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The introduction and rapid spread of Drosophila subobscura in the New World 
two decades ago provide an opportunity to determine the predictability and 
rate of evolution of a geographic cline. In ancestral Old World populations, wing 
length increases clinally with latitude. In North American populations, no wing 
length cline was detected one decade after the introduction. After two decades, 
however, a cline has evolved and largely converged on the ancestral cline. The 
rate of morphological evolution on a continental scale is very fast, relative even 
to rates measured within local populations. Nevertheless, different wing sec- 
tions dominate the New versus Old World clines. Thus, the evolution of geo- 
graphic variation in wing length has been predictable, but the means by which 
the cline is achieved is contingent. 

How fast can evolution occur in nature (1,2)? 
Are evolutionary trajectories predictable or 
idiosyncratic (3, 4)? Answers to these two 
questions are fundamental to attempts to fore- 
cast evolutionary responses to natural or an- 
thropogenic perturbations (5). Rates of evo- 
lution are usually estimated by monitoring 
phenotypic shifts within local populations 
over time (2, 4, 6-8) and are rarely evaluated 
on a continental scale (9). The predictability 
of evolution is evaluated by determining 
whether replicate populations show conver- 
gent responses (4, 10). 

Recently introduced species that quickly col- 
onize large areas offer special opportunities to 
address both the speed and predictability of 
evolution on a geographic scale (1 1): Rapid and 
predctable evolution would be demonstrated if 
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introduced populations quickly evolved clines 
that converge on clines among ancestral popu- 
lations (12,13). A candidate species is Drosoph-
ila subobscura. This fly is native to the Old 
World (12, 13), where it exhibits a clinal in- 
crease in body size with latitude (14-16). It was 
accidentally introduced into western North and 
South America about two decades ago (1 7) and 
spread rapidly in temperate regions (12,13). No 
latitudinal cline in wing size was evident on 
either continent about one decade after the in- 
troduction (15, 16). Here we reexamine the 
North American populations to determine 
whether a cline has evolved after two decades 
and whether it has converged on the Old World 
cline. 

We collected introduced flies from 11 lo- 
calities in western North America (NA) 
(April and May 1997) and native flies from 
10 localities in continental Europe (May 
1998) (18). We established stocks for each 
(10 per sex from each of 15 to 25 isofemale 
lines) and maintained them (20°C, low den- 
sity) for five to six generations in a common 
garden to ensure that any observed differenc- 
es between populations would be genetic. We 
then set up four vials per population (50 eggs 
per vial) and reared flies to adulthood. Short- 
ly after the flies eclosed, we mounted the left 
wing from flies selected haphazardly (-20 
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per sex per population) and measured wing 
length as the combined length of the basal 
and distal segments of vein IV (15). 

Wing length of native European females 
increased significantly with latitude (Fig. 1 A), 
as in previous studies (14-16). Wing length of 
introduced North American females also in- 
creased significantly with latitude (Fig. 1A) 
(19), and the slope of the regression was not 
sipficantly different from that of European 
females (comparison of slopes, P = 0.834). 
Wing length of males also increased signifi- 
cantly with latitude in both native and intro- 
duced populations (Fig. lA), but the slope for 
North American males was less steep than that 
for European males (P  < 0.001) or that for 
North American females (P < 0.001) (20). 

The striking convergence of clinal varia- 
tion in wing size (Fig. 1A) has been achieved 
through analogous, not homologous, changes 
in the relative lengths of different parts of the 
wing (Fig. 1B). The increase in wing length 
with latitude in Europe is caused by a relative 
lengthening of the basal portion of vein IV, 
whereas the increase in NA is caused by a 
relative lengthening of the distal portion of 
vein IV (21). These differences in slopes 
between continents are significant for both 
females (Fig. lB, P < 0.001) and males (22) 
(P < 0.001). 

How fast can evolution occur on a conti- 
nental scale? Although no cline in wing 
length was evident in samples collected about 
one decade after the introduction in NA (1 5), 
a cline is conspicuous after two decades (Fig. 
1A). Thus, this cline evolved in only one to 
two decades (23). The rate of size divergence 
on a continental scale for D. subobscura fe-
males is rapid [-I700 danvins, -0.22 hal-
danes (2, 24)] and is faster than almost all 
previously measured rates in nature, even 
within local populations (2,24). For morpho- 
logical traits in natural populations, only rates 
of Galapagos finches during the 1978 drought 
are faster [0.37 to 0.71 haldanes (2, 6)]. 

Is evolution predictable or historically 
contingent (3, 4)? Convergent latitudinal 
clines in wing length of North American D. 
subobscura (especially of females) and an-
cestral European D. subobscura (Fig. lA), as 
well as those of many other drosophilids (15, 
25), demonstrate that the evolution of wing 
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Fig. 1. The latitudinal cline in 
wing size of introduced North 
American D. subobscura is con-
verging on that for native [Euro- 
pean (EU)] flies. (A) Female wing 
Length (logarithmically trans-
formed, mean slope i SE) of 
introduced North American flies 
increases with latitude (b = 
0.0020 i 0.0004, P < 0.001, 
R2 = 0.1 393) in a pattern virtu- 
ally identical to that of European 
flies (b = 0.0018 i 0.0004, P < 
0.001, R2 = 0.0749). Male wing 
size also increases positively 
with latitude in NA (b = 
0.0007 + 0.0004, P = 0.0265, 
R2 = 0.0191) and Europe (b = 
0.0024 + 0.0005, P < 0.001, 
R2 = 0.1119). (B) The relative 
length of the basal portion of 
vein IV (the arc sine-square 
root-transformed proportion of 
the total wing length) versus lat- 
itude for D.subobscura (only the 
females are graphed; the pattern 
for males is similar). In the native 
European populatibns, the rela- 
tive length of the basal portion 
increases with latitude (females: 
b = 0.0005 i 0.0002, P < 
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and evolutionary responses can be compared directly 
against the Old World evolutionary baseline. 
European localities-Spain: Malaga (36.5"N), Valen- 
cia (39.3"N), and Barcelona (41.3"N); France: Mont- 
pellier (43.4ON), Lyon (45.3ON), Dijon (47.2"N), Gif- 
sur-Yvette (48.4"N), and Lille (50.4"N); Leiden, Neth- 
erlands (52.1°N); and Arhus, Denmark (56.1°N). 
North American Iocalities-California: Atascadero 
(35.5"N), Gilroy (37.OoN), Davis (38.6ON), Redding 
(40.6"N), and Eureka (40.8"N); Oregon: Medford 
(42.3"N) and Salem (44.9"N); Washington: Centralia 
(46.7"N) and Bellingham (48.7"N); and British Co- 
lumbia: Peachland (49.8"N) and Port Hardy (50.7'N). 
Because a directional hypothesis (size increases with 
latitude) is at risk, we used one-tailed tests for eval- 
uating the significance of clines. 
In Europe, the slope of the size increase does not differ 
statistically for males and females (P = 0.130). whereas 
the North American sexes are significantly different 
(P = 0.001). The difference in the clinal pattern of males 
and females in NA suggests that either males are under 
less stringent selection pressure (and that genetic cor- 
relations between male and female wing size are weak) 
or that some component of selection is retarding the 
evolution of male wing size. For example, if female 
preferences for male wing size exist and evolve more 
slowly than female wing size, sexual selection might 
constrain the evolution of male wing size. 
This contrast might reflect between-continent differ- 
ences in genetic variation for developmental domains 
determining the basal-distal wing axis or in selective 
regimes. 
R. B. Huey, G. W. Gilchrist. M. L. Carlson. D. Berrigan, 

L. Serra, data not shown. 

Clines in chromosomal markers of introduced D. 

subobscura evolved even faster and were detected 

within a few years of the introduction [D. Brncic, A. 

Prevosti, M. Budnik, M. MonclOs, j. OcaAa, Genetica 

56, 3 (1981); (12, 13)]. 

J. B. S. Haldane. Evolution 3, 51 (1949). "Haldanes" 

were estimated by comparing fitted values of the 

latitudinally extreme populations and by assuming 

five generations per year. The values for males are 

lower (699 darwins and 0.0784 haldanes). 

Positive latitudinal clines in size are documented in 

many other drosophilids as well [ j .  R. David and C. 

Bocquet. Nature 257. 588 (1975): A. C. James. R. B. R. 

Azevedo, L. Partridge, Genetics 140, 659 (1995); D. 

Karan et al.. Genet Res. 71, 31 (1998); but see A. D. 

Long and R. S. Sing. Heredity 74, 569 (1995)], al- 

though not in all insects [T. Mousseau. Evolution 51, 

630 (1997)l. 

Although convergent clines strongly suggest that clines 

are adaptive (lo), the possible adaptive basis of latitu- 

dinal size clines is unclear [C. Ray, J. Morphol. 106. 85 

(1x0);  R. Sibly and D. Atkinson, Funct. Ecol. 8, 486 

(1994); D. Atkinson. in Animals and Temperature: Phe- 

notypic and Evolutionay Adaptation. I. A. Johnston and 

A. F. Bennett, Eds. (Cambridge Univ. Press, Cambridge. 

1996), pp. 183-204; L Partridge and V. French, in Ani- 

mals and Temperature: Phenotypic and Evolutionay 

Adaptation, I. A. Johnston and A. F. Bennett, Eds. (Cam- 

bridge Univ. Press. Cambridge, 1996), pp. 265-2921 

Although many environmental factors change with lat- 

itude, temperature is generally considered the most 

likely selective agent for several reasons [for details, see 

L Partridge and j. A. Coyne, Evolution 51, 632 (1997)l. 

For example, drosophilids maintained by laboratory 

natural selection at low temperature quickly evolve 

larger size [W. W. Anderson, Genet Res. 7. 255 (1966); 

5. Cavicchi, D. Guerra, G. Giorgi, C. Peuoli, Genetics 109, 

655 (1985); L Partridge, B. Barrie, K. Fowler, V. K. 

French, Evolution 48, 1269 (1994)l. Nevertheless. a 

nonadaptive explanation has been proposed [T. M. van 

der Have and G. de Jong. J. Theor. Biol. 183,329 (19%). 
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0.001, R2 = 0.0482; males: b = 0.0005 + 0.0001, P < 0.001, R2 =0.0680), whereas in NA, it 
decreases with latitude (females: b = -0.0005 + 0.0001, P < 0.001, R2 = 0.0618; males: b = 
-0.0005 + 0.0002, P < 0.001, R2 = 0.0555). Thus, the wing section controlling the cline in wing 
length (A) differs between North American and European populations. 

length with latitude is predictable and likely 
adaptive (4, 10, 25, 26j. Nevertheless, males 
have evolved more slowly than females in 
NA (Fig. lA), and the clines in NA and in 
Europe involve changes in the relative 
lengths of different sections of the wing (Fig. 
1 ~ ) .l-hus, even though the overall evolution- 
arv res~onse (increased wing length with lat- , . .- -
itude) is predictable, the underlying details 
are not, this system, evolution is thus 
simultaneously predictable and contingent. 
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