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Summary
Ventilatory accommodation of changing metabolic rates ventilating  arthropods.  Frequency changes also
is a relatively little-studied aspect of the discontinuous gas contributed to accommodation at constant T, but

exchange cycles (DGCs) that occur in a wide variety of
terrestrial arthropods. We used correlation analysis of
resting metabolic rate (RMR, measured as the rate of C©
emission; Vco,) and several components of the DGC to
examine accommodation to both temperature-induced
changes and individual variation in RMR in two wood-
boring beetles Phorocantha recurvaand P. semipunctata
Coleoptera: Cerambycidae).

At low to moderate ambient temperatures Ta;
10-20°C), Phorocantha spp. displayed a characteristic
DGC with relatively brief but pronounced open (O) phase
bursts of CO, emission separated by longer periods of low
Vco,, the flutter (F) phase. However, thé/co, never fell to
zero, and we could not reliably differentiate a typical closed

modulation of emission volumes (during both O and C+F
phases) played a larger role in this case.

The DGC is often viewed as a water conservation
mechanism, on the basis that respiratory evaporation is
minimal during the C and F phases. This hypothesis
assumes that the F phase is primarily convective (because
of a reduction in tracheal Po, and total intratracheal
pressure during the C phase). To test this, we measured the
DGC in beetles subjected to varying degrees of hypoxia in
addition to normoxia. As predicted for a largely diffusive
F phase, we found an increase in the volume of G@mitted
during the C+F phase in hypoxic conditions (10.4%
oxygen). This finding, together with a reduced tendency to
utilize a DGC at high Ta (when water stress is greatest) and

(C) phase from the F phase. Accordingly, we pooled the C
and F phases for analysis as the C+F phase. At high€g

(30°C), the duration of the combined C+F phase was
greatly reduced. There were no differences between the two
species or between males and females in either RMR or

a natural history in which water availability is probably not

limiting for any life stage, suggests that a reduction of
respiratory evaporation may not have been critical in the
evolution of the DGC ofPhorocanthaspp. Instead, selection
may have favored discontinuous ventilation because it

characteristics of the DGC. We found large variation in the
major DGC components (cycle frequency, durations and
emission volumes of the O and C+F phases); much of this
variation was significantly repeatable. Accommodation of
temperature-induced RMR changes was almost entirely
due to changes in frequency (primarily in the C+F phase),
as has been found in several other discontinuously

facilitates gas exchange in the hypercapnic and hypoxic
environments commonly encountered by animals (such as
Phorocanthaspp.) that live in confined spaces.

Key words: discontinuous gas exchange, ventilation, metabolic rate,
beetle, scaling, repeatability, hypoxigPhorocantha recurva
Phorocantha semipunctat&€erambycidae.

Introduction

Discontinuous gas exchange cycles (DGCs) are widespre&liring this time, @ is removed from the tracheal spaces to
in terrestrial arthropods. First described in lepidopteran pupasupport tissue respiration, but this is not replaced volume-for-
DGCs have been reported in a number of insect orders andvolume by CQ (which largely remains dissolved in the tissues
several other tracheate groups, including ticks, solphugidend hemolymph); in consequence, intratracheal pressures fall.
pseudoscorpions and harvestmen (for reviews, see Lightomhe C phase is followed by a flutter (F) phase, in which the
1994, 1996). A sequence of three distinct phases of spiracépiracles ‘flutter’ (open minimally and transiently) and net gas
behavior occurs in a ‘classical’ DGC. The spiracles are closeftlix is low and largely inwardly convective (e.g. Levy and
and gas exchange is negligible during the closed (C) phas&chneiderman, 1966; Kestler, 1985; Lighton et al., 1993; but
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see Lighton and Garrigan, 1995). Subsequent to the F phasenisre based largely on statistical interpretation of phenotypic
a period (usually fairly brief) when the spiracles open fully andsariation, we also tested the individual consistency over time
gas exchange is rapid (O phase); this is sometimgsepeatability) of both metabolic rate and DGC variables.
accompanied by active muscle-assisted ventilation. In sonfénally, we explored the effects of hypoxia on the metabolic
species, the interval between successive O phases may rage and ventilation oPhorocanthasince adaptation to low
many hours, and animals breathing in this manner can displ&@o, has been proposed as a primary factor in the evolution
long periods of C phase with little or no exchange ofof the DGC (Lighton and Berrigan, 1995) and because
respiratory gas and with consequent large fluctuations iRhorocanthaof all life stages spend considerable time in
internal Po, and Pco, (Levy and Schneiderman, 1966; tunnels, crevices or other confined spaces that might be
Lighton, 1994, 1996). expected to be relatively hypoxic.

It was originally proposed that the DGC evolved primarily
from selection as a water conservation mechanism, since
respiratory evaporation (presumably the major water loss route
in animals with water-impermeable cuticles) should be low Animals
during the C and inwardly convective F phases. However, Long-horned eucalyptus boreihprocantha semipunctata
several authors have questioned this concept (e.g. Hadley aaddP. recurvg are native to Australia. They were accidentally
Quinlan, 1993; Hadley, 1994). A more recent view is that théntroduced into California, where their host plants (various
DGC evolved under selection to enhance the efficacy of gagpecies of eucalyptus trees) are commonly used as
exchange in hypoxic and/or hypercapnic environmenternamentals. The twd”horocantha species have similar
(Lighton and Berrigan, 1995; Lighton, 1996). natural histories. Larval stages burrow into and eat cambium

In either of these functional and evolutionary scenarios, atissues, and pupation occurs in chambers in sapwood. Adults
important question is how the DGC adjusts to allow forfeed on nectar and pollen; they are nocturnally active and rest
changing rates of gas exchange. This is particularly interestirig bark crevices and other natural cavities during the day.
in view of the fluctuations in internal environmeRb(, Pco,, Courtship, mating and oviposition take place on the trunks and
etc.) imposed by the DGC and because ectothermic arthropolsanches of eucalyptus (both sexes fly at night and are
exposed to variation in environmental temperature undergparticularly attracted to injured trees; Hanks et al., 1995,
substantial concomitant changes in metabolic raie é@ect) 1996a,b).
even in the absence of activity. There are relatively few data We obtainedP. semipunctataand P. recurva from a
on patterns of ventilatory (DGC) accommodation, and theskboratory colony managed by Dr Timothy Paine at the
have come from a limited number of taxa. Several studiegniversity of California, Riverside. The colony was initially
of ants (Lighton, 1988, 1996; Lighton and Wehner, 1993)stocked with free-living beetles captured in the Riverside area
tenebrionids (Lighton, 1991) and scarab beetles (Davis et ahfter they had been attracted to freshly cut eucalyptus wood (T.
1999) have examined DGC accommodation of temperaturdaine, personal communication). Beetles were housed in small
induced changes in resting metabolic rate. This approach canreen-wire cages containing a paper shelteraahtbitum
provide many useful insights into ventilatory expansibility, water and food (20 % sucrose solution and eucalyptus pollen).
given the typical metabolic Q of 2-2.5. However, it is The cages were maintained at room temperature (22—-24°C).
intrinsically limited in that it does not differentiate the effects _
of changes in metabolic rate on the DGC from possible direct Respirometry
influences of temperature that are independent of metabolismWe used a continuous-flow (open system) respirometer to
(e.g. changes in the solubility and buffering of .@ne way measure rates of GOemission Yco,; mih™1). The CQ
to circumvent this limitation is to make use of natural variatioranalyzer (LiCor 6251; Lincoln, Nebraska, USA) was capable
in both resting metabolic rates and the DGC. If sufficienof resolving differences of 0.2p.p.m. of € air. It was
variation is present, correlation analysis can reveal associationalibrated weekly against a precision gas mixture; there was
between metabolic and ventilatory variables exclusive o&lmost no drift between calibrations. The metabolic chamber
thermal effects (e.g. Bennett, 1987; Hayes and Shonkwilewas a modified 10ml syringe barrel (internal volume in
1996). our tests was approximately 9ml); it was perfused with dry,

We used this approach in a study of discontinuou€O,-free air (Dryerite and soda lime) at flow rates of
ventilation in two species of wood-boring beetles in the80—120 mImin! (depending on animal size; all but a few
genusPhorocantha(Coleoptera: Cerambycidae). A previous animals were tested at 103—108 ml Pi)nmaintained (*+1 %)
examination of exercise metabolism in these beetles (Rogowilsy a Tylan mass flow controller. The combination of high flow
and Chappell, 2000) revealed a strong and highly variablate and low chamber volume ensured rapid flushing and
DGC across a range of ambient temperatures. In the presemtcurate resolution of short-term fluctuations in gas exchange.
study, we addressed three questions. Our primary interest wBscause of low downstream resistance, the internal pressure
how the DGC ofPhorocanthaspp. accommodates different build-up in the chamber was small (<0.133 kPa above ambient
rates of respiratory gas exchange, both across a range aifnospheric pressure at the highest flow rates, measured with
temperatures and at constant temperature. Since these analysegater manometer). Outputs from the GDalyzer and flow

Materials and methods
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controller, together with ambient temperatufig; (measured highTa), and in these cases we averaged metabolic rate over an
with copper—constantan thermocouples connected to a Salgegral number of ventilation cyclebl%3; Lighton, 1991) to
Systems TC-1000 thermometer), were recorded on avoid biasing RMR estimates.
Macintosh computer equipped with a National Instruments
A/D converter and custom-designed software for data Components of the DGC
acquisition and analysis (Warthog Systems; written by M. A. Although Phorocanthaexhibited clearly identifiable O and
Chappell and available at www.warthog.ucr.edu). ExcurrenfE phases (Figs 1, 2), we were unable unambiguously to resolve
air was dried with magnesium perchlorate prior to entering tha C phase (i.e. with no G@mission) and to differentiate it
COz analyzer. from the F phaseespecially at highTa. Accordingly, we

We calculated/co, as: focused our analyses on contrasts between the O phase and the

SN rest of the DGC (the combined C+F phases).

Veo. = MFeco; ~ Fico,)/(1 = Fecoil1 =~ (1/RQ)), - (1) For all recordings of discontinuous ventilation that contained
whereV s the flow rate corrected to standard temperature anat least four sequential O phases, we calculated nine variables
pressure 7, 0°C and 101.1kPakico, and Feco, are the of the ventilatory cycle (Fig. 1). Frequency is the cycle rate
initial and final fractional concentrations of g®@espectively, (mHz; measured between bursts of xC&nission). O phase
and RQ is the respiratory quotient. SinEeo, was zero amplitude is the highest instantanedits, (mlh-1) attained
because incurrent air was scrubbed of2C@e equation during a burst. O phase duration is the time (s) from the
simplifies to: beginning of a burst untco, returns to stable levels. C+F

S phase duration is the time (s) for the remainder of a cycle. O

Veo, = Vx Feco /(1 - Fecoil1 = (1/RQ)), 2) phase volume is the quantity of €(ul) released during the O
We used an RQ of 0.88 based on published values fghase. C+F phase volume is the quantity of @@ased during
Phorocanthamaintained in similar conditions (Rogowitz and the C+F phase. O phase fractional duratifrife is the
Chappell, 2000). Modest changes in RQ had a negligible effeftaction of the cycle duration occupied by the O phase. O phase
on calculated/co, (given the low values dfeco, during our  fractional RMR {ormr) is the fraction of total C®volume
measurements, the denominator of equation 2 was always vesgnitted during bursts (=O phase volume/total .G@lume
close to 1.0). We checked the system for leaks by measurimgnitted during the cycle). O phase gain is the ratio of niean
gas exchange in the absence of a beetle; the calchtasgth during the O phase relative to during the rest of the DGC; i.e.
these tests did not differ from zero. the factorial increase Wco, during the O phaséq rmr/fo, Time).

We attempted to use computer algorithms to identify the

Measurement procedures and resting metabolic rate

Most animals were tested at one of thfggalues (10, 20 or
30°C), although a small number of measurements wer O phase
performed at otherTa values (12-16°C, 22-26°C and 06 duration
32-35.7 °C). Some individuals were tested at more thaffone
with the order chosen randomly. Regression analysis indicate 0.5
little within-individual consistency betweel, values (after
correction for body mass). Accordingly, samples from the sam
individual at differentTa were treated as independent. Beetles
were weighed (0.1 mg), placed in the metabolic chamber ar
allowed to recover from handling for at least 30 min before
measurements commenced. Most animals ceased exploratt
movements within 5min after insertion into the chamber an: .
subsequently remained immobile. When a DGC was preser
we restricted analyses to periods during which the patter
of ventilation (frequency and amplitude) was stable. 01
Measurements lasted for a minimum of 20min at 30-35.7 °C
60min at 20-26°C and 150min at 10-15°C, with at leas
30min allowed for adjustment after each changddnWe L b
recorded CQ@ concentrations in reference gas for severa 0 5 ] 10, 15
minutes before and after measurements to account for al Elapsed time (min)
anf':llyze.r drift, with Ilngar Interpo'?‘t,lon betwe_en referenC,EFig. 1. Representative example of a single ventilatory cycle from a
points (in all cases, drift was negligible). Resting metabol|(ol3l6g Phorocantha recurvaat 20°C, showing the measured

rates (RMRs) were Cf:l'C_Uk?‘te‘d as the méeen during intervals  components of the discontinuous gas exchange cycle. The dark area
of at least 20 min in which beetles were not active4dtelow s the open (O) phase emission volume and the hatched area is the

30°C, averaging intervals were usually considerably longerclosed+flutter (C+F) phase emission volume. Note the absence of a
Most individuals exhibited discontinuous ventilation (except acompletely closed phase (see also Fig. 3).

Peak amplitude - - -

Period

0.4

0.3

Vco, (ml h-l)

0.2
C+F phase duration
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beginning and end of the O phase, and for most DGC bouts a Results

procedure that searched for peaks exceeding a particular value Metabolic rates

(interactiveliy specifigd on thg pomputer screen by the user) pq expected, RMR was strongly influenced by both body

proved satisfactory in identifying and describing O phasgnass andr, but it was not affected by either species or sex

bursts. In a few instances of noisy data, this approach fa”%&NCOVA' P=0.52 for species anB=0.72 for sex:N=102

and we made those determinations by visual inspection. . oasurements of 19 female and 26 nRalsemipunctatand
Differences in flow rate, and the dependence of gas diffusiofy famale and 18 mak. recurva. Within the range of body

coefficients on temperature, could affect the responsg ;g (0.0956-0.582 g; mean 0.303+0.104 g)TarfeC) in our

characteristics of the system to brief events, such as O phasgiire data set (including 45 animals that were not sexed),
bursts, irrespective of changes in physiology or behavior. Thg\ir (mlCOxh™1) varied asrP-853 wherem s body mass (g),
degree of distortion should be inversely related to evenp;, a Qo of 2.49:

duration. We attempted to eliminate these effects by rapid
flushing of the chamber (in essence, by providing a sufficiently logRMR =-1.345 + 0.853log + 0.0399a 3)
strong convective flow to minimize the influences of diffusion(rzzo_m P<0.000001 for both mass andz N=182

and mixing). We tested the response characteristics Byeasyrements on 118 individuals). The predicted RMR at
injecting CQ in pulses simulating O phase bursts (3ml of5qo¢ tor an individual of average mass is 0.1009 miE®)

0.25% CQin dry air was injected into the chamber over a 15 Srpjs ya|ue is slightly higher than our previous RMR value from
interval). Recorded data were converted ifaax \&o, (to Phorocanthaspp. (Rogowitz and Chappell, 2000).
account for flow rate differences). The results indicated that the afq, correcting for body mass and temperature effects

differenz flow rates (80-120 minif) and Ta values  hare was considerable between-individual variation in RMR
(10-35°C) had little influence on pulse height and durationygijg 2y The average absolute difference between observed
preSl_Jmany because the time gonstant for the chamber wasq predicted RMR was 43% (approximately 55% of
considerably less than the duration of O phase events. individuals had an RMR between 0.57 times and 1.43 times
the predicted value). To account for this variation in analyses

) Effects of (?xygen concentration ) . of DGC components, we used mabsg+¥esiduals (termed
To examine metabolic rate and the DGC in hypomeMRResiC).

conditions, we blended dry nitrogen gas)(Mto the incurrent
air stream at rates that provided oxygen concentrati®sg ( Characteristics of the DGC
of 15.7+0.2%, 10.4+0.2% and 6.0£0.5%. The flow of N we did not monitor activity continuously during most of our

was regulated by a second mass flow controller (Appliegheasurements. However, during visual observations on a
Materials), andPo, was monitored (+0.002 %) by an Ametek

S-3A analyzer. As a control, we also tested all hypoxia

exposed individuals in air (20.95% 20O Different log(observed RMR) minus log(predicted RMR)
combinations oPo, and Ta were presented in random order; 06 -03 0 03 06 09
other procedures for hypoxia testing were as described abo\ | I T | |
40
Repeatability B N=182

We tested the repeatability of RMR and ventilation variable: 20 -
for a subset of individuals measured twice over intervals ¢ >
48-72h. Repeatability was evaluated by residuals analys < -
(Hayes and Shonkwiler, 1996), using standardized residua § 20 +
obtained from multiple regression of RMR against body mas T N
and Ta (we converted mass and RMR to 1egvalues to 10 L
linearize them prior to analysis).

Statistical analyses ol l m =
. | | | |
We report data as meanss®. unless noted otherwise. To 025 05 1 5 4 8 10

compensate for the effects of body mass &nhdn RMR and _

ventilation, we used analysis of covariance (ANCOVA) with Observed RMR/predicted RMR

Ith ese faztotr)s as covarlate?. Flor allltest.s,bmasds 2”? th\/IR Wﬁ:}é_ 2. Variation in the resting metabolic rate (RMRPtiorocantha
Inearize y conversion 10 @@ya ues, boundead fractions spp. The plot shows the distribution of observed RMR in relation to
(formr and fo,Time were arcsine-square-root-transformed.

" N predicted RMR values based on a regression of RMR against body
P<0.05 was considered to be significant; we used a sequentmass and ambient temperatufé={82 measurements from 118

Bpnferroni procedure.to correct for Type | errors in mU“ip'?individuaIs, mass range 0.0956-0.582g; temperature range
simultaneous tests (Rice, 1989). Analyses were performed usi10-35.7°C. The average difference from predicted values was
Statistica/Mac (StatSoft), a statistics package for the Macintosapproximately 43 %.
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Fig. 3. Examples of discontinuous gas exchange cyclesPtuonocantha semipunctatt three ambient temperaturdg)( showing variation

within and betweefM, values. The inset in the 30 °C panel shows a fourfold expansion of the time scale, revealing the decrease in the duratio
of the closed+flutter (C+F) phases in relation to the open (O) phase that often occurredatAthisial mass values: 10°C, left, 0.371¢;

right, 0.2705g; 20°C, left, 0.424 g, right, 0.371g; 30°C, left, 0.371g, middle, 0.2812 g, right, 0.3374 g.

subset of the test animals, we only observed DGCs iaffected by either sex or species (ANCOVA; Table 1).
resting animals, and activity, even slight movements, wablowever, Ta, body mass and RMRsid all had substantial
accompanied by readily identifiable changes in the pattern @fffects on various aspects of the DGC (Table 2). Multiple
CO, emission. We assume, therefore, that all DGC values iregression analysis revealed that body mass was strongly
our data set came from inactive beetles. correlated to O phase amplitude and to O phase and C+F phase
The DGC in bothP. recurvaand P. semipunctataaried  volumes, but did not affect other DGC variables. Ambient
greatly with temperature and among individuals (Figs 3, 4)temperature affected all DGC variables exdepimr and O
At high T, the ventilation pattern often resembled aphase and C+F phase volumes (Fig. 4). RMRsignificantly
‘sawtooth’ with little or no period of stable, lovco, (C+F  affected O phase amplitudé time frequency, C+F phase
phase) between peaks. At lowkyrvalues, the bursts of GO duration, O phase volumi rmr and O phase gain (Table 2,
emission usually occurred in a more typical DGC pattern oFig. 5); these effects were consistent when data foregdio,
large, abrupt and sharply defined peaks (O phase) separa®@iand 30 °C) were analyzed separately.
by substantial intervals of lowMco,. Although Vco, Our results indicate that changes in frequency, O phase
frequently fell to low levels immediately after peaks (Fig. 1),amplitude and C+F phase duration accompany all changes in
there were no instances of a classical closed phas&/with RMR, whether these are due to temperature changes (Q
falling to zero (Levy and Schneiderman, 1966; Kestler, 198%ffects; Fig. 4) or to variation in RMR that is independent of
Lighton, 1994, 1996). mass andla (RMRResid Fig. 5). In brief, increased RMR is
The probability that beetles would ventilate discontinuouslyaccommodated by increased O phase amplitude and frequency.
varied withTa. At both 10 and 20 °C, approximately 67 % of The increase in frequency results from declines in the duration
individuals showed an unambiguous DGE@=80 of 45 of both the C+F and O phases, but the former changes much
animals at 10 °CN=31 of 46 animals at 20°C). Only 37.5% more than the latter except at high (Fig. 6). These
of beetles tested at 30 °C showed a DGEID of 40 animals), adjustments in phase duration have concomitant effects on
and this was a significantly lower fraction than at codler fo,timeand O phase gain. In contrast to the effects nfdd
(x2=7.23, P=0.0072). Of four animals tested at a higilar RMR (which strongly influence O phase duration but not
(32-35.7°C), two exhibited a DGC, but both shifted tovolume), individual variation in metabolic rate produces large
continuous ventilation within 20 min. changes in volume and relatively minor adjustments in
None of the nine DGC components was significantlyduration (Fig. 7). Consequently, frequency modulation plays a
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Fig. 4. Effects of ambient temperature on metabolic rate and components of the discontinuous gas exchanBaaydarithaspp. Data are
shown as means (filled circles), standard deviations (boxes) and ranges (vertical lines). RMR, resting metapptiardiactional O phase
resting metabolic ratép, time, fractional O phase duration; O phase, open phase; C+F phase, closed+fluttéMpt2$€0 °C), 75 (20 °C) and
59 (30°C) measurements from 118 individuals (0.0956-0.582 g).

much larger role in accommodatingiQeffects than in (23 animals tested twice), only frequency, O phase amplitude,
accommodating differences in RMRid C+F phase duration and O phase volume were significantly
repeatable (Table 3).
Repeatability

Correlations between initial and final measurements wer

positive for RMR and for all components of the DGC
_ - . 20 F * forwr
(r=0.26-0.57) but, because of the relatively small sample siz @ O phase amplitude
. o . . ~ W O phasevolume
Table 1.Effects of species and sex on ventilation variables in A C+F phase volume
Phorocanth&xpressed aB values from an analysis of 15 P
covariance design ©
Sex Species Interaction g i
Frequency 0.72 0.52 0.22 % 10 - %
O phase amplitude 0.97 0.045 0.083 5
C+F phase duration 0.62 0.60 0.18 g L
O phase duration 0.0071 0.028 0.39 s
O phase volume 0.45 0.31 0.37 05 L O Frequency
C+F phase volume 0.023 0.99 0.94 O O phase duration
fo,RMR 0.25 0.018 0.72 - A C+F phase duration
fo,Time 0.055 0.51 0.40 <>f _
O phase gain 0.39 0.0054 0.10 0 O,Time
50.5 101 202
N=49 P. recurvaandN=79 P. semipunctata RMR (il CO, hr)

To control for mass and temperature effects, we used thes
variables as covariates; to control for effects of individual difference,;ig 5. Predicted changes in discontinuous gas exchange cycle
in resting metabolic rate (RMR), we used masseSiduals of RNR ¢ 0nents across a fourfold range of resting metabolic rate (RMR)
as a third covariate (log values of mass and RMR were used in t'for a 0.303 gPhorocanthaspp. at 20°C. Data are shown as factorial

analyses). . N . changes from mean values (at RMR=0CO, 1) computed from
No P values re_mam(_ed significant after a sequential l':’Onf(':‘rmnmuItipIe regressions based on body mass, temperature and individual
correction for multiple simultaneous tests (Rice, 1989). RMR residualsformr, fractional O phase resting metabolic rate;

fOBMR', O phase fraCtiOﬁal.RMRfO,Time, O phase fractional forime fractional O phase duration: O phase, open phase; C+F
duration; O phase, open phase; C+F phase, closed+flutter phase. phase, closed+flutter phase.
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Table 2.Multiple regressions of the effects of temperature, mass and resting metabolic rate on ventilation variables in

Phorocantha
Partial correlations
P Mass Ta RMRResid
r F3172 P P P

Frequency -0.703 <0.000001 -0.011 0.579 0.297

(56.1) (0.88) (<0.000001) (0.000069)
O phase amplitude 0.605 <0.000001 0.415 0.264 0.501

(33.2) (<0.000001) (0.00043) (<0.000001)
C+F phase duration 0.679 <0.000001 -0.017 -0.647 -0.32

(49.0) (0.82) (<0.000001) (0.000016)
O phase duration 0.628 <0.000001 -0.039 -0.623 0.10

(37.3) (0.61) (<0.000001) (0.19)
O phase volume 0.690 <0.000001 0.369 -0.055 0.658

(52.5) (0.000005) (0.47) (<0.000001)
C+F phase volume 0.360 0.000021 0.338 0.034 0.134

(8.71) (0.000052) (0.65) (0.079)
fo, Time 0.665 <0.000001 -0.046 0.626 0.328

(45.5) (0.54) (<0.000001) (0.000010)
fo,RMR 0.279 0.0029 -0.11 0.049 0.250

(4.86) (0.15) (0.52) (0.00089)
O phase gain 0.656 <0.000001 0.0008 -0.619 -0.325

(43.3) (0.94) (<0.000001) (0.000012)

N=176 measurements on 118 individuals.

Resting metabolic rate is expressed as mag®esiduals (RMResid; log values of mass and metabolic rate were used in the analysis.
All P values <0.005 are significant after a sequential Bonferroni correction for multiple simultaneous tests (Rice, 1989).

fo,Time fractional O phase duratiofti rmR, fractional O phase resting metabolic rate; O phase, open phase; C+F phase, closed+flutter phase.

Effects of hypoxia
We observed little change in either metabolic rate or the
characteristics of the DGC during exposure to moderately
hypoxic conditions. The only significant effects were an
increase in C+F phase volume and a corresponding slight

Table 3.Repeatability of metabolic rate and discontinuous
ventilation cycle variables iRhorocantha

Variable r F P
0.38 3.60

Resting metabolic rate 0.072

*
grf)?]l;igcgmplitud e 0(.5;37 f(fzz 0698(?:'3* decline info rmr at low Po, (Table 4). Over a twofold range
C+F phase duration 0.57 9.88 00049+ Of Po, (20.95% to 10.4%), the change iorvr Was
O phase duration 0.47 581 0.025 approximately 41 % and the change in C+F phase volume was
O phase volume 0.57 9.93 0.0048* approximately 46 %.
C+F phase volume 0.26 1.49 0.24 In more severe hypoxia (5.5-6.5%)012 of 13 animals
fo.rRMR 0.30 2.14 0.16 ventilated continuously; one animal exhibited a DGC for
fo,Time 0.49 6.58 0.018 approximately 30 min and then shifted to continuous ventilation
O phase gain 0.46 5.73 0.026 (these tests were run at 20 °C only). Thus, the minimum oxygen

. ) ~concentration permitting a sustained DGC is probably between

Repeatlabl(llljtydr() was ():alcug:lted Lrom residuals of rv\?gres‘j,lons? and 10%. Of the 13 animals tested in severe hypoxia, 12
against log(body mass) and ambient temperature (Hayés a : . . L
Shonkwiler. 1996). "Showed a typical DGC in normoxic conditions.

N=23 individuals (0.194-0.476 g) tested over intervals of 48-72
at temperatures of 10, 20 and 30°C (some animals did not texhibi
discontinuous ventilation at every temperature).

P values with asterisks (*) are significant after a sequential
Bonferroni correction for multiple simultaneous tests (Rice, 1989).  When considering the characteristics and physiological

fo.rvr, fractional O phase resting metabolic ratij Time function of the DGC ofPhorocantha it is important to
fractional O phase duration; O phase, open phase; C+F phasgsmpare the test conditions used in our study with the natural
closed+flutter phase. environments experienced by these beetles. As larvae and

Discussion
Environmental conditions
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DGC frequency (mHz)

8 4 2 1
Fig. 6. Contribution of open (O) phase duration 10900 |— I C r C r I/ I I b
(open symbols) and closed+flutter (C+F) phase L L /,/‘
duration (filled symbols) to the total cycle - o000 L o
duration of the discontinuous gas exchange cycle L 7 B’
(DGC) across a range of temperatures and body 800 - “n' N . A

sizes. The main figure is an expanded view of p? .

data for cycle durations of less than 1000s; the i //I r
LN
|

complete range of data is shown in the inset. The
solid lines and the lower dashed line in the main__ i (
figure show the non-significant relationship of O ig/ 600 — 0 1000 2000 g
phase duration to DGC period at 10°C and.2 - %
20°C, respectively. The same relationship wasg L O @ 30°C ‘fl
significant at 30°C (O phase duration=45.2+ S L
0.117 DGC period;2=0.13, F1,5=9.6, P=0.003) g w0l o m 20°cC I/"
but the regression line is not shown. The slanted™ /s A
e

>

dashed lines show the relationship between C+F | A A 10°C
phase duration on DGC period at 10°C (short
dashes; C+F phase duration=1.002 DGC period

136.5, r2=0.99, F140=7874, P<0.000001) and 200
20°C (long dashes; C+F phase duration=

0.997 DGC perio€100.6, r2=0.99, F1,75=6095,
P<0.000001). The regression at 30°C was
significant but is not shown (C+F phase 0
duration=0.9883 DGC peried5.2, r2=0.90,

F1,57550, P<0.000001). N=176 measurements

from 118 individuals (0.0956-0.582 g). DGC period (s)

Table 4.Effect ofPo, on metabolic rate and discontinuous ventilation cycle variabl&hwrocantha

Adjusted means for pQralues of

Variable F2,59 P 20.95% 15.7% 10.4%
Resting metabolic rate (ml G@1) 3.08 0.051 0.118 0.120 0.0930
Frequency (mHz) 1.86 0.16 1.70 1.66 1.16
O phase amplitude (mIG®™1) 1.43 0.25 1.13 1.43 1.01
C+F phase duration (s) 2.22 0.12 493 523 792

O phase duration (sec) 4.81 0.012 70.3 79.2 94.1
O phase volumgy{ COy) 0.62 0.54 10.8 104 9.27
C+F phase volumeau(COy) 8.62 0.00052* 4.97 8.04 12.0
fO,RMR 18.5 <0.000001* 0.686 0.571 0.470
Jfo,Time 2.69 0.076 0.294 0.253 0.165
O phase gain 1.56 0.22 3.85 3.83 5.05

Animals (N=16) were tested in ambient air (20.95%),0n 15.7% Q and in 10.4% @ at temperatures of 10, 20 and 30°C (some
individuals did not exhibit discontinuous ventilation at every combination of temperatuRaand

Barometric pressure was 97.1-97.8 kPa for all measurements.

The analysis was an analysis of covariance with log(mass) and ambient temperature as covariates.

Adjusted means are for a mass of 0.355¢g at 20 °C.

P values with asterisks (*) are significant after a sequential Bonferroni correction for multiple simultaneous tests (Rice, 1989).

fo,rRMR, O phase fractional resting metabolic réteiime O phase fractional duration; O phase, open phase; C+F phase, closed+flutter phase.

pupae, Phorocanthaspp. inhabit the vascular tissues andconditions. In southern Californi®horocanthaspp. tend to
sapwood of eucalyptus trees, and therefore experien@merge from pupation in late winter or spring (Hanks et al.,
consistently humid environments that are probably buffered995, 1996a), so the adult stage is mainly present in the warm,
from the extremes of ambient temperature variation and seedny spring and summer months. Although nocturnal, active
likely to become hypoxic or hypercapnic. Adults are exposeddults experience air temperatures comparable with those used
to a considerably greater range of thermal and hygri this study (10-30°C over the months of April-August;
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Night-time humidity during the active season, although
variable, is often is quite low, particularly in summer.
Humidities in diurnal refugia tend to be higher than in open
areas (M. A. Chappell, unpublished data). Although we lack
data on gas concentrations in under-bark cavities, we speculate
that these confined and poorly ventilated spaces, which can be
shared by several beetles, may become somewhat hypoxic and
hypercapnic. Thus, most of our various test conditions were a
reasonably close match to the general environmental milieu

100 | a0 og
[ 40 e experienced by aduRhorocanthaspp.

O phase duration (s)

Metabolic rate

Resting metabolic rates ofPhorocantha averaged
approximately 2.9 times higher than predicted for flightless
insects of similar mass (Lighton and Fielden, 1995, 1996), but
are within the expected range for volant species. The RMR
measured in the present study averaged approximately 30 %
higher than values previously reported for these beetles
(Rogowitz and Chappell, 2000), and we did not find the rather
small interspecific and intersexual differences noted in our
earlier paper (in that study, gender divergences were much
larger for maximalVco, during running exercise than for
RMR). The reason for the difference is not clear, but the overall
relationship between mass and RMR was very similar in the
two studies. Across a sixfold range of body mBé&rocantha
RMR scaled with ma8$53 a value similar to the mds®>
scaling demonstrated for insects and spiders (across a much
larger mass range) by Lighton and Fielden (1995).

In the context of investigating DGC accommodation of
changing metabolic rates, our most salient finding about RMR
is the extent of individual variation, which covered more than
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005 01 03 05 1 3 5 an order of magnitude even after correction for mass and

temperature effects (Fig. 2). This is considerably larger than
_ _ ) _ ) the typical individual variation reported for RMR or basal
Fig. 7. (A) Relationship between resting metabolic rate (RMR) angnetabolic rate in vertebrates (e.g. Chappell and Bachman,

open (O) phase duration at three different temperatures. Data 4Qg4- Chappell et al., 1996, 1999; Bech et al., 1999). At least
shown on log—log scales for clarity. O phase duration decreases as a,rt the wide ran, o ma, refléct individuall differences in
RMR increases across temperatures?>=q.09, Fi1,13513.3, part, 9 y

P=0.00038), but correlations within each temperature are no({]lgestlve status or reproductive condition (in their holding
significant. (B) Relationship between RMR and O phase volume £29€S, the beetles had access to both food and mates).
three different temperatures. Data are shown on log—log scales f¥Yhatever the cause of the metabolic variatBhorocantha
clarity. There is essentially complete overlap of O phase volumes &0p. exhibited a pronounced DGC across the entire observed
the three temperatures, but significantly different within-temperaturéange of RMR.
correlations between RMR and O phase volukje The regression
equations are: 10°Cy=-0.0053+0.209RMR2=0.46, F1,3¢=25.0, Repeatability
P=0.000025; 20°C, V=0.012+0.0521RMR, r?=0.84, F155265, Although the statistical power of our tests was constrained
P<0.000001; 30OC*V:'Q-OOSGJ’O-OSSSRMR’rzzo-66' F15798, Py the relatively small sample size, we found significant
P<0.000001. All comparlsons.betvvegn temperatures are S'gn'f'car}tepeatability in several primary determinants of the DGC
The slopes of the regressions differ for 10%@rsus 20°C (including frequency, O phase amplitude and O phase volume)
(P=0.000005) and for 10 °@ersus30 °C (P=0.0000023). The slopes . Lo . - ’
are similar for the 20 °@ersus30°C comparisonR=0.45) but the together with ppsmve values_m all oth.er ye}rlables (Tgble 3). .
intercepts differ P<0.000001) These results indicate considerable individual consistency in
the DGC and provide validation for our correlative approach
to studying DGC accommodation of changing RMR. We are
M. A. Chappell, unpublished data; Hanks et al., 1996a)aware of no comparable studies of the consistency of
Temperatures in the diurnal refugia used by adults (crevicatiscontinuous ventilation, but repeatabilities for the DGC of
under loose bark) are fairly similar but can exceed 35°C oRhorocanthaare comparable with those reported for resting or
particularly hot days (M. A. Chappell, unpublished data).maximal aerobic metabolic rate in vertebrates (Hayes and

RMR (ml CO,g1h)
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Chappell, 1990; Chappell et al., 1995, 1996; Hayes et al., 1998;, because of a combination of the high water vapor content
Bech et al.,, 1999) and ifPhorocantha (Rogowitz and of tracheal gas and the high ventilation rates to support

Chappell, 2000). elevated RMR. Accordingly, if the DGC is a functional or
o evolutionary response to water stress, it should be most
General characteristics of the DGC fthorocantha pronounced at higia. This prediction does not appear to be

Most Phorocanthatested at low to moderate temperaturestrue for adulPhorocanthaeven though they are often exposed
(10-20°C) breathed discontinuously. In these individuals, theo warm temperatures and low humidities when active. At high
O phase was fairly brief (averaging 20—-25 % of the DGC cycleJa, we found a decrease in the proportion of animals that
and its duration and volume were relatively constant acrossudilized a DGC and, in those individuals that did ventilate
wide range of RMRs (Figs 3, 4, 6). In contrast, the C+F phasgiscontinuously, a substantial reduction (or elimination) of the
comprised most of the DGC, and C+F duration was closely tie@+F phase (i.e. the elements of the DGC that can effectively
to overall DGC frequency (Fig. 6). Although the O phasereduce respiratory water loss). These findings are not
occupied only a small portion of the DGC, the fraction of RMRconsistent with the hypothesis that the DGOPbbrocantha
emitted during this phasdo(rvmr) and the relative O phase evolved as a water conservation mechanism (‘hygric genesis’;
CO; emission rate (O phase gain) were high. Except for theighton, 1996).
absence of a clearly defined C phase (also noted in lubberThe main alternative hypothesis is that the DGC evolved as
grasshoppers; Hadley and Quinlan, 1993), these patteras result of selection to facilitate gas exchange in the
resemble the general characteristics of the DGC described irhgpercapnic and hypoxic environments experienced by
variety of terrestrial arthropods (Lighton, 1994, 1996; Lightonburrowing or cavity-dwelling arthropods (‘chthonic genesis’;
et al., 1993; Lighton and Wehner, 1993; Davis et al., 1999).ighton, 1996). In such conditions, a DGC is beneficial
We could not observe spiracle behavior directly during oubecause it provides increased animal-to-environment
measurements. We do not know, therefore, whether theoncentration gradients for both,Cand CQ, thereby
spiracles remained partially open at all times or whether theycreasing rates of diffusional gas flux. In this model, water
did in fact close during the C phase but measurable quantitiesnservation can follow secondarily because the higher flux
of CO, were emitted through other pathways. rates for @ and CQ reduce the time the spiracles need to be

That pattern changed markedly wh&horocanthawere  open. The genuBhorocanthaappears to fit that model because
tested at 30°C or above. Relatively few individuals showed krvae, pupae and adults extensively or exclusively utilize
DGC at thesd,, values and, when it did occur, the O phasecavities with limited air movement or exchange (larvae burrow
occupied a much larger fraction of the ventilatory cycleinto and feed ortucalyptuscambium tissue, pupation occurs
(Figs 3, 4); in some cases, there was little or no discernibi@ chambers excavated in sapwood and adults spend the
period of stable, lowVco, between O phase bursts. In daylight period resting in crevices or cracks in bark).
consequence, O phase duration was more closely coupled Nmreover, all three life stages probably have access to water.
DGC frequency than at lowdg values (Fig. 6). Nevertheless, Larvae are in moist environments, pupation chambers are
O phase volume remained relatively constant across tHiely to be at least moderately humid and adults feed largely
temperature range 10-30°C, and O phase amplitude changen nectar. As a caveat, it should be emphasized that active
only slightly (Table 2; Fig. 4). Despite the lardefrimeat high  adults routinely experience strongly desiccating conditions
Tavaluesfo rmr changed little, and the relative importance of (high temperatures and low humidities) for hours at a time in
the O phase in the overall ventilation cycle (O phase gairgummer, and it seems likely that their daytime refugia are
declined considerably compared with codigvalues (Fig. 4). considerably drier than the microhabitats of the larvae and

pupae.
Water balance and hypoxia Since chthonic challenges may be an important factor in the

Following its characterization in lepidopteran pupae, thescology ofPhorocanthaspp., their response to experimental
DGC was generally assumed to have evolved as a mechanisiypoxia is of interest from both functional and evolutionary
to enhance water conservation. This dogma was based on therspectives. Lighton (1996) and Lighton and Garrigan (1995)
assumption that the F phase is largely convective, with asuggest that a DGC based on an inwardly convective F phase
inward air flow generated by low intratracheal pressure (largelgriven by low intratracheal pressures (a fundamental
blocking outward diffusion of water vapor). Thus, there shouldassumption in the ‘hygric genesis’ model) would respond to
be little or no respiratory water loss during two of the thrednypoxia by decreasing the duration of both the F phase and the
phases of the DGC (C and F); since these phases comprB&C itself. Such a response is seen in lepidopteran pupae
perhaps 80-90% of the cycle duration, considerable watéBurkett and Schneiderman, 1974) and the scarab beetle
savings could result (for a review, see Lighton, 1996). In thig\phodius fosso{Chown and Holter, 2000). In contrast, a
scenario, the importance of the DGC in water conservation largely diffusive F phase is expected to respond to hypoxia by
obviously linked to ambient temperature. As temperature risean increase in F phase duration. The latter prediction was
saturation vapor pressures in the tracheae climb rapidly, anerified in a headless ant preparati@atfponotus vicinus;
metabolic rate increases because of theeffect. It follows  Lighton and Garrigan, 1995). Our results wikhorocantha
that rates of respiratory water loss should be maximal at higépp. are not conclusive, but favor the diffusive F phase model.
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The duration of the DGC and the C+F phases tended tmissions, differ markedly. In the a@amponotus vicinys
increase in animals exposed to 10.4% oxygen (althoughoth DGC frequency and O phase volume were adjusted to
neither change was significant; Table 4). However, aRbat accommodate changing RMR. Theo{Jor frequency was
we found a significant increase in C+F phase emission volun&05; in combination with a {3 of 0.61 for O phase volume,
(2.4 times the value during normoxia) and a correspondinthis large frequency change is matched toia @ 1.86 for
decrease iforvr (47% of RMR compared with 68.5% RMR (Lighton, 1988). In contrast, in another ant species
during normoxia), as predicted by the diffusive F phase mode(Cataglyphus bicolgrLighton and Wehner, 1993) and several
Increased C+F phase emission volumes at Rwy also  South African dung beetleS¢arabaeusspp.; Davis et al.,
occurred inA. fossordespite a decrease in C+F duration1999), accommodation to changing RMR is almost entirely
(Chown and Holder, 2000). This diversity of response patterndue to frequency modulation, with little or no change in O
(even within the order Coleoptera), coupled with the smalphase volume?horocanthaspp. have a similar response; their
number of species tested, makes it difficult to confirm anypGC accommodates temperature-induced shifts in RMR
evolutionary scenario and emphasizes the need for additionalmost exclusively by changing frequency, mainly by a

comparative data. modulation of C+F phase duration (Fig. 6).
_ That picture changes somewhat when the accommodation of
Mass scaling of the DGC Phorocanthaspp. at constanfa is considered. In contrast to

Lighton (1991, 1996) suggested that DGC frequency inemperature-induced RMR changes, accommodation at
insects is independent of mass and that the ubiquitouw®nstantTarelies primarily on substantial changes in emission
mas8-6-0-9scaling of metabolic rate is accommodated by aolume with relatively moderate (but nonetheless significant)
corresponding scaling in GQemission volumes (primarily changes in frequency (Fig. 5). Most of the change in emission
during the O phase). This was largely confirmed in a recenolume occurred in the O phase, which maintained a constant
examination of a group of 1-2g scarab beetles (Davis et aturation but showed a dramatically increased amplitude (and
1999) and, across a somewhat wider range of body mass, bgnce emission rate) with increasing RMR (Figs 5, 7).
the present study. IrPhorocantha body mass strongly However, the C+F phase was also affected significantly, with
influenced emission volumes in both the O and C+F phasescreased volume but decreased duration (i.e. higher emission
but had no effect on DGC frequency, O or C+F phase duratiomates) at high RMR (Fig. 5).
fo,rRMR, fo,Time or O phase gain. The O phase volume of There are few comparative data on accommodation of
Phorocantha scaled with mad$34 which is statistically variable RMR at constaif. Like Phorocanthafasting ticks
indistinguishable from the scaling to ma8% for metabolic  (Amblyomma marmoreunmthe only other discontinuously
rate. ventilating arthropods for which  within-temperature

The DGC frequency inPhorocantha spp. averaged accommodation has been examined across a wide range of
approximately 2.8mHz at 20°C, or 4.6mHz at 25°C byRMR), CG: emission during the O phase was modulated in
multiple regression (equivalent to 10.1 and 16.6cyclgsh proportion to RMR (Lighton et al., 1993). In the ant
respectively). In comparison with DGC frequencies of otheCamponotus vicinysdiscontinuous ventilation persists with
insects tested at 24-25°C, the value for these species mibderate activity; active individuals have a higklep, than
Phorocanthais similar to that of a tenebrionid weighing resting ants at the sarig, and this is accommodated largely
approximately 1 g (Lighton, 1991) but substantially higher tharby increased DGC frequency (Lighton, 1988). In different
DGC frequencies in 1-2g scarabs (approximately 0.4 mHzastes of two other antdéssor julianusand M. pergandei
Davis et al, 1999), a 0.74g tenebrioni@dnymacris Lighton and Berrigan, 1995), variation in RMR was
unguicularis (approximately 0.62mHz) and 2.9g lubber significantly, but not strongly, correlated with frequency and
grasshoppers (approximately 0.7 mHz; Hadley and Quinlarhurst volume. These ants use a combination of both factors in

1993). accommodating variation in RMR (at least within the fairly
narrow range of RMR encompassed by the study), but not in
Accommodation of changing metabolic rate a consistent pattern.

In theory, species with discontinuous ventilation could The reason for the difference in accommodation within and
accommodate changing rates of gas exchange by adjustibgtween temperatures iRhorocanthaspp. is unclear, but
DGC frequency, the duration of the various phases of the DG@®ariability in the solubility and buffering of COnay be partly
the volumes (or rates) of gas emitted in the different phases m¥sponsible. Both factors change dramatically with temperature,
a combination of these responses. In all species studied to datet are presumably constantT§ is stable. Hence, a simple
frequency modulation is a major factor in accommodationmodel for accommodation of changing RMR at constacan
Temperature-induced changes in RMR were accompanied lpe proposed. As RMR increases, 06 produced at higher
linear changes in DGC frequency in Namib Desert tenebrionithtes from tissue respiration and, hence, accumulates more
beetles (Lighton, 1991), ants (Lighton, 1988; Lighton andapidly in the tissues and hemolymph. This will shorten the time
Wehner, 1993; Lighton and Berrigan, 1995), grasshoppensecessary to reach a hypercapnic set point that initiates the O
(Hadley and Quinlan, 1993) and dung beetles (Davis et alphase, thereby increasing DGC frequency. Higher rates pf CO
1999). However, other details, especially phase-specifiproduction (with concomitant increases in intefPab,) should
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also lead to elevated G@mission rates during a primarily Hanks, L. M., Millar, J. G. and Paine, T. D.(1996a). Body size
diffusive F phase and during the diffusive (and possibly influences mating success of the eucalyptus longhorned borer
convective) O phase. Validation of this speculation, and (Coleoptera: Cerambycidag). Insect Behaw, 369-382.
clarification of many other functional and evolutionary Hanks, L. M., Millar, J. G. and Paine, T. D. (1996b). Mating
questions about the DGC, requires considerable additionalPehavior of the eucalyptus longhorned borer (Coleoptera:

. . . Cerambycidae) and the adaptive significance of long ‘hoths’.
experimental work, together with more comparative data. Insect Behavo, 383393,

) . . Hayes, J. P., Bible, C. A. and Boone, J. [§1998). Repeatability
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