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Abstract 

Background: A new technology for a self-powered acoustic tag (SPT) was developed for active tracking of juvenile 
fish, intended to avoid the typical battery life constraints associated with active telemetry technology. We performed 
a laboratory study to evaluate a subdermal tagging technique for the SPT and effects of the tag on survival, tag reten-
tion, and growth in juvenile white sturgeon (Acipenser transmontanus).

Results: Survival was associated with tag retention. White sturgeon implanted with the SPT (n = 30) had 93% survival 
and tag retention by day 28, 67% by day 101, and 38% by day 595 post-tagging. Sturgeon implanted with a passive 
integrated transponder (PIT) tag only (control group) had 96% survival and tag retention by day 28, and through day 
101 post-tagging. Fish in the PIT group were repurposed after day 101, so no comparisons with this group were made 
at day 595 post-tagging. Specific growth rate (SGR) for fork length was a median of 0.25%  day−1 by day 28 for the SPT 
group, which was significantly lower than the PIT group (median: 0.42%  day−1; n = 27). The SPT and PIT groups had 
similar SGR fork length by day 101 post-tagging (0.22 and 0.25%  day−1, respectively). SGR weight was also lower for 
the SPT group compared to the PIT group on day 28 (1.39 and 2.11%  day−1, respectively), but the difference again dis-
sipated by day 101 (0.79 and 0.88%  day−1, respectively).

Conclusion: The tagging technique and placement of the SPT allowed the tag to remain upright along the flank of 
the sturgeon to ensure maximum battery output of the SPT; however, retention rates of the SPT were not ideal. We 
provided suggestions to improve the tagging technique. Suggestions included tagging fish that are > 400 mm FL, 
moving the incision location to extend the cavity and create a pocket for the placement of the SPT, and performing a 
quantitative wound-healing evaluation. Future studies are therefore recommended to evaluate these suggestions.
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Background
Acoustic telemetry is one of the primary tools used to 
understand the effects of anthropogenic activities (over-
fishing, changes in habitat due to hydroelectric projects 
or other dams, and pollution) on fish populations and 
changes in habitat use [1–3]. Acoustic telemetry allows 
researchers to monitor fish behavior, movement patterns, 
and survival [1, 4, 5]. However, the length of time fish 
can be monitored has been limited by the finite energy 

capacity of the battery life of the acoustic telemetry tag. 
For example, the battery life of smaller (i.e., 0.72 g in air) 
acoustic telemetry tags can last up to 365 days depend-
ing on the source level and ping rate interval (model: 
Juvenile Salmon Acoustic Telemetry System [JSATS] 
sturgeon transmitter) [6]. The battery life of other, larger 
telemetry tags (i.e., 24.0 g in air; model V16-4L; Innova-
sea Systems, Inc.; https:// www. oceans- resea rch. com/ wp- 
conte nt/ uploa ds/ 2016/ 09/ v16- coded-1. pdf ) can last up 
to 3650 days, also depending on the source level and ping 
rate interval. Long-lasting acoustic tags are beneficial for 
long-term monitoring. However, they are also typically 
larger in size to accommodate a bigger battery, in turn 
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increasing the tag burden for fish (i.e., the weight of the 
tags relative to the weight of the fish). Tag burden is an 
important consideration in telemetry studies. For exam-
ple, it can affect fish survival, growth, swimming behav-
ior, ability to avoid predators or retain the tag, among 
others. If a tag burden is too large and has a negative 
effect on fish, it could bias the results of a telemetry study 
[7–10].

A current challenge in tagging studies is finding a tag 
size that balances battery life and fish size-at-tagging, to 
minimize a potential size bias. A size bias occurs when 
only the larger individuals in a population are tagged (to 
minimize tag burden), but they may not be representative 
of the entire size range of the population [1, 5, 11]. Stud-
ies monitoring long-term populations and habitat distri-
butions have typically been restricted to tagging larger 
fish [2, 12, 13]. The ability to implant smaller fish could 
be beneficial for tracking long-lived species with severe 
population declines, such as sturgeon (Family Acipenser-
idae). Sturgeon have complex habitat requirements, late 
maturity (10 + years [14, 15]), and slow rates of repro-
duction [16]. Their population declines are a result of 
life-history traits coupled with anthropogenic activities 
(overfishing, changes in habitat due to hydroelectric pro-
jects or other dams, and pollution) [15, 17]. In fact, 18 of 
the 25 species of sturgeon worldwide are listed as endan-
gered or critically endangered [18]. Tag effects, popula-
tion demographics, and habitat monitoring studies for 
adult sturgeon have been well documented; however, 
the ability to study juvenile sturgeon is important for 
monitoring early life behavior and understanding habitat 
preferences [10, 13, 19, 20]. Ideally, implanting juvenile 
sturgeon with a long-lasting tag would allow for a better 
understanding of shifts in habitat preferences as sturgeon 
mature and provide population monitoring through sev-
eral age classes.

Recently, a new active acoustic telemetry tag called 
the self-powered acoustic transmitter (“SPT” hereinaf-
ter) was developed. The SPT aims to address the issue of 
finite battery life by replacing the battery with a piezoe-
lectric-based self-powered unit that harvests the biome-
chanical energy of the host animal’s motion [21]. The SPT 
also addresses the fish size-at-tagging concern, because 
it weighs 0.80 g in air. It is similar in mass to the model 
JSATS sturgeon transmitter (0.72 g) and is 96.7% lighter 
than the model V16-4L (24.0  g). When implanted into 
fish, the self-powered unit harvests energy from the fish’s 
natural swimming motion [21], giving it a unique func-
tionality. Before the SPT can be used in field studies, spe-
cies-specific biological testing is required to understand 
how best to implant the SPT (i.e., evaluate the tagging 
technique) and understand the potential tag effects of 
the SPT on a given species. Different tagging techniques 

and tag sizes, shapes, and volumes can have varying 
effects on each species; thus, species-specific guidelines 
are recommended [1, 11]. We chose white sturgeon (Aci-
penser transmontanus) as the candidate species for this 
study. White sturgeon populations have been negatively 
affected by habitat fragmentation caused by dams, and 
there is a lack of understanding about juvenile popula-
tions and habitat use [10, 17, 20, 22]. Additionally, stur-
geon have a cartilaginous skeleton and rough leathery 
skin [23, 24] that makes them an ideal candidate to meet 
the biological characteristics that affect the unique appli-
cation of the SPT.

Biological aspects that influence the functionality of 
the SPT (i.e., the amount of power that can be harvested 
by the SPT) include the implantation location in the fish 
body and the fish’s physical activity level and movement 
characteristics (e.g., degree of the body bending) [25]. 
Based on benchtop testing [25], the tagging technique 
would need to ensure that the SPT remains upright and in 
a fixed position inside the fish for the piezoelectric mate-
rial of the SPT to bend sufficiently; in turn, effectively 
harvesting the mechanical energy required to power the 
tag. The tag bending would be generated by the natural 
swimming motion of the fish. The cartilaginous skeleton 
and rough leathery skin of sturgeon would provide a sta-
ble framework for the SPT to remain upright, and the 
natural wave-like bending of the body during swimming 
[26, 27] would promote power production to maximize 
the SPT battery output. The tag would not perform well 
if placed inside the body cavity, unless anchored, because 
it would not maintain an upright and fixed position. The 
length of the SPT (65 mm [21]) could make it difficult to 
implant internally even if anchored to the body wall. A 
long incision would likely be required, which could affect 
wound healing and recovery from surgery. Subsequent 
concerns for wound healing could occur if sutures were 
used to anchor the tag, as sutures could cause inflamma-
tion, ulceration, or water mold [28]. Externally attaching 
the transmitter, although potentially beneficial for posi-
tioning the SPT, could present problems for the fish dur-
ing wound healing as the technique would also require 
the use of sutures [28]. Additionally, an external applica-
tion could have detrimental effects on growth or tissue 
damage, or could affect fish performance if affixed to the 
side of the fish to maintain the SPT in an upright posi-
tion, even if the SPT was neutrally buoyant [29]. Given 
the morphological characteristics of sturgeon and biolog-
ical requirements of the SPT, we chose to use a subder-
mal tagging technique.

The objectives of our laboratory study were to evalu-
ate the effects of the SPT on survival, tag retention, and 
growth of white sturgeon using a subdermal tagging 
technique designed for the SPT. The overall goal was 
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to assess if the subdermal technique and tag placement 
would ensure proper functionality of the SPT (i.e., maxi-
mize the energy harvesting capabilities [25]), while mini-
mizing negative tag effects to the fish, with the potential 
of developing a tagging protocol for use of the SPT in 
field studies.

Methods
Fish rearing
Fish care and use for this study were approved by Pacific 
Northwest National Laboratory’s (PNNL) Institutional 
Animal Care and Use Committee (Protocol No. 2017-
01) following the 8th Edition Guide for the Care and Use 
of Laboratory Animals [30]. Hatchery cultured age-0 
white sturgeon (n = 140) were acquired from the Idaho 
Power Company in February 2017 (mean ± standard 
deviation [SD] fork length [FL]: 193.9 ± 16.8 mm; weight: 
51.8 ± 13.9 g). We reared sturgeon at PNNL in two 600 L 
circular tanks that were located next to each other. Tanks 
were supplied with flow-through Columbia River water 
that was UV-treated, sand-filtered, and delivered at 3–4 
tank volume exchanges each hour. The water pH range 
was 7–8 and the total dissolved gas range was 100–105%. 
Water temperatures were set to 13 ± 0.4 °C (mean ± SD) 
upon arrival, and gradually increased by 1–2 °C per day 
until 17 ± 0.5  °C to encourage growth and swimming 
activity for powering the SPT during the study. Sturgeon 
were subjected to a photoperiod similar to natural condi-
tions set for Richland, WA, USA, using timer controlled 
overhead fluorescent bulbs (10 h light:14 h dark in Feb-
ruary and gradually increasing to 16 h light:8 h dark for 
the study start in May). We fed sturgeon Bio Vita pellets 
(Bio-Oregon, Longview, WA) daily to satiation, except 
prior to tagging and evaluation days, when they were 

unfed for 24  h. Study conditions were the same as the 
rearing conditions.

Tagging
We tagged 57 white sturgeon on 1 May 2017 in two 
groups: passive integrated transponder (“PIT group” 
hereinafter) and self-powered tag (“SPT group” herein-
after; Table 1). Sturgeon in the PIT group received only 
a PIT tag (12.2  mm length × 2.1  mm diameter, 0.1  g; 
Fig.  1A) for individual identification, and represented a 
control group. Fish in the SPT group were triple tagged. 
The three tags were: (1) a PIT tag (Fig.  1A); (2) a non-
functioning model JSATS sturgeon transmitter acoustic 
tag (“AT” hereinafter), that was the same dimension and 
weight as a functioning tag (24.2  mm length × 5.0  mm 
diameter, 0.7 g; Fig. 1B); and (3) a non-functioning SPT 
that was also the same dimension and weight as a func-
tioning tag (65  mm length × 5.3  mm wide × 3.0  mm at 
the thickest point [i.e., the circuit board], 0.80  g; 0.44 
 cm3 in volume [21]; Fig. 1D and E). The SPT was coated 
in a 25  µm-thick layer of Parylene-C, encapsulated in 
ClearFlex 95 urethane rubber, and coated in another 
25 µm-thick layer of Parylene-C to ensure that the trans-
mitter was waterproof and biocompatible [21]. Addi-
tionally, all edges were rounded and smoothed out, to 
minimize potential irritation to the fish. The combined 
weight of the three tags in the SPT group, used for tag 
burden calculations, was 1.6  g. Fish in the SPT group 
were triple tagged because it would be representative of 
what may occur in initial field trials. Hatchery-released 
or wild caught sturgeon are often PIT-tagged, and in an 
initial field trial, the AT would provide supplementary 
data to the SPT until the battery life of the AT expired. 

Table 1 Sample sizes (n), fork lengths (FL), weights (WT), tag burdens, and specific growth rates (SGR) of white sturgeon 
(means ± standard deviations with ranges in parentheses)

Sturgeon that dropped their self-powered tag (SPT group) or PIT tag (PIT group) were excluded from further analyses after the tag drop date. Fish from the PIT group 
were repurposed after the 101 days post-tagging evaluation; therefore, they are not included in the 595 days post-tagging data

Group n FL (mm) Weight (g) Tag burden (%) SGRFL (%  d−1) SGRWT (%  d−1)

Tagging day (day 0)

 SPT 30 378 ± 28.8 (310–435) 315 ± 69 (166–467) 0.53 ± 0.13 (0.34–0.96)

 PIT 27 370 ± 28.8 (320–415) 298 ± 82 (169–436) 0.04 ± 0.01 (0.02–0.06)

28 days post-tagging

 SPT 28 405 ± 33.4 (320–455) 470 ± 123 (214–726) 0.25 ± 0.15 (0.00–0.49) 1.39 ± 0.76 (– 0.17–2.69)

 PIT 26 414 ± 29.6 (360–460) 517 ± 126 (303–716) 0.41 ± 0.15 (0.00–0.82) 2.02 ± 0.61 (– 0.11–2.82)

101 days post-tagging

 SPT 20 474 ± 39.4 (385–530) 721 ± 171 (365–1027) 0.21 ± 0.05 (0.11–0.30) 0.79 ± 0.19 (0.36–1.12)

 PIT 26 472 ± 31.2 (410–525) 702 ± 166 (414–1023) 0.24 ± 0.06 (0.06–0.32) 0.86 ± 0.21 (0.21–1.10)

595 days post-tagging

 SPT 11 541 ± 61.2 (450–635) 1014.9 ± 339.8 (569.5–1643.2) 0.06 ± 0.02 (0.03–0.08) 0.19 ± 0.04 (0.11–0.25)
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The supplementary data would allow for a comparison of 
how well the SPT performed. 

Prior to each surgery, all tools and tags were disinfected 
with 70% ethanol for 15 min and rinsed in sterile water. 
The tagging process started by placing sturgeon in a 
knockdown dose of anesthesia (e.g., to stage 4 [31]), using 
200 mg/L of MS-222 buffered with 200 mg/L of sodium 
bicarbonate. Time to knockdown in anesthesia and 
recovery in an aerated bucket of fresh water was less than 
4  min each. During tagging, fish were placed on a pad 
and provided with fresh water through tubing. A main-
tenance dose of anesthesia (80 mg/L of MS-222 buffered 
with 80  mg/L of sodium bicarbonate) was provided if a 
fish woke up during tagging.

We injected all PIT tags (i.e., for the PIT and SPT 
groups) into the dorsal musculature on the right side of 
the dorsal fin using a needle and syringe. Total tagging 
time for the PIT group was less than 30 s. The SPT group 
sturgeon were implanted first with the AT via a flank 
incision with a sterile #11 blade. A 7–9 mm incision was 
centered between the 3rd and 4th ventral scutes anterior 
to the leading edge of the pelvic fin on the left side of the 
fish, without a suture closure [28]. Sutures or adhesives 
were not recommended for use to close the incision due 
to the potential for tissue necrosis, inflammation, ulcer-
ation, or water mold [28, 32]. The PIT tag was injected 
next, into the dorsal musculature of the fish. Finally, the 
SPT was implanted. A vertical incision 8–10  mm long 

was made on the left side of the fish with a sterile #11 
blade. The incision was made between the dorsal and lat-
eral rows of scutes above the second scute posterior of 
the pectoral fin (Figs.  2 and 3). A disinfected 8.5-gauge 
hypodermic tubing (0.156″ outer diameter, 0.136″ inner 
diameter) that was flattened and sharpened into a needle 
on one end (Fig. 2C) was used to create a horizontal cav-
ity between the dermis and hypodermis tissue to hold the 
SPT in and upright and stationary position. The tubing 
needle was marked at 70 mm to indicate the distance the 
needle should be inserted, as the SPT was 65 mm long. 
The 70 mm cavity represented ~ 16 to 23% of the FL of 
the sturgeon. To create the cavity, we gently rotated the 
needle just underneath the epidermis to cut through 
the dermis and hypodermis tissue. The SPT was gently 
inserted in an upright position and pushed horizontally 
along the flank of the fish into the cavity, using forceps 
to aid the process if necessary. The thickest part of the 
SPT (i.e., the circuit board end) was inserted first, so the 
thinnest end was by the wound opening to minimize the 
potential for tag loss. The total tagging time to implant 
the three tags for fish in the SPT group was 2.8 ± 0.1 min 
(mean ± SD). 

Monitoring
Sturgeon were evaluated for FL, weight, and tag reten-
tion on 28 and 101  days post-tagging (Table  1). After 
101 days post-tagging, the study ended for fish in the PIT 

Fig. 1 Tags and tools used, depicting comparative dimensions of a A passive integrated transponder (PIT) tag; B non-functioning model JSATS 
sturgeon transmitter acoustic tag (AT); C 8.5-gauge needle used to make a cavity to hold the self-powered tag (SPT). The black electrical tape 
marked 70 mm from the needle tip, to ensure that the cavity created was longer than the SPT [65 mm]); and D and E the SPT, depicting the front 
and back of the tag, with the circuit board shown on the right side of the SPT
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Fig. 2 Approximate location of the self-powered transmitter (SPT) to maximize energy output from the fish’s natural swimming motion. The 
SPT pictured is overlain the sturgeon in an upright position for visual aid to where the SPT was implanted horizontally between the dermis and 
hypodermis tissue and is roughly to scale (65 mm in length)

Fig. 3 Procedure for implanting the self-powered tag (SPT) in the flank location: A vertical incision with #11 blade; B 8.5-gauge needle used to 
create the cavity; C creating the cavity for the SPT; D gently inserting the SPT into the cavity
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group as they were repurposed for another use. How-
ever, we monitored fish in the SPT group until 595 days 
post-tagging to continue evaluations of SPT retention 
(Table 1). Water temperature during the 28 day holding 
study was 17 ± 0.5  °C (mean ± SD) to simulate summer 
river conditions. After the 28 day evaluation (May 2017), 
the water temperature was cooled by 1–2  °C per day to 
that of ambient river water (~ 13  °C) to follow natural 
river water temperature fluctuations for the remainder 
of the study, which was 101  days post-tagging for the 
PIT group (August 2017; temperature range: ~ 13–21 °C) 
and 595  days post-tagging for the SPT group (Decem-
ber 2018; temperature range: ~ 5–21 °C). After 595 days, 
fish in the SPT group were euthanized with an overdose 
of MS-222 and necropsied for evaluations of the effects 
of the SPT on the surrounding dermis and hypodermis 
tissue.

Statistical analyses
Data were evaluated for normality and homogeneity of 
variances using a Shapiro–Wilk test and a Levene’s test, 
respectively. The SPT and PIT groups were compared to 
check for differences in FL or weight at the beginning of 
the study (day 0) using a t test. Survival was defined by 
survival and tag retention, as a dead fish or a dropped tag 
in a field study would terminate active tracking [11]. Sur-
vival rates were quantified per group using proportions 
(i.e., the number of fish that survived and retained their 
PIT tag [PIT group] or all three tags in the SPT group, 
compared to the total number of fish in each group) and 
a Fisher’s exact test [33]. We analyzed specific growth as 
a function of FL (in mm;  SGRFL) and weight (in grams; 
 SGRWT), represented by percent growth per day and 
using the formula

where SGR was represented by the percent growth 
gained per day (%  d−1), G was the growth (in mm [FL] 
or g [weight]), and time was the study duration (in 
days) [34]. Growth data were assessed using a two-way 
repeated-measure analysis of variance (RMANOVA) 
to compare SGR across time (days 0, 28, and 101) and 
between groups. Non-normally distributed data were 
log-transformed and the RMANOVA was run separately 
on transformed and original data. If the RMANOVA 
tests on transformed and original data yielded the same 
results, we used the original (untransformed) data. Sig-
nificant differences identified by the RMANOVA were 
followed up with a pairwise comparison t test, performed 
with a Bonferroni correction to identify differences in 
 SGRFL and  SGRWT across time and between groups. The 
RMANOVA and assumptions of outliers, normality, and 

SGR =

[

(ln [Gfinal]− ln [Ginitial])

time

]

× 100,

homogeneity of variances were evaluated using the pack-
age ‘rstatix’ in R [35]. Significance or Type I error (α) was 
defined at 0.05 for all statistical tests and analyses were 
performed in R [36].

Results
The FL and weight data for all study fish at the beginning 
of the study were normally distributed (Shapiro–Wilk: 
W = 0.98, P = 0.32 and W = 0.98, P = 0.28, respectively). 
Similarly, study fish FL and weight data had equal vari-
ances (Levene’s test: F = 0.09, P = 0.76 and F = 1.81, 
P = 0.18, respectively). We used a Welch’s t test for une-
qual sample sizes to compare FL and weight data of the 
PIT and SPT groups. Neither the FL nor weight was dif-
ferent between groups (t = 1.05, P = 0.30 and t = 0.86, 
P = 0.39, respectively). Tag burdens (mean ± SD) for 
the SPT group were 0.53 ± 0.13% and for the PIT group 
0.04 ± 0.01% (Table 1).

All fish in the SPT group (n = 30) retained their AT 
and PIT tags throughout the duration of the study. The 
wounds from the PIT injection and AT implantation 
were also healed (e.g., no inflammation, openness, ulcer-
ation, varicosities, or water mold [28]) by 28  days post-
tagging. Survival and SPT retention were 93% in the first 
28 days post-tagging (Table 2). The two fish that dropped 
their SPTs were euthanized on the exam day, because the 
wounds at the SPT incision site were extensive. However, 
no other fish died or required euthanizing throughout 
the study. On day 28, the SPT was visible in six fish (i.e., 

Table 2 Initial (day 0) fork lengths (FL), weights, and tag burdens 
of white sturgeon, and the number of days post-tagging a 
sturgeon dropped its self-powered tag (SPT group) or its PIT tag 
(PIT group)

The notation N/A indicates missing data. Fish that dropped their tags between 
days 101 and 595 post-tagging were combined (n = 9) as the individual days 
post-tagging were not recorded

Group FL (mm) Weight (g) Tag Burden (%) Dropped tag 
(days post-
tagging)

SPT 370 341.2 0.47 5

400 326.6 0.49 28

340 234.5 0.68 29

380 313.0 0.51 29

340 198.8 0.80 29

385 379.9 0.42 29

395 380.5 0.42 30

375 326.4 0.49 30

360 254.0 0.63 31

350 248.0 0.65 101

340–430 235.3–399.3 0.40–0.68 102–595

PIT 385 337.5 0.03 N/A
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incision wound not healed and could either see the SPT 
inside the wound or the SPT was protruding from the 
incision). Of those six fish, three dropped their SPTs by 
day 31, along with an additional three fish that did not 
have visible SPTs (Table 2). The SPT incision sites on the 
other fish were closed and appeared to be healed. No fish 
dropped their SPT between days 31 and 101 (Table  2), 
although an SPT in one fish was coming through the epi-
dermis on day 101. In this instance, the SPT was removed 
and considered a dropped tag (Table 2). Therefore, by day 
101 survival and retention was 67% (n = 20 of 30), and the 
wounds at the AT and SPT incision sites again appeared 
to be healed and healthy. Between day 101 and 595, one 
fish jumped out of the tank and died; therefore, it was 
excluded from the 595-day analysis. By day 595 post-tag-
ging, 38% of sturgeon survived and retained their SPTs 
(n = 11 of 29; Table 2). In seven of the surviving fish (i.e., 
retaining the SPT), there was a fluid in the cavity where 
the SPT had been, and the SPT was bent in five fish. 
None of the fish with SPTs had necrotic tissue. Two fish 
that dropped their SPTs had long horizontal scars along 
the flank.

Sturgeon in the control (PIT group) had 100% sur-
vival and 96% (n = 26 of 27) PIT tag retention by day 28 
(Table  2). The one dropped PIT tag was not recovered; 
therefore, the day it was dropped could not be deter-
mined. For the remainder of the study (through 101 days 
post-tagging), all other fish in the PIT group survived 
and retained their tags, maintaining the 96% survival and 
retention.

A Fisher’s test was unable to detect a significant differ-
ence in survival and tag retention between the SPT and 
PIT groups at day 28 (P = 1.00). However, by 101  days 
post-tagging, survival between the two groups was signif-
icantly different (P = 0.006). No comparisons of survival 
for the PIT and SPT groups were made at 595 days post-
tagging, as only the SPT group was evaluated.

Fork length and weight SGR data did not have any 
extreme outliers and variances were not different. How-
ever, the data were not normally distributed for the PIT 
group at day 101 for  SGRFL and at day 28 for  SGRWT. 
The RMANOVA from the log-transformed and original 
(untransformed) data resulted in the same conclusions 
for  SGRFL and  SGRWT; therefore, we used the original 
data for both variables. Results indicated a significant 
effect on group and time for  SGRFL (F = 8.99, P < 0.0001 
and F = 36.81, P  < 0.0001, respectively). Follow-up pair-
wise comparison tests identified a difference in  SGRFL on 
day 28 (P < 0.001) with a reduced growth in length for the 
SPT group compared to the PIT group (Fig.  4A). How-
ever, differences in  SGRFL dissipated by 101  days post-
tagging (P = 0.07). Both groups experienced a decrease 
in growth for  SGRFL from day 28 to day 101 post-tagging 

(Fig.  4A). Similarly, for  SGRWT, the RMANOVA iden-
tified a significant effect on group and time (F = 6.89, 
P < 0.0001 and F = 115.49, P =  < 0.0001, respectively). 
Follow-up pairwise comparison tests identified a differ-
ence on day 28 (P = 0.002), indicating that SPT fish had a 
reduced weight gain compared to PIT fish (Fig. 4B). Dif-
ferences in  SGRWT also dissipated by 101 days post-tag-
ging (P = 0.22). The SPT and PIT groups also experienced 
a decrease in weight for  SGRWT from day 28 to day 101 
post-tagging (Fig. 4B).

Discussion
The overall goal of this study was to evaluate a subder-
mal tagging technique designed for the SPT. The place-
ment of the SPT needed to remain in an upright and 
fixed position that allowed for adequate tag bending, 
while minimizing negative effects on survival, tag reten-
tion, and growth to sturgeon. The tag placement and 

Fig. 4 Box plots of white sturgeon specific growth rates (SGR) for A 
fork length (FL); and B weight (WT). An asterisk (*) above a set of days 
post-tagging indicates a significant difference at α = 0.05. Day 595 
post-tagging depicts only the SPT group, as the study ended after 
101 days for the PIT group. Lower and upper bounds of each box 
represent the 25th and 75th percentiles, respectively. Lines within 
each box indicate the median, whiskers represent 90th percentiles, 
and black dots indicate outliers
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natural swimming motion of sturgeon would maximize 
the potential energy harvesting capabilities of the SPT, 
based on benchtop testing [25]. Even though 38% of fish 
retained their SPT after 595 days, results of the tag place-
ment were successful in the remaining fish. The SPT 
maintained an upright alignment along the flank, inside 
the dermis and hypodermis tissue for stability. However, 
some of these SPTs were bent and it is possible the bend 
would have broken the self-powering capability had the 
SPTs been functional, depending on the angle of the bend 
[25]. Sturgeon were located in a 600 L circular tank dur-
ing the study, and may have turned and curved their bod-
ies at an angle that caused the SPT to bend. The body 
curvature could have been indicative of a tank effect, 
although future studies should be performed to evaluate 
SPT effects on sturgeon swimming and natural locomo-
tion to better understand this postulation.

Another potential cause of tag bending may have 
occurred when handling the fish during the examina-
tions. Tag bending may have happened when fish were 
netted from the tank, or once they were put into the 
anesthesia and prior to being fully anesthetized. Despite 
the SPTs that bent, the location was a good choice for 
the potential to maximize the self-powered battery out-
put. Future studies should use the flank location again, 
with modifications to the tagging technique, potentially 
the tank size or shape (i.e., > 600  L or not circular), or 
increase the size of the net or  container used to anes-
thetize the fish to minimize bending prior to being fully 
anesthetized.

Regarding negative  tag effects on the sturgeon, there 
were noticeable side effects for survival and tag reten-
tion. Tag retention of 67% (101 days) and 38% (595 days) 
is not ideal for any telemetry tag, nor for a tag that is 
unrestricted by battery life. The cumulative tag burden 
of the three tags was < 1.0% and did not raise a concern 
for affecting fish survival or behavior [7, 9, 10]. Instead, 
the unique requirements of the technique may have con-
tributed to the poor SPT retention. Although we chose to 
triple-tag sturgeon in the SPT group in this study (rep-
resentative of what may occur in initial field trials), the 
PIT injection and surgical implantation of the AT were 
minimally invasive [17, 28]. Wounds from the PIT injec-
tion and AT incision were healed by 28 days post-tagging 
and the SPT group had 100% retention of these two tag 
types. Thus, it is unlikely the PIT and AT tags negatively 
affected SPT retention or survival.

The SPT tagging technique was invasive and created a 
deep internal wound [37, 38]. Even though the external 
incision site was small (8–10  mm), the internal wound 
of the cavity was relatively large compared to the size of 
the fish, which may have increased the amount of time 
required for wound healing [37], in turn affecting SPT 

retention. The cavity required for the SPT created a 
70 mm wound in the dermis and hypodermis tissue (~ 16 
to 23% of the FL of the sturgeon). For smaller (< 400 mm 
FL) fish in this study, the length of the SPT was almost 
the same length as the side of the fish. During tagging, 
we also noticed that the larger fish had thicker dermis 
and hypodermis tissue on the flank than smaller fish. As 
a result, creating the cavity in smaller fish was more dif-
ficult and some of the SPTs did not slide into the cavity 
as easily. In our study, only eight fish in the SPT group 
were > 400 mm FL (max: 435 mm FL). Of those, four fish 
survived and retained their SPT through 595 days post-
tagging. Although limited in sample size, the results 
may indicate that sturgeon > 400  mm FL could recover 
from the tagging technique and retain their SPT better 
than smaller sturgeon. Future laboratory studies should 
try this technique with a larger sample size of stur-
geon > 400 mm FL to evaluate if there is size effect.

The wound-healing process is well documented [38–
40]. For fish, the process includes re-epithelialization, 
inflammation, and reparation (formulation of granulation 
tissue and tissue remodeling/scarring) [37]. In our study, 
the SPT remained in the dermis and hypodermis tissue 
and could be described as a contusion wound—i.e., tis-
sue loss and separation of tissue layers caused by severe 
laceration [38]. At the end of the study, we observed a 
fluid in the cavity of the majority (63.6%) of the sturgeon, 
potentially indicative that the dermis and hypodermis tis-
sue could not fully reconstruct or go through the repara-
tion process. The presence of the SPT likely blocked the 
tissue from apposition, a response that may affect wound 
healing in fish [37]. Wound healing may have also slowed 
during times when river water temperatures were cooler 
[37, 41], prolonging the wound-healing process. With 
this technique, it is possible the internal wound could not 
heal completely, although the external incision appeared 
to heal and close the wound opening. A better under-
standing of contusion wound healing in fish is needed, 
and future studies should quantitatively evaluate the 
wound-healing process [28, 42, 43].

Dropped SPTs may have been pushed through the inci-
sion site if the wound did not close or heal. Although we 
observed the SPT incision site to be closed and healed 
for the majority of sturgeon that survived to day 28, the 
underlying tissue by the incision site may not have com-
pletely healed. Because the tissue may have been dam-
aged or inflamed, the SPT could have been expelled 
through the incision site. We noticed this on day 101, as 
one fish had an open incision site with the SPT protrud-
ing. For smaller sturgeon where the length of the SPT was 
almost the length of the side of the body, they may have 
been able to push the SPT out inadvertently as a result 
of their natural swimming and bending motion. Another 
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possible location where SPT may have been expelled 
was through the epidermis. For example, two fish were 
observed to have a long horizontal scar, similar in outline 
to the shape of the SPT. The SPT may have been recog-
nized as a foreign material in the body, became engulfed 
by cells trying to clear the foreign material, and may have 
been expelled from the body of the sturgeon, i.e., a form 
of the phagocytic process [37, 44, 45]. This may be an 
unavoidable constraint for the SPT in the future, regard-
less of the tagging technique.

To address SPT retention, another recommendation to 
the tagging technique is to move the incision to poten-
tially improve the retention of the SPT in the cavity. The 
incision location would move to between the 4th and 5th 
ventral scutes anterior to the leading edge of the pelvic fin 
and the cavity would be created to extend on both sides 
of the incision. The short end of the cavity (pocket) would 
be on the left (anterior) side of the incision and 3–4 mm 
in length; or the approximate length from the 4th to the 
3rd scute moving anteriorly. The long end of the cavity 
would be the same as described in our methods (70 mm 
in length, moving posteriorly). The creation of the pocket 
would provide a space for the surgeon to tuck the end of 
the SPT, so the end of the SPT would no longer be located 
at the incision site opening. Both ends of the SPT would 
be covered by tissue and skin, potentially minimizing the 
ability for the SPT to be pushed out through the incision. 
Moving the incision location and creating a pocket would 
allow the SPT to remain in the same location along the 
flank to maximize energy output of the SPT. In this study, 
we noticed that the end of the SPT was still visible at the 
incision site immediately after implantation for some fish. 
A cavity on both sides of the incision may also allow the 
SPT to slide more smoothly into place, while ensuring the 
end of the SPT is not visible at the incision site. Although 
the addition of the pocket may create a longer cavity, in 
turn creating a longer internal wound, it may also aid in 
wound healing at the incision site. If the end of the SPT 
is not at the incision site, it may reduce irritation and aid 
in external wound healing and incision closure. A longer 
cavity with a pocket on the left side of the incision would 
be preferred to a suture closure. Suture closures are not 
recommended for juvenile white sturgeon, because the 
suture material can cause inflammation, ulceration, or 
water mold infections [17, 28].

There were also short-term side effects for growth 
through the first 28  days post-tagging, although these 
effects were no longer apparent by 101  days. Stur-
geon in the PIT group had significantly better  SGRFL 
and  SGRWT in the short term compared to the SPT 
group. The SPT group sturgeon were likely allocating 
energy toward wound healing and recovery from the 

stress of surgical tag implantation in the first 28  days, 
as opposed to growth [46]. The decrease in growth for 
FL and weight in the PIT and SPT groups from day 
28 to day 101 post-tagging is logical, as sturgeon fol-
low a growth curve [34, 47, 48]. Sturgeon experience 
increased growth during early life stages, with growth 
leveling off as they mature [34, 47, 48]. The decrease 
in growth was also evident by day 595 for the SPT fish, 
although the more pronounced decrease may have also 
been a result of the water temperature. After 28  days 
post-tagging, the water temperature was no longer held 
constant and was set to ambient river water tempera-
tures. The 595  day exam date was in December when 
water temperatures were cooler (~ 5  °C) than at day 
28 (May; ~ 13 °C) and day 101 (August; ~ 21 °C). Water 
temperature can affect fish feeding and growth, which 
is reduced when water temperatures are cooler [46, 49].

This study started with the potential for developing 
a tagging protocol for use of the SPT in field studies. 
Although the technology and tagging technique have 
not been demonstrated in the field yet [25] (and the 
current study), our results nonetheless provide ben-
eficial information that future studies can use to con-
tinue to refine a technique that ensures the survival and 
health of sturgeon are minimally affected. Research-
ers are continuing to develop the SPT technology 
[25], using the biological information provided herein. 
Future studies on the tagging technique are important, 
so when the technology is ready, the technique will also 
be ready for researchers to use. The novel technology 
of the SPT combined with the ability to implant juve-
nile sturgeon has the potential for long-term data col-
lection. This would lead to a better understanding of 
sturgeon movement patterns and habitat preferences 
beginning at the juvenile life stage and provide critical 
information that could help fill current knowledge gaps.
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