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Abstract
Body size of diverse ectotherms is inversely related to developmental temperature in the laboratory. We
monitored seasonal variation in wing length of two populations (Oregon, Washington) of D. subobscura, which was
introduced in the Paci®c Northwest in the late 1970s. Wing length varied seasonally and was shortest in summer. In
Washington, however, wing length was longest in spring, not winter. Wing length was inversely and curvilinearly
related to mean ambient temperature, as in a few previous studies of drosophilids. Mid-winter D. subobscura might
not be the largest either because extremely low temperatures depress size or because ¯ies collected in winter were in
fact born the previous autumn, when developmental temperatures were more moderate. 7 2000 Elsevier Science
Ltd. All rights reserved.
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1. Introduction
Reaction norms (Schmalhausen, 1949) that map
adult body size on developmental temperatures are
remarkably consistent in shape for diverse ectotherms:
speci®cally, adult body size of laboratory reared individuals is almost always inversely related to developmental temperature (Atkinson, 1994, 1996). Wing
length of Drosophila subobscura exempli®es this pattern
[Fig. 1(A), from Moreteau et al., 1997] see also (David
et al., 1983; Economos and Lints, 1986; Starmer,
1989); and size is largest in ¯ies that were raised at low
Ð though not the lowest Ð temperatures. The near
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universality of the inverse relationship for size versus
temperature has recently attracted considerable attention (e.g. Atkinson, 1994, 1996; Berrigan and Charnov,
1994; Partridge and French, 1996; van der Have and
de Jong, 1996), and both adaptive and non-adaptive
explanations of the pattern have been proposed
(reviewed in Atkinson and Sibly, 1997).
If reaction norms in the laboratory for size vs temperature predict size±temperature relationships in
nature, then the body size of ectotherms (at least,
those with multiple generations per year) in nature
should vary inversely with seasonal environmental temperature (Atkinson, 1996). Thus individuals emerging
in cool seasons should generally be larger than conspeci®cs emerging in warmer seasons. Of course, many environmental factors (e.g. crowding, nutrition, parental
thermoregulation) vary seasonally and also in¯uence
body size in nature (Atkinson, 1979; David et al.,
1983; Jones et al., 1987; Thomas, 1993; Gibert et al.,
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1998). Consequently, ®eld patterns of body size for
free-ranging ¯ies may not match predictions based on
laboratory studies (Thomas, 1993).
Here we address the question of whether wing size
of Drosophila subobscura varies seasonally with tem-

perature. A few previous studies of Drosophila spp
generally support an inverse relationship between
ambient temperature and body size in nature (Tantawy, 1964; Krimbas, 1967; Atkinson, 1979; Thomas,
1993; Junge-Berberovic, 1996), though in¯uences of

Fig. 1. (A) Mean wing length (mm) of female (open symbols) and of male (solid symbols) Drosophila subobscura that developed at
dierent (constant) temperature (redrawn from Moreteau et al., 1997). Superimposed are second-order polynomial regressions.
Note that these lengths are for the entire wing, not just the length of the L3 vein (as per Fig. 2, below). Data courtesy of B. Moreteau and J.R. David (personal communication). (B) Mean wing-vein length (mm 2 1 SE, length of L3) of female and of male D.
subobscura from Bellingham (open symbols) and from Salem (sold symbols) versus mean daily temperature during the preceding
month. Superimposed are second-order polynomial regressions, ®tted separately for each locality and sex.
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density and nutrition on size are also indicated (Atkinson, 1979; Thomas, 1993).
We examined seasonal (summer through winter)
variation in wing size in two populations (Bellingham,
WA and Salem, OR) of D. subobscura from the Paci®c
Northwest and searched for patterns of co-variation in
wing size with average ambient temperature. Wing size
of D. subobscura is inversely related to temperature in
the laboratory, except at extreme low temperature
[Fig. 1(A), Moreteau et al., 1997]. Consequently, if environmental temperature is a key determinant of body
size in nature, then ¯ies captured in winter should be
much larger than ¯ies captured in the summer. Moreover, Washington ¯ies (higher latitude, cooler temperature) should be larger than Oregon ¯ies at the same
season.
Drosophila subobscura, which is widely distributed in
Europe, was accidentally introduced into both North
and South America in the late 1970s (Brncic et al.,
1981; Beckenbach and Prevosti, 1986). The invading
¯ies spread rapidly on both continents, and populations within continents became genetically subdivided
soon after the introductions (Ayala et al., 1989; Brncic,
1995). The invasions have been very successful. In fact,
D. subobscura is often the most abundant Drosophila
at high latitudes in the New World (Pascual et al.,
1993; Brncic, 1995), where it is active throughout the
year during good weather. Laboratory reaction norms
for D. subobscura [Fig. 1(A), Moreteau et al., 1997] are
known, but the seasonal variation in size for this
species has been published only in Switzerland between
May and September (Junge-Berberovic, 1996) and in
Greece for spring through fall (Krimbas, 1967). In
only two decades since the introduction, the North
American populations have evolved a latitudinal cline
in wing size that is remarkably similar to that of the
native European populations (Huey et al., submitted).
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subobscura ) from each locality. All were correctly
identi®ed. One wing from each of 20 males and 20
females from each ®eld sample was mounted on a
slide. A video camera attached to a photo-microscope
and digitizer was used to view and measure the wings
(lengths were calibrated against a micrometer). The
length of the third longitudinal vein served as an index
of wing size (Partridge et al., 1987). Seasonal size data
(sexes averaged) on D. melanogaster and on D. simulans in Alexandria, Egypt were obtained from Tantawy
(1964), which did not specify how wing length was
measured. Laboratory reaction norms for an Old
World population of D. subobscura are from Moreteau
et al. (1997). These latter measurements are based on
the full length of the wing (from insertion to tip), and
are thus longer than those we took.
The actual developmental temperatures experienced
by D. subobscura in nature in dierent seasons are
unknown. However, we obtained an index of ambient

2. Materials and methods
To analyze the body size of D. subobscura, we collected ten ®eld samples [six from Salem, OR (44855 'N)
and four from Bellingham, WA (48846 'N)] at dierent
times of the year between June 1995 and February
1997. (Note: ¯ies were intentionally sampled over
dierent years.) Baits (bananas with yeast) were placed
in second growth forests in Salem (Bush's Pasture
Park) and in Bellingham (Sehome Arboretum, Western
Washington University). Flies were collected from 10
a.m. to dusk and later identi®ed based on wing and
sex-comb characteristics (Beckenbach and Prevosti,
1986). However, because wing traits (used to identify
females) are not always diagnostic, we checked the
male progeny of 20 females (tentatively identi®ed as

Fig. 2. (A) Mean daily temperature for Bellingham, WA
(open symbols) and for Salem, OR (solid) at dierent times of
year. Mean daily temperatures were averaged for the 30 days
prior to each collection. (B) Mean wing length (mm 2 1 SE,
length of L3 vein, see Section 2) of female and of male D.
subobscura from Bellingham (open) and from Salem (solid) at
dierent times of year.
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temperatures preceding collections by examining
weather records for Bellingham and Salem for the 30day period prior to each collection. We extracted daily
mean temperatures from the NOAA weather database
at the NCDC Global Summary of Day (http://
www.ncdc.noaa.gov/pub/data/globalsod/gsod.html]A)
and then averaged for these 30-day periods. Temperature data from Tantawy (1964) were similarly based on
mean daily temperatures for the month. To describe
the relationship between wing size and temperature, we
used a second-order (orthogonal) polynomial regression (Delpuech et al., 1995) with locality and sex
as factors.

3. Results
Environmental temperatures show major seasonal
shifts both in Bellingham and Salem [Fig. 2(A)]. Overall, Bellingham, which is further north, is cooler on
average than Salem (multiple years, data not shown).
Wing lengths varied seasonally [Fig. 2(B)]. Flies at
both sites were smallest in summer. Flies from Bellingham were largest in spring (late April); and from
Salem were largest in winter (February, March), but
unfortunately no late-April sample is available.
Wing length appeared to vary with mean daily temperatures for the previous month, sex, and locality
[Fig. 1(B)]. To quantify these patterns, we ran a polynomial regression (Atkinson, 1979; Delpuech et al.,
1995) with sex and locality as factors, and with temperature as a second-order polynomial (Table 1). None
of the interactions was signi®cant, so only the main
eects were included in the ®nal analysis. Females
were much larger than males (P < 0.0001), and Bellingham ¯ies were lager than Salem ones (P < 0.0001).
The linear term for mean daily temperature was signi®cant (P < 0.0001) and strongly negative. The quadratic
term was also signi®cant (P < 0.0001); however, the

Table 1
Analysis of variance for eects of sex, locality, and temperature (second-order polynomial) on log (wing length) of D.
subobscura. Because none of the interactions was signi®cant,
only main eects are included in the analysis shown. The multiple R 2 0.4626 (P < 0.0001)
Terms

Coecient

t value

P

(Intercept)
Sex
Locality
Temperature
(linear)
(quadratic)

0.568
ÿ0.050
ÿ0.017

159.049
ÿ14.416
ÿ4.60

< 0.0001
< 0.0001
< 0.0001

ÿ0.679
ÿ0.324

ÿ9.751
ÿ4.599

< 0.0001
< 0.0001

®eld reaction norm for Bellingham was suggestive
more curvilinear than that of Salem [Fig. 1(B)], probably re¯ecting the more extreme low temperatures at
Bellingham during winter.

4. Discussion
Laboratory reaction norms for size as a function of
developmental temperature [Fig. 1(A), Moreteau et al.,
1997] suggest that body size in nature should vary seasonally and should be inversely proportional to the
seasonal temperature. Moreover, if environmental temperatures reach suciently low levels [see Fig. 1(A)],
the ®eld reaction norm can potentially be curvilinear.
In fact, body size in D. subobscura in the Paci®c
Northwest did vary seasonally [Fig. 2(B)] and was
inversely and curvilinearly related to mean daily temperature for the preceding month [Fig. 1(B), Table 1].
Laboratory reaction norms and ®eld seasonal patterns
dier somewhat in position [cf. Fig. 1(A) vs 1(B)], but
this may merely re¯ect the fact that mean daily temperatures will be rough indices of actual developmental
temperatures (Jones et al., 1987).
Body size in Old World D. subobscura has never
been measured over a full year. However, ¯ies from
Mt. Parnes, Greece are bigger in spring than in summer (Krimbas, 1967); and size in ¯ies from Switzerland
appears inversely related to ambient temperature
between May and September (Junge-Berberovic, 1996).
Although size was inversely related to environmental
temperature in our samples [Fig. 1(B)], ¯ies from Bellingham were largest in spring [Fig. 2(B)], not in winter, when environmental temperatures were lowest
[Fig. 2(A)]. We can oer three possible explanations.
First, mid-winter samples at Bellingham might have
developed at extreme low temperatures, which do produce relatively small D. subobscura in the laboratory
(see Fig. 1, Moreteau et al., 1997). Second, ¯ies collected in mid-winter might actually have developed the
previous fall, when developmental temperature would
have been much warmer. Interestingly, many of the D.
subobscura captured in Northern England in mid winter appear to have eclosed the previous autumn
(Begon, 1976); but whether this pattern holds in the
Paci®c Northwest remains to be determined. Third,
another environmental factor (e.g. crowding, nutrition,
photoperiod, thermoperiod) might have reduced body
size in winter below that expected based on environmental temperature alone (David et al., 1980; Thomas,
1993; Tables 4 and 5 in Junge-Berberovic, 1996).
Further investigations, including laboratory ``common
garden'' ones (Begon, 1976; Thomas, 1993), will be
necessary to account for the winter±spring patterns of
wing size.
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Fig. 3. (A) Mean wing length (mm) of D. melanogaster and (B) of D. simulans (sexes averaged) from Egypt vs average environmental temperature during that month, with second-order polynomial regressions. Data compiled and regressions calculated from Figs.
1 and 3 in Tantawy (1964).

Our samples are taken directly from the ®eld, and so
we have necessarily assumed that the observed seasonal variation in size is driven largely by environmental
variation. We cannot, of course, exclude the possibility
that part of the variation re¯ects a genetic response to
seasonal selection. However, ®eld heritabilities for
wing size are very low in D. subobscura (Orengo and
Prevosti, 1999), such that any genetic contribution
must be minor.
To determine whether the curvilinear relationship
(size vs ambient temperature) for D. subobscura was
unusual, we searched for previous studies of seasonal
variation in wing size of Drosophila. Atkinson (1979)
documented a signi®cant curvilinear eect for free-ranging D. melanogaster from England (53848 ') between
May and October. Tantawy (1964) published size and
temperature data for free-ranging D. melanogaster and
D. simulans from Alexandria, Egypt (31812 'N) over the
full year, and we used polynomial regressions (Delpuech et al., 1995) to reanalyze these data (Fig. 3).
Linear and quadratic terms for temperature were signi®cant (Ps < 0.001) for both species. Thus, the curvilinear pattern we found for D. subobscura from the
New World [Fig. 1(B)] may be widespread for temperate-zone Drosophila (Fig. 3; Atkinson, 1979); but
clearly more studies are needed.
Bellingham ¯ies were signi®cantly larger than Salem

¯ies, even when environmental temperatures is used as
a covariate [Fig. 1(B), Table 1]. Whether nutritional or
genetic dierences are responsible will require further
studies.
In conclusion, ®eld collections D. subobscura demonstrate that wing size is inversely but curvilinearily related to mean daily temperature. As a result, ¯ies
collected in mid-winter are large, but not necessarily
the largest ¯ies. Signi®cant curvilinear seasonal size
patterns were also detected in re-analyses of published
data for D. melanogaster and D. simulans from northern Egypt and have been previously reported for D.
melanogaster in England. The causal mechanism
underlying curvilinear ®eld reaction norms needs investigation.
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