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Abstract 

Background:  Acoustic telemetry is a widely used tool to study the movement and survival of juvenile fish and often 
requires a surgical procedure to implant the transmitter, which may impact overall fitness and survival following 
release. This is an important consideration when implementing large-scale acoustic telemetry projects aimed at esti-
mating outmigration survival. The objective of this study was to examine the effects of water temperature, tag type, 
size at tagging, and surgeon experience on tag retention and growth rate of juvenile Chinook salmon (Oncorhynchus 
tshawytscha). We tagged 128 spring-run Chinook salmon (81–97 mm fork length, 5.2–10.0 g, tag burden 2.4–6.0%) 
with one of two types of acoustic transmitters; a shorter, heavier model (‘standard’) and a longer, lighter model 
(‘injectable’). Fish were tagged by either a novice or experienced surgeon. An additional 64 untagged fish served as a 
control group and were split between temperature treatments. Fish were reared in either cool (mean 13.4 °C) or warm 
(mean 17.8 °C) water for 60 days, prior to being euthanized, weighed and measured.

Results:  Tag retention was similar for both transmitter types, but varied with water temperature, with significantly 
higher tag loss in the warm treatment (21.9%, 14 tags expelled), compared to the cold treatment (7.8%, 5 tags 
expelled). In the warm treatment, fish growth in the injectable tag group was significantly lower compared to the 
control group, and lower than the standard tag group, but not significantly lower. There was no significant difference 
between the control and standard tag groups for the warm treatment. In the cool temperature treatment, fish growth 
was not significantly different among any of the factors tested. Surgery time differed between surgeons; however, 
surgeon experience did not significantly affect tag shedding or growth.

Conclusion:  Total tag loss was 14.8% over the 60-day trial, with higher and earlier loss in the warmer treatment. Tag 
length may be a more important factor than tag weight in smaller size fish. This suggests that tag shedding is a signifi-
cant factor to consider when estimating survival, as the actual survival rate may be higher than estimates based solely 
on receiver detections.
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Background
In aquatic ecosystems where visually monitoring ani-
mals is challenging and sometimes impossible, acoustic 
telemetry provides the ability to track individuals over 
long distances and for extended periods of time. Acoustic 
telemetry has been used to monitor the movement and 
survival rates of many fish species including sturgeon [3, 
30, 38], rays [4, 9, 41], and sharks [22, 24, 46]. It is also 
one of the most effective methods to study the movement 
and survival of juvenile Chinook salmon (Oncorhynchus 
tshawytscha) out-migrating from freshwater rearing areas 
to the Pacific Ocean [13, 32, 36, 53]. Other applications 
of acoustic telemetry include estimating the survival of 
juvenile salmon as they pass anthropogenic structures 
such as large water diversions [40] and understanding 
the migration routes through the California Delta [6, 7, 
39]. These studies provide resource managers with valu-
able seaward migration survival data which are critical in 
making well-informed water management decisions [14].

To monitor population-level movement, it is necessary 
to track individuals across all size ranges. With the devel-
opment of the Juvenile Salmon Acoustic Telemetry Sys-
tem (JSATS, see [28], transmitters are now small enough 
to use in sub-yearling juvenile salmon. Further develop-
ment resulted in a JSATS transmitter that was lighter 
and could be implanted by needle injection [16], poten-
tially allowing studies to track movement patterns and 
estimate survival of even smaller fish (between 54 and 
99 mm fork length) [19].

In California’s Central Valley (CCV), acoustic telemetry 
is an effective tool to monitor juvenile salmon movement 
and survival rates as it allows for tracking individuals at 
high spatial resolutions, over long distances (300–500 
river kilometers), and across diverse habitats [31]. Once 
released, fish with acoustic transmitters (henceforth 
tags) are assumed to exhibit similar movement and sur-
vival rates as untagged fish. However, the surgical pro-
cedure and presence of the transmitter (tag burden) may 
negatively affect the fitness of study fish [26]. Addition-
ally, a fish may lose its tag (tag shedding) and be incor-
rectly assigned as a mortality, which may become more 
likely the longer a fish resides within the study reach. 
The failure to account for these fish will result in survival 
estimates biased low. Many studies have researched tag 
retention, survival, growth and fitness in acoustic tagged 
juvenile Chinook salmon [1, 2, 26, 33, 49] with some 
finding reduced growth [47], decreased swimming abil-
ity [11] or reduced survival [52], while others have found 
no effect on growth or survivorship [1, 2]. These discrep-
ancies between study results of tag retention, growth, 
swimming ability, and survival, make it clear that further 
research is needed to understand the short and long-
term effects of acoustic tagging.

We examined four factors known to exacerbate tag-
ging effects following tag implantation in juvenile Chi-
nook salmon, which included: water temperature [8, 
18, 37, 51], surgeon experience [12, 18], size at tagging 
[5, 27, 50], and tag type [17, 25]. We hypothesized that 
water temperature may impact tag retention and growth 
and therefore to examine this, we held fish at one of two 
water temperatures similar to those experienced by juve-
nile salmon during seaward migration in the CCV. We 
also hypothesized that surgeon experience may affect tag 
retention and growth rates. To test this, we compared 
tag retention and growth rates of fish tagged by either 
an ’expert’ or ’novice’ surgeon. Size at tagging may also 
impact fish growth and tag retention therefore to exam-
ine this we tagged fish across a range of sizes to estab-
lish a minimum size recommendation. Currently, the 
two smallest commercially available JSATS tags present 
a choice between a lighter but longer tag versus a heavier 
but shorter tag. Due to the lighter weight, we would pre-
dict that the injectable tag would have reduced negative 
tag effects, however the longer shape may alter this. Tag 
shape is not well studied and may be an important factor 
when tagging small fish. We addressed this question by 
comparing tag retention, growth and survival in juvenile 
salmon across a range of sizes.

Methods
Fish acquisition
We acquired 192 juvenile spring-run Chinook salmon 
of fork length (FL) 81–97  mm on 4/18/2019 from the 
Feather River Fish Hatchery in Oroville, California, 
USA. Fish were selected to provide a range in sizes that 
are similar to the mean FL of 88.5 mm for trawl caught 
juvenile Chinook salmon leaving the Sacramento–San 
Joaquin Delta (“Delta Juvenile Fish Monitoring Pro-
gram—Chipps Island trawls CHN-POD species 2012–
Present” n.d. [15]). While at the hatchery, fish were 
reared in water temperature of 9–11  °C, during trans-
port water temperature was maintained at 9.5–11.3  °C. 
We transported fish to the Southwest Fisheries Science 
Center in Santa Cruz, CA and randomly divided them 
to one of two temperature treatments, cool (13.4  °C) or 
warm (17.8 °C). These temperatures are representative of 
those experienced by out-migrating juvenile salmon in 
the Sacramento River; the largest salmon producing river 
in California [55]. We placed the fish assigned to the cool 
treatment directly into the cool-water tanks upon arrival. 
Fish assigned to the warm treatment were gradually accli-
mated to the warmer water temperature over a period of 
3 days to avoid thermal stress. To further reduce stress 
due to travel and temperature acclimation, we held fish 
in their respective temperature treatment for 3 days prior 
to surgery.
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Treatments
We randomly assigned fish to one of two surgeons who 
were classified as ‘expert’ or ‘novice’ based on their surgi-
cal tagging experience level. The expert surgeon’s expe-
rience included implanting acoustic tags in over 2100 
juvenile Chinook salmon, while the novice surgeon’s 
experience included training but no actual tag implan-
tation surgeries. Prior to implanting acoustic tags, we 
injected all fish with a standard size (1.2 mm × 2.7 mm, 
weight negligible) Visible Implant Alphanumeric (VIA) 
Tags (manufactured by Northwest Marine Technology, 
Inc.) next to the dorsal insertion. This allowed individ-
ual identification of fish to determine individual growth 
rates. We assigned fish to one of three tag groups: con-
trol (no acoustic tag), standard tag (model SS300 with 
337 battery, Advanced Telemetry Systems, Isanti, 
MN), or injectable tag (model SS400 with BR306 bat-
tery, Advanced Telemetry Systems, Isanti, MN)  (Fig.  1). 
Each standard tag was 10.7  mm long, 5.3  mm high, 
3.0 mm wide, weighed 306 mg in air and had a volume of 
0.170 mL. Each injectable tag was 15.0 mm long, 3.3 mm 
diameter, weighed 210  mg in air and had a volume of 
0.128  mL. There were 16 fish assigned to each factor 
tested (water temperature, surgeon experience, and tag 
type). Fish size was randomly selected for each group. 
Prior to and following surgery, fish were not fed for 24 h.

Tagging
All fish went through a similar surgical procedure includ-
ing anesthesia, handling time (weighed, measured, and 
time on the surgical board), and recovery time. During 
the surgical process, fish were anesthetized in a bath of 
90  mg L−1 tricaine methanesulfonate (MS-222) buff-
ered with 360 mg L−1 sodium bicarbonate until they lost 
equilibrium. Each fish was weighed, measured for FL, 
injected with a VIA tag, and placed ventral side up on a 
foam surgery cradle. While in the cradle, the fish’s gills 
were irrigated with a continuous flow of anesthetic bath 
(30  mg L−1 MS-222 buffered with 120  mg L−1 sodium 
bicarbonate). An incision was made anterior to the pel-
vic girdle and about 3 mm off the ventral midline using 
a microsurgical knife (15° straight stab 3 mm blade). For 
the standard tag group, we made an incision approxi-
mately 6 mm long, inserted the transmitter through the 
incision into the coelom and then closed the incision 
with two interrupted sutures secured with a surgeon’s 
knot using absorbable monofilament sutures (Unify PDO 
6-0). For the injectable tag group, we made a 4-mm-long 
incision in the same location and inserted an injectable 
tag through the incision site into the coelom. This smaller 
incision was closed with a single suture. Prior to inser-
tion, we disinfected all tags by soaking them in a 0.1% 

solution of chlorhexidine diacetate and then triple-rins-
ing them in distilled water before implanting.

Surgery time was measured for each fish and was used 
to determine differences in surgeon experience. Control 
fish were anesthetized and place in the cradle and given 
a ‘handling time’ similar to acoustic tagged fish based on 
tag type and surgeon. Surgery time, or ‘handling time’ 
for control fish, included weighing, measuring, visual 
examination, implantation of VIA or acoustic tag. After 
tag implantation, we placed fish into the recovery bath 
and held them until they were swimming normally (aver-
age recovery time ~ 2 min) at which point we transferred 
them to their assigned temperature treatment tank. We 
monitored water temperature and dissolved oxygen in 
the surgery bath, drug bath, and recovery bath and kept 
the water temperature consistent to the assigned temper-
ature treatments for each fish.

Fish holding
We split fish evenly between four indoor circular tanks 
(91  cm high × 73  cm diameter, 490 L) provided with 
flow-thru filtered freshwater and overhead lighting that 
mimicked the natural photoperiod. A piece of wood tied 
with lengths of rope was placed into each tank to pro-
vide structure. Two tanks were maintained as ‘cool’ tanks 
(mean water temperature of 13.4  °C, range 11 to 17  °C, 
SD 1.17) and two as ‘warm’ tanks (mean water tempera-
ture of 17.8 °C, range 14 to 23 °C, SD 1.04). Temperatures 

Fig. 1  The two types of Juvenile Salmon Acoustic Telemetry System 
transmitters; injectable (above, 210 mg) and standard (below, 
306 mg). Each grid cell is 1 mm × 1 mm
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were held stable except for a spike in the cool tank due to 
a chiller failure on day 36 and an unusually large increase 
in ambient air temperature on day 50, which resulted in 
higher temperatures in both treatments. We checked 
tanks daily for shed tags using a magnet sweeper and 
cleaned every other day or as needed using a siphon. Any 
mortalities were removed and frozen.

Prior to surgery, we fed fish commercial food pellets 
at 2% tank biomass per day. After surgery, we fed fish 2% 
and 3.2% tank biomass per day for the cool and warm 
treatments, respectively. The increase in feeding rate for 
the warm treatment was intended to equalize growth rate 
between the two temperature treatments by compensat-
ing for the higher metabolic rate of fish in warmer water. 
Daily feed amounts were increased by 1.5% each week.

We tested for differences in initial weight and FL 
between the three tag treatments in each of the two water 
temperatures using a two-way ANOVA and found that 
they were not significantly different for either the warm 
or cool temperature treatments (Table 1.). At the end of 
the 60-day trial, we removed all fish and euthanized them 
with an overdose of MS-222. Fish were individually iden-
tified based on their VIA tag or by reading the label on 
their acoustic tag. We then photographed, weighed, and 
measured each fish. Acoustic tagged fish were dissected, 
the presence or absence of an acoustic tag was recorded, 
and the overall condition of the fish was noted.

Statistical analysis
We used a proportional hazards regression (Cox regres-
sion, package coxme) in R statistical software, version 
3.3.0 (R Core Team, 2019) to test for differences in tag 
loss between water temperature, surgeon experience, 
size at tagging, and tag type. Proportional hazard mod-
els are frequently used in medical studies to examine the 
effect of multiple factors on the time to an event (e.g., 

recovering from an illness). Since we were interested in 
how the above predictors would affect loss of fish from a 
field study, we considered a fish as lost from the trial if it 
shed its tag or if it died. Therefore, the time to event for 
our trial was the time to tag shedding or time to mortal-
ity, which we refer to collectively as tag loss rate. Due to 
the small sample size for the size range of fish used in this 
study, we binned starting fish size into three groups and 
tested it as a categorical variable using the following cate-
gories: small (81–85), medium (86–90), large (91–97 mm 
FL).

We analyzed differences in individual fish growth for 
surgeon experience, size at tagging (small, medium, 
or large) and tag type in R using a three-way ANOVA 
(package car). For each fish that survived to the end of 
the study, we calculated the specific growth rate (SGR) of 
weight [23]:

where Ln(wt) is the natural logarithm of the weight at 
time t and Ln(wi) is the natural logarithm of the initial 
weight. Thus, SGR is expressed as % change in weight 
per day. We analyzed each temperature treatment sepa-
rately because growth rate is a function of tempera-
ture. To investigate differences in growth between the 
three tag treatments, we used a post hoc Tukey honest 
significant difference (package stats) test. The post hoc 
test allowed us to analyze if growth significantly varied 
between the three tag types. We tested the assumptions 
of the ANOVA using the Shapiro test and the Levene test 
(package car).

Results
Mean tag burden by weight (tag weight/fish weight) was 
higher for standard tags compared to injectable tags 
(cool: 4.1% and 3.2%; warm 4.4% and 3.2%). However, tag 

SGR = (Ln(wt) − Ln(wi))/t × 100,

Table 1  Initial weight, fork length, tag burden for weight (tag weight/fish weight) and tag burden for length (tag length/fish length) 
for juvenile Chinook salmon in three tag treatments (control, standard and injectable) two temperature treatments; cool (13.4 °C) and 
warm (17.8 °C), and two surgeons (novice and experienced)

Tag treatment n Weight (g) Fork length (mm) Tag burden weight (%) Tag burden length (%)

Mean ± SD Range Mean ± SD Range Mean ± SD Range Mean ± SD Range

Cool temperature

 Control 32 7.0 ± 1.0 5.2–8.7 86.7 ± 4.0 81–93

 Standard 32 7.4 ± 1.1 5.8–10.0 87.9 ± 4.3 81–97 4.14 ± 0.6 3.0–5.2 12.2 ± 0.6 11.0–13.2

 Injectable 32 7.2 ± 1.0 5.6–9.4 87.4 ± 3.6 81–93 3.1 ± 0.4 2.3–3.9 17.2 ± 0.7 16.1–18.5

Warm temperature

 Reference 32 7.1 ± 1.0 5.6–8.9 87.3 ± 3.7 81–94

 Standard 32 7.0 ± 1.1 5.3–9.3 86.9 ± 3.7 81–94 4.4 ± 0.7 3.2–5.7 12.3 ± 0.5 11.4–13.2

 Injectable 32 7.0 ± 0.7 5.8–8.1 86.8 ± 2.5 82–92 3.2 ± 0.3 2.7–3.8 17.3 ± 0.5 16.3–18.3
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burden by length (tag length/fish length) was higher for 
injectable compared to standard tag types (cool: 17.2% 
and 12.2%; warm 17.3% and 12.3%) (Table 1).

Tag loss Over the course of the 60-day trial, 19 out of 
128 (14.8%) fish expelled their tags. We recovered all 
shed tags on the day shedding occurred, except for one 
(cool temperature treatment), which was found in the 
drainage assembly at the end of the trial. The exact shed 
date of this tag is unknown but leaving it out could bias 
the shedding rate, so the date expelled for this tag was 
imputed based on the average shed date for standard tag/
cool temperature treatment. Both tag types had similar 
loss rates; 15.6% of standard (10 tags, shed on day 12, 
18, 20, 22, 23, 29, 34, 41, 46 and 59) and 14.1% of inject-
able (9 tags, shed on day 14(2), 20, 29, 34, 42, 45, 46 and 
54). There were two mortalities in the control group 
(day 11, day 41), one in the standard tag treatment, four 
in the injectable tag treatment (Table 2). All five tagged 
fish mortalities were tagged by the novice surgeon, while 
the control fish mortalities were handled by the experi-
enced surgeon. One of the control group mortalities was 
likely due to tail rot. One tagged fish mortality shed its 
tag prior to death, the other four did not shed their tags. 
Total loss rate (shed tags + mortalities) for standard and 
injectable tag type was lower for the large size bin (5.6 
and 9.1%) compared to the medium (25.0 and 18.2%) and 
small (18.2 and 23.8%) size bins, respectively (Table  3). 
However, size class was not a significant factor in deter-
mining tag shed rate in our study.

The proportional hazards model found that water tem-
perature significantly affected tag shedding (p = 0.028) 
with warm treatment fish (28.1%, 14 tags shed plus 
4 tagged mortalities) more likely to lose a tag, either 
through shedding or mortalities, than cool treatment fish 
(9.4%, 5 tags shed plus 1 tagged mortality). Additionally, 
three out of the four shed events in the cool temperature 
treatment occurred after day 45, while tags were shed 
consistently in the warm temperature treatment after 
day 12 (Fig.  2). Tag shedding did not significantly dif-
fer between surgeon experience (p = 0.285), size at tag-
ging (medium p = 0.226, small p = 0.866), or tag model 
(p = 0.866).

Growth in warm treatment Over the course of the 
60-day study, fork length increased on average by 
36.5  mm (SD ± 12.1  mm) and fish weight increased by 
12.9  g (SD ± 8.5  g). Specific growth rate varied signifi-
cantly by tag treatment (p = 0.005), with injectable tag 
fish (1.75 ± 0.63) having significantly lower growth than 
control fish (p = 0.003, 2.22 ± 0.44), and lower but non-
significant growth than standard tag fish (p = 0.108, 
2.03 ± 0.54). There was no difference in growth between 
standard tag and control fish (p = 0.345). Starting size did 
not significantly affect growth (p = 0.387).

Growth in cool treatment Over the course of the 60-day 
study, fork length increased on average by 26.9  mm 
(±12.5 mm) and fish weight increased by 11.6 g (±7.5 g). 
Starting size (p = 0.493) and tag model (p = 0.209) did not 
affect growth in the cool temperature treatment.

Table 2  Tag shedding and mortality over 60 days for three tag groups of juvenile Chinook salmon reared at two temperatures: cool 
(mean 13.4 °C) and warm (17.8 °C)

Total lost are combined tags shed and mortalities for each tag group and temperature treatment. na: not applicable as control fish did not receive an acoustic tag

Temperature Tag group n Shed tags Mortality Total lost Total lost (%)

Cool Control 32 na 2 2 6.3

Cool Standard 32 4 1 5 15.6

Cool Injectable 32 1 0 1 3.1

Warm Control 32 na 0 0 0.0

Warm Standard 32 6 0 6 18.8

Warm Injectable 32 8 4 12 37.5

Table 3  Tag shedding and mortality after 60 days for three size bins (initial fork length (mm)) of juvenile Chinook salmon implanted 
with acoustic transmitters

Data pooled form two temperature treatments and two tag types. Total lost are combined tags shed and mortality for each size bin for

Size bin (mm, FL 
range)

n Fork length (mm, 
mean ± SD)

Weight (g, 
mean ± SD)

Shed tags Mortality Total lost Total lost (%)

81–85 43 83.2 ± 1.4 6.1 ± 0.4 8 1 9 20.9

86–90 56 87.9 ± 1.4 7.2 ± 0.5 10 3 13 23.2

91–97 29 92.1 ± 1.3 8.5 ± 0.6 1 1 2 6.9
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Surgeon experience While there were significant dif-
ferences in surgery time between the two surgeons 
for each tag type (ANOVA, injectable tag p < 2.2e−16, 
standard tag p < 2.2e−16), we found no effect of sur-
geon experience on tag retention. The mean surgery 
time of the standard tag was 2.2 (± 0.3) minutes (expert 
surgeon) and 3.9 (± 0.6) minutes (novice surgeon). 
For the injectable tag, the mean surgery time was 1.4 
(± 0.3) minutes (expert surgeon) and 2.8 (± 0.5) min-
utes (novice surgeon). Tag shedding was similar for 
both surgeons; 9 tags (7 standard and 2 injectable) 
were shed by fish tagged by the expert surgeon, 10 tags 
(3 standard and 7 injectable) from the novice surgeon. 
Surgeon experience did not affect growth in either the 
warm (p = 0.234) or cool (p = 0.189) temperature treat-
ment (Fig. 3). Surgery time also differed for both sur-
geons between the warm and cool treatment (ANOVA, 
experienced surgeon p = 0.015, novice surgeon 
p = 0.015) with slower surgery times in the cool treat-
ment (mean 1.9 (±0.5) minutes, mean 3.7 (±0.7) min-
utes) than the warm treatment fish (mean 1.7 (±0.4) 
minutes, mean 3.3 (±0.9) minutes) for the experienced 
and novice surgeon, respectively.

Discussion
In this study, we measured tag retention and growth in 
juvenile Chinook salmon implanted with one of two 
acoustic transmitters of different size and weights, by 
surgeons of varying levels of experience, and reared at 
two different water temperatures. Fish reared in warmer 
water temperatures (mean of 17.8  °C) had earlier and 
significantly higher tag shedding rates; 21.9% compared 
to 7.8% in cooler water (mean of 13.4  °C). This is con-
sistent with other studies finding increased tag loss in 
warmer temperature for Chinook salmon juveniles [18, 
42]. The effect of temperature may be due to the sup-
pression of the immune response [34] in cooler tempera-
tures, including the foreign body response of rejecting an 
implanted tag. This suggests that warm temperatures sig-
nificantly affect the tag retention rates in juvenile salmon 
and should be considered when conducting acoustic 
telemetry studies. In the lower Sacramento River, water 
temperature often exceeds 17.8  °C beginning in April; a 
time in the year when a significant proportion of juvenile 
spring-run Chinook salmon smolts out-migrate [36].

The time it takes for tag shedding to occur after fish are 
implanted with tags is an important factor that will affect 
how tag shedding rates are applied in field studies. In the 
CCV, acoustic telemetry studies on Chinook smolts have 
shown some fish to out-migrate in 22  days [31]. While 
there was no tag shedding in our study until day 12, our 
study had 5.5% of tags shed prior to day 22 in the warm 
temperature treatment. This indicates that shedding may 
impact survival estimates for even quickly out-migrat-
ing populations. Other populations of salmon, such as 
Sacramento River winter-run, have been shown to take 
upwards of 40 days [43] to out-migrate through the CCV, 
although under different water conditions compared to 
spring-run juveniles, which may result in survival esti-
mates biased low as a result of tag shedding.

The shedding rate was similar between the two tag 
types. This was a surprising result as the standard tag 
type weighed 30% more than the injectable tag type. 
Most previous studies have demonstrated that increas-
ing tag burden, usually defined as the ratio of tag weight 
to fish weight, increases tag shedding [26, 27]. How-
ever, the lack of a difference in tag shedding between tag 
types in this study could be due to injectable tags being 
40% longer than the standard tag (15 vs. 10.7 mm). The 
increased length of the transmitter may have contrib-
uted to tag expulsion, by increasing the pressure of the 
tag against the body wall in a fish with a body cavity just 
large enough to accommodate the transmitter. This find-
ing indicates that the relative length and shape of the 
transmitter, and not just the tag weight, should be con-
sidered when selecting a transmitter to implant in fish. 
Most studies select the minimum fish size using tag 

Fig. 2  The percent of tags remaining (through tag shedding or 
mortalities) in each temperature treatment over the 60-day trial. The 
red line represents tags remaining in the warm (17.8 °C) temperature 
treatment, the blue line represents tags remaining in the cool 
(13.4 °C) temperature treatment. Shed tags are indicated by black 
circles (standard tags) or black triangles (injectable tags), black 
squares (mortalities). The y axis starts at approximately 70% tags 
remaining
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burden by weight. These results suggest that tag burden 
by length should also be considered when using longer 
injectable tags.

Many studies have addressed the minimum fish size 
for successful implanting of acoustic tags [5, 19, 20, 50]. 
Some studies recommend a minimum of 95 mm FL for 
juvenile Chinook salmon implanted with both a JSATS 
and PIT tag [21, 29]. We used a range of fish sizes in our 
study (81–97 mm FL), but did not find a statistically sig-
nificant effect of fish size on tag shedding. However, the 
combined tag shedding and mortality rate was two to 
four times higher in fish less than 91 mm FL compared 
to fish between 91 and 97 mm FL. Although we were not 
able to identify a statistically significant threshold for tag 
retention, likely due to a small sample size of fish in the 
large size class, our results suggest that implanting simi-
lar acoustic tags into fish greater than 90  mm (tag bur-
den 2.4–4.2, 11.0–16.4) FL will substantially reduce tag 
shedding. When smaller fish are tagged, it is advisable to 
include a study examining survival and tag shedding for 
the size group of fish tagged in order to correct for tag 
loss.

We predicted that the injectable tag would have less 
of an impact on growth than the standard tag but, con-
trary to our expectation, fish with the lighter but longer 
injectable tag experienced decreased growth compared 
to fish with the heavier but shorter standard tag. Over-
all, growth was higher in the warm temperature treat-
ment, however, fish tagged with the injectable tag in the 
warm temperature treatment had significantly reduced 
growth compared to control fish. Within the cool tem-
perature treatment, we see a similar trend with inject-
able tagged fish having relatively, but not significantly, 
lower growth whereas there was no significant difference 
in growth rate for the standard tag group and the con-
trol group in either temperature. The only field study that 
directly compares survival of groups of juvenile salmon 
implanted with injectable or standard JSATS tags is Deng 
et al. [17]. This study found that the group with injectable 
tags had higher survival probability through the 500 km 
study area compared to the group with the standard tag. 
The Deng (2017) study used fish much larger than our 
study (mean FL of 110  mm compared to 87  mm), sug-
gesting that larger fish may benefit from the reduced 

Fig. 3  Mean specific growth rate (with 95% confidence interval) for weight (% change per day) for the two surgeons (expert and novice) and 
three tag treatments (reference, injectable acoustic tag, standard acoustic tag) for the warm (mean 17.8 °C) and cool (mean 13.4 °C) temperature 
treatment
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weight of the injectable tag relative to the standard tag, 
while not experiencing any negative effects from its 
increased length. The results from our study suggest that, 
in smaller fish, there may be a maximum tag burden by 
length where below which there are negative impacts on 
survival and growth. Perhaps larger fish have body cavi-
ties able to accommodate the longer injectable tag with 
relatively fewer negative consequences, but in the body 
cavity of relatively small Chinook (i.e., 87 mm FL), the tag 
could impinge on internal organs and decrease stomach 
capacity, thus decreasing growth.

Reduced growth in acoustic tagged fish has been 
reported in other studies [5, 47]. In juvenile salmon 
implanted with acoustic tags, reduced growth may reduce 
survival relative to untagged fish. Field studies of juvenile 
salmon have shown size selective mortality, where larger 
and faster swimming juvenile salmon showed increased 
survival compared to smaller fish after entering the ocean 
[35, 54]. Additionally, hatchery-released Chinook salmon 
survival to maturity has been linked to a larger size when 
entering the ocean as juveniles [10]. As new tag types are 
developed, future studies may need to further investigate 
how tag shape and size affects fish growth and other fac-
tors related to survival.

In our study, two surgeons of vastly different experience 
were used to implant tags into study fish, and we defined 
experience as the number of tag implantation surgeries 
an individual had performed on similar fish species. The 
expert surgeon had performed thousands of tag implan-
tation procedures while the novice had minimal experi-
ence in tag implantation. Although tag loss was similar 
for the surgeons, the five tagged fish that died in the study 
were tagged by the novice surgeon, while the two control 
fish mortalities were handled by the expert surgeon. This 
could be due to longer surgery times for the fish tagged 
by the novice surgeon, or less skill with the surgical pro-
cedure that led to increased physical trauma. There is 
some indication that growth in the injectable tagged fish 
was lower for the novice surgeon, but the difference was 
not statistically significant and should be further tested. 
Other studies have also reported a surgeon effect [12, 18]. 
Our findings suggest that surgeon experience can influ-
ence survival in acoustic tagged fish and implies that 
novice surgeons should be properly trained prior to con-
ducting surgeries for acoustic telemetry studies.

Estimating survival rates of juvenile fish using acoustic 
telemetry is a highly effective tool for fisheries manage-
ment. However, understanding how the tagging process 
affects tag retention and fish growth is critical in estimating 
survival rates of study fish. Tag shedding can be a signifi-
cant factor in altering survival estimates, with some labora-
tory studies having up to 37% of fish displaying partial to 
complete tag shedding after 30 days [20]. The results from 

our study indicate that tag retention and growth in juvenile 
Chinook salmon is primarily influenced by water tempera-
ture and tag type, respectively, with some evidence that 
tag burden by length may play an important role in deter-
mining tag shedding. Because these factors are unlikely to 
remain constant among studies using acoustic transmit-
ters, it is vital that each study also monitor a subsample of 
fish implanted with identical transmitters for tag retention, 
growth and survival under temperatures that match those 
observed in the field. The information from these trials 
is analogous to tag-failure times and can be used to cor-
rect survival estimates from field studies [29, 44, 45, 48]. 
Obtaining accurate survival estimates is critical in making 
well-informed management decisions, which has implica-
tions for the recovery of both hatchery and wild salmonid 
populations in the CCV.
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