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Experimental biologists now routinely quantify maximum metabolic rate (MMR) in fishes using respirometry, often with
the goal of calculating aerobic scope and answering important ecological and evolutionary questions. Methods used for
estimating MMR vary considerably, with the two most common methods being (i) the ‘chase method; where fish are manually
chased to exhaustion and immediately sealed into a respirometer for post-exercise measurement of oxygen consumption
rate (Moy), and (ii) the ‘swim tunnel method, whereby Mo is measured while the fish swims at high speed in a swim tunnel
respirometer. In this study, we compared estimates for MMR made using a 3-min exhaustive chase (followed by measurement
of Mo, in a static respirometer) versus those made via maximal swimming in a swim tunnel respirometer. We made a total
of 134 estimates of MMR using the two methods with juveniles of two salmonids (Atlantic salmon Salmo salar and Chinook
salmon Oncorhynchus tshawytscha) across a 6°C temperature range. We found that the chase method underestimated ‘true’
MMR (based on the swim tunnel method) by ca. 20% in these species. The gap in MMR estimates between the two methods
was not significantly affected by temperature (range of ca. 15-21°C) nor was it affected by body mass (overall range of 53.5—
236 g). Our data support some previous studies that have suggested the use of a swim tunnel respirometer generates markedly
higher estimates of MMR than does the chase method, at least for species in which a swim tunnel respirometer is viable (e.g.
‘athletic’ ram ventilating fishes). We recommend that the chase method could be used as a ‘proxy’ (i.e. with a correction factor)
for MMR in future studies if supported by a species-specific calibration with a relevant range of temperatures, body sizes or
other covariates of interest.
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Introduction in life history, behaviour and responses to global changes

(e.g. Myles-Gonzalez et al. 2015; Speers-Roesch et al. 2018;
The use of respirometry to estimate metabolic rate in fishes Montgomery et al. 2019). Amidst debate about its ecologi-
has recently grown in popularity, with researchers interested cal relevance (Farrell 2016; Jutfelt et al. 2018), researchers
in relating metabolic rate to intra- and inter-specific variation continue to use aerobic scope (AS) to quantify thermal niche
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in ectotherms in the context of the threat posed by climate
change. AS is the capacity of an animal to supply oxygen to
tissues in excess of the supply required to maintain home-
ostasis while at rest, calculated as the difference between
standard metabolic rate (SMR, the minimum or ‘resting’
rate of oxygen consumption) and maximum metabolic rate
(MMR, measured as the maximum mass-specific rate of
oxygen consumption, Mg, ). All animals require some AS to
enable critical activities like locomotion, digestion, growth
and reproduction (Fry 1947; Farrell 2016).

A critical challenge in quantifying AS in fishes is to accu-
rately estimate MMR. The challenges in estimating MMR in
fishes contrast with estimating SMR, which can be achieved
with static intermittent-flow respirometers and best practices
that are well established and applicable to most fishes (Clark
et al. 2013; Chabot et al. 2016). The use of a swim tunnel
respirometer, an apparatus pioneered more than 50 years ago
(Brett 1964), is considered the ‘gold standard’ for measuring
MMR in fishes. However, not all fishes will swim volition-
ally in a swim tunnel for long enough periods to measure
Moy (Norin and Clark 2016). Another hurdle is that swim
tunnels are relatively expensive to purchase or build and
time-consuming to operate—a trial for a single fish can take
hours (Hvas and Oppedal 2019). In contrast, it is relatively
straightforward to manually ‘chase’ a fish to exhaustion (e.g.
for 3 min) and then transfer it into a static respirometry
chamber for immediate post-chase measurement of Mg . The
chase method allows for high throughput; a single researcher
can, in practice, generate many estimates of MMR in a short
period of time (e.g. using several static respirometers operat-
ing in parallel, Norin et al. 2016). However, the chase method
assumes the fish reaches MMR during brief exhaustive exer-
cise and remains there for some period thereafter, because
post-exercise is when Mo is measured with this approach
(but see Zhang et al. 2020). That assumption implies that,
once transferred to the respirometer, the fish uses its full
capacity for oxygen delivery to tissues (i.e. MMR) to repay
its oxygen debt and to stave off potentially lethal intracellular
acidosis (Wood et al. 1983).

There are a handful of published studies that have focused
on directly comparing methods for estimating MMR (Roche
et al. 2013; Rummer et al. 2016; Hvas and Oppedal 2019;
Little et al. 2020; Zhang ef al. 2020). Understanding the
differences between the chase and swim tunnel methods may
be useful in interpreting the many papers that have already
made claims about the MMR and AS of their fish and in
helping direct future research. In this study, we used 2-year-old
juveniles of two salmonids (Atlantic salmon Salmo salar and
Chinook salmon Oncorbynchus tshawytscha) across a 6° C
range of temperatures (ca. 15-21° C) to assess the difference
in MMR estimates with a swim tunnel respirometer versus
estimating MMR in a static respirometer immediately after
an exhaustive chase protocol (hereafter, the ‘chase method’).

Salmon were good models for this work because they are
well suited to swim tunnel respirometers and are ram venti-
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lators (Steffensen 1985). We hypothesized that the swim tun-
nel respirometer would allow fish to achieve higher oxygen
uptake (i.e. their ‘true’ MMR; in line with the findings of Hvas
and Oppedal 2019; Roche et al. 2013; Rummer et al. 2016)
thanks to ram ventilation (Clark ez al. 2013), which stops
the moment the fish is transferred to a static respirometer
because of the cessation of directed flow through the mouth
and across the gills. Alternatively, higher oxygen uptake in the
swim tunnel respirometer could be driven partly or entirely
by higher tissue O, demand rather than a higher capacity
to supply Oy. We were also interested in assessing whether
any differences in MMR estimates between the two methods
were consistent across species, temperatures and body sizes.
Our results are relevant to studies that measure MMR and AS
in fishes with the goal of making ecological or evolutionary
inferences relevant to conservation (e.g. Eliason et al. 2011;
Kelly ez al. 2014).

Materials and methods

All experimental procedures were approved by the Univer-
sity of Windsor Animal Care Committee following guidance
set by the Canadian Council on Animal Care (U. Windsor
AUPP #17-07 and #19-08). Gametes were collected from
Chinook salmon spawning in the Credit River, ON, Canada
(43.5813°N, 79.7085°W), in October of 2015 and trans-
ported ca. 340 km by road to the Freshwater Restoration
Ecology Centre (FREC) in LaSalle, ON, Canada (42.2360°N,
83.1047°W). At FREC, 24 families of fertilized eggs were
then created (24 females and 24 males). The fertilized eggs
were incubated in recirculating vertical stack incubators using
dechlorinated municipal water that was continuously aer-
ated, filtered and kept at 10°C using thermostat-controlled
chillers. Replicate groups of each family were housed sep-
arately within the incubators and during early post-hatch
rearing (at the fry stage, full yolk sack absorption) transferred
to 35-L tanks. Once fish grew to ca. 2 g body mass they
were transferred to 850-L tanks where all families were mixed
together (temperatures ranging between 10°C and 16°C due
to seasonal fluctuations). The rearing tanks were connected
to a recirculation system using dechlorinated municipal water
that was continuously aerated and filtered and whose tem-
perature was regulated with a thermostat-controlled chiller.
Fish were fed using commercial aquaculture pellets (ca. 1%
body weight per day). Of the Chinook salmon reared in
FREC, 40 were used in this experiment [mean: 92.5 g, range:
53.5-166 g; mean: 20.3 cm fork length (FL), range: 17.5-
24.2 cm] between 25 September 2017 and 23 October 2017.
Of these, fish were split between two rearing tanks (7 =20 per
temperature) each set to a different temperature (temperature
range of 15-17°C or 20-21°C) beginning three days before
the experiment began.

Atlantic salmon were reared in the same way and in the
same facility as were the Chinook salmon (described above),
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from 2017 to 2019, and experiments occurred between 11
May 2019 and 2 August 2019 (mean: 141.3 g, range: 78-
236 g; mean: 21.1 cm FL, range: 17.4-25.3 cm). One differ-
ence from the Chinook salmon was that the Atlantic salmon
gametes came from hatchery rather than wild fish. Among
the fish we used in 2019 were an additional seven Chinook
salmon (41-195 g, 16.9-23.9 ¢cm FL) of the same age as the
Atlantic salmon (2 years), which allowed us to add to our data
on Chinook salmon collected two years prior. All fish for the
2019 experiment (Atlantic salmon) were injected with a pas-
sive integrated transponder (PIT tags were 0.032 g, 8.4 mm
long, mini HPTS8 tags; www.biomark.com) at the start of the
experiment so that individuals could be identified over time
without impacting their growth or metabolism (Reemeyer
et al. 2019). PIT tags were injected into the body cavity
using an N165 needle after fish were mildly anaesthetized
via immersion (for 2-3 min) in a 75 mg L™! bath of tri-
caine methanesulfonate (MS-222, buffered with 150 mg L™*
sodium bicarbonate). Following PIT tagging, fish were held in
a tank (same 850-L tanks as described above) set at 15-16°C
from 7 May 2019 to 3 July 2019 and moved to a second
tank on 3 July 2019 set to 18-20°C, where they remained
through 2 August 2019 when data collection finished for
this study.

The same swim tunnel respirometer (hereafter, ‘swim tunnel’;
Loligo Systems, Viborg, Denmark; www.loligosystems.com) was
used throughout the study as a means of estimating MMR.
The swim tunnel had an effective volume of 28.85 L and
an impeller connected to a control box that allowed us to
modulate the speed of the water against which the fish had
to swim in the 46 cm long x 14 cm deep x 14 cm wide
working section. Dissolved oxygen (DO) was recorded inside
the swim tunnel with an optical oxygen sensor (PreSens,
Regensburg, German) connected via a fibre optic cable to a
WITROX 1 oxygen meter (Loligo Systems, Viborg, Denmark;
www.loligosystems.com). Oxygen was recorded at 1 hz in mg
L~! and the sensor was re-calibrated (100% air saturation
one-point) before each trial. Temperature inside the swim
tunnel was also recorded via the WITROX 1 system, which
used that temperature value to automatically adjust recorded
oxygen values in real time. A ‘flush line’ continuously flushed
the swim tunnel with water from an adjacent tank con-
taining the static respirometers (see below), which in turn
was aerated and continuously exchanging water with the
fish’s home tank (same temperature). Leak tests were done
to confirm that the swim tunnel was perfectly sealed (no
oxygen exchange with the surrounding water bath) when the
flush line was closed (i.e. to enable measurement of Mq;,
see below).

The swim tunnel protocol began with the fish being sealed
into the swim tunnel, with the flush line open, and given a

Toolbox

minimum of 5 min to recover (at ca. 0.4 FLs s7') before a
practice swim began (following Lee ez al. 2003). The practice
swim involved ramping the water speed up to ca. 1.75-2.00
FL s™' over the first ca. 5 min and letting the fish continue at
that speed until a total of 15 min was reached. The fish then
was left to recover at ca. 0.4 FL s™! for 45 min (Lee ez al. 2003)
before we carried out a Upax (maximum swimming speed)
swim protocol. The protocol was designed to elicit MMR
(following Clark ez al. 2011, Raby et al. 2016) in a relatively
short amount of time as compared with a traditional U,
(critical swimming speed) protocol, which involves increasing
the swimming speed more gradually (ca. 2.5 h total time
per fish with our protocol vs. ca. 4-6 h if we had used a
Ugie protocol). Our Upax method began by increasing the
water speed every 1-2 min until the fish began exhibiting
intermittent burst-and-glide swimming behaviour, or until the
fish began to struggle to continue swimming, with frequent
bouts of ‘resting’ against the grid at the downstream end
of the working section. To discourage fish from resting, a
bright light shone on the downstream end of the working
section and the upstream part of the working section was
covered in dark plastic. In addition, the metal grid at the
downstream end of the working section was occasionally
electrified (switched on for 1 s) with ca. 8 V to motivate
the fish to swim. Once the fish appeared to be swimming
at close to maximum capacity and was able to sustain that
speed for >2 min, the swim tunnel was sealed by closing
a valve on the flush line, allowing measurement of Mo) to
begin. At that point, the water speed was further increased
(typically by a further 0.5-1.0 FL s7!) and then modulated
as needed to encourage the fish to swim as fast as possible
without having to rest on the grid at the downstream end
of the working section. The tunnel was typically sealed for
ca. 15-30 min during the Up,x swim depending primarily on
the size of the fish: smaller fish used less oxygen, requiring a
longer period to establish a sufficient decline in DO. After the
measurement period was complete, the fish was removed from
the tunnel and weighed (nearest 0.5 g) and measured (FL,
nearest mm). Fish were then transferred back to their home
tank, used for static respirometry or sacrificed for dissection
for a separate study. With the flush line back open, DO was
then allowed to return to 100% air saturation. Once DO
and temperature re-stabilized, the chamber was re-sealed to
measure background respiration with the water speed set to
ca. 55-60 cm s (the speed at which the Mo, measurement
typically began).

Swimming speed from the trial is reported here as the max-
imum speed (Umax, in FL s7') the fish was able to maintain for
>2 min during the Mo, measurement period. Water speeds (in
cm s~ ') were calibrated against impeller motor settings using
a handheld digital flow meter with a vane wheel (flowtherm
NT, hontzsch flow measuring technology; Waiblingen, Ger-
many; https://www.hoentzsch.com/en/). Swimming speeds were
not corrected for the solid blocking effect of the fish because
the fish took up <10% of the cross-sectional area of the
working section (Jones et al. 1974).
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We attempted to elicit MMR by manually chasing fish and
then sealing them into a static respirometer. Qur protocol
involved chasing fish for three min around a 1-m diame-
ter circular tank filled to a depth of ca. 20 cm with the
fish’s acclimation water (matching temperature). Fish were
vigorously encouraged to swim by repeatedly startling the
fish (with bare hands), splashing around the fish’s tail and
occasionally tapping or gently grabbing the fish. After the
chase ended, fish were transferred into respirometers to begin
measuring Mgos. A range of times are typically used for
exhaustive chase protocols; we used 3 min because we found
that it was sufficient to ensure fish became exhausted (stopped
responding to contact) and it has been a commonly used
duration in previous studies (Clark ez al. 2012; Hvas and
Oppedal 2019; Little ez al. 2020). Eliciting MMR in this
way is sometimes followed by 1-2 min of air exposure prior
to sealing the fish into the respirometer (Clark ez al. 2012;
Roche et al. 2013). In our case, the fish was exposed to air
for ca. 10 s during transfer to the respirometer. We avoided a
longer air exposure because it could cause lamellae to partially
collapse (Cook ez al. 2015) and thereby reduce oxygen uptake
capacity in the short term, reducing Mo, . For example, Clark
et al. (2012) used 3 min chase +1 min air and their fish
did not reach M2 mayx until 3-6 hours after entry into the
respirometer.

In 2017 (Chinook salmon), we used four static respirom-
eters that were custom-built using clear polycarbonate. The
respirometers were 42 cm long x 20.2 cm wide x 19 cm deep
inside but four water-sealed (non-porous) blocks were used
in each to reduce the volume to a total of 12.26 L to better
match the size of the fish (body mass: mean, 95.1 g; range,
53.5-166 g). An external recirculation loop with an inline
pump ensured the chamber remained well mixed. An optical
oxygen sensor (OXROB10, PyroScience, Aachen, Germany)
was inserted into the recirculation loop of each chamber and
connected to a four-channel Firesting O, system (PyroScience,
Aachen, Germany). A temperature sensor was inserted into
one of the four chambers via its standpipe and connected
to the Firesting O, unit, allowing the software to adjust
DO (recorded in mg L~' at 0.2 Hz) for small changes in
water temperature. Each probe was re-calibrated to 100%
air saturation before each trial. A single pump flushed water
from the surrounding 241 c¢cm long x 91 cm wide x 31 cm
deep water bath into all four chambers (water bath continu-
ously recirculating water with the home tank of the fish, i.e.
matching acclimation temperatures). In addition, there was
a valve in the flush line connected to each chamber, such
that the chamber could be sealed immediately upon the fish
being inserted into the chamber (after the 3 min chase). The
lid that opened at the top of each chamber, allowing us to
insert/remove fish for these chambers, used 10 bolts, tightened
with wingnuts, to seal the O-ring between the lid and chamber.
The median time elapsed between the end of the exhaustive
chase and the sealing of the fish in the chamber to begin Mg
measurement was 1 min 33 s (range of 1 min 13 s-2 min
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52 s) for these four respirometers. For the post-chase MMR
measurement, once DO had declined in a chamber to ca.
75-85% air saturation, generating a linear decline in DO,
the flush line valve was manually re-opened. For some fish
in 2017, we estimated MMR using both the swim tunnel
and chase methods (N = 16; swim tunnel used prior to chase
method in 9 of 16 cases, median time gap of 23.8 h between
the two measurements; range, 16.1-51.3 h), but additional
animals were used to generate an estimate of MMR using
only the chase method (N =20) or using only the swim tunnel
(N=4).

In the 2019 experiments (primarily with Atlantic salmon),
we used eight 5.66-L respirometers, custom-built using
polypropylene food containers (37.5 x 14.7 x 12.7 cm), made
with a water-tight, snap-on lid that allowed the chamber to be
quickly sealed once the fish was inside. For these chambers,
the median time from the end of the chase to the sealing of the
chamber was 39 s (17 s—1 min 24 s), slightly quicker than for
the larger chambers used in 2017 (see above). Other elements
of these smaller chambers, and the overall protocol, were the
same as the larger chambers used in 2017 (see above). In the
second part of the 2019 experiments (the higher temperature
treatment), we used seven of the 5.66-L respirometers and
one of the larger respirometers from 2017 to accommodate
the largest individuals (effective volume of 13.4 L). In both
2017 and 2019, multiple tests confirmed that oxygen was
unable to leak into the chambers when the flush pump was
off for Mo, measurements. All fish were weighed (nearest
0.5 g) after their respirometry trial was complete and were
typically then returned to their home tank (some fish were
immediately transferred to the swim tunnel respirometer). In
2019, we made 19 paired estimates on Atlantic salmon (chase
and swim tunnel methods on the same fish, plus one Chinook
salmon), 38 additional estimates using only the chase method
(plus six for Chinook salmon) and one additional tunnel-
only estimate. For the 19 paired Atlantic salmon estimates,
the swim tunnel method was used before the chase method
in 8 of 19 cases (the reverse for the remaining cases), and the
median time gap between measurements was 71.3 h (range,
2.6 h—16 days).

Data were brought into RStudio (v. 1.1.383; RStudio Team
2016) for inspection and analyses (R v. 3.4.2; Team 2017).
The start and end of the sealed period (the Mo, measurement)
during Umax swimming (swim tunnel method), or imme-
diately following exhaustive exercise (chase method) was
marked for analysis for each fish with the ‘locator’ function in
R. The marked segment of data (a negative slope with DO on
the y-axis with time in s on the x-axis) was used for estimation
of MMR. We then fit many overlapping regressions to the
DO data that began and ended at successive 5 s increments,
starting from the beginning of the sealed period. We repeated
those steps using regressions that were 2, 3,4, 5, 6 and 7 min
in length (as applicable, i.e. some Mo, measurement periods
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were <7 min). We also ran a linear regression on the entire
Mo, measurement period, which we confined to a maximum
of the first 8 min for the static respirometry trials. The reason
for this latter step with static respirometry data was that we
a priori expected Moy to decline with time elapsed since the
end of the exhaustive chase (and some Mo, measurements
were >8 min for the fish tested in the larger respirometers).
Indeed, this expectation is why researchers typically try to seal
their fish into respirometers as quickly as possible following
exhaustive exercise and often report the time required to do
so (as we have done here, and see Hvas and Oppedal 2019;
Little et al. 2020; Norin et al. 2016).

To estimate MMR (in mg O kg™' min™') we used the
steepest slope of any linear regression with an R* of >0.95
(of any length, i.e. 2 min, 3 min, etc.). In total, this meant
that 134 estimates of MMR (across species and protocols)
were derived from 27439 linear regressions on the static
respirometry data and 55 433 regressions on the swim tunnel
data (note: the swim tunnel measurement periods generally
needed to be much longer because of the higher water volume
compared to the static respirometry chambers, allowing for a
greater number of linear regressions to be run on those data).
For comparison, we also used the slope of the linear regression
of the entire sealed measurement cycle (but only up to the first
8 min for static respirometry, see above) to calculate more
conservative MMR estimates. MMR was calculated (as Mq;)
using the following formula:

Mo, = (VRE x Mb—l) x (AOzt_l x 60),

where Vgg is the effective respirometer volume (in L,
after removing the volume of the fish), My is the body
mass of the fish (kg) and AO; t7! is the rate (in mg Oy
s7") of decline of DO (i.e. the slope of the regression)
after removing the corresponding value for background
respiration. Background Mo, was measured after the fish
was removed from the chamber. The background respiration
value was based on the slope of the best fit regression of
the entire background measurement, which typically was
based on a ca. 10-20-min-long background measurement
(without a fish) for static respirometers (matching to the
exact chamber) and ca. 20 min for swim tunnel respirometry
trials. For static respirometry, median background respiration
was 1.2% of fish MMR (range: 0.03%-16.1%, calculated
as 100 x [Mo2 background/Mo2 fish]; median: 0.11 mg O,
kg™' min~', range: 0.004-0.76 mg O, kg™' min~' with fish
body mass standardized to the species mean). For the swim
tunnel, MOZ,background was a median of 4.3% of Mo fih
(range: 1.1%-9.9%; median of 0.54 mg O, kg™' min™*
with fish body mass standardized, range: 0.04-1.20 O,
kg™ min™").

Data files associated with this manuscript can be viewed
on figshare (DOI: https://doi.org/10.6084/m9.figshare.11342435.
vl).

Toolbox

We were primarily interested in the effect of estimation
method (swim tunnel vs. chase) on MMR but also interactions
with temperature (mean temperature in °C during the Mo)
measurement) and body mass (g). We built separate linear
mixed effects models for each of the species (fish ID as
a random effect, R package ‘nlme’; Pinheiro et al. 2017)
using backwards model selection, beginning with all one-way
interactions (body mass, temperature, estimation method),
and sequentially removing the least significant model terms
(keeping any with P < 0.05) using the ‘drop1’ function in R
(i.e. nested model comparisons using likelihood ratio tests).
Among the swim tunnel fish, we also fit a linear model with
water temperature, species, and Unay as fixed effects to assess
whether among-individual (or between-species) differences in
swimming performance were associated with MMR. We used
F-tests to compare variances among groups and incorporated
variance structures into models where necessary (i.e. to meet
model assumptions).

For estimates of MMR made using static respirometry, we
were interested in assessing whether time elapsed since the
end of the chase was an important factor. To do so, we first
used a linear model to assess whether the time gap between
the steepest decline in DO [i.e. the regression with the steepest
slope (R* > 0.95) used to calculate MMR] and the end of the
exhaustive chase was predictive of the magnitude of MMR
(species and time gap, in s, as fixed effects). This allowed
us to test the prediction that, across individuals, the highest
Mo values would tend to occur relatively close in time to
when the chase ended. To further test that prediction, we
used a generalized additive mixed model (GAMM; function
‘gamm’ in package ‘mgcv’, Wood 2011) to assess the effect
of time since the end of the chase on all Mg estimates from
the many linear regressions that were run (i.e. not only the
one that was assigned the label of ‘MMR’). We predicted
that Mo, would decline with time elapsed since the start
of the Mo, measurement, especially after the first 2-3 min
(additive models allow for non-linear effects of time). To do
so, we calculated Mg from every 2 min linear regression (run
sequentially on the data in 5 s time steps, described above). We
focused this analysis on the 2019 static respirometry data with
the smaller respirometers because DO was being recorded in
2019 at a higher frequency (every 2 s rather than every 5 s),
allowing high R? values across most of the 2 min regressions
(we kept all Mo, values with slopes of R>>0.85 for this
analysis; N =2463 of 2498 overall). The GAMM involved a
time smoother (in seconds), a random effect of fish ID, and a
temporal autocorrelation structure (‘corARMA’). Additional
steps we took to assess the effect of time elapsed post-exercise
on MMR are detailed in the Supplementary Information.

Models and their parameters are reported here as ‘sig-
nificant’ based on « =0.05, but we focus our interpretation
more on the strength and size of effects given the pitfalls
of relying heavily on P values (Halsey et al. 2015). Model
assumptions were checked via qg-plots and by inspecting
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Atlantic salmon

Chase

Tunnel

Fig. 1: Species- and method-specific estimates of MMR based on using the linear regression with the steepest slope (of regressions with

R? > 0.95) shows that the chase method underestimates MMR (P < 0.02 for all cases; statistics in Tables S1-S2). (The thick middle line in each
boxplot indicates the median, the box represents the middle 50% of the distribution and the whiskers extend to the most extreme data points
(all raw data points overlaid). Sample sizes are as follows (boxplots from left to right): 41, 19, 57, 17.)

plots of model residuals (against fitted values and all fixed
factors). For mixed effects models, we report marginal and
condition R? values calculated using the R package ‘MuMIn’
(Barton 2018).

Results

Across a ca. 6°C range of temperatures in two salmonids,
we found that a manual chase protocol paired with static
respirometry generated lower estimates of MMR than did
the use of a swim tunnel respirometer (Fig. 1). The effect
remained whether MMR was calculated using the steepest
decline in DO for any 2+ min of the measurement period
with an R* > 0.95 (Fig. 1; statistics in Tables 1 and 2) or if
we more conservatively used the slope of the entire Mo)
measurement (up to the first 8 min for static respirometers;

Table 1: Parameters and their statistical significance for a linear
mixed model predicting MMR in Chinook salmon was higher for fish
tested in the swim tunnel and that there was also a positive effect of
water temperature

Parameter

«Here, MMR was calculated using the steepest slope of any linear regression
with an R? > 0.95 (data corresponding to Fig. 2 in the paper).

Note: this model also had a random effect of fish ID (some fish were tested using
both methods) and a variance structure that allowed the model to satisfy the
assumption of equal variances between the two treatments.

Variance was significantly higher in the chase group for Chinook salmon (F-test;
F =4.17, P =0.002); addition of the variance structure markedly improved the
model residuals.

Backward selection was used to arrive at this model, starting with all two-
way interactions among methods, body mass and water temperature (see
Methods).

Marginal R? (fixed effects)=0.10; Condition R? (fixed plus random effects)
=0.20.

Table 2: Parameters and their statistical significance for a linear
mixed model predicting MMR in Atlantic salmon was higher for fish
tested in the swim tunnel and that there was also a negative effect
of body mass.

Value + S.E.

Parameter

Here, MMR was calculated using the steepest slope of any linear regression with
an R? > 0.95 (data and model fits corresponding to Fig. 3 in the paper).

Note: this model also had a random effect of fish ID.

Backward selection was used to arrive at this model, starting with all two-way
interactions among method, body mass, and water temperature (see Methods).
Marginal and condition model R? =0.30.

Fig. S1, Tables S1-S2). In either case, the swim tunnel gen-
erated estimates of MMR that were ca. 20% higher than
using the chase method (all P <0.02 effects of estimation
method; statistics in Tables 1-2, S1-S2). The magnitude of
the difference was not significantly different between the
two species based on a comparison of model-estimated effect
sizes (i.e. effect sizes for estimation method in the different
models described in Tables 1 and 2). The effect of method also
appeared to be unaffected by temperature or body size (i.e.
no interactions with treatment, statistics in Tables 1 and 2).
Across both methods, temperature did have a weak, positive
effect on MMR in Chinook salmon (but not in Atlantic
salmon; Fig. 2, Tables 1 and 2), while we detected a negative
effect of body mass on MMR in Atlantic salmon (but not in
Chinook salmon; Fig. 3).

In the Chinook salmon data, fish ID accounted for the same
amount of variance (ca. 10%) in the data as did the fixed
effects (estimation method and water temperature), indicating
some level of within-individual repeatability between the two
methods (based on a comparison of condition and marginal
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Fig. 2: MMR estimates for Chinook salmon (left) and Atlantic salmon (right) as a function of estimation method (blue triangles, swim tunnel;
yellow circles, chase method) and temperature; there was a positive overall effect of temperature for Chinook salmon (P=0.01, with different
intercepts for each estimation method, Table 1). Temperature was not a significant driver of MMR for Atlantic salmon (Table 2). Both panels
represent MMR calculated using the steepest slope with R? > 0.95 of any 2+ min regression for each fish’s MMR measurement period (see

Methods).
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Fig. 3: MMR estimates for Chinook salmon (left) and Atlantic salmon (right) as a function of estimation method (blue triangles, swim tunnel;
yellow circles, chase method) and body mass; there was a negative effect of body mass for Atlantic salmon (P =0.03, with different intercepts for
each estimation method, Table 2). Body mass was not a significant driver of MMR for Chinook salmon (Table 1). Both panels use MMR calculated
using the steepest slope with R? > 0.95 of any 2+ min regression for each fish’s MMR measurement period (see Methods).

R? values for a mixed model whose random effect was fish ID;
Table 1). In the Atlantic experiment, which had a somewhat
different design with respect to the timing of repeated mea-
sures (see Discussion), fish ID explained none of the variance
in the data (Table 2).

The chase method led to higher variance in MMR than
did the swim tunnel method (F40,18=4.17, P=0.002) but
only for Chinook salmon for which we used the R* > 0.95%
method for selecting the steepest regression slope to calculate

MMR (Fig. 1). In Atlantic salmon (Fs¢16=1.58, P=0.31,
Fig. 1), and for Chinook salmon when we switched to using a
longer period to calculate MMR (data in Fig. S1), the differ-
ence in variance between methods disappeared (F49,19 =1.05,
P=0.97).

For the chase method, there was a weak tendency for Mg,
to decline with time elapsed since the cessation of exhaustion
exercise. In a GAMM smoother modelling the effect of time
(P=0.02, Fig. S2), there appeared to be a subtle decline in

020z Jeaqwi@oa( Q| Uo Jasn JoSpUIpA Jo Alisiaalun Ag £210885/£90ee09/|/g/a1o1e/sAyduoo/woo dnoolwapeoe)/:sdiy woly papeojumoq


https://academic.oup.com/conphys/article-lookup/doi/10.1093/conphys/coaa063#supplementary-data
https://academic.oup.com/conphys/article-lookup/doi/10.1093/conphys/coaa063#supplementary-data

Toolbox

15

14

13

12

1

10

MMR (mg O, kg™ min™")

2.0 25 3.0 3.5 4.0
Umax (FL 8_1)

Fig. 4: MMR for Chinook salmon (open triangles) and Atlantic
salmon (solid circles), which tended to be higher (across species,

P < 0.001) in fish that reached a higher maximum swimming speed
during measurement of Moz (same data in Fig. 1). There was a
modest positive effect (across species) of water temperature
(P=0.02); model fits based on 16°C (blue) and 20°C (red) are shown.

Mo> over time, but the model explained almost none of the
variance in the data (R?>=—0.013). Among our estimates of
MMR made using the chase method (Fig. 1), there was a
tendency for assigned values of MMR to be lower if they
occurred later relative to the end of the chase (in seconds)
but the trend did not rise to statistical significance [¢=—1.74,
P=0.09; species effect (P=0.02) also included in model;
overall model R*=0.08]. Visualizing the MMR estimates as
a function of time elapsed since the end of exercise for both
species similarly revealed no effect of time when examining
the first 9 min after entry into the respirometer (see Fig. S3
and associated statistics).

In Atlantic salmon whose MMR was estimated with static
respirometry, all of the estimates we used came from slopes
that were 2 min in duration, but the exact time relative
to when the respirometer was closed varied widely (median
110 s after the chamber was sealed, range 0 to 370 s). For
Chinook salmon, which were tested in larger chambers with
relatively weaker mixing of the water and a lower recording
frequency (0.2 Hz cf. 0.5 Hz for Atlantic salmon), the steepest
regression slope with an R? > 0.95 varied in length from 2 min
(the minimum we attempted to use, n=17 of 41) to 7 min
(n=4 of 41), with a median of 3 min for the slope duration
used to calculate MMR (Fig. S5-S6). For Chinook salmon,
the slope for the ‘best estimate’ of MMR began 0 to 725 s
after the chamber was sealed for measurement of MMR, with
a median of 185 s. Additional text and plots in the online
supplement provide further exploration of the relationships
between regression length, time elapsed since the end of the
chase, R? and the resulting MMR estimate for the two species
(Fig. $3-56).

In the swim tunnel, Chinook salmon reached ca. 14%
higher Umax (FL s7') than did Atlantic salmon (species-
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level means of 3.38 vs. 2.96 FL s7', #134=2.53, P=0.02).
However, for fish tested in the swim tunnel, there was no
between-species difference in absolute MMR after control-
ling for a modest overall effect of water temperature on
MMR (£,33=2.63, P=0.01) and a clear effect of Upax on
MMR across species (£33 =4.45, P <0.001, overall model
R*=0.39; Fig. 4).

Discussion

We found that the use of an exhaustive chase protocol paired
with static respirometry underestimated MMR in juvenile
Chinook and Atlantic salmon. Given that the ‘chase method’
is commonly used to estimate MMR in fishes (e.g. Healy
and Schulte 2012; Kelly et al. 2014; Norin et al. 2016), our
results help to highlight that researchers should proceed with
caution when labelling their data as MMR if they have used
this method. However, an important finding was that the gap
between the ‘gold standard’ swim tunnel method and the
chase method appeared to be unaffected by water temperature
(across a ca. 6°C range), body mass, or species. That finding
suggests researchers working with salmonids may be able to
use the chase method to generate a proxy for MMR when
examining the effects of body size or temperature on AS, given
that the measurement ‘error’ associated with this method may
not have an allometric or thermal bias.

While the approach of using the chase method as a proxy
for ‘true’ MMR and AS at the group level (e.g. for a body size
or thermal treatment) may be appropriate, more evidence is
needed about within-individual consistency across estimation
methods before that approach could be used in the study
of among-individual variation (Norin and Malte 2011). A
subset of the animals in this study was tested using both
methods. We did find some support for the idea that fish
with high MMR in the chase protocol also have high MMR
in the swim tunnel respirometer: in our Chinook salmon
experiment, the random effect of fish ID explained as much
variance as both fixed effects combined (temperature and
estimation method, ca. 10% each). In that experiment, the
two estimates were made relatively close together in time on
the same fish (range of 1651 h, mean of 24 h). In the Atlantic
salmon experiment, the fish were PIT tagged allowing us to
track fish ID over time and because of logistical constraints
associated with other experiments being conducted in parallel
(data not reported here), fish were typically not tested using
both methods on the same day. The median time gap between
the two estimates (at a matching temperature treatment) in
Atlantic salmon was 70 h (min=2.6 h, max=16 days), and
we found no clear evidence for repeatability across methods.
That time gap may have led to small deviations in body mass
or other aspects of physiological state of the fish, leading
to lower within-individual repeatability (White et al. 2013).
More broadly, there is some evidence that MMR may be a
less repeatable trait than is SMR (reviewed in Norin and Clark
2016). A future study focused on examining within-individual
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repeatability for MMR would benefit from multiple repeated
measurements for each estimation method.

There has been some important previous work assessing
the differences in MMR estimates among different methods.
An analysis of data extracted from the literature suggested
that MMR is not sensitive to methodology, but that analysis
did not focus on experiments specifically designed to address
methodology (Killen et al. 2017). In contrast to our results,
Little ef al. (2020) did not detect differences among meth-
ods, including those we used here, in mature coho salmon
(Oncorbynchus kisutch) at a single temperature (9°C). In
other cases, researchers who have set out to look for differ-
ences in MMR between swim tunnel respirometry and the
chase method have typically found them. Roche ez al. (2013)
conducted a study with 10 Scolopsis bilineata (two-lined
monacle bream, a coral reef fish) and found that a 3 min chase
+1 min air treatment underestimated MMR by ca. 1.7 mg O,
kg™ min~' (ca. 22% lower), similar to our study. Rummer
et al. (2016) extended upon that work in four additional
coral reef fishes (5-11 individuals per species) and found that
the chase method consistently underestimated MMR across
species but that the gap size varied among species (from
ca. 2-22%). Hvas and Oppedal (2019) compared a 3 min
chase protocol (identical to the present study) to swim tunnel
respirometry, using Atlantic salmon that were ca. 50-75%
larger than ours (body mass, all at 13°C). That study provides
an especially useful comparison because their post-chase Mg)
measurements were made in a swim tunnel (at a slow water
speed of <0.5 FL s7') rather than in a static respirometer,
meaning the fish were able to receive some ram ventilation
(Hvas and Oppedal 2019). They found a 50% increase (from
5.6 t0 8.5 mg Oy kg™ min™") in MMR when comparing their
chase method to Ui swimming. While that increase in MMR
was high in relative terms, the numerical increase of 2.9 mg
O, kg™ min™' was only slightly higher than in our study
(Fig. 2). The estimates of MMR in Hvas and Oppedal (2019)
were lower than in our study on the same species because
the fish were larger and the water temperatures were lower.
Zhang et al. (2020) recently introduced a static respirometer
design that allows the fish to be ‘chased” with a probe while
inside a static chamber, a technique that generated MMR
estimates equivalent to those obtained with a swim tunnel
(using juveniles of another salmonid, Oncorbynchus mykiss).
In their study, they also found that post-exercise MMR in fish
transferred rapidly to respirometers (ca. 10 s) was 18 % lower
than ‘true’ MMR, a nearly identical effect size as in the present
study (Zhang et al. 2020).

Swimming maximally (the swim tunnel method) and recover-
ing from exhaustive exercise (the chase method) are function-
ally different processes, which may help explain why estimates
made using these two methods can differ. Depending on the
species and research question, one method might be more
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ecologically relevant than the other. The Hvas and Oppedal
(2019) study suggests ram ventilation is not a mechanism
behind the differences in MMR between the two methods
(chase vs. swim tunnel) because their fish were receiving gentle
ram ventilation during post-chase Mo, measurements (cf. our
study where fish were in a static respirometer). Likewise, Little
et al. (2020) found Mo to be markedly lower during recovery
from Upax or Uge swimming even while fish received gentle
ram ventilation in a swim tunnel. These findings from the
literature might appear to invalidate our hypothesis about
ram ventilation being responsible for fish reaching higher
Mo in a swim tunnel respirometer (cf. static respirometry,
where fish rely on buccal-opercular pumping, which may
provide less capacity for O, uptake). However, it is possible
that the high swimming speeds achieved during Uci; or Umax
are needed to detect an O;-uptake benefit of ram ventilation
(Steffensen 1985).

Another reason the chase method may underestimate
MMR is because it involves eliciting primarily anaerobic
burst swimming and then measuring its immediate aftermath,
as opposed to measuring post-exercise Mgy for high-speed
sustained (aerobic) swimming. However, Mo, measured
immediately after the end of a Uy swim is typically well
below MMR (e.g. Reidy et al. 2000). Moreover, in Atlantic
cod (Gadus morhua), post-exercise Mo, is actually higher for
fish manually chased to exhaustion than for fish exercised
with a Ugyj protocol (Reidy et al. 1995). It may be that
regardless of the type of exercise, the species, or the context,
the moment exercise ends, fish reduce their Mgy to below
maximum (e.g. to 80-90% of maximum), leaving some AS
available for other functions while they recover, rather than
remaining at MMR to power a rapid recovery. Indeed, post-
exercise oxygen consumption can be a prolonged affair and
occur in stages (e.g. 8—16 h in Atlantic salmon at 12°C, Zhang
et al. 2018) whereby Mo, falls rapidly over the first 30—
60 min after exercise and then declines slowly thereafter.
Thus, while ram ventilation may facilitate higher O, uptake,
differences in MMR between methods could be largely driven
by O, tissue demand dropping the moment exercise (i.e.
muscle contraction) stops.

Advocates of using the chase method to estimate MMR might
argue that for it to be successful, the fish should be sealed
into the respirometer extremely rapidly after exercise ends
(e.g. within 10 s), given that Mg, typically begins to decline
quickly. Along the same lines, one might also predict that
MMR estimation should focus on the first 2-3 min of the
decline in O, after the chamber is sealed. Based on our data
we cannot rule out the possibility that higher estimates from
the chase method may be possible with a faster transfer to
the respirometer (e.g. 10 s) than we achieved, combined with
a shorter measurement window (e.g. 30-60 s). However, we
were unable to find any evidence that estimation of MMR
is highly sensitive to these issues. Our fish were sealed into
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respirometers to begin measuring Mo as rapidly as possible
(ca. 30-120 s depending on the respirometer design, see
Methods). Thereafter, we found little evidence of any decline
in Mg over the first 3-6 min of the measurement based on
rolling 2-min regressions used to calculate Mo, (Fig. S2). Sim-
ilarly, a comparison of Mg, estimates from the first 1-3 min
after exercise to 5-7 min after exercise revealed no differences
based on histograms and statistical tests (see Supplementary
Information including Fig. S3). Simply selecting the steepest
regression slope with an R? of >0.95 revealed that the best
MMR estimates did not necessarily occur near the start of
the Mo, measurement. Thus, while we agree that sealing the
fish into the respirometer rapidly is a good step to take, along
with best practices for static respirometry (e.g. strong mix-
ing, no leaks, accounting for background respiration, Clark
et al. 2013), including robust methods to calculate MMR (see
Zhang et al. 2019; Little ez al. 2020), deviations of 1-2 min in
the time it takes to seal fish into the chamber did not appear
to be responsible for the chase method generated a lower esti-
mate of MMR. Further emphasizing this conclusion, Zhang
et al. (2020) were able to transfer their juvenile O. mykiss to
static respirometers in as little as 10 s and found that their
post-exercise measurements similarly underestimated MMR.

There was substantial variation in MMR using both meth-
ods. Using our method to calculate MMR (steepest slope
with R?> 0.95), there was significantly more variance for
Chinook salmon using the chase method than for the swim
tunnel method (Fig. 1). For those fish, we were using larger
respirometers and a lower recording frequency than in 2019
(Atlantic salmon). As a result, we believe the fact that some
MMR estimates were relatively high for those data was
partially an artefact of inferior mixing (same power recir-
culation pump—600 L h™', but a larger volume chamber)
and the lower recording frequency when compared against
the Atlantic salmon data. The effects of these differences in
static respirometry methods between the Atlantic salmon and
Chinook salmon experiments are explored in detail in the
Supplementary Information. As noted in Results, when we
switched to calculating MMR using the full slope of the sealed
cycle (Fig. S1) the difference in variance disappeared while the
gap between the two methods remained.

In the case of the swim tunnel respirometer, some of
the among-individual variation in MMR was predicted by
variation in swimming speed (Umax, Fig. 6). We have no way
of knowing from our data whether the relationship between
MMR and Uy, was causal. For example, does physiological
capacity for oxygen uptake drive swimming performance, or
vice versa, or are these traits simply associated via a common
physiological mechanism (e.g. at the cellular level)? It is also
plausible that behavioural differences (i.e. motivation) led
some fish to swim faster than others, resulting in differences
in oxygen uptake. One key difference between the chase and
swim tunnel methods is that we were able to use mild electric
shock to motivate the fish in the swim tunnel, a technique
that has long been standard with swim tunnel respirome-
try (e.g. Steffensen et al. 1984; Farrell et al. 2003; Eliason
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et al. 2011). In the manual chase protocol, we relied on visual
and mild physical stimuli (i.e. contact from the hands of
researchers) to motivate fish to swim. Based on our personal
observations running a small number of pilot trials in the
swim tunnel without the electrifiable grid, the maximum
speeds fish reached without it were much lower—a decrease
in swimming speed would decrease Mo, and therefore any
estimate of MMR (e.g. Fig. 6).

Taken together with most of the existing literature (Roche
et al. 2013; Rummer et al. 2016; Hvas and Oppedal 2019;
Zhang et al. 2020) our findings suggest exhaustive exercise
rapidly followed by Mo, measurement in a static respirom-
eter does underestimate ‘true’ MMR in many species (i.e.
based on a comparison with swim tunnel respirometry). That
the chase method underestimates MMR may be particularly
true in fishes like salmon that use ram ventilation and are
willing to swim in a swim tunnel respirometer (but see Little
et al. 2020 whose findings with adult coho salmon do not
support this conclusion). Indeed, for less “athletic’ species that
refuse to swim in a swim tunnel, the chase method may be
the only option for estimating MMR (Clark et al. 2013), and
many fish biologists do not have access to a swim tunnel
respirometer. In rare cases, estimates of MMR may even be
higher while fish digest large meals than during post-exercise
measurements (Steell ez al. 2019). An important finding in
our study was that the discrepancy between methods was not
temperature or body size dependent, nor did it appear to be
caused by fish being sealed into respirometers too slowly after
the end of the exhaustive chase (Zhang et al. 2020). However,
more evidence is needed—replication across a wider range
of temperatures and body sizes, more repeat measurements
within individual fish—before we can confidently conclude
that the chase method provides an unbiased ‘proxy’ for
MMR. The additional evidence needed to support the chase
method’s use as a proxy for MMR needs to be collected on
a species-specific basis because the effect of methodology is
unlikely to be consistent among species (Rummer et al. 2016).
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