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Abstract

Background: Three-axis acceleration sensor acoustic transmitters (AccelTag) programmed to identify specific accel-
eration patterns associated with particular behaviours (e.g., burrowing, attack) were used to study some aspects of
the ecology of the Lusitanian toadfish Halobatrachus didactylus (Bloch & Schneider 1801). The AccelTag combines the
features of archival tags (records acceleration in all three directions measuring also roll-independent pitch/tilt angle
and roll around the fish's axis) and acoustic transmitters. Therefore, this tag can autonomously identify and record
specific signatures (i.e, behaviour patterns) of different movements transmitting autonomously and periodically the
data to an acoustic biotelemetry receiver. Lusitanian toadfish is a subtropical marine teleost confined to estuaries in
its northern limit of distribution due to thermal constraints. During 2010 (August and October), 24 toadfish were cap-
tured, tagged with the AccelTag and released in the Mira estuary, SW coast of Portugal, where an array of underwater
automatic acoustic biotelemetry receivers was deployed.

Results: Around 40% of AccelTag transmissions from tagged fish that stayed in the study area were logged by the
acoustic receiver array. The Lusitanian toadfish exhibited low activity during late summer and early autumn (< 3% of
time active). The tidal stage and time of day were important factors that influenced the species behaviour and activity.
Increased burrowing and re-burrowing movements were registered during spring tides, while attacks prevailed on
neap tides and during the night. The tidal cycle only influenced toadfish behaviour and activity in interaction with
time of day, with more attacks and higher levels of activity during nocturnal high tides.

Conclusions: Higher activity levels and attacks displayed by the Lusitanian toadfish during the night, at high tide
periods and during Spring tides are considered to be associated with increased activity and vulnerability of its prey
during these periods. The AccelTag proved to be a powerful tool to assess and monitor the activity and fine-scale
behaviour of fish in situ. This technology is particularly suited for fish species with biological and ecological features
similar to Lusitanian toadfish, i.e, resident species with low activity levels and behaviours with a distinct 3D accelera-
tion signature.

Keywords: Halobatrachus didactylus, Batrachoididae, Biotelemetry, Accelerometer tag, Biologger, Mira estuary,
Portugal

Background

Understanding fish behaviour and activity patterns is

crucial to comprehend the biology and ecology of a fish

species or the fish community of a particular ecosystem.
*Correspondence: bsquintella@fc.ul.pt In the field, locomotor activity is often inferred from cap-
" MARE-Centro de Ciéncias do Mar e do Ambiente, Faculdade de Ciéncias ture in fishing gear and feeding activity is usually assessed
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other hand, fish behaviour is often studied by direct
observations, either on-site or in experimental tanks
[1-3]. However, with the advancements of fish telemetry
in the past decade, several behavioural and environmen-
tal variables can be monitored remotely [4, 5]. A signifi-
cant part of these studies involves archival tags [6, 7], and
acoustic transmitters equipped with a three-axis sensor
[8-11].

Combining the features of archival tags and acoustic
transmitters, the AccelTag was successfully developed
and tested [5]. This acoustic three-axis accelerometer
transmitter measures acceleration in all three directions
(forward, lateral, and vertical). In addition, it also meas-
ures roll-independent pitch/tilt angle and roll around
the fish’s axis. The novelty of the AccelTag is that it has
the measuring capabilities of an accelerometer archival
tag, but without the necessity of recapture the tagged
fish since it has the ability to analyse the logged data
(algorithm), extract very detailed species-dependent
information and transmit the relevant processed data
[5]. Therefore, this tag is able to autonomously identify
and record specific patterns (i.e., signatures) of different
movements or behaviours. Due to its proven effective-
ness [5], this technology was selected to study the fine-
scale behaviour of the Lusitanian toadfish Halobatrachus
didactylus (Bloch & Schneider 1801).

Lusitanian toadfish reaches over 50 cm in total length,
and it is one of the biggest members of the Batrachoidi-
dae taxonomic Family [12]. The geographical distribution
area is vast, encompassing the Central and Northeast
Atlantic Ocean, from the Gulf of Guinea to the Cen-
tral Iberian Peninsula, and the Western Mediterranean
Sea [13, 14]. The species inhabits marine coastal waters,
estuaries and open littoral lagoons living at depths up to
50 m or more, maintaining a benthic behaviour [15]. It is
mostly found in muddy and sandy bottoms, where it may
rest partially buried, but is also found concealed in hard
substrata, using stones or rock crevices as shelters and
nesting sites [16].

The species is more active in late spring and early sum-
mer, concurring with the reproductive period [17, 18]. It
occupies a top position on the food web [19] and exhib-
its a high degree of trophic plasticity, adapting its feeding
habits to prey availability reproductive needs [17, 20, 21].
The specimens of this species remain most of the time
buried or concealed in crevices, adopting a camouflage
and ambush mode of predation [22, 23]. However, in the
absence of prey or when the conditions are favourable,
they perform an active search for food by sweeping the
bottom and the water column, consuming a high per-
centage of necktobenthic organisms [22]. Stomach con-
tents analysis suggested that such variations on activity
may be related to temperature, light and tidal cycles [22].
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Although Lusitanian toadfish is usually considered rela-
tively sedentary, using mark-recapture procedures [22],
it was found that some individuals might perform impor-
tant displacements, which may have feeding or reproduc-
tive purposes. In the past, seasonal and daily patterns of
activity of Lusitanian toadfish were roughly assessed with
estimates of the yield of captures using trawling nets or
feed intake cycles [22, 24]. However, these methodolo-
gies showed important limitations because the seasonal
patterns of activity obtained were fairly masked by the
recruitment of young-of-the-year and the differential
level of avoidance of the fishing gears by the specimens in
different light (i.e., visibility) and tide conditions, together
with the differential rate of digestion of the different prey.
Previous studies tagging toadfish with pressure and tem-
perature data storage tags (DSTs) and acoustic transmit-
ters in the Mira estuary (Southwest Portugal) confirmed
that some individuals might perform important displace-
ments (more than 17 km) and that the species activity
is influenced by the circadian cycle, tidal stage and tidal
cycle [23]. The study also reinforced the idea that Lusi-
tanian toadfish may not exclusively adopt a sit-and-wait
predation behaviour, but probably undertakes an active
search for food. However, the DSTs and acoustic trans-
mitters did not allow detecting all the movements per-
formed, identify their type and understand which of
those were related to feeding. Additionally, the effort to
recapture the tagged individuals to be able to download
the information recorded by the DSTs was considerable
[23] and this is a major limitation when working with
DSTs particularly when dealing with aquatic animals.

Considering that the species has previous extensive
research that also includes the use of biologgers, the
adoption of the AccelTag to comprehend further the
behaviour and trophic ecology of the species offers the
opportunity to solidify the species knowledge and, at the
same time, to evaluate in situ the adequacy of the three-
axis accelerometer acoustic transmitter.

Materials and methods

Study site and acoustic receiver array

The study was carried out in the Mira estuary, a relatively
small brackish water system in the southwest coast of
Portugal (coordinates WGS84: 8°46/19""W; 37°43/33"N).
Six biotelemetry acoustic receivers (VR2W, VEMCO)
were deployed ~ 200 m apart from each other, covering
a distance of ca. 1.5 km, to detect the transmitted codes
(Fig. 1). Every 15 days, the receivers were retrieved for
data download and deployed again.

AccelTag and fish tagging
The AccelTag is an acoustic transmitter with a sen-
sor (three-axis accelerometer) capable of measuring
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Fig. 1 Location of the study area and biotelemetry acoustic receivers
(VR2W) array

forward, lateral and vertical accelerations as well as
tilt and roll angles [5]. The AccelTag was developed to
detect particular behaviours of the Lusitanian toadfish.
The version of the AccelTag that was used is capable of
identifying three behavioural signatures: attack towards
a potential prey, burrowing and re-burrowing move-
ments. The attack detection feature was tested with dif-
ferent types of prey, but the tag could not distinguish
them. Moreover, although the behaviour is identified
and registered as an attack, the predation’s success rate
is unknown [5].

The Acceltag detects and counts events for hourly peri-
ods, after which the data are acoustically transmitted
through two consecutive S256 codes and recorded by an
acoustic receiver array. The tag could report 0—6 events
correctly, but if the number of events was 7 or more, the
number 7 was logged. More than 7 events in one hour
were not very likely to happen with this species [23]. The
AccelTag also comprises an activity meter programmed
and tested according to Lusitanian toadfish movements
that measure the percentage of time the fish are moving.
The activity data is transmitted as percentage intervals
(Table 1).

Prior to the field study, a 13-mm AccelTag with the
latest version of the “signature” detection software was
externally implanted in 4 toadfish and tested for accuracy
in a 900-L sand bottom covered trial tank using an iden-
tical experimental protocol as previously described [5].
After satisfactory results were obtained, 9-mm AccelTags
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Table 1 Sensor activity codes

Code Time of activity (%)

0.00-0.99
1.00-1.99
2.00-2.99
3.00-3.99
4.00-4.99
5.00-5.99
6.00-6.99
7.00-7.99
8.00-12.49
12.50-24.99
25.00-37.49
37.50-49.99
50.00-62.49
62.50-74.99
75.00-87.49
15 87.50-99.99

O 0 N O L A W N = O

A ow N = O

Each transmitted code corresponds to the percentage of time (interval) during
which each toadfish was active in the past hour

were reprogrammed by Thelma Biotel. Tagging was
external, according to the procedure described in [5].

A total of 24 Lusitanian toadfish ranging between
27.3 ¢cm and 32.6 cm were captured using fish traps on
two distinct occasions: 12 specimens in August 2010
(Group 1) and 12 in October 2010 (Group 2). Group 1
was tested from August 23 to September 24 and Group 2
from October 1 to November 3. The considered periods
allowed to avoid the influence of the reproductive cycle
(Spring and beginning of Summer). All Lusitanian toad-
fish were captured and released in Mira estuary within
range of the VR2W array. After capturing, fish were
immediately tagged with 9-mm versions of the AccelTag
with approximately 1 month of battery life and released
at the capture site.

Data analysis

The success rate of transmissions detected by the acoustic
receivers array was calculated by dividing the number of
transmissions received by the total number of transmis-
sions theoretically emitted by the tag. This was only cal-
culated for the duration of the study period during which
tagged specimen maintained position within range of the
acoustic receiver array. The influence of environmen-
tal factors on the activity and behaviour of toadfish was
analysed using a factorial ANOVA. The analysed envi-
ronmental factors were tidal stage (spring vs neap), tidal
cycle (high vs low) and time of day (day vs night). Also,
the influence of the time of the year was studied com-
paring the differences between Group 1 (summer) and
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Group 2 (autumn). This procedure allowed to assess each
factor’s influence or, as an interaction of two or more fac-
tors. The data used in the analysis were expressed as the
total number of events per fish and hour for each behav-
ioural signature. Activity data was converted from per-
centage to time units (minutes), and the lower limit of
the activity interval per hour and per fish was used for
the analysis. As an example, if the data showed an activity
interval of 3 (5%)-3.6 (5.99%) minutes, it was used 3 min
of activity for the analysis. Spring tides were defined as
tides with an amplitude of over 3.2 m and neap tides as
tides of amplitude less than 2 m. For tidal cycle analysis, it
was considered the transmissions detected 2 h before and
2 h after low and high tidal peaks. Night-time included
dusk and day-time included dawn. In order to obtain the
most accurate data possible, codes from the first 2 days
and the last day of transmissions were removed from the
analysis [5].

Results

Before the field study, the tag and detection software
were tested for accuracy on four specimens in a labora-
tory trial. Tests resulted in 100% efficiency for detect-
ing activity, burrowing and re-burrowing movements.
Attacks towards potential prey were registered with 85%
accuracy, increasing 25% when compared with the previ-
ous algorithm developed by [5].

Regarding the field study, of the 24 Lusitanian toad-
fish tagged and released in the Mira estuary, only three
specimens spent most of the time out of the range of
the acoustic receiver array. The remaining specimens
returned to the capture sites within 2 days and remained
most of the time inside a perimeter of 200 m.

A total of 3530 (39.5% of the transmissions) complete
codes from Group 1 and 3719 (41.7%) from Group 2 were
successfully received, stored, and downloaded from the
acoustic telemetry array. Group 1 performed 960 poten-
tial attacks, 202 burrowings and 282 re-burrowings, and
showed 1.51 min (2.5% of the time) per hour of minimum
mean activity. Group 2 conducted 665 potential attacks,
120 burrowings and 142 re-burrowings, and had a mini-
mum mean activity of 1.52 min per h (2.5% of the time).

By plotting the frequency of each studied behaviour
and the percentage of activity against tidal amplitude,
it was possible to observe that the frequency of attacks,
burrowing and re-burrowing movements varied along
the studied period but without an obvious relation with
tidal stage per se (Figs. 2 and 3). Regarding activity pat-
terns, Lusitanian toadfish from Group 1 tracked in the
summer were more active during spring tides, whereas
fish from Group 2 tracked in autumn did not reveal a
marked activity pattern throughout the study period
(Figs. 2 and 3).
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Considering the activity and the number of events
observed during distinct environmental conditions,
tidal stage (TS: spring vs neap) and time of day (TD: day
vs night) were the most influencing factors (Tables 2,
3). In fact, tagged Lusitanian toadfish were more active
and performed significantly more burrowing and re-
burrowing movements during spring tides. However, the
TS did not influence the number of attacks significantly
(Tables 2, 3). Regarding the influence of time of day, Lusi-
tanian toadfish were more active and performed signifi-
cantly more attacks during night-time (Tables 2, 3).

When evaluating differences in behaviour poten-
tially associated with seasonality, the number of attacks
and activity revealed no statistical differences between
groups/seasons. However, Group 1 composed by fish
tracked during the summer performed significantly more
burrowings and re-burrowings than Group 2 composed
by fish tracked in autumn (Tables 2, 3).

Even though tidal cycle (TC: high vs low) alone did not
significantly influence the behaviour and activity of the
Lusitanian toadfish, factorial ANOVA showed a signifi-
cant interaction between this factor and the TD regard-
ing the number of attacks and fish activity (Table 3). The
analyses of Tables 2 and 3 show that toadfish performed
more attacks and were more active during high tides that
occurred during night-time. The TS also significantly
influenced toadfish behaviour when interacting with TD.
Indeed, it was during the night-time of spring tides when
toadfish were substantially more active (Tables 2, 3). Sig-
nificant interactions were also found between-group and
TS, and between-group and TD. During the summer
(Group 1) Lusitanian toadfish were more active and per-
formed more burrowing and re-burrowing movements
during spring tides, along with more attacks during the
night-time.

Discussion

The results from this study were obtained using an inno-
vative technological approach, the AccelTag, developed
and previously tested in controlled laboratory condi-
tions [5]. In the present work, it was used for the first
time to obtain in situ detailed foraging behaviour data
of an aquatic animal. AccelTag proved to be a power-
ful tool to assess and monitor the fine-scale behaviour
of a resident estuarine fish. In terms of ecological data
obtained with AccelTag, the main findings are concord-
ant with results obtained with other works that used dis-
tinct methodological approaches to study the Lusitanian
toadfish foraging behaviour [21-24]. When comparing
to other available tools (see [5] for further discussion)
such as data storage tags with accelerometer sensors [6,
7], and even more recent acoustic transmitters equipped
with three-axis accelerometer sensors [8—11, 25, 26], the
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AccelTag has the advantage of being able to process the
fine-scale acceleration information autonomously and
acoustically transmit the correspondent behaviour. Sev-
eral authors have identified advantages of data processing
and compression, e.g., increased tag autonomy, reduced
storage requirements and reduced data analysis time [11,
27]. Moreover, the work previously developed [5], com-
bined with the present study corresponds to the antici-
pated studies and technological enhancements proposed
[11], namely the tagging of captive specimens to calibrate

the software accordingly to distinct behaviours, and then
implement in situ behaviour studies.

With regard to the foraging ecology of the Lusitanian
toadfish, tides and circadian cycle, together with the time
of year, seem to play an essential role in the behaviour
of this species. Notwithstanding being capable of swim-
ming over relatively large distances [22, 23], specimens
typically do not perform significant displacements and
remain most of the time inactive (97.5% of the time in
the present study), buried in the sediment or concealed
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in rocky crevices. In fact, the majority of the specimens
remained within the study area for almost the entire
study period, some of them returning to the capture site
after being tagged and released. However, this sedentary
behaviour was amplified by the time of the year when
the study occurred. Moreover, this species is more active
during the spawning season, which occurs in late spring
and early summer [17, 18], whereas this study was per-
formed in late summer and mid-autumn when the speci-
mens tend to reduce global activity and decrease the
number of long displacements [22].

Tidal stage influenced toadfish behaviour and activ-
ity in larger cycles of time. During spring tides of higher
amplitudes, the activity increased and the number of
potential attacks diminished. This pattern may be related
to strong water currents associated with this period that
force toadfish to actively avoid being dragged away and,
consequently, reduce feeding activity. After this period
of reduced feeding attempts, during neap tides, attacks
considerably increase and activity level decreases. Vari-
ations on tidal stages also explain the marked pattern
of burrowing and re-burrowing movements. These are
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Table 2 Mean number of events and time of activity of the tagged toadfish according to environmental factors
Attack Burrowing Re-burrowing Activity
N Mean SD N Mean SD N Mean SD Minute Mean SD
Group 1
ST 362 027 0.73 162 0.12 047 204 0.15 0.61 27084 2.00 429
NT 598 0.27 0.66 40 0.02 0.14 78 0.04 0.25 26319 1.21 1.78
LT 493 0.27 0.69 88 0.05 0.27 140 0.08 042 2564.1 1.44 2.54
HT 467 0.27 0.68 114 0.06 0.34 142 0.08 045 2776.2 1.58 344
Da 201 0.13 045 98 0.06 0.29 118 0.08 0.41 1264.8 0.79 1.55
Ni 759 0.40 0.81 104 0.05 0.33 164 0.09 045 4074.5 0.1 3.73
Group 2
ST 143 0.17 049 38 0.05 0.32 45 0.05 0.34 1089.6 1.31 2.09
NT 522 0.18 0.54 82 0.03 0.25 97 0.03 0.25 4594.2 1.59 2.85
LT 267 0.15 045 50 0.03 0.28 60 0.03 0.25 2810.7 1.56 3.05
HT 398 0.21 0.59 70 0.04 0.25 82 0.04 0.29 2873.1 1.50 2.32
Da 190 0.11 0.41 51 0.03 0.19 74 0.04 0.24 1764.9 1.04 2.02
Ni 475 0.24 0.60 69 0.03 0.32 68 0.03 0.29 39189 1.94 3.10
Total
ST 505 0.22 0.61 200 0.09 040 249 0.10 048 3798.0 1.66 3.19
NT 1120 023 0.60 122 0.03 0.20 175 0.05 0.25 7226.1 1.40 2.32
LT 760 0.21 0.57 138 0.04 0.28 200 0.06 0.34 5374.8 1.50 2.80
HT 865 0.24 0.64 184 0.05 0.30 224 0.06 0.37 46493 1.54 2.88
Da 391 0.12 043 139 0.05 0.24 192 0.06 0.33 3029.7 0.92 1.79
Ni 1234 0.32 0.71 143 0.04 0.33 232 0.06 0.37 79934 1.03 342

N number of events (attacks, burrowings and re-burrowings) and mean time of activity (minutes) per hour, SD standard deviation, ST spring tides, NT neap tide, LT low
tide, HT high tide, Da day, Ni night

Table 3 Factorial ANOVA results to assess the influence of environmental factors on the activity and behaviour

of the tagged toadfish

Factorial ANOVA

Attacks Burrowing Re-burrowing Activity
Global F=18883;df =15p <001 F=9.864;df =15,p <001 F=8370;df =15;p <001 F=29517,df=15;p <001
TS F=0.003;df=1,p=0958 F=61611;df=1,p <001 F=49.191;df =1,p <001 F=13832;df=1;,p<001
TC F=1921,df=1,p=0.166 F=1506;df=1p=0220 F=0583;df=1,p=0445 F=2903;df=1,p=009
D F=138887;df=1,p <001 F=0.000;df=1,p=0993 F=0.195df=1,p=0658 F=248599;df =1;p <001
G F=31572;df=1,p=005 F=20.140;df =1,p <001 F=27.775df=1;p<001 F=3744;df=1,p=005
TS*TC F=0042;df=1,p=0838 F=1875df=1,p=0171 F=0.176;df =1,p=0675 F=7131,df=1,p=0.08
TS*TD F=2657,df=1,p=0.103 F=0040;df =1,p=0842 F=1.228;,df=1;p=0268 F=5539df =1,p<005
TS*G F=0051;df=1,p=0822 F=33601;df=1;p<001 F=25382,df=1,p<001 F=53695;df=1,p<001
TC*TD F=4216;df =1,p <005 F=0103;df=1,p=0748 F=0953;df=1,p=0329 F=12149;df =1,p <001
TC*G F=2730;df=1,p=0.10 F=0267;df=1;p=0605 F=0465;df=1,p=0495 F=1325df=1,p=0250
G*TD F=21913;df =1,p <001 F=0.708;df =1;,p=0400 F=2234;df=1,p=0.135 F=15885df=1;p<001

TS tidal stage, TC tidal cycle, TD time of day, G group

Significant differences for p < 0.01 and p < 0.05.

more frequent during spring tides, when toadfish need
to refuge (i.e., remain buried) to avoid being displaced by
strong water currents, and decrease during neap tides.

On the other hand, the tidal cycle only influenced toad-
fish behaviour and activity in interaction with the time
of day. Indeed, the number of attacks and activity were
influenced synergistically by those two factors. Toadfish
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were more active during night-time, confirming previ-
ous findings in the same estuary [22, 23]. The nocturnal
period is the preferred for engaging feeding activities as
their prey are also more active. Subsequently, the number
of attacks also increased during the night period. Addi-
tionally, high tide phases considerably improve visibility
in the lower Mira Estuary due to the input of more trans-
parent water from the ocean. As previously observed in
laboratory experiments [5], toadfish is a visual predator
attacking its prey mostly based on movement. Therefore,
the combination of high tide with night-time results in a
favourable period for toadfish to feed. As highlighted by
[23] these higher activity periods displayed by the Lusi-
tanian toadfish are not independent of the activity of
its prey, most of them displaying higher activity or vul-
nerability to predation during the night and at high tide
periods.

The influence of the time of year was evident in the dif-
ferences between the two groups of toadfish tagged. The
first group of toadfish was tagged and tested in late sum-
mer, close to the end of the spawning season. Moreover,
the year of 2010 presented a relatively rainy and cold
spring, which delayed the spawning season of this spe-
cies, which is highly influenced by water temperature
[22]. Therefore, global activity is relatively high at the
beginning of the study, gradually reducing in the follow-
ing 12 days. During this period, the tagged toadfish also
performed more attacks, as it is expected at the end of
the reproductive period [22]. Concerning the second
group of toadfish, it was monitored in mid-autumn, far
from the spawning season and closer to the winter. This
period corresponds to the time of year when this species
is less active [22]. This discrepancy between the times of
the year in which the two groups were monitored may
explain detected differences in burrowing and re-burrow-
ing movements and activity levels, with toadfish tracked
in summer performing more of these behaviours and
toadfish tracked in autumn being globally more active.
However, the number of attacks did not significantly dif-
fer between seasons, which may suggest that the higher
activity observed with the toadfish tracked in autumn
may be related to the search for shelters instead of food.
Therefore, both groups were influenced by tide and time
of day, but differences between groups are probably
related to the species circannual lifecycle.

Conclusions

The behavioural signature capture version of the Accel-
Tag was tested for the first time in situ to monitor the
fine-scale behaviour of aquatic animals. This tech-
nology proved to be particularly suited for fish spe-
cies with biological and ecological features similar to
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the Lusitanian toadfish, i.e., resident species with low
activity levels and behaviours with a distinct three-
axis acceleration signature. Higher activity levels and
attacks displayed by the Lusitanian toadfish during
the night, at high tide periods and during Spring tides
are considered to be associated with increased activity
and vulnerability of its prey during these periods. The
potentialities of this technology to study aquatic organ-
isms behaviour are far from being fully explored with
this study. More precise and complete signature detec-
tion algorithms, together with longer battery life could
offer new possibilities of behavioural studies on the
Lusitanian toadfish and other fish species. In the future,
it would be interesting to discern between success-
ful and unsuccessful attacks or even the type of prey,
once toadfish may attack and handle distinct preys
differently.
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