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Summary

Flies of the genusDrosophila inhabit a wide range of  suggesting that cuticular transpiration did not differ
habitats, from the tropics to deserts to boreal forests. The among species from different habitats. Metabolic rates
primary physiological mechanism allowingDrosophilaand  and water-loss rates were highly correlated. Cactophilic
other insects to survive in arid habitats is a reduction in  Drosophila were less active, and female cactophiles had
rates of water loss. To understand mechanisms of water lower metabolic rates than female mesic species of the
retention in greater detail, we investigated the three main same size. They were also more likely to exhibit a pattern
routes by which Drosophila lose water: excretion, of cyclic COp release that may help to conserve water. We
cuticular transpiration and respiratory loss through the  conclude that lower overall rates of water loss are
spiracles. Excretory losses comprised <6% of total water achieved primarily by reduction of respiratory losses.
flux and did not differ between xeric (cactophilic) and
mesic species. No consistent relationship was observed
between water-loss rates and the composition, physical Key words: cuticular lipids, discontinuous ventilatiddrosophila
properties or amounts of cuticular hydrocarbons, metabolic rate, water loss.

Introduction

Insects and other terrestrial arthropods are susceptible toesic arthropods is that the former species lose water relatively
water loss because of their small size, and these problems atewly. This pattern has been documented for scorpions
exacerbated in the hot, dry conditions typical of deserts. I{iToolson and Hadley, 1977), spiders (Hadley et al., 1981),
principle, desert arthropods can use one or more of thrdmeetles (Hadley and Schultz, 1987; Zachariassen et al., 1987),
physiological mechanisms to survive water stress. First, desexhts (Hood and Tschinkel, 1990; Johnson, 2000) and fruitflies
insects may exhibit reduced rates of water loss relative to megiEckstrand and Richardson, 1980, 1981; Gibbs and Matzkin,
species (Hadley, 1994a). Second, they can store lar@®01). A few water-profligate desert insects use evaporative
quantities of water in the form of bulk water or potentialcooling for thermoregulation, but these exceptional species
sources of metabolic water (glycogen and lipid; Gibbs et alhave access to large quantities of water (e.g. xylem-feeding
1997). Third, they can tolerate the loss of a relatively largeicadas; Toolson, 1987).
fraction of their body water; in the extreme, certain chironomid Drosophila species occur in a wide range of habitats,
larvae can survive extended periods in an anhydrobiotic stabecluding deserts, and differ in their ability to survive
(Hinton, 1960). desiccation stress (van Herrewege and David, 1997; Hoffmann

Comparative studies have found little consistent evidencand Harshman, 1999; Gibbs and Markow, 2001; Gibbs and
that desert insects store more water or are able to tolerate lovMatzkin, 2001). We have previously shown that enhanced
water levels (Hadley, 1994a). The species with the highestesiccation resistance in cactophilicosophila from North
water contents are mesic insects. Although some arid-adapté@dnerican deserts is the result of reduced rates of water loss
insects are able to tolerate loss of >50% of their water conte(Gibbs and Matzkin, 2001). In the present study, we examine
(Zachariassen et al., 1987; Hadley, 1994a), they are ntite mechanistic basis for reduced water-loss rBxexsophila
consistently better at surviving dehydration stress. Indeed, thhese water by three routes: excretion from the mouthparts and
species able to tolerate loss of the greatest fraction of its watanus, transpiration through the cuticle, and respiratory losses
is an aquatic beetl®eltodytes aquaticu@rlian and Staiger, by evaporation through open spiracles. (Females will also lose
1979), although it should be noted that this species containgater in their eggs, but not under the conditions of our
relatively large amounts of water to start with. experiments.) We directly quantified total water loss and

The most consistent difference between arid-adapted amkcretory water loss using flow-through respirometry.
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Differences in cuticular lipids (composition, physical cactophilic species were reared on banana medium containing
properties and amounts) were assayed as a proxy for cuticufaawderedOpuntiacactus. A small piece of the host cactus was
transpiration. Metabolic rates, activity and ventilatory patterngrovided to cactophili®rosophilg if necessary, to stimulate
were examined to assess the importance of respiratory wategg laying. Flies used in assays were collected and separated
loss. by sex within several hours of emergence to ensure that they
were virgin. They were held in vials containing corn-meal
medium and live yeast for 6-10days, then the sexes were

Materials and methods assayed separately.

Fruitfly species and maintenance

Fig. 1 depicts the phylogeny of the species used for Respirometry
measurements of metabolic rates, based on several sourced/etabolic rates and rates of water loss were measured using
(Russo et al., 1995; Pitnick et al., 1999; Durando et al., 200@lpw-through respirometry. Groups of 10-20 flies were placed
S. Perlman, personal communication). Collection informatiorin 5 ml glass—aluminum chambers, which were then placed in
for most stocks is provided in Gibbs and Matzkin (2001)a Sable Systems (Las Vegas, NV, USA) TR-2 respirometer.
Drosophila virilis was provided by L. L. Jackson, and S. Rates of carbon dioxide release and water loss were measured
Perlman provided several mushroom-inhabiting species (seeth a Li-Cor (Lincoln, NE, USA) LI-6262 infrared CCand
Table 1) collected in southeastern USA in 2001. water-vapor sensor. Most data for total water-loss rates were

All flies were maintained on the laboratory photoperiodreported previously (Gibbs and Matzkin, 2001); additional
(approximately 12h:12h light:dark) at 24°C, which was thespecies are included here. Metabolic rates of individual flies
temperature used for all assays. Most species were rearedwere measured using the same conditions, except that the
milk bottles on corn-meal mediunDrosophila busckiwas chambers were only 1 ml in volume.
reared on Wheeler—Clayton medium (Carson, 1987), and the

Cuticular lipids

We isolated cuticular hydrocarbons (HCs) from 18 species

and examined their composition and physical properties

ﬁ;ﬁ"aﬁggaster [melting points Tm)]. Groups of 10—40 flies were placed on a
malerkotliana silica gel column in a Pasteur pipette (Toolson, 1982), and HCs
L——— ananasse were eluted with approximately 7 ml of HPLC-grade hexane.
— S?;-dn?iﬁgscura The solvent was evaporated, and the lipid extracts were frozen
L ffinis until analysis. In some cases, we quantified lipid amounts by
1 — paulistorum adding 2ug of n-icosane in a small volume of hexane to
| \étwtljlrltg\?ar;:ti the flies at the beginning of the column chromatography
pachea procedure, as an internal standard.
1 acanthoptera We measured lipidTm using Fourier transform infrared
L nannoptera (FTIR) spectroscopy (Gibbs and Crowe, 1991). Lipid extracts
8 h”%”;g;‘"jl‘gss were dissolved in approximately @bhexane and deposited
] _I—: ariJzonae on Cak windows. After the solvent evaporated, samples were
navojoa placed in a temperature-controlled cell holder in the
—— Spenceri spectrometer. The sample temperature was increased from
glngcr;SSplraCula <10°C to >50°C in 2°C increments. We followed the progress
mercatorum of lipid melting from the frequency of -CH symmetric
m hydei stretching vibrations, which increase from approximately
mettleri 2849cnr! to approximately 2854 cth as lipids melt. The
I-| %ﬂgﬁgﬁai midpoint of the phase transitiom{) was calculated from
falleni logistic equations fitted to temperature-frequency plots.
_E subquinaria We studied HC composition using a Hewlett-Packard (Palo
orientacea Alto, CA, USA) 5890A gas chromatograph (GC) equipped

— Z?Lﬂlilr;bella with a DB-1 or DB-5 capillary column (30¥0.32mm i.d.;
JW Scientific, Sacramento, CA, USA). Peaks were identified
| | | | | | | . : T
by comparison with the retention timesmélkane standards
60 50 40 30 20 10 . .
- and by reference to literature data on HC composition. For
Millions of years before present some species, we confirmed the identities of HCs by GC—mass

Fig. 1. Phylogeny oDrosophila species used for measurements of SPectrometry (MS) using a Hewlett-Packard 5988 G_C_M_S
metabolic and water-loss rates. Cactophilic species are indicated Bystem at the Mass Spectroscopy Laboratory of the University

thick lines. Additional species were used in analyses of cuticula®f Arizona. Lipid amounts were determined by comparing
hydrocarbons (Table 1). peak areas with those for thécosane standard.
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Activity

We used AD-1 activity meters from Sable Systems to asse
the relative activity of individual flies. These use a near
infrared (900 nm) light source, which is reflected around th
chamber to a detector. The chambers were covered with a thi
dark cloth to minimize interference from room lighting.
Movement was detected by fluctuations in the detector signz
with larger fluctuations generally corresponding to greate
activity. Individual flies were placed in the same 5-ml
chambers used for respirometry, with a flow rate of
100 mImirrldry air. Activity was recorded until at least 10h
after the mean desiccation survival time, as determined i
previous experiments (Gibbs and Matzkin, 2001). With the
exception of two cactophilic flies that survived for >48h, all
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Fig. 2. Representative water-loss recording from a group of 16

flies were dead at the end of the experimental runs. At leatemajeprosophila mercatorumExcretory losses were calculated by
five individuals of each sex were assayed in ?aCh SPECIES. integrating the areas of intermittent water-loss peaks, which reflect
Although the chambers were dark, a potential problem witldefecation or oral losses.

these measurements is diurnal activity cycles. For each speci
approximately half of the individuals were placed in the
chambers at approximately 07.00h local time, and the oth¢
half at approximately 18.00 h. Activity patterns were similar in
both groups, suggesting that internal rhythms did not affect ot
results.

Data analysis

Statistical analyses were performed using Excel and JM
(SAS Institute) software. To control for phylogenetic
relationships, we used the Phylogenetic Diversity Analysi
Package (Garland et al., 1992) to implement Felsenstein
method of independent contrasts (Felsenstein, 1985). Becat
the species differed in body size, we regressed physiologic
variables (e.g. metabolic rate) against mass and used t
residuals from these regressions in our phylogenetic analyse
For habitat comparisons, species were classified as eith
cactophilic (xeric) or mesic. Although not all cactophiles live
in deserts, they and their host plants tend to inhabit dry region
Mesic species can sometimes be found in deserts but are I
desiccation resistant than cactophiles (Gibbs and Matzkit
2001). Thus, the cactophile/non-cactophile distinction is
reasonable, both ecologically and physiologically.

Results
Excretory water loss
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fF!Lgﬁ' 2fdepllc tsl,:)a typlcha}ll recordln? of Wa_lt_t;r loss from; grourl‘:ig_ 3. Excretory water loss fromrosophilaspecies. (A) Effects of
0 emale Drosophila mercatorum Ihese recordings body size on fecal water content. Filled symbols, females; open

revealed a baseline level of water loss, punctuated b

symbols, males. Circles, mesic species; triangles, cactophilic species.

intermittent bursts of water release. The bursts correspond(g) Excretion rates of xeric (open bars; meansetm.) and mesic
to excretory loss, probably by defecation. Total excretor\filled bars)Drosophila

losses were calculated by integrating the areas of these pea
We counted the peaks to estimate how often flies defecate

Fig. 3 depicts the mean fecal water contents and defecatidut the total volume of water losia excretion did not differ
rates for 28 species. Flies from both mesic and aritbetween these groups (ANCOVR>0.1 for both sexes). Most
environments defecated approximately once every 1-1.5importantly, the percentage of water lost by excretion, relative
Surprisingly, xeric females tended to defecate more often thdo total water loss, averaged <6%. Because excretory water loss

mesic femalest{tests,P=0.05 for femalesP>0.5 for males),

was so low and did not differ between desert and mesic species,
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it could not have accounted for the large differences in totgBartelt et al., 1986; Jallon and David, 1987; Toolson et al.,
water-loss rates that we have reported previously (Gibbs arid90). We did not obtain detailed structural information on HC
Matzkin, 2001). composition, but Table 1 reveals that species with longer chain
lengths tended to have high&h. With the exception ob.
Cuticular lipids virilis, sophophorans had consistently shorter chain lengths
Melting points Tm) of cuticular lipids are provided in than members of the subgenus Drosophila. In addition, a
Table 1. No differences between males and females wefinited survey (seven species, including two cactophiles)
detected. The highes, occurred in mycophagous flies, which indicated that flies from mesic and arid habitats had similar
inhabit very moist forests. Species from the subgenugquantities of surface lipids for their size (not shown). Thus,
Sophophora tended to have the lowdst values, with  desertDrosophila did not reduce cuticular permeability by
cactophilic species being intermediate. Thus, a majoincreasing the thickness of the lipid barrier.
determinant ofTm appeared to be phylogeny rather than
habitat. To examine the relationship betwdanand water- Metabolic rates
loss rates, we first calculated residuals of water-loss rate as aFig. 4 depicts the effects of body size on metabolic rates of
function of mass for 11 species for which we alsoTiadata. 30 Drosophila species. Metabolic rates of female flies were
We then calculated phylogenetically independent contrastsver 50% higher in mesic species than in cactophilic species
(Felsenstein, 1985) for the residuals ardralues. These were (ANCOVA, P<0.012; adjusted least-squares means were
not significantly correlated4=0.044,P=0.39), indicating that 4.84ulCO2h1 for mesic species and 3.aBCO2h1 for
high Tm did not tend to reduce water loss. cactophiles). By contrast, metabolic rates of males did not
Differences inTm could result from changes in HC chain differ as a function of habitat (ANCOVA>0.3). To examine
lengths, unsaturation or branching patterns. Alkenes are tlierther the relationship between metabolic rates and water-loss
major HC constituents of moBtrosophilaspecies studied to rates, both of which were positively correlated with body size
date, with branched alkanes being the next most abundant cld8&NCOVA, P<0.04 for metabolic rates of both sexes; see
Gibbs and Matzkin (2001) for analysis of water-loss rates], we
first calculated the residuals of these parameters when plotted
as a function of mass. The residuals were positively correlated

Table 1.Melting points Tm) and chain lengths of cuticular
hydrocarbons isolated frofrosophilaspecies

Chain
Taxon Habitat Tm (N) length 10—
Subgenus Sophophora . o
melanogaster Cosmopolitan 29.2+1.3 (17) 23-31 8 — o
pseudoobscura Temperate 24.7+1.1 (13) 25-31 . ° ®
subobscura Temperate 27.3+1.3 (16) 23-31 6 — P o )
willistoni Tropical 34.4+1.7 (6) ND .
Subgenus Drosophila i 4 | ® ‘ (.)% OO% o
Virilis group = o [ b X8
virilis Cosmopolitan ~ 34.5+1.1 (6) 21-31 T [ X J Females
Repleta group S o . . . .
arizonae Cactophilic 32.8+1.1(13)  29-39 o 1' 0 1'5 2'0 2' c 3' 0
hydei Cosmopolitan 34.0+0.6 (12) 29-39 = ’ ' ' ’ )
mercatorum Mesic 32.2+0.5 (5) ND g Mass (g
mojavensis Cactophilic 36.0+1.0 (6) 29-39 o 8_
nigrospiracula  Cactophilic 33.9(2) 29-39 IS
Cardini group % ]
acutilabella Mycophilic 36.9+2.0 (6) 29-39 s 64 @ o [
cardini Mesic 37.0 (2) ND 1 e o O P
Qumarlg group - 19 O
falleni Mycophilic 40.4+3.0 (4) 27-37 @. 00
guttifera Mycophilic 41.2+2.6 (4) 29-37 7 {b o
recens Mycophilic 40.7+1.8 (4) 27-33 2 ® Ce
subpalustris Mesic 40.624.2 (3) 27-37 4 o Males
Testacea group . @ 0 : | : | : | . |
neotestacea Mycophilic 40.6x2.1 (4 27-37
putrida Mycophilic 41.842.3 (4) 29-37 05 10 Maif(n@ 20 25

. Va:ues are means sEM. No fdn‘fereﬂces between mallles and rio 4 Effects of size on metabolic rates of mesic and desert
emales were detected, $& data for both sexes were pooled. ND, Drosophila Filled symbols,

open symbols,
no data. cactophilic species.

mesic species;
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Fig. 5. Correlation between metabolic rates and water-loss rates
Drosophila species, after correction for body size. Filled symbols,

This correlation disappeared after phylogenetic relationships
were taken into account using independent contrBsts.2 for
all four sex-habitat combinations).

Activity

Fig. 7 depicts representative activity recordings for a mesic
fly (Drosophila melanogastgrand a desert flyrosophila
mojavensis The overall activity patterns for these two flies are
shown in Fig. 8. Th®. melanogasteindividual was active
almost continuously for 6 h, then exhibited no signs of activity
thereafter. Presumably, this fly died at 6-7h. The
mojavensisindividual was inactive for the first 12h of the
experiment, then became active for the next 14 h. The lack of
a?tivity after approximately 26 h suggests that the fly died of
desiccation stress at this time.

females; open symbols, males. Circles, mesic species; triangle~

cactophilic species.

in both sexes (Fig. 5;=0.57, P<0.001 for femalesr=0.39,
P<0.04 for males).

Because the cactophilic species tended to be closely relat
(Fig. 1), we also analyzed the relationship between metabol
rate and water-loss rate using phylogenetically independe
contrasts (Felsenstein, 1985). After controlling for phylogeny
positive correlations between residuals were still detectec
albeit with reduced statistical significance (FigP&0.008 for
females,P=0.093 for males).

We also analyzed the relationship between metabolic ratt
and water-loss rates separately for cactophilic and mes
species, an approach similar to that taken previousl
(Zachariassen et al., 1987; Zachariassen, 1996; Addo-Bedia
et al., 2001). Using simple ANCOVA, a marginally significant
correlation was detected only for mesic females0(073;
P>0.25 for mesic males and for cactophilic flies of both sexes

>

Standardized contrast waterloss rate

0O 01 02 03 04 05 06 07
Standardized contrast in metabolic rate

Fig. 6. Relationship between metabolic rates and water-loss rates
Drosophila species, after controlling for evolutionary history using
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Fig. 7. Representative recordings of activity in individual

Drosophila Abscissa labels indicate the amount of time each fly had
been in the activity chamber. Panels B and C depict consecutive
recordings from the same individual. Note that activity recorders

phylogenetically independent contrasts (Felsenstein, 1985). Fillediffer in their sensitivities, and their output may also be affected by

symbols and solid line, femaleB+0.008); open symbols and broken
line, males P=0.093).

the size of the fly. Thus, the scales only indicate relative activity and
cannot be directly compared for different individuals.
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Similar activity patterns were observed in other species. In
Fig. 9, we have placed 15 species into three groups, depending
upon their ability to survive desiccation stress (Gibbs and
Matzkin, 2001). Most individuals of the first group (four
species with an average survival time of <10h) were active
almost continuously until their deaths. In the second group (six
species that survived for 10-24 h), approximately 80% of flies
were active up to approximately 8 h, then activity decreased as
flies became dehydrated. The third group included four
cactophilic species arfdrosophila cardinj species for which
15 ' R the average survival was >24 h. Except for the first hour after
' I ' I ' I ' I being placed in their chambers, most of these flies were

0 10 20 30 40 inactive for at least 10 h, then became actived& hours (Fig.
Desiccation time (h) 9). Although our activity meters could not quantify the actual
Fig. 8. Overall activity patterns for the same two flies as in Fig. 7amount of .a(_:t_iVity (e_'g' distance traveled), .these d.ata indicate
Values are standard errors of regression lines through the datilat lower initial activity levels were associated with greater
calculated for each hour of the recording. Values are expressétfsiccation resistance.
relative to thes.e.m. values calculated after the flies had ceased
movement (i.e. relative to detector noise). Ventilatory patterns

Discontinuous gas-exchange cycles have been observed in
numerous arthropod taxa and can reduce respiratory water loss
(Lighton, 1994, 1996). We examined &@lease patterns in
at least 17 females each from Bisosophilaspecies. We used

100 D. mdanagager

10

D. mojavensis

Relative actvity (S.E.units)

12— A
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2 i
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= —
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5 . T,
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g 100 9 o T T I T T I T T I T T I T T I
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o 80— T
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88—
g i
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20 — 4 j
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0 | 2 —
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Desiccation tine (h) 0 UL L L L I
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Fig. 9. Activity patterns foDrosophila species, grouped by their Time (min)

abilities to survive desiccation stress (circles, <10h; openr

triangles, 10-24h; filled triangles, >24h). Individual flies wereFig. 10. Carbon dioxide release from individu&rosophila
classified as either active or inactive for each hour of th¢A) Cyclic CO; release by a singl®rosophila mojavensisThis
recordings, and the percentage of active flies was calculated findividual walked around its chamber during the first 12 min of the
each species. Flies were assumed dead and removed from recording, then stopped moving for the last three minutes.
analysis after their last active period. Data are means of 4-6 speci(B) Representative recordings from tM@yosophila melanogaster
per category, with 5-10 individuals assayed for each sex from eaThe first individual performed cyclic COrelease, whereas the
species. second one did not.
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Table 2.Cyclic ventilation inDrosophilaspecies cuticular transpiration anda the spiracles). Excretory water

Fraction performing loss gccounteq for <6% of total losses in both mesic and desert

Species cyclic ventilation species and did not differ between these groups (Fig. 3). Thus,

reduced excretion cannot account for the greater desiccation

B' rsr:rilsgcr)gaster ggg resistance of desert species. This leaves cuticular and

D. subobscura 218 respiratory routes as the foci of desiccation resistance.

D. willistoni 6/27 . -

D. mojavensis 19/21 L L Cuticular I.Iplds )

D. arizonae 15/17 Distinguishing between cuticular and respiratory water

losses is difficult in any insect but particularly so in those as
small asDrosophila We therefore must use indirect evidence.
females because they are larger than males and have higlserface lipids provide the primary barrier to cuticular
metabolic rates. In most cases, {&s released continuously, transpiration, so differences in the composition or amounts of
with no evidence of spiracular control. A striking exceptionthese should affect rates of water loss. Lipid melting points
was provided by the two cactophilic species examined{Tm) provide one indicator of water-proofing ability, as solid-
Drosophila arizonaeand D. mojavensisApproximately 90% phase lipids are less permeable than melted ones (Rourke and
of individuals from both species often releasec, @Ocyclic  Gibbs, 1999). Thus, one would predict an inverse relationship
bursts (Fig. 10). Although we observed periods of cyclie CObetween water loss arffeh. Structural differences that increase
release in other species, these were relatively rare and brigh, such as longer chain lengths and reduced unsaturation or
(Table 2). methylbranching, should also be more prevalent in desert
The pattern of cyclic ventilation also appeared to differspecies.
between mesic and cactophilic species. In mesic species,Our GC analyses (Table 1), in combination with literature
metabolic rates during cyclic and aperiodic periods werelata on HC composition (Table 3), indicate no consistent
similar for a given individual. By contrast, cyclic ventilation relationship between chain length and habitat. Cactophilic and
in cactophilic Drosophila was associated with a marked mycophilic members of the subgenus Drosophila had the
increase in metabolic rate (Fig. 10A). Direct observationsongest-chain surface lipids (29-39 carbons), despite living in
indicated that cyclic release occurred only when desert flidsabitats that are the most distinct from each other. Other
were active, whereas no such pattern was apparent for mesiembers of Drosophila, and all members of the subgenus
species. It should be noted that @lease never fell to zero, Sophophora, had relatively short-chain surface lipids (23-33
suggesting that the spiracles were never completely closed carbons). Thus, phylogeny was a major factor affecting HC
that at least one remained open at all times. Individuals fromomposition.
all species were observed to switch back and forth betweenChain lengths are not the only factors determining HC
cyclic and acyclic C@release. melting points; indeed, unsaturation and methylbranching have
much greater effects ofim (Gibbs and Pomonis, 1995). We
did not perform detailed analyses of HC composition but were
Discussion able to measurém values in species from a variety of habitats
Desert organisms can survive desiccating conditions bgTable 1). Lipids of species in the subgenus Drosophila,
one or more of three mechanisms: water storage, waténcluding mycophilic species from cool moist forests, had
conservation and dehydration tolerand@rosophila from  longer chain lengths and melted above 32°C. By contrast,
different habitats have similar water contents and are equalophophorans generally had short-chain, TomHCs. Neither
tolerant of low water content (van Herrewege and David, 1997Fm nor lipid amounts were correlated with habitat or water-loss
Gibbs and Matzkin, 2001). Thus, cactophilic species are momates. It must be noted, however, that cuticular HCs also have
resistant to desiccation than are mesic species solely becaasesecond important function as contact sex-recognition
they lose water less rapidly. pheromones (Antony and Jallon, 1982; Markow and Toolson,
A potential confounding factor in our experiments is1990; Tompkins et al., 1993; Nemoto et al., 1994). Selection
adaptation to laboratory culture. The stress resistance &r reproductive success may have limited the evolution of
Drosophilapopulations may change over time (Hoffmann etbetter cuticular waterproofing.
al., 2001) as a result of drift or relaxed selection. In our case, In summary, none of the expected relationships between
we performed most of our experiments within 2-3years ofvater-loss rates and cuticular lipids was detected. Similar
collection, when the populations would have had little time ta@onclusions have been obtained using thermally accliniated
change. We also note that, even after 15years in culture, thejavensis (Gibbs et al., 1998) and desiccation-selected
cactophilic specieBrosophila navojoaemains more resistant populations oD. melanogaste(Gibbs et al., 1997). Although
to desiccation than non-cactophilic species (Gibbs antipid analyses can provide only an indirect indication, desert
Matzkin, 2001). Thus, differences between mesic and xeriDbrosophila did not appear to have reduced cuticular
species appear to be robust. permeability relative to mesic species. This is not to say that
Drosophila lose water by three major routes (excretion,cuticular transpiration was a minor component of the flies’
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Table 3.Literature data for cuticular lipids dbrosophila also be able to regulate spiracular opening. Water-loss rates
species will remain high if the spiracles are open continuously, no

Chain matter how low the metabolic rate is. Unfortunately, spiracular

Taxon length References regulation has been studied in only a limited set of species

(Lighton, 1996). Several studies have compared water-loss
rates when the spiracles are open and when they are closed.
Respiratory water loss typically accounts for <10% of total

Subgenus Sophophora
Melanogaster subgroup

m::zggggzg ;g:gg 123 losses .(Quir'ﬂan and Hadley, 1993_; Williams and Bradley,
Subgroup (7 species) 1998), implying that cuticular transpiration must be the major
erecta 23-33 4 loss route.
Ananassae subgroup Other authors have argued that the relative importance of
pallidosa 27-33 5 respiratory water loss is greater in xeric species because of
Obscura group greatly reduced cuticular permeability (Lighton et al., 1993;
persimilis 25-27 6 Zachariassen, 1996). Thus, a correlation between metabolic
pseudoobscura 25-31 6-9 rate and water loss may be observed only in insects from arid
Subgenus Drosophila environments, even when their metabolic rates are similar to
Repleta group those of mesic species (Zachariassen et al., 1987; Addo-
arizonae 29-37 10,11 Bediako et al., 2001). One difference between this work and
mettleri 29-37 10 ours is that ouDrosophila species spanned only a fivefold
mojavensis 29-37 10-12 range in body size, whereas Zachariassen et al. (1987) studied
nigrospiracula 21317 10 beetles differing by more than two orders of magnitude, and
Nannoptera group Addo-Bediako et al. (2001) used literature data spanning an
pachea 2931 10 even larger size range. We were therefore limited to a relatively
Virilis group . .
virilis 21-31 13 narrow range of metabolic rates, which would have reduced
11 species 21-31 14 our ability to detect ha.bitat—related differences. .
Hawaiian picture-winged Another important difference between our experiments and
species previous work is that we used groups of flies and were unable
adiastola 23-30 15 to control for activity. We measured metabolic rates 2-5 h after
peniculipedis 21-27 15 flies had been placed in their respirometry chambers, at a time
setoimentum 21-27 15 when cactophilic species tended to be much less active (Fig. 9).

Our observations of individual flies suggested that metabolic

Members of the Repleta and Nannoptera groups are cactophiligytes increased more than twofold as a result of activity
other species are from mesic habitats. Fig. 10). Thus, differences in locomotor activity can fully
References: 1, Jackson et al. (1981); 2, Antony and Jallon (1982

3, Schaner et al. (1989); 4, Jallon and David (1987); 5, Nemoto et apcount for inter-spe.,'cif'ic differences i.n metabolic rates, and
(1994); 6, Noor and Coyne (1996): 7, Toolson (1982); 8, Blomquisgreater tracheal yentllatlon could have mpregsed .vvater.loss._ By
et al. (1985): 9, Toolson and Kuper-Simbron (1989); 10, Markowcontrast, Zachariassen et al. (1987) studied individual, mlactlve
and Toolson (1990); 11, Stennett and Etges (1997); 12, Toolson et Reetles, and most of the studies surveyed by Addo-Bediako et
(1990); 13, Jackson and Bartelt (1986); 14, Bartelt et al. (1986); 18. (2001) measured standard (resting) metabolic rates, so that
Tompkins et al. (1993). activity-related water loss should not have been a factor.
Selection experiments have suggested that reduced
locomotor activity and metabolic rate contribute to desiccation
water budgets, only that it did not differ in any systematiaesistance (Hoffmann and Parsons, 1993). Direct
manner among species from arid and mesic habitats. Byeasurements from individu&rosophila reveal that total
elimination, the main mechanism by which desert fruitfliesvater loss more than doubles as a consequence of tracheal
have reduced total water loss must have been by loweringntilation during flight (Lehmann et al., 2000; Lehmann,

respiratory losses through the spiracles. 2001). Thus, respiratory losses may be very high in active flies.
o Unfortunately, water loss from individual flies in our
Respiration and water loss experiments was so low that we could not measure it reliably

The significance of respiratory water loss in insects haagainst the background noise and drift in our respirometry
become controversial in recent years (Hadley, 1994b; Lightorsystem. In some cases, we noted that flies appeared to lose
1996; Slama, 1999; Chown, 2002). Comparative studies haweater more rapidly when they became active, but we were
found a positive correlation between metabolic rates and watemnable to quantify the increase with any confidence. Carbon
loss rates in xeric, but not mesic, species (Zachariassen et alioxide readings never reached zero, indicating that at least one
1987; Addo-Bediako et al., 2001). Reducing metabolic ratespiracle remained open at all times, which would also reduce
will help to conserve water by reducing the need for gasur ability to distinguish respiratory losses. Thus, we were
exchange, but this is not a sufficient condition; insects musinable to reliably detect increases in water loss caused by
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spiracular opening and therefore could not determine whetheurando, C. M., Baker, R. H., Etges, W. J., Heed, W. B., Wasserman, M.

water loss from individual flies increased significantly when and DeSalle, R(2000). Phylogenetic analysis of trepletaspecies group
. of the genu®rosophilausing multiple sources of characteviol. Phylog.
they became active. Evol. 16. 296-307.

We note that the cyclic COelease we observed in desert Eckstrand, I. A. and Richardson, R. H.(1980). Comparison of some water

Drosophilarepresents an unusual ventilatory pattern in insects. balance characteristics in sevebabsophilaspecies which differ in habitat.
Environ. Entomol9, 716-720.

DISCOOtII’]UOUS gas ?XChange _m other species gem_':'ra"y OCCl&strand, 1. A. and Richardson, R. H.(1981). Relationships between water
when insects are quiescent (Lighton, 1996). The spiracles closealance properties and habitat characteristics in the sibling Hawaiian

completely on each cycle, as indicated by the cessation of C drosophilids,D. mimicaandD. kambysellisiOecologia50, 337-341.
P y y y » -elsenstein, J.(1985). Phylogenies and the comparative metiod. Nat.

release. Carbon dioxide release in our experiments was cycliCyg 115
but continuous. In addition, the minimal rate of O@lease Garland, T., Harvey, P. H. and Ives, A. R.(1992). Procedures for the

during cyclic ventilation was often greater than that observed analysi_s of comparative data using phylogenetically independent contrasts.
Syst. Biol41, 18-32.

in inactive flies (Fig. 10). In these cases, cyclicoG€lease  gipps, A. G., Chippindale, A. K. and Rose, M. R(1997). Physiological
may reflect abdominal pumping to aid convective gas exchangemechanisms of evolved desiccation resistandrasophila melanogaster

; e i g . J. Exp. Biol.200, 1821-1832.
and oxygen dellvery when demand is hlgh (WeIS FOgh’ 196 ibbs, A. and Crowe, J. H.(1991). Intra-individual variation in cuticular

Lehmann, 2001). lipids studied using Fourier transform infrared spectroscdpylnsect
Physiol.37, 743-748.
Summary Gibbs, A. G., Louie, A. K. and Ayala, J. A.(1998). Effects of temperature

. . " . on cuticular lipids and water balance in a des§edsophila is thermal
Water conservation is critical to the ecological success of a¢climation beneficiald. Exp. Biol.201, 71-80.

desertDrosophila We have been able to exclude one route foGibbs, A. G. and Markow, T. A. (2001). Effects of age on water balance in

_ R ; DrosophilaspeciesPhysiol. Biochem. Zoo¥4, 520-530.
water loss — excretion — as a major component of overall wat ribbs, A. G. and Matzkin, L. M. (2001). Evolution of water balance in the

balance. We were unable to distinguish between cuticular genusprosophila J. Exp. Biol.204, 2331-2338.
transpiration and respiration as well as we would like, So ougibbs, A. and Pomonis, J. G(1995). Physical properties of insect cuticular

; ; ; ; hydrocarbons: the effects of chain length, methyl-branching and
conclusions regarding these remain tentative. None of theunsaturationoomp_ Biochem. Physiol. BL2 243-249.

expected differences in cuticular lipids was detected, whereaggiey, N. F.(1994a) Water Relations of Terrestrial Arthropadan Diego:
three parameters associated with respiratory water lossAcademic Press.

; i ; ; Hadley, N. F.(1994b). Ventilatory patterns and respiratory transpiration in
(metabolic rate, activity and spiracular control) differed adult terrestrial insect®hysiol, 200167, 175-189.

between desert and mesic species. Thus, the overall evidenggjey, N. F., Ahearn, G. A. and Howarth, F. G.(1981). Water and
indicates that deseltrosophilaconserve water by reducing its ~ metabolic relations of cave-adapted and epigean lycosid spiders in Hawaii.

J. Arachnol.9, 215-222.
loss from the tracheal system. Hadley, N. F. and Schultz, T. D(1987). Water loss in three species of tiger
beetles Cicindelg: correlations with epicuticular hydrocarbords.Insect
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