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Stetson, Eleanor, M.A., August 1976 Zoology

Aspects of the Diving Physiology of Muskrats (Ondatra zibethica):
Post-dive Oxygen Consumption and Lactic Acid Levels (45 pp.)

Director: Dr. Delbert L. Kilgore

The extensive Titerature on the physiological adaptations to
diving does not include much information on semi-aquatic mammals
or on unrestrained animals. Experiments with animals accustomed
to dives of short duration are needed to determine the full range
of variation in physiological adaptations among different diving
animals. Comparison of restrained and unrestrained dives is
necessary to assess the effect of restraint on an animal's diving
responses.

Muskrats are medium sized semi-aquatic mammals accustomed to
dives of short duration. Seven animals were used for a total of
31 restrained dives and nine animals were used for a total of 46
unrestrained dives. Dives were 0.5, 1, 2, 3, 4, or 5 minutes
Tong. A paramagnetic oxygen analyzer continuously monitored the
fractional oxygen concentrations before and after the dives.
Oxygen consumption was calculated from the fractional oxygen con-
centration data. Body oxygen stores were estimated and blood
Tevels of lactic acid were measured before, during and after 6
restrained dives to determine whether or not the non-lactic acid
oxygen debt of seals, animals accustomed to prolonged dives, is
apparent in muskrats also.

The ratio of the oxygen debt, assuming maintenance of the pre-
dive oxygen consumption rate during the dive, to the actual post-
dive excess oxygen consumption indicates either an increased
oxygen consumption rate during the dive or an increase after the
dive not caused by oxygen debt payment. The post-dive excess
oxygen consumption increased with longer dives after both re-
strained and unrestrained dives. Regression of post-dive excess
oxygen on dive time results in statistically equal regression
equations for restrained and unrestrained dives indicating that
restraint has no effect on the magnitude of the post-dive excess
oxygen consumption. However, after unrestrained dives the mean
rate at which the excess oxygen consumption occurred was always
greater than after restrained dives.

A variable non-lactic acid debt appears to exist in muskrats
but, because of the disagreement in the literature as to the
fraction of the lactic acid which i1s oxidized in recovery, no
definite conclusions can be made.

ii
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CHAPTER 1
INTRODUCTION

The ability of some animals to dive for periods of time that
exceed the length of dive possible, estimated from their oxygen stores,
has been the subject of research since the late 1800's (Bert, 1870;
Bohr, 1897; Richet, 1899). The physiological adaptations associated
with the diving habit have been reasonably well studied in seals, but
Tess is known about the adaptations of those animals that dive for only
short periods of time. The literature on diving has been reviewed by
Irving (1939), Scholander (1964), and more recently by Andersen (1966).

The physiological adaptations associated with diving include an
intense submergence bradycardia accompanied by selective peripheral
vasoconstriction, reduced sensitivity to carbon dioxide in the blood,
and large oxygen stores resulting from increased blood volumes, high
muscle myogliobin concentrations, and large blood oxygen capacities
(Andersen, 1966). The large oxygen storage capacity and the selective
peripheral vasoconstriction make it possible for the animal to maintain
aergbic metabolism in the heart and brain while the major muscle masses
function anaerobically. After a dive the animal must consume enough
oxygen to replenish the oxygen stores and to restore the blood lactic

1
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acid levels to pre-dive levels. Interestingly, Scholander (1940) re-
ported the existence of a small non-lactic acid oxygen debt in seals fin
addition to the lactic acid oxygen debt and the oxygen stores debt.
Whether this non-lactic acid debt exists in other diving animals is not
known, as few measurements of post-dive oxygen consumption and blood
levels of lactic acid have been made.

Variations in the physiological adaptations to diving of various
mammals and birds are undoubtedly reflected in their diving habits. This
is evidenced by the fact that seals, which are accustomed to prolonged
diving, have a Tower post-dive oxygen consumption than expected, indicat-
ing a metabolic rate during a dive lower than their pre-dive rate. Con-
versely, animals such as cats, not adapted for diving, have a higher
post-dive oxygen consumption than expected, perhaps indicating a meta-
bolic rate during dives which is higher than their pre-dive rate (Scho-
lander, 1940). The full range of this response is not known as little
work has been done on animals accustomed to dives of only short duration.

Muskrats (Ondatra zibethica) are small mammalian divers accustomed to

diving of this type and this study will examine the nature of their
post-dive excess oxygen consumption after restrained dives and compare
it to that in seals.

Muskrats are suitable subjects for this study not only because
of their diving habits but also because of their size. They are small
enough to allow experimental unrestrained dives to be performed in the
laboratory. This is important because, despite the volume of Titerature
on the physiology of diving mammals and birds, few experiments have

involved measurements on unrestrained animals (Murdaugh, et al, 1961;
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Kooyman, et al, 1971; Harrison, et al, 1972; Kooyman & Campbell, 1972;
Jones, et al, 1973; Kooyman, et al, 1973; Millard, et al, 1973). For
purposes of comparisons between diving and non-diving animals and among
different diving animals, the restrained dive is an excellent approach
to the problem and, because of technical difficulties, it is often the
only possible approach. However, diving animals are usually very active
underwater and it would be of interest to know whether data collected
during a restrained dive are good estimates of the same parameters
during unrestrained dives. In this study comparison of the excess oxygen
consumption after both restrained and unrestrained dives of muskrats
will determine the effect of restraint on data obtained during diving
experiments.

Since muskrats' diving habits are quite different from the. div-
ing habits of seals the non-lactic acid oxygen debt mentioned earlier
may or may not be evident in muskrats. The simultaneous measurement of
post-dive oxygen consumption and blood lactic acid levels in this study

will elucidate the relationship between these two parameters in muskrats.
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CHAPTER II

METHODS AND MATERIALS

Trapping and Maintenance

Muskrats (Ondatra zibethica) were trapped from sloughs along

the Bitterroot River, south of Missoula, Montana during the fall of

1974 and 1975. A total of 12 individuals (5 males, 7 females) were used
in these experiments. Their mean body mass was 1.011 kg {range 0.638

to 1.539 kg). The animals were individually housed in cages and main-
tained on lettuce, carrots, and Purina dog chow. Drinking water was
provided ad 1ibitum. A1l experiments were conducted between July 1975

and February 1976.

Restrained Dives

A diving board mounted on a large aquarium (1.22 x 0.40 x
0.51 m) was used for the restrained dives (Fig. 1). The board was at-
tached to a metal rod supported on two ball bearings and could be held
level or tilted into the water with ease. The animal was secured on the
board with cloth straps around each foot; these were tied to small cleats.
Velcro straps were used to restrain the animal's body and tail and a

padded U~bolt held the animal's neck. Secured in this manner the

4
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Figure 1: Restrained dive apparatus (top) and unrastrained
dive apparatus (bottom) drawn to scale.
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animal's respiratory movements were unimpeded.

A half gallon plastic bottle was modified into a hood which fit
snugly over the animal's head when the animal was above water. Room
air was drawn through the hood at a rate of 3.58 to 6.88 1/min and was
sufficient to prevent any loss of expired air. The flow of air through
the hood was held constant during each experiment. The fractional con-
centration of oxygen in the excurrent hood air (FEOZ) was continuously
monitored during an experiment and only after an animal reached a
resting level of metabolism were animals dived.An animal was assumed to
be at rest when oxygen consumption remained relatively steady (3% to
+€% of resting) for a 7 to 15 minute period. After a dive, the animal
was allowed to return to at least within 12 to 24% above the pre-
dive oxygen consumption rate before being removed from the board.

Seven different animals were used. Six 0.5 minute dives, six
1 minute dives, eight 2 minute dives, five 3 minute dives, and six 4
minute dives were done for a total of 31 restrained dives. No animal

was dived more than two times in one day and often only once.

Unrestrained Dives

Experiments on unrestrained diving muskrats were conducted in
a glass-fronted tank (0.77 x 1.84 x 0.96 m) covered with a piece of
masonite mounted approximately 2 cm below the water surface (Fig. 1).
A trapdoor in the masonite, when open, was the animal's only breathing
hole and was the only exit and entrance to the tank. The door was
weighted and hinged and could be raised and lowered by a rope attached

to a pulley above the tank. The full body hood consisted of a wooden

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7
box (0.21 x 0.21 x 0.14 m) with a clear plastic dome 20 cm in height on

top. The volume of the hood without the animal was 13.6 1. Air was
drawn into and through the box through a series of holes 2 cm from the
bottom on each side. The closed trapdoor formed the floor of the box
so when the door was opened the animal was free to dive. During the
experiments air flow was maintained at 7.44 1/min.

Fractional concentration of oxygen in the excurrent air was
continuously monitored as in the restrained dive experiments and resting
metabolic rate was ascertained in the same manner. When a resting rate
was established, the animal was permitted to dive, after which the door
was closed. The animal had no access to the surface and ordinarily
swam continuously during the dive. The door was opened approximately
5 seconds before the end of the dive. Therefore, actual dive times
varied from desired dive time by a few seconds (-1.85+0.34 to 4.48:0.72
sec). After the dive the animal was allowed to return to its pre-dive
resting metabolic rate before the experiment was terminated.

Nine different animals were used for a total of 46 dives in-
cluding six 1 minute dives, eight 2 minute dives, eleven 3 minute dives,
fourteen 4 minute dives, and seven 5 minute dives. No animal was

dived more than three times in one day and usually only once.

Measurement of Oxygen Consumption

The fractional concentration of oxygen in the excurrent hood
air and room air (FIgp) were measured with a Beckman (Model G2) para-
magnetic oxygen analyzer (see Appendix 1). The oxygen analyzer was

calibrated by varying the pressure in its cell and the calibration was
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checked with a certified primary gas standard before each run. The
equation used to calculate oxygen consumption rate from data obtained
from the oxygen analyzer was that of Tucker (1968; Equation 3).

Flow of air through the hoods was measured with a flowmeter
which had previously been calibrated with a NBS certified Vol-U-Meter
(Brooks, Model #1058-7A) and was held constant by a sub-atmospheric
pressure regulator (Moore Products, Model 44-20).

The post-dive excess oxygen consumption (Vp2) is the oxygen con-
sumed above that which would have been consumed if the animals had main-
tained a resting oxygen consumption rate after the dive. The post-dive
excess V(02 was determined by measuring the area bounded by the post-
dive excess V02 curve above and the hypothetical resting oxygen con-
sumption rate below with a planimeter and comparing it to an area with
a known oxygen consumption.

A1l volumes are reported at standard temperature and pressure

(STP).

Lactic Acid Determinations

Blood samples were taken before, during, and after six re-
strained dives. Of these, five dives were 2.5 minutes in duration and
one was 2.0 minutes. Because of the small sample size, each dive was
evaluated individually.

Blood samples for the lactic acid assay were collected from a
cannula (PE 90) positioned in the femoral artery under a general anes-
thetic. The muskrats were anesthetized with sodium pentabarbital (35

mg/kg body mass) and were allowed to recuperate for 20 to 30 hours be-
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fore being used in the diving experiments. Clotted cannulae were a
chronic problem, hence sodium heparin was injected intramuscularly

(5 mg/kg body mass) approximately 5 minutes before the cannula was in-
serted into the artery.

Sixteen to twenty blood samples were collected during a single
diving experiment. In most cases, three samples were taken before the
dive, three during the dive and the remaining samples were collected at
varying intervals after the dive. The last sample was taken about 90
minutes after the dive. A 0.25 ml sample was collected each time and
the blood was replaced with heparinized isotonic saline. Blood samples
were immediately combined with 0.5 ml cold 8% perchloric acid in a
small polyurethane centrifugz tube. This combination was mixed vigor-
ously (Beckman/Spinco 154 micromixer) and centrifuged. The clear super-
natant was assayed for lactic acid using procedures outlined in Sigma
Technical Bulletin - 726UV/826UV and employing a Beckman DU spectro-

photometer.
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CHAPTER I1I

RESULTS

Magnitude of Post-dive Excess Oxyden Consumption

A typical pattern of oxygen consumption before, during and after
a two minute restrained dive is shown in Figure 2. The restrained dives
were characterized by an immediate increase in oxygen consumption fol-~
lTowed by a steep decline and then a rather extended plateau during
which the oxygen consumption rate approached the pre-dive level. Oxygen
consumption records following unrestrained dives lacked this plateau and
were characterized by a moré gradual increase and decrease in oxygen
consumption.

During a dive an animal should theoretically incur an oxygen
debt which minimally should equal the oxygen consumed for the duration
of the dive assuming the animal was at rest. The post-dive excess
oxygen consumption should compensate for this oxygen debt. The post-
dive excess oxygen consumption and oxygen debt for each dive are shown
in Appendix 2. The post-dive excess oxygen consumption was found to be
quite variable, but increased as did oxygen debt with longer dive times
(Table 1}. The oxygen debts incurred during 3 minute and 4 minute un-

restrained dives are nearly the same. The resting oxygen consumption

10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 2: Typical 2 minute restrained dive curve. Shaded
sections indicate equivalent oxygen consumptions
and show the portion of the post-dive excess oxygen
consumption necessary to pay off the oxygen debt.
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Table 1: Post-dive excess oxygen consumption (VQ2), oxygen debt (0D), and mean
percentage of VQp accounted for by OD for restrained and unrestrained

dives at each dive time. V(2 and_OD values are means = one standard error.

Restrained Dives Unrestrained Dives
T ik ke W Y10 %y 20t 9 x

0.5 62 11 b +0.6 11

1.0 93 23 11 #0.3 16 92 18 15 0.5 18
2.0 189 52 25 +0.7 23 175 16 23 £2.0 15
3.0 302 266 35 #3.0 15 398 70 51 #4.0 18
4.0 321 44 48 £2.0 17 374 47 50 4.0 17
5.0 475 £59 74 +8.0 17

A



13
rate of the animals used in these 3 minute dives was uniformly higher

than the average resting rate of all the animals, thus increasing the
calculated oxygen debt.

The ratio between oxygen debt and post-dive excess oxygen con-
sumption indicates that proportion of the post-dive excess oxygen con-
sumption used to pay off the resting oxygen debt during the dive and
corresponds to the shaded sections in Figure 2. This percentage varies
considerably (see Appendix 2). However, the mean percentages for var-
ious dive times range from only 11% to 23% (Table 1). These mean
percentages for different dive times for both restrained and unrestrained
dives are not statistically different (p=>0.05) (Table 2). Also the
mean percentage of all the restrained dives (16.8%) is not statistically
different from that (16.9%) of all the unrestrained dives (Fg = 0.02,
df = 1/51, p>0.05). It is evident that post-dive excess oxygen con-
sumption is considerably greater than the oxygen debt incurred during
the dive assuming resting conditions and that the ratio of oxygen debt
to post-dive excess oxygen consumption is independent of dive time or

type of dive.

Post-dive Excess Oxygen Consumption versus Dive Time

As previously stated, the post-dive excess oxygen consumption
increased with longer dives (Table 1). This relationship is also shown
in Figure 3. A weighted regression line fitted to the data and passing
through the origin is described by the equation Y = 92X where Y is the
post-dive excess oxygen consumption in milliliters per kilogram body

mass and X is the dive time in minutes. This regression explains 82%
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Table 2: Analysis of variance of the mean percentage of V07 accounted
for by 0D at different dive times .and for both restrained and
unrastrained diyes. Abbreviations as defined in Table 1.
Percentages were transformed before completing the statistical
analyses. Method of Sokal & Rohlf, 1969.

Restrained Unrestrained
Source of Variation df MS Fg df MS Fs
Dive Time 4 58.07 0.79 4 5.99 0.14
Error 26 73.90 41  42.97

14!



Figure 3: Relationship between post-dive excess oxygen con-
sumption and dive time for restrained dives. The
regression is described by Y = 92X. Method for
weighted regression through the origin from Steel
& Torrie, p. 179 (1960).
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16
of the variation in Y and is highly significant (Fs = 136.92, df = 1/30,

p<0.001). A test of the hypothesis that the line passes through zero
yielded a Fs value of 3.07 (df = 1/29, p >0.05) indicating that the line
does pass through zero.

Figure 4 shows the same relationship between mean excess oxygen
consumption and dive time but for unrestrained dives. The weighted re-
gression line through the origin is explained by the equation, Y = 93X.
The regression explains : 87% of the variation in Y and is highly
significant (Fs = 304.64, df = 1/45, p<0.001). Again, the assumption
that the regression line passes through zero is valid (Fs = 0.08,
df = 1/44, p>0.1).

The slopes of these two regression lines are not significantly
different (T = 0.10, df = 75, p>0.5), indicating that for equal length
dives the excess oxygen consumption is statistically the same for both

unrestrained and restrained diving muskrats.

Recovery Time

The total number of minutes required for recovery from each
dive are shown in Appendix 3. Recovery was assumed to be complete when
the oxygen consumption had reached the pre-dive level or at least to
within 24% above that level. The recovery time was variable and general-
1y increased with increasing dive time (Table 3). For equal length dives
the number of minutes to recovery is significantly greater for re-
strained dives than for the unrestrained dives. T-tests were performed
on the four dive times for which both restrained and unrestrained data

were available. For 1 minute, 2 minute, 3 minute, and 4 minute dives
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Figure 4: Relationship between post-dive excess oxygen con-
sumption and dive time for unrestrained dives. The
regression is described by Y = 93X. Method for
weighted regression through the origin from Steel &
Torrie, p. 179 (1960).
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Table 3: Mean total recovery time in minutes for each dive
time, both restrained and unrestrained dives.

Dive Time
(min)

0.5
1.0
2.0
3.0
4.0
5.0

Values are means =+ one standard error of the mean.

Restrained Dives
(min)

18.25 *3.14
23.00 *2.57
33.80 +5.83
52.20 +8.47
44,90 +5.71

Unrestrained Dives
{(min)

14.30 £2.25
19.75 £1.16
31.30 +4.74
30.60 +£3.36
34.80 £5.20

81
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the probability that the recovery time for restrained dives was greater

than that for unrestrained merely by chance was less than 0.05; 1 minute

dives (t = 2.55, df = 10), 2 minute dives (t = 2.37, df = 14), 3 minute

dives (t = 2.32, df = 14), 4 minute dives (t

2.26, df = 18).

Estimated Oxygen Stores

The estimated oxygen stores for each animal used in the lactic
acid experiments are summarized in Table 4. Oxygen stores include oxygen
in the lung, blood oxygen, and oxygen bound to myoglobin in the muscle.
The oxygen available in the lungs was estimated using Stahl's (1967)
equation for total lung capacity (TLC = 53.5M1.06) where M is the mass
in kilograms. The fractional concentration of oxygen in the lung was
assumed to be 14%. Oxygen stores in the blood were estimated from blood
volume and the oxygen capacity of the blood. The blood volume of musk-
rats was determined by Irving (1934) to be 10% of their body mass and
the oxygen capacity of their blood is 25 m1/100 m1 blood {Irving, 1939).
Of this total blood volume, one third was assumed to be arterial and
95% saturated, the remaining two thirds to be venous with an oxygen
saturation 5 vol% less than the arterial blood {Lenfant, et al, 1970).

Robinson (1939) estimated that 35% of the body weight in seals
was muscle, but 40% was chosen in this case as muskrats have less
b]ubberlthan do seals. Muscle myoglobin content was estimated at 2% of
the wet weight of the muscle, a figqure close to actual measurements ob-
tained from penguins (Weber, et al, 1973) and from sea otters, but Tower
than those obtained from seals (Lenfant, et al, 1970). The oxygen-

combining ability of myoglobin is 1.34 m1 02/g9 myoglobin (Robinson, 1939).
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Table 4: Estimated oxygen stores for each muskrat used in the lactic
acid experiments. See text for specific information on how

Experiment

la
2a
3a
4a
5a
3

stores were estimated.

Oxygen Stores

Animal Mass Lung Blood Muscie
(kg) (m1) (m) (m1)
0.847 6.3 17.3 9.1
0.830 6.1 17.0 8.9
0.920 6.9 18.8 9.9
1.197 9.1 24.5 12.8
0.790 5.8 16.2 8.5
1.075 8.1 21.9 11.5

Total Oxygen
Stores (ml)

32.7
32.0
35.6
46.4
30.5
41.5

0¢
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Lactic Acid

The lactic acid concentration in the blood remained Tow
throughout the dive (Figure 5) in all instances except one. After a
dive there was an immediate increase in blood levels of lactic acid.
Only 4 to 13% of the total increase in lactic acid following a dive
occurred during the dive (Table 5). During the dive in which lactic
acid concentration increased substantially, 70% of the total increase in
lactic acid occurred during the dive.

Table 5 also shows the estimated amount of oxygen that would be
required to oxidize the accumulated lactic acid after each dive. The
total amount of lactic acid (LA) per kilogram animal mass following a
dive was computed with the formula; 0.75 LAp = LA/kg given by Margaria,
et al (1963) where LAb is the amount of lactic acid in grams per liter
of blood. One-fifth of this total lactic acid is then oxidized to con-
vert the remaining 4/5 into glycogen (Scholander, 1940). The amount of
oxygen required to effect this oxidation can be calculated, since 3
moles of oxygen are required to oxidize 1 mole of lactic acid (Margaria,
et al, 1933).

The relationship between the sum of the oxygen stores plus the
estimated amount of oxygen used in the oxidation of lactic acid and
the total post-dive excess oxygen consumption is shown in Table 6. In
all cases the oxygen stores plus oxygen used in the lactic acid oxidation

was less than (39 to 90%) the total excess in oxygen consumption.
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Figure 5: Oxygen consumption and blood levels of lactic acid
before, during and after a 2.5 minute dive. (Exp. la)

The increase in lactic acid during the dive was assumed
to be linear. '
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Table 5: Maximal lactic acid (LA) concentration, percentage of total LA increase occurring

during the dive, grams LA removed in recovery, and oxygen required for removal of
LA for lactic acid experiments.

Experiment Animal Mass Maximal LA % LA Increase Grams LA Oxygen Required
(kg) Concentration During Dive Removed For Oxidation
(mg/100m1 blood) During Recovery of LA (ml)
la 0.847 114.67 12 _ 0.73 108
2a 0.830 100.67 70 0.55 83
3a 0.920 142.43 13 0.91 136
4a 1.197 79.006 13 0.74 110
5a 0.790 142.03 13 0.66 97
3 1.075 125.32 4 0.79 119

€2
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Table 6: Comparison of post-dive excess oxygen consumption and the oxygen

necessary for replenishing oxygen stores and removing lactic acid.

Experiment

la
2a
3a
4a
5a

(1)
Post-dive Excess
Oxygen Consumption
(m1)
192
203
251
404
141

194

(2)
Oxygen Stores plus
Oxygen for lactic acid

Oxidation (ml)

141

115

172

156

128

161

1

- (2)
(%)

X 100

124



CHAPTER IV
DISCUSSION

Previous work by Scholander (1940) on seals and by Andersen
(1961) on alligators indicates that the post-dive excess oxygen consump-
tion is usually insufficient to account for the oxygen debt incurred
during a dive if it is assumed that the pre-dive resting rate is main-
tained throughout the dive. This is true even after dives in which the
seals struggled. Both authors suggested as a possible explanation that
metabolism (as indicated by oxygen consumption) is reduced during a
dive. A reduction in metabolism (as measured by reduced body tempera-
tures) during diving has actually been observed by Scholander, et al

(1942) in seals, by Jackson (1968) in the turtle, Pseudemys scripta,

and by Andersen (1959) in ducks.

However, not all diving animals respond to forced dives by re-
ducing their metabolic rate. Scholander (1940) found that in penguins
the post-dive excess oxygen consumption was much greater than the oxygen
debt incurradduring the dive if a resting oxygen consumption rate was
assumed for the period of the dive, and the same result was obtained
when manatees were forcibly dived (Scholander & Irving, 1941). 1In both

instances, the animals struggled during the dives. Muskrats' metabolic

25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



26

response to diving is similar to that of penguins and manatees in that
the post-dive excess oxygen consumption is 4 to 9 times greater than the
oxygen debt incurred, assuming a resting oxygen consumption rate during
the dive. Struggling was never continuous but did occur periodically
during some of the dives.

There are two possible explanations for a post-dive oxygen
consumption which is greater than expected. The animals are either,
not maintaining a resting oxygen consumption rate during the dive or
the post-dive excess oxygen consumption is superimposed on an oxygen
consumption rate which is greater than the pre-dive oxygen consumption
rate. The factors that might increase oxygen consumption rate during a
dive include activity, thermal stress, and/or hormonal changes. Hart
(1971) reports that the maximal possible oxygen consumption that can be
maintained for at least 20 minutes by a muskrat is 3.5 times their basal
oxygen consumption rate, but for shorter periods of time, e.g. the
length of these dives, it is Tikely that they could maintain their oxy-
gen consumption rate at even higher levels as is possible in humans {20
times normal for several minutes).

Yet, activity during the dive, in itself, cannot fully explain
the Targer than expected post-dive oxygen consumption observed in musk-
rats. In a number of dives in which the animal remained essentially
motionless throughout the dive the post-dive oxygen consumption still
exceeded the oxygen debt, assuming a resting oxygen consumption rate
during the dive, by a factor of 2 to 8. In addition to increases due
to the occasional activity, muskrats have been observed to have an

oxygen consumption rate in water 1.18 to 1.3 times their oxygen con-
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sumption rate in air at the same temperature (Shcheglova, 1964) which
may account for a portion of the increase in oxygen consumption that is
apparent in muskrats even when there is minimal activity. The only hor-
monal changes likely to be of any importance are those involved with the
release of epinephrine. This causes only a relatively small increase in
metabolic rate but it also might contribute to the increase in oxygen
consumption during dives with minimal activity. It is likely that the
increases seen even with only minimal activity during the dive result
from a combination of these factors.

These same factors might also affect oxygen consumption after
a dive, but activity is minimal after restrained dives, and would prob-
ably not contribute greatly to an increase in oxygen consumption. After
unrestrainea dives the animals did commonly groom, so this activity
could result in some of the increase in oxygen consumption after unre-
strained dives. Again, release of epinephrine could cause a small por-
tion of any increase in oxygen consumption rate.

Physical activity causes the‘gréatest increases in oxygen con-
sumption rate and while it may not be able to account for all the excess
oxygen consumption after a dive it probably accounts for the major part
of it. In the restrained dive experiments, this physical activity oc-
curred during the dive whereas in the unrestrained dive experiments it
was most likely a combination of the swimming and post-dive grooming.

The major procedural difference between these restrained and
unrestrained dives was in the freedom of movement allowed the animal.
The length of the dive was regulated in both instances. Because of this,
any differences observed between the restrained and unrestrained dives

should be due to the activity of swimming, yet the excess oxygen con-
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sumptions after restrained and unrestrained dives of equal duration are
quantitatively similar. The increased activity of the unrestrained
dives appears not to have affected the magnitude of the excess oxygen
consumption after the dive. Apparently the energetic cost of swimming

is not great in muskrats. Kooyman, et al (1973) found this to be true
also in seals. Therefore, when measuring the magnitude of the post-dive
oxygen consumption in muskrats, a restrained dive is a good approximation
of the unrestrained situation.

Although the excess oxygen consumptions after restrained and
unrestrained dives are quantitatively similar, there do appear to be
qualitative differences. The rate at which this excess oxygen is con-
sumed after restrained dives is slower than the rate at which it is con-
sumed after unrestrained dives. The recovery after a restrained dive
of a muskrat shows the same characteristic curve as that obtained from
other diving mammals -- an initial rapid oxygen consumptibn rate followed
by a lower slowly decreasing rate until recovery is complete. The re-
covery curve of an unrestrained dive drops more quickly from the initial
increase.

Recovery may possibly have been faster after unrestrained dives
because of the grooming activity that commonly took place after the dive.
Newman, et al, (1936) found that the rate of removal of lactic acid is
faster after exercise if some moderate level of exercise is maintained,
thus the grooming may have aided in the recovery process.

The small amount of lactic acid that appears in the blood
during the dive in comparison to the amount which appears after the dive

indicates that muskrats, 1ike other diving animals, exhibit circulatory
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adjustments which isolate the muscle masses during a dive, reserving
oxygen for less tolerant tissues such as brain and heart.

There is disagreement in the literature as to what fraction of
the accumulated lactic acid formed anaerobically is actually oxidized to
provide the energy for the resynthesis of the remaining lactic acid into
glycogen. Meyerhof (1927) determined this fraction to be 1/3 to 1/6.
Scholander (1940) used 1/5 and that fraction was used in this stddy also.
Other authors have proposed using 1/10 (Margaria, et al, 1933) or 1/13
(Margaria, et al, 1963). When using one of these fractions of the total
lactic acid to estimate the amount of oxygen necessary to effect the
removal of the lactic acid, the assumption is made that all the lactic
acid removed is converted to glycogen. There is evidence that this is
not true. Stainsby & Welch (1966) and Freyschuss & Strandell (1967) have

observed the uptake of lactic acid by muscle in situ. Lactic acid is

also removed from the coronary arterial blood in quantities that suggest
that it is utilized as an energy source by the heart (McGinty & Miller,
1932).

The sum of the oxygen stores and the oxygen necessary for lactic
acid oxidation was always less than the actual post-dive excess oxygen
consumption (Table 6). A variable non-lactic acid debt appears to exist
in muskrats but if a greater percentage of the lactic acid was assumed
to be oxidized, the entire post-dive excess oxygen consumption can be
accounted for by oxygen stores plus oxygen necessary for lactic acid
oxidation. The percentage of the lactic acid that had to be oxidized
to account for the entire excess oxygen consumption varied for the six

dives performed (la, 29%; 2a, 42%; 3a, 32%; 4a, 65%; 5a, 22%; 3, 26%).
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Because of the above difficulties in assessing that portion of the
lactic acid accumulated during a dive that is actually oxidized, it is
difficult to make definite conclusions as to the presence or absence of

a non-lactic acid debt in muskrats.
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CHAPTER V
SUMMARY

The extensive literature on the physiological adaptations to
diving does not include much information on semi-aquatic mammals or
on unrestrained animals. Most of the research on diving mammals has
been done using seals, animals accustomed to prolonged diving. The
extent of the adaptations to diving varies among different diving an-
imals and probably reflects the diving habits of the animal. Muskrats
are medium-sized semi-aquatic mammals accustomed to dives of short
duration.

This study examined the post-dive excess oxygen consumption
in muskrats and determined whether the non-lactic acid oxygen debt
observed in seals is also present in muskrats. Comparisons are also
made of restrained and unrestrained dives to determine the effect of
restraint on an animal's physiological responses to diving.

Seven animals were used for a total of thirty-one restrained
dives. Dives were performed with the animal secured on a board which
could be tilted into the water. Dives were 0.5, 1, 2, 3, or 4 minutes
in duration. Nine animals were used for a total of forty-six unre-

strained dives. Unrestrained dives were performed in a large tank

31
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“

with only one opening used for both an entrance and exit and
lasted 1, 2, 3, 4, or 5 minutes. Dive time was regulated by opening
and closing the trapdoor over the opening to the tank.

During restrained diving experiments the anima1's head was
covered by a plastic hood and during the unrestrained diving experi-
ments the animal sat in a whole body hood. Room air was drawn through
these hoods and the fractional concentration of oxygen in the excurrent
hood air was continuously monitored with a paramagnetic oxygen analyzer
before and after each dive. Oxygen consumption was calculated from
the fractional oxygen concentration data. Lactic acid levels were
determined in blood samples which were taken from the muskrat's femoral
artery before, during, and after six different restrained dives. Body
oxygen stores were estimated from the literature.

The post-dive excess oxyden consumption after all dives was
greater than the oxygen debt incurred assuming maintenance of the pre-
dive oxygen consumption rate. This indicates either an increased
oxygen consumption rate during the dive or after the dive. The in-
crease in the oxygen consumption rate in restrained experiments prob-
ably occurs during the dive and is due partially to intermittent
struggling. The increase in unrestrained experiments probably occurs
both during the dive (swimming activity) and after the dive (grooming).

The post-dive excess oxygen consumption increased with longer
dives after both restrained and unrestrained dives. Regression of
post-dive excess oxygen consumption on dive time results in statistical-
ly equal regression equations for restrained and unrestrained dives.

This indicates that the activity of swimming is not energetically
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costly for muskrats and that restraint has no quantitative effect on
the post-dive excess oxygen consumption. However, there appears to be
a qualitative difference between restrained and unrestrained dives in
that the total time to recovery is always shorter after unrestrained
dives than after restrained dives of the same duration.

Comparison of the volume of oxygen necessary to replenish
the oxygen stores plus the lactic acid oxidation oxygen and the actual
post-dive excess oxygen consumption suggests a non-lactic acid debt
in muskrats but, because of the disagreement in the literature as
to the fraction of the lactic acid which is oxidized in recovery, no

definite conclusions can be made as to the existence of a non-lactic

acid oxygen debt in muskrats.
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APPENDIX 1
Flow system utilized for oxygen consumption

me?sgrements. VR is a vacuum regulator and
\/ 1s a flowmeter.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

34



N\
ANIMAL

DRIERITE

/

\0
—\/

Y

PUMP

DRIERITE

VACUUM &—— VR

OXYGEN
ANALYZER

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

35



APPENDIX 2

Post-dive excess oxygen consumption (V02), oxygen
debt (0D), and percentage of Vo2 accounted for
by OD for each dive, both restrained and unre-
restrained.
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Restrained Dives
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02 Debt
(m1/kg)

~NoO1IoooO,m

10
11
10
11
12

22
27
25
25
27
23

23
30
33
41
29
44
43
54

56
50

02 Debt

Vo2

10
16
10
8
8
15

32
14
18
6
7
18
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9
23
16

6
28
15
15

6

18

9
14
30

15
10
22

9
20
24

X 100
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Unrestrained Dives

Dive Time Vo

2 02 Debt ‘02 Debt
(min) (m1/kg) (m1/kg) Vo, X 100
1.0 79 16 20
1.0 72 13 18
1.0 63 16 25
1.0 ,180 15 8
1.0 66 14 21
1.0 93 14 15
2.0 174 20 12
2.0 137 27 20
2.0 191 22 12
2.0 178 22 12
2.0 154 17 11
2.0 220 22 10
2.0 244 26 11
2.0 100 31 31
3.0 577 57 10
3.0 343 74 22
3.0 699 34 5
3.0 853 35 4
3.0 249 60 24
3.0 134 44 33
3.0 326 49 15
3.0 202 37 18
3.0 317 67 21
3.0 173 62 36
3.0 509 39 8
4.0 291 57 20
4.0 360 57 16
4.0 243 41 17
4.0 225 50 22
4.0 162 54 33
4.0 224 52 23
4.0 564 44 8
4.0 496 49 10
4.0 169 51 30
4.0 310 50 16
4.0 339 48 14
4.0 687 44 6
4.0 578 51 9
4.0 583 53 9
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Unrestrained Dives (cont.)

Dive Time Vo2 02 Debt 02 Debt

(min) (m1/kg) (m1/kq) ~ Vo2 X 100
5.0 784 59 8
5.0 338 56 17
5.0 552 52 9
5.0 452 59 13
5.0 333 97 29
5.0 452 94 21
5.0 414 99 24

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX 3

Recovery time in minutes for each restrained
and unrestrained dive.
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Restrained Unrestrained

D1ve.Time Recovery Dive Time Recovery
(min) Time (min) Time
0.5 32 1.0 11
0.5 11 1.0 13
0.5 13 1.0 9
0.5 19 1.0 23
0.5 21 1.0 12
0.5 15 1.0 19
1.0 18 2.0 18
1.0 29 2.0 17
1.0 20 2.0 27
1.0 30 2.0 22
1.0 27 2.0 22
1.0 15 2.0 17
2.0 18
2.0 26 2.0 19
2.0 55
2.0 27 3.0 45
2.0 22 3.0 24
2.0 62 3.0 42
2.0 14 3.0 66
2.0 35 3.0 20
2.0 31 3.0 14
3.0 28
3.0 58 3.0 21
3.0 47 3.0 29
3.0 74 3.0 14
3.0 59 3.0 42
3.0 23
4.0 25
4.0 40 4.0 25
4.0 45 4.0 24
4.0 32 4.0 18
4.0 67 4.0 18
4.0 56 4.0 17
4.0 31 4.0 51
4.0 42
4.0 18
4.0 28
4.0 33
4.0 54
4.0 42
4.0 37
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Unrestrained
Dive Time Recovery
(min) Time
5.0 64
5.0 27
5.0 38
5.0 34
5.0 23
5.0 25
5.0 33
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