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In situ experimental evaluation of tag burden and gill biopsy
reveals survival impacts on migrating juvenile sockeye salmon

Arthur L. Bass, Christine F. Stevenson, Aswea D. Porter, Erin L. Rechisky, Nathan B. Furey,
Steve ]J. Healy, Adam M. Kanigan, Andrew G. Lotto, David W. Welch, and Scott G. Hinch

Abstract: Although telemetry is commonly used to study fishes, researchers rarely design experiments that facilitate in situ
quantification of tagging-related impacts to survival. We experimentally applied high (mean burden = 9.6%) and low (2.6%)
acoustic tag burdens and gill clip biopsies to migrating juvenile sockeye salmon (Oncorhynchus nerka). Mortality from release to
the last marine receiver array was 1.51 times greater for the high tag burden group (25% surviving) compared with the low burden
group (40% surviving). A biopsy effect was limited to the first migration segment (14 km), where mortality was 1.86 times greater
for biopsied fish. These results demonstrate the importance of quantifying biopsy and tagging effects when survival estimates
are prioritized.

Résumé : Bien que la télémétrie soit couramment utilisée pour étudier les poissons, les chercheurs congoivent rarement des
expériences qui facilitent la quantification in situ des impacts de I’étiquetage sur la survie. Nous avons appliqué expéri-
mentalement des fardeaux d’étiquette acoustique élevé (fardeau moyen = 9,6 %) et faible (2,6 %) et des biopsies branchiales
a des saumons rouges juvéniles (Oncorhynchus nerka) en migration. Le taux de mortalité du moment du lacher jusqu’au
dernier réseau de récepteurs marins était 1,51 fois plus grand pour le groupe au fardeau élevé (25 % de survivants) que pour
le groupe au fardeau faible (40 % de survivants). L’effet de la biopsie se limitait au premier segment de la migration (14 km)
ou la mortalité était 1,86 fois plus importante pour les poissons ayant subi une biopsie. Ces résultats démontrent I'importance
de quantifier les effets des biopsies et de I’étiquetage quand les estimations de la survie constituent une priorité. [Traduit par la
Rédaction]

Introduction

Acoustic telemetry is commonly employed for tracking move-
ments of fishes and estimating survival. A critical assumption of
most telemetry studies, particularly when estimating survival, is
that tagged organisms behave and survive similarly to nontagged

To test for associations between physiology (e.g., energy status,
infectious agent presence, gene expression, reproductive status,
sex, and osmoregulatory function) and behavior or survival, trans-
mitter implantation can be accompanied by tissue biopsy. For
example, gill tissue samples, where ~3 mm of three to five gill
filament tips are biopsied, are utilized for studies of gill pro-

organisms (Millspaugh and Marzluff 2001). However, the process
of capturing, handling, and tagging and the presence of a device
upon or inside an organism may impact condition, ranging in
severity from temporary alterations in behavior to direct mortal-
ity (Millspaugh and Marzluff 2001; Jepsen et al. 2004; Collins et al.
2013).

To attempt to reduce tagging effects, researchers generally min-
imize the weight of a transmitter relative to the weight of the
animal (hereinafter, “tag burden”). Initially a “2% rule” was sug-
gested, where tags heavier than 2% of body mass are expected to
have negative impacts (Winter 1983), but applicability of this sin-
gle tag burden limit has been questioned (Jepsen et al. 2004).
Rather, it may be more appropriate for researchers to conduct a
systematic evaluation of tagging impacts specific to each teleme-
try study (Jepsen et al. 2004).

cesses, general physiology, and infectious agents (McCormick
1993; Jeffries et al. 2014; Stevenson et al. 2020). Although biopsies
have the potential to impose stress or expose tissues to the exter-
nal pathogen-rich environment, and impacts may vary depending
upon a variety of factors (species, life stage, fish condition, tem-
perature, salinity, pathogen presence), several studies have failed
to detect any impacts of gill biopsies on survival (McCormick 1993;
Martinelli-Liedtke et al. 1999; Jeffries et al. 2014).

Our research group has conducted telemetry studies on the
survival of sockeye salmon (Oncorhynchus nerka) smolts emigrating
from Chilko Lake, British Columbia, Canada, since 2010 (Clark
et al. 2016; Rechisky et al. 2019). Intracoelomic tag burden is al-
ways included as a covariate in the survival model-selection pro-
cedure for these studies, but was only once shown to be important
(2012). For several years, nonlethal gill biopsies were used to de-
termine the prevalence of infectious agents and the function of
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Fig. 1. Study area for Chilko Lake sockeye salmon smolts in 2017 and model-averaged survival estimates. (A) Map of study area. Blue star
represents the release site. Red circles represent receiver arrays. (B) Segment-specific survival estimates for release (REL) to Henry’s Bridge
(HB), HB to Siwash Bridge (SB), and SB to Discovery Islands (DI) are presented for each tag and biopsy combination with 95% confidence
intervals (CI). (C) Cumulative survival from release to DI (875 km) is presented with 95% CI for each tag and biopsy group. Symbols are jittered
horizontally for illustration. Map data sources: lakes and bathymetry: Natural Resources Canada (2010); Fraser River: GeoBC (2009). Map

created in ArcGIS 10.6. [Colour online.]
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immune and osmoregulatory genes in smolts (Jeffries et al. 2014;
Stevenson et al. 2020). Jeffries et al. (2014) found no effect of biopsy
on survival in a holding study and negligible effect on survival in
a telemetry study. In this study, we examined whether gill biopsy,
tag size, or both negatively impacted survival of acoustic-tagged,
emigrating, age-2 Chilko Lake sockeye salmon smolts. Gill biop-
sies and tag size were experimentally applied, and smolts were
detected at fixed receivers along their migration. We hypothe-
sized that fish with larger tags would experience lower survival
but that survival would not differ between biopsied and nonbiop-
sied smolts.

Methods

Chilko Lake is a 180 km? lake in the Fraser River watershed
654 km upstream from the mouth of the Fraser River (Fig. 1). Up to
70 million sockeye salmon smolts exit the lake during spring and
migrate through the Chilko, Chilcotin, and Fraser rivers into the
Strait of Georgia. Smolts then predominantly travel northeast
through the Discovery Islands, Johnstone Strait, and Queen Char-

Log km from release (site name)

lotte Strait before moving offshore into the open Pacific Ocean
(Fig. 1).

Tagging and gill biopsy methods were identical to those of
Jeffries et al. (2014) and Stevenson et al. (2020). Age-2 smolts (see
online Supplementary Table S1%; n =151, fork length =121-140 mm)
were collected from the Fisheries and Ocean Canada enumeration
fence at the outlet of Chilko Lake from 23 April to 3 May 2017 and
surgically implanted with acoustic transmitters. On average, 95%
of this population emigrates after 1 year (Irvine and Akenhead
2013), but most of our studies in this system have utilized age-2
smolts to minimize tag burden. The recent production of a
smaller tag than used in our previous studies has provided an-
other means of reducing tag burdens. As Chilko Lake smolts pri-
marily migrate at night, smolts were collected between 22:00 and
02:30 and held before surgery (09:00 to 13:00 on following day) in
a covered ~200 L flow-through tank. Following anesthesia with
MS-222, nonlethal biopsies of ~1 mm of tissue from the ends of
two to three gill filaments were collected from half of the fish
(Jeffries et al. 2014). Half of the smolts were implanted with

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfas-2020-0134.
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Table 1. Selection results for models used to assess whether tag burden or gill biopsy affected survival of Chilko Lake sockeye in 2017.
Model Cumulative

No. Survival model K QAIC., AQAIC. Weight weight Deviance
9 segment + burden + biopsygg; s 13 436.22 0.00 0.34 0.34 10.30
2 segment + burden 12 43810 1.88 0.13 0.47 14.30
8 segment + biopsy + burden 13 438.30 2.08 0.12 0.59 12.38
n segment + biopsygg;_pp + burdengy; _yg 13 439.34 3.12 0.07 0.66 13.42
15 segment x burden + biopsygg;_ug 15 439.81 3.59 0.06 0.72 9.61
18 (segment x biopsy x burden)gg; g + segmentyy s + burdenyy j5 15 440.03 3.82 0.05 0.77 9.83
4 segment + burdengg; 12 44127 5.06 0.03 0.80 17.47
7 segment + biopSygpr_np 12 441.27 5.06 0.03 0.83 17.47
17 (segment x biopsy x burden)ggy_yp + segmentyy jg 14 44135 513 0.03 0.86 13.29
13 segment x burden + biopsy 15 44151 5.29 0.02 0.88 11.31
3 segment x burden 14 44172 551 0.02 0.90 13.67
10 segment + biopsy + burdengg; _up 13 44189 5.67 0.02 0.92 15.96
12 segment x biopsy + burden 16 442.06 5.84 0.02 0.94 9.70
20 (segment x biopsy x burden)gg; g + segmentyy s + burdenyy 5 + biopsyys s 16 44212 5.90 0.02 0.96 9.76
1 segment 11 443.06 6.84 0.01 0.97 21.38
19 (segment x biopsy x burden)gg; g + segmentyy 5 + biopsyyg js 15 44347 7.26 0.01 0.98 13.27
5 segment + biopsy 12 443.70 7.48 0.01 0.99 19.90
14 segment x biopsy + burdengg; yp 16 44523 9.01 0.00 0.99 12.87
6 segment x biopsy 15 44713 10.92 0.00 0.99 16.93
16 segment x biopsy x burden 22 45166 15.44 0.00 1.00 6.16

Note: Model number pertains to descriptions provided in online Supplementary Table S2'. K, number of parameters; QAIC., Akaike’s information criteria with low
sample size; AQAIC., QAIC —minimum QAIC_; Weight, Akaike model weight; REL, site of release; HB, Henry’s Bridge; JS, Johnstone Strait. For all models, detection

probability varied freely by tag type and array.

VEMCO V4 transmitters (180 kHz, 3.6 mm height, 5.7 mm width,
11 mm length, 0.42 g in air, 45-105 s random transmission inter-
val) and the other half with larger VEMCO V7-2L transmitters
(69 kHz, 7 mm diameter, 18 mm length, 1.6 g in air, 20-40 s
random transmission interval). Tag burden of V4-tagged fish was
2.2% to 2.8% of body weight and 7.3% to 10.7% for V7-tagged fish
(Table S1Y). Tags were inserted into the abdominal cavity through
a 6 mm (V4) or 7-8 mm (V7) incision on the midventral line.
Incisions were closed using one (V4) or two (V7) interrupted su-
tures (Ethicon Monocryl 5-0 monofilament with a 3/8 circle re-
verse cutting 13 mm (P-3) needle). Tagging and biopsy treatments
were applied relatively evenly across the 10-day tagging period.
After surgery, smolts were transferred to a flow-through, ~800 L
in-river release pen (smolt density = 0.56 + 0.32 kg-m~3), where
they recovered for an average of 11 h before release at midnight.

Tagged smolts were detected by groups of VEMCO VR2W, VR3,
and VR4 (69 and 180 kHz) acoustic receivers (referred to as arrays)
deployed throughout the migration route (Fig. 1). Receiver arrays
were deployed at Henry’s Bridge (HB), 14 km downstream of the
release site in the Chilko River; at Siwash Bridge (SB), 80 km
downstream in the Chilcotin River; at Discovery Islands (DI), 875 km
away from the release site; and in Johnstone Strait, 940 km beyond
release.

We used a spatial mark-recapture (detection = recapture) ap-
proach to estimate smolt survival (details in the online Supple-
mental material'). Maximum likelihood estimates of survival (¢),
detection probability (p), and their associated variances were cal-
culated using the Cormack-Jolly-Seber (CJS) model (and variants)
implemented in Program MARK (White and Burnham 1999)
through the R package RMark (Laake 2013).

We built a set of 20 hypothesis-based candidate models
(Table S2') and compared model performance using Akaike’s in-
formation criteria corrected for low sample size (QAIC,). In the
base model, survival was modeled as a function of migration seg-
ment (Table S2'; model 1). We next hypothesized that either tag
size or biopsy might cause a consistent decrease in survival with-
out changing the relative mortality between migration segments
(additive effects; models 2 and 5) or that their effects might differ
by migration segment (interactions; models 3 and 6). We hypoth-
esized that tagging effects might manifest shortly after release;
therefore, we included models where the effect was limited to the

first migration segment (in the Chilko River; models 4 and 7), with
the remaining segments having either no tag size or biopsy effect.
Because models 1-7 only consider tag size or biopsy, models 8-16
sequentially combined each of the models with effects for tag size
with each of the models with effects for biopsy. Finally, we hy-
pothesized that the effect of biopsy could differ between the V7
and V4 groups in the first migration segment but with the remain-
ing segments having either no tag size or biopsy effect (model 17)
or a constant decrease in survival (models 18-20). For all models,
detection probability varied freely by tag type and array. We
model-averaged across our candidate models to derive the final ¢
and p parameter estimates for each migration segment. Finally,
we calculated cumulative survival from release to the DI as the
product of the model-averaged, segment-specific survival esti-
mates and estimated the variances using the delta method.

Results and discussion

The three highest-ranked models in the candidate set included
additive effects for tag size and accounted for 59% of the combined
model weights, suggesting that a negative effect of tag size was
consistent throughout the migration (Table 1; Fig. 1). Models in-
cluding an effect of biopsy to HB accounted for 50% of the com-
bined model weights and indicated a negative impact in the first
migration segment. Both tag size and biopsy were statistically
significant in the highest ranked model (model 9: B, s, =—0.77,
z2=-2.57, p=0.005; Byiopsy to up = —1.01, = -1.93, p = 0.027). To the
first detection site, survival was highest for V4-tagged, nonbiop-
sied fish (93.6%) and lowest for V7-tagged, biopsied fish (77.3%). In
other terms, V7-tagged, biopsied fish experienced 3.89 times
higher instantaneous mortality than V4-tagged, nonbiopsied fish
(-In(0.773)/-1n(0.936)). Cumulative survival (to DI) was 40.3% for
V4-tagged, nonbiopsied fish and 20.9% for V7-tagged, biopsied
fish, equivalent to 1.72 times higher mortality for the latter group.
Because the last migration segment encompasses the Chilcotin
River, the Fraser River, and the Strait of Georgia, it is unclear
where the reduction due to tag size occurred; however, there is
evidence from our previous studies that the effect was likely
strongest in the Chilcotin River (Clark et al. 2016; Rechisky et al.
2019).
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Among nonbiopsied fish, survival for V7-tagged fish (87.3%) was
lower than survival for V4-tagged fish (93.6%) to the first detection
site. This resulted in 2.05 times higher mortality for V7-tagged fish
in this migration segment. Mortality from release to the DI array
mortality was 1.51 times higher for V7-tagged fish (25% surviving)
relative to V4-tagged fish (40% surviving). Among V4-tagged fish
migrating to the first detection site, biopsied fish (88.4% surviving)
had 1.86 higher mortality than nonbiopsied fish (93.6% surviving).
There was no evidence from model comparison that biopsy de-
creased survival beyond the first migration segment.

The contrast in tag burdens in this study, created by tagging
similarly sized fish with two different tag types, was crucial to
detecting a tagging effect. Multiple tag sizes, allowing for con-
trasts in tag burden, were used in two (2011 and 2012) of five
monitored smolt migrations at Chilko Lake (Rechisky et al. 2019).
In 2012, when mean tag burden of the V7-tagged group (11.6%) was
1.7 times higher than that of the V5-tagged group (6.8%), mortality
to HB was 2.70 times higher for the V7-tagged group. In 2011, tag
burden was 1.4 times higher for the V7 (9.1%) compared with the
V6 (6.7%) group, and an effect was not observed. In the current
study, by tagging fish from the same size range with V4 and V7
tags, we created two groups with dramatically different tag bur-
dens (3.7 times higher burden in V7-tagged group). A substantial
difference in tag burden is necessary to observe an effect, but that
effect may be mediated by factors that vary annually, such as
smolt density. Furey et al. (2016) found that smolts co-migrating
with 2000 versus 350 000 conspecifics had survival probabilities
of 0.5 and 0.95, respectively. The importance of conspecific den-
sity as a mechanism of “predator swamping” was demonstrated in
2013, when tag burden was 11.1% but smolt abundance was the
second highest in 5 years of study and 90% of smolts survived to
HB (Rechisky et al. 2019).

Predation in the clear waters of the Chilko River results in the
lowest segment-specific survival rates throughout the smolt mi-
gration (Furey et al. 2016). We hypothesize that reduced survival
resulting from higher tag burden is a consequence of reduced
smolt swimming performance leading to increased predation. Al-
though our annual post-tagging holding studies at Chilko Lake
yielded no significant mortality effects (Clark et al. 2016), tag bur-
dens = 8% resulted in diminished swimming performance in a
laboratory study (Collins et al. 2013). Ninety-six percent of our
V7-tagged fish exceeded this threshold, potentially rendering
them less capable of evading predators.

Although the amount of mortality caused by gill biopsies may
be considered low when viewed relative to mortality along the
entire migration (or compared with the impact of tag burden), to
our knowledge this is the first published example of gill biopsy
causing measurable mortality. In contrast with previous experi-
ments that revealed no impact of gill biopsy on juvenile survival
(McCormick 1993; Martinelli-Liedtke et al. 1999), working in situ
with small fish may have provided us the opportunity to reveal a
measurable impact. However, Jeffries et al. (2014) found no impact
of gill biopsy on survival while working in the same system and
using very similar techniques. It is possible that differences in fish
condition or environmental factors between the two studies
played a role in how gill biopsies impacted fish. Further research
would be necessary to determine whether mortality associated
with gill biopsy was due to trauma from the procedure, infection,
or facilitation of predation.

While the impacts of handling and tagging often go unmen-
tioned in telemetry studies, this experimental in situ study
demonstrates an instance where tag burden and biopsy had a
detectable, additive (negative) effect on survival. How this per-
tains to any future study is dependent upon the goals of that
study. If tag burden and biopsy are applied evenly across the study
animals with the intent to formally evaluate the effects of another
variable on survival and behavior, potential negative tagging im-
pacts are less relevant. For example, even with tag burden effects,

Can. J. Fish. Aquat. Sci. Vol. 00, 0000

Clark et al. (2016) and Rechisky et al. (2019) demonstrated
landscape-specific trends in behavior and survival. When the
primary goal of the study is to generate survival estimates repre-
sentative of untagged fish, it is essential that researchers acknowl-
edge the potential for tagging and biopsy effects, quantify these
impacts where possible, and attempt to provide a range of sur-
vival estimates that account for these effects when quantification
is not possible. Accordingly, we note that freshwater survival may
have been underestimated in some previous studies of Chilko
sockeye salmon smolts. Where possible, we recommend that re-
searchers design long-term telemetry studies with an experimen-
tal component that allows for an in situ test of tagging effects and
provides estimates to characterize uncertainty in estimates of sur-
vival in the field due to tagging effects.
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