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Abstract.—We conducted laboratory respirometry trials using adult sockeye salmon Oncorhyn-
chus nerka implanted with electromyogram (EMG) radio transmitters to investigate the relationship
between oxygen consumption and EMG pulse interval. The strong association that was observed
suggested that EMG telemetry could be used to assess activity and, thus, relative energy expenditure
in frecly migrating sockeye salmon. Using EMG telemetry, we then assessed the relative energy
costs of upstream migration by adult sockeye salmon through specific reaches of the Fraser River,
British Columbia. Greatest energy costs were incurred during migration through Hell's Gate fish-
ways, a known point of difficult passage. Another energetically demanding area was a gravel bar
that had not been previously identified as difficult for passage. Three other areas that historically
had been identified as difficult for passage were energetically less expensive to migrate through
during our study. Our results demonstrate that EMG telemetry identified features and reaches of
the river that impeded upstream migration, and they provide insights into the behavioural responses

of fish to areas of difficult passage.

There is a long history of concern about the
effect of environmental factors, in particular river
discharge and temperature, on the successful up-
river migration of adult Fraser River sockeye salm-
on Oncorhynchus nerka (Talbot and Jackson 1950;
Idler and Clemens 1959; Cooper and Henry 1962;
Gilhousen 1980; Pearse 1992; Public Works and
Government Services Canada 1995). Many stocks
(i.e., breeding populations) of Fraser River sock-
eye salmon make arduous journeys of up to 1,200
km from the ocean to upriver spawning areas. Be-
cause the fish stop feeding prior to upriver migra-
tion, the energy reserves they carry into the river
must be adequate for successful migration and
spawning. Depending on the environmental con-
ditions that individual stocks encounter, successful
migrants can use 75-95% of body fat and 40-60%
of body protein in traveling from the ocean to
spawning streams (Gilhousen 1980). If sockeye
salmon encounter river conditions that substan-

tially delay migration or require great energy ex-
penditure to negotiate, their energy reserves could
become exhausted, and they could die before
spawning.

Areas of difficult passage in the Fraser River
have historically been identified from visual ob-
servations of blocked or delayed migration of
sockeye salmon (Cooper and Henry 1962; Roos
1991). In most cases, migration difficulty was as-
sociated with high flow velocities that occurred
where the river was relatively narrow. Engineering
projects, including construction of fishways and
side channels, stabilization of riverbanks, and re-
moval of rocks, have been undertaken in some
areas of the Fraser River to reduce migration prob-
lems (Roos 1991). Although these projects have
probably improved fish passage, there has been
little opportunity to evaluate the effectiveness of
the individual projects in terms of energy cost to
the fish. Furthermore, identifying sites of difficult

253



254

passage by visual evidence alone may be insuffi-
cient because the Fraser River is highly turbid.

In this paper we used electromyogram (EMG)
radio telemetry to evaluate the relative energy
costs of adult migration through specific reaches
of the Fraser River and to identify river features
that pose passage problems for Fraser River sock-
eye salmon. To achieve this goal, we conducted a
laboratory study to examine the relationship be-
tween EMG values and oxygen consumption in
swimming sockeye salmon; we then evaluated how
this relationship differed among individual fish. A
field study in the Fraser River canyon provided us
with EMG and passage time data which we used
to calculate an index of energy consumption dur-
ing upriver migration.

Methods

Laboratory studv.—The EMG radio transmitters
(Lotek Engineering, Aurora, Ontario) were 5 cm
long, 1.5 cm in diameter, and weighed 20 g in air;
they had two steel-wire electrodes and an antenna
wire trailing from the transmitter end. Electro-
myogram radio telemetry requires the placement
of the electrodes in swimming musculature where
they detect voltage changes associated with the
electrical activity of muscle contraction. The trans-
mitter’s electronics detect all electrical signals
over 1-2 wV in amplitude. Signals are amplified
27,000X, rectified, and integrated. A radio pulse
is transmitted whenever the integrated signal ex-
ceeds a predetermined threshold level (150 wV).
The integrator is then reset, and the process is
repeated. Thus, the interval between pulses cor-
relates with the frequency of muscle contractions.
Pulse intervals and fish temperature (determined
by a thermistor in the transmitter) were transmitted
to a signal receiver data logger (Lotek model SRX-
400) on a radio frequency unique to each trans-
mitter. Additional details on these EMG transmit-
ters are given in Kaseloo et al. (1992). We secured
14-carat gold tips (1 mm in diameter, | cm long)
to the end of the electrode wires to facilitate elec-
trode attachment to the swimming muscle. Addi-
tional details on the implantation technique are
given in McKinley and Power (1992).

In October and November 1992, five female and
three male (1.5-2.2 kg; 53-60 cm fork length)
adult Fraser River sockeye salmon from the Cultus
Lake stock were captured in Sweltzer Creek (lo-
cated 100 km east of Vancouver) and held in large
tanks containing lake water at the nearby Canadian
Department of Fisheries and Oceans Cultus Lake
Laboratory. Fish were individually put into stage
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4 anaesthesia (as defined by Yoshikawaet al. 1988)
by immersion in MS-222 (tricaine methanesulfon-
ate). Anaesthetized fish were placed on their dor-
sum in a V-shaped surgical table which kept the
fish's head submerged in freshwater. Transmitters
were then surgically implanted into the abdominal
cavity. A 3-cm incision was made anterior to the
pelvic fins, 2 cm from the midventral line. A hol-
low, 2-mm-inside-diameter stainless steel rod that
contained a sharpened solid steel rod was inserted
into the incision to exit the body cavity posterior
to the pelvic fins. The sharpened solid rod was
removed and the transmitter antenna wire was
pushed through the hollow steel tube and out of
the body cavity. The tube was then removed from
the abdomen. A 2-mm-inside-diameter rod with a
notched end was then used to separately hook the
two gold-tipped electrodes into the red lateral mus-
culature immediately under the skin at the lateral
line via the incision in the abdomen. Electrode tips
were positioned approximately 1.0 cm apart. At
the lateral line, red muscle in sockeye salmon can
be up to 0.5 cm thick; therefore, electrode tips can
be placed entirely into red muscle, provided they
are lying flat just under the surface of the skin.
Red muscle is believed to be primarily involved
in steady, nonbursting aerobic swimming (George
1962).

After placement of the antenna wire and elec-
trode, we inserted the radio transmitter and pushed
it to the posterior. Five milliliters of the antibiotic
Liquamycin LP was then injected into the abdo-
men. The incision was closed with four to seven
silk sutures. Malachite green was applied exter-
nally to the sutures to prevent fungal infection.
The complete procedure took 5-8 min. All fish
were successfully revived in holding tanks and
were swimming normally within 30 min. One
week after surgery, individuals were used in res-
pirometry trials. During this time we did not ob-
serve any behavioral differences between fish with
and without implanted transmitters. Because sock-
eye salmon do not eat during spawning migrations,
it was not possible to assess how the surgical tech-
niques affected feeding or growth; however, farm-
raised adult rainbow trout Q. mykiss actively feed
almost immediately following transmitter implan-
tation and remain healthy and active for several
months after implantation (S. Hinch, personal ob-
servation).

A 123-L tunne] respirometer (Brett 1964) with
a 1.5-m-long by 18-cm-diameter transparent
swimming chamber was used to measure the re-
lationship between oxygen consumption and EMG
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pulse interval. Individual fish were acclimated in
the swimming chamber for 15 min to low water
velocity (25 cm-s~!). During this acclimation pe-
riod, oxygen-saturated freshwater was continu-
ously flushed through the respirometer. A metal
grid at the rear of the tunnel delivered a 5-V AC
shock if touched by a fish's caudal fin. This en-
couraged fish to constantly swim in the chamber.
This small shock did not affect the transmitted
EMG signal. Fish that refused to swim at a steady
speed during the acclimation period were discard-
ed. After the acclimation period, we ended the
freshwater exchange, increased water velocity to
40 cm-s~!, and started the trial. All trials were
carried out with 8-10°C Cultus Lake water. Tunnel
water velocity was incrementally increased every
5 min by 10 cm-s ! until the fish became fatigued
and could not get off the rear grid. Oxygen con-
centrations in the respirometer were determined
every 5 min by Winkler titrations. Electromyo-
gram pulse intervals were continuously recorded,
and averages were calculated for each 5 min pe-
riod. Fish were exposed to two to four different
velocities before they became fatigued. When a
fish did not swim at a constant rate at a particular
water velocity, the data for that water velocity were
discarded. We found that most trials produced two
to three usable data points.

We used analysis of covariance (ANCOVA) to
examine the relationship between EMG pulse in-
terval (the dependent variable) and oxygen con-
sumption (the covariate) among individual fish
(the class variable). Data from four of the eight
trials (three females and one male) were used for
this analysis. These four had three or more obser-
vations per trial; three was the minimum number
of observations required for comparison of re-
gression relationships. If ANCOVA revealed no
differences in slopes or intercepts. a correlation
was determined between EMG pulse interval and
oxygen consumption with the entire eight-trial
data set.

Field study.—A 30-km section of the Fraser Riv-
er canyon was chosen for the field study (Figure
1) because it contained several known areas of
difficult passage for sockeye salmon (Cooper and
Henry 1962). In July 1993, three female and three
male adult sockeye salmon (1.7-2.2 kg) from the
Stuart Lake stock were captured by dip net at
Hell’'s Gate (Figure ). This is the first sockeye
salmon stock to migrate upriver each year. Fish
were transported in a large fiberglass tank (2 X |
X | m) to our laboratory where they were im-

planted with EMG transmitters. Water was oxy-
genated during the transport.

The transmitter implantation procedure was
slightly modified for the field study. No anaes-
thetics are permitted for use on food fish in Can-
ada. Because radio-tracked sockeye could be cap-
tured by fishermen, we developed an anaesthetic
technique using sodium bicarbonate and glacial
acetic acid (Prince et al. 1995). In addition, table
salt was used instead of malachite green as a post-
surgery fungicide. Fish were allowed { d in the
laboratory to recover from surgery and were then
transported to a 1.5-m3 holding pen at the release
site, where they were held for at least | d before
being released and tracked.

We tracked fish through six segments of the river
(Figure 1). Three of these segments, Hell's Gate,
Yale Rapids, and Saddle Rock. have been known
to impede sockeye salmon migration and con-
tained fish passage structures. Two other areas,
Lady Franklin Rock and Yale Gravel Bar, were
included because at those points, the river was
refatively narrow and fast and may pose migration
difficulties to sockeye salmon. The sixth area,
Sawmill Creek, was chosen as a reference; the riv-
er at that point was wide and slow and unlikely to
pose problems for migrating sockeye salmon. It
was not possible to measure the water velocities
that fish encountered at these sites; however, all
locations, except Sawmill Creek, exhibited ex-
treme surface turbulence and white-water condi-
tions. During our study, river discharge 10 km
downstream from the study area at Hope, British
Columbia, was 3,200-3,500 m3-s~!; river temper-
ature, recorded by the EMG thermistors, was 16—
18°C.

One fish was released each day at about 0800
hours. Individuals were tracked continuously with
hand-held three- and six-element Yagi antennas
connected to EMG receivers, until they ap-
proached Hell’s Gate. Tracking was done from the
riverbanks at points that were accessible from the
highway (Figure 1). As fish approached and passed
through Hell’s Gate, they were tracked by an au-
tomated receiver system. We determined the time
and average EMG pulse interval for an individual
to pass through a 100-m reach that was defined at
each area (Figure 1). Because the Hell’s Gate reach
was longer, we adjusted the passage time to a 100-
m equivalent. Repeated-measures analysis of vari-
ance (ANOVA), with repeated observations of the
same fish through the different river reaches, was
used to assess differences among reaches in pas-
sage time and EMG pulse interval.
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FIGURE 1.—Map of British Columbia (BC) showing the Fraser River (FR) and the Stuart Lake system (SLS),
which was the spawning destination of the fish we tracked. Our study area, indicated by a square on the locator
map is enlarged at right. The parallel lines indicate reaches where fish were tracked.

In July 1994, we conducted an experiment to
determine if our surgery and anaesthetic tech-
niques affected fish migration rates. Eight sockeye
salmon were captured by tangle net at the release
site. Four (three males and one female; 2.7-3.5
kg) had transmitters implanted following the meth-
ods outlined above and were held for 1 d prior to
release. Four others (three males and one female;
1.9-3.6 kg) had transmitters quickly inserted down
the esophagous and were immediately released.
For the latter group, no anaesthetic was used, and
no surgery was performed. The transmitters were
of similar size and shape to those used in 1993,
except they did not have EMG capabilities, and
therefore, there were no EMG electrode wires to
insert. All fish were captured and released in the
same week. We determined the rates of migration
for these eight fish to travel from the release site
to Hell's Gate, and compared differences between
implantation techniques using ANOVA.

Results
Laboratory Study

Analysis of covariance showed that the regres-
sion relationships of EMG pulse interval on ox-
ygen use for the four fish did not differ signifi-
cantly in slopes (P = 0.530) or intercepts (P =
0.333). The common slope and intercept were
—1.155 and 1,525.207. Both significantly differed
from zero (P < 0.001). Pulse intervals ranged from
871 to 1,319 ms (mean = 1,041.47; SD = 123.62).
Oxygen consumption ranged from 150.18 to 512.8
mg-kg-!-hr-! (mean 350.37; SD = 104.28).
Negative correlations were found between oxygen
consumption and EMG pulse interval based on the
total data set for females (r = —0.800, df = 13,
P < 0.001), males (r = —0.845,df = 6, P = 0.017),
and sexes combined (r = —0.777, df = 20, P <
0.001).
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FIGURE 2.—Average EMG pulse intervals during pas-
sage of radio-tagged adult sockeye salmon through our
study reaches: Lady Franklin Rock (LFR). Yale Gravel
Bar (GB). Yale Rapids (YR). Saddle Rock (SR), Sawmill
Creek (SC). and Hell's Gate (HG). Lines indicate +SE.
Bars with a letter in common are not significantly dif-
ferent. Numbers above the horizontal axis are sample
sizes.

Field Study

We measured EMG pulse interval and time of
passage through each of our six study areas for all
six fish, except for Sawmill Creek (three fish) and
Hell’s Gate (four fish). We tracked equal numbers
of males and females through each area, except
Sawmill Creek where we tracked two females and
one male. Differences between sexes in body size
or shape may contribute to variability in reach-
specific average passage time or EMG pulse in-
terval. Therefore, we compared EMG pulse inter-
val and passage time between sexes at each of the
four areas where we had data on three females and
three males. Because no significant diftferences be-
tween sexes (ANOVA; P > 0.30 for each area)
were found, male and female data were pooled for
subsequent analyses.

Repeated-measures ANOVA determined that
passage time differed significantly among reaches
(P < 0.001) but not among individual fish (P =
0.097). The components of variance indicated that
51% of the variability in passage time was due to
differences among reaches and 8% was due to dif-
ferences among fish. Repeated-measures ANOVA
determined that EMG pulse interval differed sig-
nificantly among reaches (P < 0.001) and among
individual fish (P = 0.006). The components of
variance indicated that 66% of the variability in
EMG pulse interval was due to differences among
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FIGURE 3.—Average time for radio-tagged adult sock-
eye salmon to pass through our study reaches, See Figure
2 for site code abbreviations. Lines indicate +SE. Bars
with a letter in common are not significantly different.

reaches and, despite the statistically significant re-
sult, only 13% was due to differences among fish.

Using Bonferroni’s correction and an experi-
mentwise error rate of 0.05, we determined that
EMG pulse interval was lowest for passage
through Hell’s Gate and was greatest for passage
through Sawmill Creek (Figure 2). Pulse interval
for passage through Yale Gravel Bar was also rel-
atively low and did not differ significantly from
the pulse interval for Hell’s Gate. The pulse in-
tervals from Yale Rapids. Saddle Rock. and Saw-
mill Creek did not differ significantly and were
greater than Hell’s Gate or Yale Gravel Bar. Using
the identical a posteriori approach, we determined
that it took fish much longer to migrate through
an equivalent 100-m zone at Hell's Gate than at
the other five areas (Figure 3). Passage time
through the other five reaches did not significantly
differ.

The relative amount of energy used by sockeye
salmon to migrate through a given reach can be
determined by multiplying the mean passage time
by the reciprocal of the mean EMG pulse interval.
Thus., mean energy use was greatest at Hell's Gate
because mean EMG pulse interval was smallest
(reflecting the greatest oxygen consumption per
unit time) and mean passage time was longest.
Because passage time was not significantly dif-
ferent among the other reaches, the EMG pulse
interval alone can be used to assess relative dif-
ferences in energy consumption during migration
through these areas. Therefore, energy use was
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next greatest at Yale Gravel Bar and was least at
Saddle Rock, Yale Rapids, and Sawmill Creek.
Lady Franklin Rock was intermediate in energy
use.

We found no differences (P = 0.770) between
the Fraser Canyon migration rates of fish carrying
transmitters that had been surgically implanted
(mean = 3,957 min; SD = 326; N = 4) and those
with transmitters that had been inserted into the
esophagous without surgery (mean = 3.786 min;
SD = 1,066, N = 4).

Discussion

Estimating metabolic rates of free-living fish in
natural environments is a difficult task. Physio-
logical telemetry (reviewed by Lucas et al. 1993),
which can be used to measure correlates of oxygen
consumption, is one of the few approaches that
may accomplish this. Using swim tunnel respiro-
metry. Kaseloo et al. (1992) and McKinley and
Power (1992) demonstrated that EMG telemetry
can be used to measure swimming activity in rain-
bow trout and lake sturgeon Acipenser fulvescens.
Our respirometry results indicated that EMG pulse
interval was strongly and negatively correlated
with oxygen consumption, implying that EMG te-
lemetry can be used to measure swimming activity
in sockeye salmon. Furthermore. we observed no
significant differences among individual fish in
their EMG-oxygen relations, which indicated that
individual fish can be treated as replicates to cal-
culate average EMG pulse intervals for specific
passage sites.

Our results can not be used to estimate absolute
levels of energy expenditure in migrating sockeye
salmon because the swim tunnel chamber that we
employed in the respirometer may have been too
narrow (18-cm diameter) for some adult sockeye
salmon to make complete. unimpeded tail beats.
This could bias the EMG-oxygen relationship. The
inability of fish to make a full tail beat may explain
why low EMG pulse intervals frequently recorded
in the field (e.g. 500-800 ms; Figure 3) could not
be detected in the laboratory trials. The lowest
EMG pulse interval detected in any of the labo-
ratory trials was 871 ms. Another problem with
our respirometry results, which was possibly re-
lated to the small tunnel diameter, was that we were
only able to use 5-min test periods at each water
velocity. We found that, with longer test periods,
some fish became fatigued before the entire trial
was complete. Unfortunately. 5-min test periods
may not permit large fish to reach equilibrium with
respect to oxygen uptake versus tissue demand,
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which subsequently could cause additional bias in
the EMG-oxygen relation. Therefore, the EMG
pulse interval data that we obtained in the field
was only used to assess relative energy expendi-
ture.

Evaluating absolute energy costs of migration
with field EMG data is also complicated by the
potential additional costs of anaerobic metabolism.
Electromyogram pulse intervals from red muscle
in lake sturgeon have been observed to decrease
during burst swimming, suggesting that EMG elec-
trodes may be sensitive to contractions of the white
muscle, despite being placed in red muscle (Mc-
Kinley et al. 1992). This phenomenon may have
occurred in our study and could account for the
relatively low EMG values obtained from the field
relative to ones observed in laboratory trials.
White muscle tissue, sampled from 1994 early Stu-
art sockeye salmon that have just passed through
Hell’s Gate, contained high amounts of lactate
(20.4-69.7 wmol-g ! net weight), implying that
burst swimming had occurred at some point in the
Fraser Canyon (A. Kiessling, Swedish University
of Agricultural Sciences, Uppsala, unpublished
data). Therefore, anaerobic metabolism represents
an additional migration cost in the field that we
can not estimate from our laboratory data.

We were concerned that the invasive nature of
transmitter implantation might affect the migration
ability of sockeye salmon, which could influence
relative costs of passage through particular sites.
However, we found that migration rates (calculated
from the release site to Hell's Gate) of fish with
surgically implanted transmitters were not signif-
icantly different from those with transmitters in-
serted through the esophagous. Because no surgery
and minimal handling occurred with the latter
group of fish, the implantation and presence of
EMG transmitters probably did not alter relative
migration costs among sites within our study area.

A relatively small portion of the variability in
passage time or EMG pulse interval could be ac-
counted for by differences among individual fish
or between sexes, which suggests that relative
costs of migration through our study area was sim-
ilar among fish. On the other hand, most of the
variability in both passage time and EMG pulse
interval was accounted for by differences among
reaches. To help explain differences in energy use
by Fraser River sockeye salmon among reaches, a
reach-specific consideration of migration behav-
iour, low conditions, and passage structure effec-
tiveness is needed.

Because Sawmill Creek is a relatively calm
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reach of the Fraser River with no fish passage
structures and no obviously difficult migration
points, it was not surprising that energy use there
was relatively low. In contrast, energy use was
greatest at Hell's Gate, which has long been rec-
ognized as an area of difficult passage for adult
sockeye salmon. Fishways have been in operation
there since 1948. and the general increase since
then in sockeye salmon production is taken as ev-
idence that the fishways aid upriver migration
(Cooper and Henry 1962: Ricker 1987. Roos
1991). All of the fish we tracked used the east-
bank main-level fishway at Hell's Gate. However,
the fishway did not create an environment that per-
mitted “easy’ passage during our study. River dis-
charge in July 1993 was unusual as it was the
lowest July discharge observed in our study area
since recording began in 1912 at nearby Hope.
British Columbia (Water Survey of Canada, un-
published data). How low discharge and its as-
sociated flow dynamics in and around the fishway
affects migration is unknown. To adeguately eval-
uate the effectiveness of this facility, detailed be-
havioural observations and determinations of rel-
ative energy use during passage in years of dif-
fering river discharge are needed.

The Yale Gravel Bar was the most energetically
costly area next to Hell's Gate. Qur tracking ob-
servations revealed that this gravel bar presented
two problems for migrating fish. Sockeye salmon
were observed entering the large back eddy down-
river of this gravel bar and swimming against the
current in a circular pattern for extended periods
of time. Then after they left the eddy. they had to
migrate through fast. shallow water between the
gravel bar and the riverbank. Both the delay in the
eddy and migration through the fast water was
energetically expensive. The influence of the Yale
Gravel Bar on sockeye salmon energetics was
probably unusually high during the 1993 migration
because the gravel bar does not typically emerge
until late summer: however. the low river dis-
charge throughout our study meant that more fish
than usual may have been affected by the bar.

In 1988. excavation of a side channel was com-
pleted at Saddle Rock to provide sockeye salmon
an alternative passage route for migration through
a relatively narrow and shallow reach of the Fraser
River. Prior to construction, passage through the
main channel may have been difficult for sockeye
salmon stocks that migrated in late summer, when
flow velocities were relatively high at this site.
Only one of our fish used the side channel, and its
average EMG pulse interval for Saddle Rock (921)
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was within the range of the other five fish that used
the main channel at this site (817-1,124). Com-
pared with other sites in our study. the main chan-
nel provided passage that was relatively inexpen-
sive energetically during our study period. Similar
evaluations, conducted in late summer when pas-
sage may be more difficult in the main channel.
are necessary to adequately evaluate the cffec-
tiveness of the side channel.

In 1957, fishways were constructed at Yale Rap-
ids. The river levels were too low during our study
for these structures to be used by sockeye salmon,
and we could not evaluate their effectiveness.
However, at high water levels they have been ob-
served to facilitate passage (Cooper and Henry
1962). The river was relatively narrow, fast, and
turbulent at Yale Rapids. but energy use was sim-
ilar to that at Sawmill Creek, the reference reach.
We received strong radio telemetry signals in most
reaches, which indicated that sockeye salmon were
migrating near the river surface. The exception
was at Yale Rapids. where signal strength typically
dropped when sockeye salmon passed through. in-
dicating a rapid vertical descent by fish into deeper
water. This suggests that sockeye salmon probably
took advantage of the relatively slow water ve-
locities near the bottom of the river.

In conclusion, EMG radio telemetry permitted
more direct evaluation of areas of difficult passage
in the Fraser River than was available by visual
observation alone. For example, the Yale Gravel
Bar was never previously identified as an area of
ditficult passage, yet our results indicated that mi-
gration was energetically expensive here, com-
pared with other areas that have been designated
as difficult for passage. Electromyogram telemetry
provided insights into the behaviours and relative
costs of migration through particular types of hab-
itat and passage structures. Biologists and engi-
neers may be able to use EMG telemetry to de-
termine where and how to modify river environ-
ments in order to facilitate fish migration. Future
research should be directed towards evaluating
levels of absolute energy costs during upriver mi-
gration of salmon. However. to accomplish this, a
better understanding of the relationship between
EMG values and oxygen consumption is required,
as well as an evaluation of the potential additional
costs of anaerobic metabolism.
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