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Extending the 2% rule: the effects of heavy
internal tags on stress physiology, swimming
performance, and growth in brook trout
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Abstract

Background: The use of internal telemetry has greatly advanced fisheries research in the past two decades,
permitting researchers to observe movements and distributions of organisms in their natural environment. For
many years, the prevailing opinion has been that internal tags should not weigh more than 2% of the dry body
weight of a fish. Some studies indicate that tags weighing up to 12% dry body weight do not have a negative
effect on swimming performance, but few authors have examined impacts to fish physiology and health. This study
investigated how tags greater than 2% body mass affected the mortality, tag retention, swimming performance,
and physiological indicators of stress in brook trout (Salvelinus fontinalis Mitchill).

Results: No mortality was observed between treatment groups, but tag retention was lowest in the heavy tag
treatment group in which 80% (12 fish) lost tags. Swimming performance and physiological indices of stress were not
significantly impacted by tag mass. Fish tagged with heavy tags showed slower growth in the 3 weeks after tagging,
but growth rates appeared to recover by the end of the study, although this result may be confounded by tag loss.

Conclusion: The results of this study suggest that for brook trout, the 2% rule is a highly conservative guideline that
can be substantially extended but should not exceed 7% body weight due to concerns about tag retention.
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Background
The development of biotelemetry technologies in recent
decades has given biologists unprecedented insights into
organismal behavior and ecology, permitting researchers
to monitor animals in their natural habitat over long
distances and time periods, without the need for direct,
often intrusive, observation. Once a custom-made com-
modity [1], tags, tracking devices, and automatic loggers
may now be purchased ‘off the shelf ’ from numerous
vendors with a host of increasingly sophisticated capabil-
ities. Biotelemetry technology has been a particular boon
to the study of marine and aquatic organisms that move
so freely in conditions that are inhospitable to human
observers. The easy availability of advanced tags has had
a significant impact on the ability of researchers to study
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fishes under a variety of conditions [2]. As a result, the
number of researchers using acoustic telemetry to inves-
tigate fish behavior and survival has increased consider-
ably in recent years [3].
A critical assumption in biotelemetry studies is that the

tagged sample is representative of the general population;
therefore, it is imperative that the presence of the tag does
not negatively influence the performance, physiology, or
survival of the marked fish. The location of the tag, and
the mechanism of attachment or implantation, may be in-
jurious to the fish, or may impair normal movement, thus
biasing the observations [4]. Common methods of internal
transmitter attachment include intragastric and intraperi-
toneal implantation. Researchers must clearly understand
the potential consequences associated with each tag at-
tachment method prior to an experiment as internal tags
that are not of the proper size relative to species may
cause loss of tags and increased mortality, thus biasing the
results of the study.
entral Ltd. This is an Open Access article distributed under the terms of the
/creativecommons.org/licenses/by/4.0), which permits unrestricted use,
, provided the original work is properly credited. The Creative Commons Public
mons.org/publicdomain/zero/1.0/) applies to the data made available in this

mailto:michael.smircich@uconn.edu
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/publicdomain/zero/1.0/


Smircich and Kelly Animal Biotelemetry 2014, 2:16 Page 2 of 7
http://www.animalbiotelemetry.com/content/2/1/16
Beyond the challenges of tag attachment, the primary
concern for researchers using biotelemetry is tag burden,
the ratio of transmitter weight to fish weight [5]. Most
researchers adhere to the guideline that tags should not
weigh greater than 2% of the body weight of the fish in
air [3], a practice that is often referred to as the ‘2% rule’.
Despite its ubiquity, the 2% rule is not fully credited to a
single author or citation and appears to be the result of
a general consensus based on several studies of buoy-
ancy control in fishes published between 1966 and 1984.
Initial morphological studies reported that the swim
bladder of typical freshwater teleosts is about 7% of the
body volume, and that these fish have the capacity to ad-
just approximately 25% of that total volume [6]. Based
on these findings, it was argued that the maximum tag
weight in water should not exceed 1.75% of the body
weight of the fish, reflecting the 25% adjustment volume
of the total 7% swim bladder volume [7]. Experimental evi-
dence indicated that bluegills (Lepomis cyanellus) could
maintain neutral buoyancy when burdened with weights of
up to 2% of the weight the fish in air [8], and subsequent
authors argued that weights of transmitters in water should
be less than 1.5% of the fish weight [9]. In 1983, Winter
[10] recommended that as a rule of thumb, fish should not
be tagged with transmitters that weighed more than 1.25%
in water or 2% in air of the fish’s weight out of water. In
support of this guideline, Mellas et al. [4] reported no dif-
ference in swimming performance of rainbow trout im-
planted with tags that were <1.7% body weight. Though
intended as a ‘rule of thumb’, this recommendation was
republished by the American Fisheries Society in 1996
[11] and is now widely accepted and used in many studies.
Despite its ubiquity, several studies have challenged

the 2% rule and shown that much heavier tags can be
used without detriment to the physiology or swimming
performance of the fish. In one study of juvenile rainbow
trout (Oncorhynchus mykiss), intraperitoneal implantation
of transmitters that weighed 6% to 12% of the fish’s body
weight in air did not adversely affect the critical swimming
velocity [12]; however, physiological measures of stress
were not quantified. Additionally, studies of pre-smolt
coho salmon (O. kisutch) tagged with internal tags weigh-
ing up to 8% body mass and observed for 300 days showed
no significant effect of tag size on growth, swimming per-
formance, or likelihood of survival in the wild [13].
In addition to the impacts that heavier tags may have on

fish physiology and performance, researchers also need to
minimize the possibility of loss of expensive tags due to
tag expulsion or outright mortality of tagged fishes. In one
study of Chinook salmon (O. tshawytscha) smolts, mortal-
ity was low and there was negligible loss of tags weighing
2.6% to 11.5% body weight for the first month post tag-
ging; however, tag retention decreased significantly in
some groups of tagged fish in subsequent months [14].
Tag size is influenced by several factors including the
sizes of the battery and the acoustic transducer. Larger
batteries permit tags to have longer functional lives, a
useful feature in long-term studies, and larger transduc-
ers are generally more efficient at producing sounds in
the preferred frequency range, which decreases demand
on the battery and increases tag life. However, re-
searchers using acoustic tags generally desire that the
tags produce the highest intensity signal possible so that
it propagates long distances and increases the likelihood
of detection. Functional tag size, therefore, represents a
tradeoff between the competing demands of maximiz-
ing battery life and maximizing the desired detection
distance while avoiding placing excessive burden on the
fish [14]. Historically, acoustic tags have been fairly
large, which has limited the use of this technology to
larger species or adult life stages; however, advances in
miniaturization and battery technology have permitted tag
manufacturers to create functional tags as small 5 mm
diameter and 12 mm in length, weighing 0.65 g (for ex-
ample, V5, VEMCO, Bedford, Nova Scotia, Canada). These
advances have permitted researchers to use acoustic telem-
etry on earlier life stages such as sub-yearling salmonids
[15,16] and smolts [16-18].
Stress has been shown to dramatically alter fish physi-

ology and reduce growth [19,20]. The integrated physio-
logical stress response starts with a primary response in
which catecholamines and corticosteroids are released
into the blood stream shortly after the onset of a stressor
[19]. The release of these hormones and neuromodula-
tors induces a secondary response that includes meta-
bolic changes (for example, increases in plasma glucose
and lactate), osmoregulatory disturbances (plasma ion im-
balance), hematological changes (packed red blood cell
volume or hematocrit (HCT)), and changes to immune
system function [19,21]. The stress response is an adaptive
mechanism that permits fish to react to and manage chan-
ging conditions that alter their normal state; however, se-
vere or chronic stressors can make it difficult for fish to
return to homeostasis and become maladaptive. The
mobilization of energy substrates and relocation of energy
away from growth and reproduction, and suppressive ef-
fects on immune functions [19] can eventually lead to
long-term organismal impacts. These tertiary responses
include changes in performance such as reduced growth,
swimming capacity, reproductive capacity, or disease re-
sistance [21]. Further, if the health and performance of a
fish is impaired as a result of elevated stress, it can be im-
mediately debilitating and may also increase the vulner-
ability to subsequent challenges such as fleeing from
predators or swimming upstream [22].
The severity, duration, and organismal impacts of stress

associated with the internal tagging procedures often used
in the field are poorly understood, especially in relatively



Figure 1 Percent of fish that retained tags in the three treatments
from tagging (day 0) to the final sampling day (day 33). Solid line
indicates the sham control group, dotted line indicates fish with
tags <7% body mass, and dashed line indicates fish with tags >7%
body mass. Swimming trials were conducted on a subset of the fish
on days 21 to 23 (gray bar on x axis).
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small-sized fish species [12]. However, thanks to the on-
going miniaturization of acoustic telemetry transmitters,
this technology is increasingly being applied to smaller fish
species or life-stages [12], and, due to their small size, it is
these fish that are most likely close to the theoretical 2%
tag size limit. The objective of this study was to determine
the impacts of exceeding the 2% rule in one such small,
stream-dwelling, migratory species, brook trout (Salveli-
nus fontinalis). Mortality, tag retention, swimming per-
formance, and physiological indicators of stress were
quantified in order to determine if: (1) mortality increased
with tag size; (2) tag retention decreased with tag size;
(3) tags greater than 2% body weight affected the swim-
ming performance of brook trout; and (4) if there was a
relationship between tag size and physiological indicators
of stress. Brook trout were selected for this study because
they are representative of the kinds of fish that are now
being studied with acoustic telemetry [23] due to their
size, migratory behavior, and conservation interest.

Results
Brook trout were initially distributed in three experimental
groups: sham (surgery only), light (6.5-g tags), and heavy
(12-g tags) (Table 1). No mortality was observed through-
out the experiment. Two fish (11.8%) from the light tag
treatment group lost their tags, whereas 12 fish (80%)
from the heavy tag treatment lost tags, a difference that
was statistically significant (P <0.001, Fisher’s exact test).
One tag was lost in each treatment group within the first
2 days post tagging, and all tags were lost by day 14
(Figure 1). The two fish in the light group that lost tags
had also lost their sutures by day 14, but the sutures of 10
of the fish that lost tags from the heavy group were still in-
tact and the incision was well-healed. One fish in the sham
treatment was observed without sutures; however, it had
not lost its PIT tag and the incision was closed, suggesting
suture loss occurred after the wound healed. There was
no correlation between tag loss and fork length of fish
(r = 0.07, n = 47, P = 0.64). On the final handling day of
the experiment, one additional fish from the light tag
group was observed to have a large, inflamed, open wound
that had not healed. It is likely that this fish would have
lost its tag shortly thereafter. Though it was not included
in the tag loss group for this analysis, it was excluded from
all further analyses due to its abnormally poor condition.
Table 1 Summary of experimental treatment groups

Treatment N Lf (cm) Mass (g) Tag % body weight

Sham 15 21.0 (2.0) 134.2 (36.1) -

Light 17 21.5 (1.6) 144.2 (32.4) 4.7 (1.1)

Heavy 15 21.1 (1.0) 131.4 (17.9) 9.3 (1.1)

Mean (±SD) fork length (Lf) and mass of brook trout in each experimental
treatment on the day of internal tag implantation. Dummy tags weighed
either 6.5 (0.4) or 12.0 (0.2) grams in air.
A second fish from the heavy tag group was in very poor
condition and visibly different from the remaining fish. It
is not known if this ill health was due to the experimental
treatment so it was removed from all further analyses.
At the time of the swim trial, the brook trout were lar-

ger than initially anticipated and the experimental flume
was not able to generate sufficient water velocity to ex-
ceed the swimming capacity of all of the fish. Fourteen
out of the 22 fish that underwent swimming perform-
ance testing did not fail at the maximum swimming
speed that the flume could generate (130 cm s-1); how-
ever, fish from all treatment groups were observed swim-
ming in excess of six body lengths (bl) · s-1. There were
no significant differences in the observed swimming
speeds between treatment groups (Table 2, ANOVA:
F3,18 = 1.82, P >0.05).
Fish that lost heavy tags were included as a fourth treat-

ment group in subsequent analyses in order to examine
the effects that shedding an internal tag had on the fish.
As a result of this, the final treatment groups were: sham
(N =15), light tags (N =14), heavy tags (N = 3), and lost
tags (N =11). None of the response variables varied as a
function of fork length (ANCOVA, P >0.05). The results
(±SEM) of all hematological measurements are summa-
rized in Table 2. There were no significant differences be-
tween groups for plasma glucose, lactate, chloride,
cortisol, and HCT (ANOVA, P >0.05).
The difference in specific growth rates (SGR) based on

fork length was significant between treatments during the
first time interval (between tagging and the swimming
performance trials, ANOVA: F3,39 = 3.24, P = 0.03). Pair-
wise comparisons with Tukey’s post hoc test were not sig-
nificant, however, possibly due to the small sample size of



Table 2 Summary of biochemistry and swimming trial results

Group Nb Chloride (mM) Glucose (mM) Lactate (mM) Cortisol (ng · ml-1) HCT Nu Ucrit (bl · s
-1)

Sham 15 123.04 (1.03) 3.94 (0.10) 2.49 (0.19) 1.89 (0.29) 29.3 (0.8) 8 5.5 (0.2)

Light 14 121.24 (0.90) 3.95 (0.20) 2.35 (0.22) 2.61 (0.72) 30.9 (1.2) 9 5.5 (0.2)

Heavy 3 122.00 (1.12) 4.03 (0.16) 1.81 (0.08) 2.22 (1.04) 29.9 (1.5) 3 5.9 (0.6)

Lost 11 121.86 (0.66) 3.92 (0.24) 1.85 (0.23) 1.47 (0.45) 29.6 (1.4) 2 6.7 (0.1)

Mean (±SEM) levels of circulating chloride ions, glucose, lactate and cortisol in blood plasma HCT (% packed cell volume) recorded on the final day of sampling,
33 days post tagging. Nb is the number of samples used in the analysis of blood biochemistry, Nu is the number of fish in each group that were used in flume
swimming trials conducted on days 21 to 23 post tagging, Ucrit represents maximum recorded swimming velocity. No significant differences were found in any
variables between treatment groups (ANOVA, P >0.05).
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the heavy group, and when the heavy group was re-
moved from the analysis, there was no significant dif-
ference between the remaining treatments (ANOVA:
F2,37 = 3.075, P >0.05). During the first time interval, SGR
was lower for all fish that had received a heavy tag, in both
those that retained the tag and those that lost it, with the
lowest growth recorded in the fish that retained heavy tags
(Figure 2). There was no difference in SGR between treat-
ment groups within the second time interval (between
swimming trials and final sampling, ANOVA: F3,39 = 0.60,
P = 0.62). SGR was higher during the second time interval
than in the first interval in the light, heavy, and lost
groups, with significantly increased growth observed in
both the heavy (Paired t-test: t2 = -5.265, P = 0.03) and lost
group (Paired t-test: t10 = -3.672, P = 0.01). There was
no correlation between any measured parameters and
the number of days after tag loss in the shed tag group
(R2 = 0.0005-0.0102).

Discussion
The masses of the dummy tags used in this study were
selected based on previously published research that
Figure 2 Specific growth rate (% body length · day-1) of brook
trout from the three treatment groups plus the fish that lost
tags over the periods from tagging to swim trials (solid circles)
and swim trials to final sampling (open circles). There was a
significant difference in growth between groups in the first interval
but not in the second (ANOVA, P <0.05). Asterisks indicate significant
difference in growth between time intervals for that treatment
(paired t-test, P <0.05).
reported no impact to critical swimming velocity in rain-
bow trout implanted with tags that weighed between 6%
and 12% body weight in air [12]. Tags of that mass repre-
sent a large proportion of the fish’s body weight, and while
we anticipated similar swimming performance in brook
trout, we hypothesized that fish carrying that much mass
internally likely would suffer other physiological impacts
because the tag itself would be a significant stressor. One of
the most unexpected findings of this study was the high
rate of tag loss, with most of the fish in the heavy tag treat-
ment losing tags less than 2 weeks after insertion. Tag ex-
pulsion suggests either a failure of the sutures that closed
the wound or some form of transintestinal or transabdom-
inal active expulsion [24,25]. Both of the fish in the light
treatment that lost their tags, and four of the fish in the
heavy treatment, had no sutures present, suggesting the loss
of the dummy tag through the site of the incision. Observa-
tions during daily tank maintenance and feeding noted that
some fish remained near the bottom of the tank, suggesting
abrasion of the sutures may have played a role in tag loss.
The bottoms of the tanks used in this study were bare fiber-
glass, and fish living in the wild in complex, rocky, swift-
flowing streams may be at even greater risk of tag loss
through the incision. Interestingly, the majority of fish that
lost their tag in the heavy treatment still had their sutures
present suggesting some form of active expulsion. Though
not common in the literature, transintestinal tag expulsion,
in which the tag is engulfed by the intestine before being
passed via the cloaca, has been described in channel catfish
(Ictalurus punctatus) [7,24] and rainbow trout [26] and
may have occurred here too. In those studies, the authors
noted encapsulation of the internal tag by a fibrous capsule
of granulation tissue prior to expulsion. Unfortunately,
close examination of the body cavity was not conducted
when dummy tags were recovered at the end of this experi-
ment, so it is not known if this process was occurring in
this study. The large differences in tag expulsion between
the two treatment groups indicates that tag loss was a result
of the mass of the tags rather than suture type, pattern, or
knot, or the presence of the tag alone. These results suggest
that, at least in brook trout, tags in excess of 7% body mass
in air have a high probability of being lost, which would se-
verely impact the results of a telemetry study.
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It is imperative that internal acoustic tags have no effect
on the swimming ability of the tagged fish, all the more so
in salmonids because of their migratory behaviors and use
of shallow, high velocity upriver spawning habits. Many of
the fish in this study were able swim at the maximum vel-
ocity we could generate in our flume, so we were unable
to calculate critical swimming velocity for each group;
however, other authors have reported critical swimming
velocities for brook trout in excess of 7 bl · s-1 [27,28],
which compares with our findings. There was no apparent
difference in swimming performance between any of the
groups in this study, which suggests that even heavy tags
had little measurable impact on swimming performance.
These results support the findings in earlier studies
[12,13] and indicate that tags substantially greater than 2%
body weight should not have any significant effects on the
migration and spawning ability of brook trout.
The internal tagging procedure is a stressful process

for any fish. In addition to the surgery, the fish is han-
dled, air-exposed, and anesthetized inducing alterations
of various biochemical parameters associated with the
stress response [29]. However, aside from the stress as-
sociated with standard tagging procedures, the results of
this study indicate that the insertion of tags greater than
2% body weight did not lead to significant differences in
plasma lactate, glucose, chloride, cortisol or HCT be-
tween sham and experimental fish. In this study, blood
samples were collected 33 days after tags were inserted.
It is likely that these parameters were elevated shortly
after tagging and it is possible that there were differ-
ences between groups at that time, but after 1 month
the fish appear to have recovered and there was no evi-
dence of chronic stress. Interestingly, even the fish that
had shed their tag showed no long-term effects, despite
the trauma of expelling the tags.
There was an apparent effect of inserting tags on SGR

during the first few weeks after tagging, with the fish
tagged with heavy tags growing at approximately half the
rate of the control sham treatment. These fish appear to
have had the highest rate of growth in the later time inter-
val, suggesting there may have been compensatory growth
after recovery from the acute stress of tagging [30]. It
seems likely that any perturbation in growth is due to the
extreme weight of the tags since no such impact was
noted in fish tagged in the light treatment using dummy
tags of identical external dimensions. When these ob-
servations are combined with the large rate of tag ex-
pulsion in the weeks after tagging, it is apparent that
tags in excess of 7% body mass put an acute strain on
the physiology of the fish. However, the fish either
rapidly eject the foreign object or acclimate and com-
pensate for its presence, and tags less than 7% body
mass - which is a substantial relative mass - cause no
apparent insult to normal physiology and performance.
Conclusions
The results of this study suggest that the ‘2% rule’ is a
highly conservative guideline, at least in brook trout.
Tags considerably greater than 2% body weight did not
significantly affect survival or swimming performance,
and there was no evidence of chronic stress as a result
of the tagging procedure or the tags. The most significant
problem related to using heavy tags was retention, with
significant tag loss observed in tags greater than 7% body
weight. It is unclear where the threshold for increased tag
loss occurs, and it is also possible that there are differences
between species with different body shapes. Although add-
itional work is warranted in order to form a general guide-
line for tag-to-fish mass ratio across species, this study
suggests that the 2% rule can be safely extended up to 7%
in this species, without causing undue stress, mortality, or
tag loss.

Methods
Forty-eight adult Nashua-strain brook trout were acquired
from the Quinebaug Valley Trout Hatchery in Central
Village, CT, USA. The trout were kept in three 1.5-m diam-
eter holding tanks supplied with flow-through Connecticut
River water warmed to 10°C. Experimental treatments
were distributed between holding tanks. Fish were fed
twice daily with 6-mm pellet feed (BioTrout, BioOregon,
Warrenton, OR, USA). Fork length (Lf), total length (Lt),
and weight (WT) were measured three times for each fish:
during initial tagging, after the swim performance test,
and on the final day of sampling. Specific growth rate was
calculated using the formula LnT2−LnT 1

Days ⋅100 where T is the

time in days. All fish were euthanized at the conclusion of
the experiment to retrieve tags. The experiment consisted
of three phases: tagging (19 December 2012), swimming
performance trials (9 to 11 January 2013), and final sam-
pling (21 January 2013).

Experimental treatment
Fish were separated into three experimental groups: con-
trol sham, light tag (6.5-g, <7% body weight), and heavy
tag (12.0-g, >7% body weight) (Table 1). Sham fish
underwent the same surgical and handling procedures as
the tagged fish but did not receive a dummy tag. Light
and heavy tagged fish received dummy internal acoustic
tags constructed of cylindrical lead weights encased with
an inert plastic coating similar to the technique de-
scribed by Mosely and Castleberry [31]. Dummy tags
measured 7 mm in diameter by 23 mm in length and
were modeled on the dimensions of a standard tag pro-
duced by one of the major manufacturers of acoustic
tags (V7, Vemco, Bedford, Nova Scotia, Canada). Fish
were anesthetized for at least 90 s in 40 mg L-1 MS-222
buffered with Na2CO3 until equilibrium was lost. Fish
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were weighed, measured for total and standard length,
and then inverted on a surgical table with the anterior
end covered loosely with a wet chamois. A 1-cm ventral
incision was made anterior of the insertion of the pelvic
fins. Fish from all three treatments also received a pas-
sive integrated transponder (8 × 1.4 mm FDX-B ‘Skinny’
PIT Tag, Oregon RFID, Portland, OR, USA) through the
same incision to enable identification of individuals. The
PIT tags weighed 0.036 g (between 0.2% and 0.5% of the
dummy tag mass). In small salmonids, the impact of PIT
tags has been negligible [32-34] therefore their weight
was not included in tag burden calculations. Dummy
and PIT tags were inserted in the experimental groups
and the incisions of all fish were closed with two inter-
rupted figure-eight sutures of absorbable 4-0 chromic
gut. Lastly, inert latex paint in one of three different
colors was injected into a ray of the anal fin to further
aid in identification of treatment groups. The morpho-
metric measurements, surgery, and fin marking tasks
were performed in sequence by three experienced mem-
bers of the research team, and the same individual con-
ducted each task for all fish to ensure consistency of
handling method and duration. Fish were placed into a
recovery tank until equilibrium was regained and then
were placed back into the three holding tanks with an
even distribution of treatment groups in each tank.
Swimming trials
After a 21-day post-surgery acclimation period, fish from
each holding tank were placed in a Brett-style swimming
flume in the manner of Brown [12]. It was initially
intended that half of the fish from each treatment would
be tested in the flume; however, due to unexpected levels
of tag loss in the heavy treatment, there were only three
fish with heavy tags remaining when the swimming trials
started. All heavy treatment fish were tested in the
flume, and two fish that lost tags were included as well
because at the time it was not entirely clear which fish
had lost tags (this was later verified by dissection). Fish
that were not swum in the flume were measured for
length and weight and returned to their tanks. Three trials,
one for each holding tank, were performed over a 3-day
period. Trials were conducted at the same time each day.
The swim flume was supplied with ambient Connecticut
River water at the same temperature as the holding tanks.
Fish were allowed to acclimate in the flume with a water
velocity of 5-cm s-1 for 2.5 h before the trials began. After
the acclimation period, water velocity was increased by
10 cm s-1 every 20 min up to the maximum speed of the
flume (130 cm s-1). Fish were forced to swim until they
were fully fatigued and impinged on the rear screen of the
flume for a period of 10 s, or until the maximum speed of
130 cm s-1 was sustained for 20 min without failure.
Maximum observed swimming speed was calculated using
the formula developed by Brett [35]:

Ucrit ¼ Uf þ Tf
Ti

⋅Ui

where Uf is the highest speed that the fish was able to
maintain for the entire interval, Tf is the time the fish
was able to swim at the final speed, Ti is the time inter-
val (20 min), and Ui is the speed increment by which the
velocity was raised. After the swim trials, fish were rap-
idly anesthetized, length and weight recorded, and then
returned to their original holding tanks.

Physiological stress assays
Ten days after the final swim flume trials, fish were rapidly
anesthetized, measured for length and weight, and 1 mL
of blood was collected from every fish through caudal
puncture. All blood samples were collected within 5 min
of initial disturbance of the tank. HCT was measured and
blood was centrifuged at 4,750 rpm for 5 min. Plasma was
separated and frozen immediately at -80°C for later ana-
lysis. Plasma cortisol levels were measured via direct en-
zyme immunoassay [36]. Plasma glucose levels were
measured through the enzymatic coupling with hexoki-
nase and glucose-6-phosphate dehydrogenase [37]. Plasma
lactate was measured through a reduction of nicotinamide
adenine dinucleotide with lactate dehydrogenase [38].
Plasma chloride was determined in 20 μL volumes by the
coulometric silver titration method using a chloridometer
(SAT-500, DKK-TOA Corporation, Tokyo, Japan).

Statistical analysis
Differences in the proportion of tags lost between light
and heavy tags was tested using Fisher’s exact test. The
effect of light and heavy tags on the measured variables
was examined using ANCOVA with fork length as the
covariate. When the covariate had no effect, the data
were analyzed using one ANOVA. Paired t-tests were
conducted for each treatment to test for differences in
growth between time intervals. All statistical tests were
performed using SPSS (v. 19, IBM Corp., Armonk, NY,
USA) and significance was accepted at α = 0.05.
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