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Abstract The effect of solid-body blocking in a large
(257 1) Blazka-style respirometer was examined in gag
Mpycteroperca microlepis. Gag ranging from 376-690 mm
total length were tested at velocities from 10 to 91 cm s™.
The solid blocking effect (SBE) due to fish size, swimming
speed, and water temperature was investigated by direct
measurement of flow velocity at the area of the fish’s
maximum girth as compared to measurements at the rear
(center) of the swimming chamber. Three models were
compared as corrections for the SBE: the standard Bell and
Terhune (BT), a novel modification of the Bell and Terhune
(MBT) developed in this study, and the Bernoulli equation.
Although the fit was good, the commonly used BT model
consistently underestimated solid-blocking effect over the
speeds tested (R, = 0.980) whereas the MBT and Bernoulli
models provided better fits (both with Rzadj = 0.993). The
MBT model, with refined parameters for the fish body shape
coefficient and fractional surface area exponent, yielded the
best fit for observed data across all speeds for which gag
were tested. This study also demonstrated that in
Blazka-style respirometers, corrections were needed to
account for SBE where fish occupied >10% of the
cross-sectional area of the swimming chamber.

Keywords Solid-blocking, Respirometry, Swimming
Energetics, Blazka Respirometer, Gag, Grouper,
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1. Introduction

Metabolic rates for fishes are most commonly quantified
using swim tunnel respirometers, following the designs of
either Brett[1] or Blazka et al. [2] (for a review of
respirometer designs, see Brett [3]). The Brett-style
respirometer consists of a single, closed-circuit loop of water
driven by a pump or propeller (e.g., [1,4]). In contrast, the
Blazka-respirometer uses a propeller to drive the water in a
concentric, tube within a tube, design [2,5,6]. This design,

while less frequently employed than the Brett respirometer,
is useful when a lower volume of water or a smaller footprint
is needed. For example, a measurable drop in oxygen content
of the water is obtained more quickly during swimming trials
in a Blazka-respirometer because of the smaller water
volume. This can be useful with fish that have a relatively
low metabolic demand (e.g., relatively sedentary demersal
fishes).

One issue that arises when conducting swimming trials in
any type of swimming respirometer or flume, is the accurate
measurement of the velocity of water flow experienced by a
positionally stable fish. This velocity is assumed to be equal
to the water velocity in the swimming chamber of the
respirometer [4]. This water velocity is typically measured
with either no fish present in the swimming chamber [7-10]
or in a portion of the swimming chamber not restricted by the
body of the fish [11,12]. However, depending on the
maximum diameter of a fish, the body as a solid object can
impede or block the flow of water in the swimming chamber.
This phenomenon, known as solid-blocking effect (SBE),
increases the velocity of the water between the body of the
fish and the wall of the chamber relative to non-restricted
regions of the chamber and in effect, increases the velocity of
water experienced by the fish. In practice, when the
maximum cross-sectional area of the fish is less than 10% of
the cross-sectional area of the swimming chamber, flow
velocities of chambers are typically used without correction
for any effect of solid blocking by the fish’s body [4,13-15].
In contrast, when the maximum cross-sectional area of the
fish exceeds 10%, the measured unrestricted water velocity
in the swimming chamber is typically corrected for the SBE
using theoretical equations detailed by Bell and Terhune [4]
[e.g., 5,16,17]. While these theoretical equations used to
correct for SBE in the Brett-style swimming respirometer
might also be appropriate for Blazka-style respirometers, this
idea has not been empirically tested and this uncertainty
forms the focus of the present study. Using accurate models
to correct for any SBE is important for studies on swimming
energetics of fishes that have substantive cross-sectional
areas relative to the swimming chamber cross-sectional area.
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This consideration is important when studying many larger
reef fishes, such as the groupers and snappers, which
typically have moderately compressed body forms that
present a relatively large cross-sectional area at the point of
maximum girth.

In addition, the effect of temperature on water flow
velocities and SBE due to changes in water viscosity have
not been addressed in previous studies. Temperature may
need to be considered when calibrating a swimming chamber
for SBE for larger reef fishes that would naturally experience
wide ranges in water temperature. Gag Mycteroperca
microlepis is well-suited to test for temperature effects in
solid-blocking during swimming trials because it is a
relatively large reef fish that typically experiences seasonal
temperature fluctuations of 15 °C or more on shallow reefs in
the Gulf of Mexico [18].

The present study provides the first quantification of
solid-blocking effect in a Blazka respirometer and compares
the efficacy of several models to correct for the effects of this
phenomenon. Theoretically-derived models of Bell and
Terhune [4] and Bernoulli [19] are compared to a novel
multivariate derivation of the Bell and Terhune model that is

developed in the present study to assess relative fit and biases.

Gag, a warm-temperate grouper species with a moderately
compressed body shape and a relatively low metabolic scope
[18], is used as a model reef fish species to calibrate the SBE.

2. Materials and Methods

2.1. Respirometer Design

The respirometer used in this study (Figs. 1A and B) was a
modification of that presented by Blazka et al. [2]. The
volume of the respirometer and diameter of the swimming
chamber were selected to accommodate fish over a large
range in size, while still permitting measurable decreases in
dissolved oxygen consumption within a 30-min swimming
trial [18]. The swimming chamber was a 30.5 cm diameter
translucent fiberglass tube, 94 cm in length (Fig. 1A), with
removable grids (6.5 cm’ mesh) at each end of the swimming
section to prevent escape of the fish. A strip of black plastic
mesh (10 cm wide) was affixed around the circumference of
the swimming tube to provide a visual spatial reference for
the fish. The outer shell was constructed from plywood and
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foam insulation, coated with fiberglass. All surfaces were
coated with non-toxic epoxy paint (Sweetwater PT8, Apopka,
FL, USA). The inner dimensions of the outer shell were 39
cm x 182 cm. A variable-speed trolling motor with a
maximum thrust of 100 J (74 ft-1bs) (Minn Kota Riptide Rt74,
Mankato, MN, USA) was used to move the water, powered
by two 12 volt batteries. The motor was mounted in front of
the swimming section (Fig. 1A) to a 60 cm section of 30.5
cm diameter PVC pipe, which allowed for the removal and
re-installation of the swimming section without moving the
motor assembly. A heat-exchanger around the motor housing
was used to remove excess heat generated from the motor
(Fig. 1A). The respirometer had a volume of 257 1 when fully
assembled.

The outer wall was sealed using a 6.4 mm flat acrylic lid
and gasket (Fig. 1B) attached with wing nuts and bolts. A
vent (Fig. 1B) was cut in the lid to purge bubbles trapped in
the respirometer as they travelled throughout the outer jacket
of the respirometer. When all visible bubbles were evacuated
from both chambers, the vent was closed using an acrylic
cover and neoprene seal affixed with stainless wing nuts and
bolts.

The pattern of flow inside the swimming chamber was
modified from helical to rectilinear flow [3] using a 6-bladed
vane made of 3 mm PVC (Fig. 1A). Water flow
characteristics were observed with plastic streamers attached
to the front grate. Water velocity in the swimming section
was measured (+ 1 cm s') using an electromagnetic flow
meter (Marsh McBirney Flo-Mate, Model 2000, Frederick,
MD, USA) with the probe affixed near the outflow (rear) at
the center of the swimming section (Fig. 1A). A second
Model 2000 flow meter probe was affixed to the left of the
holding position of fish during swimming (Fig. 1A). To
compare the flow meter readings between the two positions
(forward and rear), ten paired measurements were taken at
each speed with no fish present.

Dissolved oxygen was measured with a Clark-type
polarographic oxygen electrode (Microelectrodes Inc.,
Bedford, NH) connected to an A/D interface (Strathkelvin
928, Glasgow, UK) and linked to a personal computer for
data logging (3 Hz sampling rate). The oxygen electrodes
lacked temperature compensation, so minor temperature
fluctuations were monitored with a thermocouple and meter
(Physitemp BAT-12, Clifton, NJ) and corrected during
analysis.
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Figure. 1. Modified Blazka respirometer for gag showing (A) insulated outer shell, interior and swimming chamber for the fish, with a total volume of 257
1, as well as the placement of flow meters, thermocouple and oxygen probe and (B) acrylic lid with aluminum support-frame, perpendicular acrylic stiffeners

and the bubble vent that was sealed during swimming trials.

2.2. Study Animals

Eight gag Mycteroperca microlepis were captured in the
eastern Gulf of Mexico near Steinhatchee, FL, and
transported to the University of Florida, Fisheries and
Aquatic Sciences Aquatic Facility in Gainesville. Fish were
fed a ration of chopped fish every other day. All fish were
anaesthetized with 150 mg I tricaine methanosulfate
(MS-222), measured for total mass (M, to the nearest g),
maximum total length (TL, to the nearest mm), and
maximum girth (G, to the nearest mm). Fish were injected
with a Passive Integrated Transponder tag (Biomark, Boise,
ID, USA) in the coelomic cavity for subsequent individual
identification. Fish ranged in size from 0.6 - 3.6 kg (1.276 £
1.628 kg, mean £ SE) and 376 - 690 mm TL (580 + 108 mm).

Gag was tested at two temperatures, 15 and 28°C. Fish
were acclimated to each temperature using a change of 1°C
per day, followed by a 1-week acclimation period. All fish
used in this study were treated in accordance with the animal
care and use protocols required by the University of Florida.

2.3. Effect of Solid Blocking

Fish were placed in the swimming chamber of the

respirometer and acclimated overnight at a low rate of flow
(10 cm s™) while the respirometer was run as a flow-through
system. The respirometer was closed the next morning,
purged, and shielded from any activity in the room using
drapes hung from the ceiling. A video camera centered over
the fish in the swimming chamber continuously recorded the
fish’s activity during each trial. During swimming trials,
which started with a water velocity of 10 cm s™, all reference
speeds were measured at the rear center of the swimming
chamber. Water velocity measurements were taken every 10
s at the forward and rear flow meters only when the fish was
swimming adjacent to the forward flow meter. Water
velocity was then increased to 20, 35, 50, 65, and 80 cm s™,
with flow measurements taken at each speed. Gag could not
swim in a sustained manner at velocities greater than 80 cm
s as measured at the rear center of the chamber so this
velocity was therefore set as the maximum water velocity
used in all swimming trials. Mean values were calculated for
the forward and rear flow data for each tested water velocity
for each fish. Swimming behavior and position of the fish
were confirmed from video recordings.

The effect of water temperature on solid-blocking was
examined by performing the swimming trials (10 - 80 cm s™)
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for each fish at 15 and 28°C. Any potential difference
between temperatures was tested using analysis of
covariance (ANCOVA) following a test of slopes [20].
Three blocking-effect models were fit to the data: the
standard Bell and Terhune [4] model (BT); our novel
modification of the Bell and Terhune (1970) model (MBT)
with empirically derived estimates for the surface area
coefficient and the fractional area exponent; and a model

based on the Bernoulli principle [19]. The BT
blocking-effect model was applied to the data as:
Ve =Vp(1+ &) (1)

where Vi is the water velocity at the position of the fish’s
maximum girth, V' is the water velocity at the rear the flume,
and €g is the error due to solid blocking. €g was calculated

as:
A
e,=14 [i} (2)
AT

where T is a dimensionless factor for tunnel cross-sectional
shape (0.8), and A is a factor for the shape of the fish, where
A= shape coefficient (length/thickness). The shape
coefficient was set at 0.5 for a streamlined shape, length is
TL, and thickness was calculated as Gz '. A/~ the
cross-sectional area of the fish was calculated as:
0.25G°7"and A; was the cross-sectional area of the
swimming chamber calculated as mr* where the radius (r)
was 152 mm, and a fractional area exponent (4,,,) of 1.5.

The MBT blocking-effect equation was fit to the data
using a nonlinear regression method and an iterative
Levenberg-Marquart least squares algorithm (Proc NLIN, v.
8.0, SAS Institute Inc., Cary, NC) to estimate the A shape
coefficient and the fractional area exponent (A4.,,), rather
than using fixed values. All other parameters in the MBT
model were calculated in the same manner as the BT model.

A third model, based on the Bernoulli principle, was
applied to the data as:

Ve=(4V,)/ (4, - 4,) 3)

where all parameters were defined as in Equations 1 and 2
above.

All three models were assessed for goodness of fit to the
data by comparison of adjusted coefficients of determination
(adjusted-R’ (R’adj)) values [21] and examination of the
model residual plots.

2.4. Precision of Oxygen Consumption Measurements

To assess the measurement of oxygen consumption as a
function of water velocity in the respirometer, three gag
ranging in size from 1.6 - 3.1 kg (2.345 + 0.424 kg) and 512 -
625 mm TL (577 £ 59 mm ) were used in swimming trials.
These fish were held at their capture temperature, 30°C until
volitional feeding resumed, typically within 3 - 4 days. All
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fish were fasted 36 to 48 h before testing to ensure that any
previous meal was evacuated from their gut tract and fish
were in a standard state (Brett, 1995). On initiation of each
swimming trial, the oxygen electrode (Microelectrodes USA)
was calibrated in a 250 ml beaker. Zero calibration of the
oxygen electrode was performed using filtered seawater
purged for 10 min with nitrogen via an aquarium bubble
stone diffuser, and verification that the probe voltage reading
was very close to zero. Filtered seawater that was aerated
vigorously with an air pump and an aquarium bubble stone
for 10 min was considered to be 100% saturated. Calibration
temperature was maintained within + 0.1°C of the
respirometer temperature by a temperature-controlled water
bath. Dissolved oxygen (DO) saturation values were
calculated with DO saturation equations for seawater based
on salinity, temperature, and barometric pressure (Benson
and Krause, 1984). The oxygen electrode was connected to
an A/D interface (Strathkelvin 928, Glasgow, UK) and
computer for data logging. Temperature was monitored with
a thermocouple and meter (Physitemp BAT-12, Clifton, NJ).

Changes in dissolved oxygen concentration were recorded
for each gag in swimming trials for six successive 30-min
periods of 10, 20, 35, 50, 65 and 80 cm s'. A 20-min rest
period of 12 to 15 cm s™ was given between speeds > 20 cm
s' to allow the respirometer to be replenished to >95%
saturation. The oxygen electrode was recalibrated at each
rest period. Water velocity was measured every 10 s during
the first ~5 min of each speed trial and rechecked at the end
of each trial to ensure that the speed had been maintained.
When DO approached 80% saturation, DO measurement
was concluded; however, the fish continued to complete the
swim period with the respirometer valves opened to
standardize swimming time at each speed. Each swimming
trial was concluded when 30 min of swimming was
completed at each speed or the fish was no longer able to
swim against the water current (i.e., fish positioned itself on
the back grid of the swimming section).

Oxygen consumption rate (VO,) in mg O, h”' was
calculated at each water velocity by linear regression from a
timed portion of the swimming trial where the fish was
swimming in a consistent manner for 15 min. Biological
oxygen demand (BOD) was measured immediately after the
fish was removed from the respirometer. The BOD rate was
subtracted from the calculated oxygen consumption rate, for
each speed. The respirometer and the reservoir were drained
and cleaned with a 5% solution of bleach (NaOCI) and
neutralized with sodium thiosulfate (NaHSO,) following
each series of swim trials.

To calculate oxygen consumption rate in relation to body
mass, gag were anesthetized with seawater-buffered MS-222
(Argent Laboratories, Redmond, WA) at a concentration of
50 mg™" after the swimming trials and measured for weight
and TL. Oxygen consumption data was scaled by dividing by
weight. Swimming speed in cm s™' was scaled to body length
(BL) s by dividing by fish individual TL measurements.
Data of oxygen consumption (mgO,kg™) as a function of
swimming speed (TL s') were then fit with separate
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exponential functions.

As a test of the repeatability of oxygen consumption
measures on gag, three fish were tested twice, after an
intervening per of 4 d. Fish were fed at least once during this
period before retesting and were treated in the same fashion
as the first swimming trial. Individual fish data for two
different days were plotted together on a chart and each day
was fit with an exponential regression line.

3. Results

3.1. Respirometer Performance

Video of the flow characteristics of the empty flume with
streamers attached to the front grid revealed rectilinear and
slightly turbulent flow, as recommended by Brett [3]. Empty,
the respirometer could achieve velocities ranging from 0 cm
s'to 110 cm s™'. Gag readily swam in the respirometer after
an overnight acclimation period. Swimming behavior ranged
from positive rheotaxis at 10 cm s to steady swimming at
the highest speeds. The addition of a black plastic mesh as a

100
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positioning reference greatly improved the consistency of
positioning of the fish in the swimming chamber. Gag
invariably adjusted their location in the swimming chamber
so that the head was obscured within the region of the band
of mesh. Temperature control for all experimental trials was
maintained within + 0.3°C of the starting value via the
solenoid-regulated heat-exchanger coil.

3.2. Respirometer Calibration

When fish were not present in the swimming chamber,
there were no observed differences between measured flow
rates at the forward and rear probes (Paired T-test: t=-1.3,
P=0.19). The proportion of the cross-sectional area of the
swimming chamber (A0/AT) blocked by gag ranged from 6
to 16 %. The two smallest fish (376 and 471 mm TL)
occupied 6% and 8% of the -cross-sectional area,
respectively, and revealed no trends in SBE with water
velocity changes from 10 to 80 cm s-1 (Fig. 2). These fish
were therefore excluded from further analysis and
corrections for SBE.

60 80 100

Front probe velocity (cmes™)

Figure 2. Comparison of flow velocity measured at the area of maximum girth (front probe) vs. the rear center (rear probe) for fish blocking 6% (+) and 8%
(-) of the chamber cross-sectional area, relative to fish blocking >10% (O) of the chamber area. Solid line represents a 1:1 relationship.



198 Empirical Modelling of Solid-blocking Effect in a Blazka Respirometer for Gag, a Large Demersal Reef Fish

The effect of temperature on measured front and rear flow meter water velocities with fish present were not significantly
different (ANCOVA: slopes F' = 0.17, P = 0.68; elevations F' = 2.00, P = 0.16). Therefore, the three blocking models were
applied using the pooled data from both test temperatures, Figs. 3A-C.
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Figure 3. Comparison of flow velocity measured at the area of maximum girth (front probe) vs. rear probe velocity corrected using the solid-blocking model of (A)
standard Bell and Terhune (1970), (B) a modified Bell & Terhune model developed in this study that incorporated nonlinear regression derived coefficients, and (C) the
Bernoulli equation. Solid line represents a 1:1 relationship
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Water velocities measured at the forward flow meter were
higher than at the rear for all gag occupying >10% of the
cross-sectional area of the swimming chamber (Fig. 2) and
ranged from | cm s greater at 10 cm s™! water velocity for a
gag blocking 11% of the cross-sectional area of the flume to
16 cm s™ greater for a gag blocking 16% of the swimming
chamber at a water velocity of 80 cm s™.

All three blocking-effect models improved the fit of the
front to rear speed measurements compared to a simple
linear regression model, based on the residual sum of squares
(RSS) (RSS = 5137 for the linear model versus <882 for the
blocking-effect models). The Bell and Terhune (BT) model,
with a A-body shape coefficient of 0.5 and surface area
exponent (A.y,) of 1.5, consistently underestimated the water
velocity (RSS = 882, R «aj = 0.980) (Figs. 3A, 4).

The greatest observed bias for all models occurred at 35
cm s where mean residual error for the BT model was -4.7
em s (-13.5% difference), The Modified Bell and Terhune
(MBT) model, based on an iterated fit of coefficients for
A-body shape coefficient 0.5 and 4., of 1.27, best fit the data
(RSS =317, Rzadj = 0.993) and showed the least bias (Fig.
3B), with maximum residual error occurring between 20 and
40 cm s (Fig. 4). A maximum observed residual for the
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MBT model was 2.4 cm s™' (-7% difference). Similarly, the
Bernoulli model also showed a good fit to the data (R’ ,; =
0.993) (Fig. 3C), with only slightly higher RSS (358). The
maximum residual error based on the Bernoulli model was
greatest at rear flow speeds between 20 and 50 cm s with a
maximum observed residual difference of -3.0 cm s (-9%
difference) (Fig. 4).

Based on the overall model fit with reduced RSS and
mean % error, the MBT model blocking error term was
selected to correct rear water velocity measurements due to
blocking effect as:

-1 2_-1 Aoy
-y 11+ O.S*ZTL[E} [Mj

corrected - rear

T T

“4)
where: V., receq = predicted swimming speed of the fish in the
swimming chamber and V,,,, = the measured water velocity
at the rear of the swimming chamber. The resulting A shape

coefficient was 0.5 and the fractional area exponent (4.,)
was 1.27.
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Figure 4. Residual error plots of observed flow velocity at the front probe versus uncorrected rear probe velocity (*), and rear probe velocity corrected with
three solid-blocking models tested including the Bell & Terhune (*), a modified Bell & Terhune incorporating nonlinear regression derived coefficients (M),

and the Bernoulli equation (O).
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3.3. Oxygen Consumption and Repeatability

Dissolved oxygen decreased linearly at any given velocity and decreased with time relative to blank controls (where fish
were not present in the respirometer). Similarly, V 0,, the mass-scaled rate of oxygen consumption (mgOzkg'lh'l) of three
individual gag of a range of sizes (1.5, 2.4 and 3.1 kg) increased as a function of swimming speed (cm s) at 30°C and were
best fitted by exponential regressions (Fig. 5A-C) (all Rzadj >0.95).
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Figure 5. Mass-specific rate of oxygen consumption (mgO2 kg™ h™) for repeated measures at swimming speed (cm s™) for different sizes of gag grouper (a,
b and c correspond to 1.5, 2.4, and 3.1 kg fish, respectively). Initial swimming trials are given by the solid line and circle whereas the repeated trials after a
minimum of 4 days are given by the dashed line and open circle.

All sizes of gag tested followed a similar trend with maximum rate of oxygen consumption observed between 78 and 98 cm
s, Repeated measurements after a rest of at least 4 d showed repeatable trends in oxygen consumption at swimming speeds
(Fig. 5A-C). The difference in oxygen consumption for repeated swimming trials with the same fish increased at higher
speeds but, in general, the differences were small. Mean difference in scaled oxygen consumption over a range of corrected
velocities of 10 cm s to 98 cm s was 7.2 + 1.5%. The exponential models for oxygen consumption as a function of
swimming speed showed similar trends between repeated trials for each fish.
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4. Discussion

While studies have commonly utilized the corrections for
solid blocking published by Bell and Terhune [4] in both
Brett and Blazka-style respirometers, [e.g., 9,10,22,23], to
the authors’ knowledge, this is the first study to empirically
measure and model the effect of solid blocking in a Blazka
respirometer. The employment of two flow meters,
simultaneously at the front and rear positions, facilitated the
development of a more predictive model for the correction of
flow velocity encountered by gag during swimming trials.
The inconsistent and small changes in measured water
velocity for fish that occupy <10% of the swimming
chamber’s cross-sectional area verifies the common practice
used in Brett-style respirometers of excluding those size
classes from corrections for the SBE [4] for the Blazka-style
respirometer.

While the application of the Bell and Terhune model [4]
with standard coefficients provided an improved fit to the
data as compared to linear regression, it resulted in a
consistent underestimation. It is possible that this may be a
result of this correction being formulated for use with a
Brett-style respirometer. However, from the standpoint of
practicality, the simple Bernoulli model provided an
improved fit and could be used in cases where flow speed is
only measured at the rear center of the swimming chamber.
Overall, however, the Modified Bell and Terhune model
developed in the present study from iterated estimates for A
and 4., provided the best fit to the data. Values of the
A-shape coefficient reported in the literature range from
0.50-0.53 [4,8,10,24]. The A-shape coefficient in this study
was 0.5, confirming its use for the fusiform body shape of the
grouper species used in this study. The area coefficient
exponent (4.,,) value of 1.27 estimated in this study was
lower than the value of 1.5 suggested by Bell and Terhune
(1970) and used universally in other studies [7,8,10]. This
lower value could result from parameters unaccounted for in
the standard Bell and Terhune model, such as changes in
inertial drag due to the swimming motion of the fish with
corresponding changes in flow velocity, relative to an empty
flume.

How these models perform when correcting for the
blocking effect in fishes of other shapes, such as anguilliform,
highly compressed, globiform, etc., remains to be studied.
Regardless, with the increasing availability of accurate
electronic flow meters, it is now possible to quickly and
easily verify and calibrate the blocking effect for each new
respirometer design constructed and species tested.

While the forward-positioned flow meter facilitated the
accurate measurement of water speeds at the area of
maximum girth and the development of a corrective model to
better predict the actual swimming speed of the fish, the
continuous use of the forward positioned flow meter at the
area of maximum girth during tests of maximum swimming
speed is not advised. At maximum swimming speeds during
labored or burst swimming, the fish could collide with the
flow meter; we therefore recommend using a rear-centered
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flowmeter with corrective equations as the best alternative.

In addition to quantifying the SBE of the Blazka-style
respirometer, the present study also verified the use of the
respirometer in measuring oxygen consumption of actively
swimming gag. The repeatability of results from individual
fish and the similarity of trends among fish of different sizes
lent validity to the use of this respirometer in swimming
energetics of gag and potential application to other relatively
large, demersal reef fishes.

The large-sized Blazka-style respirometer developed in
this study was capable of measuring oxygen consumption
over a wide range of grouper sizes and flow rates. This
design, while sufficient for demersal fish like gag, may not
be the best choice of design for fusiform pelagic fish such as
tunas and mackerels, which can maintain higher speeds than
the respirometer in the current study could achieve. These
pelagic fishes also have higher metabolic rates that would
rapidly deplete the oxygen levels of the smaller volume
apparatus [25]. Nevertheless, the use of a high thrust trolling
motor was novel, economical, and enabled swimming speeds
sufficient to exhaust many gag tested in a 30 min trial at
30°C and with speeds comparable to other studies [3,6].
Although the maximum water speed for the respirometer
(110 cm s') was reduced relative to many Brett-style
respirometers, this did not impose functional limitations
because gag were not capable of swimming in a sustained
manner above 80 cm s for the duration required in the
experimental trials. In light of this, the Blazka-style
respirometer used for gag would most likely also be of use
with various other demersal fishes such as snappers
(Lutjanidae), drums (Sciaenidae) and Porgies (Sparidae).
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List of Symbols and Abbreviations

VF is the water velocity at the position of the fish’s
maximum girth, VR is the water velocity at the rear of
swimming chamber, AT is the cross-sectional area of the
swimming chamber calculated as ar2 where the radius () is
152.5 mm, AO is the cross sectional area of the fish
calculated as 0.25(Girth)2n-1, G = maximum girth, TL=
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maximum total length, €S is the error due to solid blocking,
T is a dimensionless factor for tunnel cross-sectional shape
defined as 0.8, A is a factor for the shape of the fish defined
as: shape coefficient (length/thickness). Ay, is the fractional
area exponent. BT is the standard Bell and Terhune (1970)
model, MBT is the modified Bell and Terhune model with
iterated coefficients for Ay, and shape coefficient developed
in this study.
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