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PREDICTING MICROEVOLUTIONARY RESPONSES TO DIRECTIONAL 

SELECTION ON HERITABLE VARIATION 


PETERR. GRANTAND B. ROSEMARY GRANT 
Department of Ecology and Evolutionary Biology, Princeton University, Princeton, New Jersey 08544-1003 

E-mail: PRGrant@ PUCC. Princeton.edu 

Abstract.-Microevolution of quantitative traits in the wild can be predicted from a knowledge of selection and genetic 
parameters. Testing the predictions requires measurement of the offspring of the selected group, a requirement that 
is difficult to meet. We present the results of a study of Darwin's finches on the Galapagos island of Daphne Major 
where this requirement is met. The study demonstrates microevolutionary consequences of natural selection. 

The population of medium ground finches, Geospiza fortis, experienced size-selective mortality during a drought 
in 1976-1977; large birds with deep beaks survived better than small birds. During another drought, 1984-1986, the 
population experienced selection in the opposite direction on beak traits. Changes in food supply were the apparent 
causes of selection on beak traits in both episodes. As expected from the high heritabilities of all measured traits, the 
effects of selection were transmitted to the next generation. Evolutionary responses to both episodes of selection were 
quantitatively well predicted in general. This allows us to conclude that, to a first approximation, targets of selection 
were identified correctly, and genetic parameters were correctly estimated. Nevertheless, not all responses of individual 
traits were equally well predicted. A search for possible reasons for the largest discrepancies revealed evidence of 
bias caused by environmental effects on growth and adult size of some traits, as well as possible selection on the 
offspring generation before their measurement. 

These findings illustrate an important assumption in the study of microevolution: that the environments experienced 
during growth to maturity by the parental and offspring generations are the same, for otherwise a measured difference 
between generations may have a partly environmental cause, thereby giving a misleading estimate of the evolutionary 
response to selection. Simple extrapolations from observed selection to long-term evolution may underestimate the 
total force of selection involved if it oscillates in direction or acts on the environmental variance. 

Key words.-Beaks, body size, Darwin's finches, extrapolation, Galhpagos, genetic correlations, multivariate evolution, 
nutrition. 
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No scientific theory is worth anything unless it enables us to predict something which is actually going on. Until 
that is done, theories are a mere game of words, and not such a good game as poetry. 

It is often said that scientific theories are useful only to 
the extent that they are predictive. The best scope for a pre- 
dictive theory of evolution lies in the area of genetics, be- 
cause the mathematical machinery has been developed for 
the precise prediction of evolutionary change caused by se- 
lection. 

The standard equation for predicting an evolutionary re- 
sponse to selection on quantitative traits was developed for 
the purpose of improving animal and plant yields under ar- 
tificial selection (Bulmer 1980; Falconer 1989). The response 
(R) in a trait is predicted by the product of the strength of 
selection (s) on that trait and its narrow-sense heritability 
(h2).The response is measured as the difference between the 
mean of the trait in the group prior to selection and the mean 
of the trait in the next generation. It is typically expressed 
in units of standard deviations of the initial group. 

Natural selection is likely to affect more than one trait 
simultaneously, and traits are correlated to some degree; 
therefore, a multivariate predictive equation is needed for the 
study of natural selection in the wild. An equation for this 
purpose was developed by Lande (1979). It predicts an evo- 
lutionary response to selection on a trait in terms of not only 
the strength of selection on the trait and its genetic variance, 
but also selection intensities on correlated traits and the cor- 
responding genetic covariances. 

The multivariate equation has a usefulness in two domains: 

-J. B. S. Haldane 

in understanding how natural selection may have worked in 
the past in the transformation of morphological relations 
when one species evolved into another; and in the study of 
microevolution as a contemporary, observable, and measur- 
able process. Lande (1979) illustrated its usefulness in the 
first context by applying it to the problem of how mammalian 
brain size changed in relation to body size during the course 
of species-, genus-, and ordinal-level evolution. It has been 
adopted as a tool in other contexts, for example, by Reyment 
(1983) in the study of Cretaceous microfossils, by Price et 
al. (1984a) in the study of speciation, and by Schluter (1984) 
in the reconstruction of phylogeny. As a tool for the study 
of microevolution, it has a rich potential that has been ex- 
ploited mainly in theoretical studies, for example, in exam- 
ining the evolution of genetically correlated growth char- 
acteristics that affect sets of functionally related adult traits 
(Cheverud 1984; Kingsolver and Wiernasz 1991; Kirkpatrick 
and Lofsvold 1992). In this paper we illustrate its empirical 
potential with the results of a study of microevolution in 
Darwin's finches on the Galapagos island of Daphne Major. 

We use the term natural selection to mean a systematic 
variation in fitness (survival or reproduction) among indi- 
viduals in a population associated with variation in a trait or 
traits. To the degree that the trait varies in a heritable manner, 
the effects of selection will be passed on to the next gen- 
eration as an evolutionary response. Thus, in our language, 
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natural selection occurs within a generation and evolution 
occurs between generations. 

It would appear to be a straightforward matter to measure 
a group of individuals before and again after selection, and 
then measure the offspring of the selected sample at the same, 
usually adult, stage of development, before any selection on 
them. This would yield a measurement of the evolutionary 
response to selection, and it could be compared with a pre- 
diction of the response based on prior estimation of the ap- 
propriate genetic parameters. In practice, it is often difficdlt 
to identify the offspring of particular individuals of the se- 
lected group, capture them, and measure them. Paternity as- 
sessment gives rise to serious problems, especially for the 
study of and even when that is not a problem finding 
and capturing a sufficient sample of the offspring is a prob- 
lem, especially for the study of animals that often disperse 
over long distances or live in cryptic (soil) or otherwise large- 
ly inaccessible (marine) habitats. For these and other reasons, 
there is a dearth of studies of evolutionary responses to se- 
lection in nature (Flux and Flux 1982), even though selection 
itself has been measured on numerous occasions (Endler 
1986; Price and Boag 1987; and many references thereafter). 

These problems are minimized in the study of bird pop- 
ulations on small islands, where most if not all individuals 
can be uniquely marked and their reproductive fates followed 
(Grant 1986; Schluter and Smith 1986a,b; van Noordwijk 
and van Balen 1988; Gustafsson 1989). The study of Dar- 
win's finches on Daphne Major island is an exemplar. Over 
an 18-mo period of drought and no breeding, from the middle 
of 1976 to the beginning of 1978, G. fortis was subjected to 
directional selection; large birds survived better than small 
birds (Boag and Grant 198 1, 1984a). Selection-gradient anal- 
ysis (Lande and Arnold 1983) identified body size and beak 
depth as the targets of selection (Price et al. 1984b). From 
mid-1984 to the beginning of 1986, the population was again 
subjected to selection in association with heavy mortality 
(and no breeding) during a drought, but this time in the op- 
posite direction, and beak traits were the only targets of se- 
lection (Gibbs and Grant 1987a; Grant and Grant 1993). 
Changes in food supply were the apparent causes of selection 
on beak traits in both episodes (Boag and Grant 1981, 1984a; 
Gibbs and Grant 1987a; Grant and Grant 1993). Different 
changes produced selection pressures in different directions. 

Evolutionary responses to selection are to be expected be- 
cause heritabilities of all measured traits are high (Boag and 
Grant 1978; Boag 1983; Grant and Grant 1994). Boag (1983) 
showed that offspring of the survivors of the first selection 
episode, born in 1978, were larger on average than the group 
before selection in 1976, but did not attempt a multivariate 
analysis of the response. The only multivariate analysis per- 
formed so far was made with data from the second selection 
episode. The response observed in 1987 to selection in 1984- 
1986 corresponded closely to that predicted from Lande's 
(1979) equation for multivariate evolution of quantitative 
traits (Grant and Grant 1993). However, the analysis was 
restricted to the two beak traits identified as statistically sig- 
nificant targets of selection and, as such, was less than com- 
plete and potentially flawed. 

Here we present the results of an analysis that predicts the 
evolutionary responses to selection in both episodes using 

the complete set of data of six measured morphological traits 
and survival as the sole measure of fitness. We show that 
both responses are well predicted. This allows us to conclude 
that, to a first approximation, targets of selection have been 
correctly identified and genetic parameters have been cor-
rectly estimated. If any targets were inadvertently omitted 
from the analysis, they must have been highly correlated with 
the identified targets (see Price and Langen 1992). We then 
consider why the responses of some traits were less well 
predicted than others. A search for possible causes reveals 
evidence of bias arising from effects of the environment pre- 
venting attainment of full adult size and selection on the 
offspring generation before their measurement. Another pos- 
sible source of bias, sexual selection on the survivors at the 
time of breeding, is found to be not applicable. These findings 
illustrate an important assumption in the study of microevo- 
lution: that the environments experienced during growth to 
maturity by the parental and offspring generations are the 
same, for otherwise a measured difference between genera- 
tions may have an entirely environmental cause and falsely 
indicate evolution. 

The island, finches, and study methods have been described 
in detail in earlier publications (e.g., Abbott et al. 1977; Boag 
and Grant 1984a,b; Grant 1986). Daphne Major is a small 
island (0.34 km2) in the center of the Galapagos archipelago. 
It supports breeding populations of four species of Darwin's 
finches: Geospiza fortis (medium ground finch, =17 g), G. 
fuliginosa (small ground finch, =14 g), G. magnirostris (large 
ground finch, =30 g), and G. scandens (cactus finch, =21 
g). Finches have been studied every year from 1973 to 1993. 
Over the period 1976-1992, harmonic mean breeding-pop- 
ulation sizes were 198 G. fortis, 80 G. scandens, 3 G. fuli- 
ginosa, and, from 1983 onward, 6 G. magnirostris (Grant 
1993; Grant and Grant 1995). 

Adult and immature finches were trapped in mist nets each 
year, usually in January and February at the end of the dry, 
non-breeding, season. They were measured, banded and re- 
leased. Birds were weighed to the nearest O.1g with a Pesola@ 
spring balance; wing length was measured with a wing ruler 
to the nearest millimeter; tarsus length and bill length were 
measured with dividers, and bill depth and bill width were 
measured with callipers, all to the nearest 0.1 mm. Most birds 
were measured by P.R.G., and correction factors, calculated 
from birds measured by P.R.G. and other measurers, were 
applied to the rest. Repeated measurements of the same bird 
were averaged. Repeatabilities are high, especially for bill 
measurements (Grant and Grant 1994). Birds were given a 
unique combination of four bands, two on each leg: one num- 
bered metal band and three colored plastic (PVC) bands cod- 
ed to correspond to the number on the metal band. Nestlings 
were banded at an age of 8 d, and measured upon capture in 
mist nets when fully grown (60 d or older; Boag 1984). 
Parents were identified by observation of adults feeding nest- 
lings. 

Analyses 

Selection analyses were performed on In-transformed data, 
standardized by dividing by the standard deviation (Lande 
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and Arnold 1983; Price et al. 1984b; Gibbs and Grant 1987a). 
Before analysis, weight was converted to the cube root o f  
weight. The net effect o f  selection on a trait, the selection 
differential (s) ,  was calculated as the difference in the mean 
value o f  the trait before and after selection. The direct effect 
o f  selection on each trait, or selection gradient ( P ) ,  which is 
independent o f  selection on correlated traits, was estimated 
by the partial-regression coefficient o f  relative fitness (sur- 
vival) on each trait. Statistical significance o f  selection co- 
efficients was assessed by t-tests. Significance o f  the gradi- 
ents was confirmed by t-tests o f  the coefficients from a lo- 
gistic regression analysis (Grant and Grant 1993). An evo- 
lutionary response to selection was calculated on the 
untransformed scale as the difference between the mean o f  
a trait before selection and the mean o f  the same trait in the 
offspring o f  the selected group (Falconer 1989). 

Observed evolutionary responses were compared with 
those predicted from estimates o f  standardized selection co- 
efficients, heritabilities, and genetic correlations (Lande 
1979). The expected shift in each trait mean (Zi) was cal- 
culated from: 

are entries in the selection gradient o f  the direct effects 
o f  selection on each o f  the traits 1-6, h2 is the heritability 
o f  a trait, h is its square root, and r, is the genetic correlation 
between two traits. Thus, for each trait, the predicted response 
is the product o f  direct selection on that trait and indirect 
selection on all o f  the other five correlated traits. Heritabil- 
ities and genetic correlations were calculated from 1976 data 
supplemented by a few extra families formed in 1978 (Boag 
1983) and a few extra measurements made since then. On 
the basis o f  the magnitude o f  the standard errors, the 1976 
sample alone (Boag and Grant 1978) was considered too 
small for the estimation o f  these genetic parameters. 

Sampling errors for the predictions were obtained by boot- 
strapping, performed by D. Schluter (pers. comm. 1994). The 
41 families o f  parents and offspring were resampled random- 
ly (with replacement) to yield 500 replicates o f  the genetic 
covariance matrix. A p vector also was resampled randomly 
500 times. This was done by generating a single random 
vector from a multivariate normal distribution whose mean 
vector was p, as calculated from the original data, and whose 
covariance matrix was the matrix o f  sample variances 
(squared standard errors) and covariances o f  the original es- 
timates o f  p. The predicted response to selection was cal- 
culated for each resampling o f  genetic and selection param- 
eters, and its standard error obtained as the standard deviation 
o f  the replicates. 

The First Selection Episode 

Selection in 1976-1977.-Prior to the period o f  selection, 
634 birds measured in 1975 and 1976 were alive in mid- 
1976. O f  these, 15% (N = 98) survived to 1978 when se- 
lection had ceased (Boag and Grant 1981, 1984a). Survivors 
were larger than nonsurvivors in all six dimensions (t-tests, 
P < 0.001 in all cases). Most birds were o f  unknown sex. 
Small samples o f  male (N = 24) and female (N = 14) sur- 

TABLE 1. Directional natural selection on Geospizafortis in 1976- 
1977 and 1984-1986. Coefficients in boldface are significantly dif- 
ferent (P < 0.05) from zero. 

Standardized selection coefficients 

Differential Gradient 

1976-1977 
Weight +0.74 +0.477 0.146 
Wing length +0.72 +0.436 0.126 
Tarsus length +0.43 +0.005 0.1 10 
Bill length +0.54 -0.144 0.174 
Bill depth +0.63 +0.528 0.214 
Bill width +0.53 -0.450 0.197 
Sample size 634 632 
Survival 15% 

1984-1986 
Weight -0.1 1 -0.040 0.101 
Wing length -0.08 -0.015 0.084 
Tarsus length -0.09 -0.047 0.076 
Bill length -0.03 +0.245 0.095 
Bill depth -0.16 -0.135 0.136 
Bill width -0.17 -0.152 0.125 
Sample size 556 549 
Survival 32% 

vivors exhibited the same trend displayed by the total sample 
and by the sample o f  birds o f  unknown sex, although not i l l  
individual traits showed significant mean increases. 

Standardized selection differentials and gradients are given 
in table 1 .  The net effects o f  selection, as measured b y  se- 
lection differentials, were strongest on weight and wing 
length, which are two independent measures o f  structural size 
(Grant et al. 1985). Trait means shifted from approximately 
one-half to three-quarters o f  a standard deviation. ~rad ien t  
analysis shows that net effects on trait means were brought 
about by direct selection for large weight, wing length, and 
bill depth. These direct and independent effects o f  selection 
more than counterbalanced selection in the opposite direction 
on one other trait, bill width. Thus, not only was large overall 
size selectively favored, but bill shape, that is depth in re- 
lation to width, also changed under selection. 

Results o f  the gradient analysis are robust to deletion o f  
single variables, with one exception (see also Price and Boag 
1987). Deletion o f  either bill depth or bill width eliminates 
the significant entry in the gradient o f  the other. This comes 
about from their high intercorrelation ( r  = 0.857); all other 
pairs o f  variables are less strongly but positively correlated 
(0.4-0.8). The problem o f  multicolinearity (high character 
correlations) is well recognized in selection analyses (Lande 
and Arnold 1983; Mitchell-Olds and Shaw 1987) and is often 
dealt with by eliminating one o f  a pair o f  correlated variables 
(e.g., Price and Boag 1987, Grant and Grant 1993). In the 
present analysis, both bill traits are retained because, even 
though they are highly correlated, each has sign$cant and 
opposite independent effects on fitness (survival). 

These results confirm and extend previously reported anal- 
yses o f  the same selection event (Boag and Grant 1981, 
1984a; Price and Boag 1987; Price et al. 1984b; ). Trivial 
differences in the magnitude (but not signs) o f  the selection 
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TABLE2. Evolutionary response of Geospiza fortis to selection in 
1976-1977. All differences between generations (A) are shown in 
boldface, indicating that they are significant by t-tests; for tarsus 
length, P = 0.0048, for all others P < 0.0001. 

Before selection Next generation 
1976 1978 

Mean SE Mean SE A 

Weight (g) 
Wing length (mm) 

16.06 
67.88 

0.06 
0.10 

17.13 
68.87 

0.13 
0.20 

+1.07 
+0.99 

Tarsus length (mm) 19.08 0.03 19.29 0.07 +0.21 
Bill length (mm) 10.63 0.03 10.95 0.06 +0.32 
Bill depth (mm) 9.21 0.03 9.70 0.06 +0.49 
Bill width (mm) 8.58 0.02 8.83 0.05 +0.25 
Sample size 634 135 

coefficients arise from reclassification of eight individuals 
(Grant 1993), new measurements of a few more, and inclusion 
of wing length and tarsus length in the analyses. Addition of 
these two variables has two effects; wing length becomes an 
extra significant entry into the selection gradient, without 
affecting the others, and the total r2 rises from 0.105 to 0.122. 

Evolutionary Response.-Heritabilities of all six morpho- 
logical traits are high and significantly different from zero. 
They vary from 0.48 2 0.13 for tarsus length to 0.97 + 11 
for weight. Similarly, genetic correlations between traits are 
all large and positive, varying from 0.67 2 0.15 for tarsus 
length and weight to 0.94 2 0.10 for bill depth and width. 
Therefore, evolutionary responses to strong directional se-
lection are expected to be pronounced in the cohort of off- 
spring born in 1978, and are in fact observed (table 2). All 
differences between the sample before selection and the sam- 
ple of members of the next generation are significant at P < 
0.005. 

These results are not affected by a possible bias arising 
from sexual selection on the parental generation. Sexual se- 
lection on male traits could have occurred in this basically 
monogamous species because males outnumbered females 
among the survivors by at least 2:1 (Boag and Grant 1981, 
1984a); because they were larger than females on average, 
males survived better when large size was selectively favored 
(Gibbs and Grant 1987b). An unbalanced sex ratio gives fe- 
males an opportunity to choose mates on the basis of traits 
previously subjected to natural selection (Price 1984; Grant 
and Grant 1989a,b). If they chose mates in this way, the 
breeders would be a nonrandom sample of the survivors. This 
did not happen: the males that bred did not differ in any trait 
from those that did not breed (t-tests, P > 0.1); hence, there 
is no evidence of sexual selection on any of the traits. 

High heritabilities imply that offspring born in 1978 to the 
survivors will be close in size to their parents, although a 
little smaller on average. This expectation was realized; off- 
spring had smaller means than their parents, though none of 
the differences were significant (all P > 0.1). 

We repeated the analysis of the evolutionary response by 
using members of the 1981 cohort; the 1979 and 1980 cohorts 
of measured birds were too small for separate analysis. Al- 
though sexual selection occurred in 1981 (Price 1984), all of 
the previously selected adults alive that year bred and pro- 
duced a total of 16 measured offspring, which we compared 

TABLE3. Comparison of predicted and observed evolutionary re- 
sponses of Geospiza fortis to selection in 1976-1977. There are no 
significant differences between the two by t-tests. The observed 
means were calculated from the restricted sample of 36 offspring 
hatched in 1978 whose parents were included in the selection anal- 
ysis. They differ from means of the unrestricted sample used in 
table 2. 

Predicted Observed A in SD units 

Mean SE Mean SE Predicted Observed 

Weight 17.39 0.22 17.53 0.25 +0.82 +0.91 
Wing length 69.98 0.39 69.65 0.35 +0.85 +0.72 
Tarsus length 19.45 0.09 19.32 0.14 +0.48 +0.32 
Bill length 11.14 0.10 11.06 0.11 +0.68 +0.58 
Bill depth 9.83 0.12 9.94 0.09 +0.76 +0.90 
Bill width 8.96 0.08 8.97 0.08 +0.65 +0.67 

with the sample of 634 birds before selection. Tarsus length 
was not included because it was measured differently in 1981 
(T. D. Price pers. comm. 1981). Four of the traits differed 
significantly (P < 0.001), confirming the original result. In 
addition, mean wing length was 1 mm larger in the 1981 
offspring than in the preselected group, but the difference is 
not significant (P  = 0.1051). The 16 offspring did not differ 
in any trait from 18 offspring of the same parents (N = 7 
families) born in the years 1979 and 1980 combined (P > 
0.25 in all cases). Thus, the observed evolutionary response 
in 1978 was a repeatable consequence of selection and not 
simply a product of exceptionally favorable conditions for 
growth in 1978. 

Observed and Predicted Responses Compared.-Table 3 
shows a comparison of offspring means with those predicted 
from Lande's (1979) equation for multivariate evolution. The 
sample used to calculate the observed evolutionary response 
comprised the 36 (measured) offspring hatched in 1978 
whose parents were banded before selection; other measured 
offspring had at least one parent that did not enter the se- 
lection analysis and might, for this reason, not be character- 
istic of the sample used in the selection analysis. 

There is good agreement between observed and predicted 
values, no significant differences between any pair, and no 
trend to under- or overpredict the means. As with the total 
sample, all observed means are significantly different from 
the sample before selection; therefore, all traits show a sig- 
nificant positive response. 

The Second Selection Episode 

Selection in 1984-1986.-Before selection occurred, 556 
birds measured before mid-1984 were alive. Ignoring a brief 
and largely unsuccessful attempt by a few birds to breed in 
1986, the next breeding season occurred in 1987. Of the 
starting group of 556, 180 (32%) survived to 1987. The net 
effect of selection up to this time was a decrease in the mean 
size of traits, especially bill dimensions (table 1). 

In the gradient analysis of all six traits, only one, bill 
length, was revealed as a target of selection; moreover, an 
increase in this trait was selectively favored. Net effects of 
selection, size decreases, were produced by the cumulative 
small effects in that direction on all other traits. This becomes 
clearer when traits are deleted singly from the gradient anal- 
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TABLE4. Evolutionary response of Geospiza fortis to selection in 
1984-1986. Differences between generations (A)  shown in boldface 
are significant (P < 0.001) by t-tests; for the others P > 0.05. 

Before selection Next generation 
1984 1987 

Mean SE Mean SE A 

Weight (g) 17.04 0.07 
Wing length (mm) 68.17 0.10 
Tarsus length (mm) 19.10 0.03 
Bill length (mm) 10.92 0.03 
Bill depth (mm) 9.61 0.03 
Bill width (mm) 8.86 0.02 
Sample size 556 

ysis. Results are robust to deletion with the exception of bill 
depth and width, as in the 1976-1977 selection analysis. 
These are the two dimensions most strongly correlated. De- 
letion of bill depth results in the coefficieit for bill width 
becoming significant (P = -0.251 L 0.101, P = 0.013), and 
deletion of bill width results in the coefficient for bill depth 
becoming significant (P = -0.236 ? 0.094, P = 0.012). In 
each case, the significance of the P value for bill length 
remains unchanged, and none of the other P values change 
to a large degree or become significant. Notice that the sum 
of the two coefficients in table 1 is almost the same as the 
individual ones after deletion. 

These results are almost the same as those reported earlier 
(Gibbs and Grant 1987a) from analyses of a slightly smaller 
data set for a shorter time (1984-1985). Several small errors 
in the original data set have been corrected (see also Grant 
and Grant 1993). 

Evolutionary Response.-Observed evolutionary re-
sponses were calculated from the trait means of 378 mea- 
sured offspring hatched in 1987 whose measured parents 
were included in the "before-selection" group. Excluded 
were another 58 measured offspring with only one parent 
in the preselection group. All responses were significant 
(P  < 0.001) except tarsus length and bill length (P  > 0.05, 
table 4). They all agree in direction with the signs of the 
p coefficients, that is, offspring were smaller on average 
than in the preselected group, except that bill length gives 
an indication of a shift in the opposite direction. Inclusion 
of the 58 offspring mentioned above does not alter any of 
the results. 

There is almost no scope for the potential bias, considered 
in the 1976-1977 selection episode, of sexual selection on 
the parental generation. The sex ratio of survivors was 1:1, 
and all but three individuals bred. Of the survivors, 99% had 
been measured, and only 10 (6%) were measured after the 
middle of 1984 and hence were excluded from the preselected 
group. 

Estimates of the evolutionary response did not depend on 
conditions unique to 1987. The next full breeding season was 
1991, another wet year of extensive breeding like 1987 and 
with a similar breeding density (Grant and Grant 1992). There 
is no a priori reason to expect growth conditions to have been 
different in the two years. Seven pairs produced measured 
offspring in both 1987 (25) and 1991 (11). Although the 
statistical power to detect small differences between these 

TABLE 5. Comparison of predicted and observed evolutionary re- 
sponses of Geospiza fortis to selection in 1984-1986. Figures in 
boldface show where observed offspring generation means differ 
significantly from predicted means by ti tests that allow for unequal 
variances (Sokal and Rohlf 1981); for weight P < 0.05, wing length 
P < 0.001, and bill depth P < 0.01. The observed means were 
calculated from the restricted sample of 378 offspring hatched in 
1987 whose parents were included in the selection analysis. They 
differ from means of the unrestricted sample used in table 4. 

Predicted Observed A in SD units 

Mean SE Mean SE Predicted Observed 

Weight 16.82 0.13 16.48 0.08 -0.13 -0.33 
Wing length 67.93 0.17 67.21 0.11 -0.11 -0.41 
Tarsus length 19.02 0.04 19.02 0.04 -0.08 -0.10 
Bill length 10.86 0.05 10.96 0.03 -0.10 +0.05 
Bill depth 9.51 0.06 9.32 0.03 -0.14 -0.39 
Bill width 8.77 0.04 8.70 0.03 -0.15 -0.27 

two groups is not large, they do not differ significantly in 
any trait, in either a comparison of all individuals or a com- 
parison of family means (P > 0.1 in all cases). 

Observed and Predicted Responses Compared.-Unlike the 
outcome of the 1976-1977 selection analysis, observed and 
predicted responses to the second episode of selection differ 
significantly in three traits (table 5). With the exception of 
bill length, which displayed no evolutionary response (table 
4), observed means decreased more than predicted (table 5). 
The observed decreases (mean SD shift = 0.24) are twice as 
large as those predicted (mean = 0.12 SD). 

Comparison of the 1978 and 1987 

Evolutionary Responses 


None of the observed and predicted responses in 1978 
differ significantly, whereas three of the six differ signifi- 
cantly in 1987. The superiority of the first predictions is partly 
but not entirely due to the broader confidence limits on the 
estimates of offspring trait means in 1978 resulting from 
smaller sample sizes than those available in 1987. In fact, 
the predictions are closer to observed responses in 1978 than 
in 1987 (fig. 1). This can be quantified by comparing the 
distance between the observed vector of standardized evo- 
lutionary change and the predicted vector in the two years 
(tables 3, 5). The distance, calculated as the square root of 
the sum of the squared differences for the six traits, is 0.28 
in 1978 and 0.48 in 1987. 

The multivariate equation does a better job of prediction 
in 1978 than in 1987 in two other respects. First, the vector 
correlation between observations and predictions is stronger 
in 1978 (0.86) than in 1987 (0.42). Second, whereas all ob- 
served means in 1978 are correctly predicted to be larger 
than those of the preselected group, one of the 1987 means 
(bill length) ostensibly shifted in the opposite direction to 
that predicted. Furthermore, selection for small size in the 
parental generation (1984-1986), coupled with heritabilities 
of less than 1.0, should have led to the 1987 offspring being 
larger than their parents, but in four traits they were smaller. 
There was no corresponding discrepancy in the 1978 pre- 
diction. 

We now examine four hypotheses to account for the main 
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OBSERVED 

FIG. 1. Comparison of predicted and observed evolutionary re- 
sponses of Geospiza fortis to selection in 1976-1977 and 1984- 
1986. The responses were manifested by the next generations born 
in 1978 and 1987, respectively. Data are taken from tables 3 and 5. 

differences between predictions and observations in 1987, 
three of which were formally significant. 

Hypotheses to Explain Departures of 

Observations from Predictions 


Incorrect Estimation of Genetic Parameters.-The large 
bill-length mean observed in the 1987 offspring is anoma- 
lous. Given the relative magnitudes of the P coefficients and 
the strengths of the positive genetic correlations among traits, 
the upward selection on bill length should have been more 
than outweighed by the cumulative effects of downward se- 
lection on all of the other traits. A possible explanation for 
the anomaly is that incorrect genetic values have been used. 
The anomaly would diminish-or disappear if the heritability 
of bill length and genetic correlations with other traits were 
close to zero. This is not observed. Most of the breeders in 
1987 were born in 1983. Bill-length heritability calculated 
from this cohort of offspring born in 1983 is 0.58 -C. 0.13 (N 
= 62 families), which is similar to the estimate of 0.65 2 
0.15 for the earlier cohorts (Boag 1983). Heritabilities for 
other bill traits are higher (>0.60), and all genetic correla- 
tions are positive and large (>0.60). These are much too high 
to account for either the anomalously high mean bill length 
or the low mean values of other traits in the offspring born 
in 1987. 

Natural Selection on the Offspring.-Given that parameters 
of the multivariate predictive equation have been correctly 
estimated, the source of any discrepancy with observations 
probably lies in two factors affecting the offspring genera- 
tion. First, before being measured, this cohort may have been 
subjected to directional natural selection. Second, members 
of this cohort may have experienced conditions during their 
growth to adult size that were different from those experi- 
enced by their parents as they grew to maturity. Although 

selective mortality need not be independent of nutritional 
effects on growth and adult size, we first consider and test 
two hypotheses that treat them separately before examining 
a possible interaction. Finally, offspring and parents may 
have been subjected to different environmental influences 
after they had stopped growing. 

Selection for small size early in life, which has been in- 
ferred for other cohorts (Price and Grant 1984), could have 
occurred before most of the 1987 cohort were measured. 
Selection for large bill length could have occurred at the same 
time. In other words, the offspring may have been subjected 
to the same selective pressures experienced by the parental 
generation in previous years. Assuming selection mainly af- 
fects between-brood variation, the hypothesis predicts that 
the measured 1987 cohort members should have smaller than 
average parents because those inheriting large size from large 
parents should have suffered relatively heavy mortality. 

The hypothesis was tested by comparing the breeders that 
produced measured offspring (N = 147) with those that did 
not (N = 10). The analysis was restricted to those families 
in which both parents were measured and were members of 
the 1984 preselection group. None of the single-trait com- 
parisons were significant (P  > 0.1) by t-tests, nor were there 
any suggestive trends: the producers had smaller means than 
the nonproducers for only wing and tarsus length. The hy- 
pothesis is not supported by results of this test. 

The test is limited in sensitivity by the small sample size 
of parents that contributed no offspring to the measured sam- 
ple. As an alternative, we regressed the number of measured 
offspring (N = 0-12) produced by parents on the midparent 
values of the six measured traits. Since offspring number is 
a measure of fitness, the analysis was performed as a selection 
analysis, with relative fitness regressed on standardized ln- 
transformed variables. The resulting regression was not sig- 
nificant ( F  = 1.016; df = 6, 150; P = 0.4173), and none of 
the individual P coefficients was significant. Thus, the hy- 
pothesis is not supported. However, the two largest coeffi- 
cients also predominated in the 1984-1986 selection gradient, 
and had the same sign. For bill length P = 0.103 2 0.078 
(t = 1.32, P = 0.190), and for bill width P = -0.1 15 2 
0.096 (t = 1.20, P = 0.2331). Therefore, differential pro- 
duction of surviving offspring among parents of different bill 
sizes (and shapes) could have affected the measurement of 
the evolutionary response, but only to a small extent. 

These analyses were repeated with the 1978 cohort, with 
similar (negative) results. Ten pairs produced one to seven 
measured offspring. The overall regression was not signifi- 
cant ( F  = 0.703; df = 6, 3; P = 0.6745), and none of the 
individual P coefficients approached significance ( P  > 0.25). 

Nutritional Effects on Growth.-Poor growth in 1987, as 
apparently occurred in 1976 (Boag 1983, 1987), could have 
led to below-average size of birds born that year. This would 
not explain the relatively high bill length mean, but positive 
selection for this trait may have occurred, despite generally 
poor conditions for growth, just as it did in the parental 
generation. Even though food supply was plentiful in 1987, 
an El Nifio year, initial breeding density was high at =I00 
pairs (Grant and Grant 1992). Conditions for growth may 
have been inferior to those experienced by their parents. Most 
parents were born (hatched) in 1982-1983, another El Nifio 
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TABLE6. Mean measurements of offspring hatched in the first 
half, January through April (early, N = 1841, and in the second 
half, May through August (late, N = 194), of the breeding season 
in 1987. Boldface shows where the (only) early offspring mean 
differs significantly (P < 0.05) from the predicted mean (table 5) 
by a t-test. 

Early offspring Late offspring 

Mean SE Mean SE 

Weight 16.67 0.10 16.30 0.11 
Wing length 67.46 0.15 66.97 0.15 
Tarsus length 18.97 0.05 19.06 0.05 
Bill length 10.94 0.05 10.97 0.05 
.Bill depth 9.38 0.04 9.25 0.05 
Bill width 8.73 0.04 8.67 0.04 

year, when initial breeding density was only 70 pairs. The 
hypothesis makes two interrelated predictions. Offspring 
born in 1987 should be smaller, on average, than their parents, 
and the difference should be greater in the second half of the 
breeding season, at a time of higher density, than in the first 
half. Note that selection for small size in the parental gen- 
eration, combined with heritabilities of less than 1.0, should 
lead to offspring being larger, not smaller, than their parents 
in the absence of the hypothesized nutritional effects. 

The first prediction was tested by comparing offspring (N 
= 378) with their parents (N = 147). For three of the six 
traits differences were significant, and in each case they were 
in agreement with expectation; offspring were significantly 
smaller than their parents in weight (tsz1 = 2.53, P = 0.01 18), 
wing length (tsZ1 = 3.46, P = 0.0006) and bill depth (t5Z3 
= 2.92, P = 0.0036). Offspring mean bill width (X = 8.70 
-C. 0.02 mm) was smaller than the parental mean (,f = 8.76 
+- 0.05), but not to a significant extent (t5'23 = 1.23, P = 
0.2187). Offspring means for the other two traits, bill length 
and tarsus length, were almost identical to, but actually larger 
than, the corresponding parental means as is to be expected 
from their heritabilities of less than one. 

The second prediction was tested by comparing the sizes 
of offspring born early (January-April, N = 184 measured) 
and late (May-August, N = 194) in the 1987 breeding season 
(table 6). Results were almost the same as those from the 
first test and supported the hypothesis. Late-born birds were 
significantly smaller than early born birds in weight, wing 
length, and bill depth. A difference in bill width in the same 
direction is not significant. Differences in the opposite di- 
rection for tarsus and bill length are small and not significant. 

Thus, the growth hypothesis is supported by tests of two 
predictions. The explanation for tarsus length not decreasing 
may be that almost all growth is completed in the nest, unlike 
all the other traits (Boag 1984), and that factors preventing 
the attainment of potential adult size such as insufficient food 
and competitive interactions operate after fledging. The same 
explanation cannot be applied .to bill length because this trait 
takes the longest time to reach adult size. 

The higher survival of small birds could also be produced 
by selection for small relative size within broods, indepen- 
dent of absolute size (i.e., between broods). We have no ev- 
idence for this, and results of our only relevant comparison 
run counter to it. Recaptured offspring had higher average 

weights at banding (day 8) than their nest mates not recap- 
tured (Wilcoxon Matched-Pairs Signed-Rank test, z = 2.67, 
N = 152, P = 0.0076 two-tailed). Nonetheless, selection for 
small size within broods might occur after fledging. This 
would imply that the smallest member of each brood is in 
better condition on average than the rest. In this way, selective 
mortality and differential growth may interact and be, strictly, 
inseparable. 

To conclude, a role for nutritional factors affecting growth 
and causing discrepancies between observed and predicted 
evolutionary responses in 1987 seems certain. A role for 
selection for small offspring size remains possible, and for 
large bill length is probable. 

To reduce the hypothesized density-mediated environmen- 
tal effects on growth and adult size of the 1987 cohort, we 
use only the early-born birds instead of the total sample for 
comparison with predicted means. This substitution (table 6) 
results in a closer correspondence between observed and pre- 
dicted trait means and the disappearance of two of the three 
significant differences. Only wing length remains signifi-
cantly smaller than predicted (t's = 2.07, P < 0.05). The 
observed decreases (mean SD shift = 0.19) are closer to those 
predicted (mean = 0.12 SD) than are those for the total sam- 
ple of offspring (mean = 0.24 SD). 

With regard to the 1978 cohort, although they were larger 
than their parents in all traits, as predicted, mean values for 
four of the traits fell slightly short of predicted means. A 
nutritional effect on final adult size may have been respon- 
sible, but is unlikely because conditions for growth that year 
were favorable: breeding density was low (Boag 1983), and 
nestling food supply (arthropods) was plentiful (Boag and 
Grant 1984b). Moreover, offspring born early (N = 59) and 
late (N = 66) in the 1978 season did not differ significantly 
from each other in any of the six traits (t-tests, P > 0.05 in 
each case). 

Direct Effects of the Environment.-Offspring hatched in 
1987 experienced different conditions from those of their 
parents after they had attained adult size. Two drought years 
followed 1987 (Grant and Grant 1992). None of their parents 
experienced such a long period with limited opportunities for 
molting their plumage before 1987. Therefore, the wing- 
length comparison is likely to be affected by a bias arising 
from abrasion of feathers and low molting frequency during 
the years when most of the offspring were measured. This 
could account for the significant difference between observed 
and predicted wing lengths. 

The desirability of making testable evolutionary predic- 
tions from the measurement of selection in the wild contrasts 
with the rarity of the opportunity to do so. Predictions require 
estimation of the strengths and directions of selection on 
traits, and quantitative genetic parameters of those traits. Pre- 
dictions can be tested against observations when offspring 
of identified parents in the selected group have been mea- 
sured. Such offspring measurements are often difficult if not 
impossible to obtain. We have taken advantage of the con- 
venience of a small and resident population of birds to predict 
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evolution in some morphological traits, to measure evolution 
in those traits, and to compare the two (fig. 1). 

We found good agreement between observations and pre- 
dictions. Some discrepancies in the second episode stimu- 
lated us to investigate possible biases. We identified a biasing 
environmental influence on adult traits in one cohort: a com- 
bination of food supply and density affected the adult size 
attained by growth. These effects may have been enhanced 
by weight loss and feather abrasion during an unusually long 
drought (1988-1990) before some of the birds were measured 
(see also Gosler 1987), and by selection on the offspring 
generation prior to their measurement. Similar problems are 
likely to be frequently encountered in any study conducted 
in fluctuating environments, which are just those in which 
selection is expected to occur repeatedly. 

Univariate and Multivariate 

Analyses of Selection 


There are general lessons to be learned from these attempts 
to predict evolution, over and above the value they have in 
contributing to an understanding of contemporary selection 
pressures on the particular species. The value of the multi- 
variate approach to the evolution of quantitative traits, and 
the need to keep selection separate from evolution, are well 
illustrated by both analyses of selection. In neither episode 
did selection affect only one trait. Correlated characters were 
selected as a set, and the genetic correlations determined the 
evolutionary consequences. In most cases, traits subjected to 
selection underwent evolutionary change. However, bill 
length was not a target of selection in 1976-1977; neverthe- 
less, it evolved as a correlated response to selection on other 
traits. In contrast, bill length was selected in the 1984-1986 
episode but it did not evolve, partly because the effect was 
nullified by selection in the opposite direction on positively 
correlated traits. Evolutionary change in this dimension, or 
lack of it, could not be understood without a knowledge of 
the correlation structure. 

Boag (1983) found a high correlation (rs = 0.89) between 
the elements of the phenotypic and genetic correlation ma- 
trices. All elements are large. When G and P, the genetic 
and phenotypic covariance matrices, are almost the same, the 
predicted responses to selection on the various traits approach 
the selection differentials, because Az = GP-lS (Lande 
1979). We may therefore ask, How well does the standardized 
version of the simple predictive equation R = h2s perform? 
The answer is, surprisingly well. 

The vector correlation between predicted and observed 
standardized responses is actually much higher in 1987 when 
this simple equation is used (0.70) than when the multivariate 
equation is used (0.42); for 1978, the vectors for the simple 
(0.92) and multivariate (0.86) equations are nearly identical. 
However, there is a loss in the accuracy of some individual 
predictions. Bill depth predicted by the univariate equation 
in 1978 is significantly lower (P < 0.05) than observed. In 
fact, the univariate equations perform less well than the mul- 
tivariate equations in terms of the closeness of predictions 
to observations (as opposed to the pattern of correspondence 
between the two). The vector of distances between predic- 
tions and observations in 1978 is lower for the multivariate 

equations (0.28) than it is for the univariate equations (0.43). 
The vectors are more nearly equal in 1987; 0.48 for the uni- 
variate equation and 0.44 for the multivariate equation. For 
most organisms and most characters, with lower heritable 
variation and hence higher environmental variation (see Boag 
and van Noordwijk 1987, Roff 1990), genetic and phenotypic 
matrices will correspond less well and the simple predictive 
equation will be less reliable. This is a subject for empirical 
investigation. 

Statistical and Biological Assumptions 

When natural selection is relatively weak, as will usually 
be the case, the power of the predictive method of evolu- 
tionary study will be limited by imprecise and incomplete 
parameter estimation. In particular, the success of multivar- 
iate analysis is dependent upon statistical assumptions being 
met. Statistical assumptions of selection analyses have been 
discussed extensively (Lande and Arnold 1983; Endler 1986; 
Manly 1985; Price and Boag 1987; Mitchell-Olds and Shaw 
1987, 1990; Crespi and Bookstein 1989; Crespi 1990; Wade 
and Kalisz 1990; Price and Langen 1992; Rauscher 1992; 
van Tienderen and de Jong 1994). A potentially serious prob- 
lem is the failure to include all relevant variables. This can 
result in misidentification of the true targets of selection and 
a concomitant failure to predict its evolutionary conse-
quences correctly. For example, evolutionary responses of 
bill length and depth in 1987 were not accurately predicted, 
possibly because another, correlated trait not included in the 
analysis also was subjected to natural selection. We do not 
know of any trait that is positively correlated with one of the 
bill dimensions and negatively correlated with the other. This 
explanation would require that some genetic and phenotypic 
correlations differ greatly, which is not known for any pair 
of variables in our studies. Problems arising from unidentified 
targets of natural selection are not confined to field studies 
and may occur even in well-controlled laboratory studies of 
artificial selection (e.g., Beniwal et al. 1992). 

The problem of missing variables can never be dealt with 
completely. Many studies of natural selection in the wild are 
open-ended and are likely to suffer acutely from the missing- 
variables problem. Crespi (1990) has urged a maximally in- 
clusive analysis to minimize the problem. Our study is dif- 
ferent in being focused on a small set of beak and body size 
variables that were chosen for measurement (Grant et al. 
1976; Abbott et al. 1977) because they had been identified 
previously as important in the morphological differentiation 
and speciation of the group (Swarth 1934; Lack 1945, 1947; 
Bowman 1961). Moreover, a combination of known food- 
supply changes and a biomechanical argument for the sig- 
nificance of bill shape adequately accounts for the observed 
directional selection and predictable evolutionary response 
(we have not discussed the causes of selection in this paper; 
see Grant 1986; Grant and Grant 1989a). 

The main biological assumption of the analyses is correct 
identification of parents. Misidentification gives rise to error 
when the true parents are not included in the selection anal- 
ysis and when they differ systematically in the selected traits 
from those that are included. 

Some studies of related (emberizine) finches in continental 
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regions have found extrapair fertilizations and hence cryptic 
paternity to be moderately frequent (e.g., Petter et al. 1990; 
Westneat et al. 1990), as determined by DNA fingerprinting; 
others have found them to be rare (Hartley et al. 1993). In 
our analyses, we assume we have correctly identified pater- 
nity and maternity by observation. Although no molecular 
data are available to test the assumption, it is supported by 
two facts. First, observations on extrapair copulations are 
extremely rare in the week before and during the egg-laying 
period (Price 1984, unpubl. obs.), when the female is pre- 
sumed to be receptive (Birkhead and M~lller 1992), and egg 
laying in the nests of other females has never been observed. 
Second, regressions of offspring measurements on the mea- 
surements of the apparent father are no different from those 
on measurements of the apparent mother. Both sets of re- 
gressions are very high (Boag 1983). Therefore, if the true 
biological parents have been misidentified, only a small num- 
ber of families could have been affected by this type of error. 

Long-Term Evolution 

These findings on short-term evolutionary responses to se- 
lection have important implications for our understanding of 
long-term evolution. There is a well-established tradition of 
making simple extrapolations from the former to the latter 
(e.g., Futuyma 1986 and others). As a recent example, Wil- 
liams (1992) calculated the average strength of selection each 
generation necessary to produce long-term evolutionary 
change, assuming a constant supply of genetic variation, and 
shows that large changes can be brought about over a long 
time by a very small amount of selection per generation. He 
argued that recurrent mutation is likely to replenish genetic 
variance lost through selection (e.g., see Lande 1975; Ayala 
1982; Charlesworth 1987). He also pointed to long-term se- 
lection experiments like those of Yoo (1980), which show 
undiminished responses to persistent directional selection, 
though small in magnitude at each generation, and concluded 
that the "logical difficulty with additive genetic variation and 
responsiveness to selection is that there is too much, not too 
little" (Williams 1992, p. 64). Earlier, Price et al. (1984a) 
had employed the methods of this paper, explicitly dealing 
with character correlations, to estimate the minimal selective 
forces involved in transitions from one Darwin's finch species 
to another. The results of the 1976-1977 selection episode 
were extrapolated to speciation. Schluter (1984) extended the 
method to reconstruction of the finch phylogeny. 

The results of our study caution that the realized selective 
forces involved in evolutionary transitions are likely to be 
greater than the extrapolated theoretical minima. It is prob- 
ably more realistic to consider selection acting episodically 
and changing in sign, within and between generations (Price 
and Grant 1984; Schluter and Smith 1986b), yet resulting in 
a net trend over the long term. For example, Hairston and 
Walton (1986) and Hairston and Dillon (1990) demonstrated 
a pattern of fluctuating selection on the timing of diapause 
by freshwater copepods (Diaptomus sanguineus) caused by 
predatory fish. The timing trait is heritable (in the lab), 
changes annually, and displays an apparent evolutionary re- 
sponse to selection. There are many examples in the fossil 
record of fluctuating patterns of morphological trait variation, 

and, although it is difficult to rule out ecophenetic change, 
they are consistent with a regime of oscillahng selection on 
a broad time scale (e.g., Kellogg 1975; Malmgren et al. 1983; 
Reyment 1983; MacLeod 1991). 

Our results show an additional reason why simple extrap- 
olations may be faulty. The evolutionary response to an ep- 
isode of directional selection may be less than predicted for 
environmental reasons. Environmental (nutritional) effects 
may prevent potential size of the offspring generation from 
being realized. Deviations from the long-term average of en- 
vironmental conditions are likely to affect the offspring gen- 
eration more than the parental generation, because the off- 
spring generation is a single cohbrt whereas the parents com- 
prise several cohorts. For example, in our study parents of 
the 1987 offspring were born (hatched) in the years 1975, 
1978, 1979, 1981, 1983, and 1984, years of very different 
rainfall, breeding density, and food supply (Grant and Grant 
1992). Interannual variation in environmental influences on 
adult size are averaged in the parental generation. For se-
melparous organisms this factor will have more pronounced 
effects. 

A third and similar reason has been identified and discussed 
by Price et al. (1988), van Noordwijk et al. (1988), and Ala- 
talo et al. (1990) (see also Rauscher 1992; van Tienderen and 
de Jong 1994). This is the possibility that selection acts on 
the environmental deviations of size-related characters sub- 
ject to food limitation during growth in the parental gener- 
ation and is therefore ineffective in causing evolution. 

These three reasons, in addition to the familiar one of 
constraints on change arising from genetic correlations, an- 
swer the question of why evolutionary responses over a long 
period oftime might be much less than expected by simply 
extrapolating from measured genetic variation and selection 
in the short term. As such, they are relevant to other dis- 
cussions of long-term evolution, such as apparent stasis 
punctuated by directional change (Gould and Eldredge 
1993), and the design of tests that attempt to distinguish 
between drift and directional selection as causes of evolu- 
tion on the basis of simple rates of divergence (Cheetham 
et al. 1993; Spicer 1993). 

There are important differences between the two selection 
regimes we have discussed. Even though the endpoint may 
bithe same, the cumulative forces of selection will be much 
greater if they oscillate in direction than if the direction is 
constant and if they act partly on the environmental com- 
ponent of variance. The time course will be longer. However, 
the opposite would be true if genetic correlations, when con- 
straining evolution, are modified more easily by oscillating 
than by unidirectional selection. The long-term dynamics of 

variances and covariances under different regimes of 
selection are not well enough understood for this possibility 
to be assessed. 

To some extent, the distinction we have made between 
oscillating and unidirectional selection and response depends 
on temporal scale. Unidirectional microevolutionary change 
over the short term becomes just part of oscillating change 
over a longer period of time. For example, climates naturally 
fluctuate skas6nally and annually about a long-term average. 
The evolutionary changes caused by oscillating directional 
selection arising from changes in rainfall in our study can be 
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considered a model for long-term evolution caused by cli- 
matic fluctuations; strong evolutionary change brought about 
by one climatic extreme was reversed by evolutionary change 
brought about by a contrasting climatic extreme. The dis- 
tinction is not iust .a matter of scale. however. and sustained 
unidirectional change can occur in many ways, such as per- 
sistent responses to the challenges of new predators, para- 
sites, pathogens, or competitors (e.g., Seeley 1986). Climatic 
change may play a role in causing such changes in community 
composition, and thereby have indirect as well as direct ef- 
fects upon the ecological and evolutionary fates of species. 
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