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Abstract A systematic review and meta-analysis

was conducted to evaluate the appropriate tag:fish size

ratio when tagging juvenile salmonids (genera On-

corhynchus, Salmo, and Salvelinus). The review

yielded 18 publications with 211 control and treatment

groups reporting results from laboratory studies on the

effects of passive integrated transponder (PIT) tags,

plus a small number of additional studies on acoustic

transmitters. A meta-analysis of the PIT tagging

studies showed significant heterogeneity among

studies with respect to mortality. Meta-regression

revealed that juvenile salmonid mortality increased

curvilinearly with the tag:fish length ratio, indicating

that mortality risk is rapidly enhanced as smaller fish

or larger tag sizes are used. The tag:fish length ratio

effect on daily length or mass gain increased linearly.

The results provide an estimate of the effects of the

tag:fish length ratio on mortality and growth param-

eters in juvenile salmonids. Based on this, we suggest

that researchers can follow best practices for tagging

juvenile salmonids with tags that are not greater than

17.5% of fish total length (TL). This equates a

minimum size threshold of 131 mm TL for tagging

salmonids with 23-mm PIT tags, and 69 mm TL with
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12-mm PIT tags. This information can assist research-

ers, managers, and welfare agencies striving to use the

best possible evidence to make informed decisions

regarding fish tagging.

Keywords Acoustic � Tag effects � Passive
integrated transponder � Salmon � Trout � Mortality

Introduction

Given their ecological and cultural importance (Ver-

spoor et al. 2008; Forseth et al. 2017), salmonids have

been important focal species of tagging efforts for

centuries (Walton 1653). Studying salmonids by use

of electronic tags has given insight into freshwater

migration patterns (Økland et al. 2001; Richard et al.

2014), freshwater ecology and behaviour (Roussel

et al. 2000), impacts of hydropower production

(Aarestrup et al. 2003; Burnett et al. 2014), impacts

of fisheries (Raby et al. 2012), mechanisms and causes

of mortality (Cooke et al. 2006; Källo et al. 2020), and

areas of marine residence (Spares et al. 2012; Strøm

et al. 2018). Many electronic tag types exist with

different advantages and disadvantages, often with a

tradeoff between tag size and tag performance

(Thorstad et al. 2013). Larger tags generally have

broader detection ranges than smaller tags. Small tags

can be used in comparatively small fish and potentially

have lesser impact on the animals’ performance in

terms of growth, survival, and behaviour, but usually

have shorter detection ranges, and depending on the

type may have short life span.

Effects of the tagging process and physical impacts

of tags themselves on animal health and performance,

and consequently, the validity of study results, have

been of scientific interest since tagging became a

common practice among fisheries scientists (e.g.

Markus 1933; Pechacek 1956; Jepsen et al. 2015).

Common statistical methods for analyzing telemetry

data rely on the assumption that tagged individuals are

representative of the studied population. Conse-

quently, data from individuals negatively affected by

tagging may provide false inferences about growth,

survival rates, and behaviour of wild fish. Procedures

such as capture, handling, and tagging elicit physio-

logical and behavioral responses of animals, and the

tagged individual requires time and suitable conditions

to recover. Some animals may not survive the stress

associated with tagging or carrying the tag may be

exceptionally burdensome (Rasiulis et al. 2014; Van-

denabeele et al. 2015). Long-term impacts may also

include tissue infections around the tagging incision

that result in mortality (Adams et al. 1998; Larsen

et al. 2013). Tertiary stress responses can manifest as

altered growth, immune responses, and reproductive

success (Wendelaar Bonga 1997), which have direct

consequences for the lifetime fitness of tagged

animals.

Passive integrated transponder (PIT) tags have been

used extensively for individual fish monitoring

throughout the world, and the popularity of this tag

has increased since their introduction in the mid-1980s

(Gibbons and Andrews 2004). PIT-tags are relatively

cheap, small, long-lasting, and require simple tagging

procedures (i.e., non-surgical; Smyth and Nebel

2013). The advantage of these tags compared to other

telemetry tags is that they are small because they do

not carry a battery. Instead of the tag producing an

active signal, an internal microchip in the tag is

activated when the tag passes through an electrical

field, thus transmitting a unique ID to a reader where

the detection and associated information is stored. The

small size and long life of the tags make this

technology particularly suitable for studies of survival

and recruitment of long-lived animals such as salmon

that migrate to the sea at a small body size and return to

their home river to spawn after one to several years at

sea. Another widely applied telemetry tagging method

for juvenile salmonids is the use of small acoustic

transmitters. These tags are generally larger and

heavier than PIT-tags because they depend on an

internal battery to actively transmit sound signals at a

certain interval (usually 30–90s). Signals from acous-

tic tags are recorded by receivers within a range of

approximately 100–500 m. Acoustic tags are suit-

able for detailed behavioral studies during shorter time

periods (one to several months) and have been

extensively used for understanding the migration and

survival of juvenile salmonids during their transition

from freshwater to marine waters (Chaput et al. 2019).

Currently, there are no general guidelines for the

minimum fish size for marking with PIT-tags or

acoustic transmitters, and research groups and animal

welfare units around the world use different arguments

and publications when defining guidelines for mini-

mum fish and tag sizes. Guidelines such as the ‘‘2%
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rule’’ (i.e. tag mass should not exceed 2% of the fish

mass; Winter 1996) have been debated (Brown et al.

1999; Jepsen et al. 2005; Smircich and Kelly 2014),

and we lack a systematic evaluation of tagging effects

on growth and mortality to inform animal welfare

units on appropriate tag size to fish size ratios. In large

tagging programs, mass measurements are often so

time consuming that it impedes animal welfare

guidelines and only fish length is available to deter-

mine whether an individual meets the appropriate

tagging thresholds. However, no evidence-based

guidelines are currently available on appropriate

tag:fish length ratio for tagging in juvenile salmonids.

Systematic reviews have been introduced in ecol-

ogy as a way to assess general effects and develop

guidelines for research and management based on the

best available evidence, while overcoming variation

among studies (Borenstein et al. 2010). Systematically

evaluating candidate literature with standardized

approaches for inclusion and exclusion eliminates

some of the pitfalls of subjectivity of other review

approaches (Haddaway et al. 2015). By extracting data

from the publications identified in the systematic

review, it is possible to conduct meta-analyses that can

be used to analyze effects across publications. Given

that tag effects on juvenile salmonids have been

extensively explored for various species using inter-

nally implanted tags, this research question is suited to

systematic review meta-analysis techniques, which

can be used to develop guidelines for tagging juvenile

salmonids. We opted to focus on experimental studies

on impacts of PIT-tags or acoustic transmitters in

controlled settings, which meant that survival and

growth rates calculated from fish tagged and recap-

tured in nature were excluded. We did so because field

studies are not consistently controlled, and survival is

generally estimated using mark-recapture frameworks

rather than direct observation. Candidate literature

was appraised for the inclusion of survival or growth

data on juvenile salmonids receiving internally

implanted tags (either by surgery or injection with a

syringe) into the body cavity. We included only

studies of the closely related salmonine genera

Oncorhynchus, Salmo, and Salvelinus because data

on other species (e.g. grayling and whitefish) were

very limited. Our main aim of the study was to

determine whether a relationship between tag size and

fish size on the survival and growth of these salmonid

juveniles tagged with PIT-tags or acoustic transmitters

was apparent across studies.

Methods

Systematic review

Candidate literature for the review was identified

based on principles outlined for systematic reviews.

We searched three literature sources (e.g. Falagas et al.

2008) using standard search strings created by fine-

tuning search terms to maximize inclusion of poten-

tially relevant publications (Appendix, Table A1).

Literature searches were performed using the Scopus

database and Clarivate Web of Science (January

2019). An additional search was performed using

Google Scholar (January 2019), which can help to

identify non-indexed grey literature published as

university theses or technical reports (Haddaway

et al. 2015). All results were initially screened by the

title to determine whether they addressed juvenile

salmonid tagging experiments. Full texts of the

candidate literature were then downloaded for apprai-

sal and metadata extraction. At this stage, reasons for

excluding papers were noted for repeatability or

covering methods other than PIT-tags and acoustic

transmitters (Fig. 1). Metadata from candidate litera-

ture were extracted to investigate the relationships

among fish species, fish length, tag size, and fish fate

(survival and growth) while also considering potential

contributing effects from other variables (e.g. temper-

ature, tank size, wound closure, etc.).

The studies included in this review varied largely in

terms of group sizes (ranging from 1 to 294,795) and

fish weights (ranging from 0.61 to 773 g). The design

of the studies varied widely as well. Some publications

contained one identifiable control group (i.e. untagged

fish) and one treatment group (i.e. tagged fish). Others

contained multiple control groups and multiple sham

(i.e. fish that received surgery but no tag) and/or

treatment groups. Controls may or may not have been

in the same tank as treated fish. This made data

verification challenging because it was difficult to

identify implausible values. Only studies using PIT-

tags (implanted into the body cavity either by surgery

or injection with a syringe) had sufficient data and

consistency to be included in the meta-analyses. For

studies of acoustic transmitters, only a descriptive
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analysis was performed due to a small number of

studies. Data for other tag types were extracted but not

evaluated because of small sample size. Data used in

the meta-analyses of PIT-tag effects were limited

according to the following criteria:

• Only data from publications that included at least

one PIT-tagged group were used. If these studies

included treatment groups using other tagging

types, those treatment groups were excluded, but

all control and sham groups retained.

• Studies that did not include at least one control

group were excluded.

• Studies in which it was not possible to determine

how follow-up was conducted were excluded.

• If a study recorded mortality on a daily or frequent

basis, a subset of time points was selected to avoid

collinearity between observations.

• One study included more than 200,000 fish per

group (the next largest group size was 300) and was

excluded to avoid the meta-analysis being domi-

nated by that study and because of concern about

follow-up in such a large study.

Data analysis

Effects of PIT-tags

Metadata on survival and individual data on fish size

and tag size were extracted from each publication at

the different time points given in the publications with

the objective of analyzing mortality and growth of PIT

tagged salmonids. Either average mass (in g) and fork

or total length were extracted from each fish group for

each publication. To standardize, we used the conver-

sion factor from www.fishbase.org to convert all

length measurements to total length for the final

analysis. Mortality was measured as the cumulative

number of deaths across time, and growth was deter-

mined based on the change in average length and mass

of individuals per day.

Mortality

A random effects logistic regression model was fit to

the cumulative mortality data using all available time

points at which mortality was reported. The model was

fit using maximum likelihood estimation with adap-

tive quadrature (Dohoo et al. 2009). The outcome was

a binomial variable with the initial number of fish in

each group as the denominator. Fixed effects hypoth-

esized to affect survival were ratio of tag length to fish

length (tag:fish length ratio; 0 for controls), time (days

from the start of study), and fish species. Length rather

than mass ratio was used because length measure-

ments are more readily used in PIT tagging studies.

The effect of time was not linear so time was log-

transformed and centered on day 14. Because the

variable ‘‘tag:fish length ratio’’ was coded zero for

control and sham groups and there was no evidence of

Fig. 1 Flow chart showing procedures of the systematic review of tagging effects on juvenile salmonids
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any difference between these two types of controls, we

could use the ratio variable both to quantify the impact

of tag size and to contrast tagged with non-tagged fish.

No lack of fit was detected from this modelling of the

impact of tagging in any of our models. The effect of

tag:fish length ratio was non-linear, so a range of

power transformations were considered with the best

fit (based on AIC) being observed for the combination

of a linear and quadratic term. Interactions between

the two ratio terms (linear and quadratic) and time

were evaluated.

We included the random effects of publication, fish

group, and time point at which a measurement was

made. Random slopes for time (i.e. a trend model)

were investigated to allow for declining correlations

between time points that were further apart. Conver-

gence was not achieved with this random slope added,

and few of the publications had multiple time points,

so this was not considered further. Random slopes for

the ratio terms were considered to allow for variation

in ratio effects among publications (i.e. a random

effects meta-analysis). Once again, the data were

inadequate to support a model of this complexity. The

final model included fixed effects for time post-

tagging, tag:fish length ratio (linear and quadratic

terms) and two-way interactions between the two ratio

terms and time, along with random effects for

publication, group, and time point. Diagnostic proce-

dures that evaluated normality, heterogeneity of

variance, and outliers at appropriate levels were

computed and evaluated using residual plots. Models

were fit using standard procedures for multilevel,

grouped binomial data in Stata 16.

In order to examine the possibility of variation in

tag:fish length ratio effects among publications, a

simpler model that contained only the time and tag:fish

length ratio squared (ratio2) fixed effects along with

random effects for group and time points were fit to the

data from each publication individually. From each of

these analyses, the single ratio effect and its standard

error were extracted, and these extracted results used

in a standard random effects meta-analysis.

Two additional analyses were carried out. First, the

effects of the interaction between time and tag:fish

length ratio were explored by generating a plot of

estimates of the effect of tag:fish length ratio at three

different time points (7, 14 and 21 days). Secondly, we

hypothesized that tagging effects would be higher if

the overall mortality in the study was higher and

therefore explored the effect of baseline risk (i.e. the

survival in the control group) on the effect of tag:fish

length ratio by estimating the odds ratio (OR) for

treatment (tagging) separately for each publication

and plotting this OR against the risk of mortality in the

control group.

Growth

A number of publications reported either weights of

study fish or lengths. In order to maximize the amount

of data available for analyses, mass data that were

missing were imputed (using a three degree fractional

polynomial model) from length values (if recorded)

and vice versa. The relationship between the average

mass of the group and average length was strong with

the fractional polynomial having an R2[ 0.999. For

measures of within-group standard deviations (SD),

the relationship was not as strong, but still the

fractional polynomial had an R2[ 0.85. The SD

values were not used in the models directly but were

used to estimate appropriate weights for the studies

when pooling them (details below). The models were

fit using maximum likelihood estimation with adap-

tive quadrature.

Linear mixed models were used to analyze daily

weight gain (dwg) and daily length gain (dlg). From

the SD values for weight and length at the last time

point, we computed approximate standard errors for

dwg and dlg as SD/sqrt(N)/time. These values were

considered as the known precision of the dwg and dlg

estimates, whereupon variability between studies and

study groups was added in the model, similar to the

methods described by Ishak et al. (2007) for repeated

measures meta-analysis. The predictors in the model

were tag:fish length ratio, species and initial size (dwg

or dlg). All quantitative predictors were centered to

facilitate convergence of the estimation. For the same

reason, dwg and dlg were scaled by multiplication by

10; however, all estimates and predictions are shown

on original scale. There was no indication that the

effect of ratio on dwg or dlg was non-linear, so it was

included as a linear term. The models were fit by the

gllamm module in Stata 16 using maximum likeli-

hood estimation with adaptive quadrature.
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Effects of acoustic transmitters

A small number of publications (n = 8) reported

results on tag effects when using acoustic transmitters.

Attempts to fit a random effects meta-analysis pro-

duced unstable and illogical results so for each of these

publications, the average mortality (total and daily)

across fish groups within a treatment class (control,

sham, treatment) was computed. The difference within

each publication between the treatment and sham

groups (if present) and control groups was computed

and summarized.

The significance threshold was set to P\ 0.05 for

all tests with the exception of the tag:fish length

ratio 9 initial weight interaction term in the model for

mass gain, which was retained at P = 0.053.

Results

PIT tagging data

We extracted data from 18 publications, which yielded

206 time points from 165 groups of tagged fish

(Table 1). The majority of groups (N = 165) only had

one measurement at a final time point when the

number of mortalities was counted. The remaining 41

groups had measurements at two to five timepoints

(Table 1). The extracted variables from the studies

that ultimately played some role in the meta-analyses

of the effects of PIT tagging on survival and growth

are given in Table 2.

Mortality

The final model for the effect of tag:fish length ratio on

cumulative mortality (Table 3) was based on 199

observations from 158 fish groups within 18 unique

publications. Tag:fish length ratio and tag:fish length

ratio squared (ratio2) were significant predictors of

cumulative mortality and had significant interactions

with time, suggesting that mortality responded non-

linearly to different fish:tag length ratios across time.

Time was an important predictor on its own, which is

intuitive given that the outcome was cumulative

mortality, which can only increase with time. Within

the publications, there was some variation among fish

groups (after removing the effects of tag:fish length

ratio and time), but little variation in mortality

between time points within a group (see estimates of

variance components in Table 3). This last observa-

tion was due to the limited number of groups that had

multiple time points. Given that tag:fish length ratio

appears in the model in four terms (linear and

quadratic main effects and two interaction terms),

the results were also evaluated graphically to visualize

the effect of tag:fish length ratio (Fig. 2). The strong

interaction between tag:fish length ratio squared and

time suggests that the impact of tag:fish length ratio on

mortality dropped off substantially over time, and was

primarily high during a period shortly after tagging.

Random slopes could not be incorporated into the

full model (Table 4) so an alternative approach was

used based on estimating the effect of tag:fish length

ratio squared in simpler models using data from each

publication individually. Of the 18 publications, three

were excluded for having no mortality and an addi-

tional five were excluded for producing extreme

estimates with vary large SEs so they carried virtually

no weight in the meta-analysis. This left 10 indepen-

dent estimates of the effect of tag:fish length ratio

squared. A meta-analysis of these estimates showed

significant heterogeneity (P = 0.0016); of the ten

estimates, one was negative but not significant, six

were positive but not significant and three were

positive and significant (Fig. 3). This suggests that,

although there was variation among studies, the

majority of the evidence pointed towards increased

mortality as tag:fish length ratio increased.

There was no substantial difference in the modeled

cumulative mortality estimate whether we estimated

the effect of tag:fish length ratio at 7, 14 or 21 days

post tagging (Fig. 4). The plot of OR for treatment

effect vs baseline risk did not show any apparent effect

of baseline risk on the effect of tag:fish length ratio.

Growth

Mean weights were imputed from mean lengths for 13

observations, whereas lengths were imputed from

weights for 24 observations. Similarly, the standard

deviation of weights (SD(weight)) were imputed from

SD(length) for 24 observations. There were no obser-

vations for which SD(length) was imputed from

SD(weight).

In the final model for the effect of tag:fish length

ratio on daily mass gain (Table 5), both tag:fish length

ratio and the interaction term between the ratio and
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initial mass were borderline significant (combined

P value was 0.046). However, the dominant factor

affecting daily mass gain was the initial starting mass

of the fish. Larger fish had much higher daily mass

gains. Tagging resulted in approximately a 10% to

20% reduction in daily mass gain across the time

periods studied in these publications, with the larger

effects observed for 23 mm tags (Table 6). Predic-

tions were only generated for fish between 80 and

120 mm because the model had poor predictive ability

for fish outside this range. In the final model for the

effect of tag:fish length ratio on daily length gain

(Table 7), only ratio was a significant predictor.

Tagging resulted in a 4% to 13% reduction in daily

length gain over the time periods studied in these

publications (Table 8).

Acoustic tagging data

A total of 37 fish groups (13 control, 6 sham and 18

treatment) in the eight publications reported results

from trials involving acoustic transmitters. The aver-

age difference between the mean (within publication)

total mortality of the treatment and sham groups was

0.07 (SE = 0.11) and between treated and control

groups was 0.02 (SE = 0.12). Similarly, negligible

differences were observed in daily mortality. Differ-

ences in mortality among control, sham-operated and

fish tagged with acoustic transmitters were not statis-

tically significant for either total (P = 0.83) or daily

(P = 0.78) mortality.

Table 1 List of 18 publications of which data were used in the meta-analysis to assess the effects of PIT-tagging on mortality and

growth of juvenile salmonids

Author Species Publication

year

Maximum

follow-up

time (days)

Average

ratio

valueb

Average cumulative mortalitya

Controls Sham Treated

(tagged)

Acolas et al. ST 2007 26 0.22 0.04 0.21

Ammann et al. OT 2013 221 0.07 0.21 0.11

Bateman and Gresswell OM 2006 30 0.28 0 0 0.14

Bryson et al. OT 2013 14 0.1 0 0

Huusko et al. SS 2014 33 0.11 0 0

Lacroix et al. SS 2004 316 0.21 0.19 0 0.4

Larsen et al. SS 2013 35 0.35 0 0 0.05

Liss et al. OT 2016 90 0.18 0.03 0.04

O’Donnell and Letcher SF 2017 64 0.21 0 0

Ostrand et al. OK, OM, OC, SC 2011 183 0.16 0.06 0.04

Prentice et al. OT, OM 1990 570 0.18 0.08 0.03

Prentice et al. OT, ON 1993 579 0.18 0.12 0.31 0.13

Prentice and Park OK, OT 1984 102 0.05 0.2 0.1 0.2

Richard et al. ST 2013 60 0.23 0.06 0.13

Sigourney et al. SS 2005 247 0.18 0.04 0.18

Tiffan et al. OT 2015 28 0.21 0 0.01

Welch et al. OM 2007 203 0.11 0

Woodley et al. OT, OM 2011 30 0.1 0.61 0.66

Species codes: ST = Salmo trutta, OT = Oncorhynchus tshawytscha, OM = Oncorhynchus mykiss, SS = Salmo salar,
SF = Salvelinus fontinalis, OK = Oncorhynchus kisutch, OC = Oncorhynchus clarkii, SC = Salvelinus confluentus,
ON = Oncorhynchus nerka
aCumulative mortality measured at the end of the study follow-up period
bAverage ratio value of PIT-tags in the treated groups in the publication
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Table 2 Variables extracted from the literature review that ultimately played some role in the meta-analyses of the effects of PIT

tagging on survival and growth

Name Description

Extracted variables

Publication publ A combination of author and publication year

Group id An identifiable group of fish within a publication.

There may have been multiple control and/or

treatment groups within a publication

Time time Time points at which outcome

variable(s) (mortality, weight, length) were

recorded

Treatment tx 3 categories: control, sham and treated

Tag type tx1 17 different types of tags/markings including PIT

tags, acoustic tags and many others

Tag length tag_lg Length of tag (if relevant)

Initial number of fish in group fish0 Range from 1 to 294,795

Initial average mass of fish avg_wt0 Range from 0.61 to 773 g

Initial SD of mass of fish sd_wt0 Range from 0.01 to 265 g

Initial average length of fish avg_lg0 Range from 14.9 to 450 mm

Initial SD of length of fish sd_lg0 Range from 0 to 322.8 mm

Fish alive at time = t fish

Average mass at time = t avg_wt

SD of mass at time = t sd_wt

Average length at time = t avg_lg

SD of length at time = t sd_lg

Species species 13 species identified, later recoded into:

Oncorhynchus, Salmo and Salvelinus

Computed variables

Cumulative mortality at time = t cum_died fish–fish0

Ratio of length of PIT tag to initial length of fish ratio tag_lg/avg_lg0

Ratio squared (and other power terms) ratio2 ratio2 (or other power terms)

Daily mass gain dwg_ln (avg_wt - avg_wt0)/time, then log transformed

Daily length gain dlg (avg_lg - avg_lg0)/time

Table 3 Mortality results

of the meta-analysis
Coefficient Standard error P value 95% confidence interval

Ratio - 14.41 6.75 0.03 - 27.64 - 1.19

Time 2.04 0.17 0.00 1.71 2.37

Ratio 9 time 4.77 2.94 0.11 - 0.99 10.53

Ratio2 125.26 26.26 0.00 73.79 176.73

Ratio2 9 time - 41.88 10.99 0.00 - 63.42 - 20.35

Intercept - 7.52 0.71 0.00 - 8.90 - 6.13

Variance terms

Publication 6.20 2.49 2.82 13.62

Fish group 0.57 0.18 0.31 1.04

Time point 0.14 0.05 0.07 0.29
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Discussion

Handling and tagging is stressful for fish and the

effects can manifest in the individual’s physiology,

behaviour, and fate (tertiary stress response). Tagging

effects studies evaluate the magnitude of impacts for

scientific assessment of the results ascertained from

studies applying the methodology and to make

informed animal welfare decisions. The relationship

between tag size and body size is the subject of

multiple review papers not only for fish, but also for

mammals and birds (e.g. Naef-Daenzer et al. 2001;

Walker et al. 2012). However, this is the first meta-

analysis that has explicitly extracted data from mul-

tiple experimental studies to quantify the effect of the

tag:fish length ratio on tagging-related mortality in

juvenile salmonids. We found that mortality increased

curvilinearly with the tag:fish length ratio in PIT

tagging studies, indicating a non-linear increase in

mortality meaning that mortality risk is rapidly

enhanced as smaller fish or larger tag sizes are used.

On the other hand, the tag:fish length ratio effect on

daily length or mass gain measurements was linear.

Our meta-analysis suggests that the tag:fish length

Fig. 2 A plot of the effect of fish:tag length ratio and its 95%

confidence interval on cumulative mortality at day 14. The left

panel shows the effect of ratio across the full range of observed

values of ratio while the right panel shows, in greater detail, the

effect in the critical range where mortality starts to rise

Table 4 Predicted cumulative mortality at 14 days post-tagging for two PIT tag sizes and at three fish lengths (the 25th, 50th and

75th percentiles of lengths observed in publications used in this meta-analysis)

Tag size (mm) Fish length (mm) Ratio Predicted mortality 95% confidence interval

0 Any 0 0.01 0.00 0.03

12 70 0.17 0.02 0.00 0.06

12 83 0.14 0.01 0.00 0.04

12 130 0.09 0.01 0.00 0.02

23 70 0.33 0.67 0.42 0.92

23 83 0.28 0.29 0.12 0.46

23 130 0.18 0.03 0.00 0.07
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ratio is an important parameter to inform PIT tagging

programs andwelfare committees tasked with defining

robust and precautionary limits to experiments using

fish.

Mortality is an extreme response to tagging,

overlying physiological impacts of the tagging on

organ function, blood circulation, immune responses,

and buoyancy control. Allocation of resources by fish

to compensate for physiological impacts of tagging

can negatively impact growth (length and/or weight)

rate of an individual (i.e. tertiary stress response;

Wendelaar Bonga 1997). We observed a linear

relationship with reduced growth (both mass and

length) as the tag:fish length ratio increased. It was not

possible to ascertain why growth was affected in the

present meta-analysis. However possible causes of

Fig. 3 A forest plot of the individual estimates of the effect of ratio (squared) derived from 10 publications

Fig. 4 A plot showing the marginal effects of fish:tag length

ratio (linear and quadratic terms) on cumulative mortality if the

time of assessment of the ratio effects is changed from 14 days

(original analysis) to either 7 or 21 days

Table 5 Factors affecting daily mass gain in PIT-tagged fish

Coef. Standard error Z P[ z 95% confidence interval

Initial weight 0.032 0.007 4.32 0 0.017 0.046

Ratio - 0.422 0.254 - 1.66 0.097 - 0.92 0.076

Ratio 9 initial weight - 0.081 0.042 - 1.94 0.053 - 0.163 0.001

Intercept 0.839 0.155 5.41 0 0.535 1.143

Daily mass gain was computed as the average over the entire follow-up period. The outcome was daily mass gain 9 10 and all

predictors were centered. The combined significance of ratio and its interaction with initial mass was P = 0.046
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decreased growth may include greater energetic costs

of maintaining buoyancy due to negatively buoyant

tags, physiological stress responses, decreased body

cavity volume affecting feeding rate, reduced com-

petitive ability on foraging success, behavioural

responses (e.g. decreased feeding activity due to the

burden of the tag or increased energy expenditure

related to increased activity), and stress responses

(Fried et al. 1976; Wendelaar Bonga 1997; Wright

et al. 2019). In addition, it should be noted that the

measurements we extracted for meta-analysis were

averaged across experimental replicates and growth

responses may in fact be larger in some fish because

effects may be masked in averages if individuals

within the same tank are affected differently, for

example as a consequence of metabolic rate or

dominance hierarchy among individuals in a tank.

Growth was also generally measured over a relatively

short period. If measured over longer time-intervals,

individuals may be able to compensate for reduced

growth shortly after tagging (e.g. Ostrand et al. 2011;

Smircich and Kelly 2014). Such compensatory growth

may, however, come with additional costs (e.g.

immunity), affecting long-term survival (Metcalfe

and Monaghan 2001).

There was no evidence of differences in tagging

effects among species. We specifically identified

studies on juvenile salmonines from the genera

Oncorhynchus, Salmo, and Salvelinus for this meta-

analysis, excluding other salmonids such as

Table 6 Predicted effects of tagging with 12 or 23 mm PIT tags on daily mass gain in fish of three different initial lengths

Tag size

(mm)

Fish length

(mm)

Ratio Estimate

weighta
Predicted daily

mass gain (control)

Predicted daily

mass gain (tagged)

Relative

proportion

12 120 0.1 16 0.13 0.12 0.91

12 80 0.15 9 0.10 0.09 0.90

12 40 0.3 1.2 0.07 0.07 0.99

23 120 0.19 16 0.13 0.11 0.82

23 80 0.29 9 0.10 0.08 0.81

aThe estimated weight was the expected weigh of a fish of the given length (e.g. 120 mm) based on the observed relationship between

fish length and fish weight

Table 7 Factors affecting daily length gain in PIT-tagged fish

Coef. SE Z P value 95% confidence interval

Ratio - 1.554 0.706 - 2.2 0.0028 - 2.939 - 0.169

Intercept 3.349 0.562 5.96 0 2.247 4.451

Daily length gain was computed as the average over the entire follow-up period

Table 8 Predicted effects of tagging with 12 or 23 mm PIT tags on daily length gain in fish of three different initial lengths

Tag size

(mm)

Fish length

(mm)

Ratio Predicted daily

length gain (control)

Predicted daily

length gain (tagged)

Relative

proportion

12 120 0.1 0.35 0.34 0.96

12 80 0.15 0.35 0.33 0.93

12 40 0.3 0.35 0.31 0.87

23 120 0.19 0.35 0.32 0.92

23 80 0.29 0.35 0.31 0.87
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thymallines and coregonines. The salmonid species

included in this study are species from temperate

environments commonly tagged in association with

their downstream migration to the ocean. Limiting our

search to these species, and specifically to juvenile life

stages, presumably influenced the extent to which we

were likely to observe differences among species.

Members of other, more distantly related species such

as percids (e.g. Perca flavescens, P. fluviatilis) or

cyprinids (e.g. Cyprinus carpio) may yield different

results. We focused on relatively coarse measure-

ments, mortality and growth, which may be less likely

to reveal any species-specific differences. Finer scale

measurements of growth trajectories, blood physiol-

ogy, behaviour, buoyancy and other individual-based

variables are needed to identify differences that may

exist among species (Newby et al. 2007; Makiguchi

and Kojima 2017). Nonetheless, we considered the

effect of species in our models to account for potential

differences, given our hypothesis that such differences

may exist. It should also be pointed out that growth is a

useful metric for assessing fish welfare in tagging

studies, because a wide range of impacts of tagging

will ultimately manifest as an impact on growth (as

discussed in the paragraph above).

We hypothesized that tagging effects would be

more extreme in situations when overall survival was

poor because of synergistic effects of multiple stres-

sors. When mortality of control group individuals is

high due to, for example, stressful conditions such as

poor water quality (i.e. pollution, acidification) or

stressful water temperature (Kroglund et al. 2007),

these effects may multiply the stress experienced by

the treatment group. However, baseline survival had

no influence on tagging effects, indicating that the

tagging induced mortality was not higher under poorer

survival conditions. It is important to note that these

results do not necessarily extend to conditions in the

wild, where fish may be confronted by predators or

disease, which may exacerbate tagging effects in a

differently than in tank studies. Multiple examples

indicate that fish in substandard condition will be more

likely be eaten by predators (Mesa et al. 1994), and

even though mortality is not significantly increased in

a laboratory setting, the impact of tagging may still

materialize in the field. Studies that have attempted to

circumvent the challenge of studying tagging effects

in situ have usually done so by double tagging, where

miniature tags that are assumed to have little effect

function as the control, or by making a comparison

between groups with large and small tags (e.g.

Knudsen et al. 2009). However, such designs assume

that there are no synergistic effects of the second tag.

There were insufficient data from acoustic tagging

studies to carry out a quantitative meta-analysis.

However, a comparison of average mortality rates

across treatment groups and studies was performed,

and the mortality did not significantly differ between

the tagged groups and the sham or control fish.

Acoustic tags usually have the same cylindrical shape

as PIT-tags, but they are larger in diameter and mass,

and usually also in length, although the length of the

largest PIT-tags is comparable to the length of many

acoustic transmitters (Rub et al. 2014). Like PIT-tags,

acoustic transmitters are usually surgically implanted

in the body cavity. However, due to their larger size,

the incision required for implanting acoustic tags is

larger than for PIT-tags, and is generally closed by

using 1–3 sutures, which may result in greater impacts

on tagged individuals. Indeed, acoustic transmitters

may be more frequently expelled, may cause organ

and tissue necrosis, and may result in more compli-

cations with healing of the incision (Jepsen et al. 2008;

Rub et al. 2014). However, results of the present meta-

analysis indicated that neither acoustic tags nor PIT-

tags were associated with substantial mortality result-

ing from tagging effects, if the tag is appropriately

small. Caution is warranted for this conclusion

because the inability to conduct a meta-analysis on

acoustic tags means advice on tag size using acoustic

tags should be precautionary.

Several recommendations have been made related

to the tagging size restriction in juvenile fish. For

example, Peterson et al. (1994) recommended the use

of 11 mm tags in coho salmon [ 65 mm (FL)

(equivalent to a ratio of C 0.17). Larsen et al. (2013)

concluded that intracoelomic implantation of 23 mm

PIT-tags is appropriate for Atlantic salmon[ 99 mm

FL (max. acceptable ratio = 0.23) and that 32 mm

PIT-tags should not be used for marking Atlantic

salmon 80–135 mm FL (max. acceptable ra-

tio = 0.24). Acolas et al. (2007) assessed survival,

growth and tag retention following PIT-tagging of

juvenile brown trout in a 27-day laboratory experi-

ment, and concluded that brown trout C 57 mm FL

can be tagged by injecting 11.5 mm PIT-tags (max.

acceptable ratio = 0.20) into the peritoneal cavity with

negligible effects on survival and growth, however,
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the tag loss rate was very high (20%). Ostrand et al.

(2011) conducted a four-month laboratory experiment

with minimal effects on long-term survival, growth,

and physiology in salmonids with a fork length of

[ 120 mm and[ 20 g, using either 12 or 23 mm tags.

Tiffan et al. (2015) investigated effects of 8-, 9-, and

12 mm PIT-tags on growth, survival and tag-retention

of chinook salmon juveniles in three size classes. The

main conclusion from their study was that biologically

relevant effects on growth and survival were negligi-

ble using (1) tags up to 9 mm for 40–49 mm fish

(maximum acceptable ratio = 0.23) and (2) tags up to

12 mm for 50–69 mm fish (maximum acceptable ra-

tio = 0.24), over the first month post-tagging (Tiffan

et al. 2015). All these recommendations were made on

the basis of single studies whereas our meta-analysis

provides a tool that can be used to predict tagging-

related mortality of juvenile salmonids based on the

fish sizes and tag lengths selected. In doing so, the

predicted level of mortality can be used to guide the

research and make appropriate decisions related to fish

welfare and experimental design. Because the effect of

species was not significant, the relationship seems to

be valid across juvenile salmonid species within the

genera Oncorhynchus, Salmo, and Salvelinus. In

studies that are highly sensitive to fish mortality, the

tool can be applied to identify highly conservative tag

lengths relative to the fish sizes available.

Animal care, ethics, use, and welfare committees

around the world may point to tag:fish length ratios to

ensure that the animal welfare standards are upheld in

scientific research. Further, most tagging-based stud-

ies of fish ecology rely on the assumption that tagged

individuals behave similarly to un-tagged conspecifics

(Cooke et al. 2011), which will not be met if tagging

induces changes in growth and mortality rates. It must

be emphasized that the effect of setting a lower

threshold unnecessarily high can also have animal

welfare implications. For example, if the size limits

are too strict, researchers may switch to smaller and

less effective tags, which will require study designs in

which more individuals are tagged to attain equivalent

power. This goes against the principle of reduction in

animal welfare ethics (Russell and Burch 1959) and is

an important trade-off to consider when designing

research and surveillance programs. Additionally, if

size limits are too restrictive, researchers are left with

using experimental animals that are not representative

of the population, biasing the results in the short term

and leading to unnecessary repetition of studies in the

long term. Consequently, resolving the debate around

allowable minimum size thresholds for marking

salmon with PIT-tags is important for fish welfare

and the future of salmon research programs.

Another word of caution is that our studies have

focused on the ratio of the PIT tag to the length of the

fish body. This was mainly motivated by the obser-

vation that length measurements are routinely col-

lected during tagging studies, whereas mass is

recorded less frequently to minimize animal handling

during tagging because obtaining accurate measure-

ments of mass is challenging and takes longer than

measuring length. For tagging studies using larger

diameter tags (e.g. acoustic or radio tags), tag volume

or tag diameter may become an important variable for

assessing tagging-related effects on growth and mor-

tality, which could be evaluated in a future effort

should sufficient sample size permit application of the

methods used here for assessing PIT tagging effects.

However, the body cavity volume where the tag is

placed is related to the length of the fish, i.e. it is

proportional to the cube of fish length and tag.

Consequently, the ratio of PIT tag length to fish body

length may still be a useful indicator of tagging effects

but caution should be applied when extrapolating our

results to studies using different tag types and size

ranges.

Conclusion and suggestion for threshold limits

for tagging

The results of our meta-analysis provide an estimate of

the effects of the tag:fish length ratio on both mortality

and growth parameters in juvenile salmonids. We

believe this information can assist researchers, man-

agers, and welfare agencies striving to use the best

possible evidence to make informed decisions regard-

ing fish tagging. We encourage further research on tag

effects and note that in future investigations, a clear

description of the study design along with measures of

initial fish numbers and size (mass and length), tag

dimensions and regular measurements of mortality,

mass and length (preferably over at least 60 days)

should be published. Our literature screening revealed

knowledge gaps related to the effects of water

temperature on survival following tagging. Conse-

quently, providing ancillary measures such as water

temperature, tank dimensions, and fish density would
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be useful in understanding heterogeneity among

studies. More research is also needed to develop

specific recommendations for other tag types for

which we had less information than for PIT tags.

All electronic tagging should strive to achieve 0%

tagging mortality by implementing best practices for

tagging and use of appropriate tag sizes. In practice,

attaining 0% tagging mortality may not always be

realistic. We emphasize that the correct ratio depends

on the level of acceptable mortality, which is up to the

investigator to decide. There are three points of

interest on the plots (see Fig. 1a, b), the point where

the curve rises beyond 0 indicating non-zero mortality,

the point where the confidence interval departs from

zero, indicating more certain non-zero mortality, and

the increase beyond 5%mortality. At the 5%mortality

threshold, 0 is still within the confidence interval and

represents an intermediate between the curve and the

confidence interval surpassing zero; given the conser-

vative nature of this, we suggest that the 17.5% ratio at

which expected mortality is approximately 5% with a

lower bound of 0% is an acceptable rule of thumb.

This would equate to a minimum size threshold of

131 mm for tagging salmonids with 23-mm PIT tags

or 69 mm with 12-mm PIT tags.
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