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Abstract 

Background Acoustic telemetry allows detailed observations of the movement behaviour of many species and 
as tags get smaller, smaller organisms may be tagged. The number of studies using acoustic telemetry to evaluate 
marine invertebrate movement is growing, but novel attachment methods include unknowns about the effects of 
tagging procedures on individual survival and behaviour. This study compared methods of tag attachment on green 
sea urchins (Strongylocentrotus droebachiensis) to determine the feasibility of using acoustic transmitters to track echi‑
noid movement. Four tagging methods were compared in the lab and tag retention, urchin condition, and survival 
analysed. Two tagging methods (Dyneema® fishing line and T‑bar tags) were evaluated in the field using an existing 
acoustic telemetry array. Urchins were tagged and the study area revisited one week and 2 months post‑release by 
scuba divers to estimate movement and tag retention.

Results The best methods in the lab, with high tag retention, survival, and minimal effects on urchin condition, were 
fishing line methods. T‑bar tags, although showing high tag retention, caused significant mortality and had deleteri‑
ous long‑term effects on urchin condition and behaviour. After 2 months in the field, as in the lab, fishing line was a 
more effective tagging method. Urchins tagged with fishing line showed increased estimates of space occupancy 
compared to T‑bar‑tagged urchins and a single fishing‑line tagged individual was found by divers in good health 
after 80 days. Combined, these laboratory and field results demonstrate the feasibility of using acoustic telemetry to 
observe urchin movement.

Conclusions Results strongly suggest that surgical attachment methods that minimize injuries at the attachment 
site should be prioritized for echinoid tagging studies. Together, lab and field tests indicate that acoustic telemetry is a 
promising method to examine marine echinoid movement over ecologically relevant spatial and temporal scales.
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Background
Movement behaviour is an important component of 
the ecology of mobile species, determining such criti-
cal interactions as foraging, reproduction and migration 
[1–4]. Methods to tag and follow individual organisms 
through time have allowed detailed observations to be 
made on ecological behaviours for a wide variety of spe-
cies [5–7]. Remote tracking tags have been used on many 
species, particularly large mammals and birds, but ethi-
cal concerns have been raised about the impact that tags 
could have on tagged individuals’ survival, health, and 
behaviour [8–10]. Sub-lethal tag effects can be due to the 
tag itself (e.g., added weight, predator attraction) or to 
the tag-attachment procedure (e.g., physiological costs of 
healing, infection). Rules-of-thumb have developed, such 
as restricting tag weight to a percentage of total body 
weight (e.g., < 5% or < 3% for swimming or flying animals) 
and holding animals for a recovery period post-surgery. 
However, when validated, these rules do not always 
eliminate sub-lethal tagging effects [11] which have been 
clearly demonstrated for diverse vertebrate species (e.g., 
[10, 12]).

Many invertebrates have large ecological and economic 
impacts (e.g., pest insects) and information on their 
movement ecology has both ecological and economic 
implications. As transmitter tags have become smaller, 
tagging methods have increasingly been applied to 
smaller organisms, allowing hitherto impossible behav-
ioural observations at ecologically relevant scales [13]. 
However, fewer evaluations of tagging effects on inver-
tebrates have been carried out than on vertebrates [14]. 
Failing to consider unintended tagging effects is not only 
ethically concerning, but also risks drawing erroneous 
conclusions about behaviour that could have great conse-
quences (e.g., changes to fishing regulations or pest con-
trol strategies based on unrealistic movement/dispersal 
estimates; [14]).

The difficulty of observing individual organisms over 
large spatial and temporal scales has historically been 
even greater in aquatic than terrestrial environments. 
Many examples exist of tagging of aquatic species [6, 15], 
but the development of acoustic telemetry has been criti-
cal for expanding observations of marine species [16, 17]. 
As in the terrestrial realm, tags were first used for larger-
bodied vertebrates of economic or conservation concern 
such as sharks and fished species such as salmon [18, 19]. 
Work on invertebrates has largely been limited to species 
where a tag can be glued to a hard shell or carapace such 
as gastropods [20, 21] and crustaceans [22].

Echinoderms (Phylum Echinodermata), including sea 
urchins, sea stars and sea cucumbers, are ecologically and 
economically important species lacking a smooth exter-
nal shell or carapace to which a tag can be easily glued. 

Many methods of attaching small identifying markers to 
echinoderms have been tested (Additional file  2: Echi-
noderm Tagging Bibliography) but if acoustic telemetry 
is to be applied to echinoderms, appropriate methods of 
attaching an acoustic tag that minimize effects on behav-
iour and condition of tagged individuals are essential. 
Several studies have begun to use acoustic telemetry 
on echinoderms and make management recommenda-
tions based on results, although sub-lethal effects of tag-
ging have not been evaluated [23]. Here, we evaluate the 
effects of four methods of acoustic transmitter attach-
ment, examining tag retention, survival, condition, and 
behaviour in a laboratory experiment, and test two meth-
ods in the field.

Methods
Laboratory
Four methods to externally tag green sea urchins (Stron-
gylocentrotus droebachiensis O.F. Müller, 1776) with 
acoustic transmitters (V7 tags from VEMCO/Innovasea) 
were tested over a 3-month lab experiment. The green 
sea urchin is a regular echinoid in the family Strongy-
locentrotidae, with a wide distribution in the northern 
hemisphere, including both the east and west Atlantic, 
the Pacific and the Arctic [24]. The green sea urchin is 
a subtidal herbivore, found from the intertidal down to 
hundreds of metres, has enormous impacts on their pre-
ferred food resource, brown macroalgae and kelp, and 
has been extensively studied for its role in driving regime 
shifts in kelp forest habitats [25]. It is also an economi-
cally important species, fished throughout much of its 
range [26].

Divers collected 600 + urchins in December 2017 at 
water depths of 8 to 12  m near Mont-Joli (Quebec), 
Canada. Urchins were fed ad  libitum (Saccharina latis-
sima and Fucus sp.) at the Maurice-Lamontagne Insti-
tute (MLI) until tagging experiments started on February 
6, 2018. The four methods tested were:  Dyneema® fishing 
line (1—FL1), nickel titanium fishing line (2—FL2), T-bar 
tags (3—TB), and nylon screws (4—NS) (Fig. 1 and Addi-
tional file  1: Details of tagging methods). The two fish-
ing line methods (FL1 and FL2) consisted of threading a 
length of fishing line directly through the test to form a 
loop (sensu [27]). Two types of fishing line were tested: 
Dyneema® nylon fishing line (0.18  mm diameter) and a 
more durable but less flexible nickel titanium fishing line 
(0.254 mm diameter). The urchin’s test was pierced with a 
0.69-mm-diameter hypodermic needle, first on the abo-
ral side about 1 cm from the mouth in an interambula-
cral plate to enter the test and then on the oral side to 
exit the test, again through an interambulacral plate. The 
fishing line was maintained in place as the needle was 
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withdrawn, the two ends of line knotted together, and 
the tag fixed to the resulting loop using a combination of 
electrical tape and glue (Lepage UltraGel super glue). The 
nickel titanium fishing line was evaluated because of con-
cerns that urchins might graze on the Dyneema fishing 
line, thereby detaching tags over longer temporal scales 
and at higher urchin densities [27].

The third method (TB) used commercially available 
plastic T-bar tags (sensu [28]). A tagging gun for cloth-
ing was used to pierce the test and insert a T-bar tag on 
the aboral side of the urchin about 1 cm from the anus in 
an interambulacral plate and the printed tag was attached 
to the stalk of the plastic tag using electrical tape and 
glue. The fourth method (NS) used a nylon screw cut to 
a length of 6  mm (diameter: 3  mm; sensu [29]). A hole 
slightly smaller in diameter than the gauge of the screw 
was made on the aboral side of the urchin using a dissec-
tion needle and the nylon screw carefully rotated into the 
hole. The tag was then glued on the head of the screw. To 
minimize costs, “tags” were printed with a 3D printer to 
have the same length (18 mm), weight (0.7 g) and volume 
in water as V7 tags.

A total of 288 urchins (80 each of FL1, TB and NS and 
48 FL2) with test diameters > 35  mm were tagged from 
February 6–13. Before tagging, test diameter (mm) and 
condition (righting time sensu [30]) of all urchins were 
measured. Urchins were randomly distributed among 
eight separate 1-m2 tanks (each with an independent sup-
ply of flow-through seawater to a depth of 50 cm), with 

10 individuals of each of three tagging methods (FL1, TB, 
and NS), 6 FL2 individuals, and 30 non-tagged individu-
als in each tank to match densities observed in the field 
trial (51 + 15 individuals  m−2). Tanks were located inside 
the aquaculture facility at MLI and seawater was at ambi-
ent conditions, drawn from the adjacent intake at a water 
depth of 15 m; temperature ranged from − 0.1 to 4.3 ℃ 
and salinity from 25.0 to 30.2 PSU over the course of the 
experiment. Tanks were examined weekly to evaluate tag 
loss and mortality, and dead individuals removed when 
found.

Urchin health and condition were measured four times 
during the experiment (February 21, March 21, April 23, 
and May 22). Test diameter (mm), wet weight (g), right-
ing time, and visible injuries were reported at each time 
for all individuals still retaining their tag, all urchins that 
had lost their tags (‘hole’ urchins), and ten control urchins 
from each tank. Righting time was measured by placing 
urchins individually, upside down, in a floating chamber 
large enough to ensure they were unable to touch the 
sides and measuring the time necessary for the urchin 
to flip itself back over. Trials were limited to 15  min 
and urchins not righting themselves in that period were 
assigned this value. Injuries were coded using four cate-
gories: 0—no injury; 1—small injury with minimal loss of 
spines and some discolouration; 2—apparent injury with 
dark or discoloured plaque or significant loss of spines in 
an area more than 2 mm in diameter (necrotic, very dark 
borders); and 3—very apparent injury with dark or dis-
coloured plaque more than 5 mm in diameter (often with 
an apparent hole). The experiment finished at the end 
of May 2018 and all remaining tagged individuals, ‘hole’ 
urchins, plus 10 control urchins from each tank were dis-
sected to determine gonad wet weight.

Field
In August 2017, 30 green sea urchins (Strongylocentro-
tus droebachiensis) were tagged with V7 acoustic telem-
etry tags (VEMCO/Innovasea) using two methods: FL1 
and TB. Urchins were collected by SCUBA divers near 
a salmon farm in Doctor’s Cove (southwest New Brun-
swick, Canada) where an existing acoustic receiver array 
was deployed (Fig.  2) to evaluate decapod movements. 
The urchin population at the site was described by col-
lecting all urchins from 5 quadrats (0.25  m2) from the 
tagging site.

Urchins (test diameter > 45 mm) were tagged on-site in 
two batches (16 at ‘a’ and 14 at ‘b’) with equal numbers 
of both tagging methods at each location (Fig.  3). Total 
manipulation time was limited, with divers replacing the 
urchins as soon as tagging was completed, and all tagging 
was done by the same person (KAM). At ‘a’, two markers 
separated by 280 cm were set up on the bottom and all 16 

Fig. 1 Four tagging methods evaluated. The method of attachment 
(fishing line in a, T‑bar tag in b and nylon screw in c) is highlighted 
in green and the acoustic tag is highlighted in yellow on the urchin 
diagrams to facilitate comparisons



Page 4 of 13MacGregor et al. Animal Biotelemetry            (2023) 11:3 

urchins released at known positions in relation to these 
markers. An unattached tag was also placed on the bot-
tom at this release location to mimic a lost or detached 
tag. Two days later, SCUBA divers returned to ‘a’ and 
measured positions of all located tagged urchins to cal-
culate 2-day net displacement. Divers revisited ‘a’ again 
on November 8 and recorded tag presence and status 
(attached or lost) for all tags found.

Data analysis
Laboratory
Tag retention and survival were analysed with Cox pro-
portional hazards models (right-censored data) using the 
R packages survival, MASS and nnet [31–33]. The nylon 
screw tagging method was dropped from the analysis of 
survival because most urchins lost their tag within the 
first 10 days, leaving few individuals for which mortality 
could be observed. Differences between tagging treat-
ments were evaluated using log-rank statistics.

Fig. 2 Acoustic telemetry array surrounding a salmon aquaculture site in Doctor’s Cove (NB, Canada). Receivers are shown as black triangles, urchin 
release points ‘a’ and ‘b’ are shown labelled in red, the extent of the salmon farm is shown as a polygon, and all detections of urchins during the 
study are shown as orange points

Fig. 3 Urchin tagged using the fishing line method in the boat and after release
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Urchins that lost their tags were easily separated from 
control urchins due to the presence, placement, and form 
of the injury resulting from tag loss. These were almost 
entirely NS urchins (only 3 TB and no FL1 or FL2 urchins 
lost their tags throughout the entire study, whereas 75 NS 
tags were lost: Additional file  1: Fig. S1). These urchins 
were included in subsequent analyses as a separate group 
(‘hole’ urchins).

Condition was log-transformed because of heterogene-
ity of residuals and analysed using a linear mixed effects 
model including three fixed effects (tagging method, days 
since tagging, and urchin diameter), the two-way inter-
action between tagging method and days since tagging 
and two random effects to account for repeated measures 
on the same individual and for urchins in the same tank 
(Table 1; Eq. 1). The fixed factor ‘Tag’ had 6 levels: con-
trol, FL1, FL2, TB, NS, and ‘hole’.

Variation in diameter was analysed using a linear mixed 
effects model, as in Eq.  1, but with (1|Tank) removed 
from the final model because it accounted for almost zero 
variance in the response, causing singularity issues dur-
ing model fitting (Table 1; Eq. 2). One outlier observation 
was removed because the difference between measures 
was clearly beyond possibility (increase of > 1 cm in test 
diameter) and represented a recording error.

Differences in wet weight (final–initial) were analysed 
using a linear mixed effects model with a single fixed 
effect and a random effect for urchins in the same tank 
(Table  1; Eq.  3). The fixed factor for tagging treatment 
had only three levels (FL1, FL2 and TB). The NS treat-
ment was dropped from this analysis because only 4 indi-
viduals remained tagged at the end of the experiment; 
control and ‘hole’ treatments were excluded because data 
on individual urchins could not be calculated as they 
were not individually identifiable. Gonad wet weight at 
the end of the experiment was log-transformed because 
of heterogeneity of residuals and was analysed using a 
linear model. The random effect to account for urchins in 
the same tank again accounted for almost zero variance 

in the response, causing singularity issues, and was 
removed from the model (Table 1; Eq. 4). The fixed fac-
tor ‘Tag’ had 5 levels: control, FL1, FL2, TB, and ‘hole’; 
the NS tagging method was excluded because two few 
urchins remained at the end of the experiment (n = 4) 
when dissections for gonad weight were done.

Severity of injury for tagged urchins was analysed using 
ordinal logistic regression with a 5-level ordered factor 
response variable and a log–log link using the polr func-
tion from the MASS package (Table 1; Eq. 5). The fixed 
factor ‘Tag’ had 4 levels: FL1, FL2, TB, and NS. Both 
control and ‘hole’ treatments were dropped from this 
analysis because each showed no change for all urchins 
across all time points, causing problems with model fit 
(‘hole’ urchins always had very apparent injuries and con-
trol urchins had no injuries except for 2 individuals with 
small injuries). Probabilities of injury severity through 
time were predicted using the fit model.

Model fit was verified graphically in all linear and lin-
ear mixed effects models by plotting residuals versus fit-
ted values, qqplots, histograms of residuals, and plots of 
residuals against all factors included in the model. Mul-
ticollinearity was verified by calculating variance infla-
tion factors (< 4). Type II Wald F-tests with degrees of 
freedom calculated using the Kenward–Roger method 
were used to evaluate significance of interactions and 
main effects because of the unbalanced nature of the 
experimental design due to tag losses and mortalities (see 
above), except in the analysis of injury severity, where 
log-likelihood ratio Chi-squared type II tests were used. 
Tukey HSD post hoc comparisons were used, where 
appropriate, to compare tagging treatments (function 
emmeans; [34]).

Field
Variation in observed net displacement explained by 
tagging method was analysed using a linear model with 
a single fixed factor (tagging method, with two levels; 
Table 1; Eq. 6).

Table 1 Equations used in statistical analyses; see text for details

Laboratory
log(Condition) ∼ Tag+ Days post tagging+ Diameter + Tag : Days post tagging+ (1|ID)+ (1|Tank) Equation 1

Diameter ∼ Tag+ Days post tagging+ Diameter + Tag : Days post tagging+ (1|ID) Equation 2

(Final weight − Intial weight) ∼ Tag+ (1|Tank) Equation 3

log(Gonad wet weight) ∼ Tag+ Diameter Equation 4

Injury severity ∼ Tag+ Days post tagging+ Tag : Days post tagging Equation 5

Field
Net displacement ∼ Tag Equation 6

75%.MCP area ∼ Tag+Month Equation 7
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To evaluate if movement behaviour differed between 
tagging treatments, we calculated Minimum Convex 
Polygon (MCP) estimates of area occupied per month 
for each urchin; detections were first filtered by Position 
Error Sensitivity values (HPE) < 200 to eliminate several 
extremely high-error positions and urchin–month com-
binations with fewer than 5 detections were discarded. 
Because HPE values for this array were inconsistently 
related to error in distance due to interference and reflec-
tions from the aquaculture gear in the water, the pattern 
of increase in MCP area as a function of the percentage 
of detections included was used to choose a cut-off per-
centage of points to discount high-error detections but 
capture movement behaviour (Additional file 1: Fig. S2). 
A threshold value of 75% was identified that excluded 
the steep increase in area associated with including the 
few points far from the majority and this was assumed to 
represent an area with a high probability of actual occu-
pation. 75% MCPs were then calculated for each urchin 
and the detached reference tag for every month. Due to 
the overall low numbers of detections at release point ‘b’ 
and the fact that the receiver array was removed from the 
water in mid-November, only urchins from release point 
‘a’ and only estimates for September and October were 
included in the analysis of MCP area. 75% MCP area was 
analysed using a linear model to test for the effect of tag-
ging method, month and their interaction. The interac-
tion was not significant and was dropped from the final 

model (Table  1; Eq.  7). Model fit and multicollinearity 
were verified as above.

Results
Laboratory
Three of the four methods tested resulted in greater than 
90% tag retention throughout the experiment (Fig.  4a). 
Only NS resulted in significant tag loss, with 50% loss 
after only 8 days (95% CI 6, 13). Both fishing line methods 
resulted in low mortality, with only 7 and 5 mortalities 
observed during the experiment for FL1 and FL2 (8.8% 
and 10.4%), respectively (Fig. 4b). T-bar tags, by contrast, 
resulted in much higher mortality, with 50% mortality 
after 79 days (95% CI 78, 80).

Condition measured as righting time increased days 
post-tagging as a function of tagging method and with 
diameter (Table 2, Additional file 1: Fig. S3 and Table S1), 
driven by increasingly longer righting times for TB and 
NS urchins as days post-tagging increased (Fig. 5). Notice 
the large number of individuals at 75  days post-tagging 
with T-bar tags that have the maximum righting time 
(15  min) indicating that they failed to right themselves 
during the 15-min trial. These individuals (all except 1) 
then died or lost their tag before the final measurement 
time.

Urchin test diameter differed among tagging treat-
ments (Table  2 and Additional file  1: Table  S1), with 
the FL2 treatment tagging marginally larger urchins 

Table 2 Results for fixed factors in lab experiment—ANOVA Table

F-value d.f. p-value

log(Condition)

 Tag 8.06 5  < 0.0001

 Days post‑tagging 35.31 1  < 0.0001

 Diameter 81.12 1  < 0.0001

 Tag:Days post‑tagging 4.07 5  < 0.0001

Diameter

 Tag 3.18 5 0.01

 Days post‑tagging 1.04 1 0.31

 Tag:Days post‑tagging 1.92 5 0.09

Difference in weight (final–initial)

 Tag 6.73 2  < 0.0001

log(Gonad weight)

 Tag 1.13 4 0.34

 Diameter 196.81 1  < 0.0001

LR Chisq d.f. p-value

Injury severity

 Tag 805.26 3  < 0.0001

 Days post‑tagging 919.41 1  < 0.0001

 Tag:Days post‑tagging 49.48 3  < 0.0001
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(Additional file  1: Fig. S4). Wet weight decreased sig-
nificantly from the beginning to the end of the study for 
TB urchins whereas FL1 and FL2 showed no decrease 
(Table  2, Additional file  1: Table  S1 and Fig.  6). Gonad 
weight, however, showed no effect of tagging treatment 
although larger urchins clearly had a greater gonad 

weight (Table  2 and Additional file  1: Table  S1, Figs S5 
and S6).

Both fishing line methods resulted in a gradual increase 
in the number of small injuries (Fig. 7). TB urchins had 
high numbers of injuries, beginning almost immediately 
post-tagging and increasing in severity through time; by 
60 days post-tagging, these urchins had less than a 25% 

Fig. 4 a Tag retention and b survival probabilities for tagging methods. Results shown are fitted survival models (with 95% profiled confidence 
intervals). Vertical black dashed line shows the median Kaplan–Meier value (when 50% of urchins have lost their tag or died) for the single tagging 
method where more than 50% of urchins lost their tag (NS—a) or died (TB—b)

Fig. 5 Righting time of urchins. Control and hole urchins were not individually identified (points are not connected between successive measures), 
but for tagging treatments, consecutive measures on the same individual are connected. Points are scaled by the number of overlapping 
observations. Model results (predicted values and 95% CI) are shown
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probability of no injury. NS urchins had even more severe 
and rapid injury progression, with the probability of no 
injury falling to less than 15% after only 30 days (Fig. 7). 
Control urchins had almost no injuries throughout the 
entire experiment (Additional file 1: Fig. S7).

Field
Diver observations
Urchin density at the field site was 51 ± 15 ind·m−2 
(mean ± 1 se) with a mean test diameter of 36 mm. Diver-
measured urchin displacement indicated that urchins 
tagged using either method moved during the initial 2 
days post-tagging. We relocated 11 tagged urchins (5 FL1 
and 6  TB). Both the minimum and maximum observed 
displacement were TB urchins, indicating greater vari-
ability in movement behaviour (0.2 and 3.1  m of dis-
placement in 2 days: Additional file  1: Fig. S8). Overall, 
FL1 urchins moved an average of 1.1 ± 0.23  m and TB 
urchins 1.5 ± 0.45 m, but this difference is not statistically 
significant (F(1, 9) = 0.08; p = 0.78). No detached tags were 
seen. All urchins located appeared in good health and the 
reference tag was present at the site and remained in the 
same location. During the diver search on November 8, 
we found one tagged urchin, which was in good shape 
and showed no apparent injury (FL1), and four detached 
tags on the seafloor (all TB).

Acoustic telemetry
Low rates of movement by urchins over the experimental 
period, low numbers of detections, particularly at release 
point ‘b’ (Additional file  1: Fig. S9) combined with high 
error in positioning and reflectance due to aquaculture 
gear (HPE values ranging from a minimum of 10.5 to a 
maximum of 939.9 with a mean of 37.8 and median of 
28.1) complicated detailed analysis of individual move-
ment tracks. However, analysis of 75% MCPs showed that 

Fig. 6 Difference in weight between last and first measures. Values 
below zero indicate weight loss over the study period. Boxplots (line 
is median, whiskers to 1.5*interquartile range, and outliers as filled 
triangles), individual datapoints (unfilled jittered points), and mean 
values ± 1 standard error (filled points in the right of each box). 
Significant differences are indicated by different letters

Fig. 7 Predicted probabilities of injury through time as a function of tagging method. A typical injury for each tagging method is also shown
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TB urchins occupied significantly less space than FL1 
urchins over the study period (Table 3, Fig. 8 and Addi-
tional file 1: Fig. S10). The area occupied by the detached 
reference tag falls within the range of areas calculated for 
tagged urchins of both treatments, however.

Discussion
Acoustic telemetry is a promising method to acquire 
long-term in  situ observations of marine invertebrate 
movement behaviour. Our results indicate that if care is 
taken to use tagging methods that minimize sub-lethal 
effects, observations of movement behaviour over large 
temporal scales have the potential to provide reliable 
information to answer key ecological questions. Tagging 
urchins using fishing line (sensu [27]) caused minimal 
mortality, very low tag loss, almost no attachment inju-
ries, and no or small effects on condition and behaviour. 
There were no clear differences between the two types 
of fishing line used, although the more flexible Dyneema 
monofilament (FL1) appeared to have marginally lesser 
impacts and was considerably easier to manipulate dur-
ing the tagging process. These results provide encourag-
ing guidelines to develop tagging methods for echinoids 
to allow the application of acoustic telemetry to address 
key ecological questions in coastal marine habitats.

Adapting echinoid tagging methods for acoustic telemetry 
A key issue with adapting tagging methods for use in 
acoustic telemetry studies is that adding the transmit-
ter to previous external tagging methods alters the 
effects of tagging by changing the dynamics of how 
the tag moves, hangs, or drags upon the attachment 
point. Nylon screws were the least successful method 
tested in our study, with most tags being lost in a very 
short period. This contrasts with the results of Dug-
gan and Miller [29], who showed the nylon screw tag-
ging method to have > 50% retention after 3  months. 
Another concern with evaluating sub-lethal tagging 
effects is ensuring that the temporal scale of the evalu-
ation corresponds to the proposed scale of movement 
observations. For example, although T-bar tags showed 
minimal tag losses, they caused persistent injuries, 
significant mortality and clearly affected condition 

and behaviour in the second and third months of the 
study. Several previous non-telemetry studies have 
also remarked that T-bar tags prevent recalcification 
of the insertion hole in the test and can cause persis-
tent injury [28, 29, 35]. Our lab results were confirmed 
in the field where T-bar tags were both lost at a higher 
rate and altered movement behaviour.

Tagging effects: who to tag and what to measure?
Evaluations of sub-lethal effects must be clearly thought 
out to be applicable and have a chance of detecting nega-
tive effects. An indicator of condition that is often relied 
upon for marine invertebrates is investment in repro-
duction through a measure of gonad mass or gonad 
index. However, tagged urchins maintained investment 
in reproduction while showing evidence of physiologi-
cal stress through reductions in total wet weight in the 
present study. Organisms must allocate available energy 
to many possible processes and when resources are lim-
ited or individual condition impacted, the allocation of 
available resources to different aspects of physiology and 
behaviour can change. The observed continued invest-
ment in reproduction concurrent with increased righting 
times and decreased total weight indicate that urchins 

Table 3 Results of statistical analyses for acoustic telemetry field 
data—ANOVA Table (Type II Wald F tests with Kenward–Roger 
degrees of freedom)

75% MCP area  (m2) F-value d.f. p-value

Tag 3.53 2 0.04

Month 1.96 1 0.17

Fig. 8 75% Minimum Convex Polygon (MCP) areas; individual 
datapoints (unfilled jittered points), and mean values ± 1 standard 
error (filled points in the right of each box). Different letters indicate 
a significant difference in Tukey post hoc tests. Estimates for the 
detached reference tag are also shown as blue labels indicating an 
estimate for September and October, respectively. These reference 
estimates provide an indication of estimated area occupied by a 
stationary tag on the bottom during a month of detections in this 
array
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were physiologically stressed but maintained investment 
in gonad mass, at the expense of other processes. Metrics 
chosen to assess tagging effects should be evaluated with 
care and explicitly justified in any evaluation of sub-lethal 
effects. Our lab results show that measuring only tag 
retention and mortality failed to capture the effect that 
some tagging methods had on health and behaviour. We 
recommend that multiple metrics be assessed to cover 
both short and long-term effects, reproductive allocation, 
injury, and behaviour.

A comprehensive review of urchin tagging methods 
used to measure growth concludes that internal tagging 
should be avoided [35]. We agree that, where it is possi-
ble to obtain observations pertaining to a particular ques-
tion without using intrusive internal tagging methods, 
other approaches should be prioritized. However, there 
are questions about behaviour and movement, particu-
larly on large temporal and spatial scales, that do not lend 
themselves to direct observations or external or chemi-
cal tagging methods. We argue that surgical attachment 
of an acoustic transmitting tag, as in the present study, 
has minimal negative effects on the movement behaviour 
of individuals and is an acceptable compromise between 
impact on individuals and detailed large-scale behav-
ioural observations of echinoderms such as urchins. It 
is critical that future acoustic telemetry work on marine 
invertebrates be conscious of non-lethal tagging effects, 
but the benefit of high-resolution temporal data is worth 
exploiting.

Extrapolating these results to other echinoderms
Differences between urchins, which have a test, and 
more soft-bodied echinoderms, such as sea stars and 
sea cucumbers, will require adjustments in tagging 
procedures. However, previous work using surgically 
implanted PIT tags [36, 37] indicates that surgical tagging 
of other echinoderms is possible. Our results suggest that 
methods which minimize persistent injuries will be the 
least impactful in terms of sub-lethal effects. If possible, 
the method of attachment should rely on something flexi-
ble which does not inhibit healing, such as the fishing line 
we used, which remained in place and did not rub or oth-
erwise irritate the entry and exit points where it passed 
through the test. A variation on the fishing line method of 
tagging applied here could be adapted for other echino-
derms. Indeed, several studies have already successfully 
used similar surgical methods for short-term studies of 
sea star behaviour [23, 38, 39]. A concern when adapting 
this method to other species will be ensuring that the tag 
is held in a position that remains above the substratum 
as much as possible. Green sea urchins are active benthic 
herbivores, and are found widely distributed across the 
benthic substratum. Acoustic telemetry relies upon the 

receiver array being able to hear the signal emitted by the 
tag and any physical obstruction between the tag and the 
receiver can block the signal to a greater or lesser extent. 
This will be of particular concern when adapting this tag-
ging method for echinoderms which hide in crevices for 
a large proportion of the time or burrow into the bottom. 
When adapting this method for species displaying cryp-
tic or endobenthic habits, care should be taken to test the 
detectability of tags in representative situations.

Applying acoustic telemetry to slow-moving invertebrate 
populations in the field: a question of scale
Unlike for species with much larger ranges of movement, 
marine invertebrates often move on scales that are close 
to the positioning error acoustic telemetry arrays provide 
in challenging field conditions. For example, previous 
estimates of green sea urchin movement range from up 
to 3 m in 24 h [40] to 4 m in one month [41] and many 
factors, including urchin size [42], food availability and 
substrata composition [43], have been shown to influence 
rates of movement. Net displacement for tagged urchins 
at our field site was between 0.5  m and 3  m in 2  days, 
which is within the range of previous estimates. However, 
movement on this scale, combined with site and array 
characteristics that introduced error into positioning 
estimates, meant that urchins would have had to display 
a net displacement of at least 30–40 m to clearly distin-
guish a change in position from error in this array. This 
means that a minimum of 80 days would be necessary to 
detect urchin movement, and that our field test of 72 days 
was not long enough to allow clear detection of urchin 
movement behaviour. TB urchins occupied less space 
overall than FL1 tagged urchins. Our reference tag on the 
bottom, however, shows an estimated area of occupation 
which overlaps with both tagging methods, indicating 
that positioning error of the array is large compared to 
urchin movement and complicating the separation of lost 
tags from still-attached tags on slowly moving individu-
als. It will be critical for studies that tag organisms with 
slow movement or sedentary behaviours to control array 
error as much as possible and develop methods of sepa-
rating lost tags from slow-moving or immobile tagged 
individuals. There are, however, many ways to reduce 
array error, both through maximizing array performance 
and through application of newer acoustic technology 
such as the HR2 High Residency Acoustic Receivers 
newly available from Innovasea, which will allow finer 
analysis of the movement behaviour of slow and sed-
entary marine invertebrates. These concerns make the 
choice of tagging method especially critical, as insuring 
high tag retention and minimal effects on tagged individ-
uals will increase confidence in the analysis of fine-scale 
movement behaviour.
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Initially, both tagging methods were successful in the 
field and diving observations confirmed individuals 
moved. In the lab, it was only after a considerable amount 
of time had passed that the persistent injuries caused by 
the T-bar tags began to have deleterious effects. Likewise, 
in the field, TB urchins appear to have lost tags through 
time and showed long-term altered behaviour relative 
to FL urchins. Combined, these tests provide a proof of 
concept for using acoustic telemetry to examine not only 
urchin, but also other marine invertebrate behaviour over 
larger spatial and temporal scales than has previously 
been possible.

Conclusions
The information to be gained by using acoustic telemetry 
to examine marine invertebrate movement behaviour has 
enormous implications. Little is known about many eco-
nomically and ecologically important invertebrate spe-
cies’ movement behaviours, particularly over large spatial 
and temporal scales. Questions and hypotheses that 
could be addressed through the application of acoustic 
telemetry to echinoids are abundant, particularly ques-
tions that rely on individual movement data such as the 
allometric relationship between body size and movement 
and temporal patterns of individual movement such as 
periods of sedentary behaviour followed by periods of 
fast or active movement. In addition, hypotheses about 
the influence of environmental parameters (e.g., tidal 
water movement, substratum, season or habitat) on indi-
vidual movement behaviour are ideally suited to being 
answered using acoustic telemetry. Having a reliable tag-
ging method and understanding the sub-lethal impacts 
of the tagging procedure are key to moving forward and 
beginning to address such questions.
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although there is significant variability between individuals and measures; 
points and predictions are from Control urchins only. Table S1. Parameter 
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treatments. Model results (predicted values and 95% Confidence Intervals) 
are shown. Figure S7. Injuries observed through time as a function of tag‑
ging method. No mortality and only two injuries were observed in control 
urchins. Because injuries could only be followed and definitively assigned 
to a tagging method as long as the tag was attached, the number of 
urchins removed from these observations at each time period is shown as 
the category “Tag lost or urchin dead”. For example, the small number of 
injuries assigned to the Nylon screw tagging method is a function of the 
high mortality and high tag loss seen in this treatment; these urchins are 
also shown in the Hole tag treatment here, as urchins with Very apparent 
injuries. Figure S8. Net displacement of tagged individuals after 2 days 
in the field calculated from diver observations. Figure S9. Number of 
observations per tagged individual. The two tagging methods are shown 
as different shapes and colours, while release point ‘a’ and ‘b’ are the top 
and bottom panels, respectively. Points are shown for the total number 
of observations filtered by the positioning error (HPE). All urchins have 
at least one point (not filtered: largest and palest point) although for 
certain individuals that were never detected by the array (ID 10 and 11) 
this is zero. Successively darker and smaller points are filtered by lower 
HPE values. Size of the points is scaled by the HPE filter (points filtered by 
larger values, are larger). Note the different y‑axis scales for the two panels. 
Figure S10. Minimum convex polygons (MCPs) per month for each 
individual. Points are all detections (HPE < 200), polygons are monthly 
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