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Natural selection plays a fundamental role in  most theories of speciation, but 
empirical evidence from the wild has been lacking. Here the post-Pleistocene 
radiation of threespine sticklebacks was used t o  infer natural selection in  the 
origin of species. Populations of sticklebacks that evolved under different 
ecological conditions show strong reproductive isolation, whereas populations 
that evolved independently under similar ecological conditions lack isolation. 
Speciation has proceeded in  this adaptive radiation in  a repeatable fashion, 
ultimately as a consequence of adaptation t o  alternative environments. 

In classic theories of speciation, reproductive 
isolation originates in part as the incidental 
by-product of adaptation to distinct environ-
ments (1, 2). Although laboratory experiments 
support this view (3), the role of natural selec-
tion and the environment in the origin of repro-
ductive isolation remains contentious because 
evidence from nature is laclung (4-6). Tests of 
the role of natural selection in speciation have 
focused instead on the reinforcement of premat-
ing isolation (7, 8). Yet reinforcement requires 
preexisting reproductive isolation in the form of 
reduced hybrid fitness and generally is consid-
ered a final step in the speciation process (1, 9). 
Here we present evidence that natural selection 
plays a fundamental role in the early stages of 
speciation. 

Parallel evolution of similar traits in popula-
tions that inhabit similar environments strongly 
implicates natural selection, as genetic drift is 
unlikely to produce concerted change, correlat-
ed with the environment, in multiple, indepen-
dent lineages (10). Parallel speciation is a spe-
cial form of parallel evolution in which traits 
that determine reproductive isolation evolve re-
peatedly in independent, closely related popula-
tions as a by-product of adaptation to different 
environments (6, 11). The outcomes are repro-
ductive compatibility between populations that 
inhabit similar environments and reproductive 
isolation between populations that inhabit dif-
ferent environments. Because reproductive iso-
lation is more strongly correlated with the envi-
ronment than with geographic proximity or ge-
netic distance, parallel speciation provides 
strong evidence for natural selection in the spe-
ciation process. Despite the significance of such 
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evidence for our understanding of mechanisms 
of speciation in nature, there are no conclusive 
tests of parallel speciation (11). We tested par-
allel speciation with populations of sympatric 
threespine sticklebacks (Gasterosteus spp.). 

Sympatric species of threespine sticklebacks 
inhabit small, low-elevation lakes in coastal 
British Columbia, Canada (12). These popula-
tions are recently derived from the marine 
threespine stickleback (Gasterosteus actlleattls) 
that colonized freshwater after the retreat of the 
glaciers at the end of the Pleistocene. One spe-
cies of each sympatric pair is a large-bodied 
Benthic that feeds on invertebrates in the littoral 
zone; the other species is a smaller, more slender 
Limnetic that feeds primarily on plankton in 
open water (12-14). The Benthic and Limnetic 
from a given lake constitute biological species: 
they are reproductively isolated by strong assor-
tative mating (15, 16), ecologically based post-
mating isolation (17), and probably sexual se-
lection against hybrid males (18). Phenotypic 
differences between sympatric species have a 
genetic basis and persist over multiple genera-
tions in a common laboratory environment (12. 
19). Both comparative (13) and direct (20) ex-
perimental evidence indicate that divergent se-
lection caused by competition for resources has 
contributed to the evolution of these phenotypic 
differences. 

The genetic evidence indicates that the 
Benthic-Limnetic pairs from three lakes (Priest, 
Paxton, and Enos Lakes) are derived indepen-
dently of one another. Unique assemblages of 
mitochondria1 DNA (mtDNA) haplotypes char-
acterize pairs from the different lakes, and a 
hierarchical clustering analysis of mtDNA di-
vergence estimates fails to detect any case in 
which populations of the same phenotype from 
different lakes cluster together (21). Indepen-
dence of these species pairs is confirmed by an 
analysis of six nuclear microsatellite loci (22). 
Thus, neither the Benthics nor the Limnetics 
from different lakes are monophyletic; hence 
we refer to the two phenotypes as ecomorphs. 

Independence of pairs allowed two tests of 
the predictions of parallel speciation. First, pop-
ulations of the same ecomorph from different 
lakes (for instance, Benthics from Priest, Pax-
ton, and Enos Lakes) should not be reproduc-
tively isolated from one another despite the 
known reproductive isolation between different 
ecomorphs within lakes (15). Second, repro-
ductive isolation should exist between ecom-
orphs from different lakes (for instance, be-
tween Benthics from Paxton Lake and Limnet-
ics from Priest Lake). We tested reproductive 
isolation by conducting 753 mating trials in the 
laboratory with wild-caught Benthics and Lim-
netics from these three lakes (23); 261 of these 
trials involved individuals of different ecom-
orphs (Limnetics with Benthics), and 492 in-
volved individuals of the same ecomorph (Lim-
netics with Limnetics, Benthics with Benthics). 
Mean probabilities of spawning for each ecom-
orph combination are shown in Fig. I. 

Spawning probabilities between pairs of 
populations depend strongly on ecomorph 
identity (Fig. 2) (24). Because painvise com-
parisons between populations are not statisti-
cally independent, our analyses used conser-
vative paired t tests that treated each of the 
six populations of females as a replicate and 
corrected for phylogeny (25). In each test, the 
pair of measurements for each female popu-
lation was based on averages of the corrected 
spawning probabilities over all the relevant 
male populations. Reproductive isolation be-
tween ecomorphs within a lake was strong 
(paired t test, t, = 3.82, P = 0.012). confirm-
ing past results (15, 16). 

In accord with the first prediction of par-
allel speciation, reproductive isolation was 
absent among lakes within an ecomorph (t ,  = 

0.56, P = 0.599) (Fig. 2, comparison A).  A 
female was just as likely to mate with a male 
of the same ecomorph from a different lake as 
with a male of the same ecomorph from her 
own lake (26). In agreement with the second 
prediction, reproductive isolation was present 
between ecomomhs from different lakes 
(t, = 2.61, P = 0.048) (Fig. 2, comparison 
B). A female from a given population 
spawned more frequently with males of her 
own ecomorph from a different lake than 
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Fig. 1. Uncorrected probability of spawning in 
no-choice mating trials for various combina-
tions of populations. Error bars are ?1 SE and 
represent the amount of variation in spawning 
rate among the various combinations. 
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with males of the other ecomorph from a 
different lake. The probability of spawning 
was slightly higher among ecomorphs from 
different lakes than among ecomorphs from 
the same lake and approached statistical sig- 
nificance (t, = 2.36, P = 0.065) (Fig. 2, 
comparison C). 

Correcting for phylogeny had a negligible 
effect on these statistical results (27), con- 
firming that parallel speciation and not shared 
history is responsible for the observed mating 
patterns. For phylogeny to have a significant 
influence, populations of the same ecomorph 
must be more closely related to each other 
than to populations of different ecomorphs. 
Phylogenetic trees based on mtDNA and mi- 
crosatellite DNA reject this hypothesis (28). 

The parallel evolution of reproductive iso- 
lation in these sticklebacks in nature provides 
some of the strongest evidence yet for a role of 
divergent natural selection in speciation. Two 
studies similar to ours suggest that reproductive 
isolation also may have evolved in parallel: 
populations of stream-resident sticklebacks 
from Japan and North America, and popula- 
tions of herbivorous leaf beetles adapted to 
similar host plants (29). This suggests that par- 
allel speciation may be widespread. Our results 
complement and strengthen another form of 
evidence in which key traits under divergent 
selection form the proximate basis of reproduc- 
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Fig. 2. Population mean probabilities of spawn- 
ing as a function of shared ecomorph. Each 
point is the corrected fraction of al l  trials in 
which spawning resulted when individuals from 
a given pair of populations were tested. Com- 
parisons A and B highlight the tests of the two  
predictions of parallel speciation. First, within 
an ecomorph the probability of spawning is 
compared for combinations of populations 
from the same or different lakes (comparison 
A). Second, the probability of spawning be-
tween populations of the same ecomorph from 
different lakes is compared with that between 
ecornorphs from different lakes (comparison B). 
Comparison C tests for a difference in the 
strength of reproductive isolation between 
populations of different ecomorphs from the 
same and different lakes. Because our statistical 
analysis used conservative paired t tests that 
treated each population of females as a repli- 
cate (24, 25), the comparisons shown here 
represent the nature of the tests but do not 
depict the exact analyses performed. 

tive isolation (15, 30). The absence of premat- 
ing isolation between independently herived 

populations the same ecOmorph 
suggests that such key traits can evolve repeat- 
edii in similar environments, yielding pakillel 
speciation. We have not identified the trait or 
traits that underlie parallel mate preferences in 
sticklebacks but body size is a strong candidate 
(15, 31). 

Reproductive isolation between these sym- 
patric species is not just a by-product of phe- 
notypic divergence, but it also may have in- 
volved reinforcement in sympatry (8).This sug- 
gests a scenario in which premating isolation 
between ecomorphs arose initially as a simple 
by-product of divergent natural selection on key 
traits and was later reinforced in sympatry. 
Whether reinforcement occurred in parallel 
among lakes is not known. In addition, the 
reduced probability of spawning between Lim- 
netics from different lakes (Fig. 1) (26) and the 
slight reduction in reproductive isolation be- 
tween ecomorphs from different lakes (Fig. 2, 
comparison C) suggest that a small degree of 
inde~endent evolution has occurred within 
lakes. It is not known whether this independent 
evolution is a product of reinforcement or a 
by-product of unique adaptations to each lake. 
Regardless, under a common selection regime 
speciation was repeatable. The contribution of 
both divergent natural selection and reinforce- 
ment to speciation may explain the high rates of 
phenotypic divergence that characterize adap- 
tive radiations (5). 

References and Notes 
1. T. Dobzhansky, Genetics and the Origin of Species 

(Columbia Univ. Press. New York, ed. 3. 1951). 
2. T. Dobzhansky, Genetics of the Evolutionary Process 

(Columbia Univ. Press, New York, 1970); E. Mayr, 
Animal Species and Evolution (Haward Univ. Press, 
Cambridge, MA, 1963); E. Mayr. Systematics and the 
Origin of Species (Columbia Univ. Press, New York, 
1942); H. j. Muller, Biol. Sym. 6, 71 (1942). 

3. C. Kilias, S. N. Alahiotis, M. Pelecanos, Evolution 34, 
730 (1980); D. M. 0. Dodd, Evolution 43, 1308 (1989). 

4. J. A. Coyne, Nature 355, 51 1 (1992). 
5. D. Schluter, Am. Nat. 148, 540 (1996). 
6. D. J. Futuyma, Evolutionary Biology (Sinauer Associ- 

ates, Sunderland, MA, ed. 3, 1998). 
7. M. A. Noor, Nature 375,674 (1995); M. A. Noor, Am. 

Nat. 149, 1156 (1997); C.-P. Saetre etal., Nature 387, 
589 (1997); J. A. Coyne and H. A. Orr, Evolution 43, 
362 (1989); J. A. Coyne and H. A. Orr, Evolution 51, 
295 (1997). 

8. H. 	 D. Rundle and D. Schluter, Evolution 52, 200 
(1998). 

9. 	J. A. Coyne and H. A. Orr, Philos. Trans. R. Soc. London 
Ser. B 353, 287 (1998). 

10. B. Clarke, Genetics 79, 101 (1975); J. A. Endler, Nat- 
ural Selection in the Wild (Princeton Univ. Press, 
Princeton, NJ, 1986). 

11. D. Schluter and L. Nagel, Am. Nat. 146, 292 (1995). 
12. j. D. McPhail, Can. j. Zool. 62, 1402 (1984); J. D. 

McPhail, Can. j. Zool. 70, 361 (1992). 
13. P. Bentzen and J. D. McPhail, Can. j. Zool. 62, 2280 

(1984); D. Schluter and J. D. McPhail, Am. Nat. 140, 
85 (1992). 

14. 	j. D. McPhail, in The Evolutionary Biology of the 
Threespine Stickleback, M. A. Bell and S. A. Foster, Eds. 
(Oxford Univ. Press. Oxford, 1994), chap. 14, pp. 
418-425. 

15. L. Nagel and D. Schluter, Evolution 52, 209 (1998). 

16. M. 5. Ridgway and 1. D. McPhail, Can. 1. Zool. 62, 

lB1984).
17. D. Schluter, Ecology 76, 82 (1995); T. Hatfield and D. 

Schluter, Evolution 53, 866 (1999). 
18. 	T. Hatfield and D. Schluter, Evolution 50, 2429 

(1996); S. M. Vamosi and D. Schluter, Evolution 53. 
874 (1999). 

19. T. Hatfield, Am. Nat. 149, 1009 (1997). 
20. 	D. Schluter, Ecology 74, 699 (1993); D. Schluter, 

Science 266, 798 (1994). 
21. 	 E. B. Taylor and J. D. McPhail, Biol. j. Linn. Soc. 66,271 

(1 999). 
22. E. B. Taylor, personal communication. 
23. A trial involved placing a single, gravid female into a 

100-liter aquarium (or one-half of a divided 100-liter 
aquarium) in which a single male had built a nest. The 
pair was allowed to interact directly. Whether or not 
they spawned was recorded after 30 min. A detailed 
description of this protocol (8, 75) and information 
about the populations used (73-15) are provided else- 
where. Combinations of populations tested (PaL = Pax-
ton Limnetic, PaB = Paxton Benthic, PrL = Priest Lim- 
netic, PrB = Priest Benthic. EnL = Enos Limnetic. EnB = 

Enos Benthic) and the number of replicate trials (in 
parentheses) are as follows: (i) same ecomorph and 
same lake, PaL X PaL (54), PrL X PrL (45), EnL X EnL 
(43), PaB X PaB (66). PrB XPrB (20). EnB X EnB (21); (ii) 
same ecomorph and different lake. Pal x PrL (28), 
Pal X EnL (75), PaB X PrB (86), PaB X EnB (45), PrB X 
EnB (9); (iii) different ecomorph and same lake, PaL X 
PaB (64). PrL X PrB (40). EnL X EnB (10); (iv) different 
ecomorph and different lake. Pal X PrB (44). PaL X EnB . . 
(26), ~ r i  x PaB (44), EnL x PaB (33). 

24. Before we calculated population averages, we corrected 
spawning probabilities for main effects of year and male 
population by logistic regression; then the probabilities 
were arcsin square-root transformed. No other main 
effects were present. Year controls for differences in the 
propensity to spawn between years, and male popula- 
tion controls for varying propensity to spawn of males 
from different populations. 

25. We performed phylogenetic correction 	on popula-
tion-level data by the general least-squares method 
[N. Draper and H. Smith. Applied Regression Analysis 
(Wiley, Chichester, UK, ed. 2, 1981); E. P. Martins and 
T. F. Hansen, Am. Nat. 149, 646 (1997)l. We per- 
formed the equivalent of a one-sample paired t test 
by testing the significance of the intercept in a 
weighted regression fitted to  a zero slope. We per- 
formed weighted regression with a matrix of weights 
whose elements were correlations specifying the de- 
gree of phylogenetic similarity (proportion of total 
branch length shared from root to  tip) of pairs of 
populations. Larger correlations resulted in lower 
weights. Similar methods have been applied in pre- 
vious studies [M. Lynch. Evolution 45, 1065 (1991); 
M. Lynch and P. E. Jarrell, Genetics 135, 1197 (1993); 
D. Schluter, Evolution 50, 1766 (1997)l. We calculat- 
ed correlations from the phylogenetic tree construct- 
ed from microsatellite distance data (22) by using the 
UPCMA method in PHYLIP [J. Felsenstein, Phylogeny 
Inference Package, version 3 .57~  (Univ. of Washing- 
ton, Seattle, WA, 1995)l. Similar results were ob-
tained with the Kitsch algorithm [W. M. Fitch and E. 
Margoliash, Science 155, 279 (1967)l. 

26. The reduced probability of spawning between Lim- 
netics from different lakes shown in Fig. 1 is present 
in two of three Limnetic populations. Although sug- 
gestive, the difference is not significant when com- 
parison A is repeated with Limnetics only (paired t 
test, t, = 1.154, P = 0.368). 

27. Statistical results differed little when phylogenetic cor- 
rection was not done. Reproductive isolation between 
Benthics and Limnetics within a lake remained strong 
(t, = 5.26, P < 0.003). A female from a given popula- 
tion remained as likely to spawn with males of the same 
ecomorph from a different lake as with males of the 
same ecomorph from her own lake (ts = 0.075, P = 
0.943) (Fig. 2, comparison A). The probability of spawn- 
ing for populations of females with males of the other 
ecomorph from different lakes remained significantly 
lower than with males of the same ecomorph from 
different lakes (t, = 3.97, P = 0.011) (Fig. 2. compari- 
son 0). Finally, however, the small and marginally sig- 

:iencemag.org SCIENCE VOL 287 14 JANUARY 2000 	 307 



REPORTS 

nificant increase in the probability of spawning ob- 
served for populations of females with males of the 
other ecomorph from different lakes versus males of 
the other ecomorph from the same lake was significant 
in the absence of the phylogenetic correction (paired t 
test, t, = 3.37, P = 0.020) (Fig. 2, comparison C). 

28. No significant difference in microsatellite or mtDNA 
divergence is detected between pairs of populations 
(conspecific pairs excluded) from the same versus a 
different environment [rnicrosatellite, analysis of 
variance (ANOVA), F ,,,,= 0.22, P = 0.65; mtDNA, 
ANOVA,F,,,, = 0.76, P =  0.401. 

29. D. j. Funk, Evolution 52, 1744 (1998); J. 5. McKinnon, 
S. Mori, D. Schluter, unpublished data. 

30. Two other cases exist in which the traits that form the 
proximate basis of reproductive isolation have known 
adaptive significance. These are beak and body size in 
Dawin's finches in the Galapagos Islands [P. T. Boag and 
P. R. Grant, Science 214, 82 (1981); L. M. Ratcliffe and 
P. R. Grant, Anim. Behav. 31, 1139 (1983); T. D. Price, 
P. R. Grant, H. L. Gibbs, P. T. Boag, Nature 309, 787 
(1984)l and copper tolerance in Mimulus [M. R. MacNair 
and P. Christie, Heredity 50, 295 (1983); P. Christie and 
M. R. MacNair,]. Hered. 75, 510 (1984)l. 

31. W. j. Rowland, Behav. Ecol. Sociobiol. 24, 433 (1989); 
W. j. Rowland, Anim. Behav. 38. 112 (1989); M. 
Borland, thesis (University of British Columbia, Van- 
couver, 1986). 

Rapid Evolution of a Geographic 

Cline in Size in an Introduced 


Raymond B. Huey,'*t George W. Gilchrist,'*$ 

Margen L. Carlson,' David Berrigan,'§ Luis SerraZ 


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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