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Summary

The metabolism of swimming in the platypus to transport costs for fish, the platypus utilized energy at a
Ornithorhynchus  anatinus Shaw was studied by similar level to highly derived aquatic mammals that use
measurement of oxygen consumption in a recirculating submerged swimming modes. The efficient aquatic
water flume. Platypuses swam against a constant water locomotion of the platypus results from its specialised
current of 0.45-1.0msL. Animals used a rowing stroke and  rowing mode in conjunction with enlarged and flexible
alternated bouts of surface and submerged swimming. forefeet for high thrust generation and a behavioral
Metabolic rate remained constant over the range of strategy that reduces drag and energy cost by submerged
swimming speeds tested. The cost of transport decreased swimming.
with increasing velocity to a minimum of 0.51 at 1.0m3.

Metabolic rate and cost of transport for the platypus were
lower than values for semiaquatic mammals that swim at Key words: platypus, Ornithorhynchus anatinys swimming,
the water surface using a paddling mode. However, relative metabolism.

Introduction

The platypus Ornithorhynchus anatinusdemonstrates swimming as determined from measurement of oxygen
highly specialized habits and anatomy adapted to a semiaquaticnsumption (Holmer, 1974; Fish, 1982; Baudinette and Gill,
existence. Its fur is extremely fine and dense, insulating th&#985; Williams, 1983, 1989). When compared with body drag
body and providing buoyancy in water (Grant and Dawsongr mechanical power output, the high energy costs of paddling
1978). Broad webbed feet are used for swimming antiave translated into aerobic efficiencies of no more than 5%,
maneuvering in the water. A visual examination showed thawhich is lower than for the highly derived swimming modes
the platypus swims by alternate rowing motions of itsof aquatic mammals (Fish, 1993).
forelimbs (Howell, 1937; Grant, 1989), which are oriented in The purpose of the present study was to examine the
the horizontal plane. During swimming, the hindfeet are hel@énergetics of rowing by the platypus. The relationship between
immobile against the sides of the body and together with theaetabolic energy input and swimming effort was determined
broad, compressed tail are used solely for maneuveringy measurement of oxygen consumption of animals swimming
(Howell, 1937). against a constant current at different velocities in a water

Typically, semiaquatic mammals (e.g. beav€astor flume. The platypus is the only mammal to swim by rowing
canadensis muskrat Ondatra zibethicusand otter Lutra  motions of the pectoral appendages. Comparisons of locomotor
canadensis swim using their hindlimbs in a vertical plane efficiency with other mammalian swimmers were made
beneath the body in the paddling mode (Fish, 1993). Bothossible by calculation of cost of transport.
paddling and rowing motions are considered to be inefficient,
because only half the stroke of the limbs is used to generate
forward propulsion (thrust), whereas the other half of the
stroke, which is used to reposition the limb, increases the Animals
resistance to forward movement (drag), thus reducing the netSix adult platypuse®rnithorhynchus anatinuShaw were
thrust generated (Howell, 1937; Fish, 1984, 1993). Animalsetted in creeks near Eildon in north-eastern Victoria,
which use paddling modes have high energy costs fohkustralia, under a permit from the State Department of
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Conservation and Land Management. Fyke or eel nets we(8able Systems). In most cases, steady-state plateaus of at least
used in smaller creeks and gill nets were used to take animalsnin during which the platypus swam on the surface were
from larger bodies of water. The latter nets were monitoredsed for analysis, but at higher swimming speeds the frequency
continuously, and the animals were removed within 1 min 06f diving increased in some individuals and an integration
becoming entangled. Under the conditions of the collectiomlgorithm was applied to the data. During analysis, any drift in
permit, the animals could only be held for a period of 8 h as the G monitoring system was corrected by linear interpolation
result of their marked adrenocortical response to the stress lpétween the initial and end baseline readings, which were
capture (McDonalcet al. 1992). Animals were subsequently recorded before and after introduction of the platypus into the
released at the capture site. respiratory chamber, respectively.

All experiments were conducted between 22:00 and 04:00h, The rate of oxygen consumptiono) was calculated
a period encompassing the normal activity periods of theccording to:

animals. Each of the animals was swum at either three or fol : ,
VE(Fio, — F'Eo,)

speeds spaced at approximately 120min intervals over tt Vo, = , (1)
holding period. A swimming period lasted for 10-15 min. 1-Fio, + RQFIo, - F'Eo,)
Water flume where\k is the rate of airflow out of the respiratory chamber,

Swimming metabolic studies were conducted in a watelr:'02 is the fractional concentration ob®ntering the chamber,
flume similar in design to those used by Fish (1982) anE'EOz IS the fractiona! concentrati.on ob@aving the chamber,
Williams (1983). The flume was constructed from a flatand RQ is the respiratory quotient (Withers, 1977). RQ was

fiberglass tank of dimensions 3.kt7nw0.3m. The tank @ssumed to be 0.8. The rate op Consumed aisten
was divided longitudinally to form a working section 'ePresenting metabolic rate, was converted to its energetic

(1.0mx0.4 mx0.3 m) and a return section through which waterfduivalent using a conversion factor of 20.131@%. .
was circulated using a variable-speed electric outboard motor COSt Of transport (COT) can be used to assess directly the
(Mercury; model T2400) connected to a 12V battery. Usinéaffluency qf different swimming modes frqm dgtermlnatmns
this device, flows of up to 1.0 miswere achieved. Turbulence ©f metabolic effort (Tucker, 1970; Schmidt-Nielsen, 1972;
in the working section was reduced using a plastic grid ofiSh, 1992). COT is the metabolic cost used to move a unit
12 mmx12 mm squares in which the ratio of width to length of @SS over a given distance, and COT is inversely proportional
the elements was 1:8. In addition, the area of the return sectidh efficiency (Tucker, 1970). COT was calculated as:
downstream of the motor was covered with a sheet of plywood COT = MRMgU) ™2, @)
to prevent wave formation. . ) _ ) i

Water flow velocity U, in ms?) in the working section was Where MR is the metabolic rate in"3,8V is body mass in kg,
measured using a calibrated current meter (Global Flow Prob@ndg is the gravitational acceleration of 9.8T# §Videler and
Global Water, Fair Oaks, CA, USA). Profiles of water flow didNolet, 1990) The units of COT are JNn™%, which is
not show significant variation or turbulence in the region irflimensionless.

which the animals swam. L
Stroke frequency determinations

Metabolic measurements To determine the stroke rate of the platypus, a video camera
The top of the working section consisted of a 51 respiratorgPanasonic Camcorder, model PV-5100) was mounted above

chamber with a slanted roof formed by a clear acrylic plastighe working section of the flume. Video tapes were recorded
cover bounded by flexible side panels. Water levels werdt 60Hz. Lighting was provided by a single floodlamp
maintained above the lower extremities of the chambeRositioned behind the working section. The floodlamp was
creating a sealed airspace above the animal's head. Room &ifned on after at least 4 min of undisturbed swimming by the
was drawn through inlet and outlet ports placed at oppositlatypus.
sides of the chamber at a regulated flow rate of 15¥min Sequential frames of video tape (1/30s) were viewed using
Measurements of oxygen consumption were made at watér Panasonic AG-7300 video recorder. Video records were
temperatures between 15 and 16 °C. The flow of gas from ti@hosen for analysis only if the animal swam continuously for
respiratory chamber was regulated by a mass-flow controll@t least two stroke cycles, the animal was not interfered with
(model 840, Sierra Instruments, Monterey, CA, USA)by the water flume (i.e. its forefeet did not contact the walls,
calibrated against a Brooks volumeter. A subsample of th#oor or metabolic hood), and the animal maintained position
exhalant stream was scrubbed of carbon dioxide and watén, the flume without anterior or posterior displacement.
respectively, in an Ascarite and Drierite (Cap€olumn and
pumped into an oxygen analyser (Applied Electrochemistry,
model S-3A) for determination of the fractional concentration Results
of oxygen measured at +0.02%p.OThe output from the Three male and three female platypuses were tested. Mean
analyser was digitised (Universal Interface, Sable Systems, Lapdy mass was 1.52+0.37kg (mears.t.) with a range of
Vegas, NV, USA) and analysed using DATACAN V software1.11-2.28 kg.



Energetics of platypus swimmir2649

1.2 . 34
e Platypus1
= o Platypus?2
r 1r v v 32 | o Platypus3 v
i d I~ m Platypus4 N
2 gl v. z | | a Platypus5 G
N . A O o] 3
9 o e O 3 v Platypus 6
E 06 2o * § 28 | .
o 8
© e Platypus1 =
L 04L o Platypus 2 £ o6l
S o Platypus3 <
'g s Platypus4 o
s 02 + Platypus5 24F o=
v Platypus 6 e v o
0 | | | | | 22 | | | | | |
0 0.2 0.4 0.6 0.8 1 12 0.4 05 0.6 0.7 0.8 0.9 1 11
Velocity (ms-1) Velocity (m s?1)

Fig. 1. Mass-specific oxygen consumption of six platypuses as Fig. 3. Stroke frequencyf)(versusswimming velocity U) in six
function of swimming velocity ). Data points for each individual platypuses. Data points for each individual platypus are shown. The
platypus are shown. line has the equatioi*1.80+1.26).

In the water flume, platypuses alternated bouts of surfagexploit low velocity profiles at the bottom of the working
and subsurface swimming over a range of velocities from 0.4%ection.
to 1.0msL. No change in body orientation over this speed Continuous traces of oxygen consumption over time were
range was observed which could affect drag. Animals wer@terrupted when the platypus was swimming submerged. The
easily able to match the speed of the water current. Periotigte of oxygen consumption for individual animals showed a
were observed in which the animals were able to swim fastér7-58.7% increase over the range of swimming speeds
than the highest water speed in the flume. Platypuses swamiagestigated, with the exception of one platypus which
described previously (Howell, 1937) using alternate rowingexhibited a 1.5% decrease in metabolic rate with increasing
motions of the forelegs to swim against the water flowThe pooled metabolic data showed that there was no significant
Occasionally, when accelerating, the platypus stroked itshangei(=0.23; d.f.=17P>0.1) in metabolic rate with changes
forelegs simultaneously before returning to alternating stroke# U (Fig. 1). The mean active metabolic rate was 0.83+0.14 ml

Diving to exploit lower velocity profiles within the flow tank O2g™*h™! (mean #s..).
is a possibility in experiments such as these. This behavior COT decreased curvilinearly with increaslagFig. 2). The
would effectively alter the speed at which the minimumdata were significantly correlated=0.79; d.f.=17,P<0.001)
metabolic cost occurred. However, our observations suggesith U through a second-order polynomial relationship. The

that platypuses were neither diving deeply nor attempting tainimum value of COT was 0.51, which occurred at 1.0'ms
Fig. 3 illustrates the relationship between the frequency of

14 the stroke cycle and). Frequency showed a direct linear
« Playpus1 rela_tlon.sh|p with U that was highly significant r£0.89;
12 + L] o Platypusz d.f.—l?,P<0.001).
¢ o Platypus3
© = Platypus4 i .
§f 1r v a Platypus5 Discussion
o v v Platypus6 . . .
s As physical work load due to hydrodynamic resistance
5 08 - s increases directly witkJ, the metabolic work performed by a
g 06 swimming animal should increase similarly with speed. This
§ 06F

relationship is typical for swimming animals (Webb, 1975;
Baudinette and Gill, 1985; Fish, 1992). However, there was no
04 r ‘4 change in metabolic rate in the platypus over the rangé of
tested in the present study. Small increases in metabolic rate
occur at lowU in other swimming animals (Williams, 1983;
Baudinette and Gill, 1985), and the ability of the platypus to
swim at speeds faster than those tested here suggests that its
Fig. 2. Dimensionless cost of transport (CO#rsusswimming  Metabolic rate may increase at higher speeds. The mean active
velocity (U) in six platypuses. Data points for each individual platypusmetabolic rate for platypus was calculated here at
are shown. The line was fitted to a second-order polynomial &5.14 Wkg?75 whereas Grant and Dawson (1978) found a
COT=2.12-3.20U+1.592. maximum metabolic rate of 7.0 Wy,
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The platypus has an active metabolic rate that is lowith the foreflippers using a combination of lift-based
compared with that of other paddle-propulsing semiaquatioscillations and rowing motions (Feldkamp, 1887These
mammals of similar body size. Swimming muskr@sdatra latter motions produce the greater part of the thrust generated
zibethicuy have an active metabolic rate 2-5.1 times that obver the stroke cycle. This swimming mode results in aerobic
the platypus (Fish, 1982), whereas swimming midkigtela  efficiencies of 12—-30% and a maximum mechanical efficiency
visor) expend energy at a rate 4.1-10.7 times greatesf 80% (Feldkamp, 19&7 Williams et al. 1991). Fish (1996)
(Williams, 1983). The platypus also maintains a low restingargued that the platypus represents a possible modern analog
metabolic rate compared with aquatic eutherian mammal$o an intermediate swimming mode between drag-based
Grant and Dawson (1978) determined that the restingaddlers and lift-based pectoral oscillators. Indeed, the pattern
metabolism of the platypus in air was 35 % lower than that dfor the platypus is more similar to that of the sea lion than that
eutherian mammals and was 37-54 % lower in water. of semiaquatic paddlers. For the platypus and sea lion, stroke

The reduced metabolic effort required during swimming byfrequency increases linearly with increasibg(Feldkamp,
the platypus is reflected in its COT (Fig. 4). The platypus ha8987%), whereas frequency is independentlbin paddlers
a COT 2.4 times greater than the minimum COT for a fish ofWilliams, 1983; Fish, 1984). Although a detailed analysis of
equivalent body mass (Brett, 1964). This is much lower thathe swimming dynamics of the platypus has not been
the equivalent factor for other semiaquatic and terrestriaindertaken, the rowing stroke may have a reduced metabolic
mammals (Fig. 4), which have a COT 8.9-24.2 times greatarost due to efficiencies higher than for semiaquatic paddlers.
than that of fish. However, the relative COT for the platypus The ability to increase swimming efficiency by enhancing
is within the range of 1.9-5.6 times greater than fish COThrust generation is associated with the morphology of the
found for highly derived aquatic mammals, including seals, sepropulsive forefeet in the platypus. Webbing on the forefeet is
lions and whales. These differences may reflect the enerdyyoad and extends beyond the digits during swimming (Grant,
usage dictated by different swimming modes. 1989). When fully spread (abducted), the forefeet of the

The platypus swims by pectoral rowing (Howell, 1937;platypus have a triangular planform which is the optimal shape
Grant, 1989). Although some semiaquatic mammals (e.g. poléor maximizing thrust production during paddling (Blake,
bear Ursus maritimusand ferret Mustela putorius swim  1981). The forefeet constitute the largest surface area of any
exclusively using their pectoral appendages, their strokes aoé the extremities of the platypus, and the combined surface
confined to the parasagittal plane similar to the quadrupedatea of the forefeet is 13.6 % of total body surface area (Grant
and pectoral paddling used by other semiaquatic mammadsxd Dawson, 1978). This is comparable with that of sea lion
(Flyger and Townsend, 1968; Fish, 1993). An examination dforeflippers, which represent 15.7-16.6 % of total body surface
paddling has shown these modes to be inherently inefficieatrea (Feldkamp, 198}, but is larger than the propulsive
(Fish, 1992). Energy is lost mainly due to inertial effects, nonhindfeet of semiaquatic rodents, which represent 4.0-6.4 % of
thrust-generating movements during the power stroke arthie wetted surface areas of the body (Mordvinov, 1976).
increased drag while repositioning the appendage during thligecause a large mass of water can be accelerated by the foot,
recovery stroke. These losses translate into aerobic efficienciefficiency will be greater for the platypus than for paddlers
(the energy needed to provide thrust divided by the totakith relatively smaller foot areas (Alexander, 1983).
metabolic input) of no greater than 5% and mechanical Semiaquatic paddling mammals swim at the surface, but
efficiencies (the energy needed to generate thrust divided Ipfatypuses dive frequently, which can reduce metabolic cost
the total mechanical work) of only 33% (Fish, 1992). (Fish, 1992; Evanst al. 1994). Pronounced bradycardia and

The highly aquatic sea lioBalophus californianuswims  the associated hypometabolism during submerged swimming

Fig. 4. Dimensionless cost of transport
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can offset tachycardia and increased metabolic rate durirBrert, J. R. (1964). The respiratory metabolism and swimming

surface swimming (Castellini, 1988; Willianet al. 1991). performance of young sockeye salmdnFish. Res. Bd Carl,

Like diving pinnipeds and cetaceans, platypuses can 1183-1226.

dramatically lower heart rate from pre-dive levels of CASTELLINI, M. A. (1988). Visualizi_ng metabolic tra_nsitionsin aquatic

140-230beatsmid to 10-120beatsmih during dives mammals: does apnea plus swimming equal ‘divi@ga. J. Zoal

(I.Evanset al'l.994)' Howevef* the Se.miaquatic muskrat has %o?TEﬁSjAI:{ R. aND WHiTTow, G. C. (1975). Oxygen cost of

high ,energetlc, cost ?‘S‘,S‘,OC'atgq with vquntgry underwater swimming in a trained California sea liddomp. Biochem. Physiol

exercise, despite exhibiting diving bradycardia (MacArthur 54 645647

and Karpan, 1989; MacArthur and Krause, 1989). Davis, R. W., Wtriavs, T. M. ano Kooyman, G. L. (1985).
An additional energetic benefit of submerged swimming is Swimming metabolism of yearling and adult harbor s€lsca

a reduction in drag (Lang and Daybell, 1963; Baudinette and vitulina. Physiol. Zoal 58, 590-596.

Gill, 1985; Williams, 1989; Williamset al. 1991). When Evans, B. K., bnNes D. R., Bibwin, J. aND GasgoTT, G. R. J.

surface swimming, formation of waves augments drag by up (1994). Diving ability of the platypugiust. J. Zool42, 17-27.

to five times (Hertel, 1966), which increases metaboli¢ ELDKAMP, S. _D. (1983). Swimming in the _California sea lion:

expenditure and limits swimming speed (Fish, 1982; Williams, Morphometrics, drag and energetiésexp. Biol 131, 117-135.

1989). The effect of surface waves is negated when SWimmianELDKAMP, S. D. (198D). Foreflipper propulsion in the California sea

t a depth ter th th i th ; di t ﬁion, Zalophus californianus]. Zool., Lond212, 43-57.
at a depth greater than three imes the maximum diameter gh, = £ (1982). Aerobic energetics of surface swimming in the

the body (Hertel, 1966). Surface-swimming mammals (e.g. yskratondatra zibethicusPhysiol. Zool 55, 180-189.

human, minkMustela visonmuskrat) have a higher COT than fsy, F. E. (1984). Mechanics, power output and efficiency of the
mammals that typically swim submerged (Fig. 4). Sea otters swimming muskrat @ndatra zibethicis J. exp. Bial 110
swimming submerged have an oxygen consumption 41% 183-201.

lower than when surface swimming, with an associated 35 %jsH, F. E. (1992). Aquatic locomotion. lMammalian Energetics:
reduction in drag (Williams, 1989). Such differences suggest Interdisciplinary Views of Metabolism and Reproductied. T. E.
that the locomotor strategy of submerged swimming may result L?]T/Zfsiitsn;e; H. Horton), pp. 34-63. Ithaca, NY: Comell
n llgcgiﬁ;dare;jcl?ﬁgcg;&?&g;tyggypus while possessinE'SH’ F. E. (1993). Influence of hydrodynamic design and propulsive

. . . . . . mode on mammalian swimming energetiésist. J. Zoal 42,
primitive semiaquatic anatomical structures is a highly 70-101

specialized swimmer. This animal is capable of efficientg, £ E (1996). Transitions from drag-based to lift-based
aquatic locomotion using a unique swimming mode owing to propulsion in mammalian swimmingm. Zool 36, 628-641.
morphological adaptations for high thrust generation and alseLvcer, V. ano Townsenn, M. R. (1968). The migration of polar
to a behavioral locomotor strategy that reduces drag and energybears Scient. Am218, 108-116.

cost. Energetically, the platypus is more similar to highlyGranT, T. R. (1989).The PlatypusKensington, NSW: New South

derived aquatic species than to surface-paddling semiaquaticvales University Press.
mammals. GRANT, T. R.AND DAwsoN, T. J. (1978). Temperature regulation in
the platypus,Ornithorhynchus anatinusProduction and loss of

metabolic heat in air and watéthysiol. Zoal 51, 315-332.
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