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Abstract.—We explore the relationships among the geographic ranges of genera, the ranges and positions
of their constituent species, and the number of species they contain, considering variation among coeval
genera and changes within genera over time. Measuring range size as the maximal distance, or extent,
between occurrences within a taxon, we find that the range of the most widespread species is a good
predictor of the range of the genus, and that the number of species is a better predictor still. This analysis
is complicated by a forced correlation: the range of a genus must be at least as large as that of each of its
constituent species. We therefore focus on a second measure of range, the mean squared distance, or
dispersion, of occurrences from the geographic centroid, which, by analogy to the analysis of variance,
allows the total dispersion of a genus to be compared to the mean within-species dispersion and the
dispersion among species centroids. We find that among-species dispersion is the principal determinant
of genus dispersion. Within-species dispersion also plays a major role. The role of species richness is
relatively small. Our results are not artifacts of temporal variation in the geographic breadth of sampled
data. The relationship between changes in genus dispersion and changes in within- and among-species
dispersion shows a symmetry, being similar in cases when the genus range is expanding and when it is
contracting. We also show that genera with greater dispersion have greater extinction resistance, but that
within- and among-species dispersion are not demonstrable predictors of survival once the dispersion of the
genus is accounted for. Thus it is the range of the genus, rather than how it is attained, that is most relevant to
its fate. Species richness is also a clear predictor of survival, beyond its effects on geographic range.
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How to Build a Geographic Range

Hierarchical approaches to macroevolution
require that we assess the properties of nested
branches of the tree of life at different levels
and how the properties at various levels relate
to one another. For example, recent studies
have documented that genera expand and
contract in geographic range during their
lifetimes (Miller 1997; Jernvall and Fortelius
2004; Foote 2007; Foote et al. 2008; Tietje and
Kiessling 2013) and that temporal changes
in range within genera correlate with conco-
mitant changes in the areal extent of their
preferred habitats (Foote 2014). But we do not
knowwhether some genera range more widely
than others, or vary individually in their ranges
through time, because of variation in the
number of constituent species, variation in the

ranges of constituent species, or both. Broader
geographic range is also known to contribute
to extinction resistance of genera (for just a few
examples, see Jablonski 1986, 2005; Kiessling
and Aberhan 2007; Payne and Finnegan 2007;
Powell 2007a; Finnegan et al. 2008; Harnik et al.
2012; Foote and Miller 2013), but how genus
survival relates to the number and ranges of
constituent species remains uncertain (Jablonski
2008). For example, does a genus consisting of a
single, widespread species have a different
chance of survival compared with one having
the same overall range but partitioned into
numerous, less widespread species?

Here we consider the question of how
geographic range sizes of more inclusive taxa
relate to the range sizes of their constituent
sub-taxa, the number of sub-taxa, and their
geographic arrangement. We focus on the
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relationships between genera and their consti-
tuent species, but our methods should be
applicable to other levels, such as populations
within species, and to multiple, nested levels,
such as species within genera within families.

We first present two approaches to describ-
ing the geographic range size of a genus and to
characterizing components of its range size.
Using marine-animal data from the Paleobiol-
ogy Database (paleobiodb.org), we then assess
the relative importance of temporal changes in
these components in determining changes in
the geographic range sizes of genera. We
compare results of this dynamic analysis to
static analyses of variation in range size among
coeval genera. Finally, we assess the contribu-
tion of genus geographic range size and its
components to extinction resistance, in the
context of whether survival is affected by the
aggregate geographic range of a genus, by how
that range is structured, or both.

Materials and Methods

Data.—We analyzed occurrence data on
marine animals, downloaded from the
Paleobiology Database (paleobiodb.org). We
initially downloaded data on 23 February 2012
(Foote andMiller 2013) and combined this with
a subsequent download on 20 November 2013,
limited to records created after 23 February
2012. We took this approach in order to avoid
replicating the substantial manual vetting of
the initial data. In carrying out the downloads,
we used the options to replace original genus
names with re-identifications; to elevate
subgenera to genus rank; to omit form genera
and ichnogenera; and to omit uncertain genus
identifications (marked by “aff.”, “cf.”, and so
on). See Foote and Miller (2013) and Foote
(2014) for more details on the download
criteria and vetting protocols.

Because we are interested in the relationship
between genus- and species-level geographic
ranges, we need to deal with occurrences in
which the species field equals “sp.” or “spp.”
Although such occurrences meaningfully
contribute to genus ranges, there is no rational
way to assign them to a species, so we have
simply omitted them. This protocol affects

about 22% of occurrences but only 8% of
genera (Table A1). For the genus-by-stage
combinations included in our analyses, the
geographic ranges of genera with and without
“sp.” occurrences are well correlated; Spearman
rank-order correlation coefficients are equal to
0.91 and 0.92, respectively, for the twomeasures
of genus range (GCDgen and MST; see below)
(p ≪ 0.001 in both instances).

Using stratigraphic information in the
collection records, we assigned occurrences to
stratigraphic intervals, mainly international
stages but also some series-level bins, that are
generally more finely resolved than the stan-
dard “11-million-year’’ intervals often used
in analyses of the Database. For the sake of
simplicity, we will refer to operational time
intervals as stages. We removed data that
could not be resolved to a single stage. In
contrast to our previous studies of these data
(e.g., Foote and Miller 2013; Foote 2014), in
which we used the British standard Ordovician
series (Fortey et al. 1995), we assigned occur-
rences to the “new” international stages of the
Ordovician (Gradstein et al. 2012). We also
subdivided the Norian and Rhaetian stages,
which we had previously combined into a
single interval. Our conclusions are not sensi-
tive to these details of stratigraphic protocol.
Because of data limitations that affect our
ability to resolve stratigraphic occurrences in
the Cambrian and to track survivorship of
Pliocene and Pleistocene genera (Foote and
Miller 2013), we have focused on the Ordovician
throughMiocene for analyses involving ranges
within single time intervals; for analyses
of changes from one interval to the next,
we include changes from Late Cambrian
(Furongian) to the Tremadoc through those
from the middle Miocene to the late Miocene.

For each occurrence we kept track of the
genus, species, time interval, paleo-latitude
and -longitude, and present-day latitude and
longitude, the paleo-coordinates being based
on the rotations of C. Scotese (personal com-
munication to the Paleobiology Database 2001).
We excluded a tiny number of occurrences
lacking information on paleo-coordinates. One
of ourmeasures of geographic range is based on
mean distances among coeval occurrences.
Because this is potentially skewed by multiple
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occurrences with the same coordinates—for
example, if a species is reported from several
beds in a single section—we have lumped all
occurrences of the same species with the same
coordinates in the same time interval, as if they
constituted a single occurrence for the purposes
of the present analyses. This protocol affects
about one-third of occurrences (Table A1);
results are similar if we do not lumpoccurrences
(Fig. A2). Because genera tend to be confined to
single paleocontinents, we obtain compatible
results if we usemodern coordinates rather than
paleo-coordinates, and we present only the
results for paleo-coordinates. The concordance
in results between modern and ancient coordi-
nates also implies that our results are likely to
be insensitive to alternative paleogeographic
reconstructions. Because paleocontinental
configurations change relatively slowly, the
temporal changes in geographic range that we
document should be dominated by the actual
dynamics of genera rather than plate motions.
Below we consider the possible effects of the
geographic extent of data on apparent range
dynamics.
Genus Geographic Range Size and its

Components.—For each genus in a given stage,
we used two approaches to measuring the
range size of the genus and assessing the
factors that contribute to it (Table 1). First, we
measured range size as the maximal great-
circle distance among all occurrences of the
genus (GCDgen). We also calculated the range
sizes of each constituent species in the same
way and calculated median of the species

ranges (GCDmed), mean of the species ranges
(GCDmean), and maximum of the species ranges
(GCDmax). We will refer to measures reflecting
maximal great-circle distance as geographic
extent.

Second, by analogy to the analysis of
variance, in which squared deviations from an
overall mean value are partitioned into within-
group and among-group components, we
tabulated the distances among occurrences
within a genus and partitioned them into
within-species and among-species components.
We will refer to measures reflecting mean
squared distances as geographic dispersion.

The calculation of geographic dispersion
works as follows. For each genus in each stage:
S is the number of species in the genus; ni is the
number of occurrences in species i; N is the
total number of occurrences in the genus, equal
to ∑i ni; dij is the distance from occurrence j of
species i to the centroid of that species;Dij is the
distance from occurrence j of species i to the
centroid of the genus; and Di∙ is the distance
from the centroid of species i to the centroid of
the genus. (See the next paragraph for an
explanation of what we mean by the centroid.)
All distances are measured along great circles.
We then calculate the following sums of
squared distances: (1) total sum of squares,
SST, equal to ∑i∑j D2

ij; (2) within-species
sum of squares, SSW, equal to ∑i∑j d

2
ij; and

(3) among-species sum of squares, SSA, equal
to ∑i niD

2
i∙. From these sums we calculate

the following mean squares: (1) mean total
dispersion of the genus, MST, equal to

TABLE 1. Principal factors concerning geographic range as considered in this study.

Factor* Description† Abbreviation

Species richness Number of species within a genus S
Geographic extent (general) Maximal great-circle distance among all occurrences of a taxon GCD
Genus extent Geographic extent of a genus GCDgen
Median species extent Median extent of all species within a genus GCDmed
Mean species extent Mean extent of all species within a genus GCDmean
Maximal species extent Extent of widest-ranging species within a genus GCDmax
Geographic dispersion
(general)

Mean squared great-circle distance of occurrences from their geographic
centroid

MS

Total genus dispersion Dispersion of all occurrences of a genus relative to its centroid MST
Mean within-species
dispersion

Dispersion of occurrences of a genus relative to their respective species
centroids

MSW

Mean among-species
dispersion

Dispersion of constituent species centroids relative to the genus centroid MSA

*All factors are measured for occurrences within a single stage.
†See text for quantitative definition.
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SST/(N− 1); (2) mean within-species disper-
sion, MSW, equal to SSW/∑i(ni− 1); and
(3) mean among-species dispersion, MSA,
equal to SSA/(S− 1), where the quantities
(N− 1), ∑i(ni− 1) (which equals N− S), and
(S− 1) are the corresponding degrees of
freedom (DFT, DFW, and DFA).

We calculated the center of mass of a set of
occurrences in spherical coordinates using the
mean directional vector and the corresponding
mean radius (R. Fisher 1953; N. Fisher et al.
1987: pp. 29–32). Because this center falls within
the Earth itself, we found it more meaningful to
project the vector to the surface and to measure
great-circle distances relative to this projected
mean location, which we will hereinafter refer
to as the centroid. As a check on our approach,
we also fitted a Fisher distribution to the
occurrences of each genus in each time interval,
and obtained the concentration parameter, κ
(R. Fisher 1953). This parameter is strongly cor-
related with MST (Fig. 1; Spearman rank-order
correlation coefficient: rs = − 0.995). (Figure 1
shows that estimated values of κ have a greater
proportional spread when κ is very low,
i.e., when occurrences are highly dispersed. By

estimating κ from simulated data, we have
verified that this feature is an expected property
of the Fisher distribution. For simulation pro-
cedure, see N. Fisher et al. (1987: p. 59.) If we
were to calculate distances with respect to the
actual center of mass of each genus and each
species, then SST for a genus would necessarily
be exactly equal to SSW+SSA. According to our
approach, SST ≅ SSW+SSA in most cases, the
greatest distortion generally occurring, as
expected, when the dispersion among occur-
rences—and thus the difference between the
actual center of mass and its projection to the
surface—is greatest. If we consider the propor-
tional deviation, (SST−SSW−SSA)/SST, we find
that 78.4% of these deviations have amagnitude
less than 0.001, and that 95% of the deviations,
excluding 2.5% in each tail, fall between − 0.034
and 0.0087 (Fig. 2). Thus the distortion
occasionally introduced by our method of
calculating centroids is negligible. In principle,
if occurrenceswere uniformly dispersed around
the globe, the mean radius could be equal to
zero, i.e., the centroid could be at the center
of the Earth. In practice this possibility is
negligible. The smallest mean radius in our data
is 0.039 (where a radius of 1.0 is at Earth’s
surface), 99% of radii exceed 0.33, 95% exceed
0.52, 90% exceed 0.63, and the median is 0.95.
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FIGURE 1. Comparison between geographic dispersion
(per genus per time interval) as measured herein and the
estimated concentration parameter of the Fisher
distribution, obtained by solving numerically for κ in the
equation coth(κ)− 1/κ=R, where R is the mean resultant
length of all the position vectors (0 ≤ R ≤ 1, and R= 1 is
the radius of the Earth; see R. Fisher 1953 and N. Fisher
et al. 1987: pp. 29–32). Because of limits on machine
precision, the maximum value of κ that can be
accommodated by the foregoing expression is ~ 710.5,
corresponding to R≅ 0.986; we therefore omitted from
this plot 3207 points with R>0.986 and κ> 710.5.
Dispersion and concentration are highly correlated in these
data (rs=−0.995).
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FIGURE 2. Cumulative frequency distribution of error in
the additive partitioning of total sum of squared distances
within a genus into within-species and among-species
components, expressed as the proportional deviation
(SST−SSW−SSA)/SST. 2.5% of deviations fall below the
shaded area and 2.5% above it. There are 101 observations
(0.66% of the distribution) that fall below the plotted limit
of − 0.1, and 5 observations (0.033%) that fall above 0.1.
For most cases, the sum of squares can be partitioned with
negligible error.
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Because SSA is weighted by the number of
occurrences within each species, the relative
contribution of among- relative to within-
species dispersion will tend to increase with
increasing sampling within species. We there-
fore also considered an alternative measure
of among-species dispersion, namely the
unweighted variance among the species
centroids, VA, equal to ∑i D

2
i∙/(S− 1). For the

data studied here, MSA and VA are strongly
correlated (rs= 0.988), and we will present
results only for MSA, but we have verified that
results are consistent if we use VA instead.

Geographic extent and measures like it are
commonly used in paleobiology (e.g., Hansen
1980; Jablonski 1986, 1987; Kiessling and
Aberhan 2007; Powell 2007a,b; Roy et al. 2009;
Foote and Miller 2013). With this measure, a
species range size can be no larger than that of
its parent genus, so GCDgen ≥ GCDmed, GCDgen

≥ GCDmean, and GCDgen ≥ GCDmax. No such
constraint holds with respect to geographic
dispersion, in which each of the quantities
MST, MSW, and MSA can be greater than, less
than, or equal to any of the others. Because of
the forced correlations among genus- and
species-level ranges, the analyses of geo-
graphic extent that we present must be inter-
preted with caution. Because dispersion
measures are not constrained, we suspect that
the characterization of range sizes via mean
dispersion will ultimately prove more useful,
and we emphasize this measure of range in our
interpretations. By focusing on mean rather
than maximal distances, dispersion may also
be less sensitive to sampled extremes (Gaston
et al. 1996); the difference is akin to that
between the range of variation and the var-
iance for a random sample from a univariate
distribution. Another argument in favor of
dispersion is that, via the MSA term, it takes
into consideration not only the number of
species and their range sizes but also their
locations. Moreover, although we restrict our-
selves to species within genera in this paper,
the analysis of dispersion allows nested
designs such as species within genera within
families. Despite our preference for measures
of dispersion that allow the hierarchical
decomposition of ranges, in the data analyzed
here GCDgen and MST are strongly correlated

(product-moment r= 0.81; rs= 0.96), as are
GCDmax and MSW (product-moment r= 0.74;
rs= 0.98).

Additional Restrictions on Data Used.—
Among-species dispersion cannot be
measured for monotypic genera, so we omit
instances in which a genus consists of a single
species in a time interval. Though such
instances can be included in analyses of genus
extent, we favor excluding them to avoid
forced redundancy between species and
genus ranges (we nonetheless explore the
effects of relaxing this condition for genus
extent). We also omit cases in which the genus,
irrespective of its species richness, is known
from a single locality in a given time interval,
i.e., GCDgen= 0. Finally, to allow computation
ofMSW, we omit cases in whichDFW= 0, i.e., in
which all species of a genus within a time
interval are known from single localities. To
allow comparison among results, we apply
these conditions to analyses of both geographic
extent and geographic dispersion.

After applying the protocols described
above, we are left with a total of 15,191
instances in which a genus is sampled in an
included stage and meets all conditions
regarding species richness, minimal range, and
minimal number of within-species occur-
rences; and 5538 instances in which a genus
meets the conditions in two successive stages.
The corresponding numbers of genera inclu-
ded are 7466 and 2489. Table A1 gives tallies of
total occurrences, genera, genus-by-stage
combinations, and stage-to-stage transitions
resulting from successive steps in our protocol.
Fig. A1 shows how the tallies break down by
class. The eight largest classes account for
~ 84% of the occurrences in the restricted data,
and in general the proportions by class agree if
we compare the raw data to the restricted data
(Fig. A1A,B) or the genus-by-stage combina-
tions to the stage-to-stage changes (Fig. A1C).
For groups that are conspicuously over-
represented in the restricted data (bivalves,
cephalopods, and brachiopods), this fact
cannot be attributed to any single aspect of
their distribution alone; inspection of the data
indicates that they are above average in
the proportion of instances in which genera
attain our threshold in each of the three main
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criteria: species richness (S), GCDgen, and DFW
(Table A2). Likewise, gastropods, which are
underrepresented, are below average in each of
the three criteria. Bivalves and cephalopods
have higher and lower representation, respec-
tively, in stage-to-stage changes than in
genus-by-stage occurrences (Fig. A1C). These
deviations are expected in light of the relatively
long and short durations of genera in these two
classes (Table A2).

Dynamics of Geographic Range.—For each
instance in which a genus is sampled in two
successive time intervals and satisfies
conditions for both, we calculated the changes
in variates, namely ΔGCDgen, ΔGCDmed,
ΔGCDmean, ΔGCDmax, ΔMST, ΔMSW, ΔMSA,
and ΔS. To analyze these changes, we first
treated them as binary variables (decrease
versus increase), omitting cases in which the
variable did not change; most of these non-
changes were in S. Omitting such cases does
not affect our conclusions, as results are
compatible when they are included; see
Figs. 8 and 9B. We used simple and multiple
logistic regression to assess the extent to which
the sign of ΔGCDmed, ΔGCDmean, ΔGCDmax,
and ΔS could predict the sign of ΔGCDgen, and
likewise for ΔMSW, ΔMSA, and ΔS vis-à-vis
ΔMST.

We then used multiple linear regression to
assess the extent to which the magnitude of
changes in predictor variables could account
for the magnitude of change in genus range
size. We would like to be able to compare
regression coefficients to determine, for
example, whether change in number of species
is a stronger or weaker predictor of genus
range size than is the maximum species range.
This goal is complicated by the fact that the
variables are measured on different scales and
have different distributions. We therefore used
quantile normalization so that changes in each
variable are identically distributed (see Foote
and Miller 2013). This procedure is explained
in more detail below, when we present results.

Comparison Between Variation Among Coeval
Genera and Temporal Variation within Genera.—
Because the variation in range size among
coeval genera is the result of dynamic
evolutionary and ecological processes, it is of
interest to know how this variation relates to

temporal changes within individual genera.
We therefore carried out multiple regression of
GCDgen on GCDmax and S, rather than changes
in these quantities, and likewise for multiple
regression of MST on MSW, MSA, and S. We
compared the effect sizes of the predictor
variables to those obtained from multiple
regression analysis of the aggregate data on
the changes in these quantities, not converted
to binary or quantile-normalized variates.

Effects of Genus Geographic Range and its
Components on Extinction Risk.—For each
stage, we treated MST, MSW, and MSA as
predictor variables and tallied whether each
genus survived to the subsequent stage. We
then carried out simple and multiple logistic
regressions with survival as the response
variable and compared the fit of alternative
models with different sets of predictor variables
via the corrected Akaike Information Criterion
(AICc) and corresponding Akaike weights
(Burnham and Anderson 2002). The principal
goal was to determine whether, once the
geographic range of a genus (MST) is specified,
the way that range is partitioned (MSW and
MSA) affects genus survival. Note that some
models cannot be accurately estimated for some
stages, because of sparse data and/or linear
separation (Albert and Anderson 1984; Gelman
et al. 2008). All results regarding survival
models, whether for individual stages or for
data aggregated across stages, involve only the
62 stages, out of 72 total, for which all models
can be estimated.

All analyses were carried out in R, version
2.14.1 (R Development Core Team 2011). See
Supplementary Table 1 for data.

Results

Dynamics of Geographic Range.—Figures 3
and 4 show one example of a change in
geographic range, in the bivalve genus
Pteria during the Early Triassic. In the Induan
stage, this genus consists of four species:
one (P. ussurica) with 22 occurrences; one
(P. hechuanensis) with two occurrences; and
two (P. bisincilis and P. murchisoni) with one
occurrence each. The three restricted species
are all located near the genus centroid, which
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essentially coincides with that of P. ussurica
(compare Figs. 3B and 3C), and the total
dispersion of the genus is dominated by
within-species dispersion. The geographic
extent of the genus (GCDgen) is ~ 9800 km, the
same as that of the most widely ranging species
(P. ussurica), and the median and mean species
extent are ~ 110 and ~ 2500 km, respectively.
Two species (P. ussurica and P. murchisoni)
persist into the Olenekian, accounting for four
and eight occurrences, respectively, in that stage
(Fig. 4). Species richness decreases by two.

The total dispersion of the genus increases, as
does the among-species dispersion, while
the within-species dispersion decreases. The
dispersion of the genus is now dominated by
the among-species term. The extent of the genus
decreases to ~ 7000 km, median species extent
increases to ~ 2800 km, the mean species extent
is nearly unchanged at ~ 2800 km, and the
maximum species extent decreases to ~4800 km.
The most wide-ranging species is now
P. murchisoni rather than P. ussurica.

For all 5538 stage-to-stage changes included
in our analyses, Figure 5 shows results of a
series of logistic regression models in which
ΔGCDgen (negative or positive) is the response
variable. The regression coefficient expresses
the log odds ratio for increase in GCDgen when
the predictor variable increases versus when
it decreases. For example, the coefficient for
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mean species range is equal to 0.74 (Fig. 5B,
solid square), meaning that the odds of increase
in GCDgen are exp(0.74)= 2.1 times higher when
GCDmean increases than when it decreases.

We see that change in median species range
size is not a strong predictor of change in genus

range size (Fig. 5A). This stands to reason,
given that range size distributions tend to be
highly skewed, with many small ranges and a
few large ones. Change in mean species range
size, which is influenced by the larger part of
the range-size distribution, is a much better
predictor of change in genus range (Fig. 5B).
Change inmaximum range is a better predictor
still (Fig. 5C). The role of species extent may
well be exaggerated, however, because, as
discussed above, the geographic extent of a
genus can be no smaller than that of its widest-
ranging species.

The maximum may be influenced by the
number of species in the genus. If we include
change in both maximum species extent and
number of species in a multiple logistic
regression (Fig. 5D), we see that the coefficient
for the maximum declines somewhat relative
to the simple regression (Fig. 5C), and that
species richness is a stronger predictor than
maximum extent. Genus ranges, species ranges,
and number of species are all potentially
influenced by the actual geographic distribution
of outcrop as well as how it is sampled.
We therefore divided the globe into a 50× 50
equal-area grid after carrying out a Lambert
cylindrical projection, and we tabulated the
geographic extent of available data, measured
as the number of equal-area (~2× 105 km2) cells
containing data for a given stage, and included
it in the regression (Fig. 5E). Although change
in sampled area has a noticeable effect on
changes in genus extent, this effect is swamped
by the effects of maximum species extent and
species richness.

If we relax the condition that each genus
contain at least two species per stage, the
regression coefficients for species extent and
species richness all increase by a comparable
amount (Fig. 5), implying that transitions to
or from monotypic status are an important
element of the dynamics of genus range size, at
least when measured as geographic extent.
Changing the species threshold from two to
three has a smaller effect than changing it from
two to one (Fig. 5; see also Figs. 8 and 9).

In light of the relative magnitudes of regres-
sion coefficients, we will hereinafter restrict
analyses to those involving GCDmax and will no
longer consider GCDmed or GCDmean.
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Contributions to change in genus range (geographic extent)
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FIGURE 5. Parameter estimates for logistic regression
models relating change in genus extent (decrease versus
increase) to change in predictor variable(s) (also decrease
versus increase). Closed squares, our standard analysis in
which a genus must have at least two species in each of
two successive stages for its change in range to be
included; open circles, a more relaxed analysis in which
changes to or from one species are allowed; open
diamonds, a more stringent analysis in which a genus
must be represented by at least three species in a stage to
be included. For each variable, instances in which it does
not change were omitted. Because the number of cases
omitted varies among models, models cannot be explicitly
compared with information criteria. Change in maximum
species extent (C) has a stronger effect on change in
genus extent than does change in the median (A) or mean
(B) species extent. Change in species richness (D) has a
stronger effect still. The geographic spread of the data,
measured as the number of equal-area (~2× 105 km2) cells
containing data for a given stage, matters as well (E), but
its effect is relatively weak.
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Because species richness takes on integer
values, whereas changes in genus and species
range sizes vary continuously, we have used
ΔS as a reference distribution onto which
to map the other variables in carrying out
quantile normalization, as noted earlier.
Figure 6 shows the frequency distributions of

ΔS, ΔGCDgen, and ΔGCDmax. Because the
distribution of ΔS has very long and sparse
tails, we have combined all values ≤− 6 and all
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FIGURE 7. Steps in quantile normalization of data.
A, Distribution of change in species richness within each
genus, comparable to Fig. 6A but with tails combined into
a single value. B, Normalization of change in genus
extent. The lowest 8.4% of the values are assigned to the
first bin, the next 2.7% to the second bin, and so on.
C, Normalization of changes in maximum species extent.
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FIGURE 6. Histograms showing change in number of
species within each genus (A), change in genus geographic
extent (B), and change in maximal species extent for each
genus (C). Because variables differ in the shapes of their
distributions and the scales on which they are measured,
we use quantile normalization to compare effect sizes
(see Figs. 7–8).
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values ≥6 (Fig. 7A). The left-most bar in
Figure 7A accounts for 8.4% of the distribution;
therefore the lowest 8.4% of the values of
ΔGCDgen and ΔGCDmax are assigned a value of
−6. Of the values ofΔS, 2.7% are equal to −5, so
the next 2.7% of the values of ΔGCDgen and
ΔGCDmax are assigned a value of −5, and so on.
The mapping of the original values ofΔGCDgen

andΔGCDmax onto their quantized equivalents
is shown in Figure 7B, C. Because the tails of
the respective distributions differ greatly in
shape, we have omitted the lowest and highest
quantiles from analysis. We carried out quan-
tile normalization of ΔMST, ΔMSW, and ΔMSA
in the same way.

The regression of quantile-normalized vari-
ates is consistent with the logistic regression of
binary variates in showing: (1) that change in
species richness has a larger effect on genus
extent than does change in maximum species
extent; (2) that both effects are larger when
transitions to and from monotypic status are
included; and (3) that sampling is of secondary
importance in determining genus range size
(Fig. 8).

Figure 9 shows results of multiple regression
of ΔMST on ΔMSW, ΔMSA, ΔS, and changes in
the geographic extent of sampled data. For
both binary and quantile-normalized variates,
ΔMSA has the strongest effect on ΔMST; this is

followed by ΔMSW, which, depending on the
analysis, has either a larger or a comparable
effect compared with ΔS. Thus, when a genus
expands or contracts its geographic range—
measured as MST—this change is attributable
much more to the placement of its constituent
species than by their internal dispersion or
the number of them. Sampling is of minor
importance.

Comparison Between Variation among Coeval
Genera and Temporal Variation within Genera.—
Analyses of coeval genera and of changes
within individual genera are compared in
Tables 2 and 3. The effect sizes estimated
from the static and dynamic regressions are
remarkably similar. Each km change in the
maximal species extent (GCDmax) corresponds
to a change of between ~ 0.4 and ~ 0.6 km in the
genus extent (GCDgen). Adding or subtracting a
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FIGURE 9. Effect sizes from multiple logistic regression of
binary variables (A) and multiple linear regression of
quantile-normalized variables (B) relevant to changes in
genus geographic dispersion (MST). Symbols as in Fig. 5.
Among-species dispersion (MSA) has the strongest effect
on genus range. Within-species dispersion (MSW) has an
effect either distinctly stronger than (A) or comparable to
(B) that of species richness. The effect of geographic
spread in the data is relatively minor.
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FIGURE 8. Effect sizes from multiple linear regression of
quantile-normalized change in genus extent on changes
in maximum species extent, species richness, and
geographic spread of data; symbols as in Fig. 5.
Consistent with the logistic regression of binary variables
(Fig. 5E), species richness has the strongest effect on
genus extent; geographic extent of the data has the
weakest effect; and effects of species extent and species
richness are strongest if transitions to or from monotypic
status are included.
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species yields an average change of between
~ 200 and ~ 300 km in GCDgen. These results
imply that a change of one species has the same
effect as a change of ~ 500 km in GCDmax.

Each unit change in within-species disper-
sion (MSW ) or in among-species dispersion
(MSA) yields roughly one-half or one-quarter
of a unit response, respectively, in total genus
dispersion (MST) (Table 3). Note that the rela-
tive magnitudes of the regression coefficients
in Tables 2 and 3 should not be interpreted
in terms of the relative importance of the
predictors, because the distributions of the
variates differ substantially. For example,MSA
has a much higher variance than does MSW
(2.9 × 1015 km4 versus 1.1 × 1014 km4), and the
median absolute change in MSA is also much
higher than that of MSW (1.9 × 107 km2 versus
6.3 × 105 km2). Thus, even similar regression
coefficients would imply a larger impact of
MSA versus MSW, consistent with Figure 9.
Effects of Genus Geographic Range and its

Components on Extinction Risk.—We present
the full suite of additive models in Table A3,
but focus here on just a few key comparisons.
First, do we obtain a better model fit, assessed
via AICc, by aggregating data from all stages
and fitting a single regression relationship,
or by fitting separate regression coefficients
for each stage? Regardless of which set of
predictors we consider, the fit is substantially
better if we allow regression coefficients to
vary among stages, with ΔAICc values from
~960 to ~ 1300. From here forward we will

therefore focus on survival models that allow
variation among stages. Second, once the
geographic range of a genus is specified, does
adding data on how it is structured improve
the model fit? Evidently not; models including
MST alone as a predictor of survival all
fit substantially better than corresponding
models that also include MSW and/or MSA,
withΔAICc values ranging from ~140 to ~ 290.
Given the strong correlation between MST and
MSA (product-moment r= 0.79; rs= 0.96),
it is also noteworthy that the model including
MST alone provides a better fit than that
including MSA alone (ΔAICc= 57). Finally,
once geographic range and its components
are specified, does species richness provide
additional predictive power? Evidently so; for
every model we obtain a better fit by including
species richness as a predictor of genus
survival. Of all sixteen possible combinations
of predictors, the best fitting model includes
just MST and S. Thus, just as adding species
richness to a model with genus dispersion as
the only predictor of survival improves the fit,
so too does adding genus dispersion to amodel
with species richness as the only predictor
(Table A3). The simplicity of the best-fitting
model gives some confidence that our results
do not reflect model overfitting (Burnham and
Anderson 2002).

In assessing alternative models of survival,
we should consider not only the model fit
but also the regression coefficients. For each
predictor variable, Table 4 presents coefficients

TABLE 2. Contributions to genus extent (GCDgen): multiple linear regressions for static (variation
among coeval genera) vs. dynamic (stage-to-stage variation within genera) relationships.

Effect size ( ± 1 S.E.)

Factor Static Dynamic

GCDmax 0.63± 0.011 km per km 0.43± 0.016 km per km
S 340± 8 km per species 200± 13 km per species

TABLE 3. Contributions to genus dispersion (MST): multiple linear regressions for static (variation
among coeval genera) vs. dynamic (stage-to-stage variation within genera) relationships.

Effect size ( ± 1 S.E.)

Factor Static Dynamic

MSW 0.50± 0.0090 km2 per km2 0.46± 0.016 km2 per km2

MSA 0.29± 0.0018 km2 per km2 0.25± 0.0033 km2 per km2

S 3.4 × 105± 1.9 × 104 km2 per species 1.1 × 105± 3.6 × 104km2 per species
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for the best-fitting model including that pre-
dictor, as well as two alternative models with
the other predictors included in turn. (Because
S consistently improves model fit, this variable
is included as a predictor in all models.)
Regardless of the model, we see that MST is a
good predictor of survival. MSW also predicts
survival if it is considered by itself or with
MSA. But adding MSW to a model that already
includes MST results in regression coefficients
that do not differ appreciably from zero. The
change in regression coefficient suggests that
the apparent effect of MSW on survival in a
simple regression model may reflect its corre-
lation withMST, and it complements the earlier
finding that adding MSW does not improve
model fit once MST is known. Similarly, if
MSA is considered alone or with MSW, it pre-
dicts survival, but this predictive power is
diminished—albeit not quite to oblivion—
when the model includesMST. Species richness,
S, also consistently predicts genus survival,
irrespective of the model. In particular, all
else being equal, each additional species
increases the odds of survival by a factor of
roughly 1.1.

Discussion

Our results suggest that species richness is
more important than the geographic ranges of
individual species in determining geographic
extent of genera, consistent with what has been
found for living bivalves (Roy et al. 2009),

whereas geographic dispersion of genera is
dominated primarily by the dispersion among
species and only secondarily by within-species
dispersion and species richness. Moreover,
species richness seems to be more important
in determining dynamic changes in genus
extent than in genus dispersion, not only in
relative terms but also in absolute terms, as we
can see by comparing the regression coeffi-
cients in Figures 5, 8, and 9. We can gain some
insight into the role of species richness by
considering a series of models in which it is
considered as a predictor of genus dispersion
on its own and in combination with the within-
and among-species components of dispersion
(Table 5). The regression coefficient for species
richness drops roughly in half when among-
species dispersion is included in the model,
suggesting that the tacit assumption that these
factors act independently—i.e., additively—is
violated. Indeed, when we add an interaction
between species richness and among-species
dispersion in the model, the model fits
much better (ΔAICc= 228), this interaction
term is significant (albeit comparatively weak,
accounting for 7.8% of predicted genus disper-
sion on average), and the effect of species
richness drops by an order of magnitude
and no longer differs significantly from zero
(p= 0.094). This result evidently does not
simply reflect a collinearity between MSA
and S; the product-moment and rank-order
correlations between them are equal to only
0.12 and 0.33, respectively. Genera with greater

TABLE 4. Coefficients of MST, MSW, MSA, and S in logistic regression models of genus survival. Y denotes whether
a genus does (1) or does not (0) survive beyond the stage of observation. Models are fit separately for each of 62 stages.
For each predictor, best-fitting model including that predictor (highlighted in boldface) is compared with models that
also include each of the other two predictors respectively. In this and subsequent tables depicting survival models,
dispersion is measured as square radians.

Predictor Model AICc (from Table A2) Akaike weight Regression coefficient*

MST Y~MST+ S 12910.6 1.0 0.59± 0.19
Y~MST+MSW+S 13058.8 ~ 0 0.58± 0.16
Y~MST+MSA+S 13063.7 ~ 0 0.58± 0.14

MSW Y~MSW+S 13044.4 0.998 0.87± 0.23
Y~MSW+MST+S 13058.8 0.0007 0.078± 0.16
Y~MSW+MSA+S 13058.6 0.0009 0.74± 0.18

MSA Y~MSA+ S 12924.2 1.0 0.29± 0.073
Y~MSA+MST+S 13063.7 ~ 0 0.14± 0.089
Y~MSA+MSW+S 13058.6 ~ 0 0.26± 0.064

S Y~S+MST 12910.6 1.0 0.10± 0.031
Y~S+MST+MSW 13058.8 ~ 0 0.11± 0.026
Y~S+MST+MSA 13063.7 ~ 0 0.11± 0.031

*Median of stage-level coefficients ± one standard error, based on bootstrap resampling.
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among-species dispersion clearly tend to be
more widespread in any event, but the added
impact of species richness is principally felt in
those genera that havemore species and greater
dispersion among them. In contrast to species
richness, the estimated effects of within- and
among-species dispersion on genus dispersion
vary relatively little among alternative models
(Table 5).
One might suspect that the minor impor-

tance of species richness in the dynamics of
geographic dispersion could be an artifact
of the uncertainty with which the number of
species, in contrast to the locations of occur-
rences, is known, especially in light of our need
to remove “sp.” occurrences. If this were the
case, however, we would also expect regres-
sions involving geographic extent and survival
to show a small role for species richness, which
is not what we see (Figs. 5, 8; Tables 4, A4).
Another indication that species richness is

not a major factor in determining the dynamics
of genus dispersion comes from an analysis
wherein we separately consider instances in
which genus dispersion decreases and those in
which it increases (Table 6). MSW and MSA
have comparable effects for expanding and
contracting genera, but the effect of species
richness is negligible. The effect of species
richness when expanding and contracting
genera are combined (Table 3; Fig. 9) reflects a
regression through a cluster of contracting
genera that decrease in species richness and a
cluster of expanding genera that increase in
species richness, with virtually no relationship
between the magnitude of ΔS and of ΔMST
within either cluster.
The symmetry between expanding and

contracting genera suggests a model of genus

dispersion dynamics in which genera expand/
contract via both the increase/decrease in
dispersion of individual species and the shift
of species away from/toward the center of the
genus range, but not by a net increase/
decrease in the number of species. This model
is similar to that of Krug et al. (2008) for
Cenozoic bivalves, whereby genera expand
from their region of origin via a “moving front”
of species, although it differs in considering
range contraction as well as expansion.

The limited role of species richness in the
dynamics of genus dispersion naturally raises
the question of whether the apparent effect of
species richness on genus survival (Table 4)
could in fact reflect a collinearity with geo-
graphic dispersion that prevents us from
estimating additive effects of these factors
accurately (Finnegan et al. 2008). The stability
of the effect of species richness across a wide
range of survivorship models (Tables 4, A4)
suggests that this is not the case. Moreover, the
correlation between species richness and genus
dispersion is not very strong (product-moment
r= 0.19; rs= 0.35). Given these results and the
consistent improvement in model fit when
species richness is added as a predictor to
survivorship models (Table A3), we infer that
species richness in its own right has a direct
effect on the survival of genera, beyond its
contribution to geographic range. Because this
effect transcends that of geographic range, a
reasonable hypothesis is that species richness
reflects ecological diversity and that such
diversity in turn buffers a genus against
extinction (see Kolbe et al. 2011). However, it
is also possible that the species is in effect the
basic unit of extinction, so that greater species
richness, through “strength in numbers,”

TABLE 5. Coefficients of MSW, MSA, and S for alternative models predicting genus dispersion (MST). These results
show regression coefficients (± 1 S. E.) for variation among coeval genera. S:MSA denotes an interaction.

Model MSW MSA S S:MSA

MST~S — — 7.9 ×105± 3.3 × 104 —
MST~S+MSW 0.68± 0.015 — 6.9 × 105± 3.1 × 104 —
MST~S+MSA — 0.30± 0.0019 4.0 × 105± 2.1 × 104 —
MST~S+MSA+S:MSA — 0.27± 0.0027 5.2 × 104± 3.1 × 104 0.0068± 0.00045
MST~S+MSW+MSA 0.50± 0.0090 0.29± 0.0018 3.4 × 105± 1.9 × 104 —
MST~MSW 0.70± 0.015 — — —
MST~MSA — 0.31± 0.0020 — —
MST~MSW+MSA 0.51± 0.0091 0.29± 0.0018 — —
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buffers a genus even if does not reflect greater
ecological diversity.

We have largely ignored temporal and
taxonomic heterogeneity in our analyses (but
see Table A2). To explore the effects of this
variation, we have focused on the eight largest
classes, accounting for 83.8% of the genus-by-
stage occurrences, and have added class
membership and era of occurrence as factors
in regression models. As one example,
Table A5 shows that adding class and/or era
does not substantially improve our ability to
predict the direction of change in dispersion
within a genus from one stage to the next.
Because genera have about as many instances
of expansion as contraction in their lifetimes
(51% expansions and 49% contractions in the
aggregate data analyzed here), this result stands
to reason. However, it leaves open a rather
different question: whether the dynamics of
geographic range, i.e., the details of how changes
in genus dispersion relate to the components of
dispersion, vary over time or among classes. If
we model the dynamics separately by class and
era, we see that the regression coefficients vary
in magnitude, and that those for ΔMSW and ΔS
do not always differ appreciably from zero
(Table A6). The reasons for these differences are
beyond our scope. However, the differences are
overshadowed by the result that among-species
dispersion (ΔMSA) is consistently the most
important predictor of whether a genus expands
or contracts.

We carried out similar analyses formodels of
genus survival. Because some taxonomic sub-
sets of data are too small to allow stage-by-
stage analysis, we have aggregated data for
each subset into a single analysis, combining
all 72 stages (cf. Table 4). Adding information
on class and era substantially improves our
ability to predict genus survival (Table A7).
This result is as expected, in light of the

well-known secular decline in extinction rate
(Raup and Sepkoski 1982; Van Valen 1984;
Sepkoski 1986; Benton 1995) and among-group
differences in extinction rate (Simpson 1953;
Stanley 1979, 1985; Raup and Boyajian 1988).
Again, a separate question is whether the details
of the survival models differ among taxa and
over time. Comparing models that predict
survival as a function ofMST, S, or both, we find
that the model including both predictors fits
best for every subset of data (Table A8), although
the preference for this model is weak in corals,
trilobites, and stenolaemate bryozoans, and
during the Mesozoic. Thus, one of our principal
results, that species richness enhances survival
beyond its effect on geographic range, is a fairly
general feature. The strength of selectivity,
however, varies considerably among classes
and over time. A conspicuous case concerns
weak selectivity during the Mesozoic, which we
have documented previously (Foote and Miller
2013). Dissection of Mesozoic selectivity will be
the subject of a forthcoming contribution; for
now we will simply mention that, when class
and stage (as an unordered factor) are taken into
consideration, we see clear selectivity of genus
survival with respect to geographic range and
species richness (Table A8).

Our findings regarding the role of species
richness in genus survival contrast with those
of Finnegan et al. (2008), who concluded that it
adds relatively little predictive power once
geographic range is taken into account. There
are too many differences in data treatment to
allow us to pinpoint the precise reasons for the
discrepancy, but we suggest that their measure
of geographic range (occupancy of 10° by
10° grid cells) is an important factor, for such
measures tend to be rather well correlated
with species richness. If we recompute genus
geographic range as the number of occupied
equal-area cells (~8 × 105 km2, approximately

TABLE 6. Multiple regression of change in genus dispersion (ΔMST) on ΔMSW, ΔMSA, and ΔS,
analyzed separately for cases in which ΔMST < 0 and ΔMST > 0. Compare with Table 3.

Effect size ( ± 1 S.E.)

Factor Decreases in MST Increases in MST

ΔMSW 0.34± 0.020 km2 per km2 0.34± 0.021 km2 per km2

ΔMSA 0.19± 0.0047 km2 per km2 0.20± 0.0046 km2 per km2

ΔS − 4.7 × 104± 4.8 × 104 km2 per species 3.0 × 104± 4.5 × 104 km2 per species
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the same size as 10° by 10° cells on average),
richness has a substantially stronger correlation
with this measure (rs= 0.63) than with disper-
sion (rs = 0.35, as noted above). In hindsight,
we see the relatively low correlation with
species richness as another advantage of using
dispersion to measure geographic range.
Genus geographic dispersion unambigu-

ously predicts survival, whereas its compo-
nents, within- and among-species dispersion,
have comparatively little effect once genus
dispersion is taken into account (Table 4). This
result provides support for the general notion
that it is the emergent properties of the genus
that determine its evolutionary fate, and that
these are to a large extent screened off from the
underlying properties that give rise to them
(Jablonski 2008). When it comes to survival, it
is of primary importance how widespread
a genus is, and not whether it achieves its
range through component species ranges that
are themselves broad versus narrow, close
together or far apart. This mirrors the finding
that survival of molluscan genera through the
end-Cretaceous extinction event depended on
geographic ranges of genera rather than the
ranges of their constituent species (Jablonski
1986), but it generalizes the result beyond this
extreme event. The overarching dominance of
this genus-level property emphasizes the
importance of hierarchical approaches to
studying evolution and stands in contrast to a
recent suggestion that genus-level patterns are
ephiphenomenal (Hendricks et al. 2014).
The similarity in effect sizes when we

compare among-genus variation at a point in
time to variation within genera over time
suggests that a static cross-section provides
a reasonable approximation of a dynamic
process. Such a result is not a foregone
conclusion. For example, cross-sectional varia-
tion in biometric traits within a population
does not necessarily provide a clear reflection
of longitudinal variation (Cock 1966).
Nonetheless, the symmetry in determinants of
expansion and contraction seen at the time
scale of single stages (Table 6), much like the
roughly symmetrical pattern of waxing and
waning seen over longer spans of time within
genera and species (Jernvall and Fortelius 2004;
Raia et al. 2006; Foote 2007, 2014; Foote et al.

2007, 2008; Liow and Stenseth 2007; Liow et al.
2010; Tietje and Kiessling 2013; cf. Nicol 1954)
suggests limitations to what we can infer from
a static comparison of ranges among genera. In
particular, it would not be evident without a
dynamic analysis whether some genera are
more narrowly distributed than others because
they have expanded less or contracted more
than others. Are they on their way up or on
their way down? This same point applies in
other fields as well. For example, we would be
hard-pressed to know, without a historical
record, whether a bit of internet slang such as
lol, wt[h], or iirc is at low frequency because it is
new and starting to expand; because it was
once popular but is on the wane; or because it
never caught on for intrinsically maladaptive
reasons (Altmann et al. 2011). It stands to
reason that attempts to infer the dynamics of
geographic range from present-day ranges
alone, without reference to the fossil record,
have led to a mixed bag of interpretations
(Gaston 1998, 2008).

Conclusions

1. Although species richness is an important
predictor of the dynamics of maximal
geographic extent of a genus, it affects the
dynamics of genus geographic dispersion
relatively little.

2. The mean dispersion among species is the
principal determinant of the dynamics of
total genus dispersion, but within-species
dispersion also plays an important role.

3. The contributions of within- and among-
species dispersion to variation in range
among coeval genera are similar to those
within genera over time. Moreover, there is
a distinct symmetry in how these factors
shape genus range at times when genera are
expanding versus contracting. In particular,
genera expand and contract principally by
increasing the net distances among species
without necessarily changing the number of
species. These results are consistent with
prior work in suggesting that understand-
ing the dynamics of geographic range
requires historical analysis and is unlikely
to be possible solely on the basis of a sample
of living species.
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4. Geographic dispersion of a genus is a clear
predictor of survival from one stage to
the next. Once dispersion is known, how-
ever, how it is structured by within- and
among-species dispersion adds little or no
predictive power. This is consistent with a
hierarchical view of evolution in which the
fate of an entity may depend only or mainly
on properties expressed at its level of
organization and may be screened off from
properties at lower levels.

5. Although species richness is of secondary
importance in determining the dynamics
of geographic dispersion of genera, it
significantly enhances the chances of genus
survival above and beyond its contribution
to geographic range.

Acknowledgments

We are grateful to the many people who
have contributed data to the Paleobiology
Database. Major contributors for the data used
herein include M. Aberhan, J. Alroy, D. Bottjer,
M. Carrano, M. Clapham, S. Finnegan,
F. Fürsich, S. Gouwy, N. Heim, A. Hendy,
S. Holland, M. Hopkins, L. Ivany, D. Jablonski,
W. Kiessling, M. Kosnik, B. Kröger,
A.McGowan, T.Olszewski, P.Novack-Gottshall,
J. Pálfy, M. Patzkowsky, A. Stigall, M. Uhen,
L. Villier, and P. Wagner. D. W. Bapst gave
extensive assistance with lower Paleozoic stage
assignments. C. Scotese provided the paleo-
geographic base maps for Figures 3 and 4. We
thankW.Allmon, D. Jablonski, J. Pierrehumbert,
and P. Smits for discussion; and W. Kiessling
and J. Payne for thoughtful reviews and
suggestions. Supported by NASA Exobiology
(NNX10AQ44G). This is Paleobiology Database
publication number 236.

Literature Cited
Albert, A., and J. A. Anderson. 1984. On the existence of maximum
likelihood estimates in logistic regression models. Biometrika
71:1–10.

Altmann, E. G., J. B. Pierrehumbert, and A. E. Motter. 2011. Niche
as a determinant of word fate in online groups. PLoS ONE 6:
e19009. doi: 10.1371/journal.pone.0019009.

Benton, M. J. 1995. Diversification and extinction in the history
of life. Science 268:52–58.

Burnham, K. P., and D. R. Anderson. 2002. Model selection and
multimodel inference: a practical information-theoretic approach.
Springer, New York.

Cock, A. G. 1966. Aspects of metrical growth and form in animals.
Quarterly Review of Biology 41:131–190.

Finnegan, S., J. L. Payne, and S. C. Wang. 2008. The Red Queen
revisited: reevaluating the age selectivity of Phanerozoic marine
genus extinctions. Paleobiology 34:318–341.

Fisher, N. I., T. Lewis, and B. J. J. Embleton. 1987. Statistical analysis
of spherical data. Cambridge University Press, Cambridge, U.K.

Fisher, R. 1953. Dispersion on a sphere. Proceedings of the Royal
Society of London A 217:295–305.

Foote, M. 2007. Symmetric waxing and waning of marine
invertebrate genera. Paleobiology 33:517–529.

——. 2014. Environmental controls on geographic range size in
marine animal genera. Paleobiology 40:440–458.

Foote, M., and A. I. Miller. 2013. Determinants of early survival in
marine animal genera. Paleobiology 39:171–192.

Foote, M., J. S. Crampton, A. G. Beu, B. A. Marshall, R. A. Cooper,
P. A. Maxwell, and I. Matcham. 2007. Rise and fall of species
occupancy in Cenozoic fossil mollusks. Science 318:1131–1134.

Foote, M., J. S. Crampton, A. G. Beu, and R. A. Cooper. 2008. On the
bidirectional relationship between geographic range and taxo-
nomic duration. Paleobiology 34:421–433.

Fortey, R. A., D. A. T. Harper, J. K. Ingham, A. W. Owen, and A.W.
A. Rushton. 1995. A revision of Ordovician series and stages
from the historical type area. Geological Magazine 132:15–30.

Gaston, K. J. 1998. Species-range size distributions: products of
speciation, extinction and transformation. Philosophical Trans-
actions of the Royal Society of London B 353:219–230.

——. 2008. Biodiversity and extinction: the dynamics of geographic
range size. Progress in Physical Geography 32:678–683.

Gaston, K. J., R. M. Quinn, S. Wood, and H. R. Arnold. 1996.
Measures of geographic range size: the effects of sample size.
Ecography 19:259–268.

Gelman, A., A. Jakulin, M. G. Pittau, and Y.-S. Su. 2008. A weakly
informative default prior distribution for logistic and other
regression models. Annals of Applied Statistics 2:1360–1383.

Gradstein, F. M., J. Ogg, M. Schmitz, and G. Ogg. 2012. The geo-
logic time scale 2012. Elsevier, Amsterdam.

Hansen, T. A. 1980. Influence of larval dispersal and geographic
distribution on species longevity in neogastropods. Paleobiology
6:193–207.

Harnik, P. G., C. Simpson, and J. L. Payne. 2012. Long-termdifferences
in extinction risk among the seven forms of rarity. Proceedings of the
Royal Society of London B 279:4969–4976.

Hendricks, J. R., E. E. Saupe, C. E. Myers, E. J. Hermsen, and W. D.
Allmon. 2014. The generification of the fossil record. Paleobiology
40:511–528.

Jablonski, D. 1986. Background andmass extinctions: the alternation
of macroevolutionary regimes. Science 231:129–133.

——. 1987. Heritability at the species level: analysis of geographic
ranges of Cretaceous mollusks. Science 238:360–363.

——. 2005. Mass extinctions and macroevolution. Paleobiology
31:192–210.

——. 2008. Species selection: theory and data. Annual Review of
Ecology, Evolution, and Systematics 39:501–524.

Jernvall, J., andM. Fortelius. 2004. Maintenance of trophic structure
in fossil mammal communities: site occupancy and taxon resi-
lience. American Naturalist 164:614–624.

Kiessling, W., and M. Aberhan. 2007. Geographical distribution
and extinction risk: lessons from Triassic–Jurassic marine benthic
organisms. Journal of Biogeography 34:1473–1489.

Kolbe, S. E., R. Lockwood, and G. Hunt. 2011. Does morphological
variation buffer against extinction? A test using veneroid bivalves
from the Plio-Pleistocene of Florida. Paleobiology 37:355–368.

Krug, A. Z., D. Jablonski, and J. W. Valentine. 2008. Species–genus
ratios reflect a global history of diversification and range expan-
sion in marine bivalves. Proceedings of the Royal Society of
London B 275:1117–1123.

284 MICHAEL FOOTE ET AL.

https://doi.org/10.1017/pab.2015.40 Published online by Cambridge University Press

https://doi.org/10.1017/pab.2015.40


Liow, L. H., and N. C. Stenseth. 2007. The rise and fall of species:
implications for macroevolutionary andmacroecological studies.
Proceedings of the Royal Society of London B 274:2745–2752.

Liow, L. H., H. J. Skaug, T. Ergon, and T. Schweder. 2010. Global
occurrence trajectories ofmicrofossils: environmental volatility and
the rise and fall of individual species. Paleobiology 36:224–252.

Miller, A.I. 1997. A new look at age and area: the geographic and
environmental expansion of genera during the Ordovician
Radiation. Paleobiology 23:410–419.

Nicol, D. 1954. Growth and decline of populations and the dis-
tribution of marine pelecypods. Journal of Paleontology 28:22–25.

Payne, J. L., and S. Finnegan. 2007. The effect of geographic range on
extinction risk during background andmass extinction. Proceedings
of the National Academy of Sciences USA 104:10506–10511.

Powell, M. G. 2007a. Geographic range and genus longevity of late
Paleozoic brachiopods. Paleobiology 33:530–546.

——. 2007b. Latitudinal diversity gradients for brachiopod genera
during late Palaeozoic time: links between climate, biogeography,
and evolutionary rates. Global Ecology and Biogeography 16:
519–528.

R Development Core Team. 2011. R: A language and environment
for statistical computing. R Foundation for Statistical Computing,
Vienna, Austria. http://www.R-project.org/.

Raia, P., C.Meloro, A. Loy, and C. Barbera. 2006. Species occupancy
and its course in the past: Macroecological patterns in extinct
communities. Evolutionary Ecology Research 8:181–194.

Raup, D. M., and G. E. Boyajian. 1988. Patterns of generic extinction
in the fossil record. Paleobiology 14:109–125.

Raup, D. M., and J. J. Sepkoski, Jr. 1982. Mass extinctions in the
marine fossil record. Science 215:1501–1503.

Roy, K., G. Hunt, D. Jablonski, A. Z. Krug, and J. W. Valentine.
2009. A macroevolutionary perspective on species range limits.
Proceedings of the Royal Society of London B 276:1485–1493.

Sepkoski, J. J., Jr. 1986. Phanerozoic overview of mass extinction.
Pp. 277–295 in D. M. Raup, and D. Jablonski, eds. Patterns and
processes in the history of life. Springer, Berlin.

Simpson, G. G. 1953. The major features of evolution. Columbia
University Press, New York.

Stanley, S. M. 1979. Macroevolution: pattern and process. W. H.
Freeman and Company, San Francicso.

——. 1985. Rates of evolution. Paleobiology 11:13–26.
Tietje, M., and W. Kiessling. 2013. Predicting extinction from fossil
trajectories of geographic ranges in benthic marine molluscs.
Journal of Biogeography 40:790–799.

Van Valen, L. M. 1984. A resetting of Phanerozoic community
evolution. Nature 307:50–52.

Appendix

TABLE A1. Effect of vetting protocols on amount of data retained.

Treatment
No. of

occurrences
No. of
genera

No. of genus-by-
stage

combinations

No. of stage-
to-stage

transitions

No. of genera
involved in
transitions

Original data 642,820 27,111 — — —
Omit occurrences not assigned to stages 577,331 25,885 68,095 31,435 10,912
Omit stages outside focal interval 496,681 22,534 59,727 27,541 9832
Omit occurrences with unknown
paleo-coordinates

492,575 22,443 59,369 27,323 9767

Omit “sp.” occurrences 385,753 20,686 50,479 21,873 8432
Lump species occurrences with identical
coordinates within a stage

260,716 20,686 50,479 21,873 8432

Omit cases in which a genus is monotypic
within a stage

214,258 10,088 22,556 9261 3732

Omit cases in which a genus is known from a
single pair of coordinates within a stage

208,454 8995 20,202 8405 3358

Omit cases in which DFW = 0 within a stage 190,004 7466 15,191 5538 2489

TABLE A2. Proportion of genus-by-stage occurrences meeting specified criteria described in text. Also given are
median and mean genus durations (number of stages) for all genera, including those not retained for analysis. Data
limited to stages included in analyses.

Proportion of occurrences satisfying criteria Median genus Mean genus
Class No. of occurrences S GCD DFW All duration (stages) duration (stages)

All 50,479 0.447 0.548 0.449 0.301 2 3.9
Bivalvia 8849 0.513 0.640 0.532 0.377 3 6.3
Gastropoda 9591 0.436 0.520 0.405 0.269 3 5.2
Cephalopoda 4645 0.532 0.606 0.509 0.377 1 1.8
Anthozoa 4715 0.479 0.554 0.423 0.306 2 4.4
Rhynchonellata 4611 0.493 0.638 0.552 0.378 2 3.2
Strophomenata 2412 0.493 0.662 0.594 0.398 2 3.6
Trilobita 1558 0.463 0.562 0.456 0.313 1 2.2
Stenolaemata 1545 0.430 0.518 0.418 0.280 2 5.5
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TABLE A3. Comparison of AICc among models predicting genus survival (Y) as a function of MST, MSW, MSA, and S
(species richness).

Single regression for all stages combined Separate regressions for each stage

Model
Species richness

excluded
Species richness

included
Species richness

excluded
Species richness

included

constant 14531.7 14369.4 13240.8 12924.6
Y ~ MST 14356.6 14247.5 13094.1 12910.6
Y ~ MSW 14527.8 14369.6 13327.4 13044.4
Y ~ MSA 14393.6 14266.8 13150.8 12924.2
Y ~ MST + MSW 14343.7 14234.8 13237.9 13058.8
Y ~ MST + MSA 14355.9 14245.3 13246.5 13063.7
Y ~ MSW + MSA 14395.4 14268.7 13268.6 13058.6
Y ~ MST + MSW + MSA 14345.6 14236.2 13386.6 13208.9

TABLE A4. Regression coefficients showing effect of species richness in alternative models of genus survival (Y).
See Table 4 for explanation.

Model AICc (from Table A3) Akaike weight Regression coefficient*

Y ~ S 12924.6 0.0009 0.12± 0.034
Y ~ S + MST 12910.6 0.998 0.10± 0.031
Y ~ S + MSW 13044.4 ~ 0 0.12± 0.031
Y ~ S + MSA 12924.2 0.0011 0.11± 0.034
Y ~ S + MST + MSW 13058.8 ~ 0 0.11± 0.026
Y ~ S + MST + MSA 13063.7 ~ 0 0.11± 0.031
Y ~ S + MSW + MSA 13058.6 ~ 0 0.11± 0.026
Y ~ S + MST + MSW + MSA 13208.9 ~ 0 0.11± 0.031

*Median of stage-level coefficients ± one standard error, based on bootstrap resampling.

TABLE A5. Comparison of models predicting change in dispersion, with and without class and era as additional
predictors. Data limited to the eight largest classes. Variates treated as binary (decrease versus increase; see Fig. 9A).
Best-fitting model in boldface.

Regression coefficient (± 1 S.E.)

Model AICc Akaike weight ΔMSW ΔMSA ΔS

ΔMST ~ ΔMSW + ΔMSA + ΔS 3418.7 0.657 1.0±0.091 3.4± 0.091 0.26± 0.088
ΔMST ~ ΔMSW + ΔMSA + ΔS + Class 3425.3 0.024 1.0± 0.091 3.4± 0.091 0.25± 0.088
ΔMST ~ ΔMSW + ΔMSA + ΔS + Era 3420.2 0.312 1.0± 0.091 3.4± 0.091 0.25± 0.088
ΔMST ~ ΔMSW + ΔMSA + ΔS + Class + Era 3427.7 0.007 1.0± 0.091 3.4± 0.091 0.25± 0.088

TABLE A6. Comparison among classes and eras of model predicting change in genus dispersion (ΔMST) as a function
of ΔMSW, ΔMSA, and ΔS, with variates treated as binary (decrease versus increase; see Fig. 9A).

Regression Coefficient (± 1 S.E.)

Data ΔMSW ΔMSA ΔS

Bivalvia 0.71±0.15 3.2± 0.15 0.29± 0.15
Gastropoda 0.53± 0.23 4.0± 0.23 0.38± 0.23
Cephalopoda 1.2± 0.37 3.4± 0.37 0.25± 0.35
Anthozoa 1.6± 0.29 3.8± 0.30 −0.033± 0.027
Rhynchonellata 1.5± 0.23 3.3± 0.24 0.39± 0.22
Strophomenata 1.7± 0.32 3.4± 0.32 − 0.006± 0.27
Trilobita 1.1± 0.64 3.6± 0.64 0.35± 0.58
Stenolaemata 0.11± 0.52 3.9± 0.52 0.34± 0.52
Paleozoic 1.3± 0.13 3.5± 0.13 0.25± 0.12
Mesozoic 1.7± 0.17 3.4± 0.17 − 0.19± 0.16
Cenozoic 0.28± 0.17 3.7± 0.17 0.73± 0.17
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TABLE A7. Comparison among models predicting genus survival, with and without class and era as additional
predictors. Data limited to eight largest classes and analyzed in aggregate, rather than stage-by-stage. Best-fitting model
in boldface.

Regression coefficient ( ± 1 S.E.)

Model AICc Akaike weight MST S

Y ~ MST 13627 ~ 0 0.79± 0.054 —
Y ~ S 13737 ~ 0 — 0.067± 0.0060
Y ~ MST + S 13543 ~ 0 0.68± 0.053 0.051± 0.0060
Y ~ MST + S + Class 11826 ~ 0 0.67± 0.058 0.076± 0.0068
Y ~ MST + S + Era 12842 ~ 0 0.57± 0.055 0.058± 0.0062
Y ~ MST + S + Class + Era 11633 1.0 0.61± 0.059 0.078± 0.0069

TABLE A8. Comparison among selected models predicting genus survival, for subsets of data analyzed in aggregate,
rather than stage-by-stage. Best-fitting models in boldface.

Regression coefficient ( ± 1 S.E.)

Data Model AICc Akaike weight MST S

Bivalvia Y~MST 2255.5 0.095 1.1± 0.16 —
Y~S 2299.9 ~ 0 — 0.058± 0.015
Y~MST+ S 2251.0 0.905 0.99± 0.16 0.035± 0.015

Gastropoda Y~MST 2095.0 ~ 0 0.98± 0.16 —
Y~S 2042.6 0.00004 — 0.25± 0.031
Y~MST+ S 2022.3 1.0 0.65± 0.15 0.22± 0.031

Cephalopoda Y~MST 2320.0 0.107 0.55± 0.11 —
Y~S 2335.2 0.00006 — 0.031± 0.098
Y~MST+ S 2315.8 0.893 0.52± 0.11 0.025± 0.099

Anthozoa Y~MST 1367.0 ~ 0 0.34± 0.14 —
Y~S 1345.3 0.411 — 0.10± 0.022
Y~MST+ S 1344.5 0.589 0.21± 0.13 0.095± 0.023

Rhynchonellata Y~MST 1912.2 ~ 0 0.95± 0.16 —
Y~S 1865.2 ~ 0 — 0.19± 0.024
Y~MST+ S 1840.7 1.0 0.70± 0.15 0.17± 0.024

Strophomenata Y~MST 970.0 ~ 0 1.2± 0.25 —
Y~S 966.7 0.00003 — 0.18± 0.035
Y~MST+ S 945.8 1.0 1.0± 0.24 0.15± 0.034

Trilobita Y~MST 662.9 0.00013 0.49± 0.26 —
Y~S 646.6 0.439 — 0.16± 0.038
Y~MST+ S 646.1 0.561 0.39± 0.26 0.15± 0.038

Stenolaemata Y~MST 364.6 0.476 2.9± 0.65 —
Y~S 391.8 ~ 0 — 0.12± 0.044
Y~MST+ S 364.4 0.524 2.7± 0.66 0.062± 0.044

Paleozoic Y~MST 7560.4 ~ 0 0.83± 0.073 —
Y~S 7548.7 ~ 0 — 0.11± 0.0099
Y~MST+ S 7436.7 1.0 0.69± 0.071 0.097± 0.0099

Mesozoic Y~MST 6347.2 0.0239 0.18± 0.082 —
Y~S 6341.5 0.411 — 0.022± 0.0070
Y~MST+ S 6340.9 0.565 0.13± 0.082 0.020± 0.0071

Mesozoic, five largest classes* Y~MST 5283.5 ~ 0 0.21± 0.086 —
Y~S 5281.2 ~ 0 — 0.020± 0.0071
Y~MST+ S 5279.0 ~ 0 0.18± 0.087 0.018± 0.0072
Y~MST+ S+Class+Stage 3773.9 1.0 0.77± 0.12 0.064± 0.0093

Cenozoic Y~MST 1964.4 ~ 0 1.8± 0.21 —
Y~S 1887.4 ~ 0 — 0.48± 0.049
Y~MST+ S 1841.8 1.0 1.1± 0.19 0.41± 0.050

*Anthozoa, Bivalvia, Cephalopoda, Gastropoda, and Rhynchonellata, accounting for 83% of data.
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FIGURE A1. Proportional representation of classes in raw data and data retained for analysis, restricted to the included
time intervals; class assignment could not be determined from downloaded information in 0.6% of cases. Each point
denotes a class; eight classes accounting for largest proportion of analyzed data are indicated. Diagonal is the 1:1 line.
A, Genus-by-stage occurrences in raw vs. analyzed data. B, Stage-to-stage transitions in raw vs. analyzed data.
C, Genus-by-stage occurrences vs. stage-to-stage transitions in analyzed data. All comparisons show a positive
correlation, with several classes overrepresented in analyzed data relative to raw data; these deviations reflect above
average proportions of genera satisfying all three minimal criteria (for S, GCDgen, and DFW) rather than any single one
(Table A2). Bivalves and cephalopods have higher and lower representation, respectively, in stage-to-stage transitions
than in genus-by-stage occurrences; these deviations reflect longer and shorter genus durations, respectively.
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FIGURE A2. Multiple logistic regression of changes in geographic dispersion (MST) when occurrences of a species with
the same paleo-coordinates in the same stage are not lumped. Absolute and relative effect sizes of predictors are similar
to those resulting from analysis of lumped occurrences (Fig. 9).
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