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Abstract Electronic tags have been used to track
fishes for decades and continue to gain popularity.
Tags are often implanted in the coelom of fishes,
with a substantial body of experimental evidence
now assessing the effects of those tags. We revisit a
review of tagging effects (Cooke et al. in Fish Biol
Fish 21(1):127-151. 10.1007/s11160-010-9193-3,
2011) to provide the most comprehensive synthesis
and meta-analysis of intracoelomic tagging effects in
fishes to date. We reviewed 295 studies, yielding 226
laboratory trials reporting survival and 215 reporting
tag retention. Mean survival in tagged fishes was
88.26% and tag retention was 87.05%. Both metrics
were negatively related to tag:body mass ratios (i.e.,
tag burden), remaining above 90% on average with
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tag burdens below~3%. Substantial heterogeneity
existed among studies, with a modest portion of the
variability in survival and tag retention explained
by family, tag burden, or trial duration. Across the
tagging effects literature, 42% of papers documented
negative effects of tagging on growth, and 34%
found reduced critical swimming speeds relative to
controls. Progress has been made in addressing some
knowledge gaps, but biases in the tagging effects
literature remain and only a small fraction of species
used in electronic tagging studies are represented.
Interest in understanding sublethal endpoints is
growing, however, the importance of factors such as
sex, reproductive status, sterility, and tag coatings
remain poorly understood. Tag burdens of~3%
appear to balance tag size and unwanted tagging
effects. More research is needed to better understand
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sublethal tagging effects and improve the inferences
made from electronic tagging studies.

Keywords Tagging effects - Electronic tags -
Biotelemetry - Intracoelomic tagging - Meta-analysis

Introduction

Electronic tagging and tracking of fish has surged
in popularity over the past several decades (Hussey
et al. 2015; Matley et al. 2022). The advent of large
collaborative research networks focused on fish
tracking (Cowley et al. 2017; Iverson et al. 2018;
Krueger et al. 2018) has facilitated thousands of
studies across hundreds of fish species and dozens
of countries (Matley et al. 2024a). There is now
abundant data on the survival and behaviour of fish
that can and have been used to answer a range of
fundamental and applied questions (Crossin et al.
2017; Matley et al. 2022; Jacoby and Piper 2023).
Most use cases of electronic tracking have relied on
research funding tied, at least in part, to questions
relevant to fisheries management and conservation
(Krueger et al. 2018). Although there is widespread
desire to use behavioural data to inform fishery
management decisions, a key assumption in doing
so is that the behaviour and survival of tagged fish
is representative of a larger population of animals
(e.g., Ross and McCormick 1981; Lewis and Muntz
1984; Brown et al. 2011). In addition, there is an
expectation that research methods do not impair the
welfare of tagged fishes (Cooke et al. 2013; Soulsbury
et al. 2020).

What are the negative effects of implanting
a small electronic device inside a fish? This
reasonable question is often posed by members of
the public, fishery managers, and other stakeholders
concerned about the reliability of research findings
(e.g., for management applications) and the ethical
aspects of animal welfare. There is a growing body
of experimental evidence about tagging effects,
including the effects of tags on growth (Bégout Anras
et al. 2003; Urbaniak et al. 2016), survival (Reubens
et al. 2012; Bass et al. 2020), swimming performance
(Murchie et al. 2004; Janak et al. 2012), and numerous
other endpoints (Lower et al. 2005; Montoya et al.
2012; Moser et al. 2013). However, over 600 unique
species have been tagged in acoustic telemetry studies
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alone (Matley et al. 2024a); tagging effects have
been studied in only a small fraction of these species.
Researchers may rationalize that tagging has limited
long-term impacts based on a subset of tagged fish
being tracked consistently or recaptured in good
condition (Caputo et al. 2009; Schoonyan et al. 2017;
Patel et al. 2019). Researchers may also explain that
the best practices they follow to capture, handle, tag,
and release fish align with approaches that maximize
survival (Wargo Rub et al. 2014; Brownscombe
et al. 2017, 2019; Clemens et al. 2023). While these
justifications carry some weight, they do not always
yield confidence across the tagged population because
they do not represent empirically derived evidence
(e.g., randomized control trials) relevant to species,
life stage, and context. Realistically, we will never
generate a robust evidence base about tagging effects
for every species, life stage, and context. However,
ample evidence has been generated for some species,
and synthesizing existing data (both qualitatively
and quantitatively) can provide information on the
generalizability of different aspects of tagging and
identify shortcomings in our current base of evidence.
In either case, researchers need to be confident they
are collecting accurate data to answer their research
questions: ensuring tagging effects are not interfering
with study goals is crucial (Bridger and Booth 2003).

Evidence syntheses, especially those that include
meta-analyses, represent arguably the most rigorous
form of scientific evidence (Gurevitch et al. 2018;
Murad et al. 2016). In medicine, systematic reviews
(which typically include meta-analyses where
possible) have been the standard of evidence for
decades. The environmental sciences have been
slower to adopt the same standard of evidence, but
momentum has grown over the last two decades
(Cooke et al. 2017). As of 2009, 108 published
studies quantified tagging effects across a range of
tag types (mainly radio telemetry; Cooke et al. 2011).
Many experiments on tagging effects have since
been carried out amidst the broader rise of acoustic
telemetry, leading to the opportunity for an updated
evidence synthesis. Although a few meta-analyses
have since been published on tagging effects in
juvenile salmonids (Vollset et al. 2020) or using a
small subset of data (Lawrence et al. 2023), there has
been no published meta-analysis of tagging effects in
fishes using a broad representation of all published
studies.
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Here, our goal was to provide a comprehensive,
up-to-date review and meta-analysis of tagging
effects in fishes. We focused on tags implanted into
the coelom of fishes (i.e., intracoelomic tagging),
which is the most common way fish are tagged
with transmitters (Matley et al. 2024a). Indeed,
intracoelomic tagging is likely the best option for
most long-term studies mainly due to higher tag
retention (i.e., likelihood of a tag remaining with the
fish), a reduced chance of tissue damage/infection,
and a lower impact on swimming performance
compared to other tagging modalities (Jepsen et al.
2015; Matley et al. 2024b). We encourage readers
interested in the effects of external tagging to read a
review on the topic by Jepsen et al. (2015).

We conducted an exhaustive search of the
English-language peer-reviewed literature and
extracted details on methods and results from papers
exploring various endpoints (e.g., growth, survival,
tag retention, physiology, swimming performance)
associated with tagging effects. Cooke et al. (2011)
identified several knowledge gaps about tagging
effects; we sought to assess the extent to which those
gaps have been filled in the ca. 15 years since. Our
hope is that this paper can serve as a useful base of
evidence for researchers when addressing questions
about tag burdens, tag retention, and tagging effects
and will facilitate research that addresses remaining
knowledge gaps.

Approach

Candidate papers were identified using several
approaches. First, we performed a boolean search
of the Web of Science Core Collection (April 15,
2024; Trent University login) using the search
terms: (TS=(surg* AND (tag* OR transmit* OR
archival OR telemetry OR logger) AND (fish* OR
survival OR condition OR swim* OR retention OR
growth)) AND WC = (Fisheries OR Water Resources
OR Marine & Freshwater Biology OR Ecology
OR Pathology OR Zoology OR Oceanography OR
Biodiversity Conservation OR Veterinary Sciences
OR Limnology OR Environmental Sciences OR
Biochemistry & Molecular Biology OR Biology OR
Behavioural Sciences OR Infectious Diseases OR
Evolutionary Biology)), identifying 941 articles. To
complement this search, we performed an additional
search of the acoustic telemetry database “TrackdAT”

(Matley et al. 2024a) on April 16, 2024 using the
filter “tagging effects”, which identified 183 articles
(including duplicates). We also performed a cited
reference search of Cooke et al. (2011) on Web
of Science (April 16, 2024), yielding 179 articles
(including duplicates). Finally, the reference lists of
Cooke et al. (2011), Musselman et al. (2017), and
Lawrence et al. (2023) were examined to further
identify additional resources not identified by the
previous searches, yielding 48 new articles.

After removing duplicate papers, the resulting list
was filtered for peer-reviewed studies published in
English that examined the effects of intracoelomic
implantation of tags in fishes. We excluded studies
examining aspects of surgical procedures in the
absence of tag implantation, as well as review
papers not including new experimental trials. Studies
focusing solely on anesthesia or immobilization
were also excluded, as they typically examined the
effects of anesthetics on fishes outside of the context
of tagging effects. In total, we were able to identify
and access 295 papers that evaluated the effects of
intracoelomic implantation of tags in fishes.

All data extraction was conducted by a single
individual (MBS) but verified by other authors. Data
extracted included relevant citation information,
the country in which the study was conducted, the
number of species studied, the taxonomic family and
species/common names, the location of the study (i.e.,
laboratory, field), the type of tags used (i.e., radio,
acoustic, passive integrated transponders [“PIT”],
archival, etc.), the life stages and sex of the animals,
water temperatures, study duration (in days), and
study design (i.e., if controls, shams or power analyses
were used). In studies with experimental trials of
varying durations, the study duration was defined as
the duration of the longest trial. To evaluate trends
in study objectives and how this has changed over
the past~ 15 years, each study was then categorized
with respect to the same topics as those described in
Cooke et al. (2011): Comparing tagging approaches
(e.g., external, gastric), tag size (or manipulations in
fish size to evaluate tag burden), biotic factors (e.g.,
sex, stage of maturation), environmental correlates
(e.g., water temperature, salinity, etc.), tag coatings,
antenna configurations, incision and wound closure,
sterility and antibiotics, and surgeon characteristics.
Papers examining tagging effects beyond these
topics were included and classified as ‘“others”.
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The endpoints measured in each study were also
examined, which were based on those described in
Cooke et al. (2011) but modified slightly to include
other commonly studied endpoints. These included:
mortality, incision healing and/or necropsy results,
growth and feeding, surgery duration, behaviour,
swimming performance, physiology, reproductive
fitness, and tag and/or suture retention.

For use in the meta-analysis, data were further
screened according to the following criteria:

e Only data from trials that occurred in controlled
tank environments were used; data resulting from
field or mesocosm (e.g., cage, pond) trials were
excluded. This was done as conditions in these
studies were not controlled. Mortality and tag
retention were also typically inferred rather than
directly observed in field studies.

e Only data from treatment groups where tags did
not extend outside the body were used. Any trials
with externally attached tags or radio/archival tags
with external antennae or stalks were excluded.

e Only data from studies where either survival or
tag retention could be determined were used.

e Studies without at least one control group were
excluded.

e Studies in which mean tag burden was not
provided or could not be determined were
excluded.

e Studies that used experimental tag coatings were
excluded.

e Studies were excluded if outcome data (i.e.,
survival, retention, growth) were pooled between
controls and treatments in results, or if treatment
groups were reported differently than how they
were described in the methods (i.e., experimental
groups were pooled together in results).

For studies that met these criteria, we then
extracted where available: suture types used, tag
dimensions and weight (in air), tag burden (tag:fish
mass ratios), initial and final fish weights and
lengths, incision sizes, sample sizes, mortality,
tag retention, growth rates, and critical swimming
speeds (U,,,). For our analyses, families with fewer
than five observations were grouped as “others”. To
standardize fish lengths, we used conversion factors
from www.fishbase.org to convert all lengths to fork
lengths. In cases where tag burden was not reported,
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we calculated tag burden as the combined mass in air
of the tags used divided by the average mass of the
fish used. If possible, we also verified reported tag
burdens using the tags and fish mass provided in each
paper; in cases where discrepancies occurred, our
calculated values were used in analyses.

All statistical analyses were conducted in R
for Mac OS X (R CoreTeam 2024, version 4.3.2).
Effect sizes and corresponding sampling variances
were calculated for survival and tag retention
data using the “escalc” function in the “metafor”
package (Viechtbauer 2010). Effect sizes were
generated for each experimental treatment, with
effect sizes calculated across 74 studies and 215
individual experimental trials for tag retention
(Fig. S1), and across 81 studies and 226 individual
experimental trials for survival (Fig. S2). Effect
sizes for tag retention were transformed using an
arcsine transformation to stabilize variances given the
relatively high frequency of rare events (i.e.,~100%
tag retention in many trials) and small sample
sizes. Arcsine transformations were chosen over
Freeman—Tukey double-arcsine transformations given
the latter’s potential low accuracy at values close to
its domain limits (Jeong 2018). Arcsine square root
transformed risk differences were used for survival
effect sizes given the high frequency of 100% survival
in many trials and small sample sizes (Riicker et al.
2009).

Random forests and associated variable selection
procedures are relatively robust against issues
caused by collinearity, allowing the predictive
power of these metrics to be compared (Lindner
et al. 2022). Given the large number of potential
predictor variables, we fit random forest algorithms
to survival and tag retention effect sizes in order
to identify potentially important predictors using
the “randomForest” package (Liaw and Wiener
2002). Random forests were fit with 1000 trees
and the default number of variables were tried
at each split (the square root of the number of
predictors). Predictors included were family, trial
duration (days), temperature (°C), surgery type
(i.e., if tags were inserted via incision or injection),
mean incision size, simplified wound closure type
(i.e., absorbable monofilament, non-absorbable
monofilament, silk, absorbable braid, adhesive, or
staples), as well as initial fish mass and fork length.
Important predictor variables were identified
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using a combination of the mean square error
(%IncMSE; the change in mean square error with
randomly permuted variables) and the increase
in Node Purity (IncNodePurity; the change in
the homogeneity of the groups created) using
unscaled p values from the package “rfPermute”
(Archer 2011). To examine relationships between
predictors and effect sizes, we also evaluated each
variable’s partial dependence plot using the “pdp”
package (Greenwell 2017). Bivariate interaction
plots were also examined to evaluate interactions
among important predictor variables. Out-of-bag
calculations were used to assess random forest fit
in data left out of tree fitting, rather than a true
independent test dataset, given the relatively small
dataset used (n=215 for tag retention; n =226 for
survival) (Breiman 2001).

Using predictors identified as important
(p<0.05) in random forests, we fit mixed effect
models using the “rma.mv” function in the
“metafor” package. This allowed for a variance
structure accounting for pseudoreplication by
fitting random effects for both paper ID and trial
number. We fit separate mixed effect models for
tag retention and survival using overall datasets
and datasets containing only salmonids given
the abundance of data for this family (n=66 and
n=73 effect sizes for salmonid tag retention
and survival, respectively). Each model was
checked for collinearity using the “vif” function
in the “metafor” package. Pseudo R’ values for
each model were calculated by examining the
proportional reduction in the sum of the two
variance components when compared to a reduced
model. Associated bias-corrected and accelerated
(BCa) confidence intervals were bootstrapped using
the “boot” function with 1000 replicates (Davison
and Hinkley 1997; Canty and Ripley 2024).

To examine the “2% rule” using the existing
literature, a combination of partial dependencies
for tag burden and generalized linear models
(GLMs) with a binomial error distribution and logit
link function were fit to the overall datasets using
the “stats” package (R Core Team 2024). Although
there does not appear to be a universally accepted
standard for tagging success rates (Schumann
et al. 2020), we aimed to identify tag burdens
that achieved 90% survival and tag retention on
average.

General characteristics of tagging studies

Since the publication of Cooke et al. (2011), there has
been considerable progress made in understanding
tagging effects in fishes. Of the 295 papers we
reviewed, 182 (~62%) were published after 2009.
Since 2009, the most papers published in a single year
(n=24) was in 2013. However, since 2015, the annual
number of studies appears to be in decline (Fig. 1a).
We speculate that this may be a result of a consensus
in the academic community that the refinement of
surgery methods and reductions in tag size have
largely negated the negative impacts of intracoelomic
tagging. Surveys of stakeholders in the academic
community within the last decade have indicated
minimal concerns related to the effects of the tagging
process and presence of a tag on fish behaviour and
welfare (Nguyen et al. 2021; Young et al. 2018), but
it is unclear if those perspectives are widespread. A
useful addition to the review presented here would be
a focused survey on the current thoughts and attitudes
of researchers and fishery managers regarding the
effects of internal tagging on fish.

Tagging effects papers were published in a
variety of formats, with the majority being academic
journal articles (n=216) or management briefs
(n=35). Similarly to what was found by Cooke et al.
(2011), most papers were published in five journals:
North American Journal of Fisheries Management
(n=55), Transactions of the American Fisheries
Society (n=42), Journal of Fish Biology (n=237),
Fisheries Research (n=21), and Animal Biotelemetry
(n=18). The journals Fisheries Research and Animal
Biotelemetry have replaced Marine and Freshwater
Research and Hydrobiologia as the fourth and fifth
most popular journals for this topic since 2009.

The 295 studies reviewed were conducted in 33
different countries, the majority occurring in the
United States (n=141), Canada (n=44), Denmark
(n=12), France (n=10), Norway (n=10), and
Australia (n=28). The United States and Canada
have seen the greatest increase in publications since
2009, increasing by 166% (n=_88) and 120% (n=24),
respectively. Most studies (n=273) occurred in the
northern hemisphere. Only 14 studies were conducted
in developing countries [i.e., South Africa (Kerwath
et al. 2005; Thorstad et al. 2009; Childs et al. 2011;
Huchzermeyer et al. 2013; Hanzen et al. 2020; Trotter
et al. 2024), Brazil (Schulz 2003; Lopes et al. 2016;

@ Springer



14 Page 6 of 35

Rev Fish Biol Fisheries (2026) 36:14

Fig. 1 Temporal a
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Pinheiro et al. 2018; Peressin et al. 2021), Bahamas
(Smukall et al. 2019), Laos (Grieve et al. 2018),
Namibia (@kland et al. 2003), and Seychelles (Patel
et al. 2019)], with South Africa and Brazil publishing
4 and 3 studies, respectively, since 2009.

One of the recommendations made by Cooke et al.
(2011) was for “studies that transcend the laboratory
and the field with more studies in marine waters and
on a diversity of taxa”. Most studies we reviewed
(72%; n=212) were conducted in freshwater, with
only 19% (n=57) in saltwater. Another 3% (n=10)
of studies conducted trials using both fresh and
saltwater, and 2% (n=15) had trials in brackish waters
(all but one of these 15 studies were published since
2009). We were unable to definitively identify water
types in eleven studies (4%) due to insufficient
reporting of methods. Since 2009, there have been
120 new tagging effects studies in freshwater, 41 in
saltwater, and seven that did not specify the water
types used. Given that the majority (~76%) of
studies conducted in marine or brackish waters were

@ Springer
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published since 2009, efforts have been made to
address the lack of saltwater studies, but freshwater
species remain dominant in the literature.

Most studies (67%) were completed in the
laboratory (n=198), with fewer studies in the field
(n=55). An additional 17 studies used mesocosms
exclusively. Since 2009, there have been 122 new
studies in the laboratory, 37 in the field, 13 in
both environments, and 10 in mesocosms. Some
advancements have been made in integrating
laboratory and field trials, with 25 studies that
combined laboratory and field trials (13 studies
occurring since 2009). These integrated approaches
can help assess the applicability of lab-based
experiments to in situ conditions, combining the
control of lab studies with the complexity of real-
world environments (e.g., Le Pichon et al. 2015).
However, few studies have done so, suggesting more
work is needed (also see Matley et al. 2024b).

Another recommendation made by Cooke et al.
(2011) was for comparative studies that evaluate
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the same surgical techniques on multiple species.
Despite this, most tagging effects studies (90%,
n=262) have focused on a single species, with
only 20 studies examining two species and 13
studies examining three or more species. Although
some excellent comparative tagging effects studies
have been published (e.g., Musselman et al. 2017,
Schumann et al. 2020), there remains much work
to be done to fill this gap, particularly in terms
of comparative studies that also manipulate
environmental conditions.

The families used in tagging effects research
have remained fairly consistent since 2009, with
salmonids remaining the dominant family in new
tagging effects research (Fig. 2). Centrarchids
represent a decreasing portion of new tagging
effects research compared to acipenserids and
anguillids (Fig. 2). Although elasmobranchs
have been tagged in over 300 acoustic telemetry
studies (Matley et al. 2022), we identified only
three studies investigating the effect of tagging
on elasmobranchs. Researchers can point to the
fact that tag burdens are likely minimal in these
large animals, however, many uncertainties remain
regarding tag retention, inflammation, and wound
closure rates. While we will never realistically
generate direct evidence about tagging effects for
every species, species-specific responses to tagging
highlight the need for further research to support

a

o

Fig. 2 Frequency of tagging effects studies using various
families of fishes. a Frequency of families across the entire
tagging effects literature (n=295 articles). b Frequency

"

the growing use of electronic tagging across diverse
environments and taxa.

There has been a considerable shift in the type of
tags examined in tagging effects studies. Radio tags
were predominant in the late 1990’s and early 2000’s,
with over half of the studies included in Cooke et al.
(2011) using radio tags. Since then, only 13 of 182
tagging effects studies published since 2009 have
used radio tags. In contrast, tagging effects studies
using acoustic tags were relatively sparse until 2005
(n<16), after which their use greatly increased,
surpassing radio tagging studies by 2010 (Fig. 1b).
Acoustic tags have since become the primary tag
type used in tagging effects studies (118 studies
since 2009). The use of PIT and radio frequency
identification tags (RFID) tags followed a similar
trend to acoustic tags, with studies rapidly increasing
in number after 2005 and surpassing radio tag studies
by 2010 (with 79 studies published since 2009).
There have been consistently low numbers of tagging
effects studies using other tag types (e.g., archival
loggers) since 1975.

Trends in study design

Cooke et al. (2011) recommended that future studies
should use rigorous controlled manipulations based
on statistical designs that have adequate power,
account for inter-individual variation, and include

b

Family
Acipenseridae
Anguillidae
Centrarchidae
Cyprinidae
Ictaluridae
Other
Percidae

Petromyzontidae

Salmonidae

of families in tagging effects studies published since 2009
(n=182 articles). Data were extracted on April 16, 2024
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controls and shams. Of the 295 studies we reviewed,
most new studies (67%) were conducted in a lab,
where controlled manipulations can occur. However,
25% (n=74) of all studies did not include controls
and 77% (n=226) did not include shams (i.e., fish
undergoing surgery without tags being implanted).
This trend has continued since 2009, with 24%
(n=44) of studies published since then not using
controls and 76% (n=138) not using shams in their
study design; only~21% (n=40) of studies since
2009 included both shams and controls in their
study designs. Studies using both controls and sham
surgeries have been effective in differentiating the
effects of surgical procedures and environmental
conditions from those of the tags themselves. For
example, although mortality was high (~50%) in
tagged groups of eulachon (Thaleichthys pacificus),
similar mortality in control and sham groups allowed
Hanson and Ostrand (2013) to conclude that tagging
did not increase mortality. Although there are obvious
challenges in using shams and controls in field
studies, certain studies have used previously tagged
fish (e.g., Wilson et al. 2017) as control groups.
Mesocosm studies using small ponds (e.g., Jepsen
et al. 2017) or cages (e.g., Warren-Myers et al. 2021)
also provide the opportunity to couple the use of
experimental controls with greater ecological realism.

Although we noted a general increase in sample
sizes through time, small to moderate sample
sizes (~3-15 replicates per trial) remain common
(presumably due to high equipment costs, difficulty
keeping certain species in captivity, or concerns
regarding the number of live animals used), with
studies incorporating power analyses being very
infrequent (n=15; n=9 since 2009). A posteriori
“post-hoc” tests have received ample criticism
(reviewed by Drziak et al. 2020), however, we find
the limited use of a priori tests surprising given
their ability to maximize the value of research
using small sample sizes (e.g., Kyonka 2018).
Although flexible statistical techniques accounting
for individual variation (i.e., random effects) have
become increasingly popular, uncertainty in model
estimates remains strongly influenced by sample
size (Gomes 2022). Likely, effects, or lack thereof,
observed in some tagging studies can be attributed
to inadequate sample sizes (i.e., type I and II errors).
A priori analyses can help researchers align with the
principles of the 3Rs (i.e., replacement, reduction and
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refinement) by reducing the number of live animals
required to detect an effect with the desired statistical
power. Therefore, we highly recommend the use (and
reporting) of a priori analyses.

Where the study period could be determined,
the most frequent study duration (n=93) was less
than one month (Figure S3), similar to the findings
of Cooke et al. (2011). Since 2009, 64 studies
assessed tagging effects over a period of up to one
month, with only 19 studies exceeding one year.
Tagging effects studies have now been conducted
across a variety of time periods, although several
of the longer-term studies were anecdotal reports
of tagged fish being recaptured years to decades
following release (e.g., Mangan 1998; Smukall
et al. 2019). Although evidence of tag implantation
negatively impacting fishes over the long term is
limited (Matley et al. 2024b), one study discovered
evidence of pressure necrosis nearly three years after
tagging at the surgical site, with some dissolvable
sutures still present (Caputo et al. 2009). We believe
that collaborative acoustic tracking networks offer a
practical way to enhance long-term tagging effects
research in the wild. As reviewed elsewhere (see
Matley et al. 2024b), exploring long-term immune
responses in greater detail may help us understand
what scenarios lead to mortality and tag expulsion, as
well as addressing long-term welfare concerns.

Meta-analysis results

Across the 74 studies and 215 individual experimental
trials included, mean tag retention was 87.05% (range
0-100%; Fig. 3). Mean survival was 88.26% (range
0-100%) for treatment (i.e., tagged) fish, 94.96% for
sham tagged fish (range 58.0-100%), and 96.39% for
controls (range 53.33-100%) across the 81 studies
and 226 individual experimental trials included
(Fig. 4).

The random forest fit to tag retention data
explained 43.3% of the variation in the data, with
family, trial duration, and tag burden identified as
significant (p<0.05) predictors of tag retention
(Table S1; Fig. 5). Smaller effect sizes (i.e., higher tag
losses) were predicted when tag burden was greater
than~4%, with smaller differences in predicted tag
retention occurring in trials exceeding~300 days
(Fig. 5). There were also relatively small differences
in predicted tag retention among families, with
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Fig. 3 Scatterplots for retention of intracelomically implanted
electronic tags from n=74 studies, with logistic regressions
fit for visualization. a Tag retention (%) as a function of tag

Acipenseridae and families grouped under “others”
having higher predicted tag retention, and Clariidae,
Ictaluridae and Salmonidae having relatively low
predicted tag retention (Fig. 5).

When fitting mixed effect models with the
predictors identified from the random forest (i.e.,
family, trial duration, and tag burden), tag retention
was not predicted by family or trial duration but was
affected by tag burden such that a higher burden
led to lower retention (Table 1). However, the
variance in tag retention was poorly explained by
predictors (R*=0.14, 95% CI [0.00, 0.29]). Based
on the available data and partial dependencies from
the random forests, tag burdens of~3-4% appear
to be an approximate threshold above which tag

burden (tag:fish mass ratio). b Tag retention (%) as a function
of trial duration in days. Across all trials (n=215), mean tag
retention was 87.05%

retention decreases substantially (Figs. 3 and 5).
The logistic regression fit to the overall tag retention
dataset indicated ~90% tag retention at a tag burden
of 2.8%. Fish implanted with tags<2.8% of their
mass had a mean tag retention of 93.2%, whereas
those implanted with tags>2.8% of their mass had
a mean tag retention of 77.9% (Fig. 3). Tag retention
was ~95% on average when tag burdens were < 1%.
When fitting mixed effect models for salmonids,
tag retention was affected by both tag burden and, to a
lesser extent, trial duration (Table 1). Variation in tag
retention was somewhat better explained in salmonids
(R*=0.24, 95% CI [0.00, 0.51]) than in the overall
dataset, but there remained ample variation we were
unable to model (Fig. 6). Tag retention in salmonids
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Fig. 4 Scatterplots a
for survival of fish

intracelomically implanted

with electronic tags

from n=2_81 studies, with 75
logistic regressions fit for
visualization. a Survival
(%) as a function of tag
burden (tag:fish mass ratio).
b Survival (%) as a function 254
of trial duration in days.
Across all trials (n=226),
mean survival of tagged fish

Survival (%)
3

Tag burden > 2.7%

0 5 10 15 - rden < 2.79
was 88.26% Tag burden (%) Tag burden = 2.7%
1004 (X} 20E 900 ° %00 ”we (]
de " 8 3 o o ’ > [ : —
$3°e ° § [] e ®
) "% o e
5
75 3%, ¢ ' )
°
g L] ° L]
S 50
=
3 L]
7]
251 R
od
0 100 200 300 400

was lower than the overall dataset at 77.7%. Tag
burdens also appear to impact tag retention in
salmonids beyond ~3% (Fig. 6). Salmonids implanted
with tags<2.8% of their mass had a mean tag
retention of 88.2%, whereas those implanted with
tags >2.8% of their mass had a mean tag retention of
72.2% (Fig. 6).

The random forest fit to survival data also
explained a small percentage of the variation in
the data (26.9%), with tag burden, trial duration,
and temperature identified as potentially important
predictors of survival (p<0.05) (Table S2; Fig. 7).
Similar to tag retention, there appeared to be an
approximate threshold for the effects of tag burden
on survival at~3-4% (Fig. 7). There were relatively
small differences in predicted effect sizes as a
function of other predictor variables, except for high
predicted mortality in the family Sciaenidae (Fig. 7).

Due to collinearity issues, temperature was
excluded from subsequent mixed effects models.
Family was instead included given that partial
dependency plots indicated reduced survival in
the family Sciaenidae. When fitting mixed effect
models with family, trial duration, and tag burden as
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Trial duration (days)

predictors, survival was significantly affected by tag
burden such that increased burdens were associated
with decreased survival (Table 2). Survival was
also significantly lower in the family Sciaenidae
(»p=0.009; Table 2). A modest portion of the
variability in survival was explained by our suite
of predictors (R2=O.32, 95% [0.20, 0.53]), which
included tag burden, trial duration, and family. The
logistic regression fit to the overall tag survival
dataset indicated~90% survival at an average tag
burden of 2.7% (Fig. 4). Fish implanted with tags
equal to or less than 2.7% of their mass had a mean
survival of 92.3%, whereas those implanted with
tags greater than 2.7% of their mass had a mean
survival of 81.5% (Fig. 4). Survival was~96% on
average when tag burdens were < 1%.

When a separate mixed effect model was fit to
data from salmonids, survival was only affected
by tag burden (Table 2; R?>=0.47, 95% CI [0.31,
0.72]). Survival for salmonids was comparable to
the overall dataset at 86.3%. Salmonids implanted
with tags <2.7% of their mass had a mean survival
of 93.6%, whereas those implanted with tags >2.7%
of their mass had a mean survival of 82.8% (Fig. 8).
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Trends in study objectives

Cooke et al. (2011) characterized tagging effects
studies by their objectives and provided brief
analyses where possible. Below, we revisit these
objectives, updating analyses and discussing the
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the homogeneity of the groups created during random forest
modelling; both are used to assess variable importance. Partial
dependencies (§) indicate the effect of the predictor levels on
predicted effect sizes
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Table 1 Fixed effect terms of mixed effect models fit to tag retention data

Model Parameter E SE zval pval Cl-upper Cl-lower

Overall (k=205) Family: Cichlidae 0.122 0.215 0.568 0.570 -0.299 0.525
Family: Clariidae —-0.196 0.295 —0.663 0.507 -0.774 0.384
Family: Cyprinidae -0.041 0.120 -0.340 0.734 -0.277 0.195
Family: Fundulidae 0.187 0.145 1.291 0.197 —0.097 0.470
Family: Ictaluridae —0.155 0.156 -0.992 0.321 —0.460 0.151
Family: Other 0.039 0.093 0.417 0.677 —0.143 0.220
Family: Percidae 0.009 0.130 0.072 0.943 —0.246 0.265
Family: Salmonidae —0.058 0.094 -0.621 0.535 —0.241 0.125
Family: Sciaenidae —-0.136 0.146 —0.931 0.352 -0.422 0.150
Trial duration 0.000 0.000 0.037 0.971 —0.001 0.001
Tag burden —-0.051 0.010 -5.053 <0.001 -0.070 -0.031

Salmonidae (k=67) Trial duration —0.002 0.001 —2.447 0.014 -0.003 —0.001
Tag burden —0.047 0.014 —-3.365 0.001 -0.075 —-0.020

Separate models were fit to the overall dataset and a salmonid-specific dataset. Bolded rows indicate statistical significance (p <0.05)

extent to which they have been addressed in the ca.
15 years since using key papers as examples.

Comparisons with other tagging techniques

Different surgical approaches were compared in 73 of
the 295 studies reviewed, with 59% (n=43) published
since 2009. Half of these studies (n=235) focused
on comparing intraceolomic tagging to external or
gastric tagging. Similar to the findings of Cooke et al.
(2011), tagging via internal surgical implantation
generally had less negative consequences compared
to external tagging (e.g., Bégout Anras et al. 2003;
Mitamura et al. 2006; Kume et al. 2023) or gastric
tagging (e.g., Hall et al. 2009; Neely et al. 2009). As
the success of intracoelomic tag implantation can
be influenced by a fish’s dimensions (Jepsen et al.
2002), external tagging can be a viable option for
certain juvenile fishes (e.g., age-0 pallid sturgeon
Scaphirhynchus albus; Johnson et al. 2014) or fishes
with compressed body cavities (e.g., European
flounder Platichthys flesus; Neves et al. 2018).
Technological advancements have led to the
miniaturization of acoustic tags that can be rapidly
injected rather than surgically implanted through a
sutured incision. This approach has the potential to
minimize tagging effects through reduced handling
time and wound size. The injection of tags was
compared to surgical implantation in 10 studies, with
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the relative effectiveness of tag injection being study-
specific (which is also reflected in the poor predictive
power of “surgery type” in our meta-analysis). Two
of the four studies evaluating tag injection in juvenile
salmonids found that injection outperformed surgical
implantation (Cook et al. 2014; Deng et al. 2017).
However, other studies using non-salmonids have
observed reduced healing and survival when tags
are injected (Baras et al. 1999, 2000; Archdeacon
et al. 2009; Kano et al. 2013). As the syringe may
damage the internal organs of a fish (particularly
by inexperienced surgeons), we recommend that
researchers wishing to inject tags conduct pilot
studies to minimize the likelihood of negative tagging
effects.

Tag size

Of the 295 studies reviewed, we identified 91 studies
that examined tag size as an objective, with 59 (65%)
being published since 2009. Considering that many
of these studies manipulated fish size to evaluate the
effects of tag size, substantial work has been done to
understand the relationships between fish size and
tagging success. Although our analyses provided
evidence that tag size significantly predicts both
mortality and tag retention, there was substantial
variability among studies (Figs. 3 and 4). Our analyses
also revealed that fish implanted with tags weighing
less than~3% of their body weight had both a mean
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Fig. 6 Scatterplots for retention of intracelomically implanted
electronic tags in salmonids from n=26 studies, with
generalized linear models fit for visualization. a Tag retention

tag retention and survival above 90%, however, given
the aforementioned variability, we caution against the
use of a generalized tag burden limit. The appropriate
tag size should be chosen based on the objectives,
species, and life stages used in a study, with the use of
the smallest tags possible being preferable given that
both survival and tag retention were ~95% on average
when tag burdens were < 1%.

As described by others (e.g., Jepsen et al. 2004),
larger tags can lead to a variety of acute and chronic
effects beyond reduced survival and tag retention.
There has been a growing interest in understanding
these sublethal endpoints, including growth (e.g.,
Ashton et al. 2017), migration success (e.g., Brown
et al. 2013a), swimming performance (e.g., Collins
et al. 2013), metabolic rates (e.g., Darcy et al. 2019)

300

(%) as a function of tag burden (tag:fish mass ratio). b Tag
retention (%) as a function of trial duration in days. Across all
trials (n=66), mean tag retention was 77.7%

and physiology (e.g., Makiguchi and Kojima 2017).
An increasing number of studies are also recognizing
the need to examine the effects of tag size using more
complex environmental conditions. This includes
15 studies examining the impacts of tag size when
environmental correlates were manipulated, including
pressure changes (e.g., Carlson et al. 2012), water
temperatures (e.g., Robinson et al. 2021), salinity
changes (e.g., Brunsdon et al. 2019) and light levels
(e.g., Ferrari et al. 2014). Ten of these 15 studies
(~67%) were published since 2009. This also
includes studies providing greater ecological realism
by examining tag size in field settings, with~70%
of these studies being published since 2009. For
example, tag:body mass ratios were negatively
correlated with Pacific lamprey (Lampetra tridentata)
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IncMSE” is the change in mean square error with randomly
permuted variables and “IncNodePurity” is the change in

dam passage success in the wild despite transmitters
not influencing swimming performance in the
laboratory (Moser et al. 2007). As fish behaviour is
driven by complex environmental stimuli and social
interactions that cannot be fully recreated in short-
term laboratory studies (Magnhagen 2012; Fahlman
et al. 2020), these field studies are particularly
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dependencies (§) indicate the effect of the predictor levels on
predicted effect sizes

important for gaining a holistic understanding of the
effects of tag size.

To effectively compare tagging effects to the
broader literature, it is important that tag burden in air
is provided for each experimental group. Across 295
studies, over 45% did not report mean tag burdens
for each treatment group, and over half of these
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Table 2 Fixed effect terms from mixed effect models fit to survival data

Model Parameter E SE zval pval CI-Upper CI-Lower

Overall (k=188) Family: Cichlidae —0.000 0.139 0.000 0.999 -0.272 0.272
Family: Clariidae —0.328 0.247 —1.327 0.184 —-0.812 0.156
Family: Cyprinidae —-0.124 0.091 —1.365 0.172 —-0.301 0.054
Family: Fundulidae —0.047 0.121 —0.387 0.699 —0.283 0.190
Family: Ictaluridae —0.098 0.139 —-0.704 0.481 —-0.371 0.175
Family: Moronidae —0.146 0.104 —1.405 0.160 —0.350 0.058
Family: Other -0.073 0.066 —-1.107 0.268 —0.203 0.056
Family: Percidae —-0.024 0.098 -0.239 0.811 —-0.216 0.169
Family: Salmonidae 0.040 0.063 0.629 0.530 —0.084 0.164
Family: Sciaenidae —0.298 0.114 —2.607 0.009 —0.523 —-0.074
Family: Sparidae -0.147 0.164 —0.896 0.370 —0.467 0.174
Trial duration 0.000 0.000 0.976 0.329 —0.000 0.001
Tag burden —0.055 0.007 —8.285 <0.001 —0.068 —0.042

Salmonidae (k=58) Trial —0.001 0.000 —1.492 0.136 —0.001 0.000
duration
Tag burden —0.041 0.007 —-5.570 <0.001 —0.056 —0.027

Separate models were fit to the overall dataset and a salmonid-specific dataset. Bolded rows indicate statistical significance (p <0.05)

studies did not provide sufficient information for tag
burdens to be calculated (e.g., tag or fish weight was
missing). We also identified over a dozen studies
with errors in tag burden calculations or reported tag
specifications, as well as dozens more that failed to
report other aspects of the surgical procedure (e.g.,
suture types used, duration or level of anesthesia).
As discussed elsewhere (see Clemens et al. 2023;
Thiem et al. 2011), several studies also cited other
sources for their surgical methods, many of which
themselves were not readily accessible or reported
incomplete details. In many cases, we were left to
make assumptions about the surgical methods used.
Overall, the recommendation of Cooke et al. (2011)
for studies to address all components of the surgical
event has not been sufficiently met, which does
not aid in addressing ongoing concerns about the
reliability of electronic tagging study findings.

Biotic factors

Cooke et al. (2011) recommended that future studies
consider how biotic factors, such as sex and stage of
maturation, influence tagging outcomes. Despite this,
biotic factors were only examined in 31 of the studies
we reviewed, with 16 of them being published since
Cooke et al. (2011). Most of these studies focused on

biotic factors in adult fish (n=18, 56%), with only a
few studies (n="7, 22%) using juvenile fish. Similarly,
few studies (n=7, 22%) examined biotic factors
across multiple life stages.

Similar to the findings of Cooke et al. (2011),
few studies have examined how sex influences
tagging effects, likely because determining sex in
fish often requires lethal examination of the gonads.
Non-lethal methods such as ultrasound or genetic
sampling are often expensive and require specialized
equipment (Hulthén et al. 2014). Furthermore, sexual
dimorphism or secondary sexual characteristics can
be cryptic and are often only visible while spawning
(Andersson 1994; Cott et al. 2013). In total, sex-
specific survival was only examined in five studies
with mixed results. For example, although higher
male mortality has been observed in tagged spotted
sea trout (Cynoscion nebulosus; Reese Robillard
et al. 2015) and curimba (Prochilodus lineatus;
Peressin et al. 2021), the opposite was observed in
northern pike (Esox lucius; Winter et al. 2020). We
only identified four studies examining sex-specific
tag retention, generally finding lower tag retention
in female fish, particularly in gravid individuals.
Although pressure from the egg mass can increase the
likelihood that transmitters are lost via the incision
(Marty and Summerfelt 1986), two studies also found
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Fig. 8 Scatterplots of survival data for salmonids
intracelomically implanted with electronic tags from n=28
studies, with generalized linear models fit for visualization. a

expelled tags in reds or spawning grounds (Bateman
et al. 2009; §mejkal et al. 2019), indicating that tags
may also penetrate the gonads and leave the body
during reproduction. Given that unequal sex-specific
survival and tag retention could substantially bias
data, further research on sex-related tagging effects is
needed to avoid drawing inaccurate conclusions about
survival and movement data in telemetry studies.

In our analysis, two studies quantified
tagging effects using surrogate species to avoid
experimentation with endangered or rare species.
Tagging methods were tested on golden perch
(Macquaria ambigua) before being applied
to endangered Macquarie perch (Macquaria
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Survival (%) as a function of tag burden (tag:fish mass ratio). b
Survival (%) as a function of trial duration in days. Across all
trials (n=73), mean survival was 86.3%

australasica; Ebner et al. 2009), and tagging effects
were evaluated in blue catfish (Ictalurus furcatus) in
the field and channel catfish (Ictalurus punctatus) in
a hatchery (Gerber et al. 2019). Blue and channel
catfish showed similar tag retention and survival
rates in both hatchery and field settings. However,
while golden perch exhibited high survival and
tag retention, the endangered Macquarie perch had
lower survival in the wild when the same techniques
were applied. Although surrogate species can
aid in surgeon training, we caution against their
use when evaluating tagging effects given these
examples along with the species- and study-specific
variability in tagging effects seen in our analyses.
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Environmental correlates

Cooke et al. (2011) recommended that more studies
evaluate surgical outcomes as functions of different
environmental variables. We found 37 studies
investigating the effects of various environmental
factors on tagging. Consistent with Cooke et al.
(2011), water temperature remains the most studied
environmental variable. Fourteen studies examined
temperature as a variable, with nine of them
published since 2009. Overall, survival rates were
generally higher when fish were tagged in cooler
water temperatures, but temperature thresholds for
tagging will vary by species. A better understanding
of optimal tagging temperatures would still be useful
for developing tagging protocols and predictive
models of tagging effects.

The second and third most common environmental
factors pertained to migrating fishes, including the
impacts of dam passage or salinity transitions. Some
evidence of increased recovery times from tagging
(Daniels et al. 2021) and reduced swimming speeds
(Morrison et al. 2013) occurred during salinity
transitions, possibly indicative of tagging effects
being magnified by the added stress of homeostatic
adjustments. Migrating fishes passing through
turbines at hydroelectric dams can be exposed to
rapid changes in pressure, causing barotrauma
(Brown et al. 2013a). Barotrauma can lead to incision
tearing and visceral expulsion, with evidence that
mortality and/or tag loss relating to these injuries
increases at higher tag burdens (Brown et al. 2009;
Carlson et al. 2012). All studies examining salinity
transitions and dam passage (n=13) were conducted
on salmonids and only two were conducted in 2009 or
earlier. This is not surprising given the current efforts
in rehabilitating salmon migrations, and that salmonid
tagging often occurs during migrations from fresh to
salt water (Brunsdon et al. 2019). Other commonly
tagged anadromous fishes (e.g., acipenserids) have
received very little attention in this regard.

Tag coatings

Only eight of the 295 papers reviewed examined
tag coatings, with just two published since 2009. A
new PIT tag coated with food grade polymers was
tested in largemouth bass (Micropterus salmoides),

with similar survival and tag retention as traditional
glass-encapsulated PIT tags (Siepker et al. 2012).
Heath et al. (2023) examined the immune responses
of dummy tagged rainbow trout (Oncorhynchus
mykiss), observing altered immunogenic responses
between different tag coatings despite similar
wound healing and tag encapsulation. As these
immune disruptions could impact the health and
behaviour of these tagged animals (Heath et al.
2023), they demonstrated the importance of
examining sublethal metrics beyond the typical
endpoints included in tagging effects experiments.
Although typical epoxy coatings are likely
appropriate for most species, several studies
published prior to 2009 provided evidence of
increased tag retention when other tag coatings
were used (summarized in Cooke et al. 2011). We
find it surprising that few studies have examined
tag coatings in recent years given that experimental
tag coatings could benefit commonly tagged species
with low tag retention rates (e.g., ictalurids).
Therefore, additional work on tag coatings and the
associated immune responses could be valuable.

Antenna configurations

Ten of the 295 papers included examined antenna
configurations, with just two of these studies
being published since 2009. The most recent study
(Jepsen et al. 2013) examined how the presence or
absence of a trailing antenna and different aseptic
conditions influenced tagged Atlantic salmon
smolts (Salmo salar), with no detectable difference
in survival, growth and healing between treatments.
Although not technically antennae, the effects of
protruding light-sensing stalks from archival tags
were evaluated in Pacific halibut (Hippoglossus
stenolepis), with few differences in long-term
physiological  responses  identified  between
treatments (Loher and Rensmeyer 2011).

Although the research needs identified by
Cooke et al. (2011) in understanding how antenna
lengths and configurations impact fish health and
signal reception range remain, the lack of new
studies addressing such concerns is not surprising
given that PIT tagging and acoustic telemetry have
become the dominant forms of fish tracking (Fig. 1).
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Incision and wound closure

Forty-six of the 295 papers reviewed evaluated
incision and wound closure, with approximately half
of them being published since 2009. Different means
of incision closure were examined in 28 papers, the
use of sutures versus no sutures was examined in
eight papers, incision locations were examined in
seven papers, and the use of different suture numbers
and/or knot patters was examined in seven papers.

Although sutures are often used to increase tag
retention, their necessity has been debated in recent
years as improved survival and healing have been
reported for non-sutured incisions (Wagner et al.
2011; Deters et al. 2012). Of the eight studies that
explicitly contrasted incisions that were closed versus
left open, four studies observed higher tag retention
when incisions were closed using sutures (Baras et al.
1999, 2000; Mueller et al. 2006; Schumann et al.
2020), and two studies observed better healing and/or
survival in fish with non-sutured incisions (Liss et al.
2018; Schumann et al. 2020).

It appears that a greater focus has been placed on
the different types of wound closure methods (e.g.,
different suture types, tissue adhesives), with 28
studies examining this (about half occurring since
2009). Despite suture type not being an important
predictor in our random forest modelling, absorbable
monofilament sutures either performed better
(10/13) or similarly (3/13) to other closure methods,
improving healing and reducing inflammation
compared to non-absorbable monofilament (e.g.,
Ammann et al. 2013; Boone et al. 2013; Sandstrom
et al. 2013; Miller et al. 2014), silk (e.g., Thoreau
and Baras 1997; Wagner et al. 2000; Ivasauskas et al.
2012), absorbable braid (e.g., Boone et al. 2013) and
tissue adhesives (e.g., Kaseloo et al. 1992). These
sublethal effects often occurred in the absence of
altered survival (e.g., Ivasauskas et al. 2012) or tag
retention (e.g., Ammann et al. 2013). Therefore, it is
likely that although our modelling was unable to find
differences among wound closure types, important
sublethal differences in fish health still occur between
closure types. Monofilament appears to be the least
reactive suture material (Wargo Rub et al. 2014) and
although more work is merited on the necessity of
sutures, absorbable monofilament sutures appear to
be the most effective wound closure method based on
the literature.
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Papers examining incision positions have primarily
compared midline incisions (along the linea alba)
with lateral incisions. Lateral incisions led to higher
survival and tag retention in channel catfish (Gerber
et al. 2019) and better healing characteristics in
lake sturgeon (Acipenser fulvescens) (Hegna et al.
2019). Conversely, midventral incisions reduced the
likelihood of injury in grass carp (Ctenopharyngodon
idella) (Schramm and Black 1984) and increased
movement in rainbow trout (Wagner and Stevens
2000). In general, the specifics of creating and closing
an incision (i.e., the use of sutures, and where to
place the incision) should be evaluated on a species-
by-species basis. For example, benthic species may
benefit from a lateral incision to avoid contact with
bottom substrate, possibly avoiding wound and
suture irritation (Wagner et al. 2011). However,
minimizing tag size as well as incision size and depth
using experienced surgeons is likely the best way to
consistently minimize injury (Helfman et al. 2009;
Wargo Rub et al. 2014; Brownscombe et al. 2019).

Cooke et al. (2011) identified the need for
research on suture patterns; four such studies have
since been published. Both Boyd et al. (2011) and
Brown et al. (2013b) examined single vs. double
suturing on juvenile chinook salmonids in the context
of simulated dam passage, with no differences
in survival or tag retention occurring among
treatments. Cooke et al. (2011) also recommended
the incorporation of knowledge and techniques
emerging from medical and veterinary disciplines.
Some advancements in human medicine have
focused on developing new wound closure methods
that minimize surgery time while maximizing tissue
healing. The suture materials discussed above require
the use of knots to secure them in place, which can
cause inflammation where they rub against the fish’s
skin and lead to tag loss or wound dehiscence if they
rupture or loosen over time (Nambi et al. 2023).
Barbed sutures have been found to improve surgery
time and tissue aggravation in human applications
(e.g., Moran et al. 2007; Hashemi et al. 2012), but
their use for intracelomically tagging fishes has only
been assessed in two studies, with mixed success
(Woodley et al. 2013; Patel et al. 2019).

A method used frequently in humans to reduce
incision size, surgery time, and healing is laparoscopic
or “keyhole” surgery, where surgery is performed
internally through a small incision using a trocar to
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pass instruments into the body cavity. Laparoscopic
tagging has been limited in fishes, but has been
successfully used in sharks (Patel et al. 2019), striped
marlin (Kajikia audax) (Domeier et al. 2019), and
Atlantic bluefin tuna (Thunnus thynnus) (Rouyer et al.
2023). Clearly, there remains opportunity to further
incorporate techniques, tools, and knowledge from
the medical and veterinary disciplines.

Sterility and antibiotics

The roles of sterility and antibiotics in fish surgery
remain poorly studied, as only four studies focused
on sterility and/or antibiotics. Eleven studies used
antibiotics while tagging fish, but only two of these
studies manipulated antibiotic use as an experimental
treatment. Although the role of antibiotics was
inconclusive when tagging blue catfish (Gerber et al.
2019), they helped prevent post-surgical infection in
hybrid striped bass (Morone saxatilis X M. chrysops;
Isely et al. 2002). Only two studies assessed aseptic
techniques. Chomyshyn et al. (2011) evaluated
the importance of aseptic techniques when
implanting electronic tags in fishes. No differences
in physiological status or mortality were detected
between sterility treatments, but handling times were
longer when using aseptic techniques (Chomyshyn
et al. 2011). Given the efficacy of antibiotics such as
enrofloxacin in treating bacterial infections in fishes
(e.g., de Oliveira et al. 2023; Rostang et al. 2021), we
believe that antibiotics hold potential in reducing the
risk of post-surgical infections. Research on dosages,
timing, therapeutic efficiencies, and administration
routes is needed (see Mulcahy 2011).

Surgeon characteristics

Two studies examined how surgeon characteristics
affect the intracoelomic tagging of fishes prior to
2009, with 13 studies published since. All but one of
these studies found that surgeon experience had some
effect on post-tagging outcomes, including mortality,
suture retention, tag retention, wound inflammation,
and surgery duration (Deters et al. 2012; Sandstrom
et al. 2013; Hoyle et al. 2015; Lopes et al. 2016;
Carrera-Garcia et al. 2017; Brunsdon et al. 2019;
Keller et al. 2021; Robinson et al. 2021; Heim et al.
2024). For example, Lopes et al. (2016) compared
an experienced surgeon to a novice surgeon in their

ability to implant telemetry tags into a neotropical
fish (Prochilodus lineatus). On average, the novice
surgeon took twice as long to complete the procedure,
and recovery times for fish tagged by the novice
surgeon were also longer. Fish tagged by the expert
surgeon also exhibited a better overall appearance
and had smaller wound areas one week after surgery
(Lopes et al. 2016). Heim et al. (2024) also found
differences in survival and in-river performance
between fish tagged by two surgeons following the
same surgical procedure. They noted that surgical
skill, fish mass and the order of tagging session
(morning or afternoon) impacted survival during
tagging, suggesting that the inexperienced surgeon
initially struggled with smaller fish but improved with
practice throughout the day.

The existing literature supports that the experience
of a surgeon plays a role in managing the effects of
the surgical implantation of electronic tags, with
increased surgery times, tag placement, incision
quality, and internal injuries all thought to have effects
on tagging success (Cooke et al. 2011; Deters et al.
2012; Lopes et al. 2016; Carrera-Garcia et al. 2017).
We support previous suggestions that implementing
training programs (including feedback training) for
surgical tagging could help mitigate potential biases
in the data (Cooke et al. 2011; Lopes et al. 2016).

Other objectives

An additional 78 papers could not be summarized
using the objectives originally described by Cooke
et al. (2011). These studies examined tagging effects
without manipulating tag size or other elements of
the surgical procedure, which included numerous
feasibility studies using species (e.g., Gardunio
and Myrick 2012; Musselman et al. 2017) and
life stages (e.g., Thompson et al. 2014; Walton-
Rabideau et al. 2019) for which tagging effects had
been understudied. Other studies included here
examined the feasibility of using new technologies
and procedures (e.g., Holland et al. 2006; Tuohy et al.
2015; Haulsee et al. 2016; Midwood et al. 2018).
For example, tagging effects were documented in
longnose gar (Lepisosteus osseus) when an electric
rotary tool with a circular cutting blade was used to
cut through this species’ rigid ganoid scales during
the surgical procedure (Midwood et al. 2018).
Although almost 70% of the studies included in
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this section were published since 2009, tagging
effects remain studied in only a small fraction of
the hundreds of unique species tagged in acoustic
telemetry studies.

Many studies included in this section also focused
on applying new or uncommon endpoints to study
tagging effects. This included immune responses
(Semple et al. 2018), behaviours in response to novel
environments (Singer et al. 2019), telemetry-based
metrics (Gerber et al. 2017), social interactions
(Swanberg and Geist 1997), school swimming metrics
(Georgopoulou et al. 2022), and others. Additionally,
six studies included in this section evaluated tagging
effects on a temporal basis to establish post-surgical
recovery times. For example, both lab trials and
field telemetry data were used to provide evidence
of temporary tagging effects in juvenile lingcod
(Ophiodon elongatus) and a method for testing
tagging effects in the wild (Lee et al. 2013).

An additional six studies included here examined
tagging effects by recapturing fish carrying
transmitters for years after tag implantation, and
greater than a decade in some cases (e.g., Mangan
1998; Mazel et al. 2013; Smukall et al. 2019).
Although many of these studies only described
tagging effects from a single recaptured individual,
Caputo et al. (2009) examined the nutritional
physiology and condition of 17 largemouth bass
that carried tags in the wild for 335 to 1402 days.
Physiological parameters were comparable between
untagged and tagged largemouth bass, however
incision inflammation and infection were still present
in some tagged fishes (Caputo et al. 2009).

Endpoints
Mortality

Mortality is perhaps the most measurable and
important endpoint when assessing tagging effects.
Mortality was quantified in~79% (n=233) of the 295
studies we reviewed, and in~80% (n=145) of studies
published since 2009.

Mortality continues to be measured across a wide
array of time scales, ranging from hours (e.g., Luo
et al. 2014) to years (e.g., Hiihn et al. 2014) after
tag implantation. Although estimating mortality is
inherently easier in laboratory environments, several
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studies have provided greater ecological realism
in mortality estimates by using mesocosms (e.g.,
Jepsen et al. 2022) or examining the expected return
rates of tagged fishes in the wild (e.g., Hulthén
et al. 2014). For example, using experimental lakes
containing tagged and untagged lake trout (Salvelinus
namaycush, a long-lived species), survival rates in the
wild were assessed over a 12-year period (Hubbard
et al. 2021). Since an implanted tag will presumably
remain with a fish for its entire life, such approaches
are particularly valuable for assessing survival in
long-lived fishes.

The surge in popularity of acoustic telemetry
over the past several decades provides an important
method for quantifying survival rates in the wild.
Although there are evident limitations with the
use of shams and controls in telemetry studies, as
well as difficulties separating mortality and tag loss
via expulsion, several studies have demonstrated
the utility of telemetry for assessing the survival of
tagged fishes (e.g., Tuohy et al. 2015; Winter et al.
2020). Such approaches are particularly effective for
providing ecological realism (i.e., assessing mortality
where tracking occurs) in tagging mortality estimates
for species where tag retention rates are known.

Tag retention

Tag retention remains one of the most common
endpoints in tagging effects studies, with 192 of the
295 studies reviewed evaluating tag retention (116
of which were published since 2009). Although
tag retention has been largely studied in laboratory
environments (likely due to the ability to directly
observe tag loss), it has also been quantified in
field studies. For example, mark-recapture and
electrofishing surveys have been used to investigate
the short-term (<1 week), annual (1 year), and long-
term (>1 year) retention of PIT tags in resident
rainbow trout across 11 study streams (Meyer
et al. 2011). They found that short-term and annual
retention rates for PIT tags were relatively high,
averaging 96% and 81%, respectively. However, long-
term retention rates were lower for larger females
that had reached sexual maturity, with egg expulsion
attributed as an important driver of tag loss (Meyer
etal. 2011).

Other efforts have been made to understand the
pathways underlying tag retention (summarized by
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Lawrence et al. 2023), with the literature supporting
the role of the foreign body response in mediating tag
expulsion. Much of this work has been done using
catfishes (order Siluriformes), which can undergo
transintestinal expulsion of acoustic tags. This
process involves internally implanted transmitters,
originally placed in the fish’s abdominal cavity,
becoming encapsulated in fibrous tissue. Over
time, the encapsulated tags are absorbed into the
intestinal tract and expelled from the anus (Baras and
Westerloppe 1999; Holbrook et al. 2012; D’Amico
et al. 2021; Durhack et al. 2024). Unsurprisingly,
the effectiveness of tagging catfishes such as
channel catfish, blue catfish, and African catfish
(Heterobranchus longifilis) hasvaried (Baras and
Westerloppe 1999; Holbrook et al. 2012; Durhack
et al. 2024). There is also evidence of a foreign body
response in post-smolt Atlantic salmon implanted
with dummy acoustic tags, with high rates of tag
expulsion (54.8%) despite low mortality (<5.1%;
Lawrence et al. 2023).

Although tag expulsion rates can be influenced
by water temperature (Deters et al. 2010; Robinson
et al. 2021) and tag size (Brunsdon et al. 2019),
there remains substantial variation in tag retention
rates that is poorly understood (as summarized by
the low R? derived from our meta-analysis of tag
retention). As discussed by Lawrence et al. (2023),
the size, sterility, and location of the object, as well
as localized tissue damage, have been shown to
influence the magnitude of the foreign body response
in the clinical literature (Onuki et al. 2008; Anderson
and Jiang 2017; Carnicer-Lombarte et al. 2021).
More research focused on the role of the foreign body
response and other drivers of variation in retention is
still needed.

Incision healing and necropsy

Assessing incision healing and internal healing via
necropsy remain among the most common endpoints
in tagging effects research, with 159 studies
examining either of these endpoints (over half of
which were published since 2009). We grouped these
endpoints together here due to the complementary
nature in which they can be used to assess healing.
Although largely qualitative in nature, both
methods are informative. For example, incision
inflammation, infection, and the retention of

absorbable sutures was identified in recaptured
largemouth bass acoustically tagged years earlier
(Caputo et al. 2009). By examining wound healing in
photographs of acoustically tagged walleye (Sander
vitreus) captured for fishery harvest, Schoonyan
et al. (2017) also revealed long-term retention of
absorbable sutures past the time when they would
benefit incision healing. Since absorbable sutures are
not typically designed for use in poikilotherms and
aquatic environments, they likely do not perform in
fish as they would in mammals (Wargo Rub et al.
2014). Removing sutures after the wound has healed
is also impractical for many field applications.
Suture materials that dissolve more readily at cold
temperatures would be useful for fishes.

Necropsies can be useful for understanding tag
retention. For example, necropsies were used to
identify tag expulsion through the intestine and
body wall of catfishes, providing evidence of poor
long-term tag retention (e.g., Baras and Westerloppe
1999; Durhack et al. 2024). Other studies using
necropsies have observed tag encapsulation and body
cavity healing (e.g., Walton-Rabideau et al. 2019),
predicting high long term tag retention.

Growth and feeding

Growth and feeding remain common sublethal
measures of tagging effects, with 135 of the 295
studies reviewed including at least one of these
endpoints (86 of these studies [~64%] published
since 2009). Unfortunately, the diverse ways in which
growth data were reported across these studies, as
well as variations in experimental design, precluded
a meta-analysis of the effects of tagging on growth. Of
the 135 papers that reported some data on growth, 124
compared growth between intracelomically tagged
and untagged fishes, with 52 of them (~42%) finding
statistical differences in growth rates. Interestingly, 20
of these 52 papers observed compensatory growth,
characterized by an initial decline in growth after
tag implantation followed by an eventual recovery
of growth rates in which tagged fish ‘catch up’ to the
body size of controls. An explanation for this delay
in growth is that tagged fishes may initially redirect
more energy toward healing and away from feeding
and growth (Walton-Rabideau et al. 2019). These
delays seem highly variable between studies, ranging
from the first 3—4 days after tagging (Baras et al.
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1999; Ouedraogo et al. 2014) to up to 12 weeks after
tagging (Welch et al. 2007). Although compensatory
growth may not be particularly relevant for long-term
field studies (i.e., studies using tags with years of
battery life), studies examining fish behaviour during
the initial days—weeks after tagging may capture
behaviours characteristic of fish focused on wound
healing. Therefore, continued studies of growth rates
using long-term trials with frequent measurements are
required to better account for potential behavioural
biases in the weeks to months following tagging.

Although growth rates have typically been
estimated in laboratory experiments (~ 85% of
studies), nine studies since 2009 evaluated how
tagging affected growth in the wild. For instance,
Hubbard et al. (2021) analyzed mark-recapture data
for lake trout collected over a 12-year period and
found that transmitter implantation with tag burdens
ranging from 0.19 to 1.77% had no impacts on
growth. While this long-term data provides valuable
insights into how tags affect fish over several years, it
does not show if initial reductions in growth occurred
in the first few days or months after tagging.

In addition to directly measuring growth, 22
studies also evaluated feeding behaviours and gut
fullness (n=10 since 2009). Since changes in growth
can take time to occur (especially in slow growing
species), assessing feeding behaviours and gut
fullness can be more sensitive short-term measures of
tagging effects. For example, tagged juvenile lingcod
(Ophiodon elongatus) initially reduced their feeding
activity, but only for the first week after tagging (Lee
et al. 2013). Although reduced feeding behaviours
and gut fullness could be due to stress, it could also
be due to tags occupying space in the body cavity that
could otherwise be used for the gut to expand.

Physiology

Evaluating physiological metrics can provide insights
into the mechanisms that affect the survival and
behaviour of fishes. We noticed an increase in the
use of physiological endpoints: while only 36 of the
295 studies reviewed (12%) included physiological
endpoints, 25 of these studies were published since
2009.

The effects on tagging on physiology have been
quantified via rates of oxygen consumption (Darcy
et al. 2019; Arechavala-Lopez et al. 2021) and
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reflex action mortality predictors (RAMP scores;
Tsitrin et al. 2020). The most common method of
collecting physiological data remains via blood
samples. For example, plasma lactate levels were
collected in rainbow trout eight days after tagging,
revealing a negative correlation between plasma
lactate and body mass (Makiguchi and Kojima 2017).
This suggests that smaller fish experienced greater
stress for over a week after tagging (Makiguchi and
Kojima 2017). Other means of sample collection,
such as non-invasive cortisol determination, can be
useful. Reemeyer et al. (2019) examined the effects
of PIT tagging on cortisol release in Gulf killifish
(Fundulus grandis) by assessing cortisol levels from
tank water samples as an indirect estimate of plasma
cortisol. They coupled this approach with blood
sampling to evaluate a wide array of physiological
stress indicators, including hematocrit levels, plasma
cortisol concentrations, blood glucose, and lactate
levels. An immediate stress response was induced in
PIT-tagged individuals compared to similarly handled
controls, which dissipated within one week of tagging
(Reemeyer et al. 2019).

A few recent studies have investigated how the
surgical implantation of transmitters alters immune
responses in fishes. For example, Semple et al.
(2018) examined inflammatory cytokine expression
in rainbow trout following acoustic tag implantation.
While no significant inflammation at the site of
surgery or long-term behavioural effects occurred,
tagged individuals exhibited an increase in pro-
inflammatory cytokine gene expression 10 weeks
after surgery, indicating that the fish may have been
coping with chronic inflammation. They also noted
encapsulation of transmitters within adipose tissue
by day 15, indicative of a foreign body response.
There is a need to better understand the infections and
immune responses resulting from tag implantation.
As discussed by Matley et al. (2024b), immune
responses to tagging may be more common than
presumed; exploring these responses would help
elucidate what scenarios lead to infection, mortality,
or changes in behaviour.

Although the process of intracoelomic tagging
(i.e., fish capture, handling, air exposure, and
tagging) can cause both acute and chronic stress,
the duration and severity of these responses appears
to be species-specific and influenced by a number
of abiotic and biotic factors (Donaldson et al. 2008).
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Since these physiological disturbances can drive
changes in behaviour or survival, continued study of
physiological responses to intracoelomic tagging is
needed to better understand the factors contributing to
mortality and behavioural changes.

Swimming performance

Swimming performance was examined in 45 of the
295 papers included (n=23 since 2009). Studies
reporting haphazard observations of swimming
behaviours or movements in the wild were not
included here (as in Cooke et al. 2011). Swimming
performance is closely related to fitness and is an
integrative assessment of the health and physiology
of a fish (Plaut 2001; Yan et al. 2013), making it a
useful sublethal metric.

Almost 80% (35/45) of papers assessing swimming
performance did so by examining critical swimming
speeds (U,,;,), where fish are forced to swim against
incrementally increasing water flow until fatigue
(Downie and Kieffer 2017). Although there was
insufficient data for a meta-analysis of the effects of
tagging on U, ten of these 35 papers found that
U.,, was lower in tagged fish, with an additional
two studies observing reduced U,,;, only during the
first hours following tagging. Excluding papers with
trailing antennae, the lowest tag burden that led to
significant differences in U, following recovery
from intracoelomic tagging was 3.4% (Walker et al.
2016). Interestingly, this threshold is similar to the
tag burden limits identified from our meta-analyses
of survival and tag retention. Over half of the papers
included here studied salmonids (Plaut 2001; Downie
and Kieffer 2017), therefore a better understanding
of how tagging influences U,,; in other taxonomic
groups is still needed.

Other less common measures of examining
swimming performance included prolonged swim
tests (e.g., Close et al. 2003; Collins et al. 2013),
swimming kinematics (Clark 2016), predator
avoidance tests (e.g., Adams et al. 1998; Janak
et al. 2012) and burst swim tests (e.g., Knaepkens
et al. 2007; Haas et al. 2023). Interestingly, tagging
resulted in slower burst speeds in juvenile sea
lamprey (Petromyzon marinus), but did not manifest
in altered swimming endurance (Haas et al. 2023).
Burst swimming (e.g., C-starts) is a key part of
predator avoidance (Domenici and Blake 1997);

additional studies addressing the impacts of tagging
on swimming performance beyond U, would be
useful.

rit

Behaviour

Of the 295 studies reviewed, 22% (n=64) included
behavioural metrics (n=46 since 2009). Given the
diversity in the behavioural measurements that were
made, it was not possible to include behaviour as a
response variable in our meta-analyses.

Among these studies, 21 were conducted in
the field, many of which assessed behaviour using
acoustic telemetry. For example, the movements of
newly tagged and previously tagged common bream
(Abramis brama) were compared in a river system
(Gardner et al. 2015). Newly tagged fish travelled
significantly farther than previously tagged fish (i.e.,
controls) only in the first five days post-tagging,
although both groups covered similar linear ranges.
Many field studies also assessed how tagging affects
migratory behaviour. For example, internal acoustic
transmitters paired with external pop-off data storage
tags did not alter residence time, departure direction,
or migration speeds of European eels (Anguilla
anguilla) (Verhelst et al. 2022).

Only two studies examined the behavioural
impacts of tagging in mesocosms. The impacts of tags
on Atlantic salmon were studied in aquaculture cages,
revealing altered survival and depth use (Wright
et al. 2019). Similarly, the effects of tagging on depth
preferences and environmental adjustments in ballan
wrasse (Labrus bergylta) and lumpfish (Cyclopterus
lumpus) have been examined (Geitung et al. 2020).
Both species initially remained in the lower sections
of the cages but gradually adjusted to their preferred
depths, suggesting that tagging did not impair their
ability to adapt to temperature and salinity conditions.
Arguably, the impacts of tagging on fish behaviour is
likely the endpoint researchers are most interested in.
Since the behaviours of wild fish cannot be replicated
in short-term laboratory studies (Magnhagen 2012;
Fahlman et al. 2020), field and mesocosm studies
are crucial for gaining a more comprehensive
understanding of how tagging influences behaviour.

Similar in number to field studies, 23 studies
were conducted in laboratory settings using a variety
of approaches. Although predator avoidance is
among the most relevant measures of behavioural
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impairments (Jepsen et al. 2008), we only identified
one study since 2009 that used predator avoidance
as an endpoint (Walker et al. 2016). The lack of
studies involving predation is likely attributable at
least in part to difficulties obtaining animal ethics
clearance to expose tagged fish to real predators.
Instead, several other endpoints related to predation
vulnerability have been used, including exploratory
and swimming behaviours (e.g., shoaling and
schooling). Physiological endpoints have also been
coupled with video monitoring to study exploratory
and group swimming behaviours in European seabass
(Dicentrarchus labrax; Georgopoulou et al. 2022).
Despite physiological parameters being similar to
controls 14 days after tagging, tagged fish had poorer
swimming performance (Georgopoulou et al. 2022).
These contrasting results between physiological
and behavioural endpoints attest to the importance
of understanding tagging effects using an array of
techniques and endpoints.

Reproductive fitness

Eleven of the 295 studies assessed the effects of
tagging on reproductive fitness (n=7 since 2009).
Many of these studies only provided anecdotal or
qualitative evidence. For example, genetic markers
were used to show that captured lemon sharks
(Negaprion brevirostris) were the offspring of a
lemon shark that was tagged almost a decade prior
(Smukall et al. 2019). In a mesocosm study, two
minnow species (red shiner, Cyprinella lutrensis
and the bluntnose minnow, Pimephales notatus)
successfully spawned after PIT tagging (Pennock and
Bruckerhoff 2020).

Although observations of tagged fish spawning
are useful, there have been few studies designed to
quantitatively evaluate how intracoelomic tagging
influences reproductive fitness. Peressin et al. (2021)
did so by hormonally inducing spawning in lab to
assess how radio tagging influenced male and female
reproductive capacity in curimba. Fecundity was not
statistically different between tagged and untagged
groups, however, sample sizes were low due to high
tag expulsion and mortality. Tagging also took place
three months before spawning when gonads were
still in the resting stage, which is important as higher
egg retention (i.e., reduced reproductive fitness) was
observed in intracoelomic tagged steelhead trout
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(Oncorhynchus mykiss) when tags were implanted in
gravid females (Berejikian et al. 2007). Concerns about
implanting tags in gravid females have been raised, as
large gonads can reduce intracoelomic space and tags
may be lost during reproduction or block the passage
of eggs (Jepsen et al. 2015). While avoiding tagging
gravid fish may help negate the negative effects of
tagging on reproductive fitness, few (if any) studies
have quantitatively examined this. Moreover, fish are
often caught for tagging during their spawning period
because it is typically the easiest time of the year to
capture and sex fish in large numbers. Therefore, there
remains a need to assess the impacts of tagging on both
short- and long-term reproductive outputs.

Other endpoints

Tagging effects have been studied via a number of
endpoints not described in Cooke et al. (2011). While
migration was briefly discussed in the context of
behaviour (e.g., residence time, departure directions),
many papers studied migration beyond behavioural
endpoints. Overall, we identified 22 studies
examining migration dynamics, mainly migration
speed (e.g., Brown et al. 2013c; Daniels et al. 2021;
Verhelst et al. 2022) and success (Newton et al.
2016; Wargo Rub et al. 2020; Lennox et al. 2022).
As migration combines swimming performance
with complex environmental stimuli and social
interactions, these studies provide valuable insights
into how tagging effects manifest themselves in the
applied realm. For example, lower nightly catches of
migratory sea lamprey tagged with PIT and acoustic
tags were observed compared to fish that were only
PIT tagged (Nelson et al. 2021). Bass et al. (2020)
also observed increased mortality in migratory
juvenile sockeye salmon exposed to high tag burdens
and gill clip biopsies (which are often used to study
physiology and infectious agents; McCormick 1993;
Jeffries et al. 2014; Stevenson et al. 2020). These
studies raise important concerns about how tagging
effects could lead to overestimation of both trapping
efficiency and migration success.

Conclusions

Both mortality and tag retention were predicted
by tag burden such that higher burdens led to
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lower tag retention and survival. With the ongoing
miniaturization of acoustic transmitters, it is
becoming increasingly feasible to tag fishes without
imposing significant tag burdens. However, larger
tags offer greater power output (i.e., detection
range) and battery life (Kessel et al. 2015), meaning
that researchers need to balance study needs
with acceptable limits for mortality and tag loss.
Although tag burden should be chosen based on prior
knowledge of the species of interest, tag burdens up
to~3% may offer a compromise between tag size and
unwanted tagging effects. However, only a modest
portion of the variability in survival (R*=0.32)
and tag retention (R°=0.14) was explained by the
predictors used in our analysis. Therefore, we caution
against the use of this threshold as a generalized limit
for tag burden. As both tag retention and survival
were ~95% on average when tag burdens were < 1%,
using smaller tags appears to be one of the best ways
to minimize the likelihood of unwanted tagging
effects. Sublethal tagging effects could also influence
the validity of telemetry data in ways that may be less
apparent, and more difficult to quantify in natural
settings, than tag retention and survival.

Although statistical differences in survival or tag
retention were only found in the family Sciaenidae,
small sample sizes were common in most families,
with many families not containing enough replicates
to be grouped separately in analyses. The random
forests used can provide some information on
predicted effect sizes in each family (i.e., predicted
differences in survival and tag retention), but greater
sample sizes in poorly studied families are needed
before accurate family-based predictions can be
made.

In addition to these small sample sizes, the modest
predictive power of our meta-analyses could also
be at least partially explained by variables we were
unable to model. For example, we have described
evidence of surgeon experience and reproductive
status altering tag retention and survival. However,
given the small amounts of mainly qualitative data in
the literature, we were unable to use these variables as
predictors. We were also unable to include life stage
as a predictor due to potential collinearity issues, lack
of data reporting, and the subjective and inconsistent
nature in which it was reported. Future tagging effects
studies should provide at minimum: The country in
which the study was conducted, the species name(s),

the life stages and sex of the animals, the location
of the study (i.e., laboratory, field), the type of tags
used, water temperature and type (e.g., freshwater),
study duration, suture types and patterns used, tag
dimensions and weight (specified in air or water),
tag burden, initial and final fish weights and lengths,
incision sizes, sample sizes, mortality and tag
retention (if feasible), as well as any other relevant
details of the study design (i.e., if controls, shams or
power analyses were used).

Although biases remain across the tagging effects
literature towards freshwater fishes, developed
regions, and laboratory environments, there has been
important progress in understanding tagging effects
using saltwater species and field experiments since
Cooke et al. (2011). There has also been progress
made in addressing endpoints beyond mortality
and tag retention, including growth, swimming
performance, incision healing, and others. However,
there are more than 30,000 fishes with diverse
morphology, anatomy, physiology, and ecology.
Much of the work on tagging effects to date has
focused on fusiform shaped fishes in temperate
regions, which means there are still substantial gaps
in our understanding of these well-studied endpoints;
it is unclear how much one can generalize from the
findings we have summarized here. Several endpoints
remain poorly studied, including reproductive
fitness and immune responses. The roles of sex
and reproductive status, tag coatings, sterility and
antibiotics in governing tagging success also remain
poorly understood.

If stakeholders and researchers are to be confident
in the results of telemetry studies, continued tagging
effects studies are important. We encourage where
possible to incorporate some aspect of tagging
validation in every electronic tagging study, and we
emphasize the importance of working closely with
fish health experts in developing project-specific
tagging protocols. We also emphasize the importance
of reaching out to researchers in the fish biology
community working on similar species or questions to
enable knowledge exchange. Ensuring that evidence
guides decision-making is necessary to maintain
the welfare status of tagged fishes and ensure that
findings from fish tracking studies are defensible.
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