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ing depends not only on initial porosity but 
also on the relative time scales for soil defor- 
mation and pore pressure diffusion (18). If 
fluid pressure can diffuse into or away from 
contracting or dilating soil as quickly as the 
soil deforms, pressure equilibration keeps 
pace with deformation and the effects of po- 
rosity change diminish. However, the time 
scale for pore pressure diffusion is h2'D. 
where h is the typical thickness of the de- 
forming soil mass and D is its typical hydrau- 
lic diffusivity. Even sandy soils with high 
diffusivity commonly have D < 100 cm2/s 
(Table 1). Thus, the time scale for diffusive 
pore pressure equilibration in deforming soil 
masses with h - 1 m typically surpasses 10 s. 
In comparison. the time scale for landslide 
acceleration in response to basal pore-pres- 
sure change is fig ( Z l ) ,  which yields val- 
ues <1 s for h - 1 m. We conclude that pore 
pressure diffusion can seldom keep pace with 
soil deformation and that relatively small 
variations in porosity can influence landslide 
behavior profoundly. 
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Colonization of new environments should promote rapid speciation as a by-
product of adaptation t o  divergent selective regimes. Although this process of 
ecological speciation is known t o  have occurred over millennia or centuries, 
nothing is known about how quickly reproductive isolation actually evolves 
when new environments are first colonized. Using DNA microsatellites, pop- 
ulation-specific natural tags, and phenotypic variation, we tested for repro- 
ductive isolation between two  adjacent salmon populations of a common 
ancestry that colonized divergent reproductive environments (a river and a lake 
beach). We found evidence for the evolution of reproductive isolation after 
fewer than 13 generations. 

Ecological speciation occurs when organisms 
exposed to divergent selective regimes 
evolve reproductive isolation as a by-product 
of adaptation (1-3). Mechanisms contribut- 
ing to ecological speciation include mate 
choice based on traits under divergent selec- 
tion ( 4 , 5 ) ,hybrid or backcross inferiority (2).  
and reinforcement of assortative mating when 
hybrids are inferior (6, 7). Ecological specia- 
tion appears to be relevant in allopatry and 
sympatry and has been supported by theoret- 
ical models. laboratory experiments, and 
studies of natural systems (1-9). Here we 
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focus on an unknown aspect of ecological 
speciation: How quickly can reproductive 
isolation evolve? 

Rapid evolution of adaptive traits often oc- 
curs in populations exposed to divergent eco- 
logical environments (10. 11). Although this 
implies that reproductive isolation may also 
evolve rapidly. the best examples of ecological 
speciation are seen in groups that began diverg- 
ing thousands of years ago (12, 13). Unfortu-
nately. infening evolutionary rates on the basis 
of long-standing groups is questionable, be- 
cause averaging disparate rates across time will 
obscure biologically important short-term evo- 
lution ( I I ) .  Thus, reproductive isolation might 

in only a few generations, Or it may 
require a long and gradual accumulation of 
isolating mechanisms. Some insects that colo- 
nized neu, host 100 to 200 years ago 
have ecologicall~mediated 
tive isolation (14, 1-51, We ask whether repro- 
ductive isolation can evolve even faster by test- 
ing for evidence barriers gene 
flow between two populations of sockeye salm- 
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on (Oncorhynchus nerka) derived from a com- 
mon source less than 13 generations previously. 

Sockeye salmon form distinct reproduc- 
tive "ecotypes," with adults breeding in 
streams or along lake beaches (16, 17). After 
continental glaciers receded about 10,000 
years ago, sockeye salmon colonized hun- 
dreds of new lake systems, many of which 
now contain reproductively isolated popula- 
tions that are adapted to beaches and streams 
(16). Postglacial reproductive isolation was 
presumably achieved through natal homing, 
divergent sexual ornamentation, and ecolog- 
ical selection against hybrids. Parallel evolu- 
tion of these ecotypes within many different 
lake systems provides a robust interpretive 
framework. 

Introductions of salmon to new locations 
have provided excellent opportunities to 
study rates and patterns of evolution (18-21). 
Sockeye salmon were introduced into Lake 
Washington, Washington, from Baker Lake, 
Washington, between 1937 and 1945. These 
introductions gave rise to a large (currently 
100,000 to 350,000 breeders) self-sustaining 
population in the major tributary to Lake 
Washington (Cedar River). In 1957, a new 
population was first documented breeding 
along a Lake Washington beach (Pleasure 
Point) about 7 km north of Cedar River. The 
beach site was apparently colonized by fish 
from the river or, if not, both populations are 
at least of the same introduced lineage [in- 
ferred from historical records and allozyme 
variation (18-20)]. The two populations have 
been diverging for a maximum of 56 years 
(1937 to 1992), which is equivalent to ap- 
proximately 13 generations (20), and the 
beach population is less abundant by about 
two orders of magnitude (22). As a starting 
point for divergence, we adopted 13 genera- 
tions (fiom 1937) rather than 8 generations 
(from 1957) because the former is unambig- 
uous and conservative. 

We examined reproductive isolation be- 
tween the beach (Pleasure Point) and river 
(Cedar River) populations on the basis of 
collections of breeding adults (23). We used 
population-specific natural marks to identify 

river fish that were immigrants to the beach, 
DNA microsatellite loci to estimate genetic 
differentiation between river and beach resi- 
dents, population-genetic models to infer the 
relative reproductive success of immigrants, 
and adult life history and morphology to con- 
sider the ecological basis for isolation. 

We quantified immigration of river-born 
adults to the beach using natural marks that 
are produced on otoliths (calcareous ear 
stones) while embryos incubate in the gravel. 
Because the incubation environment is iso- 
thermal at the beach but variable in the river 
(22), we could examine the otoliths of adults 
to determine whether each had been born 
(incubated) at the beach or river (24). This 
analysis, conducted blind with respect to col- 
lection location, microsatellite variation, and 
phenotypic traits, revealed that most breeding 
adults collected from the river had indeed 
incubated under a variable thermal regime 
(34 of 35 in 1992 and 30 of 38 in 1993) but 
that many adults collected from the beach had 
also incubated under a variable thermal re- 
gime (14 of 32 in 1992 and 12 of 34 in 1993). 
Thus, approximately 39% of adults breeding 
at the beach (48% of females and 34% of 
males) were immigrants from the river (22). 

This estimated immigration rate of river 
fish into the beach population is so high that 
unless reproductive isolating mechanisms 
had evolved, the two populations could not 
have diverged at neutral genetic loci. We 
used allelic variation at six microsatellite loci 
(25) to quantify genetic differences between 
three groups categorized by otolith patterns 
and breeding location: beach residents (born 
and breeding at the beach), river residents 
(born and breeding in the river), and beach 
immigrants (born in the river but breeding at 
the beach). River residents and beach immi- 
grants showed no evidence of genetic diver- 
gence (Table I), which is consistent with the 
expectation that immigrants to the beach 
were fiom the river. In contrast, beach resi- 
dents were genetically distinct from river res- 
idents and fiom beach immigrants (Table I). 
This pattern of genetic differentiation could 
only have arisen if beach immigrants have 

Table 1. Genetic differentiation at six microsatellite loci (25) between beach residents (N = 22) river 
residents (N = 35), and beach immigrants (N = 12). Nei's unbiased genetic distance (D) and F,, 
(bootstrapped 95% confidence intervals are shown in parentheses) were calculated with TFPCA (35).The 
significance of genotypic differentiation (CD) was determined with CENEPOP (36). Observed differen- 
tiation cannot be attributed to Linkage of any one locus to  a locus under divergent selection, because even 
after deletion of the Locus that best differentiated river residents from beach residents (Ssa85, F,, = 
0.054), divergence was still substantial. 

Comparison F~~ F,, (no Ssa85) D CD (P value) 

River residents versus 
beach immigrants 

River residents versus 
beach residents 

Beach residents versus 
beach immigrants 

0.008 
(0.002-0.01 3) 

0.025 
(0.008-0.042) 

0.015 
(0.001-0.033) 

0.008 

0.017 

0.012 

0.010 

0.054 

0.026 

0.365 

0.002 

0.030 

reduced reproductive success relative to 
beach residents. 

We considered the extent of reproductive 
isolation by comparing the of im- 
migrant breeding adults in the beach popula- 
tion (adult migration, determined from oto- 
l i th~)  to the proportion of immigrant genes 
(gene flow, determined from microsatellites). 
If gene flow were less than adult migration, 
we would have evidence for the evolution of 
reproductive isolation. The standard ap-
proach to estimating gene flow from genetic 
data requires assumptions that most natural 
populations violate (26). We therefore esti- 
mated gene flow using recursion equations 
that avoided these assumptions, allowing for 
two populations of different sizes, asymmet- 
ric gene flow, and nonequilibriurn conditions 
(27). Gene flow from the river to the beach 
was less than adult migration (39%), as long 
as the beach effective population size was not 
exceptionally low (N, > 8; Fig. I). Breeding 
population sizes range from 100 to 8180 at 
the beach (20), suggesting that N, >> 8. 
Thus, the reproductive success of river fish 
breeding at the beach must be lower than that 
of beach residents, despite their recent com- 
mon ancestry. 

We considered potential isolating mecha- 
nisms by examining two adult traits that are 
subject to divergent selection between rivers 
and beaches. Male body depth is sexually 
selected (28) and reaches extremes in beach 
populations where it is unopposed by preda- 
tion, water flow, or water depth (29). In 
rivers, males have shallower bodies (29), pre- 
sumably owing to selection for increased 
swimming efficiency. Female body size dif- 
fers between beaches and rivers because large 

Beach population size 

Fig. 1. Estimated rates of gene flow from the 
river t o  the beach. Curves were determined 
with recursion equations (27) t o  estimate gene 
flow (m,) that would lead t o  the observed F,, 
(0.025) after 13 generations. We assumed that 
beach colonizers were representative of the 
river population (that is, founder effects were 
minimal), that all gene flow was from the river 
t o  the beach (m, = O), and that N ,  = 10,000 in 
the river. Recursions were started with an IBD 
of 1/10,000. Curves represent a range of pos- 
sible N,IN ratios (0.1, 0.2, and 0.4). 

www.sciencernag.org SCIENCE VOL 290 2 0  OCTOBER 2000 517 



R E P O R T S  

females dig deeper nests, thereby protecting Our results may seem exceptional but are clearly Onepl 1, Onepl4, and Ssa85) were amplified as 

their eggs from disturbance during flooding biologically possible, as evidenced by laborato- 
~~~~~~d $~~~~$/;~~~'O~~~~ ~~~~~ 

(30). Flooding is absent from beaches, and ry studies in which reproductive isolation often DNA sequencer and were analyre,j with 
females are correspondingly smaller (1 7,29). evolves over similar time frames (8). Our study Genescan 672 and Cenotyper software (33,34). Only 

In our study, beach males had deeper bodies was based on indirect methods (patterns of ge- z: ~ ~ $ ~ ~ e ~ ~  a ~ a $ ~ ~ , " e ' r ~ ~ . f , " ~ ~  1E :G!~:: 
(standardized to average body length) and netic variation), which measure total isolation Hardy-Weinberg equilibrium, except for OnepZ 
beach females were shorter, with beach im- (postzygotic and prezygotic). Direct tests of re- locus in river residents (P = 0.023), and locus pairs 

migrants somewhat intermediate for both productive isolation, such as mate preference, were in linkage equilibrium, except for Onep2 
versus Onep14 (P = 0.046) and Onep8 versus traits (Fig. 2). These results suggest that would be complementary because they quantify onepl (P = 0.041) in beach residents. These 

beach immigrants are not as well suited for the prezygotic contribution to isolation (9). EX- deviations were not significant after sequential 
the beach environment as are beach residents, perimental demonstrations of speciation in the Bonferroni corrections. 

perhaps contributing to reduced mating suc- wild have been considered intractable because M. C. D. E. McCauley, Hered'@ 82' 
(1 999). 

cess or offspring survival. Many other traits isolation is assumed to require a long period. 27. Recursion equations were used to estimate gene flow 
are subject to divergent selection between Our findings suggest that when organisms col- from the river to the beach. These equations were 

beaches and rivers (2O), and beach h i -  onize different environments, experimental :zt{~t ~ ~ ~ t [ ~ $ ~ ~  $ ~ u ~ ~ ~  :: 
grants are probably also compromised for studies of speciation may prove feasible. heterozygosity of a subpopulation due to random 
those traits. genetic drift), but in this case inappropriate, formula 
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arrows indicate means, and the circle indicates to the head and measured for length [from the 4210 and beach immigrants (N = 14. Analysis of covari- 

an outlier. On the basis of Tukey tests, river middle of the eye to the hypural plate (19)]. Males ance (ANCOVA) revealed that male depthlbody 

residents and beach immigrants had were also measured for body depth [from the ante- length Slopes were homogeneous (F = 1.08, P = 

female lengths (p = 0.365) and male body rior insertion of the dorsal fin to the bottom of the 0.347) among beach residents (N = 27). river residents 

depths (P = 0.076), river residents and beach abdomen (19)j. Otoliths were removed (ZZ), and (N=z)-andbeahimmigrants(N= 14).Afierrem0val 
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