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Natural selection has almost certainly shaped many evolutionary trajectories documented in fossil lineages, but it has proven

difficult to demonstrate this claim by analyzing sequences of evolutionary changes. In a recently published and particularly promis-

ing test case, an evolutionary time series of populations displaying armor reduction in a fossil stickleback lineage could not be

consistently distinguished from a null model of neutral drift, despite excellent temporal resolution and an abundance of indirect

evidence implicating natural selection. Here, we revisit this case study, applying analyses that differ from standard approaches in

that: (1) we do not treat genetic drift as a null model, and instead assess neutral and adaptive explanations on equal footing using

the Akaike Information Criterion; and (2) rather than constant directional selection, the adaptive scenario we consider is that of a

population ascending a peak on the adaptive landscape, modeled as an Orstein–Uhlenbeck process. For all three skeletal features

measured in the stickleback lineage, the adaptive model decisively outperforms neutral evolution, supporting a role for natural

selection in the evolution of these traits. These results demonstrate that, at least under favorable circumstances, it is possible to

infer in fossil lineages the relationship between evolutionary change and features of the adaptive landscape.

KEY WORDS: Adaptive evolution, adaptive landscape, neutral evolution, random walk, stickleback, time series, Orstein–

Uhlenbeck process.

Paleontologists have traditionally interpreted many morpholog-

ical changes in the fossil record in terms of adaptive evo-

lution. This viewpoint is particularly evident in the classic

works by Simpson (1944, 1953), who modified Wright’s geno-

typic adaptive landscape to apply to the evolution of pheno-

typic traits. In Simpson’s view, the fossil record revealed nu-

merous examples of populations evolving to occupy optima

of relatively well-adapted phenotypes (see Lande 1976; 1979;

5Current Address: Department of Biological Sciences, Rowan Uni-

versity, Glassboro, New Jersey 08028

Arnold et al. 2001 for a more modern treatment). More recently,

however, many paleontologists have become cautious about at-

tributing change in the fossil record to the action of natural

selection. This caution results in part from a greater apprecia-

tion of the ability of null models to produce evolutionary pat-

terns similar to those previously interpreted as deterministic

(Raup and Gould 1974; Raup 1977; Bookstein 1987). More-

over, paleontologists have become more aware that the tem-

poral resolution of fossil data is usually much coarser than

the generational timescales of microevolution (Schindel 1980;

Sadler 1981; Kidwell and Behrensmeyer 1993), and that this fact
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complicates attempts to relate paleontological data to population-

level processes.

Partly as a result of this skepticism, statistical tests were de-

veloped to detect natural selection operating in time series of phe-

notypic traits through stratigraphic sequences. The null model in

these tests is neutral genetic drift (Lande 1976; Turelli et al. 1988;

Lynch 1990) or its general form, an unbiased random walk (Raup

1977; Raup and Crick 1981; Bookstein 1987; Gingerich 1993;

Roopnarine 2003). These methods test against the neutral expec-

tation by assessing whether trait increases significantly exceeded

decreases, or vice versa (Raup 1977; Raup and Crick 1981), if trait

increases or decreases were more autocorrelated than expected

(runs test, Raup and Crick 1981), if long-term divergence was too

great given short-term changes (scaled maximum test, Bookstein

1987), or if the pace of change has been too fast for genetic drift

(Lande 1976; Lynch 1990). Application of these tests to detect

Figure 1. Plots of mean trait values over time, starting with the first appearance of the highly armored stickleback lineage. Time is

measured in organismal generations (= 2 years/generation), with generation zero set at the first sample marking the invasion of the

lake by this particular lineage (smaller italicized numbers below the time axis in the top panel show the time scale from Bell et al. [2006],

which is in years). Vertical error bars denote one standard error; samples with fewer than five individuals have been omitted. For each

trait, the expected evolutionary trajectory of the best-fit adaptive model is shown as a dotted line, with the 95% probability envelope

around this solution in gray. There is a delay before the pelvic score character begins to evolve to a lower armored form (see text).

adaptive evolution in fossil sequences has not been encouraging.

The null model of an unbiased random walk frequently cannot be

rejected (Raup 1977; Raup and Crick 1981; Malmgren et al. 1983;

Bookstein 1987, 1988; Sheets and Mitchell 2001), and evolution-

ary divergence, rather than being so rapid as to imply directional

selection, is usually slower than the neutral expectation (Lynch

1990; Cheetham and Jackson 1995; Clegg et al. 2002; Estes and

Arnold 2007; Hunt 2007).

A recent study by Bell et al. (2006) documenting morpho-

logical evolution in a stickleback lineage represents an unusually

promising test case for detecting natural selection in the fossil

record. This lineage showed a steady but tapering reduction in

several traits related to the size and robustness of skeletal ele-

ments (Fig. 1), and several independent lines of indirect evidence

suggest that natural selection influenced these evolutionary trajec-

tories (Bell et al. 2006). In addition, because the lake sediments
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are preserved in annually resolved layers (diatomaceous varves),

temporal resolution in this system is exceptionally fine—about

250 years after strata were lumped to attain useful sample sizes

(Bell et al. 2006). Despite these favorable circumstances, scaled

maximum and runs tests for all three traits revealed no evidence of

directional change. In addition, only one trait showed a marginally

significant excess of decreases, and very few of the sample-to-

sample differences were larger than expected under drift (Bell

et al. 2006). Because of these negative results in the face of inde-

pendent evidence of selection, Bell et al. (2006) were pessimistic

about the likelihood of ever detecting natural selection from the

evolutionary trajectories of fossil lineages.

Here we present a reanalysis of these data, which, contrary to

the standard tests applied by Bell et al. (2006), strongly favors an

adaptive model to account for the evolutionary trajectories of these

traits. Our analyses differ from those previously applied in two im-

portant respects. First, we do not treat genetic drift as a null model.

This approach often has low statistical power (Roopnarine 2001;

Sheets and Mitchell 2001), and giving privileged null status for ge-

netic drift is difficult to justify on biological grounds. Instead, we

fit two competing models to these data, one neutral and one adap-

tive, and compare their performance on an equal footing using the

Akaike Information Criterion. Second, we do not equate adaptive

evolution with relentless directional selection, which is unlikely

to persist through the approximately 17,000-year duration of the

sequence analyzed. Rather, we model adaptive evolution in terms

of a population climbing a peak in the adaptive landscape. When

we fit this adaptive model to these stickleback trait sequences, we

find that for all analyzed traits it decisively outperforms a model

of neutral phenotypic evolution. Accordingly, we conclude that

it is probable that natural selection shaped the evolution of these

traits, and that at least under favorable circumstances, it is possible

to infer the relationship between the evolutionary trajectories of

fossil lineages and features of the adaptive landscape.

Materials and Methods
FOSSIL DATA

The fossil stickleback represent Gasterosteus doryssus (Jordan

1907), which is a member of the Gasterosteus aculeatus species

complex (Bell 1994). This complex comprises a large set of extant,

phenotypically diverse populations that sometimes represent sepa-

rate biological species (reviewed by Bell and Foster 1994; McPhail

1994; McKinnon and Rundle 2002). Fossil specimens were ob-

tained in an open pit diatomite mine (39.526◦N, 119.094◦W, Two

Tips, Nevada, 15 min. ser., topographic, U.S.G.S.). Collecting

methods, relative dating, and aggregation of data into time inter-

vals were described in detail previously (Bell et al. 1985, 2006),

and only methods that affect the present analysis will be detailed

here.

The fossil G. doryssus sequence analyzed here came from a

21,500-year stratigraphic interval. Specimens were dated approx-

imately to the year of deposition using stratigraphic position and

converting it to years using varve counts from a measured, com-

plete stratigraphic section. A low-armored, planktivorous species

is initially present, but is replaced after about 4500 years by a

more highly armored form that rapidly evolves reduced skeletal

elements (Bell et al. 2006). Individuals from this second, initially

highly armored species were subject to analysis.

About 5000 fossils were scored for three armor traits: (1) the

number of dorsal spines, (2) the number of pterygiophores touch-

ing along the dorsal midline, and (3) a score summarizing the size

and robustness of the pelvis, based on ordered categories of Bell

(1987, fig. 7–10). The pelvic condition ranges from all elements

absent to all elements present, with intermediate categories includ-

ing states with vestiges of various elements present (see Bell 1987;

Bell et al. 2006). To obtain analytically useful sample sizes, the

morphological data were pooled into consecutive 250-year inter-

vals within each of which trait means and variances were computed

(see online Supplementary Table S1; the same data as presented

in the appendix of Bell et al. 2006). This time averaging of speci-

mens from multiple generations into the same sample should have

minimal effect on the analyses performed here (Appendix).

EVOLUTIONARY MODEL FITTING

Under neutral genetic drift, populations evolve according to an

unbiased random walk. This model occurs in discrete time (gen-

erations), during each of which an evolutionary transition is drawn

at random from a distribution of evolutionary “steps.” Long-term

divergence from the initial trait mean is determined entirely by

the variance of this step distribution. This parameter is some-

times called the step variance in paleontological studies (�2
step)

(Bookstein 1987; Hunt 2006), and its magnitude under drift is

determined by population genetic parameters, with two different

solutions depending on whether genetic variance is assumed to be

constant (Lande 1976) or the result of mutation–drift equilibrium

(Turelli et al. 1988). No matter how drift is modeled, however, the

expected dynamic is an unbiased random walk, and so fitting this

model encompasses both derivations. In the microevolution and

comparative methods literature, it is more common to invoke the

analytically similar Brownian motion (diffusion) model, which

is the limit of a random walk as the step size gets increasingly

smaller and the interval of time between steps gets correspond-

ingly shorter. The parameter equivalent to the step variance in

this model is commonly called the instantaneous variance (e.g.,

Hansen and Martins 1996).

Populations evolve toward nearby optima on the adaptive

landscape and, under most conditions, eventually occupy a phe-

notypic position close to the peak (Lande 1976, 1979; Zeng

1988). Because populations are finite, however, genetic drift still
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operates, and the resulting trajectories can be described as a ran-

dom walk in the presence of an attracting optimum (Lande 1976;

Hansen and Martins 1996). Mathematically, this is an Orstein–

Uhlenbeck (OU) process (Lande 1976; Hansen and Martins 1996;

Hansen 1997; Butler and King 2004), and its dynamics are gov-

erned by four parameters: the initial trait mean of the population,

the phenotypic position of the optimum, the strength of the attract-

ing force around this optimum, and the step variance of the random

walk component of change (Hansen 1997). Traits subjected to an

OU process experience a combination of directional and stabiliz-

ing natural selection. Initially, selection is mostly directional, but

becomes progressively more stabilizing as the population nears

the adaptive optimum. Because stabilizing selection is thought to

operate prevalently on morphological traits (Travis 1989; Hansen

1997; Estes and Arnold 2007), this scenario is likely to be a more

realistic approximation to adaptation in natural populations than

simple directional selection. This general dynamic of a popula-

tion ascending a nearby adaptive peak is referred to by Estes and

Arnold (2007) as the “displaced optimum” model, and they found

that, among the six microevolutionary models they considered,

it best accounted for the aggregate features of a large sample of

phenotypic divergences.

For a sequence of ancestor–descendant populations evolving

as a random walk or an OU process, the population means have

a joint distribution that is multivariate normal with a mean vec-

tor and covariance matrix that are functions of the evolutionary

parameters, elapsed time, and the sampling variances of the pop-

ulation means (Appendix). In particular, the random walk model

has two parameters that must be estimated: z0, the initial trait

mean at the start of the sequence, and the step variance (�2
step).

In addition to these, the OU model has two additional parameters:

�, the phenotypic position of the optimum, and �, the strength

of the restraining force around this optimum. The parameters of

the OU model can all be related to population genetic charac-

teristics of the evolving lineage and to aspects of the shape of

the adaptive landscape, including the strength of stabilizing natu-

ral selection (Appendix). The probability density function of the

multivariate normal distribution can be used to estimate these evo-

lutionary parameters and compute the overall likelihood of each

model; for details on how these models were fit to data, see the

Appendix.

To account for the differing complexities of the two models

compared, we used the bias-corrected version of the Akaike Infor-

mation Criterion (AICC) (Akaike 1974; Hurvich and Tsai 1989;

Anderson et al. 2000) as a measure of model fit. AICC scores

represent a compromise between goodness of fit, measured as

log-likelihood, and model complexity, measured as the number of

free model parameters:

AICC = −2 log(L) + 2K + (2K [K + 1])/(n − K − 1)

The AICC measures the amount of information lost in ap-

proximating reality with a model; the last term, which includes

the number of observations (n) and free parameters of the model

(K), is a bias-correction factor that becomes unimportant at high

sample sizes (Hurvich and Tsai 1989; Anderson et al. 2000). Us-

ing AICC scores, models can be compared equally, without treat-

ing one as a null model that is rejected only if conclusively out-

performed by more complex models. Akaike weights, which are

simple transformations of AICC scores that sum to one, were used

to summarize the relative support for the two alternative models

(Anderson et al. 2000). This is a similar approach to that used by

Butler and King (2004) in evaluating OU and diffusion models in

a phylogenetic context.

For two of the three traits studied—the number of dorsal

spines and the number of touching pterygiophores—we fit the two

models starting with the sample marking the appearance of highly

armored stickleback lineage at year 4500 in the time scale of Bell

et al. (2006). The third trait, pelvic score, shows a similar decreas-

ing trajectory as the other two traits, but only after a delay of about

3500 years (= 1750 generations, Fig. 1). Bell et al. (2006) inter-

preted this delay as the result of the strong effect of a single gene

for which the derived allele is nearly recessive and thus invisible

to selection until its frequency is high enough for substantial num-

bers of homozygous individuals to occur. Taking this explanation

as a working hypothesis, we fit the models for this trait starting

from the sample at 8000 years, in which the pronounced evolu-

tionary decrease begins (Fig. 1). Because the microevolutionary

processes take place on generational time scales, we converted

the ages in years to organismal generations, assuming a genera-

tion time of two years for these sticklebacks (Bell et al. 2006).

As indicated by the size of the vertical error bars in Figure 1,

sampling error on trait means is rarely small and occasionally very

large. As a result, it is important to tease apart true evolutionary

variation from that attributable to sampling variance. To reduce

sampling noise, we omitted the few samples that were composed

of less than five observations and incorporated sampling variance

into the likelihood calculations (Appendix). In addition, a few an-

alyzed samples were invariant for two characters (one sample of

dorsal spine number, two samples of pelvic score). Taken at face

value, these zero variances imply a sampling error of zero because

sampling error on a mean is proportional to within-sample vari-

ance. Because it is unlikely that these sample means were truly

inferred without error (especially because they all have modest

sample sizes, n ≤ 10), we estimated sampling error for these pop-

ulations assuming that these populations had phenotypic variances

equal to the average sample variance pooled across all samples.

Results are not affected if variances in these samples are instead

assumed to be very low, equal to the smallest nonzero observed

sample variance. We did not pool variances in general because

of significant heterogeneity among sample variances for all traits
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Table 1. Results of the model fits for the three time series of mean trait values. Neutral evolution was modeled as an unbiased random

walk; adaptive evolution was modeled as an Orstein–Uhlenbeck process, which is the expected dynamic of a population climbing a peak

in the adaptive landscape. For each model fit, the log-likelihood (logL), number of parameters (K), and bias-corrected Akaike Information

Criterion (AICC) are given. The last column gives the result of a likelihood-ratio test (LRT), which tests the significance of the improved

fit of the adaptive over the neutral model, with the latter treated as the null. The LRT statistic is distributed as a chi-square, with two

degrees of freedom.

Trait Model logL K AICC Akaike weight LRT

No. of dorsal spines Neutral 86.48 2 −168.73 0.002
Adaptive 94.94 4 −181.11 0.998 16.92, P = 0.0003

Pterygiophores Neutral 65.91 2 −127.59 0.001
Adaptive 74.80 4 −140.84 0.999 17.78, P = 0.0002

Pelvic score Neutral 58.38 2 −112.46 0.001
Adaptive 68.33 4 −127.65 0.999 19.89, P = 0.00005

(Bartlett’s test, all P < 0.0001), but results do not differ markedly

if this is done.

Results
Qualitatively, the observed evolutionary trajectories show the ex-

pected pattern for populations climbing an adaptive peak—trait

changes are initially large and mostly negative, but then become

progressively smaller and nondirectional as the population seems

to converge to the new optimum (Fig. 1). This visual impression

is confirmed by the model-fitting results: for each trait, the adap-

tive OU model decisively outperforms the neutral random walk

model (Table 1). In fact, the relative support for drift is in each

case negligible (all Akaike weights < 0.5%). The match between

the observed data and the expected trajectory of each best-fitting

OU model is quite good, with none of the observed sample means

falling much outside the 95% probability region (Fig. 1). The

maximum-likelihood parameter estimates for the adaptive model

are listed in Table 2, with approximate standard errors calculated

from the curvature of the log-likelihood surface. These model fits

indicate a net displacement between the initial phenotype and the

adaptive optimum of 2–3 units of within-population standard de-

viations for each of the three measured traits (Table 3).

Table 2. Maximum-likelihood parameter estimates for the adaptive (OU) model. The parameters are the ancestral trait mean at the start

of the sequence (z0), the phenotypic position of the adaptive peak (�), the step variance (�2
step) of the random walk component of

change attributable to genetic drift, and the strength of the restraining force (�) around the optimum. In parentheses are approximate

standard errors calculated from the curvature of the log-likelihood surface. For these model fits, time has been measured in estimated

organismal generations. Maximum-likelihood solutions to the unbiased random walk model yielded estimates for z0 that were nearly

the same as in the OU model; step variance estimates for the random walk models were roughly twice as large as those in the OU model.

Trait z0 � �2
step �

No. of dorsal spines 1.36 (0.01) 0.79 (0.05) 7.11×10−6 (2.3×10−6) 8.12×10−4 (2.2×10−4)
Pterygiophores 1.43 (0.03) 0.82 (0.04) 9.51×10−6 (5.2×10−6) 1.19×10−3 (9×10−4)
Pelvic score 1.36 (0.02) 0.73 (0.04) 6.59×10−6 (4.0×10−6) 1.09×10−3 (2.5×10−4)

The magnitude of short-term trait fluctuations provides an

independent consistency check on the plausibility of the adaptive

model for these traits. According to this model, these fluctuations

around the expected trajectory are caused by genetic drift, which

results in a step variance parameter equal to h2�2
P/N e where h2 is

trait heritability, �2
P is phenotypic variance, and N e is the effec-

tive population size (Lande 1976). The phenotypic variance can

be estimated as the variance pooled across samples, and whereas

heritabilities are not known for these traits, realistic values for

morphological traits range between 0.1 and 0.7 (Mousseau and

Roff 1987; Roff and Mousseau 1987). It is possible to calculated

the range of implied N e separately for the each evolutionary se-

quence using the estimated step variances, phenotypic variances,

and a range of plausible heritability values (Appendix).

The ranges of estimated effective population sizes are simi-

lar across all three traits (Table 3). This is obviously expected for

traits measured from the same evolving population, but this corre-

spondence need not have been observed because the calculations

are independent for each trait. In addition, although little is known

about the sizes of these particular fossil populations, N e estimates

of several hundred to several thousand fish are at least compatible

with the range inferred for populations of sticklebacks in modern

lakes (Hendry et al. 2001).

704 EVOLUTION MARCH 2008



BRIEF COMMUNICATION

Table 3. Estimates and ranges for population genetic and selective parameters, derived from the maximum-likelihood parameter esti-

mates for the adaptive model. Displacement is the phenotypic distance between the starting morphology and the optimal morphology,

in standard deviation units (computed from the phenotypic variance pooled across samples, �2
P). Calculations of the effective population

size (Ne) and strength of stabilizing selection (�2) require knowledge of trait heritabilities, which were assumed to range between 0.1

and 0.7. The ranges reported for Ne and �2 reflect calculation using these two different end-member heritability values. Finally, t1/2 is

the expected time it takes the population to traverse half the distance to the phenotypic optimum, in generations. For details on the

calculation of these quantities, see the Appendix.

Trait Displacement �2
P Ne �2 t1/2

No. of dorsal spines −2.80 0.041 575–4023 5.0–35.2 853
Pterygiophores −2.13 0.081 851–5957 6.7–47.3 580
Pelvic score −2.57 0.059 889–6222 5.3–37.5 635

Finally, the � parameter from the OU model can be used

to calculate the strength of stabilizing selection acting on these

traits. As suggested by Hansen (1997), this parameter can be ex-

pressed in terms of the amount of time it takes a population to

evolve halfway to the optimal phenotype (Appendix), which for

the traits measured is about 500 to 1000 generations (Table 3). It

is also possible to calculate a parameter, �2, which measures the

strength of stabilizing selection around the optimal phenotype,

again assuming a range of plausible values for trait heritability

(Appendix, Table 3). These estimates of �2 are much greater than

the sample phenotypic variances (Table 3), indicating that these

traits experienced weak stabilizing selection (Lande 1976; Estes

and Arnold 2007). It is not surprising that selection was weak be-

cause convergence to the new optimum is rather slow, taking over

several thousand generations. Much faster instances of armor re-

duction are known for extant stickleback populations (Bell 2001;

Bell et al. 2004).

Discussion
When compared on equal footing, the adaptive model decisively

outperforms neutral drift for all three of the traits analyzed in

this stickleback lineage. In fact, the improvement of fit offered

by the adaptive model is large enough that it soundly rejects neu-

trality, even when the latter is considered the null model in a

likelihood ratio test (Table 1). In general, many of the standard

tests against neutral evolution look for excessive directionality in

evolutionary sequences. However, if adaptive evolution usually

involves ascending a stationary peak in adaptive landscape (Estes

and Arnold 2007), strongly directional change will only occur

early in the evolutionary sequence, with a preponderance of stasis

and nondirectional fluctuations once the peak is nearly ascended.

Additionally, instability in the location of the adaptive peak (e.g.,

Grant and Grant 2002) and error due to the limited size of fos-

sil samples (Bell 1994) will tend to prevent rejection of neutral

evolution as the null model.

These model-fitting results are corroborated by several lines

of independent, circumstantial evidence implicating natural selec-

tion in the evolution of the measured traits. In extant threespine

sickleback populations, reduction of the number of dorsal spines

and of the pelvis to a vestige is infrequent but tends to occur in

lakes in which the ionic strength of the water is low and preda-

tory fish are absent (Bell et al. 1993). Although the chemistry of

the paleo-lake is unknown, only three specimens of predatory fish

have been found in sites that produced many thousands of fossil

sticklebacks, indicating that predation by fish was inconsequen-

tial as a selection agent on G. doryssus (Bell 1994). In addition,

the simultaneous reduction of multiple skeletal elements, and the

presence of a different very low-armored stickleback lineage in

the same paleo-lake also support the claim that the documented

skeletal evolution was driven by natural selection (see Bell et al.

2006).

One complication in applying these models is the roughly

3500-year delay observed before pelvic score begins to decrease.

Directional asymmetry of the reduced pelvis (Shapiro et al. 2004;

Bell et al. 2006) and the trimodal distribution of pelvic scores

(M. P. Travis and M. A. Bell, unpubl. data) during the evolu-

tion of pelvic reduction both suggest that segregation of the Pitx1

gene, which has a major effect on pelvic reduction in extant

threespine stickleback and causes left-biased pelvic asymmetry

(Shapiro et al. 2004), played a major role in expression of reduced

pelvic phenotypes. The delay in the response of the character is,

according to this explanation, a result of the initially low fre-

quency and recessive nature (Cresko et al. 2004; Shapiro et al.

2004) of the Pixt1 allele for pelvic reduction. Natural selection

on pelvic morphology presumably initiated at year 4500 when the

population initially invaded the lake, but an evolutionary response

was delayed by the absence of heritable phenotypic variation on

which selection could act. Alternatively, it is possible that the de-

layed response occurred because the position of the optimal pelvic

score phenotype shifted position much later than the other two

traits. Two observations favor the first of these two explanations:
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(1) there is little to no variation for pelvic score in the intervals

before the shift in morphology, and (2) although pelvic score did

not change immediately, the size of the pelvis started decreasing

coincident with the evolutionary shift in the dorsal spine and ptery-

giophore characters (Bell et al., unpubl. data). If this interpretation

is correct, the genetic constraint on pelvic score did not persist for

long in a geological sense; in most sedimentary environments, the

delay would not even have been resolvable (see Bell and Haglund

1982).

The adaptive model considered here is relatively simple in

that the position of the adaptive peak is constant over time. It

would be relatively straightforward to extend this model to allow

for one or more shifts in the value of the optimal phenotype by

adding additional parameters for each additional optimum, and for

the timing of the shifts between optima. Minor fluctuations in trait

values toward the ends of the sequences may be attributable to sub-

tle shifts in the optimal morphology over time (Fig. 1), although

sampling error and genetic drift can also cause such variations.

One could also model the movement of the adaptive peak itself,

for example positing that the optimal phenotype changes over time

according to a random walk or some other mode of change (Estes

and Arnold 2007). A simple linear trend may be added in several

ways, for example as a phenotypic optimum that trends linearly

over time with white noise around the trend (Sheets and Mitchell

2001; Estes and Arnold 2007). Alternatively, one could imagine

a distribution of evolutionary steps with a nonzero mean, as if

selection coefficients fluctuated over time, but favored decreases

more often than increases. This model has been given various

names, including Brownian motion with a trend (Hansen 1997,

p. 1348), directional constant-variance model (Pagel 2002), and

general random walk (Hunt 2006). We have fit this model to these

stickleback traits, and in each case it garners only trivial support

compared to the OU model (results not shown), suggesting that

a simpler selection model with a preferred direction of natural

selection is less successful at explaining these data than a model

of a population ascending a local adaptive peak.

Our interpretation for this fossil sequence is that it represents

a population invading a novel limnetic environment with some-

what different conditions from its more littoral ancestral habitat

(Purnell et al. 2007). Presumably because of a change in predation

intensity (or perhaps water chemistry) relative to its ancestral envi-

ronment, the optimal phenotype in the new environment is shifted

toward forms with more reduced skeletal armor. The population

is thus located initially some distance from the adaptive optimum,

which it approaches and eventually surmounts. This kind of dy-

namic must occur very commonly in natural populations, and in

fact it has been suggested to be something like a fundamental unit

of phenotypic evolution (Leroi 2000; Estes and Arnold 2007). To

our knowledge, however, the dataset analyzed here constitutes the

only convincing example for which the combination of excellent

stratigraphic resolution, a fortunately placed window of obser-

vation, and relatively stable optima actually allow for the direct

documentation for fossil lineages of microevolutionary trajecto-

ries on the adaptive landscape. If this sedimentary record were

more typical in its resolution, this evolutionary shift—if it were

detected at all—is likely to appear as a single punctuated burst,

even though the continuity of change is manifest at finer temporal

scales.
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Appendix
FITTING EVOLUTIONARY MODELS

The data to be considered consist of a vector of trait means, z, with

elements corresponding to the measured samples in the time series
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(z1, z2, . . ., zn). Under the neutral model of an unbiased random

walk, the expected evolutionary divergence between ancestor and

descendant is always zero, and so the expected trait mean for each

sample is equal to the value of the trait at the start of the sequence

(z0):

E[zi ] = z0. (A1)

The variance around this expectation increases linearly with

respect to elapsed time with a slope equal to the step variance

(�2
step),

Var[zi ] = �2
stepti + εi , (A2)

where ti is the elapsed time from the start of the sequence to the

ith sample (Hunt 2006). In addition to the variance in evolutionary

outcomes (�2
stepti), the observed variance of each sample will be

increased by sampling error in estimating the trait means. The

magnitude of this sampling variance, ε i, is equal to the sample

variance divided by the number of measured individuals in that

sample. The covariance among sample means is computed as

Cov[zi , z j ] = �2
steptmin, (A3)

where tmin is the amount of elapsed time shared by the two sam-

ples, i.e., the duration of time between the start of the sequence

and the earliest of the two samples. Because the joint distribution

of trait means in a sequence is multivariate normal (Hansen and

Martins 1996), their distribution is completely specified by their

means, variances, and covariances. Note here multivariate refers

to multiple samples within a sequence, not multiple phenotypic

traits. In addition, it is the trait means that are normally distributed;

no assumption is made about how traits themselves are distributed.

In addition to �2
step and z0 the adaptive OU model has two

additional parameters: the optimum phenotype (�) and the strength

of the restraining force (�) around the optimum. Again considering

all samples in a sequence jointly, they are multivariate-normally

distributed, with expected values of

E[zi ] = [
1 − exp(−�ti )

]
� + exp(−�ti )z0, (A4)

and variances and covariances of

Var[zi ] = (�2
step/2�)

[
1 − exp(−2�ti )

] + εi (A5)

Cov[zi , z j ] = (�2
step/2�) exp(−�ti j )[1 − exp(−2�tmin)], (A6)

where ti is the time from the start of the sequence to sample i, tij

is the time separating samples i and j, and tmin is again the time

separating the beginning of the sequence and the older of the two

samples i and j (Hansen 1997; note typographic error in his eq.

1). Again, note that the variance expression includes a term for

sampling error on the mean.

From the probability density function of the multivariate

normal distribution, the log-likelihood of a sequence of trait

values indicated by the vector z is equal to

1

2
ln (|V|) − 1

2
n ln(2�) − 1

2

(
[z − m]T V−1 [z − m]

)
, (A7)

where n is the number of samples in the sequence and m and

V are generic symbols for the multivariate mean and covariance

matrix of the normal distribution. The elements of m and V are

determined from the expectations, variances, and covariances

given above for the models (eqs. A1–A6). Because m and V
are functions of the evolutionary parameters of the models, the

maximum-likelihood parameter estimates can be obtained by

numerically searching the space of possible values to find the

combination of parameters that maximizes equation (A7). For

the unbiased random walk model, two parameters are estimated

from the data: �2
step and z0. For the adaptive model, these same

parameters are estimated, along with the position of the optimum

(�) and the strength of the restraining force (�) around the

optimum. The phenotypic variances are treated as observed data,

not free parameters of the model.

The model optimizations were implemented using R code

written by GH and bundled into the R package paleoTS. This pack-

age is available from the R website (http://www.r-project.org/),

and is most conveniently downloaded and installed from within

R using the normal package installation procedures (see software

help files for details). These functions take advantage of the built-

in optimization routines in R, which can implement a variety of

hill-searching algorithms. By default, a quasi-Newton method is

used to maximize the log-likelihood while constraining the opti-

mization so that impossible parameter values cannot be obtained

(e.g., step variances that are less than zero).

MICROEVOLUTIONARY INTERPRETATION

OF THE OU MODEL

The OU model has been applied in both micro- and macroevo-

lutionary situations. For long-term macroevolutionary data, the

movement of lineages within and between adaptive zones has

been modeled as an OU process (Hansen 1997; Butler and King

2004). It is more relevant to the present study that this model also

describes the microevolution of a population in the vicinity of

a fixed adaptive peak (Lande 1976; Hansen and Martins 1996).

In this scenario, the parameters z0 and � are interpreted as the

values specifying the initial mean phenotype at the start of the

sequence and the position of the adaptive peak, respectively. The

two remaining fitted parameters, �2
step and �, determine the na-

ture of the evolutionary trajectory from the initial trait mean as it

converges toward the optimal phenotype. These parameters them-

selves depend on aspects of the evolving population and adaptive

landscape. The step variance component of change arises from
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genetic drift, which produces a step variance equal to �2
step =

h2�2
P/Ne, where h2 is the trait heritability, �2

P is the pheno-

typic variance of the sample, and Ne is the effective population

size (Lande 1976). The strength of the restraining force is � =
h2�2

P/(�2 + �2
P), where �2 is a parameter that indicates the

strength of stabilizing natural selection (Lande 1976). If stabiliz-

ing selection is weak and Gaussian in form, the fitness function

of individuals can be expressed as (Lande 1976; Estes and Arnold

2007)

W (z) = exp

[
− (z − �)2

2�2

]
. (A8)

Under these assumptions, �2 is analogous to a variance; as

it increases, the fitness function becomes increasingly dispersed

and stabilizing selection is progressively weaker. When stabilizing

selection is weak, �2 is much greater than �2
P, and so the param-

eter � is directly proportional to the additive genetic variance, and

approximately inversely proportional to �2.

The maximum-likelihood estimates of �2
step and � can be

used to compute the underlying population genetic and selective

conditions by rearranging the above expressions and solving for

other parameters. For example, the expression for �2
step can be re-

arranged to obtain Ne = h2�2
P/�2

step. Conveniently, each variable

on the right-hand side of this expression can be estimated from

the model fit (�2
step), the samples themselves (�2

P), or bracketed

by plausible values (h2, which usually ranges between 0.1 and

0.7 for morphological traits). This calculation offers a useful con-

sistency check on the OU model solution because if the model

is correct, Ne estimates should be (1) consistent among different

traits measured from the same lineage, and (2) plausible given the

biology of the lineage under study. Finally, the above expression

for � can be rearranged as �2 = �2
P(h2/� – 1), which allows the

strength of stabilizing selection around the optimal phenotype to

be estimated (the derivation of this relationship assumes that the

traits and fitness surface are both Gaussian [Lande 1976], and so

can only be approximately correct for discrete-valued traits such

as those analyzed here). Following Hansen (1997), the strength of

the restraining force around the optimum can also be expressed

as the expected amount of time it takes the population to evolve

halfway to the optimal phenotype. This quantity, the phylogenetic

half-life, is equal to ln(2)/�.

PHENOTYPIC MEANS AND VARIANCES

IN TIME-AVERAGED SAMPLES

The evolutionary models predict changes in population means

with respect to time, and although every population need not be

sampled, the calculations do require reliable estimates of trait

means and variances over time. However these characteristics of

populations are available only indirectly because the analytical

samples used in the analyses included specimens time averaged

over 250 years (125 generations), and are therefore not popula-

tion snapshots. The way the analyses were performed essentially

treated the mean and variance of each sample as point estimates for

the population at the midpoint of each time-averaged interval. For

trait means, this is not too problematic because the mean of a time-

averaged sample is equal to a weighted average of the means of

the constituent populations (with the weights equal to the propor-

tional representation of populations in the time-averaged sample).

Under most kinds of evolutionary change, the weighted average

of population means should be a reasonable approximation of the

mean morphology of the midpoint population, especially when

sample-to-sample differences are relatively small, as in the se-

quences analyzed here.

Sample variances are potentially more of a concern because

any evolutionary change that occurs within the time-averaged

intervals will be conflated with population phenotypic variance,

upwardly biasing sample variance estimates. The key issue is the

expected magnitude of this variance inflation. Thus far, empirical

studies have found that fossil and modern samples usually have

comparable levels of variation (MacFadden 1989; Bush et al.

2002; Hunt 2004b), including fossil sticklebacks time averaged

over considerably greater durations than in the present study

(Bell et al. 1987). These findings support the assumption that,

in general, phenotypic variances can be measured reliably from

time-averaged samples.

Moreover, some calculations can show that the specific sam-

ple variances measured in the present study are unlikely to be

strongly inflated by time averaging. Generally, the most severe

variance inflation effects should occur when change is strongly

directional because trends within the interval of time averaging

will result in a larger range of morphologies all lumped together

(Hunt 2004a). If we take as a worst-case situation the initial 12

samples of the evolutionary response of each trait (Fig. 1), we

can approximate the evolutionary change during this interval by a

general random walk model (Hunt 2006; this model is also called

Brownian motion with a trend). When this model is fit, its param-

eter estimates allow one to predict the degree of variance inflation

from time averaging (Hunt 2004a, eq. 4). When these calculations

are done, the predicted variance inflation from time averaging is

less than 1% for all three traits. Therefore, time averaging is not

likely to be an important source of error in estimating trait means

and variance in this study system.
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Supplementary Material
The following supplementary material is available for this article:

Table S1. Data from Bell et al. (2006) Paleobiology 32:562–577, Yellow shading indicates samples analyzed for the present

article.

This material is available as part of the online article from:

http://www.blackwell-synergy.com/doi/abs/10.1111/j.1558-5646.2007.00310.x

(This link will take you to the article abstract).

Please note: Blackwell Publishing is not responsible for the content or functionality of any supplementary materials supplied by

the authors. Any queries (other than missing material) should be directed to the corresponding author for the article.
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