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Summary

Pair formation in the bladder grasshopper Bullacris
membracioide¥is by duetting and male phonotaxis. Low-
frequency stridulatory signals are emitted by an abdominal
resonator in the male and are answered by females using a
species-specific time delay. Acoustic transmission in the
natural environment was studied using playback of sexual
signals over distances of 450m under two atmospheric
conditions (day and night). Upward-refracting sound
conditions and a sound shadow zone beyond approximately
50 m prevailed during the day. Acoustic enhancement was
demonstrated at night when downward-refracting
temperature inversions created a tunnel effect with sound

1.5-1.9km at night, arguably the largest calling distance
yet reported for insects. In contrast, female calls transmit
over a maximum of 50 m, signifying a marked discrepancy
in the active space of sex-specific signals. Transmission
distance may, however, be profoundly affected by levels of
masking noise. Adaptations to increase the signal range
may variously be found in the signal itself, in behaviour
patterns or in the sensory system. Here we demonstrate
aspects of the first two types of adaptation in the sexual
signalling system of a grasshopper in which maximizing the
calling range appears to be the major selection pressure,
with lesser effects imposed by inter- and intraspecific

caught between the ground and zones of different pressures and by the transmission channel.
temperatures. Transmission conditions are almost ideal at
night when the species actually calls; calling distances of

150m for the male signal in the afternoon increased to

Key words: Bullacris membracioides grasshopper, acoustic

signalling, transmission distance, meteorology.

Introduction

Recent attention has focused on the characteristics of natusadlection to maximize calling range (Bailey and Yeoh, 1988;
transmission channels and the effects of physical factors duailey et al. 1990; Forrest, 1983; Forrest and Green, 1991,
acoustic signals, and has generated considerable debate olvatimer and Sippel, 1987; Partridgeal.1987; Shuvalov and
whether the maximum range of detection is in fact the primariPopov, 1973; Thorsoet al. 1982). Moreover, selection to
selection pressure on animal vocalizations (Michelsen, 197&crease sound output has favoured the development of a
Richards and Wiley, 1980; Rémer, 1997; Wiley and Richardsyariety of behavioural mechanisms including the use of
1978, 1982). Constraints imposed by acoustic characteristiesnplifying burrows (Bennet-Clark, 1987), baffles (Prozesky-
of the habitat are important in that they provide the frameworchulze et al. 1975), resonators (Young and Hill, 1977),
within which other selection pressures must operate. Yet thiemporal sound windows (Gogala and Riede, 1995; Mebre
generality of any ‘rule’ is questionable owing to theal. 1989; Narins, 1995) and preferred signalling sites (Arak and
multiplicity of local factors affecting sound propagation, ourEiriksson, 1992; Paul and Walker, 1979). The use of spatial
relative ignorance of strategic design in many taxa, and the fasbund windows and atmospheric controls on long-distance
that the signal itself is not an evolutionarily independent traitanimal vocalizations has rarely been considered, however,
Signal, sensory systems and behaviour are functionally relatg@articularly with respect to insects. Enhanced transmission of
(Endler, 1992), and adaptations to increase signal range maignals between 1.6 and 2.5kHz indicated a ground-level
be found in any, or all, of these areas. sound window for this frequency range in forest habitat

In the context of intraspecific communication, natural(Morton, 1975). Waser and Waser (1977) suggested that
selection to maximize broadcast range favours characteristicanopy monkeys in tropical forests give their long-distance
that maximize the received signal relative to background noiseocalizations primarily in the few hours after sunrise when the
and that minimize signal degradation. Female preference fadvantageous temperature gradient for sound transmission is
the more intense of two or more competing signals found ifikely to be best developed above the canopy. Similarly, the
empirical studies on a variety of insect taxa indicates a strorgprly evening peak in elephant social activity and infrasound
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the anatomy or behaviour for sexual stridulation (Alexander
e and van Staaden, 1989).
S Here we examine properties of acoustic signals and
signalling behaviour that maximize calling rangeBullacris
membracioidegWalker). We characterize the sexual signals
and the mechanisms by which they are produced, measure
acoustic transmission distances directly in the natural habitat
under two different atmospheric conditions, and assess the
behavioural strategies by which adult males minimize or
eliminate factors producing sound attenuation in excess of that
due to geometrical spreading.

Materials and methods
Study site

Field experiments were performed in February of
1994-1996 in undisturbed habitat at Inchanga (KwaZulu-
Natal, 29.74346° S, 30.67759° E), 814 m above sea level and
approximately in the centre of the species’ range. The area is
characterized by steep-sided valleys, high humidity levels and
vegetation that is essentially tropical in affinity, comprising a
mixed mosaic of bush and grassland. The latter is C4 grassland
with ThemedaTristachya TrachypogorandAristida spp. the
most prominent components. Average grass height is 50 cm,
with approximately 60 % ground cover. An anemometer (type
260 P/D; Kroneis) was positioned 2m above ground in open
grassland, and electronic temperature sensors (type NTC;
Kroneis) encased in open-ended aluminium sleeves were
Fig. 1. Trimorphism inBullacris membracioides(A) Adult male mounted at heights of 1, 5 and lOm. Wind speed and
with strongly inflated abdomen; stridulatory file arrowed. temperature measurements were registered every 5s and
(B) Apterous ‘alternative’ male which lacks the anatomy for sexua@veraged over 5min periods on a datalogger, providing a
stridulation. (C) Typically acridid-shaped micropterous adult female continuous weather profile. Humidity readings were taken at a
All morphs have a pair of hearing organs attached laterally in the firdieight of 1.5m using a stick hygrometer (Hanna Instruments,

abdominal segment, but frank tympana are absent. A and C are takglh 8565) at the start of each transmission experiment.
from Dirsh (1965) with permission; copyright Natural Resources

Institute, UK. Sound recording, signalling mechanisms and laser
vibrometry
Bullacris membracioidesvere hand-caught, and nymphs

vocalization corresponds with optimal sound transmissiomvere raised to adulthood in groups of 5-10 individuals in the
conditions created by the formation of a thermal inversiotaboratory. The natural calling songs of adult males and
1-2h after sunset (Garstaagal. 1995). females were recorded dorsally at a distance of 1m in wire-

This study focuses on the tactical design (Guilford andnesh cages, using a sound level meter (Bruel & Kjaer, model
Dawkins, 1991) of long-distance acoustic signals in bladde2009, 1/2inch condenser microphone, type 2540 Larson &
grasshoppers (Orthoptera, Pneumoridae), a taxon for whidbavis; A weighting; RMS fast). Songs were digitized at a
spectacular auditory signalling is a defining characteristic, bigampling rate of 44kHz on an Apple Macintosh Powerbook
for which our knowledge of natural history in general, and th&20 computewia the built-in 16-bit A/D sound board, edited
communication system in particular, is meagre (Alexander(fMacromedia, SoundEdit 16) and stored digitally.
1992; Lewis, 1891; Péringuey, 1916; Thunberg, 1775; vaMeasurement of female response time to playback calls of
Son, 1958). The family is endemic to southern Africa, wherenales was performed in wire-mesh cages using the same
it occurs in a patchy distribution primarily within the coastalexperimental set-up as for sound transmission (see below).
belt. The conspicuous nocturnal calls of males are audible ®layback intensity at the position of the female was 85dB SPL.
humans over several kilometres, but in all other respects tiMechanisms of sound production were determined in the
taxon is cryptic (Dirsh, 1965). Females are micropterous anidboratory using a combination of laser vibrometry and
typically acridid-shaped; however, males can function as acanning electron microscopy with standard preparative
flighted, stridulating adult with a strongly inflated abdomen otechniques.
may mate as an apterous ‘alternative’ morph (Fig. 1) without Vibration of the air-filled abdomen of males was measured
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with a laser vibrometer (Polytech OFV-3000, with Davis; A weighting; RMS fast reading). The microphone was
measurement head OFV 501), which enables sound-inducedparated from the sound level meter by a 3 m extension cord
vibrations of cuticular structures to be measured withoutixed on a pole at a height of 2m and directed towards the
contact (reviewed in Lewiret al. 1990). The animal was loudspeaker. SPLs are expressed in dBxk02 Pa. Because
attached to a holder by its ventral thorax using dental wax, witbf the variability of SPL observed with RMS-fast readings, we
the air-filled abdominal cavity left free to vibrate. Since therecorded levels for three consecutive sounds at each test
quality of the laser measurement depends strongly on thdistance and then calculated the mean, after converting SPL
amount of light reflected from the cuticular vibrating surfacejnto pressure units. The transmitted male call was
signal-to-noise-ratio was considerably enhanced by attachirgimultaneously recorded using an Aiwa JS215 cassette
up to five small retro-reflecting glass spheres (approximatelsecorder for later spectral analysis of sounds recorded on the
0.2ug each, Scotchlite no. 7610, OM company) to the pleur&ransect.

of the third abdominal segment, where all measurements were

made. The preparation was placed in the centre of an anechoic

chamber such that echoes at the position of the preparation Results

were more than 40dB less intense than the signal. Pure tone Sexual signalling behaviour

stimuli were broadcast through a wide-band amplifier Pair formation ofB. membracioidesemales and primary
(Realistic 80W) and speaker (TW8 special) mounted on eales is achieved by duetting and male phonotaxis. Under
holder at a distance of 45cm. Sound pulses with different puiealm conditions, males broadcast a high-intensity calling song
tone carriers between 800Hz and 12kHz (duration 14Fig. 2A) from approximately 22:00h until shortly before
repetition rate 0.53) were generated to study the vibration daylight. Calling is at irregular intervals from a stationary

velocity of the cuticle. position high up in the vegetation, usually taking advantage of
o high bushes and trees, and males may move distances of up to
Sound transmission 500m between successive calls in the absence of a female

The transmission distances of sexual signals were measunegsponse. Receptive females, including virgins, respond with a
along a 450 m straight-line transect in essentially flat, opelow-intensity call (Fig. 2A) within 860 ms of the end of the
grassland, with markers at 5, 10 or 50m intervals to aidnhale call (range 720-860ms; means®. 788.5+44.9ms;
placement of the microphone and sound level meter. The=13) when the SPL of the male call at the position of the
majority of experiments were conducted during the normalemale was kept constant at 86 dB. Auditory response induces
calling time of 22:00-24:00 h, under environmental conditiongshe development of a duet and male phonotaxis, such that he
in which temperature varied from 18.5 to 24 °C and relativenakes a short flight and moves up to a high point on the
humidity from 74 to 100% between experiments. Forvegetation before calling again, reorienting and repeating the
comparative purposes, transmission distances for the male cpibcedure until the female is contacted. As the male
were also measured between 10:00 and 17:00h. To obtaapproaches the responding female, his calls become softer and
transmission data unconfounded by variable wind conditiondess resonant. Orientation is extremely direct and accurate (an
night measurements were performed only when there wasstimated 30 cm vertically and horizontally) once the male is
essentially no wind, and in no case did wind speed during theithin hearing range of a female’s response or an acoustic
day exceed 1nTd. In the windless conditions under which model in the field, suggesting a high degree of directionality
measurements were performed, the background noise leval hearing in an open-loop situation which merits further
excluding other calling insects was usually below theexamination. No courtship song or complex premating
sensitivity of the microphone at night (27 dB SPL) and variedbehaviour have been noted.
from 32 to 46dB SPL during the day. In the latter case, most Pair formation calls are simple and highly stereotyped in this
of the background noise was at frequencies below 500 Hz asspecies. The male call is relatively invariant in form,
result of traffic on a highway at a distance of approximatelcomprising five short, ‘noisy’ syllables and a sixth long,
1km. resonant syllable centred around 1.7kHz (range

Playback stimuli for sound transmission measurements wefe58—2.05kHz; mean %.0. 1.73+£0.12kHz;N=22; Fig. 2A).
typical male and female calls (see Fig. 2), amplified by d&irst and second harmonics occur at approximately 3.4 and
custom-made wide-band amplifier driven by a car battery antl.1 kHz (see Fig. 7A), attenuated by approximately 20dB at
broadcast at a rate of 0:3ghrough a speaker (Siemens RL 3.4kHz and by approximately 30dB at 5.1 kHz relative to the
101 G4). The mean height of the song post and receiver waarrier frequency. An additional ‘noisy’ syllable occurs prior
2m (M. J. van Staaden and H. Rémer, personal observationyy 16 % (N=446) of calls. The SPL of the short introductory
hence, the speaker was placed on a pole at a height of 2 m aydlables is attenuated by 20-25 dB relative to the final syllable.
calls were broadcast at typical sound intensities of 98dB SPL The female call has a narrow frequency spectrum
for male calls and at 60dB SPL (at 1 m) for female calls. Soun¢8—11 kHz) with maximum energy between 5 and 7kHz, a
pressure levels (SPLs) were determined at 5 or 10 m intervadbort duration (range 130-175ms; meaant 155+13.6 ms;
using a portable sound level meter (Bruel & Kjaer, modeN=15) and is produced in a series of 1-8 syllables (Fig. 2A,C).
2009; 1/2inch condenser microphone, type 2540 Larson &he male response to a crude model of the female call, in which
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Fig. 2. Oscillograms (above) and power spectra (below) of Bdllicris membracioidepair formation calls recorded in captivity at a distance

of 3m. (A) Call form is a stereotyped six syllables in males, but variable from 1 to 8 syllables in females. The mearf ldterfeynale
response is 788.5+44.9ms (mears.&.; N=13) after the end of the male call. (B) Male power spectrum and laser-Doppler vibrometry for
vibration velocity of the inflated abdomen in response to acoustic stimulation with pure tones at an SPL of 86 dB, recaligexh [dterthird
abdominal segment. The maximal vibration velocity at 1.7 kHz (range 1.6—-2.1kHz) corresponds with the carrier frequencyltsf (resige
1.58-1.96 kHz). (C) Female power spectrum.

the frequency range was not well reproduced but which wasig. 2B). The impact of file and scraper is spread across the
faithful to the temporal pattern and to the latency relative téarge surface of the resonating abdomen, producing a sound
the males’ last syllable, indicates that a broad-band sourmlitput of 98dB SPL at 1 m for the last syllable.
alone is sufficient for pair formation and that the frequency The female response, which averages 60dB SPL at 1m
characteristics of the female call are relatively unimportant. (N=13), is produced by rubbing teeth-bearing veins on the
ventral margins of the wings (Fig. 3D) across raised pegs in a
Sound production mechanisms differentiated region of the tergum beneath the resting wing
Sexual signals are produced by abdominal-femoralFig. 3C). Ablation experiments confirm that the elytra play no
stridulation in males and abdominal-wing stridulation inpart in the production of the female sexual signal.
females. In males, a short scraper consisting of a high carina
with a small row of strong, transverse ridges (range 18-25: Sound transmission in the field
mean +s.0. 21+2.4;N=20) on the proximal side of the hind  Meteorological measurements revealed that super-adiabatic
femur (Fig. 3B), is moved along a file of nine (range 8-9; meanonditions, in which temperature drops rapidly with height
+ s.0. 8.91£0.3;N=20) strongly sclerotized ridges on the secondabove the hot ground surface, prevail from mid-morning to
abdominal tergite (Fig. 3A). Both elements are highlymid-afternoon (Fig. 4A; values for 5m were between those for
symmetrical. At the final larval instar, the abdomen expand$ and 10 m). This gradient (between 1.5 and 4.5°C at a depth
dramatically, forming a permanently inflated bladder. Laseof 9m) results in moderately turbulent mixing and the
vibrometry indicates that maximal vibration velocity occurs adevelopment of significant surface wind (wind speed greater
frequencies of approximately 1.7kHz (range 1.6-2.1kHzthan 7msl) as the ground warms (Fig. 4B). In contrast,
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Fig. 3. Scanning electron
micrographs of adult stridulatory
mechanisms. (A) Sclerotised file on
pleura of male second abdominal
segment. Scale bar, 4060
(B) Scraper on proximal surface of
male hind femur. Scale bar, 10@.
(C) Stridulatory pegs in differentiated
region of female abdominal tergite.
Scale bar, 2Em. (D) Ventral surface
of female wing showing stridulatory
teeth on veins. Scale bar, 20.

temperature increases with height from the ground at nighthe variability in SPL of played-back calls is lower compared
The strong temperature inversions that form at the surfacgith daytime conditions, and attenuation approaches values
shortly after sunset (1.2°C over 9m) and decay with sunrisgaccording to geometrical spreading of sound for distances up
are accompanied by calm wind conditions (less than2ms to 450 m. Variability increases little with distance, but over the
during early to late evening. entire 450m for which sound pressure levels were directly
Measurements of SPL for male calls played back during theneasured, the range does not deviate from the theoretical ideal.
day showed substantial variability (Fig. 5A; open circles) Broadcast area is defined as the area within which the SPL
which increased with distance from the sound source. Almosif a call exceeds the auditory threshold of a receiver
all values fell below the theoretical ideal (6 dB per doubling ofBrenowitz, 1982). Neurophysiological recordings from the
distance; solid line) beyond 50 m and were below the maskingfferent nerve carrying the axons of fibres of the hearing organ
noise beyond 100m. In contrast, at night wh& in abdominal segment Al indicated that the hearing threshold
membracioidegctually communicates acoustically, the maleof females to conspecific male calls averages 33.3+3.6dB SPL
call suffers little excess attenuation (Fig. 5A; filled circles).(mean +* s.b.; N=18; Romer and van Staaden, 1996).
Under a wide variety of environmental conditions (Fig. 5A),Extrapolating the male call transmission trajectory until the
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20 Under a comparable range of environmental conditions, the

A '1\1,‘ im female call also suffers little or no excess attenuation (Fig. 5B).
| I VT However, the broadcast SPL of the female call is considerably
28 1 lower at 60dB (at 1 m), which results in an estimated effective
detection distance by the male of only 50 m, given the male
. 264 hearing threshold of 29.1+4.9dB SPL (measn:; N=13; H.
8 Roémer and M. J. van Staaden, in preparation) to the female
g response. The corresponding broadcast area would be limited
[ to 0.078 km. Thus, there is a more than 100-fold difference in
%— the maximum broadcast areas of male and female calls.
= 22 Estimation of the maximum transmission distances for male
and female calls (Fig. 5) assumes the absence of masking noise
20 4 in the field that might otherwise interfere with the detection of
conspecific calls. Potential masking sounds for acoustic
communication between male and femBlemembracioides
are primarily produced by a variety of nocturnal crickets with
16:00 20:00 24:00 04:00 08:00 12:00 call power spectra ranging from 2 to 6kHz (Fig. 6) and song
duty cycles of 15-90% depending on the species. These calls
10 could interfere with the detection Bf membracioidesignals
9] B since the sensitivity of the hearing organ of the latter is centred
at 4kHz (Romer and van Staaden, 1996). We therefore
81 analyzed the level and frequency spectrum of background
7 noise for night-time transmission conditions. The distribution
5 of heterospecific cricket males on the transect was patchy in
E 67 time and space, with most crickets calling in the early to late
B 5- evening. As a result, the background noise level was neither
7] uniform in time nor uniform over the whole area of the
2 47 transect. Fig. 7 shows a series of spectra analysed from night-
2 3 time recordings of a male call on the transect, at distances
ranging from 100 to 400 m. The sensitivity of the hearing organ
27 in abdominal segment Al of a typical young female is
1A superimposed on the spectra to demonstrate the effect of sound
L e———— | transmission and background noise on the detection of the male

16:00 20:00 24:00 04:00 0800 12:00 call. At a distance of 100m (Fig. 7A), the SPL of the recorded
male call was 60dB, and both the carrier frequency of the call
at 1.9kHz and the frequency components including the first
Fig. 4. Weather profile recorded over 24h in open grassland Kiarmonic at approximately 3.8kHz contribute to detection at
Inchanga (elevation 814 m) on 12-13 February 1996. Time is in Loc&his distance. At 250 m, the SPL was 54 dB, but there was also
Solar Time with sunrise at approximately 06:00h and sunset &0me background noise close to 5kHz from a distant cricket,
approximately 19:00h. (A) Thermal profiles for sensors at 1nmwhich potentially interferes with the hearing sensitivity of a
(broken line) and 10m (solid line) height above ground. Values arfemale at this position, despite the energy of the cricket call
shown at 30 min intervals and are the mean of 60 measurements o¥gfing 20 dB lower than that &. membracioideéFig. 7B). A

a Smin period. Error bars shosw. (B) Wind speed (anemometer much better detection situation was found at a distance of
height apove ground 2m). Velocity and temper.ature.measuremer].gf@om and an SPL of 52dB, although there was a cricket
were registered every 5s and averaged over 5min periods. The prOf{Lﬁlling at approximately 6 kHz (arrows in Fig. 7B,C). This is,

shown is typical of the summer weather pattern in this area, althou%owever outside the hearing sensitivityBfmembracioides
the absolute values of thermal gradients are usually higher tha}gmales,

occurred in 1996.

Time (h)

SPL of the transmitted call intersects the hearing threshold Discussion

(Fig. 5C) gives a potential transmission distance for the male Long-distance acoustic signalling in bladder grasshoppers
call to conspecific females ranging between 1500 and 1900 rimvolves a complex of anatomical and behavioural adaptations
If we assume a malB. membracioidess an omnidirectional that together result in the longest effective transmission
sound source and that homogeneous transmission occurs indiitance yet recorded among insects. While the abdomino-
directions, the corresponding area over which a female woul@moral stridulatory mechanisms and a concentration of air
be able to detect the call would vary between 7.1 and 1£.3 kmspaces in the thorax and abdomen are not unique to pneumorids
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Fig. 5. Transmission of (A) male and (B) female sexual signals in natural habitat at increasing distance from a speakimdetadcasstant

SPL (males 98dB; females 60dB SPL; height of speaker above ground 2m). Sound pressure levels were measured at a heigig of 2m du
the day (open circles) and night (filled circles) in February 1994-1996. Each data point represents a mean for three sonselsutiveach

test distance; for A yielding 320 data points at distances less than 100 m, 108 points for distances between 100 and 200omtsridr 5
distances greater than 200m. A logarithmic curve was fitted to the night-time data (brokem9H8746-19.7915log; r2=0.902). For
comparison, the theoretical transmission with attenuation due only to geometrical spreading (6 dB per doubling of distance)sslis

line). The shaded areas indicate the hearing sensitivity of insects of the opposite sex receiving the signab(in¢@hProposed transmission
distance (between arrows) of the male call based on field measurements over a distance of up to 450 m and the mean $emsitevity of
hearing to this signal.
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Fig. 6. Power spectra of four species of cricket recorded at or near t
transect where the transmissiorBafllacris membracioide calls was
examined. The carrier frequencies of the calls range from 2.3 al
2.5kHz for the twoOecanthusspecies (left) to 5.0 and 5.9kHz for
two other unidentified cricket species. The potential masking effe
of these signals is demonstrated by superimposing on the spectra
averaged female tuning curvéN=9) for the hearing organ in
abdominal segment Al (broken line).

(Bennet-Clark, 1994; Field, 1978), the trend reaches its highe
point of specialization in the inflated bodies and sound outpi
levels of this taxon. Our data suggest that the efficiency of ma
pneumorid signal transmission may be a function of bot
increased sound output and exploitation of weather condition
This is the first such demonstration for insect auditon
signalling and is consistent with results of empirical studies ¢
sound propagation outdoors (Canard-Corwgtaal. 1990;
Piercyet al. 1977) and on calculations of atmospheric effect:
on low-frequency communication in African elephants
(Garstanget al. 1995).

Atmospheric control on transmission distance

Our results suggest that the distance over which pneumoil
males transmit their calls increases more than tenfold at nigl
Optimum conditions occur 1-2 h after sunset on warm, mist
and calm nights, and at these times ranges in excess of 1.5
are likely. Sound waves are refracted when they meet a char
in the acoustic impedance of the medium, e.g. volumes of ¢
differing in temperature, humidity or wind velocity (for
reviews, see Embleton, 1996; Laraeh al. 1997). Vertical
gradients in temperature occur regularly in natural habitat
Lapse conditions during the day, in which atmospheri
temperature decreases with height from the ground, reduce 1
speed of sound with height and cause sound waves to be

Intensity (dB SPL)

Intensity (dB SPL)

Intensity (dB SPL)

100 m

60

6 8 10
Frequency (kHz)

upwards. Reduced sound levels near the surface thus creFig. 7. Power spectra of night recordingBoflacris membracioides
shadow zones beyond a certain distance from the source whimale calls on the transect over various distances. Superimposed on
no direct sound can penetrate. Indeed, our measuremetthe spectra is the averaged female tuning cuxdwdY for the hearing
during the day (Fig. 5A) indicate a sudden drop in SPL of thorgan in abdominal segment Al (broken line). For further

broadcast male call starting at distances of approximately 40 (explanation, see the text.



Sexual signalling in bladder grasshoppe2605

which is consistent with the existence of a shadow zone. Thuisnportant at greater distances (km) than at shorter distances
ignoring masking background noise levels (see below), a ma{Embleton, 1996). However, at present, we know very little
calling in the afternoon would at best reach a potential femalagbout the effect of topography on the formation of shadow
at distances of only 100-150 m. zones in the pneumorid frequency range. In general, wind
Night-time cooling creates temperature inversions, such thatoving up or down a ridge results in up-slope enhancement
temperatures increase with height. Consequently, air iand down-slope degradation, respectively, and a numerical
stratified, resulting in calm conditions with reduced wind noisestudy demonstrated strong acoustic shadows behind ridges
near the ground and downward-reflecting sound waves. Thehich were downwind of a source (Robertstral. 1989). In
latter give rise to an acoustic enhancement (the opposite KivaZulu-Natal, prevailing nocturnal winds are predominantly
excess attenuation) and, thus, an increase in the SPL at sodwmvn-valley (Preston-Whyte and Tyson, 1988) so that the
distance from the source relative to the 6 dB per doubling dadffects of ground topography on the transmission distance of
distance relationship. These so-called ground-level inversiomaating calls are expected to be reflected in the overall patterns
contrast with elevated inversions, where temperature gradier$ population genetic structure.
develop at some height above the ground (tens or hundreds ofThe above consideration has neglected the effects of
metres) and therefore do not have the same enhancing effeeasking noise for the detection of male calls, which potentially
for sound signals broadcast near the ground (Lagbral. limits communication distance. Levels of masking noise are
1997). Calculations based on tethered balloon measuremetktsown to be relatively high in certain habitats and may result
of temperature inversions over African savanna predict aim temporal or spatial segregation, call inhibition and other
enhancement of 12—-15dB, given a 5 °C inversion strength, fdrehavioural responses (Gogala and Riede, 1995; Greenfield,
the infrasound frequencies of 15-30Hz used in elephari988; Narins, 1995; Romet al. 1989). A particular problem
communication (Garstangt al. 1995). Our experimental data with respect to masking in the pneumorid communication
for night-time transmission show only a small amount ofsystem is the fact that male and female hearing is mismatched
evidence for a direct enhancement of the call (see values ouwerthe male call; the ear is approximately 15dB less sensitive
300m; Fig. 5A). However, the measured SPL at each distane¢ the male carrier frequency of 1.7kHz than at its best
is the additive effect of all enhancing and attenuatindgrequency of 4kHz (see female tuning curves in Fig. 7). Thus,
conditions experienced by the sound wave, and excessy heterospecific sounds at frequencies near 4kHz would
attenuation due to high grass vegetation on the transect is mbstve a strong masking effect on the detection of the male call.
likely to have negated the enhancing effect of temperatur@ecorded calls of crickets on the transect (Fig. 7) have carrier
inversions. Moreover, compared with the infrasoundfrequencies ranging from 2.3kHz to approximately 5.9kHz
frequencies on which the calculations of Garsetrg.(1995) and could potentially interfere with detection of the signal (Fig.
and Laromet al.(1997) are based, enhancement effects shoulfl). However, the distribution of calling crickets was found to
be reduced at the higher frequencieB anembracioidesalls.  be patchy in time and space at the usual signalling timBs of
In this context, it is singularly interesting that a sound windowmembracioidesso that it very much depends on the location
in the same frequency range has been found in foresf the receiver (microphone or female) relative to the masking
environments (Morton, 1975). source whether interference takes place. For instance, there
Although the data illustrated in Fig. 4 demonstrate thevas no relevant masking noise at a distance of 400 m, since the
temperature inversion occurring at the experimental site, thdgw-intensity cricket song at 6 kHz was outside the average
are not representative of the most common situation for sourftkaring sensitivity of a female, whereas at 250 m the SPL of
transmission in this species. More extreme thermal inversiorie cricket call (Fig. 7B, arrowed) was just subthreshold at a
would normally prevail than are indicated by recordings in theignal-to-noise ratio of 20dB. The same masking noise level
unusually cool and wet 1996 field season. This is true for botat a distance of 1.4km would equal the signal level at that
the strength of the inversion (the difference in temperature afistance and probably render the detection of the male call
10m relative to ground level) and more particularly for windimpossible. The same limitation would occur at a distance of
speed conditions. In 1995, when the majority of sounanly 400 m, however, if the SPL of the cricket were 20dB
transmission experiments were performed, windless conditiortsgher. It is evident, then, that female detection of the male call
for several hours after sunset were the rule rather than tlan be strongly influenced by any cricket calling nearby (since
exception. In 1996, in contrast, wind speed at the transmissidghe female is largely immobile), resulting in a large variation
site was rarely below 1 m% Hence, thermal gradients and of transmission distances from an ideal of approximately 2 km
temperature inversions during the 1995 measurements wei@only 100 or a few hundred metres. Males, in contrast, could
stronger than those shown in Fig. 4, and our measurementspaftentially avoid nearby masking sounds simply by flying to
transmission area are thus conservative. For example, another receiver position.
increase in inversion strength from 0.5 to 2 °C was calculated This study determined pneumorid communication distances
to result in a tenfold increase in broadcast area from 3@&km by extrapolating from transmission measured directly to 450 m,
approximately 300 kih(Laromet al. 1997). until the SPL curve intersected the hearing threshold (as
Topography and wind conditions are other importantetermined by neurophysiological techniques). While
variables for sound transmission and are clearly morextrapolating beyond measured data points is not ideal, in this
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Summary

Deep-sea hydrothermal vents are home to a variety of
invertebrate species, many of which host chemosynthetic
bacteria in unusual symbiotic arrangements. The vent
tubeworm Riftia pachyptila (Vestimentifera) relies upon
internal chemolithoautotrophic bacterial symbionts to
support its large size and high growth rates. Because of
this, R. pachyptilamust supply sulfide to the bacteria, which
are far removed from the external medium. InternalXH>S
([H2S+HS+S%7]) can reach very high levels irR. pachyptila
(2-12mmolf?! in the vascular blood), most of which is
bound to extracellular hemoglobins. The animal can
potentially take up sulfide from the environmentvia H2S
diffusion or via mediated uptake of HS, or both. It was
expected that BS diffusion would be the primary sulfide
acquisition mechanism, paralleling the previously
demonstrated preferential uptake of CQ. Our data show,

however, that the uptake of HS is the primary mechanism
used by R. pachyptilato obtain sulfide and that HS
diffusion into the worm apparently proceeds at a much
slower rate than expected. This unusual mechanism may
have evolved because HSis less toxic than HS and
because HSuptake decouples sulfide and inorganic carbon
acquisition. The latter occursvia the diffusion of CO; at
very high rates due to the maintenance of an alkaline
extracellular fluid pH. >H2S accumulation is limited,
however, to sulfide that can be bound by the hemoglobins,
protecting the animal from sulfide toxicity and the
symbionts from sulfide inhibition of carbon fixation.

Key words: tubeworm, Riftia pachyptila sulfide, symbiosis,
hydrothermal vent, diffusion, mediated transport, vestimentiferan.

Introduction
The hydrothermal vent tubeworRiftia pachyptilawas first

Vascular blood has a higher capacity for sulfide and contains

found to be symbiotic with intracellular carbon-fixing sulfide- more total sulfideXH2S) than coelomic fluid because the larger

oxidizing bacteria in 1981 (Cavanaughal.1981; Felbeclet
al. 1981). BecausdR. pachyptilarelies upon these internal

of the two vascular hemoglobins has a higher capacity
(approximately threefold higher) for sulfide binding and overall

bacterial symbionts for its nutrition, it must supply them withhemoglobin concentration in the vascular blood is higher (Arp
carbon dioxide, oxygen, hydrogen sulfide and other nutrientst al 1987; Childresst al.1991).R. pachyptilebody fluids can
(Fisher, 1990; Childress and Fisher, 1992). These compountsach extremely high concentrations2di,S (including HS,

are taken up from the environment across the plume ardS™ and $7), up to 6mmoltl in the coelomic fluid and
transported,via a well-developed vascular system, to thel2mmolftin the vascular blood (Childressal.1991). Other
bacteria, found in a highly vascularized organ known as ththan the binding of sulfide by the hemoglobins, however, the

trophosome (Jones, 1981; Amgt al. 1985; Childress and

mechanism of sulfide uptake has not been studied.

Fisher, 1992). This organ is located within the trunk of the Goffredi et al. (1997) proposed that the mechanism for
worm, surrounded by non-circulating coelomic fluid, which isinorganic carbon acquisition in these worms is diffusion of the
apparently in equilibrium with the circulating vascular bloodundissociated C®species, which is supported by effective

for smaller molecules such as g®* and HBS (Childresset
al. 1984, 1991).

These worms have two extracellular hemoglobins in théydrogen

control of body fluid pH by proton-equivalent export, rather
than mediated uptake of HGO Both carbon dioxide and
sulfide demonstrate strong pH-dependent

vascular blood and another in the coelomic fluid that bind andissociation. The pK values, or dissociation constants (i.e. the
transport both oxygen and hydrogen sulfide to the symbioqtH values at which the ratios GBICO3;~ and HBS:HS are

(Arp et al.1985, 1987; Childresst al. 1991; Zalet al. 1996a,b).

1:1), for CQ and BS are 6.1 and 6.6, respectively (Dickson

*e-mail: goffredi@lifesci.ucsb.edu

tPresent address: Laboratoire d’Ecophysiologie, Station Biologique, CNRS, BP 74, 29682 Roscoff Cedex, France.
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and Millero, 1987; Millercet al.1988), at 10°C and 101.3kPa. Sea water was chilled by moving the water through
Thus, BS, like CQ, is the dominant chemical speciassitu  polypropylene tubing past a refrigeration unit, after which it
owing to the acidic pH (near 6.0) around the wormsS H was pumped by high-pressure, Teflon diaphragm, metering
diffusion into the worms would be a function of the externalpumps through stainless-steel vessels at flow rates ranging
and internal (intra- and extracellular) concentrations of freérom 4 to 121h%, at a pressure of approximately 21.5MPa.
H2S, which are functions &H>S, pH and sulfide binding by Pressure gauges and sample ports were placed in-line
the hemoglobins in the blood. Hypothetically, if sulfide wereimmediately after flow through the vessels to allow monitoring
acquiredvia H2S diffusion, sulfide would be concentrated in of pressure and water conditions. All worms were kept in these
the blood, as is the case for inorganic carbon because, at fhiessurized flowing-water aquaria, in which we were able to
physiological pH of 7.1-7.5 dR. pachyptila HzS dissociates re-create many aspects of the vent environment, such as
into HS and H and the protons would normally be eliminatedtemperature, pressure and a variety of chemical conditions,
(Childresset al 1984, 1991; Goffredit al 1997). One would including pH,ZCOz, ZH2S, & and N concentrations (Quetin
predict in this case that, all else being unchanged, a lowand Childress, 1980; Goffreét al. 1997). WaterzCO,, O
external pH would increase the rate of sulfide uptake while and N levels andPco, were varied by bubbling GQO, and
lower internal (extracellular) pH would decrease uptake. N2 gas directly into a gas equilibration column, which supplied

In contrast, if the mechanism for sulfide acquisitiorRin  water to the high pressure pumps (see diagram in Kockévar
pachyptila were HS uptake, the pH-dependence of thisal. 1992). Sulfide concentrations were controlled by
mechanism would be expected to differ from that ob@@d  continuously pumping anaerobic solutions of sodium sulfide
H2S uptake. HS uptake would probably be mediated by the(30-50 mmoltl) into the gas equilibration column at rates
negative charge of the ion. If it were to oceis facilitated  dependent upon the desired final concentrations of sulfide. At
diffusion, uptake of HS might increase with decreases in the end of each experiment, the animals were quickly removed
extracellular pH, because of effects on the equilibrium in thérom the pressure vessel and dissected.
body fluids. It is possible, however, that the uptake of &y
not be affected much by changes in internal hydrogen ion Experiments
concentration. In one type of experiment (‘sulfide series’), worms were

The purpose of the present study was to determine th@aced in experimental vessels immediately upon collection
mechanism used biR. pachyptilato acquire sulfide from the from the sea floor. Thirty worms were kept at 8 °C and exposed
environment. This involved the measurement of internafo 4.0+0.5 mmolil SCO, (mean #s.e.m. for all values given)
sulfide concentrations from freshly captured worms and thand 191+1gmoll~1 O, for 17-20.5h. To stabilize the pH,
execution of live animal experiments in pressure systems a0 mmol 2 Mops or Mes buffer was added to the sulfide
board ship. To differentiate between,3H diffusion and solutions. In some cases, depending on the desired final pH
mediated uptake of HS we measured coelomic fluid and value, it was necessary to alter the pH of the buffered solutions
vascular blood&H>S of worms in two types of experiments: in by titration with hydrochloric acid. In this particular
one, we varied external8 and HS levels around the worms; experiment, we achieved externab8] values between 0 and
in the other, we forced a decrease in the extracellular pH of tl&2umol I~ and [HS] values between 0 and 2@&ol I=1 by
worms by exposing them either to hypoxic water or to a noneontrolling the external pH between 5.59 and 7.21 Hrgs
specific inhibitor of H-ATPasesN-ethylmaleimide. values between 63 and 5irhol I71,

In another experiment (‘hypoxia’ experiments), we exposed
twelve worms to hypoxic conditions (at 15 °C) with external
oxygen levels no greater than |42ol1- Oy for 13 h, while

Collections control worms were kept at oxygen levels of 316p2®! 2.

Riftia pachyptilaJones were collected at a mean depth ofn situ concentrations of @around the worms fluctuate due to
2600m by submersible (D.S.R.MAlvin and Nautile) during  the mixing of vent waters (@moll1) with ambient water
research expeditions to 9°N (9°BQ 104°18W) and 13°N  (110umoll1). Data on the metabolism of the worms and the
(12°48N, 103°57W) along the East Pacific Rise in 1994 anddistribution of @ around them, however, show that they take
1996. In 1994, hot venting water and warm water samplesp O primarily from concentrations approaching 1000l =1
around the tubeworms were collected using titanium samplef§ohnsoret al. 1988; Childresgt al.1991). In our experience,
from the Alvin. Animals were brought to the surface in a Oz concentrations between 100 and @#étbl I~ do not appear
temperature-insulated container and transferred to cold séaaffect the symbioses (P. Girguis, personal communication).
water (5°C) in a refrigerated van on board ship. Worms wer&ll worms in these experiments were kept in the aquaria
then sorted to be used either for experiments on living animatiescribed above and exposed to typical vent water
or for immediate measurements of physiological parametersoncentrations of SCQOz  (4.4+0.2mmoltl), ZH>S
Live animal experiments were initiated within 2 h of surfacing.(156+21umol 1Y) and pH (6.23+0.05).

In additional experiments (‘inhibitor’ experiments), we
Pressure aquaria initially kept worms in flowing-water maintenance aquaria,
All experiments were conducted inside a refrigerated varalso at 8°C and 21.5MPa, supplied with surface sea water

Materials and methods
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(ZCO; levels of 2.1mmoHl, pH8.2, and no sulfide). This Results
experiment, in which we needed a uniform starting point for Both freshly collected and experimental worms showed an
all of the worms, was directed at measuring the rates of uptalkecrease in internal sulfide levels as the surrounding water pH
of COz and sulfide over time; thus, we needed these worms iacreased. For freshly collected worms, #id,S values in
have low internal levels atCO, and XH2S, which resulted both coelomic fluid and vascular blood increased as the
from maintenance in surface sea water. In order to obsergeirrounding water pH increase®=0.0025 andP=0.0151,
uptake rates over time, the animals were then transferred tespectively, Kendall rank correlation). For ‘sulfide series’
experimental vessels (for 0-20 h), and water conditB@®%  worms, the coelomic fluid and vascular blobH>S levels
4.8+0.1 mmoltl, O 230+9umoll1, H>S 311+3Qumolll  also increased as we increased the surrounding water pH
and pH5.96+0.05) were controlled in the same manner g®=0.0007 and P=0.0013, respectively, Kendall rank
described for the sulfide series and hypoxia experiments. I®rrelation). In addition, the intern@H2S levels of these
worms were used as controls and 9 worms were expo$ed to worms were positively correlated with the extracellular pH
ethylmaleimide (NEM), a non-specific inhibitor of *H (y=3.45X-23.676, P=0.0006, and y=6.66X-43.014,
ATPases, at concentrations between 1.1 and 1.6 mhfoll  P<0.0001 for the regressions of coelomic fluid and vascular
1-2h (Marver, 1984; Storet al. 1984). blood of ‘sulfide series’ worms, respectively, wheiie ZH>S

It is important to note that during the 1-12h of theseandxis extracellular pH).
inhibitor experiments, it is likely that the worms were not in  Worms collected from the sea floor and placed immediately
autotrophic balance. It has been suggested that it takes at leid ‘sulfide series’ experiments had initial interrt2S
14h in the presence of sulfide for these worms to beconlevels of 0.18+0.12mmof} and 0.43+0.17 mmott for
autotrophic (net uptake of GOChildresset al.1991). Another  coelomic fluid and vascular blood, respectively. In order to
study has shown that, at 12 h, and under conditions similar tietermine which external species of sulfide influenced internal
ours, there is some assimilation of b&#80; and®NO3z by  SH2S levels, we controlled the free 281 and HS
R. pachyptila indicating that the symbionts are functioning concentrations in the surrounding water for 17-20.5h. It
(Lee and Childress, 1994). Regardless, time points before 1Zhould be noted that there was no correlation between water
are meaningful in terms of the functioning of the animal, andH,S and HS levels during these experimenis=0.55, Kendall
for our studies it was more important to isolate the physiologyank correlation). In order to determine whether this 3.5h
of the worms from that of the symbionts. variation among experiments played an important role in the
values measured, we plotted internal sulfide concentration
versusthe incubation time of these experiments. Both graphs
(data not shown) showed no dependence of internal sulfide
levels on incubation time over the limited range of times used
in our experimentsR=0.95 andP=0.74 for the regressions of

. v&scular blood and coelomic fluid, respectively). This time,
samples were measured on 0.5ml samples using a Hewl . X
owever, far exceeds the time necessary to reach sulfide

Packard 5880A series gas chromatograph (Childetsal L . . :
1984). H,S', as measured by the gas chromatogra hequmbnum with the surrounding water, as considered below.
X 22 y 9 grapn, Fig. 1 shows that both coelomic fluid and vascular blood

;iﬁ’;isrﬁngi Tﬁfﬂ;mb%fjﬁla Htc?_,thsz ] ﬁg;%er;g;tr'%ncso;nda;he 2H>S levels correlated well with external H&<0.0001), but
9 . not with S (P=1). A multiple regression was used to

measured by the gas chromatograph, represents the sum o{ . ) .
COp, HCOs~ and CQ?- concentrations. Body fluid and water determine whether #$ or HS level in the external medium

pH were measured using a thermostatted Radiometer BMS@d a greater !nfluence on internsk:S values. It was
blood pH analyzer equipped with a G299A capillary pHapparentfrom this test that Fflays a greater rolé>€0.0001)

electrode and connected to a PHM73 pH meter. Additiona] pred|ct|.ng coe!ormc fluidHzS than does b5 (P:O_.0901)
. . .and also in predicting vascular bloati>S values P=0.001
water pH measurements were made using a double—Juncn?n _ . :
L or HS™ and P=0.81 and HS). Both the coelomic fluid and
combination electrode (Broadley-James) connected to a | | . " d
PHMO3 pH meter (Radiometer) vascular blood pH increased as water “"HBcrease
' (y=1.875%+7.287,P=0.0058, and/=2.41x+7.182;P=0.0018,
o respectively, for the regression equations, wiyeésepH andx
Statistics is water [HS]). A multiple regression analysis was used to
The Kendall rank correlation was used to test fordetermine whether #$ or HS level in the external medium
correlations. The Mann-Whitney-test was used to test for had a greater influence on extracellular pH. Again; pl8ys
differences in distribution between data sets. Simpla greater role in predicting coelomic fluid and vascular blood
regressions were used to show linear relationships, amH (P=0.0124 andP=0.0052, respectively) than doesSH
multiple regressions were used to compare influences @P=0.39 andP=0.21, respectively).
various parameters. The analysis of covariance (ANCOVA) To test the effect of body fluid pH upon sulfide uptake, we
was used to compare slopes and magnitudes of different datanducted two types of whole-animal experiments in which we

sets. forced a decrease in the extracellular pH of the worms. In the

Analytical techniques

All worm dissection techniques were similar to those
described in Childresst al. (1991) and Goffredéet al.(1997).
>COz andZH2S of coelomic fluid, vascular blood and water
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Fig. 1. Relationship between total inorganic a . 1
sulfide concentrationZH2S, in coelomic 5 i
fluid and vascular blood from the tubeworm E ’ .
Riftia pachyptilaand the HS(A,C) and HS < R ; MY .
(B,D) levels of the surrounding water during ? * *
- - montal & . $
12 shipboard experiments. Experimental iy L o 4
vessel conditions were controlled at fixed § *
combinations of pH andH>2S. ¥H2S values é | ¢ ¢ * -
between 63 and 53inolI-1, and pH values 8 * *
between 5.6 and 7.2 were achievét-30). 2 . *
(A) y=0.515+14.58% r=0.86, P<0.0001;, < i s T
(B) y=1.789+0.038, r=0.003, P=1, not
significant; (C) y=4.164+22.17%, r=0.63, 0 1 4 L L 1 1
P=0.0004; and (Dy=7.049+5.61%, r=0.23, 0 0.1 0.2 0.3 0 0.1 0.2 0.3 0.4
P=1, not significant. Water HS (mmol 1) Water BS (mmol 1)

first experiment, twelve worms were exposed to hypoxi@s a result of the pH difference maintained between the internal
conditions with external oxygen levels no greater tharand external fluids (Goffredit al. 1997). More importantly,
42umol 171 Oy. Exposure to these low oxygen levels resultedhe mechanism for sulfide acquisition appears to have a
in significantly decreased extracellular pH (Table 1), probablylifferent pH-dependence from that for inorganic carbon
because of the build up of end-products of anaerobiacquisition.

metabolism. However, this decrease in extracellular pH failed In the second experiment, in which 9 worms were exposed
to significantly affect internakH>S levels in these worms to N-ethylmaleimide and 15 were used as controls, we
(Table 1). The situation for internaCO, was reversed in that followed the accumulation of sulfide and inorganic carbon in
the decrease in extracellular pH caused a significant decreabe worms over time. After 2—4 days in water with a Ry,

in body fluid 2CO, levels (Table 1). This was expected forand no sulfide, coelomic fluidCO, levels were

S CO, because inorganic carbon is concentrated into the worn88+0.7 mmolt! andZH>S levels were 0.002+0.001 mmot!

Table 1.Body fluid pH,> H2S andy CO; of control and hypoxi®iftia pachyptila

Coelomic fluid  Coelomic fluid Vascular blood Vascular blood
Coelomic fluid S H2S SCO Vascular blood YH2S YCO2
Group pH (mmoltl) (mmol I'Y) pH (mmol 1) (mmol I'Y)
Control worms 7.14+0.05 1.10£0.23 17.81+1.98 7.09+0.04 5.76+0.89 16.16+1.71
Hypoxic worms 6.64+0.03 0.9940.22 6.34+0.72 6.79+0.06 4,98+1.69 5.56+0.89
P 0.0012 0.9326 0.0004 0.0253 0.9035 0.0036

Mean (ts.e.m.) extracellular pHY H2S andy CO» for control (N=14) and hypoxicN=12) tubeworms kept in high-pressure flowing water
aquaria at 15°C, 21.5MPa, and exposed to ext&iHab concentrations of 156+2inol 171, S CO;, values of 4.4+0.2 mmot}, and pH values
of 6.23+0.05 for 13h.

Hypoxic worms were kept at oxygen levels belowu#®l -1 and control worms were kept at oxygen levels of 316428 |71,

P values are for the Mann—-Whitn&jtest for differences in internal parameters between the control and hypoxic worms.
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3B A sulfide. Between 0 and 7h, the rate of increase in coelomic
il fluid ZCOz in control worms was 3.22 mmoftih=1, with the
E 30 . . rate leveling off after 7h at a me&CO; concentration of
E 25t . . . o 27.8 mmolt1 (Fig. 2A) (see also Goffredit al. 1997). NEM-
o) . treated worms, however, did not accumulate inorganic carbon
o 20r g o in the blood as rapidly (2.2mmoth1) and £CO, did not
2 15 | o plateau at the same level (17.1 mml Fig. 2A). In addition,
= . . g the control worms demonstrated a sulfide uptake rate of
£ 10F o ¢ Control 0.97 mmoltth1 within the first hour (Fig. 2B). There
2 5 | O 0 NEM-treated appeared to be no further increase in the inteEhédS of
S L g control worms (mean 0.81+0.14 mmdi)l after 1 h. There was,

0 : . : ! however, a slight increase (from 1.59 to 2.55 mmiat a rate
— B of 57umol I=1h1) in the internakH,S of NEM-treated worms
% o5 L . over time P=0.0211; Fig. 2B). The mean external sulfide
g a o — —h concentrations for the two groups were not significantly
E oL - - different (Mann-Whitney test, 0.27+0.05 mmdi for control
gm . - - and 0.37+0.07 mmott for NEM-treated worms); however,
N 15F ’/./ o internalZH2S and externalHzS for both groups of worms are
b= o o M not correlated over the limited range in this data Be028,
o 1fe e O o Kendall rank correlation). Thus, the difference in external
£ . . >H2S levels cannot explain the difference in interBBlS
I 0.5 levels measured between the two groups. After 4 h, the increase
o 0 , . s . | in coelomic fluidZH2S in the NEM-treated worms was not

0 5 10 15 o0 Significantly different from that in the control worms

(ANCOVA, P=0.1650); however, they were significantly
different in overall magnitude (ANCOVA=0.0013).
Fig. 2. Coelomic fluid>COz (A) and ZH2S (B) values over time for It has been proposed that regulation of extracellular pH in
both control (filled symbold\=15) and NEM-treated (open symbols, R, pachyptilaoccurs primarily through proton-equivalent ion
N=9) Riftia pachyptilakept in high-pressur_e flowing-water aquaria transportvia an ATP-requiring process, specificailja H*-
and exposed to extern@CO concentrations between 4.6 and ATPases (Goffredet al. 1997). The apparent inhibition of
5.5mmoll, aPco, of 6.2kPa, pH between 5.9 and 6.2, &itthS _ ivalent ion transport by NEM resulted in sianificant
between 0.1 and 0.6 mmoll NEM-treated worms were exposed to proton-equivalen 'Or? ansp y . 9 . .
N-ethylmaleimide at concentrations between 1.1 and 1.6 mroll decreases of approximately 0.4 pH qnlts in both poelom|c fluid
approximately 1-2 h. In B, the regression line for NEM-treated worm@nd vascular b|90d pH (Table _2)' This decrea§e !n extracellular
is y=1.223+0.06%, r=0.63, P=0.0211. The regression for control PH, however, did not result in a decrease in inteBt#dS
worms §=0.485+0.018, r=0.24,P=0.5339) was not significant. levels, as expected in the case eBHiliffusion, but rather a
significant increase in internal sulfide levels (Table 2). Again,
this result is contrary to that seen for interb@Oy, in which
(worms at time zero). When subsequently exposed to flowing lower extracellular pH caused a reduction in the diffusion
water at typical vent conditions (4.8+0.1 mnBIECO, and  gradient for CQ, resulting in significant decreases in internal
0.31+0.04 mmolt? H,S), these worms demonstrated SCO, (Table 2). These contrasting results support different
increases in total extracellular fluid inorganic carbon andnodes of acquisition for inorganic carbon and sulfide.

Time (h)

Table 2.Body fluid pH,Y H2S andy COz of control and NEM-treate®iftia pachyptila

Coelomic fluid  Coelomic fluid Vascular blood Vascular blood
Coelomic fluid > H2S >CO2 Vascular blood > H2S SCO
Group pH (mmoltl) (mmol I'Y) pH (mmol 1) (mmol I'Y)
Control worms 7.26x0.05 0.81+0.14 27.83+0.74 7.15+0.05 4.63+0.38 25.65+1.08
Hypoxic worms 6.84+0.08 1.72+0.22 17.13+1.82 6.81+0.06 8.67+0.52 15.58+1.44
P 0.0022 0.0075 0.0105 0.0007 0.0002 0.0105

Mean (xs.e.m.) extracellular pHY H2S and) COp for control (N=15) and inhibitedN=9) tubeworms kept in high-pressure flowing water
aquaria at 8°C, 21.5MPa, and exposed to extéfhiab concentrations of 311+3@noll~1, Y CO, values of 4.8+0.1 mmot}, and pH values
of 5.96+0.05 for at least 4 h.

Inhibited worms were exposed bethylmaleimide (NEM), at concentrations between 1.1 and 1.6 mhfoll1-2 h.

P values are for the Mann—Whitné&jtest for differences in internal parameters between the control and the NEM-treated worms.
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Discussion been shown that the shringrangon crangonwhich inhabits

On the basis of our studies, we propose a model for sulfidghallow sandy areas, is only permeable $8 ldnd that there
uptake inR. pachyptilain which sulfide acquisition from the is no uptake of HS(Vismann, 1996). Researchers have also
environment is primarilyvia HS  uptake facilitated by shown that sulfide penetration into the algélonia
transporter or channel proteins. Once across the outaracrophysancreased as external pH decreased, indicating that
epithelium of the plume, HSmust enter the vascular blood for this alga HS is the more permeable of the two sulfide
compartment, where it is bound by the sulfide-bindingspecies (Jacques, 1936). Althoutiechis caupg the fat
hemoglobins present in the blood and transported to thenkeeper worm, shows a higher,$ permeability, HS
bacterial symbionts. # movement into these worms, permeability across the body wall has been demonstrated to be
however, appears to be severely limited. 37% of the HS permeability (Julian and Arp, 1992). In

Both freshly collected and experimental worms had highecontrast, it appears that& movement intdR. pachyptilais
internal ZH2S levels as the surrounding water pH increasednuch lower than expected, limited by some currently unknown
This suggests that external HES the most important factor mechanism.
affecting internabHzS values because H%& more abundant The specific mechanism for H8ptake is also unknown at
than HBS at higher pH. In addition, at higher extracellular pHthis time; however, we propose that HShtersvia facilitated
in experimental worms, the internaH,S levels were also diffusion due to its charge and because of the strong correlation
higher, suggesting that the species of sulfide beingetween internatHzS and external [HS. Although [HS] is
accumulated increases the internal pH. Both multipleelatively low in the vent environment (ffnoll-1 at pH 6.0
regressions indicate that interi@»S levels and extracellular and 30Qumoll~1 ZH>S), a gradient for HSmovement into the
pH are influenced more by external [Hi$han by external worms is created and maintained by the high concentrations of
[H2S]. This suggests that external H&vels play a greater role sulfide-binding hemoglobins present in the body fluids (Arp
in the uptake of sulfide in these animals than d8 lévels. and Childress, 1983; Arpt al. 1987; Fisheret al. 1988).

Our experiments involving depressed extracellular pH als8ulfide binding by the hemoglobins has been shown to be
support the contention that H3s the primary species of maximal at pH 7.5, which suggests that the actual species of
sulfide moving into the worms. We observed a different pHsulfide bound by the hemoglobins is HEhildresset al.
dependence for sulfide acquisition from that expected #8r H 1984).
diffusion and measured for GQliffusion (Goffrediet al. For two reasons, we believe that H8ptake, as the
1997). As the extracellular pH in these animals was depressetechanism for sulfide acquisition R. pachyptila acts as a
(by exposure to hypoxic conditions Nrethylmaleimide), no protection against sulfide poisoning. The first is the fact that
decrease in internal sulfide levels was observed. NEM inhibitserhaps the two species of sulfide?(]9s negligible, with a
enzymes by forming covalent bonds with sulfhydryl groupsK of 12-13) are not equally toxic to the animal (Bagarinao
(SH"), causing deleterious conformational changes in thesand Vetter, 1990). It has been suggested th&tisimore toxic
enzymes (Stonet al. 1984; Lin and Randall, 1993). Thus, it than HS, and that S is actually the species of sulfide that
is possible for NEM to react with a variety of enzymes andinds to the cytochromeoxidase complex (Smitét al. 1977;
proteins possessing reactive sulfhydryl groups, includtng Powell and Somero, 1986; Bagarinao and Vetter, 1990;
pachyptilahemoglobins, which have been shown to contairOeschger and Vismann, 1994). Specifically, Powell and
free cysteine residues (Zat al. 1997). Experiments were Somero (1986) have shown that cytochranogidase activity
conducted to determine whether NEM adversely affects sulfida R. pachyptilaplume tissue, in the presence of sulfide,
binding by R. pachyptilahemoglobin (Zalet al. 1997). In  decreases markedly with decreasing extracellular pH (from 7.0
summary, whenR. pachyptilahemoglobin was pre-treated to 6.0), suggesting that.B is the more inhibitory form of
with NEM, prior to any exposure to sulfide, a 30% decreassulfide. In a similar experiment, it was shown that there was
in sulfide binding resulted. However, if the hemoglobin waso HS inhibition of mitochondrial respiration of the killifish
first exposed to sulfide, as in the case of our experiments, theéfandulus parvipinnisand, again, that ¥$ was the toxic form
was no effect of NEM on sulfide binding (£dlal.1997). The of sulfide (Bagarinao and Vetter, 1990). If this were the case
worms were given NEM and sulfide simultaneously; thereforefor R. pachyptila it would be advantageous for these worms
they were not pretreated with the inhibitor as sulfide would b& exclude HS while importing HS.
expected to move into the worms faster than NEM. In addition, The second possibility is that if inorganic carbon and sulfide
we feel that because there was no decrease in internal sulfidere acquirediia the same mechanism, i.e. diffusion of the
levels, adverse effects on other proteins did not create artifactsadissociated form (CfOand HS), R. pachyptilacould not

Our results also show that there is discrimination againstontrol sulfide uptake independently. Thus, the second way in
H>S movement into the extracellular fluids of these animalswvhich HS uptake could protecR. pachyptilafrom sulfide
In general, organisms are believed to be unable to block thmisoning would be to decouple sulfide acquisition from
diffusion of HS across membranes while still retaininginorganic carbon acquisition. AlthougR. pachyptilamust
permeability to other gases, such az@@d Q, both of which  maintain an alkaline extracellular pH in order to concentrate
diffuse into R. pachyptila(Someroet al. 1989; Bagarinao, inorganic carbon internally, if sulfide were accumulated in the
1992; Vdlkel, 1995; Goffredet al. 1997). For example, it has same wayyia HzS diffusion, free sulfide, lik&COp, would
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reach very high concentrations in the blood. This unlimited of sulfide by mitochondria of the California killifisRundulus
accumulation of sulfide internally could potentially poison the parvipinnisand the speckled sandd@litharichthys stigmaeusJ.
worm and its symbionts. However, with the proposed comp. PhysiolB 160, 519-527.
mechanism, sulfide uptake is expected to be largely limited HyAVANAUGH, C. M., GARDINER, S. L., DNES M. L., JANNASCH, H. W.
the binding capacity of the hemoglobins. AND WATERBURY, J. B. (1981). _ I_Drokaryotlc _ceIIs in the
In contrast, the vesicomyid clafBalyptogena elongata hzdmthertmta' t\:_ent t‘:)l.’e tswprml%;lzfga 32?23:1%“'& Possible
atich lso conans chemoatiotophic Smbions that t musy TeTIOICIOPIe Smbneneeis 30 912 | L
supply W'_th sulfide, does not. maintain its extr_acellular PH " and blood characteristics of the hydrothermal vent tube ViRiftia
constant in the face of changing external and intexrhilS pachyptila Mar. Biol. 83, 109-124.
levels (Childreset al. 19933). Specifically, when exposed t0 Cuipress J. J. anp FisHer, C. R. (1992). The biology of
increasing amounts of internaH2S, the extracellular pH of  hydrothermal vent animals: physiology, biochemistry and
C. elongatadecreases (Childress al. 1993). C. elongatacan autotrophic symbiose€ceanogr. mar. Biol. A. Re80, 337-441.
potentially accumulate sulfideia HoS diffusion because CHILDRESS J. J., ISHER C. R., FAvuzzi, J. A., ARP, A. J.AND OROS
increasing levels of internalH2S cause the extracellular pH ~ D. R. (199&). The role of a zinc-based, serum-borne sulphide-
to decrease, which dissipates the sulfide gradient into thePinding component in the uptake and transport of dissolved

animal, acting as a self-limiting sulfide acquisition mechanism SulPhide by the chemoautotrophic symbiont containing  clam
for the clam. Calyptogena elongatal. exp. Biol.179 131-158.

R. pachyptila however, does not rely on the same self-CHILDRESS J. J., BSHER C. R., Ravuzzi, J. A., KOCHEVAR R.,
- P yptia ’ y SANDERS, N. K. AND ALAYSE, A. M. (1991). Sulfide-driven

limiting mechanism a?n.d. has apparently evolved an alternative autotrophic balance in the bacterial symbiont-containing
mode of sulfide acquisition, mediated transport of, @S well  hygrothermal vent tubewornRiftia pachyptila JonesBiol. Bull
as reduced permeability to, or some discrimination against, mar. biol. Lab., Woods Hol#80, 135-153.
H2S, apparently as a protection against sulfide poisoning. IgniLbress J. J., [Eg, R., SWDERS, N. K., FELBECK, H., OrOS D.,
this way, R. pachyptilais able to control sulfide movement, ToutmonD, A., DESBRUYERES D.. KENNicUT I, M. C. AND BROOKS
while keeping the extracellular pH stable and alkaline. J. (199®). Inorganic carbon uptake in hydrothermal vent
Restricting the internalH2S level to that which can be bound  tubeworms facilitated by high environmentato,. Nature 362,
by the hemoglobins ensures that, even at high ext2hz 147-149. _
levels, internal sulfide levels R. pachyptilaare not toxic to ~ DICkSON, A. G. AaND MILLERO, F. J. (1987). A comparison of the
either partner but are still sufficient for the symbionts. This equilibrium constants for the dissociation of carbonic acid in
. D seawater medideep-Sea Re84, 1733-1743.
mechanism appears to be a further specializationR of
. . . FewBeck, H., SMERO, G. N. AnD CHiLDRESS J. J. (1981).
pachyptila for successfully supporting autotrophic

. AR . . Calvin—Benson cycle and sulphide oxidation enzymes in animals
endosymbionts and thriving in such a hostile environment.  4m syiphide-rich habitatéVature 293 291-293.
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instance it does provide a reliable and conservative means fernner and loser males, and highlights the potential importance
estimating a very large sound field. Locally unstableof sexual selection.
temperature lapses and wind fluctuations generally preclude The sex ratio of nymphalB. membracioides is
sufficiently steady readings for accurate, direct measuremeapproximately equal, but food-plant specificity, male
of sound fields at large distances outdoors (Embleton, 1996Himorphism and differential mortality produce a low-density,
patchy distribution, and behavioural observations indicate
Signal design and the importance of context substantial opportunity for females to exercise choice (M. J.
Design features of the pneumorid communication system aran Staaden, unpublished observations). Evolution through
concordant with all expectations of natural selection teexual selection may thus have forced males to produce an
maximize broadcast range while avoiding predation anihcreasingly intense signal. Since the decrease in SPL of the
intraspecific competition (Endler, 1992). The received malenale calling song is rather flat at large distances, a small
signal is maximized relative to background noise by repetitiomcrease in effective transmission results in a relatively large
of a highly stereotyped signal, increased broadcast amplitudiecrease in broadcast range. Larger active calling ranges reach
resulting from the abdominal resonator, increased transmittadore females, and selection is therefore expected to act on
amplitude using optimal meteorological conditions, and (for amnales to produce increasingly loud signals until the benefit of
insect) extremely sensitive hearing (H. Rémer and M. J. vaimcreased loudness is balanced by (energetic or predation)
Staaden, in preparation). In addition to the effect oftosts. Certainly in species with more vagile females,
maximizing broadcast range, the temporal segregation idifferential attraction to louder male calling songs is quite
which calling is restricted to calm, misty conditions may alsaccommon (for a review, see Ryan and Keddy-Hector, 1992),
contribute to avoidance of nocturnal vertebrate predators suemd field studies of mole crickets have demonstrated that males
as the microchiropteralycteris thebaicgP. Taylor, personal calling 2dB below the loudest male attracted fewer females
communication). High-frequency echolocating calls of batghan the average male (Forrest and Green, 1991). It is also
suffer strong absorption at high humidity (>3dB'rfor  conceivable that loud calling iB. membracioidesicts as a
sounds above 100kHz at 25°C and 50 % humidity; Lawrencsensitizer for the female response.
and Simmons, 1982), whereas the absorption coefficient for At present, we cannot exclude intrasexual selection and a
pneumorid signals is minimal, estimated to be approximatelpossible second function for the complex male call. Loud
0.2dB per 100m (1.7 kHz at 20°C and 90 % humidity; Harriscalling may space out males, allowing each to broadcast their
1966). signal within a zone free from competing conspecifics. The use
of sound to maintain range separation and to minimize
Sexual selection and differences in active space competition for resources is relatively common and has been
Pneumorids exhibit striking sexual differences inshown to increase the ability of males to attract females
transmission distance of mate location signals, such thgbushcrickets, Aralet al. 1990). Although it is often difficult
females may detect calling males ideally at a distance @6 make a clear distinction between inter- and intrasexual
1-2 km, but males detect responding females from a maximuselection, spatial genetic analyses may provide a means of
of only 50 m. This discrepancy in transmission distance resuldistinguishing the adaptive value of sexual differences in
largely from differences in absolute signal intensity, since therransmission distance (M. J. van Staaden and H. Rémer, in
is little difference in overall attenuation rates of male ancpreparation).
female calls (Fig. 5). If active space is defined as the area in Despite so-called phylogenetic and environmental
which a signal is above the threshold to elichedavioural constraints, the maximum range of detection does appear to be
response, however, then maximum transmission distance may primary selection pressure on at least some animal
not translate into effective communication distance. Moreoverocalizations. Evolutionary explanations for exaggerated
any asymmetry in behavioural response threshold wouldignals are generally in terms of runaway sexual selection and
profoundly affect (counteract or magnify) the observedhonesty in signalling good genes, but the problem may also be
asymmetry in transmission distance. recast as one of signal detection and female preference; part of
Sexual differences in signalling strategies are frequentlthe ‘psychological landscape’ of the receiver (Guilford and
attributed to differences in relative parental investmenDawkins, 1991). For a signaller, the situation is exactly the
(Thornhill, 1979). The energetic and endangerment costs aime whether receivers fail to respond to signals because of
calling and phonotaxis iB. membracioidesre, however, environmental attenuation or because of ‘neural attenuation’
completely unknown. Conceivably, the excessive costs faresulting from high thresholds or narrow filters for response
male calling are more apparent than real. Slender cursori@lViley, 1994). Whereas male pneumorids produce spectacular
hindlegs and the abdominal resonator may minimize the energgoustic signals with high inherent detectability and minimal
expenditure of calling, and the risks of male flight may be nenvironmental attenuation, females do not. The question of
more than those of females exposed on top of the busteural attenuation is the subject of a subsequent paper.
producing a locatable sound. The existence of alternative
mating strategies (Alexander and van Staaden, 1989) does,\We are indebted to the late Professor A. Alexander and her
however, imply a substantial fitness differential betweerfamily for access to the field site and their generous hospitality.
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Summary

It has been hypothesised that regional endothermy has temperature change than more superficially located slow
evolved in the muscle of some tunas to enhance the fibres from both tuna and bonito. This suggests that it has

locomotory performance of the fish by increasing muscle
power output. Using the work loop technique, we have
determined the relationship between cycle frequency and
power output, over a range of temperatures, in isolated
bundles of slow muscle fibres from the endothermic
yellowfin tuna (Thunnus albacare} and its ectothermic

relative the bonito (Sarda chiliensiy. Power output in all

preparations was highly temperature-dependent. A
counter-current heat exchanger which could maintain a
10°C temperature differential would typically double

maximum muscle power output and the frequency at which
maximum power is generated fppt). The deep slow muscle
of the tuna was able to operate at higher temperatures than
slow muscle from the bonito, but was more sensitive to

undergone some evolutionary specialisation for operation
at higher, but relatively stable, temperaturesfopt of slow
muscle was higher than the tailbeat frequency of
undisturbed cruising tuna and, together with the high
intrinsic power output of the slow muscle mass, suggests
that cruising fish have a substantial slow muscle power
reserve. This reserve should be sufficient to power
significantly  higher sustainable swimming speeds,
presumably at lower energetic cost than if intrinsically less
efficient fast fibres were recruited.

Key words: endothermy, fish, muscle, power output, swimming, work
loops, yellowfin tunaThunnus albacaresonito,Sarda chiliensis

Introduction

Tunas (Scombridae, Thunnini) are unique among teleosta these pelagic, continuously swimming fish, the temperature
because of their ability to elevate the temperature of thewf the more axial slow muscle may be maintained up to 21°C
locomotor muscle, viscera, brain and eye tissues above thatafove ambient water temperature (bluefin tulunnus
the water temperature (Carey and Teal, 1966; Categl. thynnus Carey and Lawson, 1973). Katsuwonus pelamis
1971; Graham, 1975; Carey, 1981). Endothermy in tunas sow-twitch muscle temperatures can be as much as 12°C
compartmentalised in regions of high metabolic output andbove ambient, and in oth&hunnusspecies the steady-state
coupled with circulatory specialisations to reduce heat lossnuscle temperature elevation is 6 °C or less (Dizon and Birill,
Tunas have a high standard metabolic rate and numero879; Graham and Dickson, 1981; Hollaet al. 1992).
specialisations associated with increased oxygen delivery tdechanisms for heat retention in aerobic muscle are
the tissues and high metabolic demands (Brill, 1987, 1996)idespread in large pelagic fish, and telemetry and anatomical
Elevation of slow-twitch (red) muscle temperatures isstudies have shown that heat conservation strategies are present
facilitated by the more axial positioning of the aerobic musclén tunas, lamnid sharks (Carey al. 1971), alopiid sharks
mass and the presence of counter-current heat exchangers ({Garey, 1981; Bone and Chubb, 1983), blue sharks (Carey and
rete mirabilia) in the circulatory system, which reduceScharold, 1991) and swordfish (Carey, 1990). The convergence
conductive and convective heat loss at the gills and bodyf similar mechanisms among sharks and fishes suggests that
surfaces. Many tunas also have a higher proportion of slovstrong selective pressures exist for warming of the locomotor
twitch, relative to fast-twitch, myotomal muscle than othemmuscles. In tunas and lamnid sharks, it has been suggested by
teleosts (e.g. Graharat al. 1983). The heat generated by Carey and Teal (1966) and many subsequent authors that this
muscle contraction and metabolism can thus be conserved, asystem of regional endothermy has evolved to enhance the
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locomotory performance of the fish by increasing muscléransferredvia a specialised transport tank placed on board a
power output. However, this hypothesis has never been testfidtbed truck to the Tuna Research and Conservation Center at
directly in any endothermic fish. Pacific Grove, California, a joint facility of Hopkins Marine
In addition to their endothermic adaptations, tunas have &tation (Stanford University) and the Monterey Bay Aquarium.
suite of morphological characters which appear to bd&una were maintained in three tanks. The largest tank (T1) was
adaptations for efficient, and relatively rapid, sustainedl3m in diameter and 3.3 m deep, and two smaller tanks (T2
swimming. They have a body thickness to length ratio close tand T3) were 10m in diameter and 2m deep. Tuna were held
the optimum for minimum drag (Hertel, 1966) and a fusiformfrom October 1995 to May 1996 (the start of experiments) in
body which also increases swimming efficiency (Weihs,T1 at 20+ 0.5°C and in T2 for the same period at 18+0.5°C
1989). The corselet, a zone of modified skin at the deepeanhd in T3 at 24+0.5°C. Recirculated, filtered and aerated sea
point of the body, may introduce microturbulence to preventvater from Monterey Bay passed through all three tanks. Tuna
breakaway of the boundary layer which would increase dragn tanks T1 and T2 were fed three times per week on a mixed
A narrow caudal peduncle minimises energy losses due ttiet of fish and squid at a constant level 115k3kgy ™. To
movement of water, and lateral keels on the peduncle reducempensate for a higher metabolic rate in the warmer T3 tank,
drag and possibly direct water over the middle part of the fithese fish were fed 165 kJKglayl. Bonito were maintained
(Walters, 1962; Aleyev, 1977). Dorsal and ventral finlets, imat 20°C in a tank 6m in diameter and 1.5m deep. Their diet
series along the midline of the tapering edges of the body, mapnsisted of chopped fish and squid. All experiments were
limit cross flow between the two sides of the body, reducingarried out during May and June 1996.
drag. Some of the fins fit into slots in the body surface when
not in use, and larger fins are often placed behind the deepest Muscle mechanics
part of the body (greatest dorsal to ventral height). The tails of Fish were captured using nets (tuna) or barbless hooks
tunas are typically lunate and have a high aspect ratio, botbonito), and killed by decapitation and pithing. Blocks of slow
features increasing the efficiency of thrust generationmuscle 3-5 myotomes long were rapidly dissected from the
Kinematically, swimming in tuna is characterised by minimalchosen region of the fish (see below) and immersed in a large
lateral movement of all but the caudal region of the fish, wittvolume of Ringer’s solution (composition, in mndtINaCl,
virtually all of the thrust coming from the caudal fin. Oxygen175.7; KCl, 7; CaCl 1.9; MgCh, 1.1; sodium pyruvate, 10;
consumption measurements confirm the increased swimmirigepes, 10; pH7.8 at 25°C), bubbled with oxygen, at 20°C.
efficiency predicted from these adaptations (Dewar andhe Ringer’s solution was changed frequently during the initial
Graham, 1994). dissection, which was carried out with the aid of a
The closest living ectothermic relatives of the tunas arstereomicroscope. The aim was to rapidly remove a bundle of
bonitos (tribe Sardini) (Collette, 1978). Few studies ardibres from the central myotome of the block, approximately
available on vertebrate endothermic and ectothermic speciesir3 mm in diameter, and place it in a large volume of fresh
which physiological performance between taxa with closexygenated Ringer. The preparation was reduced in diameter
phylogenetic histories can be directly compared. The presente 0.5-1.5mm by removing fibres from the outside of the
of extant warm and cold fishes in the scombrid lineage, alongundle. A piece of myoseptum was retained at both ends, and
with information about their relationships, provides a valuablehis was trimmed to shape and mounted in a small aluminium
tool for studies on the evolution of endothermy. The ability tdoil clip (Altringham and Johnston, 198®).
examine the muscle characteristics of both groups in a Preparations were transferred to a chamber through which
phylogenetic context is critical for discerning whatRinger's solution flowed at 20+0.1°C. One end of the
evolutionary specialisations, if any, have occurred in thereparation was attached to an isometric force transducer
endothermic lineage (Block and Finnerty, 1994). Using thd AE801, SensoNor, Horten, Norway), the other to a servo
work loop technique (Josephson, 1985), we have determingdotor. The preparation was lengthened to remove slack and
the temperature-dependence of cycle frequecguspower left for a minimum of 30min before experimentation.
output relationships in isolated bundles of slow-twitch musclé&timulation amplitude was altered to maximise twitch force,
fibores from the endothermic yellowfin tunaTh(nnus using 2ms duration stimuli, and the length of the muscle was
albacare$ and its ectothermic relative the bonit8afda adjusted to place the preparation on the plateau of the
chiliensis. length—force relationship, defined &s Twitch parameters
were then determined for each preparation: time from stimulus
) to peak force (twitch rise timéy), and time from peak force
Materials and methods to half-maximum force (half-relaxation timggs). 1s tetani
Fish were used to determine the stimulation frequency for
Thunnus albacares(Bonaterre) and Sarda chiliensis maximum tetanic force, and this frequency was used in all
(Cuvier) were caught using lift poles with barbless hooks ofsubsequent experiments on that preparation.
the coast of California in September 1995 and held in fish wells Maximum power output was then determined at a range of
on board ship, before being transferred to holding facilities irycle frequencies using the work loop technique (Josephson,
San Diego, California, within 2-3 h of capture. Fish were ther1985; Altringham and Johnston, 1%96). Briefly,
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preparations were subjected to sinusoidal strains symmetric~' A
aboutlg and stimulated during part of each strain cycle. A plot
of muscle length against force yields a hysteresis loop for eat
cycle, the area of which is the net work performed during th
cycle. Previous experiments on fish muscle (Altringham an
Johnston, 1996) have established that, over the range ol
cycle frequencies yielding close to absolute maximum powe
output, the strain vyielding maximum power output is
approximately +5 %y (10 % peak to peak). Kinematic studies
of swimming fish (e.g. Hess and Videler, 1984; van Leeuwen
et al. 1990; Romeet al. 1993) have shown that vivo strains
range from +3 to +6 %y over that part of the body believed to
generate most of the power for swimming. A strain of #b %
was used in all experiments in the present study. The numt
of stimuli and the phase shift between the onset of stimulatic
and the strain cycle were manipulated to maximise power
each frequency. Stimulation phase shift typically increase
from 20° to 60° between 15°C and 30°C. Phase shift i
defined from the strain cycle: 0/360° is musclel@aiand
lengthening, one complete cycle is 360 °. In each experiment
run, a preparation performed eight work loops and was the
allowed to recover for 6 min before the next run. The powe
output was calculated from the seventh loop of each run: pow
typically rose by 5-20% (depending upon cycle frequency
over the first 4—6 loops of a run, before stabilising.

A complete powerversus frequency relationship was

Fast muscle

)

determined at 20, 25, 15 and 30°C for each preparation, in tf'9: 1+ (A) Location of sampling sites on the  yellowfin tuna.
(B) Sampling sites within the slow muscle of tuna in relation to the

order given. To momtor any Change in performance during thorganisation of the slow muscle. s, superficial slow muscle; d, deep
course of the experiment, Whlch could take up to 10h, rggulzsbw muscle; vd, very deep slow musd, body length.
controls were taken. At a given temperature, every third ¢
fourth run was a repeat of a standard set of parameters: those
giving maximum or near-maximum power. Runs with the sam&vere unable to determine exactly which myotome each
control parameters were made at 20 °C as the temperature wasparation was from, but no more than 3-4 myotomes
lowered from 25 to 15°C, and at 20 and 25°C as thseparated the most anterior and most posterior preparations.
temperature was raised to 30°C. After experiments at 30 °@onito slow muscle fibres were taken from (B&5 at a depth
controls were again made at 20 °C. Corrections for changes @i 8-10 mm, beyond at least half the total depth of the slow
performance over time were made, where necessary (usuaftyuscle.
only at the highest temperatures, see Results), by multiplying
power by (power of initial control experiment/power of control Swimming kinematics
run closest to the experimental run). At the end of each Swimming kinematics of the 18 °C- and 24 °C-acclimated
experiment, the preparation was removed from the apparatisna and the 20°C-acclimated bonito were studied in
and weighed, after removal of the clips and myosepta. undisturbed fish on a day on which they were not routinely fed,
Fibres were studied from two locations along the length ond during feeding. Fish, of the same size range as those used
the body of tuna, 0.40 and 0.65 body lenglis, 6nout to fork)  in mechanical experiments, were recorded using a Canon
from the snout (Fig. 1A). At both locations, fibres were takerEX2Hi, Hi8 video camcorder, which was mounted directly
from the centre of the broadest region of the more axiallabove the tanks. The field of view was typically four by five
distributed slow muscle (‘deep’) (Fig. 1B). At 0Bh, fibres  fish lengths. Tracings were made from video sequences of the
were additionally taken from within the superficial slow paths of the snout of the fish and the caudal puduncle, where
muscle zone (‘superficial’), delineated by the septa of théhe presence of the lateral keels enabled the same point to be
‘lateral line triangle’, and from the deepest region of the slowollowed with some precision from frame to frame. Twenty
muscle (‘very deep’), close to the vertebral column (Fig. 1B)randomly chosen sequences were analysed for each
The ‘superficial’ fibres studied were more axial to a distincgroup/condition and, from each, mean tailbeat frequency and
layer of mixed red fibres and were histochemicallyswimming speed were determined from straight swimming
homogeneous (E. Freund, unpublished observations). Becaussgjuences of 3-5 tailbeats. Analysis of alternate frames of the
of the nested cone arrangement of the myotomes, sites sampftHz video sequences gave a resolution of 40ms, or 2% or
at increasing depth were taken from different myotomes. Whbetter, for tailbeat frequency. Speed is expressed in
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Table 1.Body sizes of fish used in the study correlation analysis revealed no significa<@.05) size-
Length (m) Mass (kg) relat(_ad changes. In addition, no sign_ificanj[ di_fferences.or
Range Range consistent trends were observed in twitch kinetics from fish
Number Mean 4SEM. Mean +SEM. maintained at 18 °C (four fish), 20 °C (four fish) and 24 °C (five
fish). Although the number of replicates was often small,

Yellowfin tuna 13 0.585-0.81 3.45-8.9 o . 0
(Thunnus albacargs 0.66720.022 50520 54 variation was low: all standard errors were less than 10 % of
_ the mean value. Data from all yellowfin tuna were therefore
Bonito N 4 0.42-0.47 1.02-1.45  pooled where appropriate. Fig. 2 summarises the isometric
(Sarda chiliensip 0.44£0.122  1.14#0.12  yjtch kinetics of all preparations from both fish species at

20°C. The location of the muscle fibres in the body had a

_ ., significant P<0.05) effect on twitch kinetics in the yellowfin
body lengths s (BLs™) because the exact lengths of most f'Shtuna, and the results of one-way ANOVAs are summarised in

were not known and could not be determined from the V'degig. 2. The small data set meant that activation time results

sequences, as their vertical position in the 2m deep Wat?éiled normality tests, even after transformation, and a less
column was not known.

sensitive ANOVA on ranks was performed. Both activation
and half-relaxation times of deep fibres were greater aBl.65

Results than at 0.BL, although only the latter was statistically
Fish significant P<0.05). The small data set suggests caution in
The body sizes of the fish used in the study are summariséf€rpreting the results. At 0.8, there was a tendency for
in Table 1. twitch kinetics to become more rapid with increasing depth.
Twitch parameters for bonito muscle are shown in Fig. 2C.
Isometric mechanical properties The effects of temperature on twitch kinetics are

No trends were found in twitch kinetics data from differentlysummarised in Fig. 3, for 0.88L muscle from the tuna and
sized yellowfin tuna: analysis of variance (ANOVA) and0.65BL muscle for the bonito: locations with the largest data

400 400
T. albacares A T. albacares T B
350 .
2 IRE
g 300 ‘g’ 300 4
®
g 250 g
¥ 200 - 4T % 200
o
g 150 |- 5 5 I
Fig. 2. Time to peak twitch E 3 o 5T 3
force (A) and half-relaxation + 100 - S = 100 -
time (B) for yellowfin tuna 50 b
preparations at different
locations in the body: 0 0
0.4BL=0.4 body lengths 0.40 BL 0.65BL,s0.65BL,d 0.65BL,vd 0.40BL 0.65BL,s 0.65BL,d 0.65BL,vd

from snout. s, superficial

slow muscle; d, deep slow 200
muscle; vd, very deep slow

muscle. See Fig. 1B for a full
description of the locations.

(C) Time to peak force 150 |- T
(activation) and half- 4
relaxation time for bonito
muscle preparations. All data
are presented as means +
s.E.M.; the number of fish is
given within the columns, at
20°C. The solid lines below S0 -
the figures connect columns

that are significantly different

from each other (ANOVA, 0
P<0.05). Activation Relaxation

S chiliensis c

100 |- L

Time (Ms)
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300 similar for the two species: these results are summarised in
T. albacares Table 2.
250 - Power output
Power output under optimal stimulation conditions was
200 L 12.0+1.7Wkg? (N=13) at 25°C for tuna muscle and
13.8#1.9Wkg! (N=4) at 25°C for bonito muscle. No
Half-relaxation time significant differences were found in power output measured
150 for tuna muscle from different body locations, so the above
value is the mean of all results. Maximum power decreased
Twitchrisetime with decreasing temperature in all preparations, but some
100 — notable differences were seen in temperature-dependence.
Temperature coefficients (powerdtC/power atx-5°C) are
summarised in Table 3. In ‘deep’ and ‘very deep’ tuna muscle
50 = fibres, the temperature-dependence of power was greatest at
lower temperatures. This trend was observedllitndividual
0 1 1 1 1 preparations. ANOVA showed that temperature sensitivity at
’g 15 20 25 30 15-20°C for tuna fibres from 0.8 was significantly greater
oy than at 20-25°C and 25-30°C (ANOVAP<0.001;
-E 300 Student—-Newman—Keulgost-hoctestsP<0.05). There were
S chiliensis insufficient data at other locations for meaningful
comparisons). Furthermore, although the data are sparse for
250 some locations and temperatures, there was a clear trend
towards increased sensitivity with increasing depth into the
tuna. Finally, power output in ‘superficial’ fibres from both
200 - tuna and bonito had a low thermal dependence, which did not
Half-relaxation time increase with decreasing temperature. At 15-20 °C, significant
differences were found between deep tuna fibres &L0ahd
150 = superficial tuna fibres and bonito fibres (overall ANOVA
L P<0.001;post-hocestsP<0.05). The temperature sensitivities
Twitch rise time ) P
100 of deep fibres at 0.40 and OBBE were not significantly
different. A similar comparison at 20-25°C revealed no
significant differences, but the small data set means that the
50 — results should be interpreted with caution.
1 1 1 1 Power—frequency relationships
0

Very similar power—frequency curves were obtained from
all preparations, and representative curves for tuna and bonito
Temperature (°C) are shown in Fig. 4. Fig. 5 summarises all the data, normalised
Fig. 3. Temperature-dependence of twitch rise time and halfEO maximum power at 25 OC?' The greater temp.erature-
A . dependence of the deep slow fibres of the tuna, relative to the
relaxation time in yellowfin tun@hunnus albacaregt 0.4BL) and s e o .
bonito Sarda chiliensigat 0.63BL) muscle. Data are presented as superfICIa! flbrgs from tuna and bonito, is clearly evident. In
means s.EM., N=5 tuna andN=4 bonito. the physiological temperature range (20-30°C), a 10°C
increase in temperature increased maximum power, and the
frequency at which it was produced, by 50-100 % in both tuna
sets. Similar results were obtained from other locations on thend bonito. The frequency which produces maximum power
tuna. Both twitch rise timeld) and half-relaxation timetry.5)  output op) was in the range 2-9Hz, depending upon muscle
decreased markedly with increasing temperature. The rate tyjpe and temperature. Attempts to determine the
change of both parameters over 5°C temperature incrememewer—frequency curve for bonito preparations at 30 °C were
decreased with increasing temperature (rates are expressedaagely unsuccessful (Fig. 5C). All bonito preparations began
a coefficient: time ak°C/time atx+5°C; e.g. activation time to deteriorate (revealed by a decline in power output) within
at 20°C/activation time at 25°C). However, despite thisl5min of raising the temperature to 30 °C, and the construction
consistent change, ANOVA showed that only the change iof all curves relied on correcting for this fall in power output
activation time coefficients in the tuna was significantafter the initial points had been collected. The 30°C data
(P<0.05). Activation times and half-relaxation times had veryshown in Fig. 5C are therefore unreliable and serve primarily
similar temperature coefficients, and coefficients were veryo indicate the instability of the preparation. After 30 min at

15 20 25 30
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Table 2.Temperature coefficients of twitch kinetics for yellowfin thannus albacareend bonitoSarda chiliensisnuscle
preparations

Temperature coefficients (time @tC/time atx+5°C)

For activation timea For half-relaxation timeyo. 5

15-20°C 20-25C 25-30°C 15-2¢°C 20-25C 25-30°C
Yellowfin tuna 1.87+0.19 1.48+0.13 1.30+0.03 1.87+0.21 1.98+0.32 1.44+0.16
Thunnus albacares
0.40BL (N=5)
Bonito 1.88+0.22 1.47+0.12 1.45+0.11 2.08+0.38 1.91+0.20 1.38+0.12
Sarda chiliensis
0.65BL (N=4)

Values are means <E.M.
BL, body length.

30°C, power output declined by up to 50 %, but recovery wadirection or breaking formation to swim more randomly. When
half complete within 30 min of reducing the temperature tdeeding, the schools broke up and fish swam singly, often
20°C. In contrast, the deep (Fig. 5A) and very deep (ndbursting rapidly to take food. Swimming speeds and tailbeat
shown) slow fibres of the tuna were stable at 30°C, butequencies are summarised in Table 4.
deteriorated at 35°C. Unfortunately, no experiments were Undisturbed, ‘cruising’ tuna swam at a mean speed of
performed at 30°C on superficial fibres from tuna. Tunapproximately BLs1, with a tailbeat frequency of
preparations were very stable at 30°C or below for mangpproximately 1.6 Hz, much lower than the frequency which
hours: controls under given conditions were typically withinproduced maximum power output in isolated slow fibfgs9 (
1-3% of initial values, even after 8h or more ofln rapid bursts during feeding, tailbeat frequency (8-12Hz)
experimentation. Bonito preparations were similarly stable avas much greater thdgp, and fast fibres were presumably
or below 25°C. recruited. The limited time resolution of the video recording,
o _ _ and the water turbulence created by feeding tuna, meant that
Swimming kinematics burst tailbeat frequency could only be estimated roughly. The
Undisturbed tuna and bonito swam primarily in schoolsponito had a similar cruising tailbeat frequency to the yellowfin
around the perimeter of the tanks, occasionally reversing

Table 4.Swimming performance in yellowfin tumhunnus

Table 3.Temperature coefficients of muscle power output fol albacaresnd bonitoSarda chiliensis
yellowfin tunaThunnus albacareand bonitoSarda chiliensis .. .
muscle preparations Swimming Tailbeat
speed frequency Stride
Temperature coefficients for power (BLs (Hz) length
(power atx°C/power atx-5°C) vellowfin tuna
15-20°C 20-25C 25-3C°C (Thunnus albacargs
. 18°C-acclimated
\T(E"O‘Nf'n tuna Undisturbed l=20)  1.01£0.03  1.52+0.04  0.67+0.03
unnus albacares .
Very deep fibres, 2.00 (1) 1.5240.08 (2) 1.27 ) Feeding bursts 8-12
0.65BL 24°C-acclimated
Deep fibres, 1.84+0.09 (5) 1.40+0.04 (5) 1.31+0.05 (5) Undisturbed §=20) ~ 0.93+0.03  1.66+0.05  0.56%0.02
0.40BL Feeding bursts 8-12
Deep fibres, 1.55+0.21 (2) 1.35+0.03 (2) 1.09 Q) .
0.65BL Bonito N
Superficial fibres, 1.20£0.08 (4) 1.22+0.07 (4) (Sg{)ﬂ"z‘f“"'?”spﬁ
0.65BL -a_tccllmated
Undisturbed I=15) 1.21+0.02 1.55+0.04  0.79+0.02
Bonito Feeding bursts >12
Sarda chiliensis 1.31+0.04 (4) 1.37+0.05 (4)
0.65BL Tailbeat frequency was significantly?<0.05) higher in 18C-
acclimated tuna than in 2€-acclimated fish.
Values are means &£.M. (N). Estimated ranges are given for tailbeat frequency during feeding

BL, body length. bursts.
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tuna, and a simildpptwas found for the two species. However, operating frequencies (for a summary, see Jahes 1995,
the bonito had a significantly higher length-specific swimmingheir Fig. 8). This is in agreement with observations on the
speed (and stride length), suggesting that there may eetabolic properties of yellowfin tuna slow-twitch muscle:
differences in their kinematics. During feeding bursts, theitrate synthase activities measured at 20°C were not
tailbeat frequency of bonito exceeded 12 Hz. No evidence wasgnificantly different between yellowfin tunas and the Eastern
found in this simple analysis for a substantial acclimatiorPacific bonitoS. chiliensis(Dickson, 1996). The effects of
response: there was a small but significant difference in tailbetgmperature on slow muscle citrate synthase activity in tunas
frequency (and hence stride lengf%0.05,t-test) but not in  and bonitos have also been shown to have a simig@f1(®1
swimming speed between 18 °C- and 24 °C-acclimated tunafor tuna, 1.98 for bonito from 10 to 20 °C). Power output in all
muscle preparations was highly temperature-dependent. A
. : counter-current heat exchanger which could maintain a 10°C
Discussion . . . .
, . temperature differential would typically double the maximum
Twitch kinetics muscle power output and the frequency at which it was
Change in kinetics with muscle position along the body  obtained fopy). A similar Qo has been reported for scup slow
A number of other studies have shown that musclenuscle power output (derived using the work loop technique)
contraction kinetics slow from anterior to posterior along thdRome and Swank, 1992). Notably, there is a trend towards
length of many fish. Wardlet al. (1995) and L. Hammond, J. increasing temperature sensitivity with increasing depth into
D. Altringham and C. S. Wardle (in preparation) havethe body of the tuna. If the deep muscle has undergone some

discussed possible reasons for this trend. adaptation to the stable, elevated temperatures, then we might
_ _ o _ expect to see not only this greater temperature-dependence, but
Change in twitch kinetics with muscle depth also a more marked difference at the lowest temperatures, and

Twitch kinetics tended to become faster with increasinghis is indeed the case: the highest temperature coefficients for
depth at 0.6BL in the tuna (Fig. 2). If twitch kinetics become power output were in the deep, slow muscle of tuna at
slower in an anterior to posterior direction (Fig. 2), as manyl5-20°C. Evidence for an adaptation to a higher operating
studies have now shown, then depth and position along themperature is seen the ability of deep tuna muscle to function
body will interact in a complex way to determine twitch at 30 °C, developing almost 40% more power than at 25°C.
kinetics, produced by the complex three-dimensionaBlow muscle from bonito showed impaired performance at
myotomal structure (Alexander, 1969). Changes in kinetic80°C and was to some degree irreversibly damaged. Do these
due to sampling from different myotomes are unlikely to belifferences reflect a functional adaptation of the deep slow
more than a small component of the observed changes withuscle of the tuna for endothermic operation? The
depth. Jayne and Lauder (1995) have shown in largemougeographical distribution of yellowfin tuna takes them into
bass that the propagation of muscle activity is by the sequentislightly warmer waters than the Eastern Pacific bonito.
activation of myotomes, but that not all of a particularYellowfin collected from the same area as the tunas used in
myotome is necessarily active: different zones within the faghis study (the most northern part of their range) have been
fibre population may be activated independently. We know tofollowed using acoustic telemetry and were found to spend
little about any particular fish to propose a mechanism for hownost of their time between the top of the thermocline at 17.5°C
this is achieved or to give it functional significance, butand surface waters of 20°C (Blo@t al. 1997). The tuna
regional variations in mechanical properties must be verfrequently dive for short periods (1-5 min) into the cool waters
important to an understanding of swimming, and requirdoeneath the thermocline. In warmer regions such as Hawaii,

further study. the yellowfin tuna are found between the top of the thermocline
o _ o and the surface and experience temperatures of 19-28°C
Temperature sensitivity of twitch kinetics (Holland et al. 1992). Surface water temperature where the

Temperature has been shown previously to have a lardgmnito is thought to occur most often is within the range
effect on muscle function in vertebrates (e.g. Bennett, 1984)16-23°C. S. chiliensis is uncommon north of Point
In the tuna and bonito, both activation and relaxation time€onception, but has been caught as far north as Alaska,
were temperature-dependent, and sensitivity was greatest athough it is unclear whether these northern occurrences are
low temperatures. The muscle of the two species showedassociated with ElI Nino events (Yoshida, 1980).
similar temperature sensitivity, with temperature coefficientdMeasurements on the superficial fibres of the tuna at 30°C
within the range reported for muscles of other ectothermiwvould have helped to confirm these hypotheses but, for
animals (reviewed by e.g. Johnston and Altringham, 1989pgistical reasons and owing to the limited supply of fish, this
Rome, 1990). Regional endothermy in the tuna does not appeaas unfortunately not done.
to have led to major adaptations in muscle kinetics.

Muscle properties and swimming performance
Muscle power output and temperature The frequency for maximum power outpddy, of slow

Maximum power outputs are comparable to values reporteghuscle was higher than the tailbeat frequency of undisturbed

for the muscles of other ectotherms at similar temperatures aoduising tuna, and this, together with the high intrinsic power
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output of the large slow muscle mass, suggests that cruisifdthough direct telemetry of swimming speed has not been
fish have a substantial slow muscle power reserve. This magccomplished on any tuna species, improved acoustic tracking,
be sufficient to power significantly higher sustainablewith regular global positiongia satellite to a ship, provides a
swimming speeds, presumably at lower energetic cost thanréasonable means of assessing average swimming speeds.
the intrinsically less efficient fast fibres were recruited. DuringRecent data on small tunas indicate mean swimming speeds for
feeding, the brief, rapid swimming bursts observed (8—12 Heruising ranging from 0.5 to 1BL s™1 and maximum sustained
tailbeat frequency) were presumably driven by fast fibres, bigpeeds of up to 3BL s for over an hour (Blockt al. 1997).
between these bursts tuna swam with a tailbeat frequency délemetry studies on blue marlin (Bloek al. 1992), which
approximately 3Hz when searching for food, well within thelack central or lateral heat exchangers, indicate sustained
range of slow fibre recruitment (see below). The smaller bonitepeeds similar to the slower speeds observed for the yellowfin
cruised with a similar tailbeat frequency, but their greater strideuna, but the higher continuous speeds were not observed. It
length gave them a higher length-specific swimming speed. remains possible that the observed differences are due to the
From oxygen consumption measurements, Dewar amgarming of the slow-twitch muscles. Tunas in captivity have
Graham (1994) calculated that, at 24°C, a 51cm (2.2kg)displayed remarkable bursts of speed that are estimated to
yellowfin tuna, swimming at BLs™ (at a tailbeat frequency range up to 8Ls® (B. A. Block, unpublished observation),
of approximately 3.2Hz, Dewar and Graham, 1994 and comparisons with ectothermic taxa such as bonito should
consumed 0.67W. Assuming a metabolic efficiency of 50 %be possible.
and a mechanical muscle efficiency of 50 %, then this would
yield 0.17W of mechanical power [see recent measurements Regional endothermy in tuna
on fish (Curtin and Woledge, 1993) and mammalian (Barclay, The entireThunnusclade is hypothesized to have radiated
1994) slow muscle under work loop conditions]. Slow muscldrom a pantropical distribution to a more temperate and
wet mass for yellowfin tuna is 6.5 % of body mass (GraBam subpolar niche (Collette, 1978; Sharp and Pirages, 1978).
al. 1983): 0.143 kg in a 2.2 kg fish. From the present study, thignder this scenario, warming of the slow-twitch muscles
mass of slow muscle could produce 30-40% of maximumvould have evolved in a warm tropical ocean. Recent studies
power at 3Hz and 24 °C, or 0.5-0.7 W. Thus, only 50-65 % afuggest inconsistencies between molecular and morphological
the slow muscle would be needed to power swimming gbhylogenies. Morphologists have separated tunas into a warm-
2BLs™, and at this swimming speed the slow muscle isvater clade consisting of of the yellowfin tufa élbacare}
working well below itsfopt (Figs 4, 5). By recruiting more of blackfin tuna T. tonggo) and longtail tunaT. atlanticu3,
the slow muscle, at higher tailbeat frequencies, significantlywhich possess both central and lateral heat exchangers in the
higher swimming speeds should be possible using only sloglow muscle. The cold-water clade includes the bigeye funa (
muscle. The fish used in the present study were larger thabesu} albacore T. alalungg, northern bluefin. thynnuy
those used by Dewar and Graham (X984 (mean lengths and southern bluefinT( maccoyl, which have either lost or
0.67 and 0.48-0.53m respectively: a difference in mass oéduced the central heat exchanger (Gibbs and Collette, 1967;
more than twofold). At a given length-specific speed, tailbeaCollette, 1978). The changes in vascular retia among the two
frequency in the smaller fish is approximately 40 % higher, andubgroups of tunas are paralleled by a shift in their latitudinal
this is probably reflected in faster muscle kinetics and a shittistribution patterns (Graham, 1975; Sharp, 1978). The
to a higherfopt (e.g. Altringham and Johnston, 1%90 yellowfin, blackfin and longtail tunas occur in subtropical and
Anderson and Johnston, 1992), which would perhaps increat®pical waters, primarily in warmer waters above the
the power reserve of slow muscle still further.thermocline (Carey and Olson, 1982; Hollaedal. 1990;
Electromyographic studies, to determine the swimming spedgllock et al. 1997), whereas the bluefins, albacore and big-eye
at which the different fibre types are recruited, would helgunas have extended their range to cooler waters at higher
validate these calculations. latitudes or below the thermocline (Carey and Teal, 1969;
The above discussion assumes that the slow fibres operataurset al. 1978; Blocket al. 1997). The thermal excess for
in vivo under conditions which yield maximum power output, yellowfin tuna (2.2—6 kg) ranges from 1.4 to 4°C (Dizon and
and thain vivo strain is 5 %o. Neither of these assumptions Brill, 1979; Dewaret al.1994), but in northern bluefin (220 kg)
can be verified directly as yet, but they are consistent withas been reported to be up to 21 °C (Carey and Lawson, 1973).
many published studies on other fish species, as discussedrhe major distinction between morphological and molecular
above. phylogenetic analyses is that genetic studies indicate that the
cold-water tunas (albacore, bluefins, big-eye) are earlier
Swimming speeds offshoots of theThunnusradiation than the warm-water tunas
One hypothesis for heat retention in the slow muscles dSharp and Pirage, 1978; Bloak al. 1993; Finnerty and
tunas is that warming of the locomotory muscles permit8lock, 1995; Chow and Kishino, 1995; Brenedtral. 1997).
increases in maximum sustained and burst swimming speedfjese data imply that the most recent common ancestor of
thus aiding in the search for prey in the patchy oceani®hunnusevolved endothermy in cold seas. Albacore, big-eye
environment. Testing this is difficult because of the problemsnd bluefin have a wider thermal niche (7—25°C) relative to
of measuring swimming speeds of free-swimming tunasthe warm tropical tunas. From the results presented here, it is
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clear that the evolution of mechanisms for retaining metabolic including the effect of body size and acute temperature change.
heat in slow muscles would have enabled these species tdFishery Bull Fish. Wildl. Serv. U.S85, 25-35. _
improve their muscle power output and contraction frequencBrILL, R. W. (1996). Selective advantages conferred by the high
when foraging or migrating in cooler waters. We have shown Performance physiology of tunas, billfishes and dolphin @simp.
here that the retention of these mechanisms in the slow mus%i';‘:h?:m'gm(’ig’élll)%wi_r?ﬁsh A Companion o Animal

of the yellowfin tuna, which occurs in waters that range from Physiology(ed. C. R. Taylor, K. Johansen and L. Bolis), pp.

17.5 to 28°C, would also provide an increase in muscle , ¢ 532" Cambridge: Cambridge University Press.

performance. Carey, F. G. (1990). Further observations on the biology of the
swordfish. InPlanning the Future of Billfishg®gd. R. H. Stroud),
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Summary

The extent to which lizards ventilate their lungs during  12.6 mlkg™2min~1). After exercise, both minute ventilation
locomotion is controversial. Direct measurements of and gas exchange rate decreased immediately. Because
airflow across the nostrils suggest a progressive reduction minute ventilation increased more than did oxygen
in tidal volume and minute ventilation with increased consumption, an increase in lungPo, during exercise is
running speed, while other studies have demonstrated that predicted and, thus, Varanus exanthematicusappears
arterial Po, remains constant during exercise. To resolve effectively to ventilate its lungs to match the increased
these conflicting findings, we measured minute ventilation metabolic rate during locomotion at moderate speed. In
and gas exchange rate in five specimens &faranus  Iguana iguang both minute ventilation and gas exchange
exanthematicusnd five specimens oiguana iguanaduring rate increased above resting values during locomotion at
treadmill locomotion at speeds between 0.14 and 1.11ms 0.28ms?, but both decreased with further increases in
at 35°C. These speeds are much lower than maximal locomotor speed. Furthermore, following exercise, both
running speeds, but are greater than the maximal aerobic minute ventilation and oxygen uptake rate increased
speed. In both species, the ventilatory pattern during significantly. Iguana iguana therefore, appears to be
locomotion was highly irregular, indicating an interference  unable to match the increased oxygen demand with
between locomotion and lung ventilation. InVaranus  adequate ventilation at moderate and higher speeds.
exanthematicus treadmill locomotion elicited a six- to
eightfold increase in minute ventilation from a pre-exercise Key words: reptile, lizard$/aranus exanthematicpiguana iguana
level of 102mlkgimin~l, whereas the rate of oxygen exercise, locomotion, ventilation, breathing pattern, gas exchange,
uptake increased approximately threefold (from 3.9 to cardiovascular.

Introduction

In most vertebrates, ventilation increases during physicdtom breathing during rapid locomotion because the hypaxial
activity to meet the increased metabolic demands of theuscles contribute to both ventilatory and locomotor
working muscles. In the lizardgaranus exanthematicind  movements. This interpretation was subsequently supported by
Iguana iguana measurements of arterial blood gases anelectromyographic recordings from the hypaxial muscles
pulmonary gas exchange rate indicate that ventilatiodluring walking and ventilation inguana iguana(Carrier,
adequately maintains arterial blood gas composition durin989, 1990). The disparity between the studies by Mit&tell
treadmill exercise at speeds greater than their maximal aeroldt (1981a,b) and Carrier (198%b) is not easily explained
speed (Mitchelet al.1981a,b; Bennett, 1994). In a subsequent since ineffective pulmonary ventilation during locomotion
study, Carrier (1989 measured inspired airflow across themust result in predictable changes in the composition of arterial
nostrils in four species of lizardgygana iguanaCtenosaura blood gases. However, because lizards often employ
similis, Varanus exanthematicasdVaranus salvatgrduring  intermittent locomotion, even on treadmills, it is possible that
rest, activity and recovery. At speeds greater than walkinglood gas composition is maintained by ventilating the lungs
speed, all four species displayed a progressive decrease in tidaring brief pauses between locomotor activity. The possible
volume, resulting in a decrease in total ventilation in spite oinability of lizards to ventilate their lungs effectively during
an increased breathing frequency. On the basis of thesaercise is in sharp contrast to the pattern observed in birds
findings and the musculoskeletal anatomy of lizards, Carrieand mammals and has important implications concerning the
(1987a,b) suggested that lizards are mechanically constraineelvolution of sustained locomotion in tetrapods (e.g. Carrier,

*Present address: Center of Respiratory Adaptation, Institute of Biology, University of Odense, Campusvej 55, DK-5230 @uweasge, D
(e-mail: wang@biology.ou.dk).
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1987; Bramble and Jenkins, 1989; Bennett, 1994; Ruberspecies of lizards. In preliminary experiments, we verified that
1995). the two experimental designs yielded similar values for O
Given the conflicting results of these studies, we reuptake and C@excretion rates. For the varanids, gas exchange
examined ventilatory responses to exercise Maranus rate was determined from minute ventilation (as measured by
exanthematicusand Iguana iguana Ventilation and gas pneumotachography) and exhaled gas composition in the gas
exchange were measured directly, both at rest and at speeadlected in the Mylar bags. Exhaled gas composition was

that were in excess of maximum aerobic capacity. analysed using Applied Electrochemistry, Gnd CQ
analysers (S-3A and CD-3A, respectively) connected in series.
Materials and methods From these measurementé, and Vco, were calculated as
Experimental animals (Fi0,-FE0,)V and Eeco,~Fico,)V, respectively, wher®/ is

Five savannah monitorsVgranus exanthematicuBosc) the volume of exhaled ga$; designates the inspired gas
with body masses ranging from 260 to 660g were purchasdffction and-e designates the expired gas fraction.\i} and
from a licensed supplier in Florida, USA, and transported byco. measurements were correctedten Forlguana iguana
air to Irvine, CA, USA. In addition, five green iguanigiana ~ 9a@s exchange rate was determined as described by Wang and
iguanaL.) weighing 330—1900 g were obtained from local petWarburton (1995). Briefly, the tubing leaving the nostrils was
stores. All lizards were housed in large terraria with free acce§®nnected to &-piece attached at both ends to gas-tight Tygon

to water and a thermal gradient and were maintained on tgbing. One end fed into the gas analysers (described above),
light:dark cycle of 12h:12h. connected in series, whereas the other served as a reservoir. An

Applied Electrochemistry flow pump, connected in series with
Measurement of ventilation and gas exchange rate  the gas analysers, maintained a constant gas flow froff the

In all experiments, the ventilatory airflows across the nostrilpiece and the gas analysers. The pneumotachograph was
were measured using pneumotachography. To provide a gasserted into the reservoir tubing and measured a decrease in
tight connection between the nostrils and thethe airflow rate during exhalation and an increase in the airflow
pneumotachograph, thin-walled Tygon tubing was inserted inttate during inhalation. In this system, the signal from the
each nostril of unanaesthetised animals and then merged atiifferential pressure transducer preceded that of the gas
glued to the head using epoxy. In the smallest iguanas, tlalysers by approximately 2%, andVco, were determined
nostrils were too small for this arrangement, and a small plast&s the area below the baseline signal for each gas observed
mask was glued over the nostrils instead. Theduring a breath-hold; the relationship between this area and gas
pneumotachograph (8421, series 0-5 LPM, H. Rudolph, Incgxchange rate was determined by simulating exhalations with
MO, USA), connected to a differential pressure transducetnown gas compositions and volumes.
(Validyne MP 45-1-871), was attached to the tubing leaving the
nostrils or mask. The pneumotachograph was calibrated by ~Measurement of systemic blood flow and heart rate
inserting a syringe where the tubing or mask was connected After completing all measurements on the ventilatory
during the experiments and manually simulating breaths. Allesponses to treadmill exercise, four varanids were instrumented
calibration procedures produced very tight correlations betwearsing a blood-flow probe (2R, Transonic System, Inc., Ithaca,
injected gas volumes and the integrated flow sigra#@.98)  NY, USA) for determination of systemic blood flow and heart
and were reproducible before and after the experiments. Tates. Shortly before surgery, lizards were placed in a bucket with
provide an independent verification of our pneumotachograpé cloth soaked in Halothane to induce light anaesthesia to allow
recordings, we also collected the exhaled gases in a Mylar bagubation. After intubation, the lizards were artificially ventilated
during many of the trials on the varanids. The volume of th¢8—15breaths mid and a tidal volume of 10-20 mlI& using
exhaled gas in the Mylar bag was subsequently determined by SAR-830 CWE Inc. ventilator (Ardmore, PA, USA) and a gas
withdrawing the gas into an airtight glass syringe. To collectixture consisting of 30% £3% CQ (balance N) prepared
exhaled gases, a miniatufeshaped two-way non-rebreathing by a gas-mixing flow meter (GF-3, Cameron Instruments, TX,
valve (series 2384, H. Rudolph, Inc., MO, USA) was insertedJSA). This gas mixture passed through a Halothane vaporizer
between the tubes leaving the nostrils and théDrager, Lubeck, Germany) initially set at 3-4% and
pneumotachograph (which, in turn, was connected to the Mylaubsequently reduced to 0.5-1% throughout the surgery. To
bag). The inhalation and exhalation ports of this valve eacimplant the flow probe, a 2—3 cm incision was made on the ventral
contain a diaphragm creating a unidirectional airflow betweenide caudal to the sternum. Because we felt it was imperative to
inhaled air and the Mylar bag; thus, only exhaled airflow coulaninimize damage to the rectus abdominus muscle, the flow probe
be measured in this experimental design. There was excelleméis inserted on the most easily accessible vessel. This differed
agreement between the direct determination of the exhaled gamong animals, and flow probes were, therefore, implanted
and that determined by pneumotachography: a linear regressiaround either the left aortic arch or a branch of the right aortic
yielded Vm=0.999/, (r2=0.98;N=52), whereVm is the volume  arch. After placement of the flow probe, the incision was closed
of exhaled gas in the Mylar bag aviglis the volume of exhaled with intermittent sutures and cyanacrylate tissue glue (Nexaband,;
gas calculated from pneumotachography. S/C-TriPoint Medical, Raleigh, NC, USA). Artificial ventilation

Gas exchange rate was measured differently in the tweithout Halothane was continued until the lizard regained
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consciousness and started breathing on its own. It was then plackding the last 2—3 min of each exercise trial. Following exercise,
in a small container maintained at 30-35°C and allowed tgas exchange rates and minute ventilation were measured for
recover for at least 48h. 3—4 min immediately following exercise (however, owing to the
Flow probes were connected to a dual-channel blood flodow ventilation following the lowest speeds iMaranus
meter (T201, Transonic System, Inc.) for simultaneougxanthematicyst was necessary to sample for up to 7min to
measurement of both mean blood flow rate and instantaneocallect sufficient gas for precise determination of gas exchange).
blood flow velocity, which was used for on-line determinationThis period immediately following exercise is referrred to as the
of heart rate. Because we were not able to place flow probescovery period. After each exercise trial, the lizard was allowed
around all the systemic outflow vessels, our measurementts recover further until the ventilatory pattern resembled that
underestimate systemic blood flow rate and blood flowecorded during the pre-exercise period. In general, the period
measurements are therefore expressed as relative valueguired for this criterion to be fulfilled increased with increasing

compared with rest. running speed and lasted for between 15 and 60 min.
o The iguanas were not able to perform sustained exercise.
Monitoring of the locomotor cycle Therefore, to determine whether the pronounced increase in

The locomotor cycle was monitored using a photocelventilation immediately following exercise (see Fig. 3A,B)
apparatus that recorded lateral bending of the trunk. Thesulted from a time-dependent change in the ventilatory
apparatus consisted of a photocell and a light-emitting diodesponse to exercise or to the cessation of locomotion proper,
(LED) situated at opposite ends of a 10 cm piece of flexible tubingn additional experimental protocol was employed. In these
attached to the dorsal midline of the lizards using strips of Velcr@xperiments, iguanas were exercised repeatedly at 0.56, 0.83
The photocell formed one arm of a Wheatstone bridge. As ther 1.11 ms!in exercise bouts lasting 30's followed by a 2min
lizard walked and ran on the treadmill, lateral bending of theéecovery period. This exercise regime was repeated six or
trunk bent the tube and changed the amount of light from theeven times, or until the lizard displayed significant signs of
LED illuminating the photocell, providing an analogue record offatigue and was no longer able to match the belt speed. It was
the locomotor cycle. In addition, all experiments were videoassumed that this protocol resulted in an elevated metabolic
taped using a VHS video system (60imag8s svhich enabled rate during the period of recovery and allowed comparison of
subsequent analysis of exercise performance. minute ventilation during exercise and immediately prior to

and immediately preceding exercise.
Experimental protocols

In both species, ventilation and gas exchange rate were Data collection, analysis and statistics
determined simultaneously (as described above) before, duringAll signals from the differential pressure transducer, the blood
and after exercise using a similar experimental protocol. At leaiow meter and the photocell for measurement of lateral bending
24 h prior to experimentation, lizards were equipped with masksere collected on a computer at 50 Hz using Acknowledge data-
or tubing inserted in the nostrils and allowed to acclimate to thacquisition system software (Biopac System, Goleta, CA, USA).
experimental temperature (35 °C). A few hours before treadmilll subsequent data analysis was performed using Acknowledge
exercise, the lizard was placed on the treadmill and lefflata-analysis software (version 3.0).
undisturbed with the mask or tubing connected to the The effects of running speed on all parameters studied were
experimental apparatus. Immediately before running, preassessed using a one-way analysis of variance (ANOVA) for
exercise ventilation and gas exchange rates were measured ogyeated measures. Differences among means were
a 10-20min period. Although the lizards quickly relaxed whemlistinguished using a Student-Newman—Keuls analysis. A
placed on the treadmill, these pre-exercise values do nfitlucial limit for significance of<0.05 was chosen, and all
represent true resting values. To minimize fatigue, each lizangsults are presented as mearsxm.
was exercised on two consecutive days. For the varanids, the
exercise regime commenced with a walking speed of 0.14ms
followed by 0.28, 0.42 and 0.56 mi<in that order) on the first Results
day, whereas the exercise regime consisted of 0.28 and Critique of treadmill exercise
0.83ms! on the second day. For the iguanas, the first day In this study, lizards were forced to walk and run on a
consisted of 0.28, 0.56 and 0.83thén that order), whereas treadmill, which is a very unnatural situation. In most lizards,
the exercise regime consisted of 0.28 and 1.1tros the the typical locomotor pattern consists of either slow walking
second day. In both species, the maximum speed used represamtsprints of high speed and short duration. Nevertheless, the
the highest speed at which the lizards were able to match the bediranids performed consistently well at the lower speeds and
speed for at least 2 min. At the lower locomotor speeds, the belere able to match the belt speed for longer than 10 min. In
speed was kept constant for approximately 5min. In each triadpntrast, the iguanas performed poorly, and half of the animals
the belt speed of the treadmill was slowly increased to thpurchased could not match the belt speed of the treadmill for
desired level and kept constant for at least 5min or until thany sustained period. Furthermore, these individuals exhibited
animal was no longer able to match the belt speed. In botbehavioural traits such as defensive posturing and ‘tail
species, gas exchange and minute ventilation were measutbdashing’ and, consequently, we do not report the data
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obtained on these animals. The data reported were obtain' p
from five subjects of each species that performed consistent
well. Within each species, the responses to exercise we
consistent and, therefore, we feel that our data represent t WAL
cardiopulmonary response to increased metabolic rate durir it
locomotion in these species.

Physiological variables were determined for lizards : : : : : : :
ambulating at speeds up to a maximum of 0.83fos varanids 800 820 840 80 880 900 920 940
and up to 1.11n73 for iguanas. These speeds are well above
the maximum aerobic speeds of both species (0.33-0.84ms g
for Varanus exanthematicasd 0.14 md for Iguana iguana
Gleesoret al. 1980; see also Fig. 3), but are considerably lowel
than the maximum running speeds of both species (Zbfors m M
Varanus exanthematicusaind 4.5md for Iguana iguana A J”MJ'W K M vﬂ WMA ﬁhﬁﬂm | N mﬂ
Carrier, 1983). In the present study, 0.83mMsnd 1.11md, fv R W W y W W" [ W‘ V M“ w w UW
respectively, were the highest speeds that the lizards were al
to maintain on the treadmill. The previous studies by Gleeson ] ' ' ! !
al. (1980) and Mitchelket al. (1981a,b) reported physiological 895 860 865 870 875
measurements only at speeds up to 0.28 and 0.54fors C

Iguana iguanaandVaranus exanthematicusespectively. WW

Breathing pattern during and following locomotion L A : : . : :
In all specimens of both species, the breathing pattern we M ! AN ! !
altered during locomotion (Fig. 1). While the breathing patterr \,r\/ S W: | | \/I\/\/: |

at rest inVaranus exanthematicunsisted of evenly spaced
single breaths commencing with expiration followed by | : :
inhalation, the ventilatory airflows during locomotion were 863 864 865 866
characterized by frequent and abrupt changes (Fig. 1A-C). Tk~
maximum airflow rate increased, whereas the inspiratory ar e
expiratory times decreased relative to pre-exercise value s oo
Following exercise, tidal volume immediately increased abov ‘

pre-exercise values and the breathing pattern returned to distin “““ ‘ I “ ‘“ ‘ ' “l““““
evenly spaced breaths. llguana iguana ventilation was M - ‘M ‘}‘ H | I

typically continuous before exercise, which probably indicate: ””'” I ‘ [” ”” ”’ ” l ' ””””
that these animals were not in a resting state. At the onset

locomotion, the breathing pattern was characterized by a hig 560 580 600 6'20 640
frequency ventilatory oscillation of low-volume inspiratory and
expiratory flows, interrupted by larger breaths of high and errati
rates of airflow (Fig. 1D—F). The changes in tidal volume during
and following exercise are presented in Fig. 2 for both specie
In this analysis, only expiratory airflows that were separated k
substantial inspiratory airflows are reported. Thus, many of th ., |

Fig. 1. Sample recordings of ventilatory airflow ratesViaranus
exanthematicusand Iguana iguanarunning on a treadmill at
0.83msl In each example, the upper trace is a recording of lateral
bending of the trunk. A flat trace indicates that the lizard was
stationary. Once the treadmill was turned on and the lizard began to” | I . . . I I o . |
move, each wave cycle on the trace represented one locomotor CyCEW’WWWMMW
In each example, the lower trace is a pneumotachograph recording of !
ventilatory airflow rates at the nares. Expiratory flow occurred when /\ |
the trace was above baseline. (A) A 30s bout of runniny.in - oy N , ;
exanthematicusillustrating ventilation before, during and after \/\/V v \/ N \/ Y V N 'VV ! Vi \/vlk/\/ \:y
locomotion. (B,C) Enlarged segments of the running portion of trial
A. (D) A 30s bout of running ind. iguanaillustrating ventilation | | T T
before, during and after locomotion. (E,F) Enlarged segments of the 576 S77 578 579
running portion of trial D. Time (s)




Fig. 2. Expiratory tidal volume during®) and
following (M) treadmill exercise at different
locomotor speeds iWaranus exanthematicys\)
andlguana iguangB). Values are means 1sE.M.
(N=5). Mean values that are significantly differeng
from pre-exercise levelsA() are marked with an
asterisk. Mean values during recovery that are
significantly different from those for exercise at the
same speed are marked with a dagger.

volume (ml kg-1)
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Varanus exanthematicus Iguana iguana
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small breaths (which presumably do not contribute to gaspecies are presented in Fig. 3 and Tables 1 and\aramus
exchange) are not included. In both species, tidal volume durirexanthematicys minute ventilation increased from a pre-
exercise was not significantly different from that during rest, bugéxercise value of 102+23mlkgmin™ to a maximum of

increased two- to fourfold immediately following exercise.

locomotion

771£91 mikgimin~lat 0.56 ms! (Fig. 3A). At speeds between

0.14 and 0.56 nT$, minute ventilation increased significantly
Ventilation and gas exchange before, during and following during the recovery period. The rate of oxygen uptakg) (
increased from a pre-exercise level of 3.9+0.7 mtkgn to
The data for minute ventilation and gas exchange rate in both maximum of 12.6+x2.2mlkgmin~? at 0.56ms! and

Varanus exanthematicus

Iguana iguana

1200
A T %t +t D
1000 — Recovery * T
c . . *
= Treadmill exercise
= 800
-é’ 600 —
= *
o 400+
> E *
200 — . Treadmill exercise
0= I I I T T T T T T
16 x
B E
- 14 Treadmill exercise LA ot
£ 124 Recovery
E 104
9 8- ;
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S 444 ecovey Treadmill exercise
>
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Fig. 3. The ventilatory and respiratory responses 100 =
to exercise iVaranus exanthematicasdiguana c _ _ *
iguana Minute ventilation VE), oxygen uptake 80 Treadmill exercise Recovery
rate {o,) and air convection requirements * %
(VEVo,) during treadmill locomotion @) and _><5“ 60 ot
during the immediate recovery perio@)(in T 40 *1
Varanus exanthematicufA-C) and Iguana = ET/;/-/E el oxercice
iguana(D-F). Values are means 1sE.m. (N=5). 20 ES Recovery
Mean values that are significantly different from
pre-exercise levels A) are marked with an 01 | | | — T
asterisk. Mean values during recovery that are 0 02 04 06 08 0O 02 04 06 08 1.0 12
significantly different from those for exercise at )
the same speed are marked with a dagger. Running speed (m s-1)



2634 T. WangG, D. R. G&\RRIER AND J. W. Hcks

Table 1.The respiratory gas exchange ratio during locomotion and immediately following exerdisaims exanthematicasd
Iguana iguana

Varanus exanthematicus Iguana iguana
RER RER

Speed Speed
(ms?) Locomotion Recovery (nTd) Locomotion Recovery
Pre-exercise 0.77+0.07 Pre-exercise 0.70+0.08
0.14 0.93+0.02 0.82+0.15 0.28 0.95+0.10 1.45+0:13*
0.28 0.85+0.04 0.78+0.08 0.56 0.78+0.08 1.27+0:08*
0.56 1.04+0.06* 1.23+0.05* 0.83 0.68+0.14 1.19+0.12*
0.76 1.01+0.11 1.12+0.06* 1.11 0.72+0.04 1.29+0.98*

*Significantly different from the pre-exercise value; tsignificantly different from the exercise value at the same speed.
The respiratory exchange ratio, RER, is calculatedog®co,.

decreased, although not significantly, with a further increase iunning speed. In contrast to the varanids, minute ventilation
speed (Fig. 3B). At lower speedié), during recovery was lower increased significantly relative to pre-exercise levels
than during exercise, but this difference disappeared at highenmediately following locomotion and reached levels as high
speeds (Fig. 3B). The rate of elimination of &&0,) followed  as 925+188 mlkgt min~L. Similarly, Vo, increased from a pre-
the same pattern a4, although the changes in the recoveryexercise level of 5.92+1.34mlkgmin™! to a maximum of
period were more pronounced (data not shown). The respiratoty).01+1.74 mikgtmin~1 at 0.28ms! and was significantly
gas exchange ratio (RER:0,/Vo,) increased from 0.77+0.07 increased relative to pre-exercise levels during recovery from
to 1.04+0.06 with increased speed up to 0.58%neaching all locomotor speeds, reaching a maximum value of
values as high as 1.23+0.05 following exercise (Table 1). At all2.02+1.69 mlkg' min~ (Fig. 3E). Furthermore, at the two
speeds, minute ventilation increased relatively more thavidid  highest locomotor speeds, both minute ventilation\apavere

or Vco,, resulting in increased air convection requirementsignificantly lower (506+183 ml kg min1 and
(VEVo, or VENGco,; Fig. 3C; Table 2). During recovery, air 6.69+1. 16mlkgtmin~l, respectively), than the levels
convection requirement quickly decreased amMo, was measured at 0.28mls There were no systematic changes in
significantly higher than pre-exercise values only after the fastestinute ventilation relative %o, andVco, (Fig. 3D; Table 2),
running speeds. HoweveXg/Vco, during recovery did not whereas RER increased significantly during the recovery period
differ significantly from the pre-exercise level of 35.2+3.1and reached maximum values as high as 1.45+0.13 from a pre-
(Table 2). exercise value of 0.70+£0.08 (Table 2).

In Iguana iguanaminute ventilation increased significantly The changes in heart rate and systemic blood flow rate
during exercise from a pre-exercise level ofduring exercise irWaranus exanthematicume presented in
282+77 mlkg?min~! to a maximum of 747202 mlk§min~?  Table 3. Heart rate increased significantly from a pre-exercise
at 0.28 ms! (Fig. 3D). Comparison of the minute ventilation level of 45.5+3.6beatsmih to a maximum of
at each locomotor speed (pre-exercise not included) using9®.4+5.7 beats mit at the highest speed, which was mirrored
one-way ANOVA for repeated measures revealed a statisticallyy a simultaneous significant increase in relative systemic
significant reduction in minute ventilation with increasedblood flow rate.

Table 2.Minute ventilation relative to ventilatory G@roduction during locomotion and immediately following exercise in
Varanus exanthematicasd Iguana iguana

Varanus exanthematicus Iguana iguana
VENCO, VENCOo;

Speed Speed
(ms™1 Locomotion Recovery (nTd) Locomotion Recovery
Pre-exercise 35.2+3.1 Pre-exercise 78.5£16.4
0.14 61.9+2.4* 33.2+1.71 0.28 78.1+12.1 55.0+8.1
0.28 60.5+4.1* 38.5+5.6t 0.56 76.7+13.5 54.8+6.2
0.56 63.6+5.1* 30.6+1.9t 0.83 134.7+31.1* 69.5+7.4
0.76 75.914.2*% 37.1+5.3t 1.11 90.6+£15.2 64.0+7.5

*Significantly different from the pre-exercise value; tsignificantly different from the exercise value at the same speed.
Minute ventilation,Ve, and ventilatory C@production Yco,) are measured in mlkgmin=1,
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Ventilation during and after repeated bouts of exercise exanthematicus demonstrated that arterial blood gas
The ventilatory responses to exercising iguanas repeatedﬁli@mpOSition is maintained during treadmill exercise (Mitchell
in bouts of 30s followed by 120's of recovery are presented it al. 1981a,b), indicating that minute ventilation increases in
Fig. 4. During this protocol, minute ventilation invariably Proportion to metabolic rate. In contrast, a later study on the
decreased during exercise compared with the precedirfi@me species (Carrier, 188howed a progressive decline in
recovery period, indicating that the increase in ventilatiofninute ventilation as speed increased above slow walking.
following exercise can be ascribed to the cessation d®iven this disparity, the primary purpose of the present study
locomotion per se rather than being the result of time- Was to obtain direct measurements of minute ventilation and
dependent changes in the ventilatory response to exercise. Ventilatory patterns during locomotion in these lizards. Our
data show that bottVaranus exanthematicuand Iguana
iguana are capable of ventilating their lungs during a
Discussion locomotor stride (Fig. 1). However, in both species, the
Previous studies onlguana iguana and Varanus ventilatory pattern was influenced by locomotion, and in
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Fig. 4. Minute ventilation in two
. . . 500 —
specimens ofguana iguanaluring
experiments in which the lizards
repeatedly walked for 30s and then 0 T i i i i i i i i i i ‘
rested for 2min. In each histogram, rest pre exer post pre exer post pre exer post pre exer post pre exer post
‘rest’ represents resting minute
ventilation. The minute ventilation D - -
recorded during the 30s period 1500 — ] —
immediately prior to exercise (exer)
is labelled ‘pre’ and the minute
ventilation recorded immediately 1000 —
after the exercise is labelled ‘post'.
Trials are shown for a 0.33kg lizard 500 —
walking at 0.56md¥ (A) and
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lizard walking at 0.56 nT$ (C) and 0 T T T T T T T T T 1

1.11ms! (D) ret pre exer post pre exer post pre exer post pre exer post pre exer post
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Iguana iguanathere was a progressive decrease in minutsimilar pattern was seen fob, andVco,. In Iguana iguana

ventilation with increased running speed (Fig. 3D). minute ventilationVo, andVco, increased significantly above
_ _ _ the pre-exercise levels at the slowest locomotor speeds, but
Breathing patterns during exercise decreased with further increases in running speed (Fig. 3D,E).

The breathing pattern in both species was altered during Previous studies on the ventilatory responses to exercise in
exercise and was characterized by breaths of higher flothese two species used different techniques from those employed
velocities and shorter duration than both before and after exercisere. Mitchellet al. (1981; see also Mitchelet al. 1981a;

(Fig. 1). This is in accordance with the findings of CarrierGleesoret al.1980) measured arterial blood gas composition and
(198™), but is in sharp contrast to earlier studies on ventilatioas exchange rates at treadmill speeds up to 0.28 and 056ms
during forced activity in restrained lizards and snakes, whicfor Iguana iguanandVaranus exanthematicugspectively. On
report large increases in tidal volume and small changes the basis of arteridco, and pulmonary gas exchange rates, the
breathing frequency during activity (Wilson, 1971; D'iel, 1972;effective minute ventilation of the lundé§) and lungPo, were
Bennett, 1973; Cragg, 1978). These differences are mosalculated using well-established equations for gas exchange in
probably explained by the differences in experimental design. Imammals (e.g. Otis, 1964). In these studies, art€sl,

the earlier studies, the animals were physically restrained amf:creased during exercise in both species, suggestingethat
activity was induced by pinching the legs or through electricalelative toVo, (Ve/Vo,) was increased.

shocks, whereas the lizards in the present study ran freely on aThe use of arteriaPco, to calculateVes relies on the
treadmill. In humans, increases in tidal volume account for mostssumption that arterico, is identical to lungPco, and that

of the exercise hyperpnoea that occurs at moderate levels afily ventilatory changes affect arteriBbo,. This, in turn,
exercise, while increases in breathing frequency become mosssumes no cardiac or pulmonary shunt and that the lung
important during more severe or prolonged exercise (e.g. Hansimctions as a perfect gas exchanger (i.e. no
et al. 1982). In mammalian quadrupeds, the increased level afentilation—perfusion inhomogeneity and no diffusion
ventilation during exercise results primarily from an increase ifimitation). However, factors that influence arteriBto,,
breathing frequency, whereas changes in tidal volume are mdrelependently of minute ventilation, will alter this estimation.
variable; for example, in dogs, tidal volume decreases duringor example, if arteridPco, is higher than lun@co,, Vest will
exercise (Flandroist al. 1971), whereas tidal volume increasesbe underestimated. Alternatively, improved lung function (e.g.
slightly in ponies, goats and calves (Bisgatdl. 1978, 1982; less ventilation—perfusion inhomogeneity) or a reduction in the
Smithet al. 1983; Kuhlmanret al. 1985). cardiac right-to-left shunt decrease arteRalo, at constant

Immediately following cessation of locomotion, the minute ventilation relative t&/co,. Therefore, if the cardiac
breathing pattern in both species was characterized by larghunt is reduced and/or lung function improved during exercise
tidal volumes (Figs1l, 2). InVaranus exanthematicus compared with rest, itis possible that the calculations of Mitchell
breathing frequency decreased following exercise, leading toet al.(1981a,b) will overestimate the relative increase in minute
decrease in minute ventilation (Fig. 3). In contrast, ventilatiorventilation. Unfortunately, very little is known about changes in
following exercise irlguana iguanawas virtually continuous cardiac shunt and lung function during exercise in reptiles and,
which, in concert with the increased tidal volume, resulted itonsequently, it is difficult to evaluate the magnitude of these
a large increase in minute ventilation (Figs 1-3). Consistergossible errors. Ifaranus exanthematicuglking at low speed
with this observationlguana iguanaexhibited an increased (0.28ms?), left atrial Po, increases during exercise, in spite of
minute ventilation following locomotion in the experiments an increased ventilation—perfusion inhomogeneity (Hopé&ins
employing short bouts of repeated exercise (Fig. 4). Thesd. 1995), which supports the existence of an exercise
findings suggest that the observed changes in the breathihgperpnoea. Finally, using measurements of blood gas
pattern are correlated with the cessation of exercise rather theomposition to calculate minute ventilation may not provide a
resulting from time-dependent changes in the ventilatorgood time resolution; because lizards often run intermittently
response to exercise. Changes in breathing pattern followir{gven on treadmills), it is conceivable that they maintain a
exercise have been reported only rarely for mammals. In dogspnstant blood gas composition by ventilating their lungs during
tidal volume increases modestly following exercise, but returnbrief pauses in locomotor activity (Carrier, 188 Presumably,

to pre-exercise levels within minutes (Flandreisal. 1971). this potential problem would be most pronounced at higher
locomotor speeds.
The effects of exercise on minute ventilation and gas Carrier (1983) reported a substantial reduction in minute
exchange rates ventilation of bothvaranus exanthematicasdlguana iguana

The present study shows that minute ventilation and gas running speeds that are equivalent to those of our study. It is
exchange rates increased during locomotion in both specigsssible that the discrepancy in the results from the present study
but that the response to exercise differed betwémmanus is due to the different techniques employed. Carrier @987
exanthematicuand Iguana iguana(Fig. 3; Tables 1, 2). In assessed inspiratory airflow rates using the rate of heat loss from
Varanus exanthematicus minute ventilation increased heated thermistors implanted over one nostril. This system was
significantly above pre-exercise levels at all locomotor speediifficult to calibrate over a wide range of airflow rates and,
and decreased immediately following exercise (Fig. 3A,B). Abecause maximum airflow rates were predicted to occur
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following locomotion, Carrier (198¥ calibrated the recording fastest running speeds dith, remain high during recovery
system using the airflows observed during recovery fronfFig. 3B). Carrier (1983) reported large increases in minute
exercise. However, the present study shows that the maximuentilation following locomotion in both species, but did not
flow rates occur during locomotion and that the difference imeasureVo, or Vco,. In the absence of blood and lung gas
flow rate between exercise and recovery is more pronounced focomposition measurements, it is difficult to interpret increased
Varanus exanthematicuthan for Iguana iguana(Fig. 1).  VE.o, following exercise inguana iguanaln Iguana iguana
Consequently, an error in the calibration of the flow probe isystemic blood flow appears to increase following exercise
Carrier's (1983@) study may have resulted in underestimatedFarmer et al. 1996), which may increase the convective
minute ventilation during exercise ¥faranus exanthematicus  transport of @and thus/o,, but this possibility must be verified

In spite of differences in experimental design, there igxperimentally. Furthermore, if effective ventilation
reasonable agreement between our results and those fr@ur—Vosxf, whereVr is tidal volumeVbpsis dead space volume
previous studies. Fdvaranus exanthematicuMitchell et al.  andf is breathing frequency) is decreased during locomotion,
(1981b) calculated a/est of approximately 60mlkgmint at  lung and blood @content would decline, and if these €ores
rest and a/f/Vo, of 18. During exerciséVeft/Vo, increased to  are replenished following locomotiovlp, (measured across the
approximately 40, corresponding toVas of approximately nostrils) would increase transiently during the recovery period.
800mlkgimin (Fig.1 in Mitchell et al. 1981). Our In this scenario, arteridPo, would be expected to decrease
determination of total minute ventilation (i.e. effective minuteduring exercise; this is not supported by direct measurements
ventilationand dead-space minute ventilation) is comparable abf blood gas composition (Mitchedt al. 1980a,b).
rest (102mlkgtmin-1), while the maximum level during In summary, inVaranus exanthematicust appears that
exercise is slightly lower (771mlkgmin~1) than in this minute ventilation increases during exercise sufficiently to
previous report. Carrier (198¥reported a minute ventilation of meetVo, during locomotion at speeds up to 0.8th his is
110mlkgImint at rest and 304mlkgmin~t during indicated by the large increase in minute ventilation relative to
locomotion at 0.8m3 in Varanus exanthematicusvhich is Vo, (Fig. 3A—C), also found by Mitche#t al. (1981a,b), and
likely to be an underestimation for the reasons given abovéhe decrease i¥o, immediately following exercise. lguana
Mitchell et al. (1981) determined thatVo, increased iguana however, the present study and that of Carrier (4987
progressively with increasing locomotor speed from a restinindicate that minute ventilation decreases progressively as
value of 3.2mlQkg1min1 to a maximum value of almost locomotor speed is increased above 0.28nasd that this
20ml kg tminat 0.3-0.4m¥ in Varanus exanthematicus decrease is associated with a decreasinFurthermore, as
The maximumVo, in our study was lower (12.6mIkgmin1),  tidal volume tended to decrease with increased locomotor
whereas the pre-exercise level (3.9 mikgin) was slightly  speed (although the decrease was not statistically significant),
higher. Forlguana iguanathe pre-exercis¥o, determined in it is possible that effective ventilation decreased at the highest
the present study (5.9 ml#gmin) is almost twice as high as locomotor speeds in spite of the increas®df/o, (Fig. 3D).
the resting value of 3.0mlkgmin! reported by Mitchelet al. ~ This interpretation is supported by the increased and
(1981). This difference probably reflects the fact that the iguanasinute ventilation following exercise, which may indicate a
in the present study were not completely undisturbed and thegduction in lung and blood£&Zontent during exercise.
our pre-exercise condition did not resemble true resting The observation that minute ventilation ars} decrease in
conditions. This explanation is also supported by the high préguana iguanaas the speed of locomotion increases does not
exercise minute ventilation and/Vo, in the present study necessarily imply that these lizards are mechanically incapable
(Fig. 3F) compared with the previous studies. Fgmana  of ventilating their lungs while running. It is possible, for
iguana Mitchell et al. (1981b) reported thato, increased to  example, that muscular exercise is associated with changes in
13.8mlkgimint at 0.14ms! and calculatedVer to be the control of ventilation, such that exercise exerts an
approximately 800mlkgmint at this speed, while Carrier inhibitory action on the central motor output to the muscles
(1987) reported a minute ventilation of approximately responsible for ventilation. In this case, the proximal
900 mlkgimint at 0.1-0.2m3. These values are similar to explanation for the reduction in ventilation would not be a
the minute ventilation and gas exchange rates at 0.Z8mthe  mechanical limitatiorper se but rather a result of the central
present study (Fig. 3D,E). As in our study (Fig. 3D), Carrielintegration of afferent input. It may, however, be argued that
(1987) also observed a progressive decrease in minutguch changes in ventilatory control would only be of adaptive
ventilation when locomotor speed was increased abowvealue (and presumably then selected for) if breathing during
0.2ms?; Mitchell et al. (1981ab) did not study the locomotion were energetically inefficient or if ventilatory
physiological responses to speeds higher than 0.2Bms efforts were to reduce locomotor performance (e.g. by

In Iguana iguana both experimental protocols show that affecting acceleration or maximum running speed).
minute ventilation increased significantly after exercise
(Figs 3D, 4) and that this hyperpnoea during recovery from  The hypothesis of mechanical interference between
exercise was associated with a significant increas®ojn locomotion and pulmonary ventilation
(Fig. 3E,F). InVaranus exanthematicusninute ventilation Given that lizards use their hypaxial muscles for both
decreased following exercise (Fig. 3A), and only after thdocomotion and ventilation (Carrier, 1988, 1990), it is



2638 T. WangG, D. R. G\RRIER AND J. W. Hcks

plausible that the observed changes in breathing pattern res Table 3.Heart rate and relative changes in systemic blood
from interference between the locomotor and ventilatonflow rate Qsy9 during locomotion ir'Varanus exanthematicus
functions. In the group of bony fishes from which tetrapod:s

Speed Heart ratés Relative change

evolved, the hypaxial muscles did not contribute to luncg (ms?) (beats min?) in Qsys
ventilation (Liem, 1985), but were probably associated witt

lateral bending of the trunk and provided torsional stability 814 A;%ii%i* ;'8:—:8'2*
during swimming. In salamanders, the obliquely orientec 0.28 92.5;6-9* 2‘5;0'7*
hypaxial muscles (the external oblique, internal oblique an 056 08,247 8* 2 7+0.6*

transversalis muscles) are active during terrestrial walking i 0.76 00.445.7* 2 8+0.6*
a manner that indicates that they stabilize the trunk against ti
long axis (Carrier, 1993). A similar pattern of activity during =*Significantly different from the pre-exercise value.
walking has been observed in the hypaxial muscleéguzna
iguana (Carrier, 1990). Recent observations suggest that the
obliquely oriented hypaxial muscles of lizards are responsiblargument assumes that minute ventilation limits oxygen
for the lateral bending of the trunk during locomotion (Ritter,transport during exercise and implies that an increased minute
1995, 1996). Finally, in trotting dogs, the locomotor action ofventilation could sustain a high&b,. At a given systemic
the interosseous intercostal muscles has been found t¢ardiac output and a fixed cardiac right-to-left shunt, minute
predominate over their ventilatory action (Carrier, 1996)ventilation limits systemic oxygen deliver§{,<[O2]a, where
Therefore, it seems reasonable to suggest that locomotion m@ysis the systemic blood flow and fais the oxygen content
place limits on ventilatory function in lizards. The erratic of systemic arterial blood) if lunBo, falls to an extent where
nature of the breathing pattern observed during locomotion ipulmonary venous blood is no longer saturated. The Rang
both species in this study and the reduction in minutat which the haemoglobin oxygen-saturation of pulmonary
ventilation with increased running speed observeljirana  venous blood is compromised depends on both blood oxygen-
iguana are consistent with mechanical interference betweenffinity and thePo, difference between lung gas and blood
locomotor and ventilatory function as originally proposed byleaving the lungs. Thi®o, difference is generally larger in
Carrier (1983,b, 1989, 1990). reptiles than in mammals (1-3kRarsus0.5-13kPa) and
The findings forVaranus exanthematicudearly conflict  results from a combination of intrapulmonary shunts, diffusion
with the hypothesis of an ancestral conflict between ventilatiolimitation and ventilation—perfusion inhomogeneity (reviewed
and locomotion. Among lizards, varanids are thought to be by Powell, 1994). InVaranus exanthematicusminute
highly derived lineage, whereas iguanids are phylogeneticallyentilation increased proportionally more than did gas
among the most basal of extant lizards (Estesl. 1988). exchange rates during exercise, as demonstrated by the large
Given this phylogeny, the most parsimonious explanation ishanges in air convection requirement for botha@d CQ
that the ability of Varanus exanthematicuso breathe (Fig. 3C; Mitchellet al.1981b). The resulting increase in lung
effectively during locomotion is due to a modification of thePo, may help to overcome diffusion limitations or the inability
ancestral condition to facilitate simultaneous running ando increase diffusion capacity during exercise (Mitcleelal.
breathing. In varanids, there is a pronounced anatomicdP8lb; Hopkins et al. 1995). Finally, in Varanus
distinction between the first few thoracic ribs and intercostaéxanthematicusvalking at low speed (0.28 3, Hopkinset
muscles and the ribs and intercostal muscle throughout the redt(1995) reported an increase in left atRal, during exercise,
of the trunk (D. R. Carrier, unpublished observations). Visuain spite of an increased ventilation—perfusion inhomogeneity
observations indicate that the cranial ribs move duringvhich, in combination with the increase in ventilation, does not
ventilation and that there may be a cranial-to-caudal divisiosupport the suggestion that luip, limits gas exchange
of labour in the intercostal musculoskeletal system of varanidduring exercise in this species.
that is not present in iguanids. Furthermore, the lizard A vigorous analysis of ©transport limitations during
Uromastyx microlipegan ventilate its lungs using a buccal exercise must determine @ansfer rates between the inhaled
pressure force pump (Al-Ghameit al. 1995), and it has gas, the lungs, pulmonary capillary blood, systemic blopd O
recently been reported th¥aranus exanthematicusan use transport and @diffusion between systemic capillary blood
contractions of the buccal cavity to inflate the lungs followingand mitochondria. To complicate matters further, in reptiles,
exercise (Brainerd and Owerkowicz, 1996). Although thehe time constant for attaining steady state during progressive
actual contribution of this mechanism during exercise remainsxercise may be exceedingly long, and a transient reduction
to be determined, these gular movements may participate in transfer rate at one step in the @ansport cascade is

lung ventilation. therefore not necessarily indicative of amp @ansport
S _ _ limitation. There are no studies that have measured all of the
Does ventilation limitvo, during exercise? O, transfer components in a single species of reptile.

Carrier (198B) suggested that limited minute ventilation, Nevertheless, a previous studylgnana iguanandVaranus
particularly at high running speeds, limifs, and, therefore, exanthematicusoncluded that sustained aerobic activity was
renders lizards incapable of sustained locomotion. Thimited not by minute ventilation, but rather by the circulatory
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system (Gleesoat al. 1980; Bennett, 1994). This conclusion and swimming in the salamand@icamptodon ensatus). exp.
was based on the relative hyperventilation and the attainmentBiol. 180, 75-83.

of maximal cardiac output and arterial-venous oxygerFARRIER, D. R. (1996). Function of the intercostal muscles in trotting
differences at maximal aerobic speeds. The relative changesd0gs: ventilation or locomotion® exp. Bial 199, 1455-1465.

in systemic blood flow and heart rate shown in Table 3 fopRAGg_P. _A. (197_8). Ventilatory patterns gnd variables in rest and
Varanus exanthematicus are  consistent  with  this activity in the lizard,Lacerta Comp. Biochem. PhysioBO0A,
interpretation. In contrast, the reduced gas exchange obserdeo’ 99-410.

in | . he higher | d b M'IEL, R. (1972). Effect of activity and temperature on metabolism
in lguana iguanaat the higher locomotor speeds may be a and water loss in snakedm. J. Physiol223 510-516.

consequence of an altered breathing pattern duringsreq R, QueiRoz, K. AND DE ANDGAUTHIER, J. (1988). Phylogenetic
locomotion. Additional studies are required to quantify the relationships within Squamata.Rinylogenetic Relationships of the
various transport steps before conclusions regarding Lizard Families (ed. R. Estes and G. Pregill), pp. 119-281.
physiological limitations can be seriously addressed. Stanford, CA: Stanford University Press.
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