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Abstract

Background: Data storage tags (DSTs) record and store information about animals and their environment, and can
provide important data relevant to fish culture, ecology and conservation. A DST has recently been developed that
records heart rate (f,,), electrocardiograms (ECGs), tri-axial acceleration and temperature. However, at the time of this
study, no research using these tags had been performed on fish or determined the quality of the data collected. Thus,
our research asked: do these DSTs provide reliable and meaningful data? To examine this question, Atlantic salmon
(1.440.7 kg) were implanted with DSTs, then swam at increasing speeds in a swim tunnel after 1 week of recovery.
Further, in two separate experiments, salmon (2.4 £ 0.1 kg) were implanted with DSTs and held in a large tank with
conspecifics for 1 week at 11 °C or 6 weeks at 8-12 °C.

Results: External acceleration (EA) and variation in EA (VAR) increased exponentially with swimming speed and tail
beat frequency. The quality index (Ql) assigned to ECG recordings (where Ql, means very good quality, and Ql; Ql,
and Ql; are of reduced quality) did not change significantly with increasing swimming speed (Ql, ~ 60-80%). How-
ever, we found that the accuracy of the tag algorithm in estimating f,, from ECGs was reduced when Ql, . Diurnal
patterns of f, and EA were evident from the time the salmon were placed in the tank. Heart rate appeared to stabilize
by ~4 days post-surgery in the first experiment, but extended holding showed that f,, declined for 2-3 weeks. During
extended holding, the tag had difficulty recording low f, values < 30 bpm, and for this reason, in addition to the fact
that the algorithm can miscalculate £, it is highly recommended that ECGs be saved when possible for quality control
and so that f,; values with Ql,, can be manually calculated.

Conclusions: With these DSTs, parameters of acceleration can be used to monitor the activity of free-swimming
salmon. Further, changes in f,, and heart rate variability (HRV) due to diurnal rhythms, and in response to temperature,
activity and stressors, can be recorded.

Keywords: Data storage tags, Atlantic salmon, Heart rate, Surgical recovery, Acceleration, Swimming speed,
Calibration

Background

The monitoring of physiology and behavior allows
researchers to study how animals cope with changes in
environmental conditions, including those associated
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with global climate change [1, 2]. Historically, the record-
ing of biological data from free-ranging animals has been
very difficult. However, the integration of electronic engi-
neering and biology has led to the creation of biologging
technologies [3, 4]. Data storage tags (DSTs) record high-
resolution data (at sampling frequencies up to or greater
than 100 Hz depending on the parameter and tag) that
are stored into the logger. Recently, DSTs have been
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used to measure acceleration and heart rate (fi;) in fish,
to estimate energy use [5-8], and to assess when fish are
stressed [9—-13]. Two types of DSTs that measure f}; exist:
(1) heart rate recorders which detect and display the
number of heart beats in a given sampling period; and (2)
electrocardiogram (ECG) readers that record the electri-
cal activity of the heart and store changes in cardiac elec-
trical activity over the complete cardiac cycle (termed
the ‘complete PQRS profile’) [14]. Heart rate DSTs have
been used to address concerns about the conservation
and welfare of both wild and cultured fish. For example,
Donaldson et al. [15] used ECG loggers to examine the
recovery of coho salmon (Oncorhynchus kisutch) from
predator and fisheries encounters, and Prystay et al. [9]
used fi; DSTs to study the effects of temperature on fish-
eries interactions in sockeye salmon (O. nerka). Recently,
Brijs et al. [11, 12] used DSTs to examine the fi; (stress)
response of cultured rainbow trout (O. mykiss) to com-
mon aquaculture practices.

Accelerometers also have the potential to inform con-
servation and management by providing information on
the activity, behavior and energy use of free-swimming
fish [4, 14, 16]. Acceleration loggers and transmitters
record either partial or whole-animal body acceleration
in one, two or three spatial axes with piezoelectric sen-
sors that generate a voltage signal proportional to the
acceleration experienced by the sensor [17]. In several
salmonid species values of dynamic acceleration have
been related to tail beat frequency and swimming speed
[18, 19], and similar data have been used to classify types
of behaviors (e.g., resting, routine and burst swimming)
in male smallmouth bass (Micropterus dolomieu) [16]
and to predict field metabolic rate and estimate energy
use [5, 7]. In addition, they have been used to inform
fisheries management strategies and to provide informa-
tion about the welfare of aquaculture species. For exam-
ple, Brownscombe et al. [20] assessed the use of recovery
bags when bonefish (Albula vulpes) angling, and Yasuda
et al. [21] monitored field metabolism in net-caged red
sea bream (Pagrus major).

Several companies are producing biologging equip-
ment/sensors that require validation [14]. The new
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centi-HRT ACT tag developed by Star-Oddi (Iceland) can
simultaneously measure f;;, ECGs, tri-axial acceleration
and temperature (see https://www.star-oddi.com for spe-
cifics on recording capabilities). There are few tags avail-
able that simultaneously measure both physiological and
behavioral parameters, and only one study exists in which
a DST recorded both f;; and acceleration parameters in
salmonids. Clark et al. [5] defined relationships between
acceleration, f};, tail beat frequency, energy expenditure
and swimming speed in free-swimming sockeye salmon.
However, the data logger used in their study (iLogR, B.D.
Taylor, La Trobe University, Melbourne, Australia) is not
commercially available. While several studies have used
Star-Oddi milli-HRT tags to measure f; in fishes [9-13,
22], it is not currently known how accurate or effective
the centi-HRT ACT tags are for monitoring the f; and
activity of free-swimming fish.

This paper evaluated the validity and reliability of centi-
HRT ACT tags for recording the physiology and behav-
ior of free-swimming Atlantic salmon (Salmo salar)
by addressing four questions. First, do the acceleration
parameters calculated by the Star-Oddi algorithm pro-
vide meaningful estimates of swimming speed and tail
beat frequency, and information on swimming behav-
ior? Second, how long does it take fish to recover from
the effects of surgery? Third, can the tags record subtle
changes in fish physiology and behavior (e.g., diel pat-
terns)? Finally, over long periods of time (i.e., weeks
to months), does the initial tag placement/orientation
change and do these tags continue to accurately record fi;
and acceleration?

Methods

Data storage tag implantation/attachment

Several different types of DSTs were used in these experi-
ments (see Table 1; and in Additional file 1: Table S1 for
photographs).

The centi-HRT ACT and milli-HRT tags were first
inserted into the tag-computer interface (COM-BOX)
(this unit connected to a laptop computer), and the start
time, start date and sampling intervals were set using
Star-Oddi’s Mercury software. These tags were then

Table 1 Specifications of the Star-Oddi data storage tags used in this study

Tag type Parameters Experiment Length (mm) Diameter (mm)  Mass in air (g)
Centi-HRT ACT f,, ECGs, acceleration, temperature 1 (n=9) 50 15 19
"2 (n=10)
#3(n=8)
Milli-HRT f.,, ECGs, temperature "3 (n=2) 42 13 12
Milli-TD Pressure/depth, temperature #2(h=10) 394 13 12
3 (n=4)
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prepared for implantation by tying two pieces of black,
braided, non-absorbable and non-sterile silk suture (2—0)
around the body of the tag at each end, after which these
tags and the surgical equipment were cleaned thoroughly
and sterilized in 70% ethanol. When milli-TD tags (which
record depth and temperature; see Additional file 1: Fig.
S1) were also being used, these tags were programmed
using Star-Oddi’s SeaStar software.

Previous studies have described methods for implant-
ing tags into fish, and provided the basis for our study
(e.g., see [5, 9]). Fish were anaesthetized in seawater
containing 0.2 g L' tricaine methanesulfonate (MS-
222). After losing equilibrium, the salmon were moved
to a wetted surgical sponge where their gills were irri-
gated with aerated, ~6 °C, seawater containing 0.1 g L™
MS-222. Beginning at the posterior margin of the pecto-
ral fins, a ~3 cm mid-ventral incision was made through
the skin and muscle using a scalpel. The centi-HRT ACT
or milli-HRT tags were then inserted blunt end towards
the posterior of the fish, and with the logger’s electrodes
facing the body wall (Fig. 1; Additional file 1: Table S1),
and pulled forward so that they were located within
0.5 cm of the pericardium. The sutures attached to the
tag were then passed through the body wall at the ante-
rior and posterior margins of the incision using a curved
surgical needle, and tied to hold the DST in place and to
start closure of the incision. Finally, the remaining inci-
sion was closed using continuous stitches (2—-0 silk) and
super glue was applied to the incision and allowed to dry.
In some fish (see “Experiment “2: heart rate and ‘activ-
ity’ of free-swimming fish for 7 days post-surgery” and
“Experiment *3: heart rate, ‘activity’ and tag retention
in free-swimming fish for 6 weeks post-surgery”), milli-
TD tags were then attached to the fish externally using
a “plate holder kit” and stainless steel wire (0.02” diam-
eter). Information on the preparation and attachment
of the milli-TD tags can be found in Additional file 1:
Fig. S1. When the milli-TD tag was used in conjunction
with the centi-HRT ACT tag, the combined mass in air
was approx. 32 g (see Table 1 for a summary of the tags

Fig. 1 Orientation and placement of the centi-HRT ACT and
milli-HRT tags in Atlantic salmon. Based on preliminary studies, the
electrodes of the tag were oriented towards the fish’s body wall to

produce good quality ECGs. Two pieces of 2-0 silk suture were tied
around the tag to anchor it to the body wall and aid with closing the

incision (red dotted line)

Page 3 of 15

used in each experiment). In all experiments, the tags did
not exceed 2% of the fish’s body mass, and therefore, the
weight of the tags was not expected to disrupt fish behav-
ior, growth or activity [23].

After surgery, the salmon were recovered in anes-
thetic-free water and returned to their holding tank (see
below). Following all experiments, the fish were eutha-
nized in seawater containing 0.3 g L™' MS-222 to per-
form post-mortem dissections and to recover the tags/
data. Post-mortem dissections were conducted to record
incision length, the distance from the front of the tag to
the pericardium, any signs of infection or inflammation,
and to determine the fish’s sex when possible. Data were
retrieved using the COM-BOX and Mercury software.

Experiment *1: relationship between accelerometry
parameters and swimming speed

The Atlantic salmon used in this experiment (range
~0.94 to 1.52 kg) were held at the Ocean Science Centre
in Logy Bay, Newfoundland, Canada. The fish were main-
tained in 2.2 m® tanks supplied with seawater at 11-13 °C
and 100-120% air saturation, and a 14 h light:10 h dark
photoperiod. The fish were fed daily, the amount of feed
1.5x what they would eat in a single meal. This feed was
provided by automatic feeders that distributed pellets
every 30 min from 9:00 a.m. to 5:00 p.m.

These fish (n=28; 1.35+0.74 kg, 46.70£0.79 cm in total
length; mean &= S.E.M.) were implanted with a centi-HRT
ACT tag and returned to their tank to recover for 5 days.
On the 6th day at 12:00 p.m., the pre-programmed centi-
HRT ACT tags began saving and recording ECGs/f; (at
100 Hz for 6 s), tri-axial acceleration (at 1 Hz for 60 s)
and temperature every 2 min. At 1:00 p.m., the fish were
netted, lightly anaesthetized in seawater containing
0.1 g L™' MS-222 and transferred to an 81 L Blazka-type
swim tunnel (25 cm diam., swimming section 120 cm in
length). The swim tunnel was maintained at ~11 °C by a
temperature controlled, and aerated, external reservoir
and set to a low current velocity (~0.2 body lengths s,
BL s7}; ~10 cm s71). This allowed the fish to rest on the
bottom of the swim tunnel and maintain an upright posi-
tion without swimming. The front of the swim tunnel
was covered with black plastic to encourage the fish to
seek refuge near the front of the tunnel.

At 11:00 a.m. the following day (i.e., after 21-22 h of
acclimation), a critical swim speed (U_,;,) test was per-
formed on the fish. Specifically, the water velocity was
increased to 0.6 BL s™! (a velocity at which the fish would
start swimming), and then increased by 0.2 BL s™! every
10 min until the fish fatigued and could no longer swim.
When the fish’s tail entered the back 1/6th of the tunnel,
the back of the swim tunnel was tapped to encourage the
fish to swim forward. In some cases (n=>5), after fish had
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reached their U, they were given a short (~5 min) rest
period at low current velocity, then the water velocity was
rapidly increased again to speeds above their U_;. From
these latter trials, only accelerometry data were used (i.e.,
i1 data were excluded).

The fish were continuously monitored during these
swim trials, and only periods when fish were actively
swimming were used in data analysis. Fish were given 1 h
of recovery after the swim trial, then, they were removed
from the swim tunnel and euthanized. At each swimming
speed, video was recorded for 30 s from the side of the
swim tunnel using a GoPro (Model HERO5; San Mateo,
CA) mounted on a tri-pod. From these videos, the num-
ber of full tail oscillations in 10 s was recorded, and this
value was multiplied by 6 to get the fish’s tail beat fre-
quency (TBF) in beats min~!. Three values were averaged
to calculate the mean TBF of each fish at each swimming
speed.

Experiment #2: heart rate and “activity’ of free-swimming
fish for 7 days post-surgery

Atlantic salmon (range~2.10 to 2.95 kg) were held at
the Ocean Science Centre in a 2.64 m diameter x 2.50 m
deep tank. This tank was supplied with seawater with a
temperature and O, level of 10-11 °C and 100-120% of
air saturation, respectively, and a 12 h light:12 h dark
photoperiod. The fish were fed a maintenance ration
(1.0% body mass) of commercial salmon diet every other
day.

These fish (n=10; 2.544+0.92 kg; 62.234+1.00 cm in
total length) were fitted with both centi-HRT ACT and
milli-TD tags and returned to their tank to recover for
7 days with 30-35 conspecifics. Two fish were tagged
weekly between January 18th and March 7th, 2018. The
tags were pre-programmed to save and record ECGs/fy
(at 100 Hz for 6 s), tri-axial acceleration (at 1 Hz for 60 s)
and temperature every 10 min, while the milli-TD tags
were set to record depth and temperature every 1 min.
On the 7th day, the fish were netted from their tank and
euthanized.

Experiment *3: heart rate, ‘activity’ and tag retention in
free-swimming fish for 6 weeks post-surgery
Atlantic salmon (range ~ 1.09 to 3.25 kg) were held at the
Ocean Science Centre in a 2.64 m diameter by 3.78 m
deep tank with a volume of 30 m>. This tank was supplied
with seawater at 8-12 °C and with an O, level of 100-
120% of air saturation, and a 12 h light:12 h dark photo-
period, and the fish were fed a maintenance ration (1.0%
body mass) of commercial salmon diet on Mondays,
Wednesdays and Fridays.

These fish (2.274+0.25 kg; 59.294+1.38 cm in total
length) were implanted with both a centi-HRT ACT
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and a milli-TD tag (n=4), a centi-HRT ACT tags alone
(n=4), or a milli-HRT tags alone (n=2); the latter tag
was provided by Star-Oddi for preliminary testing. Fol-
lowing implantation, the fish were held for 6 weeks with
20-25 conspecifics. Five fish were tagged on September
17th, 2018 and another 5 on December 12th, 2018. The
centi-HRT ACT tags were pre-programmed to save and
record ECGs/f; (at 100 Hz for 6 s), tri-axial acceleration
(at 1 Hz for 60 s) and temperature every 2 h, the milli-
HRT tags were set to store ECGs and record f; (at 100 Hz
for 6 s) and temperature every 2 h, and the milli-TD tags
were set to record a depth and temperature every 1 h. At
the end of 6 weeks, the fish were netted from their tank
and euthanized.

Calculation of heart rate parameters

All measurements of f; were provided with a unitless
measurement known as the quality index (QI) deter-
mined by the on-board tag algorithm. This parameter
represents the quality of the ECG signal, where QI indi-
cates that the recording was of very good quality, QI,
and QI, indicate decreasing quality, and QI indicates
that no R-R interval was detected (i.e., the R peak in the
PQRS complexes could not be clearly distinguished or
two R peaks were not present in the ECG (for a typical
ECG recording see Additional file 1: Fig. S2). ECGs were
stored (which is an option when programming the DSTs)
in all experiments to allow for the manual calculation of
fir- In Experiment *1, manual calculations of f;; from all
the stored ECGs were performed. However, based on the
results of Experiment *1, manual calculations of reported
fi; in Experiments *2 and *3 were only performed when
the fish’s f; was reported to be less than 15 beats per
minute (bpm), greater than 85 bpm, and/or when the
QI value for fi; was greater than 0. To manually calculate
fu from the stored ECGs, the time between successive
R wave peaks was measured (in seconds), these values
were averaged, and then 60 was divided by the average to
obtain the fish’s fi; in bpm. Manual calculations of f;; were
not possible when there was only one PQRS complex or
when ECG artifacts made the PQRS complex unidentifi-
able, and these data were not included. For Experiment
*1, heart rate variability (HRV) was also calculated as the
standard deviation of the time between successive R wave
peaks in milliseconds (ms) [24].

Accelerometry parameters

The centi-HRT ACT tag (with version 9 hardware) used
in these studies stored acceleration values in three axes
(%, ¥ and z) every second (i.e., at a frequency of 1 Hz),
this data provided by an accelerometer (ADXL346) with
a resolution of 4 mg (where 1000 mg=1g, and g is the
acceleration of gravity or 9.8 m s72). One Hz was the
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maximum recording frequency available of this version
of the tag (range 0.067-1.0 Hz), and this frequency has
previously been shown to provide strong relationships
between accelerometry data, and swimming speed and
metabolic rate [25].

Each logger was individually calibrated by Star-Oddi,
a process in which each of the axes is rotated 360° to
derive the range of each axis under standard gravity.
Static acceleration for each axis was then calculated using
the following steps. First, the center of the range of val-
ues for each axis was measured and extracted from the
raw accelerometer value, then each axis was normalized
to 1¢g based on the range measured for each axis during
rotation. The algorithm then used this calibration infor-
mation to separate the static and dynamic acceleration
components of each measurement. The algorithm cal-
culates EA as a vectorial sum of dynamic body accelera-
tion, or VeDBA (reported by the software in mg). In this
study, the EA values presented were averaged over 1 min.
VAR is the variance in EA, calculated by the algorithm as
the standard deviation of EA squared over a set sampling
period (measured in mg?).

Statistics

In Experiment 1, linear mixed-effects models were used
to determine the relationship between EA and swimming
speed and TBF (fixed-effects), and between VAR and the
latter two parameters (Additional file 1: Table S2). In this
analysis, fish was included as a random factor, and the
lowest Akaike information criterion was used to deter-
mine the best model (i.e., using a linear regression or log
transformed data). Linear mixed-effects models were
used to analyze the effect of swimming speed (fixed-
effect) on f;, HRV and the percentage of QI, data, with
fish as a random factor.

For Experiments *2 and *3, linear mixed-effects mod-
els were also used to analyze f;;, EA and the percentage
of QI, data. In Experiment *2, day-time/night-time and
day post-surgery (day) were used as fixed-effects, there
was an interaction term for the two parameters, and
fish was used as a random factor. In Experiment *3, the
same analysis was conducted with temperature included
as a fixed-effect. A photoperiod of 12 h light:12 h dark
was maintained for both experiments, therefore photo-
period was assigned as ‘day-time’ between 8:00 a.m. and
7:59 p.m. or ‘night-time’ between 8:00 p.m. and 7:59 a.m.
N1 was the first night following surgery, and the subse-
quent day-time and night-time values, respectively, were
reported for day 1 (D1) through day 6 (D6) (Experiment
#2) or through D42 (Experiment *3). In the second trial
of Experiment *3 (n=5 per trial), the temperature in the
tank fluctuated between 8 and 12 °C due to issues with
facility temperature control, and thus, data for each trial
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were analyzed separately. In Experiment *3, data from
every 10th day were used to identify differences in f;,
EA and the percentage of QI between the day-time and
night-time, and during recovery. In addition, to further
investigate the number of days required for f}; to stabilize,
day-time and night-time values for f; up to D34 were
compared to the average of the final week (W6) in the
first trial of Experiment *3. Day-time/night-time and day
were used as fixed-effects, with an interaction term for
the two parameters, and fish was used as a random fac-
tor. In addition, a segmented regression was fitted to the
data in Prism (Version 7; GraphPad Software, San Diego,
CA, USA) to determine a break-point in the recovery
data. These analyses were performed to estimate the day
at which f;; stabilized post-surgery.

Linear mixed-effects models were produced in R ver-
sion 3.5.1 [26] and RStudio version 1.2.1335 [27] with the
nlme package [28]. For data analyzed in R, assumptions
of normality, homogeneity and independence were inves-
tigated by visual inspection of Q—Q plots and histograms
of the residuals, residual-fit plots and residual lag plots,
respectively. The estimated marginal means, or emmeans,
package [29] was used to perform Bonferroni’s post-hoc
tests on the linear mixed-effects models. Graphing of the
data and statistical results was done using Prism soft-
ware. The level of statistical significance was P<0.05. All
values presented in the text, and in figures and tables, are
means =+ standard errors of the mean (S.E.M).

Results

Relationship between accelerometry parameters

and swimming speed

EA and VAR (as calculated by the tag algorithm) increased
with both swimming speed and TBF (EA = 3.6e0-9#BLs ™!
and EA = 4.9¢0006+TBF.  yAR — 50g215BLs™"  4pq
VAR = 11.4e"01*TBF : Fig 9; Additional file 1: Table S2).
EA ranged from 6.2 mg at 0.6 BL s™! to 15.2 mg at
1.6 BL s7! (fold change =2.45), while VAR ranged from
17.6 to 143.9 mg? (fold change =8.18).

During the U, test, fi; increased significantly from
61.14+1.0 bpm at rest to 77.14£0.7 bpm at 1.6 BL s
(P<0.0001), while HRV decreased significantly from
62.4+3.6 to 30.1+4.3 ms (P<0.0001) (Fig. 3; Additional
file 1: Table S3). The percentage of good quality ECGs
(i.e, QI did not change significantly with swimming
speed (P>0.05), but decreased marginally from 83% at
rest to ~60% while swimming. An average of 68% of the
measurements were QI and only 0.1% of the total data-
set could not be manually calculated after the experi-
ments were completed (Table 2). The absolute difference
in fi; between manually calculated values and those cal-
culated by the tag algorithm increased with the reported
QI value (i.e., 2.3+8.0 bpm for QI; 10.8+27.2 bpm for
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Fig. 2 External acceleration (EA) and variation in EA (VAR) measured in Atlantic salmon during a critical swim speed (U,,;,) test (water velocity
increments of 0.2 BL s~). Tail beat frequency (beats min~') was determined from 30-s video clips recorded during each swimming speed. Linear
mixed-effects models were fit to log transformed data and equation parameters were extracted as follows: aEA = 3.6e%%*BL bEA =
cVAR = 502"l and d VAR = 11.4e%9¥T8F Data are means+SEM.;n=61t0 8

4 960.006*TBF

QI;; 31.0£63.0 bpm for QI and 39.5+41.2 bpm for
QI;; data not presented).

Heart rate and activity during post-surgical recovery
Following tag implantation, fi;, EA, VAR and tempera-
ture were recorded in salmon recovering in their holding
tanks with conspecifics for 1 week and 6 weeks (Fig. 4).
Heart rate decreased (P<0.0001) (Fig. 5; Additional file 1:
Table S4), and EA increased (P<0.0001), over the first
week of recovery in Experiment *2; from 58.840.8 and
47.4+0.9 bpm (day-time and night-time values, respec-
tively) initially to 43.9+0.7 and 36.94+2.7 bpm by the
final day of recovery. In contrast, EA increased from
9.3£0.3 mg in the day-time and 8.5 £ 0.4 mg in the night-
time (~1.05 and 0.95 BL s~} as estimated from swim tun-
nel calibrations) to 10.5+0.4 and 9.6 0.4 mg (~ 1.19 and
1.09 BL s1). Based on a visual inspection of these data, it
appeared that the measured parameters began stabilizing
after approx. 4 days of recovery (Fig. 4a). However, sig-
nificant differences were observed until the final day of
recovery (day 7) (Fig. 5).

In the first trial of Experiment 3 at 8 °C, f;; decreased
until 21 days post-surgery when the data for every
10th day were analyzed (Fig. 6a; P<0.0001). However,
the break-point analysis (using a segmented regression)
found that night-time f; reached a stable baseline by

~17 days (slope 1=—0.44, slope 2=0.02) and day-time
fu reached baseline values by ~22 days post-surgery
(slope 1=—0.54, slope 2=—10.001; Fig. 7a). This time-
frame is a little longer than determined using the linear
mixed-effects model analysis. In this analysis, f;; declined
from initial values of 43.6+1.4 and 31.2+ 1.4 bpm until
the 14th day, this the first day at which both day and
night-time f;; were not significantly different from the
averages for the final week (30.6 +0.6 and 24.7 0.5 bpm;
Fig. 7b). Collectively, these data indicate that it takes
between 2 and 3 weeks for a salmon’s f;; to stabilize after
the implantation of the centi-HRT ACT tags.

Overall, salmon in this trial were less active (aver-
age EA=~6.4 mg; or 0.62 BL s') than salmon held
for 1 week of recovery (average EA=~9.5 mg; or
1.04 BL s7'), and EA increased by 140% during the
recovery period (P<0.0001). Heart rate decreased and
EA increased similarly in the second trial (P<0.0001
and P<0.0001, respectively). While temperature did
not significantly affect fi; or EA (P>0.05) when based
on averages calculated every 10th day, fluctuations in
temperature did alter the daily averages as compared to
the first trial. For example, day-time f;; and EA on D21
were ~8 bpm and ~1 mg higher in the second trial
(average temperature 9.3+0.1 °C) than in the first trial
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(8.1£0.0 °C). Indeed, when the f;; data from the second
trial (excluding data from the first week of recovery)
were plotted against temperature, there was a significant
relationship  (f;=3.01*temperature + 2.64; R*=0.23;
P<0.0001; data not presented). When temperature was
8.5 °C f; was on average 28.2 bpm, whereas at 12 °C fy
averaged 38.8 bpm.
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Diel heart rate and activity patterns post-surgery

The effects of photoperiod on f; (i.e., diel variation) were
consistent and significant in all recovery trials (P < 0.0001;
Figs. 5, 6, 7; Additional file 1: Tables S4, S5). Salmon held
at 10-11 °C had day-time f;; values ~7 bpm higher than
night-time values by 1 week post-surgery (Fig. 5), while
at 8 °C, average diurnal variation was ~4 bpm at 42 days.
In salmon held at 10-11 °C for 1 week, photoperiod also
had a significant effect on EA (a difference of ~1 mg,
0.09 BL s™! by 1 week post-surgery). However, there were
no significant effects of photoperiod on EA during Trial 1
(8 °C) or Trial 2 (8—12 °C) when the salmon were recov-
ered for 6 weeks (P>0.05).

Measurement quality and tag retention post-surgery

The percentage of good quality ECG values decreased
significantly (by ~11%) over the 1 week of recovery
(P=0.0002) (Fig. 5; Additional file 1: Table S4), but did
not change significantly over the 6 weeks of recovery
(P>0.05) (Fig. 6¢, d; Additional file 1: Table S5). There
were also no significant diel patterns in ECG quality.
Throughout Experiments *2 and *3, the average percent-
age of good quality ECGs (ie., QI,) was ~86 and 88%,
and only a very small percentage of these f;; data could
not be manually calculated from the ECGs (~2 to 6%;
Table 2). Following 6 weeks of holding, all tags remained
within 0.7 cm of the pericardium, 80% of the incisions
were fully healed, and 80% of anterior anchor knots and
70% of posterior anchor knots were intact. However, only
10% of incision sutures remained. All milli-TD tags were
still securely attached to the dorsal muscle of the salmon.

Discussion

Relationship between accelerometry parameters, heart
rate and swimming speed

A goal of this paper was to establish whether significant
relationships exist between the swimming speed of Atlan-
tic salmon and the parameters of acceleration calculated
by the tag algorithm. EA and VAR increased exponen-
tially with swimming speed and TBF (Fig. 2), and the EA
data were subsequently used to estimate the swimming
speed of salmon in the large tanks. Previous research-
ers have also recorded relationships between swimming
speed and/or TBF and acceleration [5, 8, 18, 19]. For
example, Brownscombe et al. [25] reported swimming
speed was linearly related to acceleration (calculated as
overall dynamic body acceleration; ODBA) when meas-
ured at recording frequencies from 1 to 25 Hz, and that at
1 Hz ODBA increased by approximately fivefold during
a U, test. Clark et al. [5] reported an exponential rela-
tionship between acceleration activity (calculated as the
sum of the X and Y acceleration values with no specific
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Table 2 Distribution of Ql values, and percentage of f, data that could not be manually calculated
Experiment Ql, Ql, Ql, Ql;
Percentage of f,, data Uerit 685492 13.14+42 144+44 39+18
Recovery (1 week) 888+28 54422 50409 09403
Recovery (6 weeks) 86.9+4.7 35421 40+£15 56437
Percentage of f,;, data that could not U, 0 0 1.7£09 03£03
be calculated Recovery (1 week) 0 01401 03401 01400
Recovery (6 weeks) 0.1+£0.0 04+04 0.74+0.6 47+35

The percentage of ECGs of each quality index value (Ql,_3), and the percentage of heart rate (f,,) values that could not be manually calculated, due to ECG artifacts
during the U, test (n=8), during 1 week of recovery (n=10), and during 6 weeks of recovery (n=10)
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Fig. 4 Heart rate (f, bpm), external acceleration (EA, mg), variation in EA (VAR, mgz) and temperature (°C) data in free-swimming Atlantic
salmon (n=10) for 1 week following surgical implantation of centi-HRT ACT tags (a), and for 6 weeks at 8 °C (b; n=5) and 8-12 °C (c; n=5) after
implantation. Fish were on a 12 h light:12 h dark photoperiod (gray bars represent periods of darkness/night-time), and data were collected at
10-min intervals in a, and every 2 h in b and ¢. Temperature varied in ¢ due to issues with facility temperature control

units) and TBF in sockeye salmon, and that there was a
7.2-fold change in acceleration activity from 40 to 170 tail
beats min~'. Similarly, Wright et al. [8] reported that an
exponential equation was the best fit between measure-
ments of VeDBA and swimming speed in European sea
bass, Dicentrarchus labrax, with a 6.1-fold increase in
VeDBA between 0.4 and 1.7 BL s™!. In contrast to the
above studies, there was only a 2.5-fold change in EA in

our U, test between salmon at rest and those swimming
at 1.6 BL s~ L. Despite this, the acceleration parameters as
calculated by the tag algorithm (i.e., EA and VAR) were
strongly related to salmon swimming speed.

Acceleration has often been related to metabolism,
and used as a proxy for energy expenditure in freely
swimming fish [5, 7, 8, 19, 25]. However, f; is also
highly correlated with metabolic rate in fish under most
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representing the average of n=72 data points per fish

circumstances ([30, 31], but see [32]). The f;; of Atlan-
tic salmon increased 1.26-fold during the swimming
trial (i.e., from a resting value of 61 bpm to 77 bpm at
1.6 BL s7}; Fig. 3). This is within the range of increases
reported by other authors for adult salmonids dur-
ing swimming trials (1.05- to 2.42-fold) [33-35]. Given
the increase in fi; in this study, and the well-established
relationship between metabolism and acceleration, it is
likely that EA would correlate with oxygen consumption
(MO,) and that the centi-HRT ACT tags could be used as

Page 9 of 15

a tool to estimate the energy use of salmon in future stud-
ies. This, however, would require the establishment of a
direct relationship between these parameters.

Further, the centi-HRT ACT tag provides the oppor-
tunity to save and analyze ECGs, and thus, investigate
additional aspects of cardiac physiology. HRV (i.e., vari-
ation in the time between heart beats) is influenced by
the autonomic nervous system and contains valuable
information on functioning of the heart and fish physi-
ology [24, 36, 37]. Studies quantifying HRV in fish are
rare, probably due to the difficulty of recording ECGs
for prolonged periods [37]. Although the f;; of salmon
increased during the swim test, HRV decreased by
approx. 52% (from resting values of 62 ms to 30 ms at
1.6 BL s%; Fig. 3). Since beat-to-beat variability is known
to be predominantly regulated by cholinergic innervation
of the cardiac pacemaker [24], the decrease in HRV sug-
gests enhanced parasympathetic control of fi; during the
exhaustive swimming test.

A gait transition typically occurs in fish, from steady
swimming at low speeds to burst-and-coast swimming
at higher speeds approaching U, and signifies a switch
from aerobic to anaerobic energy metabolism [17, 38].
This transition is thought to provide energy savings and
increase endurance at higher swimming speeds [39]. In
adult salmonids, the transition to burst-and-coast swim-
ming typically occurs between 1.6 and 2.2 BL s™! (e.g,,
see [19, 40, 41]). We found that extremely high values of
VAR (i.e., greater than~220 mg? Fig. 2) were recorded
during periods of burst-and-coast swimming, which
began after ~1.6 BL s™! in this group of salmon. Based
on this information, we estimated that the salmon spent
the vast majority of their time swimming steadily in the
tank, with few periods of rapid/burst swimming (2.8% of
the time during Experiment *2, and 3.6% and 4.0% of the
time during the two trials in Experiment *3).

Heart rate and activity during post-surgical recovery

The implantation of tags requires that procedures such
as netting, handling and anesthesia be used, and that the
fish undergo surgery, which are all known to be stress-
ful on the fish being tagged [33, 37, 42]. Conveniently,
the parameters being recorded by the centi-HRT ACT
tag (i.e., fi; and activity) provide information about the
impact of surgery and can help to establish recommenda-
tions for recovery time post-implantation. For instance,
it is well known that f}; indicates the level of stress expe-
rienced by fish, and thus, it can be used to determine/
estimate recovery time following a variety of stressors
(e.g., see [9, 15, 42]). In Experiment *2, it appeared that
the salmon’s fi; began to stabilize within the first 4 days
following surgical implantation (Fig. 5). This timeframe
is similar to that reported by Brijs et al. [11, 12] for the
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fu of rainbow trout tagged with milli-HRT tags. How-
ever, when holding salmon for extended periods during
Experiment *3, it was revealed that the f;; of the salmon
continued to decline for up to 2-3 weeks (Fig. 7). The
reason(s) for this prolonged recovery period is/are not
known. However, these data are consistent with Hvas
et al. [43], and recent data suggest that the presence of
tags inside the body cavity induces a long-term immune
response [44]. This latter finding may provide an expla-
nation for the lengthy period required for fi; to achieve
stable values.

In this study, diurnal variations in f;; were recorded
in salmon immediately following surgery and they
were maintained for the 7 and 42 day holding periods
in Experiments #2 and *3, respectively (Figs. 5, 6, 7).

The mean difference in fi; between day-time and night-
time was ~7 bpm and the range of values over 24 h was
~14 bpm (Fig. 4). This latter value is very similar to the
diurnal variation in f;; reported by Hvas et al. [43] for
Atlantic salmon implanted with milli-HRT tags and held
at 9 °C. Conversely, Brijs et al. [11] reported that diel vari-
ations in f;; were not apparent until 3 days post-surgery
in rainbow trout, and that the average daily fluctuation
in f;; was~27 bpm. In Experiment 2, diurnal patterns
in EA were present immediately following surgery and
were maintained throughout the 1 week holding period
at 10-11 °C (Fig. 5). In contrast, there was no evidence of
significant diel variations in EA when salmon were held
for 6 weeks at 8—12 °C in Experiment *3 (Fig. 6). There
are two possible explanations for the discrepancy in the
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presence of diel patterns of activity. First, the tags were
programmed to record less frequently in Experiment
#3 than *2 to save memory and battery life during the
6-week holding period (i.e., every 2 h vs. 10 min or, 12
measurements per day for each fish vs. 144). This reduc-
tion in the frequency of data collection likely limited the
tag’s ability to detect diel variations in EA. If the goal
of future research is to study such fine scale patterns in
swimming/behavior, such as diel variations of activity in
fish, it is imperative that researchers optimize their sam-
pling rate given the length of experiment they intend to
perform. Second, the two trials of Experiment 3 were
also conducted at colder temperatures, and the salmon
were less active overall. For example, average EA was
9.5 mg (1.04 BL s7!) in Experiment *2, whereas it was
only ~ 6.4 mg (0.62 BL s7') in the longer experiments.

Considerations for tag use and future feasibility studies

The modified implantation method used in this study
was effective for recording f;; and acceleration in Atlantic
salmon. In order to effectively record fi;, the electrodes
of fi; loggers and transmitters must remain close to the
pericardium throughout deployment [45]. Therefore, we

chose to suture the centi-HRT ACT tag to the body wall
before closing the incision. This resulted in good qual-
ity ECG recordings during both the exhaustive exercise
(Ui protocol and the 1 and 6 weeks that the salmon
were held in the large tanks; the average percentage of
good quality ECGs (i.e., QI,) approximately 68, 86 and
88%, respectively (Table 2). It has been reported that
increased activity can interfere with ECG recordings due
to potentials produced by the aerobic muscles [33]. How-
ever, this was very rare in these studies. There were only
two instances when f;; that could not be calculated due
to noisy signals corresponded with feeding activity. The
positioning of the tag was also consistent with sugges-
tions for implanting accelerometers, e.g., aligning the tag
with the major plane of movement (i.e., the lateral move-
ment of the tail) and placing the tags close to the animal’s
center of gravity [7]. Further, suturing the tags to the
body wall would have reduced the potential for variation
in logger position between individuals, which can impact
the interpretation of accelerometry data [6].

While previous research has reported issues with the
retention of internally implanted tags and the survival
of tagged salmonids (e.g., see [46]), all tags were found
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in their original position and survival was 100% for the
Atlantic salmon tagged in this study. It is important to
acknowledge that tag retention, healing and survival
inside a tank or hatchery setting may not be representa-
tive of fish tagged in the wild or in the sea-cage environ-
ment, and often varies between studies. For example,
Fore et al. [47] experienced problems with tag ejection
and mortality in sea-caged Atlantic salmon that were
implanted with Star-Oddi micro-TD tags and released
back into their cages on the same day as surgery. In con-
trast, rainbow trout tagged with milli-HRT tags, and
recovered in a facility for 2 days before re-entering the
sea-cage, experienced no mortality over 21 days [11].
While the tagging method used in the present study was
effective for salmon held in a tank, and may hold true for
other adult salmonids, experiments using different spe-
cies or tag types/sizes may have varying results as effec-
tive tagging depends on a range of factors [48]. Therefore,
it is strongly suggested that feasibility studies investigat-
ing tag retention and survival be performed prior to the
extended use of biologgers.

Overall, the ECGs recorded in the Atlantic salmon were
of good quality, and the f;; values recorded by the HRT
ACT tags were highly sensitive (responsive) to biotic
and abiotic changes. For example, the tags were able to
detect increases in f;; with swimming speed (Fig. 3), diur-
nal changes in fi; (Fig. 5), and those associated with small
changes in temperature. However, there were some issues
with the quality of the recorded ECGs. During the criti-
cal swim speed test, f;; was sometimes miscalculated by
as much as 39 bpm by the tag algorithm when ECGs were
of poor quality (QL,,). Due to this concern, Prystay et al.
[9, 10], Brijs et al. [11, 12] and Wallerius et al. [13] chose a
highly conservative approach, and removed all poor qual-
ity fi; values (QI, ). However, we chose to either manually
calculate f;; from all of the ECGs, or just those of poor
quality, and as a result, very few data points had to be
removed from each experiment (less than 1%). We highly
recommend that users of Star-Oddi fi; loggers prioritize
saving and inspecting ECGs prior to data analysis and
interpretation. Using our operational settings, a centi-
HRT ACT tag with a full battery can record f;;, accel-
eration and temperature at a 2-h sampling frequency for
230 days when all ECGs are saved, whereas the length of
sampling is extended to 455 and 1838 days when 50% or
no ECGs are saved, respectively.

Research using non-invasive and un-tethered fy
recording methods, including this paper, have meas-
ured the lowest resting fj; values in salmonids (~20 to
37 bpm) [5, 15, 33, 37, 43]. However, our research and
that of Brijs et al. [12] report that Star-Oddi f;; loggers
were limited in their ability to record low resting f;; val-
ues due to the maximum sampling and recording periods
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permitted by the manufacturer (i.e., 600 measurements
per sampling period; 100 Hz for 6 s). This is because, at
i values <20 bpm, the R-R interval is longer than the 6 s
recording period. As mentioned in Brijs et al. [12], an
update to the centi-HRT ACT tags now allows the user
to record ECGs for longer periods, and with up to 1500
measurements per sampling (i.e., at 80 Hz for 18.8 s,
100 Hz for 15 s, or 125 Hz for 12.5 s), and this should
allow research to be conducted on cold water species and
throughout the winter months. However, users should be
aware that the ability to sample f;; over prolonged peri-
ods is a tradeoff with increased battery consumption and
memory usage when choosing to save ECGs.

Debate exists over the sampling frequency required
when using acceleration to determine the behavior of ani-
mals [19]. We used a lower sampling frequency (1 Hz for
60 s every 2 min, 10 min or 2 h) which has been referred
to as discrete or burst/epoch sampling [17]. In this study,
this lower frequency was useful in estimating the swim-
ming speed of Atlantic salmon, and can indicate when
salmon are burst-and-coast swimming. Similarly, Brown-
scombe et al. [25] reported that ODBA recorded at 1 Hz
was significantly related to swimming speed and MO,,
and Wilson et al. [19] found that a frequency of 10 Hz
for 10 s could be used to effectively estimate swimming
speed and MO, in sockeye salmon. Low frequency sam-
pling allows for the characterization of one behavior type
at a certain point in time, and can utilize fixed-threshold
manual behavior referencing (e.g., [18, 49]). However,
the continuous recording of micro-behaviors (i.e., those
defining detailed animal behaviors) requires a higher
sampling frequency [17].

Based on signal-processing theory, it has been sug-
gested that sampling rate should be at least twice the
highest frequency of the waveform being measured [17,
50]. In this research, we determined that the maximum
TBF of Atlantic salmon of this size was approx. 3.5 Hz.
However, we recommend that researchers perform pre-
liminary tests to determine the most effective sampling
frequency for their species. Such recordings require sig-
nificant memory and battery life, and thus, discrete sam-
pling is a valuable option depending on a user’s research
objectives.

Conclusions

There is a growing need for validation/feasibility studies
prior to the use of biologgers [51], especially those that
record multiple parameters or when they are being used
in previously untagged or rarely tagged species. Physi-
ological sensors are currently underutilized, but could be
an extremely useful tool for advancing fish welfare and
conservation efforts. For example, the f;; loggers used in
this study recorded good quality ECGs, provided quite
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accurate measurements of fi; in free-swimming salmon,
and could record small changes in f}; associated with
exercise, diel variation and changes in temperature. Using
these DSTs, we found that salmon require a minimum of
4 days, and up to 2—-3 weeks (consistent with Hvas et al.
[43]), for fi; to stabilize following the surgical and implan-
tation procedures required. In addition, the tags allowed
for the quantification of HRV in the salmon during a U,
test, and thus, provide a new avenue for research on car-
diac physiology. Lastly, the centi-HRT ACT tags recorded
values of acceleration that can be used to estimate salmon
swimming speed and TBE, and are useful for determining
when salmon are swimming steadily or burst swimming.
It is our hope that future users of these DSTs, and other
biologgers, will find the data and recommendations pro-
vided in this paper useful.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540317-021-00235-1.

Additional file 1: Figure S1. Milli-TD DSTs (that record depth and
temperature) were attached to the fish externally using a “plate holder kit”
provided by Star-Oddi and stainless steel wire (0.02” diameter). Tags were
prepared for attachment by looping pre-sterilized stainless steel wire over
the tag and passing the ends of the wire through one of the kit's silicone
pads and the pre-drilled holes in the kit's plastic mold. Four pre-sterilized
stainless steel hypodermic needles (15 gauge, 3.5” long) were then passed
through the skin and muscle below the dorsal fin to allow the stainless
steel wire to be guided through. Then, the hypodermic needles were
removed and the 4 wires exiting the muscle were passed through the kit's
other silicone pad and plastic mold, and the wires were twisted together
to secure the DST to the fish. Figure S2. An electrocardiogram (ECG)
recorded in a salmon during 1 week of recovery. The ECG was randomly
chosen to represent the typical recording from a salmon, where Bin

ECG represents the amplitude of the PQRS waveform and ranges from

0 to 1000 mV. Heart rate (f,;) was calculated from the ECGs as the time
between R wave peaks (measured in seconds). These values were then
averaged, and 60 was divided by the average to obtain the fish’s f,; in bpm.
Heart rate variability (HRV) was calculated as the standard deviation of the
time between successive R wave peaks (in ms). Table S1. Photographs

of the Star-Oddi data storage tags used in this paper. Further information
on these products can be found at https://www.star-oddi.com. Table S2.
Linear mixed-effects models were used to determine the relationships
between external acceleration (EA, mg) and swimming speed (BL s~') and
tail beat frequency (tail beats min~"), and between the latter two param-
eters and variation in EA (VAR, mg?), with fish as a random factor. The low-
est Akaike information criterion (AIC) value was used to select between
the two models (linear regression and log transformed data). Table S3.
Summary of the statistical outputs from linear mixed-effects models

that were used to examine the effects of swimming speed on heart rate
parameters in Atlantic salmon. Linear mixed-effects models were used to
assess the effects of swimming speed (body lengths s~') on heart rate,
heart rate variability and the percentage of quality index values equal to
zero (Qly). Significant differences are shown in bold font. Table S4. Sum-
mary of the statistical outputs from the linear mixed-effects models that
examined the effects of night/day (photoperiod), days post-implantation,
and their interaction, on f,, parameters [f,; and percentage of quality index
values equal to zero (Qly)] and external acceleration (EA) in salmon for

7 days post-surgery. Significant differences are shown in bold. Table S5.
Summary of the statistical output from the linear mixed-effects models
that examined the effects of night/day (photoperiod), at every 10 days

or for all days post-implantation, on f,; parameters [f,; and percentage of
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quality index values equal to zero (Qly)] and external acceleration (EA) in
Atlantic salmon for 6 weeks post-implantation, and their interaction. Due
to issues with facility temperature control, the data is separated into two
trials with a tank temperature of 8 °Ciin trial 1 (a 10 days; b all data) and
8-12°Cintrial 2 (c).

Abbreviations

ACT: Activity; BL: Body lengths; bpm: Beats per minute; COM-BOX: Star-Oddi
Tag-Computer Interface; DST: Data storage tag; EA: External acceleration; ECG:
Electrocardiogram; f,;: Heart rate; HRT: Heart rate; HRV: Heart rate variability;
MO,: Oxygen consumption; MS-222: Tricaine methanesulfonate; ODBA:
Overall dynamic body acceleration; PQRS: Cardiac electrical activity associated
with atrial and ventricular contraction; Ql: Quality index; S.E.M.: Standard error
of the mean; TBF: Tail beat frequency; U Critical swim speed; VAR: Variation
in external acceleration; VeDBA: Vectorial sum of dynamic body acceleration.
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