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ABSTRACT

Field~ollected Drosophila melanogaster from 19 populations in Eastern Australia were measured for
body size traits, and the measurements were compared with similar ones on flies from the same popula-
tions reared under standard laboratory conditions. Wild caught flies were smaller, and latitudinal trends
in size were greater. Reduced size was caused by fewer cells in the wing, and the steeper cline by greater
variation in cell area. The reduction in size in field-collected flies may therefore have been caused by
reduced nutrition, and the steeper cline may have been caused by an environmental response to latitudi-
nal variation in temperature. No evidence was found for evolution of size traits in response to laboratory
culture. The magnitude of phenotypic plasticity in response to temperature of development time, body
size, cell size and cell number was examined for six of the populations, to test for latitudinal variation
in plasticity. All characters were plastic in response to temperature. Total development time showed no
significant latitudinal variation in plasticity, although larval development time showed a marginally
significant effect, with most latitudinal variation at intermediate rearing temperatures. Neither thorax
length nor wing size and its cellular components showed significant latitudinal variation in plasticity.

EPLICATED latitudinal clines are of evolutionary
interest, because they indicate that natural selec-
tion is responsible (ENDLER 1977). They can therefore
reveal both how natural selection acts on the traits and
help identify mechanisms maintaining genetic variation
for them. They are also important arenas in which to
study the roles of genetic and environmental variation
and the interactions between them in producing varia-
tion in phenotypes. In the present study we have exam-
ined the role of phenotypic plasticity in response to
temperature in a latitudinal cline for development time
and body size in Drosophila melanogasier. Our aim was to
understand the role of plasticity in body size in the
phenotypic expression of the cline in nature and the
evolution of plasticity in the cline.

Experiments in which representatives of different
populations are reared under standard laboratory con-
ditions have revealed genetic clines in body size of D.
melanogaster from western Europe and Africa (Capy et
al. 1993), eastern Europe and central Asia (IMASHEVA
et al. 1994), North America (COYNE and BEECHAM 1987;
Capy et al. 1993), South America (VAN'T LAND et al.
1995) and Australia (JAMES et al. 1995), with genetically
larger flies at higher latitudes (but see LONG and SINGH
1995; WORTHEN 1996). Similar size clines have been
found in other Drosophila species (STALKER and CAR-
SON 1947; PREVOSTI 1955; MiSRA and REEVE 1964; DAVID
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and BoOCQUET 1975; PEGUEROLES et al. 1995; but see
SOKOLOFF 1965, 1966), houseflies (BRyaNT 1977),
honey bees (ALPATOV 1929), a copepod (LONSDALE and
LEVINTON 1985b) and the Atlantic Silverside (CONOVER
and PRESENT 1990) and Wood Frogs (RIHA and BERVEN
1991). Another character, larval development time, has
been reported to show a latitudinal cline in D. melano-
gaster from Australia, with more rapid development in
flies collected at higher latitudinal regions (JAMES and
PARTRIDGE 1995). More rapid development has also
been shown in populations from higher latitudes or
altitudes in water striders (BLANCKENHORN and FAIR-
BAIRN 1995), a copepod (LONSDALE and LEVINTON
1985a,b), the Atlantic Silverside (CONOVER and PRES-
ENT 1990, PRESENT and CONOVER 1992) and in both
Green and Wood Frogs (BERVEN et al. 1979; BERVEN
1982; RIHA and BERVEN 1991). In D. melanogaster, body
size and development time were not strongly associated
between populations (JAMES et al. 1995), arguing that
different genes are responsible for geographic variation
in these characters.

The repeatability of latitudinal clines in different con-
tinents in D. melanogaster suggests that natural selection,
rather than genetic drift, is responsible for their occur-
rence. It is likely that temperature is an important selec-
tive agent. Studies of laboratory evolution in response
to constant temperatures in D. pseudoobscura (ANDERSON
1966, 1973) and in D. melanogaster (CAVICCHI et al. 1978,
1985; HUEY et al. 1991; PARTRIDGE e al. 1994a,b; JAMES
and PARTRIDGE 1995) found that more rapid larval de-
velopment to larger adult body size evolved in popula-
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tions that were held at lower temperatures for many
generations in the laboratory.

Temperature also has direct environmental effects
on body size and development time in Drosophila and
other ectotherms. In general, growth at lower experi-
mental temperature results in slower development to
larger adult size (ATKINSON 1994). The evolutionary
and environmental effects of temperature therefore re-
inforce one another for body size but oppose one an-
other for development time. The mechanisms underly-
ing these evolutionary and environmental effects of
temperature are obscure (PARTRIDGE and FRENCH
1996), although the repeatability of the evolutionary
effects suggests that they are adaptive. It has not been
established if the patterns of phenotypic plasticity for
these traits in response to temperature are adaptive.

The persistence of latitudinal variation in D. melano-
gaster reared under standard conditions indicates that
the clines seen in nature have a genetic basis. However,
the contributions of genetic variation, environmental
variation and gene by environment interaction to the
production of phenotypic clines in nature has rarely
been examined. A study of latitudinal variation in wing
length in D. melanogaster (COYNE and BEECHAM 1987)
found a steeper cline for the trait in flies reared in the
laboratory at three different temperatures than in the
flies collected from nature. This finding suggests that
the environmental and genetic effects of latitudinal
variation in temperature on body size were swamped
by other sources of environmental variation. However,
these populations were collected in different years and
seasons, which could result in much greater environ-
mental heterogeneity than would be present in the
cline at a single time.

Plasticity of development time can change as a result
of evolution at constant temperatures, with high-tem-
perature populations showing greater plasticity (HUEY
et al. 1991; PARTRIDGE et al. 1994b; JAMES and PARTRIDGE
1995), indicating both the presence of genetic variation
for plasticity and natural selection for it. Phenotypic
plasticity of body size in response to temperature in D.
melanogaster is heritable (SCHEINER and LyMAN 1989)
and responds to artificial selection (SCHEINER and Ly-
MAN 1991) but did not respond to thermal selection in
the laboratory (PARTRIDGE ef al. 1994a). Variation in
plasticity with latitude could contribute to latitudinal
variation in these traits in nature. ETGES (1989) found
significant genotype by environment interactions in
egg-to-adult development time and age at first repro-
duction when he raised D. robusta from populations
that had originated from different altitudes at different
temperatures, but no altitudinal trends in plasticity
were reported. In 10 geographic lines of D. melanogaster
CoYNE and BEECHAM (1987) found phenotypic plastic-
ity with rearing temperature for wing length, but no
latitudinal trend.

In the present study we collected adults in the field
at 19 sites along the coast of eastern Australia, all in

the same month of the same year (JAMES et al. 1995).
We measured them for size traits (thorax length, wing
area, cell area and cell number in the wing). Flies from
these populations had previously been scored for these
traits when reared under standard laboratory condi-
tions (JAMES ef al. 1995). Latitudinal variation in size in
D. melanogaster, as measured in the wing and at a single
temperature, is caused mainly by variation in cell num-
ber, although cell size partly contributes to the differ-
ences (JAMES et al. 1995). In contrast, plasticity in re-
sponse to temperature is produced mainly by changes
in cell size (ALPATOV 1930; ROBERTSON 1959; DELCOUR
and LINTS 1966; Masry and ROBERTSON 1979; PAR-
TRIDGE et al. 1994a). Larval crowding and poor nutrition
reduce size via a reduction in both cell number and
cell size (ROBERTSON 1959). In the present study we
compared the patterns of clinal variation in cell size
and cell number in wild caught flies with those of flies
from the same populations reared under standard con-
ditions. The aim was to determine the role of environ-
mental variation in general and of variation in tempera-
ture in particular in the phenotypic expression of the
size cline in nature. To test for latitudinal variation in
plasticity, we examined three pairs of populations col-
lected at high, medium and low latitudes along the cline
and examined their phenotypic plasticity in response to
temperature for development time and wing area. We
also measured the contributions of cell size and cell
number to variation between populations in plasticity
of wing size in response to temperature.

MATERIALS AND METHODS

Geographic lines: D. melanogaster from 20 sites over a 2600-
km latitudinal transect along the east coast of Australia were
collected in February 1993 and have been maintained since
as population cage cultures initiated with the offspring (25
individuals per sex) of each of 30 isofemale lines from each
site. The cages were initially kept at 16.5°, and after ~1 yr
were transferred to 18°. The transect has been described in
detail elsewhere (JAMES and PARTRIDGE 1995; JAMES et al.
1995).

Field collected flies: Flies collected at 19 of the field sites
were preserved in alcohol [from all original sites except both
sexes from a Tasmanian site (FT) and males from a Queens-
land site (IN), which were lost]. Measurements of thorax
lengths were conducted on 25 individuals of each sex. Wing
area, cell area and cell number were measured on 10 males
and 10 females per site.

Laboratory adaptation: To check for evolution of the popu-
lations after their introduction to laboratory culture, the mea-
surements of size traits for the six populations examined in
the present study after 2 yr in laboratory culture (see below)
were compared with similar measurements made 9 mo after
introduction to the laboratory (JAMES et al. 1995). Thorax
length was also measured after 7 mo in the laboratory, and
all possible combinations of time intervals were compared for
this trait.

Phenotypic plasticity: These experiments were conducted
~2 yr after the flies were collected (<20 generations). We
worked with a subset of the lines, two replicate sites from
three latitudinal regions: (1) tropical Queensland (MO and
IN, 16°53’S), (2) intermediate sites (GL, 25°33’S and BH,
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27°57'S) and (3) temperate Tasmania (FT, 41°11'S and RN,
42°53'S). These sites were chosen because they covered the
full latitudinal range and were representative of the geo-
graphic differentiation for larval development time and body
size (JAMES and PARTRIDGE 1995; JAMES et al. 1995). We reared
flies from each line for two generations at 14, 18, 21, 25 and
29° (these temperatures span the range of viability and fertility
of this species; DAVID ¢t al. 1983). Eggs were collected from
each population cage in yeasted bottles of food medium to
produce uncrowded cultures and were transferred to the ex-
perimental temperature. Eclosing adults were transferred to
“laying pots”’ containing a yeasted medium of grape juice
and agar, allowed to acclimate to their new environment,
given a pre-lay period to oviposit any retained eggs and then
given fresh laying pots to lay the eggs that would hatch to
give the experimental animals. Timing was adjusted to com-
pensate for slower life-history processes at lower temperatures.
Four 8-hr egg collection periods were used for the 14° experi-
ment, two 4-hr collection periods were used in the 18° experi-
ment, two 3.5-hr collection periods were used in the 21° and
the 25° experiment and four 2-hr lays were used in the 29°
experiment. Upon hatching, first instar larvae were trans-
ferred into yeasted vials of medium, 30 larvae per vial and 20
vials per site. Times of pupariation and eclosion were re-
corded. After eclosion, four males and four females from each
replicate vial were randomly selected and one of their wings
was used to measure wing area and cell area. From each of
five vials per line and temperature, four males and four fe-
males were randomly selected and their thorax length was
measured.

Measurements: Times of pupariation and eclosion were re-
corded, adjusting timing for the effects of experimental tem-
perature. Vials were checked every 24 hr at 14°, every 12 hr
at 18°, every 8 hr at 21 and 25° and every 6 hr at 29°. Larval
development periods were estimated by subtracting the mid-
point of egg lay from the average time of pupariation for each
vial (as larvae were not sexed, sexes were combined). Pupal
periods were calculated as the difference between average
time of pupariation and average time of eclosion in each
vial for each sex. Egg-to-eclosion times were determined by
subtracting the midpoint of the egg lay from the average
eclosion time in each vial for each sex.

Thorax length was measured to the nearest 0.02 mm with
an eyepiece graticule under a dissection microscope at X25
magnification, as the distance from the base of the most ante-
rior humeral bristle to the posterior tip of the scutellum on
the left side. Wings to be measured were fixed in propanol
and mounted in Aquamount on a microscope slide. Wing area
was measured using a camera lucida attached to a dissecting
microscope at X50 magnification, by tracing the outlines on
a Quora graphics tablet connected to a Macintosh computer.
Trichomes, in a standard 0.01 mm?® area of the same wings
(in the posterior medial cell, equidistant from the fourth lon-
gitudinal vein, the posterior cross vein and the fifth longitudi-
nal vein), were individually marked on a piece of paper, using
a compound microscope at X400 magnification with a camera
lucida attachment, and counted. Average cell area was calcu-
lated by dividing 0.01 mm?® by the trichome count, and an
index of the total number of cells in the wing was calculated
by dividing the area of the wing by cell area. Although cell area
varies throughout the wing, the changes in distinct regions in
response to evolutionary and environmental temperature are
concordant (DELCOUR and LINTS 1966; PARTRIDGE et al.
1994a), so using an index of total cell number based on one
region is legitimate. Wing size traits were then linearized by
taking their square root.

Statistical analyses: To compare latitudinal variation in the
size characters (thorax length, wing area, cell area and cell
number) of the field-caught and laboratory-reared flies, analy-

sis of covariance for the effects of rearing environment (field
collected or laboratory raised, discrete), latitude (continuous)
and sex (discrete) as fixed main effects, were used. Since we
were interested in differences in elevation only within the
latitudes that we examined, centered latitudes were used in
the analysis of covariance. This is the residual of the latitudes
and thus tests if the differences occur within our transect
rather than projecting the means to the intercept of latitude
0. To ensure proper comparison, laboratory data correspond-
ing to those samples for which there were no field data were
dropped from the analysis.

To test the possibility of evolution of size traits of the lines
while in captivity analysis of covariance with rearing environ-
ment (time of measurement, discrete) and latitude (continu-
ous) as fixed main effects were performed on thorax length,
wing area, cell area and cell number (by sex).

In the phenotypic plasticity study variances among experi-
mental temperatures were significantly heterogeneous for sev-
eral traits (Levene’s test: preadult development time in both
sexes, P < 0.01; larval period and pupal period in males, P <
0.001; cell size in males, P < 0.025). The among-environment
heteroscedasticity was eliminated for all traits by transforma-
tion following DUTILLEUL and PoTviN (1995, equation 6).
This approach eliminates between-environment heteroscedas-
ticity without changing the ranking of trait values across geno-
types. Four of five cases showing significant heterogeneity of
variances between environments produced different signifi-
cance levels of results when analyzed on transformed and
untransformed data. No such disparity occurred in homo-
scedastic characters. The residuals from the analyses of vari-
ance for all transformed traits were normally distributed (Sha-
piro-Wilk Wtest, P > 0.05).

To select a method of analysis of the plasticity data power
analyses were performed on a variety of different statistical
models [analyses of variance (ANOVAs), orthogonal polyno-
mials and regressions] to determine which model produced
the best fit. We set the significance level («) to 0.05 and the
power (¢) to 0.80, and used the square root of the mean
square error from the data (o) to define the variation within
the data for each character. Given these parameters the raw
effect size (8) was found. To compare the models the ratio
of ¢:6 was calculated. This ratio measures the amount of vari-
ance the particular model is sensitive to (a number less than
one means the model is sensitive to the variance in the data
set, while a number greater than one means it is not).

Repeated-measures ANOVA, with temperature and latitude
as crossed fixed effects and site as a random effect nested
within latitude, had the highest power. For example, in de-
tecting the temperature by latitude interaction in larval devel-
opment time, the o:6 ratios for linear and quadratic regres-
sions were both 1.64, while they were 1.06 for the ANOVA
model. Analysis that ordered the environments (e.g., regres-
sions and orthogonal polynomial) did not add information
to the temperature, latitude by temperature or site within
latitude results. In some cases ordering environments did de-
tect clinal variation in a trait that the ANOVA analysis was
not sensitive to. In these cases, the results of orthogonal poly-
nomial analysis, with temperature to the forth polynomial,
latitude to the quadratic polynomial and sites nested with
latitude as a random effect are reported in the text.

To investigate the cellular basis of variation in wing area
we followed a regression approach developed by ROBERTSON
(1959) and STEVENSON et al. (1995). If cell area determines
all the variation in wing area then the regression of log (/cell
area) on log ( jwing area) will have a slope of one; reciprocally,
if the wing area variation is completely based on cell number,
then that slope should be zero. Therefore, the slope of the
regression of log ( Jcell area) on log ( jwing area) indicates the
relative contribution of cell area to changes in wing area. To
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TABLE 1

Analyses of covariance for body size characters of field collected and laboratory-reared (18°) flies

Character Source of variation MS F P
Thorax length RE 7084.990 20990.110 Hokk
Latitude 13.800 40.890 *kk
Sex 32.900 97.474 *okk
RE X latitude 13.210 39.137 *kk
RE X sex 26.990 79.970 Hoksk
Latitude X sex 0.173 0.511 NS
RE X latitude X sex 0.177 0.526 NS
JyWing area RE 0.610 588.808 ook
Latitude 0.177 171.851 *ok
Sex 0.382 369.050 *kx
RE X latitude 0.029 27.654 *okk
RE X sex 0.000 0.023 NS
Latitude X sex 0.002 1.466 NS
RE X latitude X sex 0.002 1.505 NS
JCell area RE 0.190 5.156 *
Latitude 2.795 75.738 *kk
Sex 19.439 526.670 * Ak
RE X latitude 1.322 35.825 Kok
RE X sex 0.155 3.104 NS
Latitude X sex 0.222 6.013 *
RE X latitude X sex 0.083 2.246 NS
JCell number RE 3.212 824.226 ook
Latitude 0.439 112.505 ok
Sex 0.221 56.589 Kok
RE X latitude 0.255 6.549 *
RE X sex 0.001 0.167 NS
Latitude X sex 0.004 0.002 NS
RE X latitude X sex 0.005 1.138 NS

RE, rearing environment; MS, mean squares; NS, not significant. P < 0.05; * P < 0.05; ** P < 0.01; *** P

< 0.001.

determine the cellular basis of plasticity with temperature
and of variation among sites in wing area, we did analyses of
covariance on log (/cell area) with main effects of site and
temperature and log (Jwing area) as the covariate, using the
line means at each temperature. Sexes were analyzed sepa-
rately.

All the analyses were done using the JMP package version
3.1 for the Macintosh (SAS 1994).

RESULTS

Geographical variation of body size in the field: Lat-
itudinal variation in body size, cell area and cell number
in field-caught flies was compared with measurements
on the same lines with standard laboratory rearing at
18° by JAMES et al. (1995) and in the present study (Fig-
ure 1, Table 1). The flies collected in the field had
smaller thoraxes and wings than the laboratory-reared
flies, and their wings had fewer cells. All traits increased
significantly with latitude. The slopes of the lines were
steeper for the field-collected flies for all traits, al-
though only marginally so for cell number. Cell area

contributed significantly more to the wing area field
cline, relative to the laboratoryreared flies, than did
cell number (Figure 1, Table 1).

Laboratory adaptation: Analysis of covariance of the
size traits for the six populations measured in the pres-
ent study and at earlier stages in their laboratory culture
revealed no temporal trends; neither the mean of the
characters nor the interaction between rearing environ-
ment and latitude showed any evidence of change (P
> 0.2 for the effects of time and the interaction of
latitude with time for all characters).

Phenotypic plasticity of development time: Variation
in development time components between experimen-
tal temperatures was high (explaining >99.9% of the
variance in each trait) and far exceeded variation be-
tween sites (Table 2). Larvae that were raised in hotter
environments pupariated sooner and had shorter pupal
periods, resulting in faster preadult development time
for both males and females. Flies from different latitudi-
nal regions did not show significant differences in devel-

FIGURE 1.—Latitudinal clines of body size characters in nature and with standard laboratory rearing (linear regression lines
on genetic clines and means with 95% confidence limits). All data points are shown, although only data present in all data sets
being compared were used in analysis. (A) Thorax length, females. (B) Wing area, females. (C) Cell area, females. (D) Cell
number, females. (E) Thorax length, males. (F) Wing area, males. (G) Cell area, males. (H) Cell number, males. X, wild caught
flies; [, laboratory reared after 7 mo captivity; O, laboratory reared after 9 mo captivity; @, laboratory reared after 2 yr captivity.






