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the Danish Animal Experimentation Board (licence number:
2004/561–894).

Fish origin and husbandry
Eels were caught with traps in the vicinity of the Marine

Biological Laboratory, University of Copenhagen, in October
2009. Fish were kept in a circular 3000 L tank, supplied with
recirculating aerated seawater with a salinity of .32%, at a
constant temperature of 10uC. Eels were kept under these
conditions to acclimatize for at least two months prior to
experimentation. In accordance with the general observation of
migrating silver eels, they did not feed, although offered a variety
of food items. All eels were determined to be females in their
migrating phase (Stage IV) [23].

Setup
Tests were performed in a 90 l Steffensen-type swim tunnel,

downsized to 55 l by inserting a solid section, blocking the lower
half of most of the tunnel leaving a 70*20*10 cm (l*w*d)
swimming section (Fig. 1A). Turbulence was minimized by
directing the flow through two sets of baffles and a 10 cm
honeycomb. The swim tunnel was submerged in an outer tank,
supplied with aerated water from a reservoir. The water in the
outer tank was maintained at 1060.1uC by continuously pumping
it through a thermostat, a filter and an aquarium UV sterilizer. In
addition, the water was kept well-mixed by a submerged Eheim-
pump. Water velocity was controlled by a motor-driven propeller
and motor controller (WEG, Germany) and the output voltage
calibrated against a TAD flow meter (Höntzsch, Germany).
Velocities were corrected for solid blocking effect according to Bell
and Terhune [24]. A CCDTV video camera (TSR481, ELMO
CO, LTD, Japan) was mounted above the swimming section
illuminated with a single white LED allowing filming of the entire
swimming section. The entire setup was shielded from daylight
and other disturbances by black curtains. Video sequences were
recorded by the PCTV USB2 software (Pinnacle systems Inc. CA,
USA). Oxygen tension was continuously measured (1 Hz) with a
Fibox 3 electrode by the Oxyview software (version 5.31,

PreSense, Germany) and recorded by the AutoRespTM 1 software
(version 1.6, Loligo systems). Intermittent flow through respirom-
etry [25–27] was used to monitor the oxygen consumption at
different swimming velocities. The swim tunnel was periodically
flushed for 8 min with water from the outer tank, followed by a
closed 2 min waiting period, to obtain steady state conditions, and
a 20 min measuring period.

Protocol
Three swimming trials were completed on 9 individuals, with

the first serving as control without a tag for the subsequent two
trials with a tag attached. The third trial was performed in order to
investigate if swimming performance was affected by repeated
trials. Further trials were not undertaken as preliminaries showed
no difference between second and third trials. Before being
introduced to the swim tunnel, eels were quickly (3–4 min)
anaesthetized in a 40 mg L21 benzocaine solution. Benzocaine is
rapidly excreted across the gills with a half-life of ,20 min [28].
Total length (LT= 598.6629 mm SD), mass (339.6651.5 g SD),
maximum height and width, were recorded to adjust for solid
blocking and in addition to these, pectoral fin length, vertical and
horizontal eye diameter were recorded to classify silver stage. Eels
were left to acclimatize in the swim tunnel for 24 hrs at a velocity
of 0.3 body lengths per second (BL s21), corresponding to the
lowest speed that incited swimming. After 24 hrs, the velocity was
increased in increments of 0.1 Bl s21 during the 2 min waiting
period. Eels swam at each new speed for 20 min (the measurement
period) and the speed was increased until they were unable to
maintain swimming and keep off the rear grid. Eels were then
removed from the swim tunnel, anaesthetized as above and the tag
was attached. The tag was a scaled-down replica of a PSAT (X-tag
Archival) (Microwave Telemetry, Inc. DC, USA). A scaled-down
tag was chosen to match the size of the eels, as they were smaller
than the migrating eels tagged with a PSAT in previous tracking
studies [20,21]. The PSAT dummy was manufactured from a
cylindrical piece of PVC (16 mm in diameter, 60 mm long and
mass in air 5.6 g), compared to 32 mm, 130 mm and 42 g of the
original tag. The frontal cross-sectional area of the dummy tag was

Figure 1. Schematic of swim tunnel and PSAT dummy. A. 1. Motor, 2. Propeller, 3. Flushpump (inlet), 4. Flush outlet, 5. Honeycomb, 6. Mixing
pump, 7. Outlet from tank to water reservoir, 8. Inlet to tank from water reservoir. Arrows indicate water flow.B. PSAT dummy. C. PSAT dummy
attached to eel. Refer to text for details.
doi:10.1371/journal.pone.0020797.g001

PSATs Impair Swimming in the European Eel

PLoS ONE | www.plosone.org 2 June 2011 | Volume 6 | Issue 6 | e20797
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Software & Technology, TX, USA) to perform a manual tracking of each
fish's movements. Locomotor variables were calculated using the
digitized coordinates, and the following parameters were assessed:

1) gait transition speed (Ugt, cm s−1): maximum swimming speed
observed that was supported entirely using a steady undulatory
locomotory gait. The first three burst sequences thereafter
initiated burst-and-glide swimming mode. The start of a burst
was defined in terms of: (a) a large and discrete increase in
upstream motion, (b) increased tail span and (c) increased tail-
beat frequency (Tudorache et al., 2007).

2) maximum swimming speed (Umax, cm s−1): the highest swim-
ming speed in cm s−1 possible at burst swimmingmode before the
fish fell back.

3) tail-beat frequency (f, Hz): the number of full tail beats per second.
4) tail-beat amplitude (a, cm): the distance between the maximum

deflections of the caudal tail edge to both sides.
5) maximum acceleration after gait transition (Amax, cm s−2): the

maximum acceleration at burst swimming mode.
6) number of bursts: the number of fast forward accelerations after

Ugt before Umax was reached.
7) distance of bursts (cm): the distance covered while bursting forward.
8) total swimmingdistance (cm): the distance covered by a continuous

forward movement including aerobic as well as anaerobic swim-
ming modes.

2.4. Statistics

All assumptions for parametric tests were met. All parameters were
compared using a multiple ANOVAwith a Bonferroni post-hoc test. The
significance level for all tests was set at pb0.05. Linear regression
analysis was used to evaluate the relationship between swimming
speed and tail-beat frequency or amplitude.

3. Results

Upon entering the raceway, fish swam in steady cruise mode,
supported by slow and rhythmic undulations of the body and caudal
fin, increasing their swimming speed steadily until gait transition.
After gait transition, they accelerated rapidly and swam in burst-and-
glide mode. Bursts were characterised by a large and discrete increase
in upstreammotion and increased tail-beat amplitude and frequency,
followed by a passive glide. The next burst was initiated when ground
speed reached nearly zero. The swimming speed in burst-and-glide
mode increased rapidly, reaching Umax at ca. 80% of the entire forward
swimming period. At the end of the forward movement, the fish
reached a standstill before falling back in the raceway (Fig. 1).

Ugt for the control group at 15 °C in water with no added ammonia
was 37.43±1.47 cm s−1, and was reduced at both 10 °C and 20 °C
(pb0.05, Fig. 2). However, Umax at 10 and 20 °C did not differ sig-
nificantly from control (pN0.05, Fig. 2).

Fig. 1. Representative plot of total swimming speed against water speed for a control
fish at 15 °C. The fish starts with increasing swimming velocity in cruise mode and then
changes at the gait transition speed (Ugt) into burst-and-glide mode. Burst-and-glide is
characterised by rapid accelerations (burst) followed by decelerations until near zero
ground speed (i.e., swimming speed equals water speed). The solid line indicates Ugt

and the dotted line indicates zero ground speed, i.e. where the swimming speed is equal
to the water speed.

Fig. 2. Gait transition speed (Ugt, black) and maximum swimming speed (Umax, white)
at 10, 15 and 20 °C. Letters indicate significant differences (N=10, pb0.05).

Fig. 3. Gait transition speed (Ugt, black) and maximum swimming speed (Umax, white)
at different total ammonia (NH4

+ and NH3) concentrations. Letters indicate significant
differences (N=10, pb0.05).

Fig. 4. Representative plot of tail-beat frequency (f) against swimming speed (U) for a
controlfish at 15 °C. The vertical line indicates gait transition speedand the resulting linear
relationship can be described by the linear function f=1.5557+0.1033U (r2=0.92)
before and f=1.5793+0.102U (r2=0.85) after gait transition (N=3, pb0.05).
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Ugt. In order to test this, future studies of the critical swimming speed
should include the measurement of gait transition speed.

The results at different water temperatures also show that Ugt is
reduced, possibly due to a reduction in aerobic swimming capacity,
while swimming capacity after gait transition is not affected.
Therefore, a measured reduction in Ucrit (e.g.: Beamish, 1978; Videler,
1993) may be due to a reduction of aerobic swimming capacity, as the
protocol for Ucrit tests includes swimming aerobic as well as anaerobic
swimming capacities.

Both long-distance and short-distance migratory fish species use
waterways for migration (Lukas and Baras, 2001). Physical barriers can
obstruct freemigrationandcancause fragmentation andfinally extinction
of fish populations (Warren and Pardew 1998; Toepfer et al. 1999;
Warren et al. 2000). Fish ladders and culverts designed to facilitate
migration are often introduced to migratory paths. In order to be able to
pass such devices, the water speed must be adjusted to the swimming
potential of the migrating fish species. In the past, the standard water
velocitywas equal to, or lower than, the critical swimming speedobtained
in forced swimming tests, as the critical swimming speed is assumed tobe
the swimming speed at which the maximum sustainable oxygen uptake
occurs (Webb, 1971; Farrell and Steffensen, 1987; Keen and Farrell, 1994;
Gregory and Wood, 1999). However, some authors have criticized this
method (e.g. Plaut, 2001, Castro-Santos, 2004, 2005; Peake and Farrell,

2006), proposing the use of Ugt instead (Peake and Farrell, 2006; Peake,
2008), as this represents the highest speed that is obtained by using only
red aerobically powered muscles (Videler, 1993; Peake, 2008).

The tilted raceway used in this study enables not only the
measurement of Ugt, but also other parameters, such as maximum
swimming speed, acceleration at bursts and kinematic parameters
such as tail-beat frequency and amplitude under different environ-
mental conditions. The factors assessed in this study, temperature
and ammonia concentration, are not only important environmental
factors but also represent factors influencing aerobically and anaer-
obically powered swimming performance. The results show that to
give a good estimate of swimming capacity and the ability to negotiate
obstacles on the migration path, Ugt is not sufficient, as it concerns
only aerobically powered swimming performance. The present study
shows that in estimating total swimming capacity (both aerobic and
anaerobic), critical swimming speed gives a better approximation of
the effect of factors which influence anaerobic swimming speed as
well (Beaumont et al., 1995; Shingles et al., 2001). Therefore, the use
of critical swimming speed as an indicator for swimming capacity is
still crucial, especially when measuring effects on both aerobic as well
as anaerobic swimming performance.

The results of swimming capacity and performance is not only
determined physiologically but also behaviourally. Gait transition is
employed when the swimming speeds become too fast to be
maintained by red aerobic muscles alone (Peake and Farrell, 2006;
Tudorache et al. 2007). However, as the switch from cruising to burst-
and-glide swimming occurs, Ugt has a strong volitional component
and the bioenergetics of swimming cannot be fully understood if
disconnected from its behavioural component (Farrell, 2007). It has
therefore been proposed that Ugt measured in confined swimming
tunnels is not comparable with Ugt measured in volitional raceways
set-ups (Farrell, 2007; Peake, 2008). Also, absolute values of Ugt and
Ucrit measured in confined swimming tunnels cannot be extrapolated
to free swimming fish and therefore cannot be used as measures of
swimming capacity in the wild. The present methodology gives more
ground for extrapolation in freely swimming fish in the wild as they
are not confined by the size of regular Brett- or Blazka-type swimming
tunnels (Peake, 2008). However, if comparing physiological, ecolog-
ical or genetic factors in fish, traditional swimming tunnels are
sufficient. Also, confined swimming tunnels are superior to large
raceways as they allow the measurement of dissolved oxygen and
other metabolic gasses and more invasive methods, such as cannula-
tion. Suchmethodologies are impossible or very difficult to be realised
in a 4.5 m long raceway.

The ammonia concentration used in this study, i.e. maximum
57.53 µmol L−1 of total ammonia is the equivalent of 1 mg L−1 and is
thus the same as used by Tudorache et al. (2008), resulting in a
reduction of fast start performance in brown trout. However,
57.53 µmol L−1 of total ammonia results in a concentration of NH3

of 15.57 µmol L−1 at a pH of 9.1. A slightly higher concentration used
by Shingles et al. (2001; 20 µmol L−1) proved to be sufficient to
reduce critical swimming speed in rainbow trout significantly. This
value coincides with 50% LC50 of rainbow trout of 0.5 g body weight
(Shingles et al. 2001). According to Ye and Randall (1991) a pH of 9
does not affect swimming capacity in salmonids and brook charr is
especially tolerant for high pH values (Daye and Garside, 1975).

The results of this study suggest that linear swimming character-
istics in brook charr swimming in a racewaywith increasing upstream

Fig. 6. Maximum acceleration (Amax) at different temperatures (a) and total ammonia
(NH4

+ and NH3) concentrations (b). Letters indicate significant differences (N=10,
pb0.05).

Table 2
Plasma and white muscle ammonia levels in brook charr after exposure to 0, 14.68, 29.36, 44.04 and 58.72 (µmol L−1 total ammonia for 96 h. Different letters indicate significant
difference (pb0.05, N=10).

Ammonia concentration (µmol L−1) 0 (control) 14.38 28.77 43.15 57.53

Plasma ammonia (µmol L−1) 175.53±58.64a 233.92±47.46a 329.48±67.33b 443.84±52.00c 503.63±59.32c

White muscle ammonia (µmol g−1) 1.42±0.28a 1.49±0.31a 1.88±0.42ab 2.05±0.52b 2.52±0.42b

527C. Tudorache et al. / Comparative Biochemistry and Physiology, Part A 156 (2010) 523–528
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Ammonia concentration did not affect Ugt. Umax showed a gradual
decline with increasing ammonia concentration, reaching about 75%
of control values at 57.53 µmol L−1 (Fig. 3).

Tail-beat frequency (f) for the control group at 15 °C in water with
no added ammonia was positively correlated with swimming speed
(U) before (r2=0.90, pb0.05) and after (r2=0.88, pb0.05) gait
transition (Fig. 4) and could be described by the regression equation

f = a + bU

where a is the intercept of the regression and b is the slope. Slope and
intercept were not affected by temperature (Table 1a) or ammonia
concentrations below 43.14 µmol L−1 (pN0.05, Table 1b), but the
intercept was significantly decreased and slope significantly increased
at ammonia concentrations of 43.14 and 57.53 µmol L−1 at speeds
higher than Ugt (Table 1b).

For the control group at 15 °C inwaterwith no added ammonia, tail-
beat amplitude (a) did not vary with swimming speed, but it did vary
with swimmingmode, increasing from 2.04±0.34 cmwhen cruising to
3.20±0.41 with burst-and-glide swimming (pb0.05). It was not
affected by temperature but declined with increasing ammonia
concentration at speeds higher than Ugt, with values above 0.5 mg L−1

significantly decreased. Values of a below Ugt were not significantly
different from control (Fig. 5).

Maximum acceleration of bursts after gait transition (Amax) was
significantly reduced by 20% at 10 °C compared to the control at 15 °C,
but at 20 °C Amax did not differ from control (Fig. 6a). Increased
ammonia concentrations also affected Amax, which was significantly
reduced from control values at 43.14 and 57.53 µmol L−1 by about 15
and 20%, respectively (Fig. 6b).

With temperature as a factor, the number of forward bursts until the
end of the raceway was reached did not differ from the control (3.00±
0.38). However, the number of bursts was significantly increased
(pb0.05) with ammonia concentrations of 43.14 and 57.53 µmol L−1

(3.37±0.33 and 3.93±0.49, respectively).
Distance of burst was significantly reduced (pb0.05) from control

(89.34±13.24 cm) with ammonia concentrations of 43.14 and
57.53 µmol L−1 (76.13±7.19 and 65.40±7.66 cm, respectively).

The total swimming distance was not significantly different be-
tween the treatments or the control (371.50±11.91 cm). Also, the total
distance covered in burst-and-glidemodewasnot significantly different
from the control (274.62±32.93 cm).

3.1. Plasma and tissue ammonia

Ammonia levels in exposed fish were significantly elevated in the
plasma at exposure levels of 0.5 mg L−1 and higher and in white
muscle at levels of 44.04 µmol L−1 and higher (Table 2).

4. Discussion

The results of this study show that linear swimming is affected by
both temperature and ammonia concentration. Gait transition speed
(Ugt), the speed at which the transition from cruise to burst-and-glide
swimming occurs, was lower at 10 and at 20 °C than at 15 °C. Brook
charr show a maximum aerobic capacity at around 15 °C (Beamish,
1978). However,Ugt was not affected by increased ammonia concentra-
tions in the water, a finding in accordance with the prediction that
ammonia has little effect on red aerobic muscles.

The maximum burst speed (Umax), on the other hand, was not
affected by temperature, a result that is in accordance with Blaxter and
Dickson (1959), Brett (1964), Beamish (1978) and Videler (1993).
Webb (1978) reported an increase in Umax of escape fast starts;
however, a positive correlation of Umax with temperature was not
detected in the current study, possibly due to the low frame rate of
thefilming footages used. However,Umax, the relationship between tail-
beat frequency and swimming speed above Ugt, tail-beat amplitude,
maximum acceleration after gait transition and the distance travelled
with each swimming burst above Ugt were all significantly reduced at
the higher ammonia concentrations, suggesting that ammonia reduces
white muscle performance (Tudorache et al., 2008, McKenzie et al.,
2009). The observed significant decrease of the intercept and the
increase of the slope of the tail-beat frequency at speeds higher thanUgt

with elevated ammonia concentrations also suggests an increased cost
of transport after Ugt.

Shingles et al. (2001) showed that the critical swimming speed of
rainbow trout is reduced at elevated ammonia concentrations. Critical
swimming speed swimming is the speed at which maximum
sustainable oxygen uptake occurs (Webb, 1975; Farrell and Steffensen,
1987; Keen and Farrell, 1994; Gregory and Wood, 1999) and measures
aerobically as well as anaerobically powered swimming performance
(Brett, 1964; Beamish, 1978; Videler, 1993). The present study shows
that swimmingperformancebeforeUgt is less affected by ammonia than
anaerobically powered swimming performance, up to a concentration
of 58.72 µmol L−1. This suggests that elevated ammonia concentrations
may lead to a decreased Ucrit by reducing swimming performance after

Table 1a
Regression values for tail-beat frequency (f, Hz) plotted against swimming speed (U, cm s−1)
with the formula f=a+bU at different water temperatures.

Temperature (°C) 10 15 (control) 20

a (before Ugt) 1.56±0.13 1.57±0.14 1.58±0.15
a (after Ugt) 1.58±0.18 1.56±0.11 1.58±0.13
b (before Ugt) 0.104±0.042 0.104±0.031 0.102±0.020
b (after Ugt) 0.105±0.039 0.106±0.024 0.107±0.024

Table 1b
Regression values for tail-beat frequency (f, Hz) plotted against swimming speed (U, cm s−1) with the formula f=a+bU under the influence of elevated ammonia concentrations in
the water. *Indicates significant difference from control (one-way ANOVA, pb0.05, N=10).

Concentration (µmol L−1) 0 (control) 14.38 28.77 43.15 57.53

a (before Ugt) 1.57±0.14 1.61±0.15 1.58±0.13 1.54±0.17 1.53±0.12
a (after Ugt) 1.56±0.11 1.57±0.09 1.58±0.12 0.48±0.13* 0.24±0.16*
b (before Ugt) 0.104±0.031 0.111±0.025 0.112±0.020 0.113±0.012 0.118±0.013
b (after Ugt) 0.106±0.024 0.106±0.032 0.113±0.024 0.125±0.014* 0.130±0.016*

Fig. 5. Tail-beat amplitude (a) at different total ammonia (NH4
+ and NH3) concentrations

before (black) and after (white) gait transition. Letters indicate significant differences
(N=10, pb0.05).
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Ammonia concentration did not affect Ugt. Umax showed a gradual
decline with increasing ammonia concentration, reaching about 75%
of control values at 57.53 µmol L−1 (Fig. 3).

Tail-beat frequency (f) for the control group at 15 °C in water with
no added ammonia was positively correlated with swimming speed
(U) before (r2=0.90, pb0.05) and after (r2=0.88, pb0.05) gait
transition (Fig. 4) and could be described by the regression equation

f = a + bU

where a is the intercept of the regression and b is the slope. Slope and
intercept were not affected by temperature (Table 1a) or ammonia
concentrations below 43.14 µmol L−1 (pN0.05, Table 1b), but the
intercept was significantly decreased and slope significantly increased
at ammonia concentrations of 43.14 and 57.53 µmol L−1 at speeds
higher than Ugt (Table 1b).

For the control group at 15 °C inwaterwith no added ammonia, tail-
beat amplitude (a) did not vary with swimming speed, but it did vary
with swimmingmode, increasing from 2.04±0.34 cmwhen cruising to
3.20±0.41 with burst-and-glide swimming (pb0.05). It was not
affected by temperature but declined with increasing ammonia
concentration at speeds higher than Ugt, with values above 0.5 mg L−1

significantly decreased. Values of a below Ugt were not significantly
different from control (Fig. 5).

Maximum acceleration of bursts after gait transition (Amax) was
significantly reduced by 20% at 10 °C compared to the control at 15 °C,
but at 20 °C Amax did not differ from control (Fig. 6a). Increased
ammonia concentrations also affected Amax, which was significantly
reduced from control values at 43.14 and 57.53 µmol L−1 by about 15
and 20%, respectively (Fig. 6b).

With temperature as a factor, the number of forward bursts until the
end of the raceway was reached did not differ from the control (3.00±
0.38). However, the number of bursts was significantly increased
(pb0.05) with ammonia concentrations of 43.14 and 57.53 µmol L−1

(3.37±0.33 and 3.93±0.49, respectively).
Distance of burst was significantly reduced (pb0.05) from control

(89.34±13.24 cm) with ammonia concentrations of 43.14 and
57.53 µmol L−1 (76.13±7.19 and 65.40±7.66 cm, respectively).

The total swimming distance was not significantly different be-
tween the treatments or the control (371.50±11.91 cm). Also, the total
distance covered in burst-and-glidemodewasnot significantly different
from the control (274.62±32.93 cm).

3.1. Plasma and tissue ammonia

Ammonia levels in exposed fish were significantly elevated in the
plasma at exposure levels of 0.5 mg L−1 and higher and in white
muscle at levels of 44.04 µmol L−1 and higher (Table 2).

4. Discussion

The results of this study show that linear swimming is affected by
both temperature and ammonia concentration. Gait transition speed
(Ugt), the speed at which the transition from cruise to burst-and-glide
swimming occurs, was lower at 10 and at 20 °C than at 15 °C. Brook
charr show a maximum aerobic capacity at around 15 °C (Beamish,
1978). However,Ugt was not affected by increased ammonia concentra-
tions in the water, a finding in accordance with the prediction that
ammonia has little effect on red aerobic muscles.

The maximum burst speed (Umax), on the other hand, was not
affected by temperature, a result that is in accordance with Blaxter and
Dickson (1959), Brett (1964), Beamish (1978) and Videler (1993).
Webb (1978) reported an increase in Umax of escape fast starts;
however, a positive correlation of Umax with temperature was not
detected in the current study, possibly due to the low frame rate of
thefilming footages used. However,Umax, the relationship between tail-
beat frequency and swimming speed above Ugt, tail-beat amplitude,
maximum acceleration after gait transition and the distance travelled
with each swimming burst above Ugt were all significantly reduced at
the higher ammonia concentrations, suggesting that ammonia reduces
white muscle performance (Tudorache et al., 2008, McKenzie et al.,
2009). The observed significant decrease of the intercept and the
increase of the slope of the tail-beat frequency at speeds higher thanUgt

with elevated ammonia concentrations also suggests an increased cost
of transport after Ugt.

Shingles et al. (2001) showed that the critical swimming speed of
rainbow trout is reduced at elevated ammonia concentrations. Critical
swimming speed swimming is the speed at which maximum
sustainable oxygen uptake occurs (Webb, 1975; Farrell and Steffensen,
1987; Keen and Farrell, 1994; Gregory and Wood, 1999) and measures
aerobically as well as anaerobically powered swimming performance
(Brett, 1964; Beamish, 1978; Videler, 1993). The present study shows
that swimmingperformancebeforeUgt is less affected by ammonia than
anaerobically powered swimming performance, up to a concentration
of 58.72 µmol L−1. This suggests that elevated ammonia concentrations
may lead to a decreased Ucrit by reducing swimming performance after

Table 1a
Regression values for tail-beat frequency (f, Hz) plotted against swimming speed (U, cm s−1)
with the formula f=a+bU at different water temperatures.

Temperature (°C) 10 15 (control) 20

a (before Ugt) 1.56±0.13 1.57±0.14 1.58±0.15
a (after Ugt) 1.58±0.18 1.56±0.11 1.58±0.13
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Regression values for tail-beat frequency (f, Hz) plotted against swimming speed (U, cm s−1) with the formula f=a+bU under the influence of elevated ammonia concentrations in
the water. *Indicates significant difference from control (one-way ANOVA, pb0.05, N=10).

Concentration (µmol L−1) 0 (control) 14.38 28.77 43.15 57.53
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a (after Ugt) 1.56±0.11 1.57±0.09 1.58±0.12 0.48±0.13* 0.24±0.16*
b (before Ugt) 0.104±0.031 0.111±0.025 0.112±0.020 0.113±0.012 0.118±0.013
b (after Ugt) 0.106±0.024 0.106±0.032 0.113±0.024 0.125±0.014* 0.130±0.016*

Fig. 5. Tail-beat amplitude (a) at different total ammonia (NH4
+ and NH3) concentrations

before (black) and after (white) gait transition. Letters indicate significant differences
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Ammonia concentration did not affect Ugt. Umax showed a gradual
decline with increasing ammonia concentration, reaching about 75%
of control values at 57.53 µmol L−1 (Fig. 3).

Tail-beat frequency (f) for the control group at 15 °C in water with
no added ammonia was positively correlated with swimming speed
(U) before (r2=0.90, pb0.05) and after (r2=0.88, pb0.05) gait
transition (Fig. 4) and could be described by the regression equation

f = a + bU

where a is the intercept of the regression and b is the slope. Slope and
intercept were not affected by temperature (Table 1a) or ammonia
concentrations below 43.14 µmol L−1 (pN0.05, Table 1b), but the
intercept was significantly decreased and slope significantly increased
at ammonia concentrations of 43.14 and 57.53 µmol L−1 at speeds
higher than Ugt (Table 1b).

For the control group at 15 °C inwaterwith no added ammonia, tail-
beat amplitude (a) did not vary with swimming speed, but it did vary
with swimmingmode, increasing from 2.04±0.34 cmwhen cruising to
3.20±0.41 with burst-and-glide swimming (pb0.05). It was not
affected by temperature but declined with increasing ammonia
concentration at speeds higher than Ugt, with values above 0.5 mg L−1

significantly decreased. Values of a below Ugt were not significantly
different from control (Fig. 5).

Maximum acceleration of bursts after gait transition (Amax) was
significantly reduced by 20% at 10 °C compared to the control at 15 °C,
but at 20 °C Amax did not differ from control (Fig. 6a). Increased
ammonia concentrations also affected Amax, which was significantly
reduced from control values at 43.14 and 57.53 µmol L−1 by about 15
and 20%, respectively (Fig. 6b).

With temperature as a factor, the number of forward bursts until the
end of the raceway was reached did not differ from the control (3.00±
0.38). However, the number of bursts was significantly increased
(pb0.05) with ammonia concentrations of 43.14 and 57.53 µmol L−1

(3.37±0.33 and 3.93±0.49, respectively).
Distance of burst was significantly reduced (pb0.05) from control

(89.34±13.24 cm) with ammonia concentrations of 43.14 and
57.53 µmol L−1 (76.13±7.19 and 65.40±7.66 cm, respectively).

The total swimming distance was not significantly different be-
tween the treatments or the control (371.50±11.91 cm). Also, the total
distance covered in burst-and-glidemodewasnot significantly different
from the control (274.62±32.93 cm).

3.1. Plasma and tissue ammonia

Ammonia levels in exposed fish were significantly elevated in the
plasma at exposure levels of 0.5 mg L−1 and higher and in white
muscle at levels of 44.04 µmol L−1 and higher (Table 2).

4. Discussion

The results of this study show that linear swimming is affected by
both temperature and ammonia concentration. Gait transition speed
(Ugt), the speed at which the transition from cruise to burst-and-glide
swimming occurs, was lower at 10 and at 20 °C than at 15 °C. Brook
charr show a maximum aerobic capacity at around 15 °C (Beamish,
1978). However,Ugt was not affected by increased ammonia concentra-
tions in the water, a finding in accordance with the prediction that
ammonia has little effect on red aerobic muscles.

The maximum burst speed (Umax), on the other hand, was not
affected by temperature, a result that is in accordance with Blaxter and
Dickson (1959), Brett (1964), Beamish (1978) and Videler (1993).
Webb (1978) reported an increase in Umax of escape fast starts;
however, a positive correlation of Umax with temperature was not
detected in the current study, possibly due to the low frame rate of
thefilming footages used. However,Umax, the relationship between tail-
beat frequency and swimming speed above Ugt, tail-beat amplitude,
maximum acceleration after gait transition and the distance travelled
with each swimming burst above Ugt were all significantly reduced at
the higher ammonia concentrations, suggesting that ammonia reduces
white muscle performance (Tudorache et al., 2008, McKenzie et al.,
2009). The observed significant decrease of the intercept and the
increase of the slope of the tail-beat frequency at speeds higher thanUgt

with elevated ammonia concentrations also suggests an increased cost
of transport after Ugt.

Shingles et al. (2001) showed that the critical swimming speed of
rainbow trout is reduced at elevated ammonia concentrations. Critical
swimming speed swimming is the speed at which maximum
sustainable oxygen uptake occurs (Webb, 1975; Farrell and Steffensen,
1987; Keen and Farrell, 1994; Gregory and Wood, 1999) and measures
aerobically as well as anaerobically powered swimming performance
(Brett, 1964; Beamish, 1978; Videler, 1993). The present study shows
that swimmingperformancebeforeUgt is less affected by ammonia than
anaerobically powered swimming performance, up to a concentration
of 58.72 µmol L−1. This suggests that elevated ammonia concentrations
may lead to a decreased Ucrit by reducing swimming performance after

Table 1a
Regression values for tail-beat frequency (f, Hz) plotted against swimming speed (U, cm s−1)
with the formula f=a+bU at different water temperatures.

Temperature (°C) 10 15 (control) 20

a (before Ugt) 1.56±0.13 1.57±0.14 1.58±0.15
a (after Ugt) 1.58±0.18 1.56±0.11 1.58±0.13
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+ and NH3) concentrations
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Software & Technology, TX, USA) to perform a manual tracking of each
fish's movements. Locomotor variables were calculated using the
digitized coordinates, and the following parameters were assessed:

1) gait transition speed (Ugt, cm s−1): maximum swimming speed
observed that was supported entirely using a steady undulatory
locomotory gait. The first three burst sequences thereafter
initiated burst-and-glide swimming mode. The start of a burst
was defined in terms of: (a) a large and discrete increase in
upstream motion, (b) increased tail span and (c) increased tail-
beat frequency (Tudorache et al., 2007).

2) maximum swimming speed (Umax, cm s−1): the highest swim-
ming speed in cm s−1 possible at burst swimmingmode before the
fish fell back.

3) tail-beat frequency (f, Hz): the number of full tail beats per second.
4) tail-beat amplitude (a, cm): the distance between the maximum

deflections of the caudal tail edge to both sides.
5) maximum acceleration after gait transition (Amax, cm s−2): the

maximum acceleration at burst swimming mode.
6) number of bursts: the number of fast forward accelerations after

Ugt before Umax was reached.
7) distance of bursts (cm): the distance covered while bursting forward.
8) total swimmingdistance (cm): the distance covered by a continuous

forward movement including aerobic as well as anaerobic swim-
ming modes.

2.4. Statistics

All assumptions for parametric tests were met. All parameters were
compared using a multiple ANOVAwith a Bonferroni post-hoc test. The
significance level for all tests was set at pb0.05. Linear regression
analysis was used to evaluate the relationship between swimming
speed and tail-beat frequency or amplitude.

3. Results

Upon entering the raceway, fish swam in steady cruise mode,
supported by slow and rhythmic undulations of the body and caudal
fin, increasing their swimming speed steadily until gait transition.
After gait transition, they accelerated rapidly and swam in burst-and-
glide mode. Bursts were characterised by a large and discrete increase
in upstreammotion and increased tail-beat amplitude and frequency,
followed by a passive glide. The next burst was initiated when ground
speed reached nearly zero. The swimming speed in burst-and-glide
mode increased rapidly, reaching Umax at ca. 80% of the entire forward
swimming period. At the end of the forward movement, the fish
reached a standstill before falling back in the raceway (Fig. 1).

Ugt for the control group at 15 °C in water with no added ammonia
was 37.43±1.47 cm s−1, and was reduced at both 10 °C and 20 °C
(pb0.05, Fig. 2). However, Umax at 10 and 20 °C did not differ sig-
nificantly from control (pN0.05, Fig. 2).

Fig. 1. Representative plot of total swimming speed against water speed for a control
fish at 15 °C. The fish starts with increasing swimming velocity in cruise mode and then
changes at the gait transition speed (Ugt) into burst-and-glide mode. Burst-and-glide is
characterised by rapid accelerations (burst) followed by decelerations until near zero
ground speed (i.e., swimming speed equals water speed). The solid line indicates Ugt

and the dotted line indicates zero ground speed, i.e. where the swimming speed is equal
to the water speed.

Fig. 2. Gait transition speed (Ugt, black) and maximum swimming speed (Umax, white)
at 10, 15 and 20 °C. Letters indicate significant differences (N=10, pb0.05).

Fig. 3. Gait transition speed (Ugt, black) and maximum swimming speed (Umax, white)
at different total ammonia (NH4

+ and NH3) concentrations. Letters indicate significant
differences (N=10, pb0.05).

Fig. 4. Representative plot of tail-beat frequency (f) against swimming speed (U) for a
controlfish at 15 °C. The vertical line indicates gait transition speedand the resulting linear
relationship can be described by the linear function f=1.5557+0.1033U (r2=0.92)
before and f=1.5793+0.102U (r2=0.85) after gait transition (N=3, pb0.05).
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Figure 4 shows _MO2 values plotted polynomially
against swimming speeds. The best-fit equation

revealing _MO2 to U was the following: _MO2 =

-0.0104U3 ? 1.010U2 - 18.671U ? 258.81 (r2 =
1; P\ 0.05). COTmin at a Uopt averaged 25.9 ±

8.9 cm s-1 (1.01 ± 0.35 bl s-1) is 0.97 ± 0.06

mg g-1 m-1.
When comparing Uopt with the Upref categories

with the highest time values, i.e., 20 and 25 cm s-1,
Wilcoxon matched pairs test revealed a significant

difference between Uopt and Upref of 20 cm s-1

(P\ 0.05) but no difference between Uopt and Upref

of the speed category of 25 cm s-1 (P[ 0.05).

Discussion

This study sought to evaluate the utility of measuring
preferred swimming speeds (Upref) in comparison

with the more common reference of optimal swim-

ming speed (Uopt) for low-speed behaviours. Upref

chosen volitionally by fasted trout in the current

speed gradient of the raceway was reflected by Uopt

determined from metabolic rates measured during

forced-swimming in a flume, which was within the

range of Uopt found in salmonids of 10–29 cm body
length at 15!C water temperature, i.e., Uopt of 1–2

body lengths s-1 (Brett 1964; Webb 1971a, b).

Additionally, in aquaculture, growth for various
salmonids is maximized at a constant swimming

speed of 1.5 bl s-1 (Davison and Goldspink 1977;

Jørgensen and Jobling 1993). Also, spontaneous
activity data from migration and aquaculture studies

at similar water temperatures and size classes suggest

a range of speeds from 0.5 to 3 bl s-1 (Cooke et al.
2000; Thorstad et al. 2004; Babaluk et al. 2001). This

indicates that the calculated Uopt is not necessarily the

only speed at which fish migrate (Standen et al. 2002)
or swim in aquaculture facilities (Cooke et al. 2000).

The time spent swimming steadily is strongly
skewed to lower speeds between 10 and 40 cm s-1.

The skew arises from a small cluster of speeds

between 50 and 60 cm s-1 which in practice repre-
sents less than 5% of the total time spent swimming

Fig. 3 The time (% total steady swimming time) spent
swimming steadily plotted against clusters of swimming
speeds of 5 cm s-1 (see text for details). Letters indicate
significant differences between values[5% of total steady time
(one-way ANOVA, P\ 0.05)

Fig. 4 Relative oxygen consumption ( _MO2) plotted against
swimming speed of brook charr swimming in a confined
respirometer. The fitting curve is provided by the polynomial

function _MO2 = -0.0105U3 ? 1.006U2 - 18.665U ? SMR
(r2 = 0.99, N = 10) with U being swimming speed (cm s-1)
and SMR, the standard metabolic rate, has a value of
258.77 mg O2 kg

-1 l-1
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the Danish Animal Experimentation Board (licence number:
2004/561–894).

Fish origin and husbandry
Eels were caught with traps in the vicinity of the Marine

Biological Laboratory, University of Copenhagen, in October
2009. Fish were kept in a circular 3000 L tank, supplied with
recirculating aerated seawater with a salinity of .32%, at a
constant temperature of 10uC. Eels were kept under these
conditions to acclimatize for at least two months prior to
experimentation. In accordance with the general observation of
migrating silver eels, they did not feed, although offered a variety
of food items. All eels were determined to be females in their
migrating phase (Stage IV) [23].

Setup
Tests were performed in a 90 l Steffensen-type swim tunnel,

downsized to 55 l by inserting a solid section, blocking the lower
half of most of the tunnel leaving a 70*20*10 cm (l*w*d)
swimming section (Fig. 1A). Turbulence was minimized by
directing the flow through two sets of baffles and a 10 cm
honeycomb. The swim tunnel was submerged in an outer tank,
supplied with aerated water from a reservoir. The water in the
outer tank was maintained at 1060.1uC by continuously pumping
it through a thermostat, a filter and an aquarium UV sterilizer. In
addition, the water was kept well-mixed by a submerged Eheim-
pump. Water velocity was controlled by a motor-driven propeller
and motor controller (WEG, Germany) and the output voltage
calibrated against a TAD flow meter (Höntzsch, Germany).
Velocities were corrected for solid blocking effect according to Bell
and Terhune [24]. A CCDTV video camera (TSR481, ELMO
CO, LTD, Japan) was mounted above the swimming section
illuminated with a single white LED allowing filming of the entire
swimming section. The entire setup was shielded from daylight
and other disturbances by black curtains. Video sequences were
recorded by the PCTV USB2 software (Pinnacle systems Inc. CA,
USA). Oxygen tension was continuously measured (1 Hz) with a
Fibox 3 electrode by the Oxyview software (version 5.31,

PreSense, Germany) and recorded by the AutoRespTM 1 software
(version 1.6, Loligo systems). Intermittent flow through respirom-
etry [25–27] was used to monitor the oxygen consumption at
different swimming velocities. The swim tunnel was periodically
flushed for 8 min with water from the outer tank, followed by a
closed 2 min waiting period, to obtain steady state conditions, and
a 20 min measuring period.

Protocol
Three swimming trials were completed on 9 individuals, with

the first serving as control without a tag for the subsequent two
trials with a tag attached. The third trial was performed in order to
investigate if swimming performance was affected by repeated
trials. Further trials were not undertaken as preliminaries showed
no difference between second and third trials. Before being
introduced to the swim tunnel, eels were quickly (3–4 min)
anaesthetized in a 40 mg L21 benzocaine solution. Benzocaine is
rapidly excreted across the gills with a half-life of ,20 min [28].
Total length (LT= 598.6629 mm SD), mass (339.6651.5 g SD),
maximum height and width, were recorded to adjust for solid
blocking and in addition to these, pectoral fin length, vertical and
horizontal eye diameter were recorded to classify silver stage. Eels
were left to acclimatize in the swim tunnel for 24 hrs at a velocity
of 0.3 body lengths per second (BL s21), corresponding to the
lowest speed that incited swimming. After 24 hrs, the velocity was
increased in increments of 0.1 Bl s21 during the 2 min waiting
period. Eels swam at each new speed for 20 min (the measurement
period) and the speed was increased until they were unable to
maintain swimming and keep off the rear grid. Eels were then
removed from the swim tunnel, anaesthetized as above and the tag
was attached. The tag was a scaled-down replica of a PSAT (X-tag
Archival) (Microwave Telemetry, Inc. DC, USA). A scaled-down
tag was chosen to match the size of the eels, as they were smaller
than the migrating eels tagged with a PSAT in previous tracking
studies [20,21]. The PSAT dummy was manufactured from a
cylindrical piece of PVC (16 mm in diameter, 60 mm long and
mass in air 5.6 g), compared to 32 mm, 130 mm and 42 g of the
original tag. The frontal cross-sectional area of the dummy tag was

Figure 1. Schematic of swim tunnel and PSAT dummy. A. 1. Motor, 2. Propeller, 3. Flushpump (inlet), 4. Flush outlet, 5. Honeycomb, 6. Mixing
pump, 7. Outlet from tank to water reservoir, 8. Inlet to tank from water reservoir. Arrows indicate water flow.B. PSAT dummy. C. PSAT dummy
attached to eel. Refer to text for details.
doi:10.1371/journal.pone.0020797.g001

PSATs Impair Swimming in the European Eel
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Uopt = 22.77 ± 4.54 cm s-1  
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Figure 4 shows _MO2 values plotted polynomially
against swimming speeds. The best-fit equation

revealing _MO2 to U was the following: _MO2 =

-0.0104U3 ? 1.010U2 - 18.671U ? 258.81 (r2 =
1; P\ 0.05). COTmin at a Uopt averaged 25.9 ±

8.9 cm s-1 (1.01 ± 0.35 bl s-1) is 0.97 ± 0.06

mg g-1 m-1.
When comparing Uopt with the Upref categories

with the highest time values, i.e., 20 and 25 cm s-1,
Wilcoxon matched pairs test revealed a significant

difference between Uopt and Upref of 20 cm s-1

(P\ 0.05) but no difference between Uopt and Upref

of the speed category of 25 cm s-1 (P[ 0.05).

Discussion

This study sought to evaluate the utility of measuring
preferred swimming speeds (Upref) in comparison

with the more common reference of optimal swim-

ming speed (Uopt) for low-speed behaviours. Upref

chosen volitionally by fasted trout in the current

speed gradient of the raceway was reflected by Uopt

determined from metabolic rates measured during

forced-swimming in a flume, which was within the

range of Uopt found in salmonids of 10–29 cm body
length at 15!C water temperature, i.e., Uopt of 1–2

body lengths s-1 (Brett 1964; Webb 1971a, b).

Additionally, in aquaculture, growth for various
salmonids is maximized at a constant swimming

speed of 1.5 bl s-1 (Davison and Goldspink 1977;

Jørgensen and Jobling 1993). Also, spontaneous
activity data from migration and aquaculture studies

at similar water temperatures and size classes suggest

a range of speeds from 0.5 to 3 bl s-1 (Cooke et al.
2000; Thorstad et al. 2004; Babaluk et al. 2001). This

indicates that the calculated Uopt is not necessarily the

only speed at which fish migrate (Standen et al. 2002)
or swim in aquaculture facilities (Cooke et al. 2000).

The time spent swimming steadily is strongly
skewed to lower speeds between 10 and 40 cm s-1.

The skew arises from a small cluster of speeds

between 50 and 60 cm s-1 which in practice repre-
sents less than 5% of the total time spent swimming

Fig. 3 The time (% total steady swimming time) spent
swimming steadily plotted against clusters of swimming
speeds of 5 cm s-1 (see text for details). Letters indicate
significant differences between values[5% of total steady time
(one-way ANOVA, P\ 0.05)

Fig. 4 Relative oxygen consumption ( _MO2) plotted against
swimming speed of brook charr swimming in a confined
respirometer. The fitting curve is provided by the polynomial

function _MO2 = -0.0105U3 ? 1.006U2 - 18.665U ? SMR
(r2 = 0.99, N = 10) with U being swimming speed (cm s-1)
and SMR, the standard metabolic rate, has a value of
258.77 mg O2 kg

-1 l-1

Fish Physiol Biochem (2011) 37:307–315 311
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Aristotle (384 BC - 322 BC) 

Johannes Schmidt (1877-1933) 

Schmidt, 1923 
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Arstrom & Dekker, 2007 
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Eel with a conventional satellite tag, Leiden University 



forced and volitional exercise in fish  
- FITFISH training school 15/06/2015 - 



forced and volitional exercise in fish  
- FITFISH training school 15/06/2015 - 

Jellyman and Tsukamoto, 2002 
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2m length A) motor; B) propeller; C) external tube; D) internal tube; E, honey 
comb; F) swimming section (1m); G) honey comb 

v. d. Thillart et al., 2003 
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effect of place of attachment 

critical swimming speed (Ucrit): control > 20% A > 20% B 

oxygen consumption (MO2): control  < 60-75%  A < 70%  B, 
SMR control < 100% SMR B          

cost of transport (COT):  control < 20%  A < 40% B       
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effect of added drag 

Ucrit control = support device = 0.05N > 15% 0.1N >  60% 
0.2N 

MO2 control = support device = 0.05N < 20% 0.1N < 150% 
0.2N; SMR control = support device = 0.05N = 0.1N < 100% 
0.2N         

COT control = support device = 0.05N = 0.1N < 100% 0.2N 
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Tudorache et al., 2014 
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Can. J. Flsh. Aquat. Sci. Vol. 61, 2004 

Fig. 1. Fish passage complex at the S.O. Contc Anadromous 
Fish Research Center. (a)  lnslallation of swimming speed flume 
showing holding ponds and route of inlroduction for test fish; 
(b) dctail of swimming speed flume showing flow control mech- 
anism and arrangement of PIT tag antennas, 

talCwatsr welr and retenllon m u  

rrnDtor control lor h a d  ~mts 

talkwater welr mnd 
retention m a s n  

tally similar to the full-scale flume, ensuring identical hy- 
draulic characteristics (Chow 1959). The model was used to 
identify the gate settings and water surface elevations in the 
head pond, flume, and staging arca that characterized four 
tesl vclocities (Uf; nominally 1.5, 2.5, 3.5, and 4.5 mas-') 
and to quanlify the response of flow velocity within the 
flume to varialions in these conditions. 

Open-channel flow is characterized as super- or sub- 
critical, depending on whether velocities are dominated by in- 
ertial or gravitational forces, respectively. The Froude number, 
F; which equals the ralio of lhcse two forces, identifies the 
state of flow: 

where g is gravitational acceleration and L is lhc depth of 
flow in a channel with a rectangular cross scction (Chow 
1959). Flow is supcrcritical at F z 1 and subcritical a1 F < 1. 
At F = 1, the flow is critical, and a standing gravity wavc (or 
hydraulic jump) may be propagated up the length of the 
flume (e.g., Weaver 1963). Thesc unsteady flow conditions 
were unacceptable for this study, so depth of flow was var- 
ied to maintain either super- or sub-critical conditions over 
thc full length of the flume. 

At 1.5 m d ,  flow in the test flume and staging area was 
subcritical and was set at a depth of 96 cm. At higher veloci- 
ties, however, t h s  depth of dow created excessive velocity 
and turbulence in the staging area. Reducing the depth low- 
ered the total flow within the flume, thus mainlaining u qui- 
escent staging area. Velocity was sufftcienl undcr the 3.5 and 
4.5 m d  conditions lo maintain supercritical flow down the 
length of the flume a1 about 45 cm depth. At 2.5 m.9-', how- 
ever, flow was unstablc and became critical midway down 
the flume at this depth, so dcplh was reduced to 26 cm at 
this velocity to maintain the supercritical condition. For each 
of these supercritical condilions, tail-water depth was greater 
than the depth of flow within the flume and was set such 
lhal a hydraulic jump was maintained within the flume 0.5- 
1.0 m from the downstream entrance. 

Detailed velocity measurements were made in the model 
to describe the flow field through whch fish would swim. A 
two-directional electromagnetic velocity meter (Mnrsh- 
McRirney model 523) with a 13-mm probe was used to mea- 
sure model velocities; actual velocities were then measured 
throughout reprcsentative cross sections of the full-scale 
flume on a 5-cm grid using a propeller meter (Ott model 1- 
1 13040). Two-dimensional flow velocity profiles were gen- 
erated for 1.5, 2.5, and 3.5 m d  trial conditions, respec- 
tively (Fig. 2). We were unable to collcct similar data for the 
4.5 mas-' condition because of excessive forces on the veloc- 
ity probe; however, hydraulic principles dictate that the ve- 
locity profile will be similar to that of the 3.5 m.s-' 
condition (Chow 1959). To characterize the turbulcnce of the 
flow, three-dimensional velocities were measurcd in the 
model using a 3D SonTek acoustic doppler anemomctcr. 
Measurements were madc at mid-depth, both at the center 
and at distances equivalent to 12.7 cm from the wall of the 
full-scale flume and 12 m liom its downstream end. 

Data collection 
We uscd an automated passive integralcd transponder (PIT) 

system to record the position of fish swimming up the length 
of the flume. Fish were externally tagged without anaesthe- 
sia by bonding PIT tags (32 mm in length, 3.9 mm in diame- 
ter) to a small fishhook, which was inserted into the 
cartilage at the base of the dorsal fin (second dorsal in the 
case of percomorphs; see Caslro-Santos et al. (1996) for a 
description of the PIT system, lagging method, and its appli- 
cation). Ten PIT antennas werc mounted along the length of 
the flume at 2.5-m intervals (from 0.5 to 23.0 m); of these, 
eight were in place for the first half of the study, and two 
more were added in May 1998. Tags were detected within 
0.5 m of the plane of each antenna loop. A control computcr 
logged tag delection data (tag code, date, time to the nearest 
0.1 s, and antenna location) from PIT readers. 

Fish were colleclcd and tested during the period from 
April through July 1997-1999. Six species of migratory 
fishes were captured from traps at nearby fishways (Amcri- 
can shad (Alosa sapidissima), striped bass (Morone suxutilis), 
and white sucker (Cutostnmus commersoni)) and coastal 
streams (alewife (Alosa psedoharengus) from the Herring 
River, Bourne, Massachusetts, and blucback herring (Alosa 
aestivulis) from the Charles River, Walertown, Mussachu- 
setts) or electrofished (blueback herring, swiped bass, wall- 
eye (Stizostedion vitreum), and white sucker from the 
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