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ABSTRACT. Calculation of evolutionary rates in phenotypic stan-
dard deviations per generation (haldanes) has several advantages over
conventional calculation in factors of e per million years (darwins).
Rates in haldanes are independent of dimension in a way that rates in
darwins are not, making tKem more widely comparable, and rates in
haldanes are more readily interpretable in terms of quantitative evolu-
tionary genetics. Evolutionary rates are inversely related to time scale,
and this must be considered when rates are compared. The slope of a
log rate versus log interval [LRI] distribution is important for distin-
guishing significant directional change or stasis from a null expecta-
tion of random change, and the intercept of an LRI distribution pro-
vides an estimate of the average intrinsic generation-to-generation rate
of an evolutionary time series. The intrinsic rate is important as the
upper limit of possible long-term rates of evolution. Evolutionary
lineages in the fossil record yield intrinsic rates similar to those
observed in laboratory selection experiments and natural selection in
the wild. Intrinsic rates for lineages in stasis lie within the range of
rates for lineages undergoing directional change. Significant long-term
stasis and evolutionary change do not differ intrinsically, which means
change and stasis are determined by extrinsic environmental factors.

INTRODUCTION

Evolution in plants and animals is driven by a set of interacting
component processes (including mutation, recombination, selection, and
random drift) that simultaneously produce and limit genetic and pheno-
typic change over time. The relationship of phenotypic change to genetic
change and the relative importance of different component processes in
producing and limiting change are still poorly understood. Evolutionary
change is rarely quantified in terms of rate in any standard way, which
inhibits comparison of evolution in different species, or in the same
species on different timé scales, and precludes comparative evaluation of
the contribution components make to the general process.

Here I want to review developments in the study of evolutionary
rates, introduce a new rate unit, outline a new approach involving
analysis of the structure of log rate versus log interval distributions, test
the approach by investigation of simulated time series generated as
random walks, and finally apply this in selected empirical studies.

BACKGROUND
George Gaylord Simpson was the first to make broad comparisons of
evolutionary rate in his classic book Tempo and Mode of Evolution (1944),
which opens with a chapter entitled “Rates of Evolution.” Much of the
chapter is concerned with survivorship (“group rates”) of mammalian
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and pelecypod genera, and the section on morphological rates (“charac-
ter change”) is largely concerned with allometric change of one character-
istic relative to another. Meaningful quantification of long-term evolution-
ary change requires radiometric calibration of the geological time scale,
and in 1944 Simpson was able to provide only tentative estimates of the
durations of eras and epochs: he published a single graph relating molar
morphology in horses to geological time (his fig. 4). Simpson showed that
different characteristics of teeth evolved at different rates at the same
time, while the same characteristics evolved at different rates at different
times. A key feature of Simpson’s graph was use of a logarithmic scale to
plot measures of morphology in terms of proportion. Nature knows
nothing of meters or liters or grams, and organisms necessarily experi-
ence and compare form in terms of proportion.

A few years later J. B. S. Haldane (1949) reconsidered rates of
change in Simpson’s horses and proposed a convenient unit of propor-
tional change, the darwin, which he defined as evolutionary change by a
factor of e (the base of natural logarithms) per million years. This is
practically equivalent to an increase or decrease of 1/1000 per 1000 yrs.
Factors of e are easily calculated by subtracting natural logarithms of the
measurements of interest. Haldane mentioned standard deviations as an
alternative to factors of e and generations as an alternative to years for
quantifying evolutionary rates, but he did not develop either of these
possibilities. Haldane found Simpson’s Tertiary horses to have evolved at
about 0.04 darwins [d], while recognizing that domestic animals probably
changed at rates of thousands of darwins.

Bjorn Kurtén (1959) took study of evolutionary rates a step further
in quantifying and comparing rates for mammals in different environ-
ments at different times. He discovered that change in post-glacial
Holocene mammals averaged 12.6 d, change in Pleistocene mammals
averaged 0.5 d, and change in Tertiary mammals averaged 0.02 d.
Kurtén suggested two po3sible explanations: (1) high rates of evolution in
Pleistocene and Holocene mammals may reflect rapid and “revolutionary”
changes of climate and sealevel characteristics of these intervals, while
earlier low rates of evolution may reflect slow and gradual environmental
change in the Tertiary; or (2) low Tertiary rates may be partially or
wholly spurious, being based on samples millions of years apart while
intervening histories may have contained any amount of fluctuation at
higher rates. Subsequent study of evolutionary rates calculated over a
broader range of time intervals and representing a broader range of
organisms confirmed the second of Kurtén’s two explanations (Gin-
gerich, 1983): most evolutionary rates, like sediment accumulation rates
(Schindel, 1980; Sadler, 1981), are strongly dependent on the interval of
time over which change is measured. Time scale is an integral component
of evolutionary rates for all but the simplest of special cases (fig. 1), and
rates can only be meaningfully compared when change is measured on,
the same scale or rates are projected to a common scale for comparison.
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Fig. 1. Rates of change in relation to time and measurement interval. Graph (A) shows
values of size or shape s in arbitrary proportional units a at successive times t. Four
examples are given, three special cases [closed circles] and one general case [open circles]:
(1) no change in s over time, (2) sustained maximum positive change, (3) sustained
maximum negative change, and (4) general case of change with some variance in rate
[slope]. Graph (B) shows corresponding rates r per unit time (t, — t,_) at successive t for
each example: note that r is constant for special cases (1), (2), and (3), but not forfgeneral
case (4). Graph (C) shows corresponding rates R calculated over all intervals of time I
(ty — tn-j) for each example: note tiat R is again constant and independent of I, for (1), (2),
and (3), but not for general case (4). In example (4), R values form a distribution whose
upper bound [solid line] decreases proportionally with increasing I due to time-averaﬁing.
Proportional relationship of I and R means the pattern is easiest to study on logarithmic
axes. Graph (D) shows a proportional transformation of (C), where R values disappear for
case (1), because these are all exactly zero but remain constant and independent of I for (2)
and (3). The distribution of R for the general case (4) is informative, because its intercept is
the average intrinsic [unit] rate, an(? its slope has an expected value of 0 for a simple
directional process like that producing (2) or (3), an expected value of —1 for a simple
stabilizing process tracking (1) with variance, or an expected value of —0.5 for a purely
random process or random combination of directional and stabilizing processes. Log
rate — loginterval [LRI] distributions have empirical lower and upper %ounds [stipfpled]
due to limitations of measurement and to structural constraint. Observed slope of —1 for all
LRI distributions taken together [white space in graph (D) and following figures] may mean
stasis dominates long-term patterns of evolution.
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QUANTIFICATION OF EVOLUTIONARY RATES

Darwins.—Haldane’s quantification of evolutionary rates in factors of
e per million years has a number of drawbacks: (1) The constant e is a
natural proportion mathematically, but it is an arbitrary number as far as
organisms are concerned. (2) Years and millions of years are not the most
natural units for evolutionary time. (3) Haldane’s d is dimensionless but
dimension-dependent in a way he didn’t anticipate. (4) Finally, Haldane’s
darwin does not take time scale into account in any way. Problems 1 and 2
can be solved by measuring change and time in other units (see below).
Problems 3 and 4 are discussed here.

Rates calculated in darwins are dimensionless in the sense that they
are independent of units of measurement, but they retain dimension in
the sense that rates of change for areas and volumes cannot be compared
directly with rates for linear measurements. This dimension-dependency
is easily seen by imagining a square one unit on a side evolving into a
square € units on a side in the course of a million years: the sides change
at a rate averaging 1 d, while the area of the square changes at 2 d or twice
the rate of the sides. The volume of an isometric cube changes at three
times the linear rate of its sides. If all figures were isometric, with the
lengths of all linear measurements changing in perfect correlation, it
would be a simple matter to convert rates for 2-dimensional areas and
3-dimensional volumes to linear rates, dividing by 2 and 3 respectively.
Change in size is rarely isometric, and change in shape is explicitly
allometric.

Shape is usually quantified as a quotient or compound quotient of
measures of some kind, with the simplest being a ratio of two linear
measurements. The dimension of a simple ratio is zero, but obviously
rates of ratios cannot be divided by zero to correct for dimension to make
them comparable to rates for linear measurements. Most shape quotients
are of complicated and unknown dimension, meaning that rates of
multivariate shape change cannot bé compared outside the context of
their calculation, and rates of shape change expressed in darwins have no
general meaning.

Quantification of evolutionary rates in factors of e per year or million
years is useful in some situations (as in comparing diagrams like fig.-7
p. 466), but there is no general d. Consequently, darwins have to be
indexed to indicate dimension, the time scale of measurement, and the
time scale of the base. Dimension is usually an integer, while time scales
are conveniently noted in log, terms, Thus, for example, d;. 5 60 will de-
note a one-dimensional evolutionary rate calculated on a scale of 5000
[10%7] yrs and calibrated in factors of e per million [10%°] yrs. Similarly,
di.37,00 indicates a linear evolutionary rate calculated on a scale of 5000
yrs and calibrated in factors of e per year. The final index term can be
omitted when rates are calibrated per year, and d,.3; means the same
thing as d,.57,00, which is in turn one million times d;.;7 0. Bases are
easily multiplied, but measurement scales are not. This new notation is
cumbersome, but it is necessary for clarity and comparability. o
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Simpsons.—Haldane (1949) developed the darwin as an evolutionary
rate unit, but he made another suggestion. Haldane mentioned the
phenotypic standard deviation as an alternative to e for measuring
difference or change in morphological traits, noting that population
variation constitutes the raw material available for natural selection. A
few years ago colleague Bj6rn Malmgren proposed (in a joint manuscript
that was never published) that rates of evolution calculated in standard
deviations per million years be calibrated in a unit called the simpson in
recognition of G. G. Simpson’s contribution to study of evolutionary
rates.

Quantification in terms of phenotypic standard deviations rather
than e has two advantages over quantification in darwins. These are: (1)
Phenotypic standard deviations are natural measures of normally-
distributed variation for traits under study. (2) Standard deviations are
themselves dimension-dependent (Lande, 1977), meaning that rates of
change calculated in standard deviation units are dimensionless and also
dimension-independent in the sense that rates for areas, for volumes,
and for shape quotients can all be compared directly with rates of change
of linear measurements.

As before, it is necessary to index rates in terms of the time scale of
measurement: ss 7 5o denotes a rate calculated on a scale of 5000 yrs and
calibrated in standard deviations per million years. The final index term
can be omitted when rates are calibrated per year, and s;; means the
same thing as s3 7 ¢, which is in turn one million times s; 7 ¢.o.

Haldanes.—Haldane (1949) further suggested that evolutionary rates
be calculated in terms of time measured in generations rather than years.
Generation times vary widely in different organisms, and measurement
of time in generations reflects the number of reproductive cycles under-
lying evolutionary change. By analogy with Haldane’s use of the unit
darwin and Malmgren’s suggestion of the unit simpson, one haldane is
here defined as change by a factor of one standard deviation per
generation. Calibration of evolutionary rates in haldanes is advantageous
over calibration in darwins in that (1) standard deviations are natural
measures of variation, (2) generations are natural counts of reproductive
rather than planetary cycles, and (3) rates calculated in standard devia-
tions per generation are both dimensionless and dimension-indepen-
dent.

Evolutionary rates in haldanes are calculated as follows:

(ln XQ) (l]n Xl)
Sinx Sinx 22 - 2l
rate (h) = P— r— (1)

where In x, and In x, are representative natural log [In] measurements or
sample means of In measurements at times t, and ty, respectively, and sj,,
is the pooled standard deviation of the In x;s and In xys, respectively.
Natural logarithms are convenient because coefficients of variation com-
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monly reported in the literature provide a good approximation of the
standard deviation of In measurements (Lewontin, 1966). Ln (mean x)
can be used to approximate mean (In x) when x, In x, or mean (In x) are
not available.

Haldane rates still have to be indexed in terms of the time scale of
measurement: here h;~ denotes a rate calculated on a scale of 5000
generations and calibrated in standard deviations per generation. No
additional index term is necessary as long as rates are calibrated per
single generation.

Standard deviations are a quantitative expression of phenotypic
variance (the square root of the variance), and phenotypic variance and
time in generations are key parameters in quantitative evolutionary
genetic models (Falconer, 1981). This enhances the interpretability of
evolutionary rates calculated in haldanes.

Intrinsic rate.—The most interesting single rate, denoted hg, or
simply hy, is the intrinsic evolutionary rate calculated in standard devia-
tions per generation on a time scale of one generation. This is the average
difference between successive generations. Chance sampling of possible
genotypes is probably the most important factor influencing the intrinsic
rate, with selection playing a minor role. Effective population size,
heritability, and other intrinsic factors affecting change from one genera-
tion to the next will necessarily operate on this scale.

An intrinsic rate of evolution expressed in standard deviations per
generation is comparable to a standardized selection differential or the
intensity of selection (Falconer, 1981, p. 174). This comparison does not
mean an intrinsic rate has any necessary connection to selection but helps
in appreciating its magnitude. Intrinsic rates, it turns out, are normally
on the order of about 0.1 standard deviations per generation (see below).
A selection intensity of 0.1 standard deviations per generation, consid-
ered low by any comparison, can be achieved by selective rejection of only
about 5 percent of individuals in a given generation. As we shall see, the
Intrinsic rate is important as the upper limit of long-term net rates of
evolution. ‘

Comparison.—Evolutionary rates calculated in haldanes are more
widely comparable than rates calculated in simpsons or in darwins, but
each rate unit has advantages in certain applications. Descriptive compar-
isons of size in the context of time or stratigraphic level are appropriately
calibrated in darwins. Some evolutionary processes, like mutation, may
depend more on planetary cycles than reproductive cycles, and these are
appropriately calibrated and compared in simpsons.

Variances, and hence standard deviations, of morphological traits
are not always known, precluding the use of simpsons or haldanes.
Generation times are not always known, precluding the use of haldanes.
However, standard deviations can be calculated whenever a reasonable
sample is available for study, and generation times can often be estimated
from body size and some understanding of reproductive biology. Knowl-
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edge of each adds significantly to comparison and interpretation of
evolutionary rates.

RANDOM WALKS AS EVOLUTIONARY MODELS

Evolution is a gradual step-by-step process in which each generation
inherits a developmental program that determines its form. The pro-
gram is inherited from the preceding generation, and thus evolutionary
sequences are appropriately studied as generation-by-generation time
series. This approach provides a means for distinguishing significant
non-random behavior from stochastic random change. Deterministic
non-random patterns are to be expected if processes like directional or
stabilizing selection play a major role in shaping the results of evolution,
but even deterministic processes can interact in complicating ways to
produce results that are indistinguishable from random walks. Random
walks on generation-to-generation time scales are logical null stochastic
models for study of evolutionary time series. These are used, following
Raup (1977), as a test for randomness to avoid erecting deterministic
explanations where none are justified. Of course failure to reject the null
model does not prove anything about possible underlying causes of
randomness.

Even the simplest random walks have rates of two kinds, one an
intrinsic rate, the rate from any step to the next, and the other a set of net
rates, the rates from any step to any other step. The intrinsic rate is
sometimes set implicitly at one (for example in a coin-tossing experi-
ment), and although it need not be one nor even constant, representative
constant values are assumed here for simplicity. Net rates for a random
walk can never exceed the intrinsic rate, and the net rate for a single step
always equals the intrinsic rate. Time averaging caused by randomly
fluctuating signs means net rates for random walks decrease over time in
a way that is predictable statistically.

Note that intrinsic rate and net rate are both interval rates, meaning
that both are calculated over some finite interval. As treated here, an
intrinsic evolutionary rate can be thought of as the limit of successive
ratios of observed change divided by elapsed time as the latter (measured
in generations) approaches unity (not zero as assumed by Bookstein,
1987, in arguing that evolutionary rates rarely exist). There are no
infinitesimal time scales because there are none shorter than one genera-
tion when generation-to-generation inheritance is involved.

Simulation.—Figure 2A shows a random walk of 50,000 steps (gener-
ations) that assumes an intrinsic step-by-step rate of 0.1 standard devia-
tions per generation (that is, hy = 0.1). This rate was chosen because it
appears representative of change in nature (see p. 474). For reference,
the intrinsic rate for both positive and negative change is plotted as a pair
of dotted lines that begin at the origin and intersect +50 and —50
standard deviations after 500 steps. Such a trajectory is theoretically
possible for a random walk at this intrinsic rate, but it would be very
unlikely because it would require the equivalent of a run of 500 consecu-
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Fig. 2(A) Random walk of 50,000 steps (generations) with intrinsic rate of 0.1 haldanes
(standard deviations per generation). Net rates cannot exceed the intrinsic rate, and this
constrains the simulation to lie in the unshaded area at the right of the dotted lines (which
represent the intrinsic rate). Each short line segment shows average change on a time scale
of 1000 generations. Rates of evolution for this time series are illustrated and analyzed in
figures 3 and 4. (B) Ten different 50,000-step random walks (including that in fig. 2A), each
generated independently with the same intrinsic rate of 0.1 haldanes. (C) Confidence
envelopes including 2.5 percent (+0.0125), 50 percent (+0.2500), and 97.5 percent
(+0.4875) of random walks with an intrinsic rate of 0.1 haldanes. Net change is expected to
lie in the two intervals, positive and negative, between 0.0125 and 0.4875 for 95 percent of
random walks with this intrinsic rate.






