed in almost all tagged sea stars. A.
rubens has previously been observed to generally move
between 1 and 7 m (net displacement) every 12 h and
to alternate between stationary, moving, and digesting
states, spending 1-2 days in each phase [25]. Given this
pattern of observed behaviours, our observations likely
indicate 2—3 weeks of normal movement, which would
include periods of stationary and digesting behaviours as



Nadalini et al. Animal Biotelemetry (2024) 12:8

indicated by areas of concentrated detections identified
by the 50% MCPs. The apparent reduction in space use
in the 4-5-week post-tagging would then indicate that
the condition of the tagged sea stars was beginning to
decline, or even that tags may have been lost.

A large amount of data was lost in pre-processing due
to speeds that were beyond what would be physically
possible for a sea star [51]. While speeds considered
beyond the maximum possible by a tagged animal
can occur whenever there is a measure of uncertainty
associated with a position, the error to signal ratio can
dominate the data when tracking slow-moving animals
such as sea stars, e.g., if the majority of step lengths are <2
m then a measurement error of just 1 m is considerable
and will have a profound effect on the resultant
movement path. To compensate for this effect, we
focussed on describing the weekly distributions of points
as an indicator of sea star displacement. Another option
would have been to use a tag with a much longer nominal
delay, and or to consider a priori the acceptable level of
HPE relative to the distance moved per transmission
delay, e.g., the size of the HPE error should be half the
size of the distance moved during the transmission delay
[29].

Sea star movements were of a similar magnitude
to those observed in previous studies; for example,
Coscinasterias muricata tagged with data loggers that
record depth and temperature sensors moved a total
vertical distance of between 53.3 and 178.7 m over a
2-week period [27]. Asterias amurensis tagged with
acoustic tags (Vemco V9 dimensions) attached to the arm
using nylon fishing line had a mean movement during
summer of 25.1+18.9 m and a speed of 4.3+9.1 m/day
[29]; these V9 tags were placed on the arm of the sea star
and were retained for 71 days. HPA tag placement had a
retention probability of ~70% by day 70, however, HPA-
tagged sea stars were as likely to be injured as uninjured
by day~56 post-tagging. It is therefore likely that
tagging effects are species-specific, and that retention of
foreign bodies, such as nylon string, can be affected by
environmental conditions that can further contribute to
physiological stress (e.g., temperature, [55]).

Conclusion

The experimental and field aspects of this study
highlight the two principal problems when tracking
soft-bodied benthic invertebrates, firstly the impacts
of tagging on the health and behaviour of soft-bodied
invertebrates, and second the ability of current acoustic
telemetry systems to collect data at a biologically
informative resolution. Considerable impacts on
the condition and behaviour of tagged individuals
were observed for all 3 attachment methods, which,
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if laboratory results are representative of their
success in the field, would limit their use to short-
term observations (<4 weeks). However, this is still
a much longer period than can be achieved using
other available methods such as video or in situ diver
observations. When comparing this study to others, it is
clear that the impacts of tagging can differ considerably
between species, suggesting that an attachment method
that worked for one species should not, without
thorough testing, be generalised to another. Thus,
although acoustic telemetry presents an opportunity
to record novel data with finer and finer resolution, it
is necessary to remain aware that finer resolution does
not necessarily convey more biological information.
Sea stars and other similar benthic organisms likely
respond to spatial and temporal processes that occur
at centimetre and second resolution, and while we
can use acoustic telemetry to describe generalised
movements as part of an observational study, it is not
currently possible to accurately quantify movement in
response to dynamic spatial or temporal environmental
processes in the field. This area remains a considerable
challenge for the study of slow-moving benthic
organisms. However, responses to external stimuli can
still be conducted in laboratory settings and integrated
with observational field data within simulation models
that can aid in the development and testing of new
hypotheses.
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