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ABSTRACT 

When the shapes of phylogenetically divergent samples are compared, standard tests 
of significance (such as Hotelling’s T2) are not applicable.  Instead shape differences 
between taxa should be assessed relative to the amount of time since they last shared a 
common ancestor.  This can be accomplished using the same methods applied to uni-
variate data from an evolutionary time-series.  Thirteen samples of viverravid carni-
vorans (Viverravidae, Carnivora) from the paleogene of the Bighorn Basin, Wyoming 
were compared in this way.  The amount of divergence time separating samples was 
determined from their phylogenetic tree and their stratigraphic setting.  Branch lengths 
were first estimated in millions of years, then converted to generations using an al-
lometric equation relating body-mass and generation-time in extant mammals.   
A log-rate/log-interval (LRI) distribution was used to estimate the per-generation  
rate of shape change, the latter of which was used to calculated the expected shape 
divergence for each pair of taxa.  The amount of shape divergence tended to be less 
than that expected given the number of generations separating the samples.  Shape 
change was close to a statistical definition of stasis, indicating that long-term rates of 
molar shape evolution are slow relative to their potential.  This may be due to 
functional constraints on the configuration of crown features and the complexity of the 
developmental processes controlling their topographical relationships.  Phylogenetic 
comparisons of shape are dependent on accurate estimates of branch lengths, that  
may be complicated by data and methodological considerations.  In particular, many 
phylogenetic methods are ambiguous when it comes to determining the time interval 
separating two stratigraphically distinct samples.   

Introduction 

Two goals of morphometrics are the description of differences in size and shape and the 
statistical testing of those differences.  There are many kinds of differences, however, 
each with its own appropriate test.  In this paper, I consider shape differences between 
phylogenetically divergent populations, showing that an estimate of the time since their 
common ancestry is necessary to assess their significance.   

Morphological shape, like any other heritable trait, covaries with phylogeny.  The 
amount of divergence between two biological populations is likely to be proportional to 
the time elapsed since they last shared a common ancestor.  Standard tests for  
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differences in sample means – such as T or T2tests – are therefore not particularly 
meaningful.  Rather, differences between populations should be compared to the 
amount of divergence expected given the time interval since their last common ances-
try.  Populations with an ancient ancestry are expected to be more divergent than those 
with a recent one.  The amount of divergence expected under a null hypothesis of ran-
dom change can be estimated from data on among-population shape difference and a 
phylogenetic hypothesis that includes divergence times.  Here I apply this procedure to 
molar shape differences, as measured by Procrustes distance, in early Eocene viverra-
vid carnivorans.   

Why aren’t standard tests for differences in mean appropriate?  A T-test, or its 
equivalent, is normally used when two samples are expected to have the same mean 
and variance.  An example of its application is a pharmaceutical test in which a drug is 
applied to an experimental group and its effects are compared to an untreated control 
group.  If the drug has no effect, we expect the two groups to be alike except for differ-
ences due to sampling error (Figure 11.1A).  The probability that the two samples will 
have different means is a function of the number of individuals in each and the variance 
of the parent population (Sokal and Rohlf 1995).  In contrast, when two populations 
have diverged over evolutionary time, we don’t assume they will have the same mean.  
An example is a morphometric study of the scapulae of mammals with various locomo-
tory habits.  We might, on the one hand, expect the scapulae of fossorial species to be 
more like one another than they are to those of cursorial species, or, on the other hand, 
we might expect the scapulae of canids to be more like one another than they are to 
felids.  In either case, we don’t presume that any of them will be exactly alike because 
differences will have accumulated, generation by generation, over phylogenetic time 
(Figure 11.1B).  The null assumption of a T-test – that means are equal except due to 
sampling error – does not pertain.  Rather, the difference in mean between two biologi-
cal populations is a function of the number of individuals in each sample, the additive 
variance of their respective populations, and the number of sampling generations be-
tween them and the original parent population (Felsenstein 1973; Bookstein 1991; Fal-
coner and Mackay 1996).  Any statistical test of between-species differences, including 
shape differences measured by landmark techniques, must take this into account.  
Techniques for comparing phylogenetically divergent samples are not new.  Independ-
ent contrasts, autocorrelation analysis, squared-change parsimony, and maximum like-
lihood methods are now commonly used in inter-specific studies of trait correlation 
(Felsenstein 1985; Cheverud and Dow 1985; Maddison 1991) and ancestral trait recon-
struction (Martins and Hansen 1997; Schluter et al. 1997; Garland et al. 1999).   

The amount of change expected in a numeric variable under a random walk model is 
a function of the square-root of time (Bookstein 1991; Berg 1993; Gingerich 1993a).  
The single most probable value at the end of the walk is the same as its starting value, 
but the distribution of other possible end values gets broader the more steps there are in 
the walk.  The breadth of that distribution increases, not directly with the number of 
steps, but with the square-root of the number of steps.  If two closely related popula-
tions are compared, their difference is therefore likely to be proportionally greater than 
that of two distantly related ones.  This is because over a longer interval of time the 
random fluctuations of the walk are more likely to return to their starting value than 
they are over a short interval.  We are familiar with this process in molecular evolution 
with its “multiple hits”.   
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Given enough time, random evolution has a high probability of erasing itself.  This 
means that rates calculated over short intervals are likely to be higher than ones calcu-
lated over long intervals if the evolutionary process is random.  Time in a random walk 
is measured in the small steps over which change actually occurs.  In sexually repro-
ducing organism, those steps are generations.  For our test, then, the critical values for 
our comparison change with the square-root of the number of generations  

 
Figure 11.1 Populations, sampling, and phylogenetic divergence.  A.  Standard t-test scenario in 

which the two samples to be compared were randomly drawn from the same par-
ent population.  The mean and variance of each are expected to be identical to one 
another and to the parent population except for differences due to chance.  B.  The 
scenario considered in this paper in which the two samples being compared are de-
scended from a common ancestor.  Differences between the samples are the result 
of the cumulative effects of an number of cycles of generational resampling.  Tests 
of difference or similarity must take into account the number of generations sepa-
rating the two samples. 
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separating the two populations and in proportion with the amount of change expected 
per generation. 

The problem is applicable to the data shown in Figure 11.2, which illustrate differ-
ences in the arrangement of molar cusp landmarks in some paleogene carnivorans.  The 
molars of Didymictis (filled circles, Figure 11.2B) are quite different in shape than 
those of Viverravus (open circles), although there is some variation in shape among the 
samples of both genera.  In many landmark-based studies, a Hotelling’s T2 test could be 
applied to test the significance of the differences apparent between Didymictis and 
Viverravus.  However, all of the samples in Figure 11.2 are phylogenetically related, 
some more closely and some more distantly.  All of the Didymictis samples, for exam-
ple, are more closely related to one another than they are to either of the Viverravus 
samples.  In this paper shape differences among these samples are assessed in terms of 
their phylogenetic relationships.  Rather than arriving at a probability that the samples 
are different (as in t-tests), this paper will assume that the samples are different and will 
instead assess whether the observed differences are consistent with a random-walk in 
shape change given the amount of phylogenetic time separating the samples. 

Materials and Methods 

The data used in this study are from late Paleocene and early Eocene viverravid car-
nivorans from North America (Polly 1997).  Viverravids were small carnivores –  

 

Figure 11.2 Procrustes superposition of 13 lower molar shapes.  A.  Diagram showing the land-
marks used in this study.  B.  Generalized Least Squares superposition of the consensus 
landmark configurations from thirteen population samples.  Eleven of the shapes are 
from the genus Didymictis (filled circles) and two are from the genus Viverravus (open 
circles).  Lines connecting the landmarks correspond to the heavy lines in part A. 
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estimated body masses ranging from the size of the living Least Weasel to that of the 
Coyote (Appendix 1) – that were part of the early radiation of the Order Carnivora col-
loquially known as “miacids”.  Viverravids were primarily terrestrial in habit (Heinrich 
and Rose 1997) and some (Viverravus acutus, for example) were as sexually dimorphic 
as many extant weasels (Polly 1997).  Viverravids are the earliest known members of 
Carnivora, first appearing in the Paleocene of North America about 60 million years 
ago (Fox and Youzwyshyn 1994).  Their relationship to extant Carnivora is controver-
sial.  Flynn and Galiano (1982) argued that they are the sister-group of extant felids, 
hyaenids, viverrids, and herpestids.  Gingerich and Winkler (1985) argued that are a 
completely extinct carnivoran lineage with no close relationship to any extant groups, a 
view echoed by Wyss and Flynn (1993) who considered them to be the sister-group to 
all extant carnivorans.  Hunt and Tedford (1993) suggested that Carnivora itself may be 
polyphyletic and viverravids related only to the aeluroid half.   

The phylogenetic hypothesis used here (Figure 11.3) is from Polly (1997).  It was 
generated using stratocladistics, a parsimony-based phylogeny reconstruction technique 
that simultaneously minimizes ad hoc hypotheses of homoplasy and stratigraphic non-
preservation (Fisher 1992, 1994; Bodenbender 1995; Fox et al. 1999).  Stratocladistic 
phylogenies are fully resolved in that taxa are placed at branch tips, at nodes, or along 
branches as dictated by character state distributions and temporal ordering.  The basic 
units of analysis are restricted to discrete stratigraphic intervals and represent “seg-
ments” of evolutionary species (Simpson 1951).  Thirty nine discrete morphological 
characters and one stratigraphic ordering variable were used in the analysis.  Figure 
11.3A is a strict consensus of 1470 morphologically most parsimonious cladograms 
generated in that analysis (each with a consistency index of 0.784 and a retention index 
of 0.914).  Figure 11.3B are the two most parsimonious phylogenetic trees (strato-
cladograms).  See Polly (1997) for full details.   

This study is restricted to viverravid species from the late Paleocene and early Eo-
cene Bighorn Basin deposits (Wyoming, USA).  Restricting consideration to Bighorn 
Basin material allowed tight control of sampling and age estimates.  The Bighorn Basin 
in northwestern Wyoming represents perhaps the longest continuous record – more 
than eight million years – of mammalian life in the world (Gingerich 1980).  More than 
200,000 vertebrate specimens have been collected from the more than 2,000 meters of 
sediment that accumulated during the uplift of the northern Rocky Mountains.  The 
combination of careful collecting, measured sections (Rose 1981; Gingerich and Klitz 
1985; Bown et al. 1994; Clyde 1997), biostratigraphy (Gingerich 1991), and magneto-
stratigraphic dating (Butler et al. 1981; Clyde et al. 1994) make it possible to assign 
remarkably precise absolute ages to all 37 samples considered here, probably accurate 
to within 100,000 years.  Samples relevant to this study are from the Torrejonian, 
Clarkforkian, and Wasatchian North American Land Mammal Ages (NALMAs), which 
span the late Paleocene and earliest Eocene with absolute ages ranging from 58.8 to 
52.7 million years ago (MYA).  Figure 11.4 shows the stratigraphic and phylogenetic 
relation context of the samples used in this study. 

Landmark coordinates were collected from the lower first molars of the thirteen 
viverravid populations indicated with an asterisk in Appendix 1.  These include two 
samples of Viverravus acutus (Wa-1 and Wa-2), two samples of Didymictis leptomylus 
(Wa-1 and Wa-2), three samples of D. proteus (Cf-2, Cf-3, and Wa-0), and six samples  
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Figure 11.3 Cladogram and phylogenetic tree.  A.  Consensus cladogram of viverravid samples
from the early Paleogene of the Bighorn Basin, Wyoming.  B.  Phylogenetic tree (stra-
tocladogram) of the same taxa.  Thin black arrows indicate that a sample falls un-
equivocally along a branch or at a node; thicker gray arrows indicate that the position
of a sample is unequivocal, falling either at the node or as a sister-taxon.  Both trees
taken from Polly (1997). 
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Figure 11.4 Phylo
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geny of samples used.  The phylogenetic and stratigraphic relationships of the 
en samples considered in this study.  The vertical axis represents time, the hori-
l axis is the natural log of first lower molar occlusal area.  The taxonomic name, 
 molar area, estimated body mass, and generation length are indicated for each 
le.  Lines connecting samples are drawn according to the tree in Figure 11.3B. 
 the left of the graph are magnetostratigraphic intervals, ages, and meter levels; 
 right are absolute ages.   
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of D. protenus (Wa-1, Wa-2, Wa-3, Wa-4, Wa-5, and Wa-6).  Eleven landmarks were 
chosen (Figure 11.2B) and their coordinates were digitized using a Reflex® micro-
scope.  A single specimen was redigitized ten times to test measurement accuracy and 
reproducibility.  Less than 10 percent of within-sample variation could be attributed to 
irreproducibility of measurements, which was approximately equal at all landmarks.  
See Polly (1998) for further details about landmark selection and their biological sig-
nificance.  Data were only collected from those teeth in which wear did not obscure 
cusp tips.  Consensus configurations were calculated for all thirteen samples using gen-
eralized least squares (GLS) fitting and these were used for the between population 
comparisons in this study.  The standard deviation of the Procrustes tangent distances 
among the specimens in each sample was calculated and these were pooled for use in 
calculating rates as explained below.  The pooled standard deviation was 0.025.   

The shape metric used in this study is a variant of the Procrustes distance.  In this 
case, the Euclidean distance, d, between points projected into a two-dimensional tan-
gent space from a multidimensional Procrustes shape space was used.  Partial Pro-
crustes fitting using the generalized least squares (GLS) method was used to align ob-
jects.  In partial Procrustes fitting specimens are first centered, then scaled to unit cen-
troid size, and then superimposed by minimizing d, the square-root of the sum of the 
squared distances between all corresponding landmarks (Rohlf 1999).  In GLS the av-
erage configuration of the specimen shapes as the point of contact between the tangent 
and shape spaces.  The tpsSmall program (Rohlf 1998) was used to calculate the 
Euclidean tangent distances, which are reported in Table 2.  If shape distances are small 
enough that projection does not distort relationships among objects, tangent distances 
can be substituted for Procrustes distances for multivariate analysis (Rohlf 1998).  Here 
there is a good correlation between the distances in shape space and the tangent dis-
tances (Figure 11.5).  Because different superposition methods produce different “dis-
tances”, two alternatives were tried.  These were full Procrustes fitting (dF), in which 
one of the specimens is scaled to cos(ρ), and pairwise fits between specimens using the 
least squares (LS) method.  These metrics did not produced different results and are not 
reported further. 

The lengths of tree branches in years were calculated by subtracting the estimated 
end age from the estimated beginning age of each branch.  Absolute ages in millions of 
years before present (mybp) were assigned to each sample by extrapolating from 
known age tie-in points in the Big Horn Basin sequence.  Linear regression of meters of 
sediment onto absolute age estimates for seven magnetostratigraphic and geochemical 
tie-in points yielded a prediction equation for converting meter level into absolute age.  
The tie-in points used were: 390 m = 58.2 mybp, 500 m = 57.8 mybp, 830 m = 56.5 
mybp, 1080 m = 56.0 mybp, 2400 m = 52.8 mybp, 2200 m = 53.3 mybp, 1520 m = 55.5 
mybp  (Koch et al. 1995; Clyde et al. 1994; Butler et al. 1981).  The resulting predic-
tion equation is: 

y = -0.0026 x+ 58.98  ,   (11.1) 

where y is millions of years before present and x is meter level in the Big Horn Basin 
sequence.  Both the meter levels and estimated ages for each sample are reported in 
Appendix 1.  It should be noted that regression has the curious effect of ‘reassigning’ 
absolute ages to known tie-in points (e.g, the 1520 meter horizon which represents the 
Paleocene-Eocene boundary is assigned an age of 54.9 mya rather than 55.5 mya).   
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There are other interpolation methods that do not distort the original data points (e.g., 
Fricke et al. 1998).  Since the end goal is not to assign absolute ages but rather to de-
termine branch lengths this is unimportant.  It should also be noted that the meter levels 
and the absolute ages estimated from them are subject to several other sources of uncer-
tainty.  Specimens were grouped into samples by subage (which introduces some time 
averaging) and there is uncertainty around the magnetostratigraphic tie-in points and 
the absolute ages assigned to them.  Furthermore, the sedimentation rate in the Big 
Horn Basin was not constant.  Many different facies are present in the sequence, each 
with its own sedimentary regime and rate, and the global sedimentary rate apparently 
decreased through the section as the Laramide orogeny ended (Clyde 1997).  This error 
does not substantially affect the results of this paper, because the uncertainty in branch 
lengths due to the error is only a small percentage of the total branch lengths.   

Branch lengths were then converted from years to generations.  The number of gen-
erations per branch was estimated by first estimating the body mass for the samples be-
ing considered here and then by estimating the relationship between generation time 
and body mass in mammals.  To estimate body mass from the area of the first lower 
molar the prediction equation for Carnivora from Legendré (1986) was used: 

y = 1.922 x + 0.709  ,   (11.2) 

where x is the natural log of the area of the first lower molar and y is the natural log of 
body mass in grams.  Body mass estimates for each sample considered here based on 
this equation are presented in Appendix 1.  Generation times were estimated from body 
mass by using a prediction equation derived from regression generation time in days on 
body mass in grams.  Generation times of 89  species were calculated from data in 

 

Figure 11.5 Plot of Euclidean distances, d, in tangent space against Procrustes distance, ρ, in shape 
space for 13 of viverravid first lower molar sample consensuses.  The slope of the re-
gression is 0.998430 and the correlation is 0.999999.  Distances between shapes are 
small enough to justify using tangent space distances in this analysis.  Plot generated by 
tpsSmall (Rohlf, 1998). 
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Appendix 4 of Eisenberg (1981) by adding “Gestation” and “Age at First Mating”.  
Body masses for those species were taken from Eisenberg (1981) and Silva and Down-
ing (1995).  The natural log of generation time was regressed on body mass, yielding 
the following prediction equation: 

y = 0.24 x + 4.23  ,   (11.3) 

where y is the natural log of generation time in days and x is the natural log of body 
mass in grams (r2 = 0.62).  This equation was used to estimate the generation time  
of each sample considered here (Table 11.1).  Branch lengths between all possible 
sample pairs, both in years and generations, are reported in Appendix 3.  Note that the 
conversion of branch length units to generations makes the tree additive rather than 
Table 11.1  Rates of evolutionary change in mammalian dental traits. 

Trait Species Per-generation 
rate (haldanes) LRI Slope Median log 

interval Reference 

Lower first mo-
lar length 

Kanisamys spp. 0.000 -0.3 7.07 Gingerich and Gun-
nell, 1995 

Lower first mo-
lar length 

Cantius spp. 0.000 -0.3 5.716 Clyde and Gingerich, 
1994 

Upper third 
molar length 

Microtus pennsylvanicus 0.003 -0.5 4.519 Gingerich, 1993b 

Lower first mo-
lar length 

Hyopsodus spp. 0.011 -0.6 5.681 Gingerich and Gun-
nell, 1995 

Wing length American house sparrow 0.024 -- -- Hendry and Kinnison, 
1999 

Eye diameter Norwegian stickleback 0.043 -- -- Hendry and Kinnison, 
1999 

Lower first mo-
lar length 

Cosomys primus 0.067 -0.8 5.299 Gingerich, 1993b 

Lower first mo-
lar length 

Giraffokeryx punjabiensis 0.071 -0.8 5.80 Gingerich and Gun-
nell, 1995 

37 pooled den-
tal traits 

Equus germanicus 0.097 -0.8 3.392 Gingerich, 1993b 

First lower mo-
lar shape 

Viverravid spp. 0.132 -0.8 6.02 This study 

Lower first mo-
lar length 

Phenacolemr praecox 0.173 -0.9 5.58 Gingerich and Gun-
nell, 1995 

Body mass Mus musculus 0.180 -0.2 0.836 Gingerich, 1993a 

Lower first mo-
lar length 

Hyracotherium grangeri 0.225 -0.9 5.033 Gingerich, 1993a 

Lower first mo-
lar length 

Progonomys sp. 0.574 -1.0 6.58 Gingerich and Gun-
nell, 1995 

Lower first mo-
lar shape 

Cantius spp. 0.653 -1.0 5.693 Clyde and Gingerich, 
1994 

Spot number Trinidadian guppies 0.742 -- -- Hendry and Kinnison, 
1999 

Shell spire Littorina obtusata 1.905 -0.6 1.711 Gingerich, 1993a 

height 
 



230      P. David Polly 

ultrametric.  The length of branches connecting smaller animals with shorter estimated 
generation times are reduced relative to those connecting larger animals with longer 
estimated generation times.   

The per-generation rate of shape change was estimated as the y-intercept of a Log 
Rate-Log Interval (LRI) distribution of rates (Gingerich 1983, 1993a; Gingerich and 
Gunnell 1995; Hendry and Kinnison 1999).  In many comparative methods, the rate of 
character change is estimated from the variance of tree-tip values scaled by their branch 
lengths (Felsenstein 1985).  In addition to tree tips, within-branch and node samples are 
available in the present study.  LRI allows all of these data to be combined in estimat-
ing the per-generation rate.  The LRI method uses regression through a log-rate versus 
log-interval distribution.   

The slope of the regression indicates the extent to which the data fit a distribution 
expected under an evolutionary random walk (Brownian motion).  The regression inter-
cept provides an estimate of the per-generation rate of change.  All possible rates of 
shape change were calculated in haldanes (standard deviations per generation), a di-
mension-independent unit that is convenient for comparing rates of evolutionary 
change (Gingerich 1993a; Hendry and Kinnison 1999).  The Procrustes tangent dis-
tances, d, from Appendix 2 were first standardized by dividing each by the pooled stan-
dard deviation of the thirteen samples (0.025).  The standardized distances were then 
divided by the corresponding branch length (in generations) from Appendix 3.  An LRI 
distribution of these rates was created by plotting the log10 of each rate by the log10 of 
the interval over which it was calculated (Figure 11.6).  A least-squares regression line 
was calculated to determine the slope and the intercept.  The slope indicates the extent 
to which the data are consistent with a Brownian motion process, 0.5 representing a 
truly random process, 1.0 representing stasis, and 0.0 representing complete direc 
tionality (Gingerich 1993a).  These slopes, projected through log-transformed data, 

 

Figure 11.6 Log-Rate/Log-Interval (LRI) plot.  Data are molar crown shape of viverravid carnivores. 
The vertical axis is the log10 of rate of shape change (in haldanes), the horizontal axis is 
the interval over which the rate was calculated.  The residual variation around the re-
gression line is unusually low for an LRI distribution. 
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correspond respectively to three walk-modes in the original data space:  Brownian-
motion divergence (which accumulates as the square-root of time, or time0.5), no diver-
gence (or which does not accumulate, or time0.0), and constant, uni-directional diver-
gence (which accumulates linearly with time, or time1.0).  The inverse log of the y-
intercept is an estimate of the per-generation rate of the process, h0 (the rate of change 
in haldanes over a single generation).  The per-generation rate h0 is equivalent to the 
square-root of the rate β, a variance term, that is often used in phylogenetic compara-
tive methods (e.g., Felsenstein 1985; Harvey and Pagel 1991).   

To test whether two populations are more divergent than expected, a probability dis-
tribution must be estimated against which observed differences can be compared.  Evo-
lution is a time series process in which change accumulates generation by generation; 
the end point of an evolutionary sequence depends on its initial starting point, the num-
ber of generations in the sequence, and the amount and “direction” of change during 
each generation.  A Brownian motion random walk is a time series process whose end 
point depends on its initial starting point, the number of steps in the walk, and the 
change at each step; furthermore, in Brownian motion the direction of change at any 
step is random and is not biased by change at other steps.  There is no intrinsic direc-
tionality or trend in a Brownian motion random walk, making it the appropriate model 
for random evolutionary change.  A probability distribution of series end points can be 
calculated using the Brownian motion model, the per-generation rate of change, and the 
number of generations separating two populations on a phylogenetic tree.  That distri-
bution reflects the frequency of end points if the same random walk is “walked” many 
times from the same initial starting point, with the same per-step rate of change, and for 
the same number of steps.  Because there is no bias in the change at each step, the out-
comes of a Brownian motion walk are normally distributed.  In this paper shape differ-
ences as measured in units on a tangent plane to Procrustes space.  Because that plane 
is two dimensional the variance in of a random walk on it is calculated as  

r2 = 4Dt  ,    (11.4) 

where r2 is the variance of the distribution, D is the squared per-step rate of change 
(or the per-step variance), and t is time (Berg 1993).  In this study, D is the squared per-
generation rate, h0, as estimated from the LRI distribution, and t is the number of gen-
erations separating two populations on a phylogenetic tree.  The probability distribution 
for test used here is, thus, a normal distribution with a variance of 4h0t centered on the 
value of one of the two populations being compared.  Note that the standard deviation 
of that distribution is the square-root of the variance, or th02 .  The square-root of 
time in this equation corresponds to the scaling discussed in the previous paragraph in 
relation to the slope of the LRI distribution.  Regardless of the dimensionality of the 
data, the variance of a Brownian-motion process scales linearly with time. 

Critical values for the test are now easily calculated.  In evolutionary biology two 
phenomena are often of interest: more divergence than expected (e.g., because of direc-
tional selection) and less than expected (e.g., stasis).  These suggest two sets of critical 
values, one for values at the tails of the normal distribution and one for values very 
near its mean.  To accommodate this, the standard 5 percent value can be divided 
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in two so that 2.5 percent of the curve is allocated to the tails of the distribution and 2.5 
percent around the mean (Bookstein 1991; Gingerich 1993a).  Accordingly, 97.5 per-
cent of the space under a normal curve lies between points 2.241 standard deviations 
above and below its center and 2.5 percent between 0.031 standard deviations (Sokal 
and Rohlf 1995).  The standard deviation of the distribution is the square-root of its 
variance (given by Formula 11.4).  Thus, given a total alpha of 0.05, any value greater 
than th 02241.2 ⋅  can be considered non-random directional change and any value 
less than th 02031.0 ⋅  is non-random stasis.   

When a large number of tests are made, it is likely that a fraction of them will result 
in rejection of the null hypothesis by chance (Type I error).  In this study 72 pairwise 
comparisons are made (Appendix 2) to assess departures from a random-walk model.  
If the critical value (α) of each test is set at 0.05 then five percent of the tests will 
falsely reject the null model.  Out of 72 tests, more than three could fall into this cate-
gory.  Bonferroni-style corrections adjust the critical values to make the test more ro-
bust in the face of this possibility.  Here an amended critical value was calculated as 

 
k
αα ='                  (11.5) 

where α' is the Bonferroni-corrected critical value, α is the original critical value 
(0.05) and k is the number of comparisons made (72).  The adjusted critical value is 
thus 0.0007, and the corresponding critical values would be th 0258.3 ⋅  for non-
random directional change and th 020004.0 ⋅  for non-random stasis.  For comparison, 
consistency with the null Brownian-motion model are flagged at critical levels of both 
0.05, and 0.0007. 

Results 

Euclidean shape distances, d, in tangent space ranged from 0.05 (found in several 
stratigraphically adjacent comparisons) to 0.21 (between V. acutus Wa-2 and D. pro-
teus Wa-0).  Measured in standard deviations, the range is 1.83 to 8.40.  Both Euclidean 
shape distances and their standard deviation equivalents are reported in Appendix 2.  
The all of the pairwise comparisons between a Viverravus and Didymictis population 
have much larger shape distances than do comparisons within either, not surprising 
since those comparisons are separated by more than eight million years (Appendix 3).  
The longest branch length, though (between V. acutus Wa-2 and D. protenus Wa-6), 
does not have the greatest shape divergence.  Neither does the shortest branch length 
(D. proteus Wa-0 to either D. leptomylus Wa-1 or D. protenus Wa-1) have the smallest 
shape divergence.   

Shape divergence and branch length are strongly correlated, however.  The LRI  
distribution and the parameters estimated from it are summarized in Figure 11.6.   
The pairwise rates range from -6.68 to -4.79 log units and the intervals from 4.95  
to 6.97 log units.  The distribution is unusually linear compared to similar plots of  
univariate size traits (c.f., Gingerich 1993a; Gingerich and Gunnell 1995).  The slope of 
the regression through the points is -0.83, suggesting a process tending towards stasis, 
but with some random component (a perfectly random walk has a slope of -0.50 and 
perfect stasis produces a slope of -1.00).  The y-intercept gives the per generation rate 
of change for the distribution (remembering that log10 of one generation is zero).  It 
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is -0.88 log units.  Log detransformation yields an h0 of 0.132 haldanes (standard 
deviations per generation).  This rate is not exceptional, falling well within the range of 
other studied traits (Table 11.1).   

The amount of shape change that can be produced by a random walk when that per-
generation rate is scaled to the time intervals found between samples in this study is 
large.  The upper 0.05 critical values (above which a random walk is rejected in favor 
of directional selection) ranged from 175.9 to 1811.8 standard deviations (Appendix 4).  
None of the observed values in Appendix 2 approach these magnitudes of change.  The 
lower critical values (below which a random walk is rejected in favor of stabilizing se-
lection) range from 2.4 to 25.1 standard deviations.  All but six of the observed dis-
tances fall below their respective critical values at the 0.05 level, meaning that they are 
not consistent with a Brownian motion model of evolution.  A stabilizing process must 
be invoked to explain the small changes in molar shape observed over evolutionary in-
tervals of this length.  The six comparisons that fall between the two critical values and 
are thus consistent with Brownian-motion random change are all comparisons made 
over very short intervals:  Didymictis proteus Wa-0 – D. protenus Wa-1, D. proteus 
Wa-0 – D. leptomylus Wa-2, D. protenus Wa-1 – D. protenus Wa-2, D. protenus Wa-2 
– D. leptomylus Wa-1, D. protenus Wa-1 – D. leptomylus Wa-1, and D. leptomylus Wa-
2 – D. leptomylus Wa-1 (Appendix 2).  When the Bonferroni adjustments are made to 
the critical values – which make the stasis interval narrower and the directional interval 
wider – all of the distances fall within the area consistent with Brownian-motion.  This 
emphasizes that the shape divergences observed in this study are small relative to the 
amount of divergence time, falling close to, but just outside, the statistical limits of sta-
sis.  This finding fits with the LRI slope of -0.83 reported above. 

Discussion 

Accurate estimates of phylogenetic divergence times are an important part of this study.  
Calculation of evolutionary rates, estimation of per-generation rates, and estimation of 
phylogenetic variance all incorporate branch lengths calibrated in abosolute time units.  
Accurately calibrated times of divergence are crucial.  These are not unique to this 
study.  Many standard methods in evolutionary biology require time-of-divergence esti-
mates, including investigations of trait correlation (e.g., independent contrasts;  
Felsenstein 1985), molecular clock studies (Zuckerkandl and Pauling 1962; Wilson  
et al. 1987; Kumar and Hedges 1998), and ancestral node value reconstructions (Martins 
and Hansen 1997; Garland et al. 1999).  These investigations can make due  
with coarse estimates of divergence time, indeed many have simply set each branch to 
unit length.  However, the more precise (and accurate) the time-of-divergence estimate, 
the more precise the results.  But precise branch lengths in units of absolute time are sel-
dom available, sometimes because authors make little attempt to procure relevant data, 
but more often because paleontological data are either not available or have not been 
incorporated into a phylogenetic hypothesis in a way that makes branch lengths easy to 
determine.  Traditional phylogenetic reconstruction algorithms – including parsimony 
cladistics, maximum likelihood, neighbor-joining, and UPGMA clustering – all treat 
their operation taxonomic units (OTUs) as terminal taxa, meaning that only minimum 
divergence times can be estimated.  However, that situation is quickly changing.  In ad-
dition to discrete-character-parsimony-based stratocladistics there are now 
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distance methods that place OTUs along branches and at nodes.  Serial sample UPGMA 
(sUPGMA) reconstructs a phylogeny of from data sampled serially in time using pair-
wise distances and a list of the time-order of the samples (Rodrigo 2000).  Maximum-
likelihood methods can also be adapted for dealing with non-contemporaneous OTUs 
(Huelsenbeck and Rannala 2000). 

The difficulty of calibrating divergence times from paleontological data is com-
pounded by vagueness introduced by standard phylogenetic reconstruction methods.  
Cladograms and synapomorphies diagnose sister-group relationships, but are unable  
to distinguish whether known taxa fall at tree nodes or lie at the tips.  When closely  
related species are being considered, the difference can be crucial for estimating diver-
gence times.  Niles Eldredge pointed out that a cladogram showing the sister-group  
relationships of two taxa is logically consistent with at least three true phylogenies  
(Eldredge 1979; Cracraft and Eldredge 1980).  Figure 11.7 illustrates this.  Taxa A and 
B share a derived feature (Figure 11.7A), and A is stratigraphically lower than B.   
But the cladogram does not tell us whether both are descended from some unknown 
common ancestor (Figure 11.7B), whether A is the ancestor of B (Figure 11.7C), or 
whether B is the ancestor of A (Figure 11.7D).  These three phylogenies imply three 
very different sets of phylogenetic time intervals.  Let us presume that A is older than  
B by 1 million years and have a shape difference of 1 unit.  If they are true sister 
groups, each descended from some unknown common ancestor that existed earlier  
in time, then total time separating them may be something like three million years 

 

Figure 11.7 Eldredge’s enigma.  A.  A cladogram of two sister-taxa, united by a synapomorphy.  B,C,D. 
The three phylogenetic relationships consistent with the cladogram in A.  The branch 
lengths connected the two taxa and the rate of change given that interval are shown below 
each scenario.  See text for details. 
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(it could be more or less depending on how ancient the common ancestor is).  The rate 
of shape change we estimate from them would thus be 1 / 3 (million) or 0.33 units per 
million years.  If A is ancestral to B, however, then there is only 1 million years sepa-
rating them and we get a rate of 1.0 units of shape change per million years.  In this 
scenario, the third alternative is actually impossible:  B couldn’t really be ancestral to 
A, but if it was there would be an interval of -1 million years separating them and a 
shape-change rate of –1.0.  Because of the different branch lengths and rates in each 
scenario, different per-generation rates would be estimated and different comparison 
intervals would be used in assessing the significance of shape change between A and B.  
The rate in Figure 11.7C is three times that in Figure 11.7B, and might be judged direc-
tional while the latter might be static.  Eldredge’s enigma should be given careful atten-
tion when applying significance tests to phylogenetic data. 

If branch lengths are incorrectly estimated they may or may not affect tests of sig-
nificance as used in this paper.  If all branches are uniformly misestimated, then the 
significance of all pairwise tests are likely to change.  In this case, all of the pairwise 
rate comparisons using in the LRI distribution would be changed, which would shift the 
entire distribution and would result in a different estimate of the per-generation rate; 
however, the interval over which each test is made and the variance associated with that 
interval would both change, too.  Uniformly underestimated branch lengths would re-
sult in uniformly overestimated rates and an underestimated interval of comparison.  A 
high rate over a short interval is likely to be judged directional.  Conversely, uniformly 
overestimated lengths result in underestimated rates and a long interval of comparison.  
A false “stasis” is likely to occur in this case.  If only one or two branch lengths are 
misjudged then only comparisons between taxa connected by those branches are likely 
to be affected.   

The incorrect branches will affect a few of the points in the LRI distribution, proba-
bly making it less linear, but will probably not significantly change its slope and inter-
cept.  This means that the same per-generation rate will be estimated.  Only those taxa 
connected by the incorrect branches will have incorrect comparison intervals, the rest 
will be unaffected.  This study could be affected either by uniform misestimation or by 
individually incorrect branches.  The former could result from the regression used to 
assign absolute ages to meter levels (Equation 11.1), from the regression used to esti-
mate body mass (Equation 11.2), or from the regression used to estimate generation 
times (Equation 11.3).   

Individual branches could be misestimated only if the phylogenetic hypothesis is in-
correct.  One such possibility is the basal node of Figure 11.4.  Protictis paralus was 
considered to be the last common ancestor of Viverravus and Didymictis for the pur-
poses of this study, but the original phylogenetic analysis (Figure 11.2B) found its posi-
tion equivocal – it could be ancestral or it could be the sister-group to Didymictis and 
Viverravus.  If the latter, then the branches leading from P. paralus could either be over 
estimated or underestimated.  This would alter all of the rates calculated between Viver-
ravus and Didymictis sample and their intervals of comparison. 

This study indicates that long-term molar shape evolution is slow compared to its  
estimated per-generation rate.  Over periods of hundreds of thousands to millions of 
years molar shape change is slow, falling close to the statistical definition of stasis 
adopted here.  The per-generation rate of change (0.132 h), however, is similar to that 
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of other mammalian dental traits, many of which exhibit quite rapid long-term change 
(Table 1).  Interestingly, most previously studied traits were univariate measures of size 
rather than shape.  The only previous analysis of rates of dental shape change was by 
Clyde and Gingerich (1994), who looked at rates of change in molar crown shape using 
the x and y components of Bookstein shape variables as their metric.  They found a 
similar pattern:  long-term shape change was near stasis, but the per-generation rate was 
like that of other dental size variables (Table 11.1).   

Why might the evolution of molar shape have a normal per-generation rate of 
change (indicating that, on a short time scale, shape can change as rapidly as other 
variables), yet evolve slowly over long periods?  One factor may be that occlusal rela-
tionships introduce functional constraints which allow small scale variation, but prevent 
major topographical rearrangements of cusps.  The functional relationships between 
upper and lower tooth cusps, cristae, and basins have been well studied, indicating that 
there is often a precise match in the morphology of occluding structures  (Herring 1993; 
Fortelius 1985; Kay and Hiiemae 1974; Crompton and Hiiemae 1970).  In this study, 
the landmarks are all represent functional components of the molar crown, including 
the carnassial blade, which is part of a tightly fitting shear surface, and the margins of 
the talonid basin, which helps guide the teeth into centric occlusion (Polly 1998; Sav-
age 1976; Crompton and Hiiemae 1970).  Changes in the relative positions of these 
cusps would require coordinated changes on the occluding upper teeth (P4 and M1).  
Another factor that may constrain long-term shape change is that the developmental 
and genetic control of molar cusp position is quite complex.  The cusps on a single mo-
lar are initiated by a cascade of gene expression centers – the enamel knots – beginning 
with a single primary enamel knot, which coordinate a series of secondary enamel 
knots, each of which is associated with one of the tooth’s cusps (Jernvall et al. 1998; 
Maas and Bei 1997; Thesleff and Sahlberg 1996; Jernvall et al. 1994).  A number of 
genes and gene products are involved in the cascade, including SHH, BMP-2, BMP-4, 
BMP-7, FGF-4, p21, Msx-1, Msx-2, and Lef-1.  The cascade of gene interactions sug-
gests that changes in the primary enamel knot or early secondary knots have cumulative 
effects on the cusps associated with later knots (Jernvall 2000, 1995), although some 
studies have shown that cusps associated with early cascade events are more variable 
(Polly 1998).  Keränen et al. (1998) found that species-specific morphological differ-
ences in tooth shape was associated with changes in the expression of regulatory genes 
in secondary knots.   

Correspondingly, the early stages of molar crown ontogeny appear to be more con-
served than late stages (Popowics 1998; Wolsan 1989) and genetic changes that reduce 
the signaling of the primary enamel knot result in drastically malformed teeth (Pispa et 
al. 1999).  Futhermore, complexly occluding teeth have enamel microstructural patterns 
that are integrated with the gross crown morphology of the tooth (Koenigswald 1982, 
1997ab; Koenigswald and Clemens 1992).  It has been found that the number of 
amelogenin products that go into producing microstructural patterns increases along 
with the complexity of the tooth (Mathur and Polly 2000; Girondot and Sire 1998).  
Evolution of molar crown shape is, thus, a complex process involving many functional 
and developmental variables.  Long-term shape evolution may therefore require a large 
number of developmentally compatible changes. 

One reviewer of this paper noted that the pairwise rate comparisons used in the  
LRI analysis are not corrected for phylogenetic covariance and are, therefore, not 
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statistically independent (Felsenstein 1985; Harvey and Pagel 1991).  Phylogenetic ef-
fects could affect the LRI distribution – and the per-generation rate estimated from it – 
if the rate of shape change is significantly different in one part of the tree relative to 
another or if particular branches have a much higher or lower rate of change than the 
rest of the tree.  For example, if the divergence of Viverravus and Didymictis were as-
sociated with a greater degree of change than is found within either genus, then be-
tween-genus rate comparisons would be higher relative to the interval over which they 
were measured than would within-genus rate comparisons.  The longest-interval rates 
(the points at the lower right of the LRI distribution, Figure 11.6) would, in this case, be 
shifted upwards on the LRI plot, changing both the slope of the regression line and the 
per-generation rate estimate.  However, the LRI distribution itself would become nota-
bly non-linear because the shorter-interval rates would not be changed.  Any distortion 
caused by phylogenetic non-independence ought to manifest itself in an LRI plot as a 
curvilinear distribution of points.  Because the data in this study form a tight linear dis-
tribution, it is presumed that phylogenetic non-independence is not a confounding fac-
tor. 

Conclusions 

Morphometric data, or any quantitative data, demonstrably have phylogenetic signal 
in them (Felsenstein 1985; Cheverud and Dow 1985; Schluter et al. 1997).  Organisms 
who share a recent common ancestor are expected to be more similar than those whose 
ancestry is more ancient.  For this reason, phylogenetic distance is an important consid-
eration in interpreting morphometric data, and geometric landmark morphometrics is 
no exception.  The standard T2 test is probably not appropriate if the shapes being com-
pared are from phylogenetically divergent populations or species.  Instead, shape dif-
ferences should be compared in light of the divergence expected given the length of 
time since the two shared a common ancestor.  An appropriate null model is a 
Brownian motion random walk, which makes no assumptions about directionality or 
magnitude of change.  To apply such a test, several parameters must be estimated, in-
cluding the phylogeny connecting the taxa to be compared, the branch lengths of that 
phylogeny (preferably in either absolute time or generations), the within-population 
variance of the shape, between-sample distances in the shape, and the per-unit-time rate 
of change in shape. 

The fact that quantitative data contain phylogenetic signal implies that phylogeny 
can be recovered from morphometric data (Felsenstein 1973, 1988).  Despite the sim-
plicity of that statement, it has been a key controversy in the systematics literature for 
more than a quarter of a century, first in the debates over phenetics (overall similarity) 
and cladistics as phylogeny reconstruction methods (Williams 1971; Kluge and Farris 
1969), and more recently in debates over maximum-likelihood and parsimony criteria 
(Felsenstein 1978; Hillis et al. 1994; Kluge 1997; Siddall and Kluge 1997).  One inter-
esting aspect of the question is that morphometrics usually involves a quantitative as-
sessment of differences (or similarities) in the same homologous feature among taxa.  
The properties of random walks tell us that divergence in quantitative traits should ac-
cumulate, on average, with the square-root of time elapsed since they last shared a 
common ancestor (Berg 1993).  This suggests that, like molecular sequence data, mor-
phometric data ought to contain information that can, with quantifiable error, be used 
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to reconstruct phylogeny, and that morphometric data will have a “saturation point”, or 
a maximum divergence time beyond which they are incapable of accurately resolving a 
phylogeny.  Different traits or variables will have different parameters in this regard.  
Character-based phylogeny reconstruction, unlike morphometrics, is usually concerned 
with the origin of new homologous traits (or the identification of homologies and ho-
moplasies).  Unlike random walks in quantitative variables, there is no obvious null ex-
pectation associated with the origin of new characters (but see Schluter et al. 1997).  
And unlike morphometrics, a multitude of characters can easily be combined into a sin-
gle analysis using parsimony-based methods.  These differences are often at the heart of 
debates on the use of morphometrics in systematics.  It is entirely conceivable, though, 
that the choice of data and method may best be made by consideration of the scope of 
the phylogenetic problem, in terms of the period over which the taxa have diverged.  
Relationships among closely related taxa with little discrete character divergence may 
best be studied using quantitative data, while relationships among more distantly re-
lated taxa may be best resolved using parsimony analysis of discrete data.   
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Appendix 1.  Age, meter level, sample size, mean area and standard deviation of first lower molar, esti-
mated body mass, and estimated generation times for samples relevant to this study.  Age 
details include North American Land Mammal Subages (NALMS), meter level in the Big-
horn Basin, and absolute age in millions of years before present.  Mean molar area is the 
natural log of the length times the width of the first lower molar.  Body mass estimates 
are given in grams.  Estimated generation times are reported in years. 

Species NALMS Meters Age1 N Mean SD Mass2 Generation3 

Didymictis proteus Ti-4 550 57.5 2 3.85 0.071 3,323 1.3 
Didymictis proteus Ti-5 700 57.2 1 3.60 -- 2,055 1.2 
Didymictis proteus Cf-1 1050 56.2 3 3.69 0.057 2,455 1.2 
Didymictis proteus* Cf-2 1300 55.6 20 3.95 0.092 4,001 1.4 
Didymictis proteus* Cf-3 1430 55.3 9 3.97 0.064 4,222 1.4 
Didymictis proteus*,** Wa-0 1550 54.9 3 3.61 0.103 2,097 1.2 
Didymictis leptomylus* Wa-1 1600 54.8 7 3.89 0.128 3,612 1.4 
Didymictis leptomylus* Wa-2 1700 54.6 6 3.66 0.142 2,306 1.2 
Didymictis leptomylus Wa-3 1900 54.0 1 3.38 -- 1,347 1.1 
Didymictis protenus* Wa-1 1600 54.8 3 4.44 0.158 10,336 1.8 
Didymictis protenus* Wa-2 1700 54.6 2 4.14 0.007 5,824 1.5 
Didymictis protenus* Wa-3 1900 54.0 6 4.12 0.197 5,573 1.5 
Didymictis protenus* Wa-4 2100 53.5 14 4.23 0.105 6,943 1.6 
Didymictis protenus* Wa-5 2250 53.1 12 4.34 0.145 8,474 1.7 
Didymictis protenus* Wa-6 2400 52.7 8 4.57 0.261 13,158 1.9 
Viverravus laytoni Ti-5 700 57.2 2 2.05 0.057 104 0.6 
Viverravus laytoni** Cf-2 1300 55.6 2 2.11 0.129 117 0.6 
Viverravus acutus Cf-3 1430 55.3 1 1.92 -- 82 0.5 
Viverravus acutus* Wa-1 1600 54.8 20 2.23 0.176 148 0.6 
Viverravus acutus* Wa-2 1700 54.6 24 2.31 0.164 172 0.7 
Viverravus acutus Wa-3 1900 54.0 27 2.55 0.151 272 0.7 
Viverravus acutus Wa-4 2100 53.5 18 2.53 0.176 262 0.7 
Viverravus acutus Wa-5 2250 53.1 12 2.61 0.136 309 0.7 
Viverravus acutus Wa-6 2400 52.7 9 2.79 0.135 435 0.8 
Viverravus politus Ti-5 700 57.2 8 2.92 0.035 556 0.9 
Viverravus politus Cf-2 1300 55.6 2 2.52 0.064 259 0.7 
Viverravus politus Cf-3 1430 55.3 4 2.97 0.089 615 0.9 
Viverravus politus Wa-1 1600 54.8 4 3.29 0.093 1,128 1.0 
Viverravus politus Wa-2 1700 54.6 1 3.65 -- 2,263 1.2 
Viverravus politus Wa-3 1900 54.0 1 3.73 -- 2,639 1.3 
Viverravus rosei Wa-2 1700 54.6 1 1.81 -- 66 0.5 
Viverravus rosei Wa-3 1900 54.0 2 1.63 0.046 47 0.5 
Viverravus rosei Wa-4 2100 53.5 2 1.63 0.031 47 0.5 
Viverravus paralus** Ti-3 350 58.1 10 2.51 0.053 253 0.7 
Protictis agastor Ti-3 350 58.1 5 3.54 0.124 1,831 1.2 
Protictis haydenianus To 60 58.8 5 3.49 0.129 1,664 1.1 
1  Age (millions of years before present) estimated from a linear least-squares regression of meters 

of accumulated sediment (Gingerich, 1991) onto absolute age in millions of years before present 
(Clyde et al., 1994):  y = -0.0025x + 58.8. 

2 Body mass (grams) derived from linear least-squares regression line of body mass onto the area 
(length x width) of the first lower molars of extant Carnivores (Legendré, 1986):   y = 1.922x + 
0.709. 

3 Generation time (years) estimated from a linear least-squares regression of mammalian generation 
lengths (Eisenberg, 1981) onto body mass (Eisenberg, 1981; Silva and Downing, 1995): y = 0.2415 x 
+ 4.2276. 

*  Samples with molar shape data considered in this study. 
** Samples lying at tree nodes. 
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413.1 

505.1 

631.2 

566.8 

487.4 

346.6 

 3.3 

6.1 

4.8 

D
. protenus 

W
a-2 

D
. protenus 

W
a-1 

1639.0 

1681.8 

175.9 

339.1 

446.6 

673.9 

614.0 

541.5 

419.3 

235.9 

 5.1 

3.6 

D
. protenus 

W
a-1 

D
. leptom

ylus 
W

a-2 

1661.8 

1704.1 

189.3 

346.2 

452.0 

769.0 

717.1 

656.2 

559.6 

439.3 

370.6 

 3.7 

D
. leptom

ylus 
W

a-2 

D
. leptom

ylus 
W

a-1 

1640.5 

1683.2 

326.2 

436.3 

524.3 

721.7 

666.1 

600.0 

492.5 

349.9 

258.4 

265.6 

 V. acutus- 
W

a-1 

 V. acutus 
W

a-1 

V. acutus 
W

a-2 

D
. proteus 

W
a-0 

D
. proteus 

C
f-3 

D
. proteus 

C
f-2 

D
. protenus 

W
a-6 

D
. protenus 

W
a-5 

D
. protenus 

W
a-4 

D
. protenus 

W
a-3 

D
. protenus 

W
a-2 

D
. protenus 

W
a-1 

D
. leptom

ylus 
W

a-2 

D
. leptom

ylus 
W

a-1 

 

A
ppendix 4:  C

ritical values for pairw
ise shape com

parisons.  V
alues in the upper left are low

er critical values, below
 w

hich a random
 w

alk is rejected in 
favor of stabilizing selection; in the low

er right are upper critical values, above w
hich a random

 w
alk is rejected in favor of directional change. 

A
ll observed distances (A

ppendix 2) fall below
 the directional critical values and all but six fall below

 the stasis values.   
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