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abstract: Reconstructing geographic range sizes from fossil data is

a crucial tool in paleoecology, elucidating macroecological and mac-

roevolutionary processes. Studies examining links between range size

and extinction risk may also offer a predictive tool for identifying

species most vulnerable in the “sixth mass extinction.” However, the

extent to which paleogeographic ranges can be recorded reliably in

the fossil record is unknown. We perform simulation-based extinc-

tion experiments to examine (1) the fidelity of paleogeographic range

size preservation in deep time, (2) the relative performance of differ-

ent methods for reconstructing range size, and (3) the reliability of

detecting patterns of extinction “selectivity” on range size.Our results

suggest both that relative paleogeographic range size can be consis-

tently reconstructed and that selectivity patterns on range size can be

preserved under many extinction intensities, even when sedimentary

rocks are scarce. By identifying patterns of selectivity across Earth’s his-

tory, paleontologists can thus augment neontological work that aims to

predict and prevent extinctions of living species. Last, we find that in-

troducing “false extinctions” in the fossil record can produce spurious

range-selectivity signals. Errors in the temporal ranges of species may

pose a larger barrier to reconstructing range size–extinction risk sig-

nals than the spatial distribution of fossiliferous sediments.

Keywords: species distributions, extinction, selectivity, macroecology,

macroevolution, simulations.

Introduction

The geographic ranges of species are fundamental units of
biogeography, with properties (i.e., structure, organization,
size, and location) controlled by a suite of factors including
organismal biology, life history, niche breadth, dispersal
ability, phylogenetic affinity, and historical environmental
changes (Willis 1922; Anderson 1984; Brown et al. 1996; Gas-

ton and Spicer 2001; Lester et al. 2007; Gaston 2008; Gaston
and Fuller 2009). In addition to studying the present-day
ranges of species, reconstructing ranges in the geological
past provides a means of testing a variety of macroevolu-
tionary andmacroecologicalmodels. Geographic ranges have
been linked to both speciation (Cardillo et al. 2003; Gold-
berg et al. 2011) and extinction (Payne and Finnegan 2007;
Harnik et al. 2012; Runge et al. 2015; Saupe et al. 2015).
Studies using paleo-range reconstruction have therefore
illuminated the long-term processes governing the com-
position of local and regional biotas (e.g., Stigall 2012; Dar-
roch et al. 2014; Darroch and Wagner 2015; Button et al.
2017; Kocsis et al. 2018) and global-scale macroecological
patterns, such as the latitudinal biodiversity gradient (To-
mašových et al. 2016; Kröger 2018).
The geographic range is a fundamental property of spe-

cies that describes the spatial area where a species is found at
an interval of time. However, ecologists and paleontologists
differ in the way they measure the distribution of a taxon.
Ecologists typically measure geographic ranges based on ex-
pert opinions, biological surveys, and neontological museum
records on timescales of years to centuries (e.g., Brown et al.
1996). Paleontologists group fossil occurrence data within
temporal bins than can range from thousands to millions
of years. Paleo-ranges therefore represent a time-averaged
summation of occurrences, which almost certainly amal-
gamate numerous geographic expansions, contractions, and
shifts. Despite this mismatch, paleo-ranges represent in-
valuable paleobiogeographic data sets that have helped to
discern the long-term processes governingmodernmacro-
ecological patterns.
One area where studies in paleo-range reconstruction

have become particularly prominent is in establishing links
between range size and extinction risk. The size of a taxon’s
geographic range is thought to have regulated extinction
risk during much of the geologic past (Jablonski 1986; Payne
and Finnegan 2007; Harnik et al. 2012), including some
mass extinction events (Jablonski 2008). Extinction has thus
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been “selective” with respect to geographic ranges, prefer-
entially removing small-ranged species while large-ranged
species survive. Small-ranged species are often less abun-
dant and have narrower environmental tolerances than do
larger-ranged species (Gaston 1998; Thuiller et al. 2005; Botts
et al. 2013), and they may therefore be more prone to ex-
tinction during intervals of rapid environmental change
(Jones et al. 2003; Jablonski 2005). Large geographic ranges
may also buffer taxa from biotic or abiotic stresses affecting
a specific, limited geographic area (Aberhan and Baumiller
2003; Heim and Peters 2011; Saupe et al. 2015). This rela-
tionship between range size and extinction risk has gar-
nered attention with the recognition that global ecosystems
are in rapid decline and showing signs of incipient eco-
systems collapse analogous to the “big five”mass extinction
events of the Phanerozoic (Barnosky et al. 2011; Hull et al.
2015). Reconstructing the geographic ranges of species over
key intervals in the past not only offers a means for eluci-
dating macroecological and macroevolutionary dynamics
but may help to identify whether small- or large-ranged spe-
cies are statistically more at risk during extinction events.
In the context of the “sixth mass extinction,” studies using
paleogeographic ranges may therefore help to identify the
species most in need of protection (see, e.g., Jablonski and
Roy 2003; Lieberman 2004; Payne and Finnegan 2007; Foote
et al. 2008, 2016; Lyons et al. 2010; Darroch and Wagner
2015; Saupe et al. 2015).
Despite intensive utilization of paleogeographic ranges

for both ecological and evolutionary research, the fidelity
with which the fossil record accurately preserves species’
ranges is largely unknown. A key question, therefore, is:
how accurately are species’ geographic range sizes preserved
in the geological record? Here, we use simulation experi-
ments to examine (1) the accuracy with which we capture
species’ paleogeographic range size distributions (i.e., small
vs. large ranges) in deep time, (2) the relative performance
of four metrics to reconstruct paleogeographic range sizes,
and (3) the degree to which we can recover extinction se-
lectivity on range size using fossil occurrences. The first
two questions have broad applicability for a wide range of
studies focused onmacroecological andmacroevolutionary
patterns in deep time, whereas the last question more spe-
cifically tests the extent to which we can potentially use the
fossil record of extinction to predict the effects of the ongo-
ing biodiversity crisis.

Methods

To address these questions, we construct a simulations-
based framework that reconstructs the paleogeographic range
sizes of species using simulated fossil localities placed within
the preserved area of sedimentary (and thus potentially fos-
siliferous) rock from 13 successive geological periods from

the Paleozoic. By comparing the sizes of actual and recon-
structed ranges for our species, we quantify the accuracy of
both absolute and relative range size reconstruction across
intervals in Earth’s history that have variable spatial distri-
bution and preserved area of sediment. We also simulate
variable levels of extinction selectivity with respect to range
size, and we quantify the accuracy with which the presence
or absence of this selectivity is potentially preserved. All
analyses were performed in R version 3.6.2 (R Core Team
2019).

Sedimentary Area and Extant Range Data

We mapped sedimentary rock distributions belonging to
13 geological stages spanning the Carboniferous to the
end of the Permian (Kinderhookian–Lopingian; 359.2–
251.9 Ma) across the continental United States (see S1 in
the supplemental PDF, available online). This study inter-
val is particularly pertinent because repeated sedimenta-
tion of offshore marine, nearshore marine, and terrestrial
sedimentary rock, knownas cyclothems (Heckel 1986),makes
the simulations broadly applicable to terrestrial or marine
fossil studies. North American geological stages (e.g., Mor-
rowan) were used rather than international standard names
to allow for the greatest temporal precision; duration ranged
from 1:5#106 to 1:9#106 years. This temporal resolution
was chosen because most paleoecological studies quantify
the link between geographic range size and extinction risk
(i.e., over mass extinction events) at temporal resolutions
of∼105–106 years. Sedimentary rock distribution data were
derived fromUnited States Geological Survey state-by-state
geological maps (https://mrdata.usgs.gov/geology/state/).
Sedimentary rock polygons were isolated for a given geo-
logical stage in ArcMap and assigned to stage-level time
bins based on the formal lithostratigraphic name of their
encompassing group, formation, ormember using data from
the National Geological Map Database (https://ngmdb.usgs
.gov/Geolex/search) and extensive review of the literature
(see “Stratigraphic References”).
We simulated realistic species’ paleogeographic range ge-

ometries and range size frequencies using polygon distribu-
tional data for 341 terrestrialmammalswhose ranges extend
into the continental United States (taken from the Interna-
tional Union for Conservation of Nature [IUCN] Red List;
https://www.iucnredlist.org; fig. 1). These species describe
an approximately lognormal distribution of range sizes
(S2 in the supplemental PDF) characteristic of many taxo-
nomic groups (Anderson 1977, 1984; Gaston 1996), includ-
ingmany benthicmarine invertebrates (Macpherson 2003).
We stress that our use of extant mammal ranges does not
(for example) assume that ranges of species do not change
over geological timescales; extant mammal ranges simply
provide us with a realistic framework for the distributions of
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virtual fossil species, which can represent the time-averaged
distributions of species over thousands to millions of years
and either marine or terrestrial taxa. Likewise, our use of
Paleozoic rock polygons simply provides us with realistic
distributions of potentially fossiliferous rocks.

Fossil Site Placement

We used two methods to simulate preservation of fossil
localities: by-species site placement and by-sediment site
placement. In the by-species method, we placed a given
number of sites randomly within each species’ polygon. This
method for simulating fossil localities allowed us to exam-
ine the effect of the number of localities per species on the
accuracy of range reconstruction, which is informative for
empirical data collection strategy. The procedure, how-
ever, clusters sites more densely for species with smaller
ranges than for those with larger ranges. Additionally, the
approach guarantees that species are sampled when they
overlap with sedimentary rock, even if this overlap is min-

imal (a scenario that would ordinarily be prone to false ex-
tinction, i.e., the apparent extinction of a species driven by
nonpreservation). An alternative approach, therefore, is to
simulate fossil localities randomly within the whole pre-
served sedimentary rock area. Even if a species’ range over-
laps with a sedimentary rock layer, it is possible that none of
the fossil sites will fall within the area of overlap. This by-
sediment site placementmethod accounts for the low prob-
ability of preserving small-ranged species.
In the by-species site placement approach, we drew 3, 5,

7, 10, 15, or 20 “fossil sites” (i.e., occurrences) from each
species’ original range polygon, to test the sensitivity of
range size reconstruction to the number of fossil sites. These
numbers reflect the typical range of spatially unique local-
ities characterizing species throughout the Phanerozoic
(S3 in the supplemental PDF), and thus they represent re-
alistic scenarios for testing the fidelity of the fossil record.
The patchy distribution of sedimentary rocks within each
time slice typically resulted in clustered sites (especially in
simulations using 110 sites; S4 in the supplemental PDF),

Figure 1: Method for assessing paleo-range size reconstruction using an extant species’ range (white; Cryptotis parva, the North American least
shrew) taken from the International Union for Conservation of Nature (IUCN) Red List and the distribution of fossiliferous sedimentary rock
(the Atokan, shown here in green). The overlap between species and fossiliferous sedimentary rock in each geological stage was iteratively seeded
with 3–20 randomly placed fossil localities (orange points). From these occurrences, paleo-range size was reconstructed four ways: convex hull,
latitudinal range, maximum great circle distance, and number of occupied 57 grid cells.
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which mirrors empirical patterns in the fossil record shown
to be aggregated at all spatial scales (Plotnik 2017). Site place-
ment was iterated for sedimentary rock polygons from each
geological stage. Some species’ polygons did not overlap with
a given sedimentary rock layer, and therefore not all of the
341 virtual species fossilized for every stage. To downweight
the importance of any one set of random site placements in
later analyses, we iterated placement of sites 100 times.
In the by-sediment site placement approach, we trans-

formed the North American study area to an equal-area
grid of 0.57 cells, based on the Albers conic map projection.
This step improved computational efficiency.We then sim-
ulated fossil species’ geographic ranges by iteratively plac-
ing 7, 20, 55, 148, 403, or 1,096 sites (an exponential series)
across the area of preserved sedimentary rock in each stage.
The by-sediment placement method introduced more var-
iance among iterations comparedwith the by-speciesmethod,
and so we repeated site placement 200 instead of 100 times.
We excluded species that occupied either one or two grid
cells from further analysis when using the by-sediment
data set, because it was not possible to calculate convex hull
area for such species.

Assessment of Paleo-Range Size Reconstructions

We calculated the paleo-range size of each species using
four commonly used paleontologicalmethods for range re-
construction (fig. 1; S5 in the supplemental PDF): (1) con-
vex hull area (Stigall and Lieberman 2006; Hendricks et al.
2008;Myers and Lieberman 2010; Raia et al. 2012; Darroch
and Wagner 2015; Saupe et al. 2015), (2) maximum great
circle distance (Jablonski and Roy 2003; Foote and Miller
2013), (3) latitudinal range (Finnegan et al. 2012; Foote
and Miller 2013), and (4) either occupied cells in a 57 lati-
tude/longitude grid for by-species site placement (e.g., Clap-
ham and Payne 2011; Foote 2016) or 0.57 equal-area grid
for by-sediment site placement. To mitigate right skew in
distributions of range sizes, a natural log transformation
was applied to all measurements except counts of grid cells,
which were transformed by square root. Hereafter, we de-
fine a simulation as the set of replicates run under a given
set of parameters listed in table 1 (e.g., by-sedimentmethod,
Atokan, 10 sites, latitudinal range).
To quantify the accuracy of reconstructed paleo-range

size and extinction selectivity, we calculated the nonpara-
metric (rank-based) correlation between preserved and true
range size of all fossil species for each replicate of the 624 sim-
ulations (2 site placementmethods#13 stages#6 site num-
bers#4 range metrics). To account for potential ties (e.g.,
species that occupied the same number of grid cells), we used
Kendall’s t correlation coefficient. We summarized t as the
median among replicates of each simulation. Finally, to as-
sess how well each range reconstruction method captured

true range size rank order, we used a linear model to pre-
dict t as a function of range reconstruction method (table 2,
model 1). Model coefficients were inspected to select the
range method associated with the closest correlations be-
tween true and fossil range size rank order. To assess the
probability that a species would be preserved on the basis
of its true range, we also fit a binary logistic regression to
predict whether each species was sampled or not in a rep-
resentative simulation (e.g., Kinderhookian sedimentary
rock; 10 sites for by-species placement, and 55 sites for
by-sediment placement) as a function of its IUCN geo-
graphic range, as measured by the metric selected from
model 1 (predicting t as a function of range reconstruction
method).
A second regression was then run to quantify relative in-

fluence of preservational predictors on the strength of cor-
relation between fossil and true range size (table 2, model 2).
This regression considered only the “best” range recon-
struction method selected in the first regression model.
We considered up to five parameters as predictor variables
in the second regression: area and dispersion of sedimen-
tary rock, number of recovered species, number of sites,
and mean fossil range size among species (table 1; S6, S7
in the supplemental PDF). As in the first regression, each
variable was summarized for a simulation as the median
among replicates. To quantify dispersion of sedimentary
rock, we rasterized sedimentary polygons in each stage into
17 latitude/longitude grid cells (S8 in the supplemental
PDF); a cell was included if any part of it intersected with
sedimentary rock. The centroid of each occupied cell was
calculated, and a minimum spanning tree was generated
from these centroids (i.e., the shortest distance between
all points). Dispersionwas recorded as the summed distance
of spanning trees (km). Area and dispersion were natural
log transformed. We excluded pairs of highly correlated
(t 1 0:6) regressor variables,which could causemodelmis-
specification. Although correlation values are bounded by
0 and 1, and thus a linear model could result in unusual
end behavior, linearity was justified in this case because
observed correlations fall within the midrange only (Long
1997).

Assessment of Extinction Selectivity Estimates

After assessing the fidelity of relative reconstructed range
sizes, we examined the accuracy and precision of estimates
on extinction selectivity patterns. That is, we tested whether
we were able to detect the true signal of extinction selectiv-
ity from reconstructed geographic range sizes.We assigned
binary extinction status to virtual species based on true
IUCN range sizes, such that restricted species faced a higher
risk of extinction than widespread species. We then pre-
dicted survival outcome as a function of reconstructed fossil
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paleo-range sizes. We measured fossil ranges with the single
range reconstruction metric determined to be most accu-
rate based on the first metaregression of range size recon-
struction fidelity (“Assessment of Paleo-Range Size Recon-
structions” above). We extracted the model coefficient b,
which corresponds to the estimated increase in log-likelihood
extinction risk per unit increase in geographic range size.
We compared the b from each simulation (median among
replicates) to the true value (which we set a priori as equal

to 1) to assess accuracy of extinction selectivity estimates,
and we calculated the standard deviation of b to assess
precision.
Probability of survival was calculated as the inverse logit

of natural-log-transformed IUCN range polygon area. Thus,
smaller ranges conferred greater risk of extinction, but the
magnitude of this effect lessened at extremely large or small
values (S9 in the supplemental PDF). This assumed rela-
tionship between extinction risk and range size is intuitive

Table 2: Linear regression models

Model Application

Extinction

model

False

extinctions Model formula

1 Range fidelity . . . . . . Median(t) ∼ range metric

2 Range fidelity . . . . . . Median(t) ∼ dispersion 1 n species sampled 1 sites

3 Extinction selectivity Null Ignored Median(b) ∼ dispersion 1 n species sampled 1 sites 1

extinction threshold

4 Extinction selectivity Null Ignored SD(b) ∼ dispersion 1 n species sampled 1 sites 1

extinction threshold

5 Extinction selectivity Null Allowed Median(b) ∼ dispersion 1 n species sampled 1 sites 1

extinction threshold 1 n false extinctions

6 Extinction selectivity Null Allowed SD(b) ∼ dispersion 1 n species sampled 1 sites 1

extinction threshold 1 n false extinctions

7 Extinction selectivity Selective Ignored Same as model 3

8 Extinction selectivity Selective Ignored Same as model 4

9 Extinction selectivity Selective Allowed Same as model 5

10 Extinction selectivity Selective Allowed Same as model 6

Note: Shown are linear regression models, numbered in order of use. For range fidelity models, the response variable was Kendall’s t correlation between true

and preserved range size. For extinction selectivity models, the response variable was the per-species increase in extinction risk per unit geographic range size (the

b coefficient extracted from previous binary logistic regressions) or the standard deviation (SD) thereof. The b coefficient and its SD are interpreted as the ac-

curacy and precision, respectively, of reconstructed selectivity. Extinction was either selective against narrowly distributed species (S9 in the supplemental PDF)

or random with respect to range size (i.e., null). We repeated simulations with and without the inclusion of false extinctions (described in table 1).

Table 1: Parameters of simulations

Parameter Levels/values Application

Site placement By-species or by-sediment method Range fidelity

Range metric Convex hull area, maximum great circle distance,

latitudinal range, occupied grid cell count

Range fidelity

Sites 3, 5, 7, 10, 15, 20 for by-species method; 7, 20, 55,

148, 403, 1,096 for by-sediment method

Range fidelity and extinction selectivity

Sedimentary rock coverage Area and dispersion of 13 stages Range fidelity and extinction selectivity

Extinction intensity 25%, 50%, 75% Extinction selectivity

Survivorship model Null (random) or selective against small-ranged species

based on the inverse logit of geographic range size (see

S9 in the supplemental PDF)

Extinction selectivity

Species n Forced removal of no species, one-third of species,

or two-thirds of species

Extinction selectivity

False extinction False (not allowed) or true (apparent extinction of species

due to geographic shifts in the sedimentary rock record)

Extinction selectivity

Note: Shown are parameters that were experimentally manipulated in simulations to assess paleogeographic range fidelity and/or extinction selectivity. Fossil sam-

pling sites were placed such that a given number were either within each species’ range overlap with sedimentary rock (by-species method) or across the entire sed-

imentary rock area at random with respect to species (by-sediment method). The 13 sedimentary rock areas were derived from 13 geological stages spanning the

Carboniferous to the end of the Permian (Kinderhookian–Lopingian). To simulate false extinction, we checked for species that had been assigned as extinction

survivors but were not sampled in the time bin immediately following the focal stage; the status of these species was changed to “victim.”
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and carries the consequence that a logistic regression of
survival probability as a function of IUCN range size would
fit perfectly, with R2 and b coefficient both equal to 1. That
is to say, this probabilistic manner of assigning extinction
status means that we know the true underlying relation-
ship between range size and extinction risk, and so we can
quantify the accuracy of the relationship estimated from
the fossil species in our simulations by comparing the sim-
ulated relationship, b, to the known relationship (1.0). Fur-
thermore, we evaluated the probability of recovering a se-
lectivity signal when there were no underlying selectivity
patterns; that is, we evaluated how frequently type 1 errors
could occur in studies of extinction selectivity. We interro-
gated this question by selecting “victims” and “survivors”
at random rather than on the basis of geographic range size
and comparing the simulated extinction selectivity, b, to
the known value of 0.
Assignment of extinction outcomeswas repeated for each

iteration of random site placement for every simulation.
We conducted each set of replications under three intensi-
ties of extinction: 25%, 50%, and 75% species loss. These
thresholds were implemented by shifting the distribution
of true range size left by a distance proportional to the de-
sired quantile of extinction. For instance, median range
size was subtracted from the range size distribution before
calculating survival probability in order to achieve an ex-
pected extinction rate of 50%.
We note that in this extinction assignment framework,

we a priori assume that range size is a predictor of extinc-
tion risk and test whether this signal can be recovered in
simulations. Therefore, our study does not test explicitly
whether range size is a strong predictor of empirical extinc-
tion risk, but rather it tests the degree to which the signal
can be recovered from realistic fossil locality data.
In addition to extinction intensity, we manipulated two

other variables in extinction selectivity simulations. First,
we experimentally removed either two-thirds, one-third,
or no species a priori. This step allowed metaregression
analysis to distinguish the independent effect of sample
size (number of species) from sedimentary rock coverage;
otherwise, more species tended to be sampled in stages
with larger preserved rock areas. Second, we considered
the possibility of “false extinctions”—that is, species that
survived a given interval but were sampled only in the first
time bin and not the subsequent one. We calculated pre-
served ranges of all species in a given time bin, assigned bi-
nary extinction status, and checked which of those species
were sampled in the subsequent time bin. For any species
sampled in the first bin and assigned as survivors but not
sampled in the latter time bin, the status was changed to
victim (a purposely incorrect designation). For this pur-
pose, the earliest time bin (Kinderhookian) was simulated
as if it followed from the latest time bin (Lopingian).

We fit an initial binary logistic regression model to pre-
dict extinction outcome as a function of preserved range
size for every replication of a simulation. We extracted the
b coefficient, representing the estimated increase in sur-
vival probability per unit range size. The b coefficient esti-
mated for amodel with perfect knowledge of range size and
all available species would be 1 because that probability of
survival was based solely on true range size (as detailed
above); thus, b can be interpreted as proportional accuracy
in estimated selectivity strength (hereafter referred to as
“selectivity accuracy”). The accuracy and precision estimates
were summarized for each simulation as the median and
standard deviation of t values from all iterations of site
placement and extinction outcome assignment.
We quantified the relative influence of simulation pa-

rameters on selectivity accuracy in regressions (table 2).
Since binary logistic regressions had been run to generate
b values, subsequentmodels built to predictb values (mod-
els 3–10) were technically metaregressions. The possible
predictor variables explored during model selection were
the same as those used in the secondmetaregression exam-
ining range size fidelity (dispersion of sedimentary rock,
number of sampled species, number of sites, andmean fos-
sil range size among species), with the addition of extinc-
tion threshold and number of false extinctions (tables 1,
2). In total, we fit eight metaregressions, one for each com-
bination of selective or null (random) extinction assign-
ments, inclusion or exclusion of false extinctions, and ac-
curacy or precision as the response variable (table 2). Each
sample in themetaframework consisted of themedian value
among replicates of site placement for a given simulation, to
prevent pseudoreplication from iterating each simulation
100 or 200 times. Thus, each metaregression was trained
on 702 observations: 6 site numbers#13 stages#3 extinc-
tion intensities#3 species removal thresholds. All data and
files underlying analyses have been deposited in GitHub
(https://github.com/GwenAntell/ExtSelectivity2020; Darroch
et al. 2020).

Results

Accuracy of Paleo-Range Size Reconstruction,
By-Species Site Placement

Of 341 species, 85–237 preserved within the 13 sedimen-
tary rock polygons (S6 in the supplemental PDF). The me-
dian fossil range size of each range reconstruction method
(median among replicates for each species, then among
species and simulation experiments) was 2:35#104 km2

convex hull area, 5:07#102 kmmaximum great circle dis-
tance, 3.00 grid cells (initial 57 resolution), and 2.997 lati-
tudinal range. True (IUCN) median geographic range size
among all species, regardless of whether they fossilized, was
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3:76#105 km2 convex hull area, 1:46#103 km maximum
great circle distance, 1:40#10 grid cells, and 10.47 latitudi-
nal range. Correlation coefficients (Kendall’s t) between the
rank order of preserved fossil and true IUCN geographic
range sizes varied from 0.22 to 0.67 (meanp 0:4550:10;
fig. 2A, 2C).
Range method alone explained little variance in t (R2

p

0:09), as estimated in model 1, which tested how well each
range reconstructionmethod captured true range size rank
order (table 3). The metric associated with the largest t
values (i.e., highest accuracy)was convex hull area, followed
in order by grid cell count, maximum great circle distance,
and latitudinal range (table 3). The estimated amount of
truncation in convex hull area due to fossilization was 0.67
on a natural log scale (S10 in the supplemental PDF)—an
average reduction by two orders ofmagnitude (0.02 of orig-
inal size) on an untransformed scale. Among our candi-
date variables to predict correlation strength, sedimentary

rock area correlated strongly with sediment dispersion (tp
0:64) and number of species preserved in a stage (tp 0:62;
S11 in the supplemental PDF). Therefore, according to our
a priori criterion to avoid excessive correlation in regressor
variables, sedimentary rock area was omitted as a predictor
in the regression that quantified relative influence of pres-
ervational predictors on the strength of correlation be-
tween fossil and true range size (table 2, model 2). Simi-
larly, the number of sites correlated tightly (tp 0:69;
S11 in the supplemental PDF) with preserved convex hull
area, and so the latter was omitted as a predictor. All re-
maining predictors (natural log number of sites, natural
log sedimentary rock dispersion, and number of species
preserved) explained most of the variance in t values
among simulations (R2

p 0:84). In particular, the correla-
tion between rank-order preserved range size and true geo-
graphic range size increased as a function of each of these
predictor variables (table 4).

Figure 2: Rank-based correlations (Kendall’s t) between actual and simulated geographic paleo-range sizes, illustrating general high agree-
ment throughout the studied interval. By-species site placement is shown in A and C, and by-sediment site placement is shown in B and D.
For clarity, only two of six values of site numbers are displayed. Error bars show 90% quantiles of values among iterations. Error bars are larger
when the number of sites is lower (A and B vs. C and D), and t values are higher when paleogeographic range size is measured as a two-
dimensional metric (convex hull area [chull] and grid cell count [gcell]) rather than as a one-dimensional metric (latitudinal range [latrange]
and maximum great circle distance [gcd]).
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Accuracy of Paleo-Range Size Reconstruction,
By-Sediment Site Placement

Between 87 and 226 species were preserved and sampled
within the 13 sedimentary rock polygons. The median fos-
sil range size of each range reconstruction method (me-
dian among replicates for each species, then among species
and simulation experiments) was 1:26#105 km2 convex
hull area, 7:81#102 km maximum great circle distance,
7.00 grid cells, and 4.557 latitudinal range. The median
IUCN range sizes, when rasterized into equal-area grid
cells, were 1:27#106 km2 convex hull area, 2:06#103 km
maximum great circle distance, 334 grid cells (initial
0.57 resolution), and 13.77 latitudinal range. Correlation co-
efficients between the rank order of preserved fossil and true
IUCN geographic range sizes varied from 0.26 to 0.68
(meanp 0:5050:10; fig. 2B, 2D).
Range reconstruction method alone explained little var-

iance in t (R2
p 0:10), as estimated in model 1 (table 3).

Convex hull area, grid cell count, and latitudinal range
were associated with the largest t values (i.e., highest accu-
racy), whereas maximum great circle distance performed
substantially worse (table 3; fig. 2B, 2D). We based subse-
quent models on convex hull area measurements for con-
sistency with the by-species site placement analyses, al-
though this metric performed equivalently well relative to
two others (grid cell count and latitudinal range). The esti-
mated amount of truncation in convex hull area due to fos-
silization was 0.82 on a natural log scale (S12 in the sup-
plemental PDF)—an average reduction by one order of
magnitude (0.09 of original size) on an untransformed

scale. For every 1-unit increase in convex hull area (natural
log scale), species were 6.0 times more likely to be sampled
as fossils (95% confidence intervalp 3:9–9:6). The area of
sedimentary rock correlated strongly with sediment dis-
persion and with the number of species (S13 in the supple-
mental PDF), so area was excluded as a predictor in later
by-sediment analysis (as in by-species analysis). Preserved
convex hull area increased in step with the number of sites
used for reconstruction (tp 0:68; S13 in the supplemen-
tal PDF), so mean convex hull area was also excluded as
a predictor. All of the remaining predictors (natural log
number of sites, natural log sedimentary rock dispersion,
and number of species preserved) explained most of the
variance in t values among simulations (R2

p 0:79). In
particular, the correlation between rank order for preserved
and true geographic range size increased as a function of
each of these predictor variables (table 4).

Accuracy and Precision of Extinction Selectivity
Reconstruction, By-Species Site Placement

Regression of logit survival probability on fossil range size
recovered a positive relationship (i.e., widespread species
were predicted to survive more often than restricted spe-
cies). The mean value of b (the increase in log-likelihood
extinction risk per unit increase in geographic range size)
in simulations excluding false extinctions was 0.270, with
a 90% quantile of [0.170, 0.420] (S14A in the supplemen-
tal PDF). That is to say, nearly every simulation correctly
identified the direction of selectivity but consistently under-
estimated the magnitude of the true value (unity). Fossil
estimates of extinction intensity were also lower than the

Table 3: Regression coefficients for model 1

Method, metric Estimate SE t P

By-species site placement:

Intercept .493 .010 47.035 .000

gcd 2.067 .015 24.545 .000

gcell 2.038 .015 22.594 .010

latrange 2.073 .015 24.892 .000

By-sediment siteplacement:

Intercept .515 .011 47.439 .000

gcd 2.072 .015 24.673 .000

gcell .013 .015 .822 .412

latrange 2.010 .015 2.684 .495

Note: Regression coefficients are reported from model 1 (table 2), the pre-

diction of range fidelity as a function of paleogeographic range metrics. Range

fidelity was parameterized as Kendall’s t correlation between preserved and

true paleogeographic range sizes, summarized as the median among iterations.

The R2 value for the model corresponding to by-species site placement data was

0.089, and that for by-sediment site placement was 0.104. Rangemetric was one

of convex hull area (the baseline against which the others coefficients are rela-

tive), maximum great circle distance (gcd), grid cell count (gcell), or latitudinal

range (latrange).

Table 4: Regression coefficients for model 2

Method, metric Estimate SE t P

By-species site placement:

Intercept 2.808 .081 210.008 .000

gcd .076 .008 9.994 .000

gcell .123 .010 11.714 .000

latrange .001 .000 3.867 .000

By-sediment site placement

Intercept 2.462 .075 26.130 .000

gcd .009 .003 3.422 .001

gcell .092 .010 9.306 .000

latrange .001 .000 6.569 .000

Note: Regression coefficients are reported from model 2 (table 2), the pre-

diction of range fidelity as a function of the number of sites (log transformed),

minimum spanning tree length of sedimentary rock area (dispersion, log

transformed), and number of species preserved (species n). The R2 value for

the model corresponding to by-species site placement data was 0.835, and that

for by-sediment site placementwas 0.789. Paleogeographic range size wasmea-

sured as convex hull area.
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true values (S16, S17 in the supplemental PDF) because
narrowly distributed species that became extinct were
never observed in the first place.
Summarizing among metaregression results, parameters

were influenced by several key factors (S14, S15 in the sup-
plemental PDF). For instance,more fossil sites led to greater
accuracy of selectivity estimates (larger b values) but had
little detectable influence on the precision of estimated se-
lectivity. In fact, precision decreased (larger standard devi-
ation of b) when more sites were added under null (ran-
dom) selectivity. The effect of sedimentary rock dispersion

also varied depending on whether extinction was random
or selective. In selective simulations, accuracy but not pre-
cision increased with greater preserved rock coverage. In
contrast, under random extinction, sedimentary rock dis-
persion had a negligible or negative effect. The effect of ex-
tinction magnitude varied widely among simulations and
was unclear overall (figs. 3, 4; S14, S15 in the supplemental
PDF). Larger sample size (fewer species removed a priori,
independent of the number of extinctions) led to bothmore
accurate (S14 in the supplemental PDF) and more precise
(S15 in the supplemental PDF) estimates.

Figure 3: Accuracy of selectivity reconstruction (i.e., mean of b, the per-species increase in extinction risk per unit range size), illustrating
correct detection of the direction of selectivity under all extinction intensities. Extinction was selective against narrowly distributed range sizes
(see fig. 4 for random extinction). In A and B, no false extinctions were simulated; in C and D, false extinctions were included. Data are from by-
species site placement in A and C and from by-sediment site placement in B and D. In the case where false extinction was not simulated, values
in different stages are entirely independent; that is, chronological order is irrelevant to b values. Color indicates the true extinction rate (25%,
50%, or 75%).
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The number of false extinctions incurred for a simula-
tion strongly predicted b coefficients. The more false ex-
tinction events, the larger the selectivity estimate (figs. 3,
4; S14, S15 in the supplemental PDF). b coefficients in null
simulations that permitted false extinctions were greatly
inflated (meanp 0:108; 90% quantilep [0:001, 0:370])
compared with those from simulations that considered
only a static time interval (meanp more than20:001;
90% quantilep [20:020, 0:020]; S14 in the supplemen-
tal PDF). The same trend occurred in selective simula-
tions: selectivity estimates were higher when simulations
included false extinctions (meanp 0:394; 90% quantilep

[0:198, 0:705]) than when they excluded them (meanp
0:270; 90% quantilep [0:170, 0:420]; S14 in the supple-
mental PDF).

Accuracy and Precision of Extinction Selectivity
Reconstruction, By-Sediment Site Placement

Regressions identified the direction but underestimated the
magnitude of extinction selectivity, congruent with the re-
sults from fossil distributions generated with by-species site
placement. Many of the estimated effects of predictor vari-
ables were similar as well. For instance, placing more fossil

Figure 4: Accuracy of selectivity reconstruction (i.e., mean of b, the per-species increase in extinction risk per unit paleo-range size) when
extinction was random with respect to species’ range sizes (see fig. 3 for selective extinction). Any value more than zero is an overestimate that
could be interpreted as a false-positive signal of extinction selectivity. In A and B, no false extinctions were simulated; in C and D, false
extinctions were included. Introducing false extinctions thus resulted in a marked increase in false-positive extinction selectivity signals. Data
are from by-species site placement in A and C and from by-sediment site placement in B and D. Color indicates the true extinction rate (25%,
50%, or 75%).
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sites generally led to greater accuracy but had little de-
tectable influence on the precision of estimated selectivity
(S14, S15 in the supplemental PDF). Larger signals of selec-
tivity were also detected when sedimentary rock coverage
was larger.
The effects of extinction magnitude and number of spe-

cies sampledwere complex: although higher extinction rates
and larger sample sizes corresponded tomore accurate and
precise estimates in selective simulations, there was little
correspondence under random extinction. One exception
is that when false extinctions were excluded and extinction
was random, b values were falsely inflated at high extinc-
tion values.When false extinctions were included in random
or selective simulations, b values were inflated even further
(figs. 3, 4). For null selectivity, b coefficients from simula-
tions that permitted false extinctions (meanp 0:102; 90%
quantilep [20:003, 0:488]) were larger than those from
simulations that considered only a static time interval
(meanp more than 20:001; 90% quantilep [20:016,
0:016]; S14 in the supplemental PDF). The same trend
occurred in selective simulations: selectivity estimates
were higher when simulations included false extinctions
(meanp 0:303; 90% quantilep [0:070, 0:887]) than
excluded them (meanp 0:169; 90% quantilep [0:061,
0:402]; S14 in the supplemental PDF). Furthermore, the
R2 values of models based on simulations with false ex-
tinctions were higher than those without (S14 in the sup-
plemental PDF), attesting to the explanatory value of false
extinction count.

Discussion

Our results show that relative paleogeographic range size
is preserved with surprising accuracy in all four methods
used in this study (fig. 2). For example, even the least accu-
rate range size reconstruction from simulations using the
by-species site placementmethod (t p 0:32) recovered true
rank order of range size surprisingly well—this simulation
re-created range size order despite the paucity of sedimen-
tary rock (∼7,000 km2, based on Lopingian formations),
low recovery of species (123 of 341 species fossilized), and
small number of fossil sites (three per species, the mini-
mum required to calculate a convex hull). This in turn sug-
gests that paleogeographic ranges reconstructed from fossil
data can be used to test a wide range of macroevolutionary
andmacroecological models in deep time, such as whether
large range sizes were associated with more (or less) rapid
rates of speciation (e.g., Jablonski and Roy 2003), lower
rates of extinction (e.g., Harnik et al. 2012), or greater hab-
itat breadth (e.g., Nurnberg and Aberhan 2013).
Of the four range reconstructionmethods analyzed, two-

dimensional metrics (convex hull area and grid cell count)
generated more concordant rank orders between fossil and

modern geographic ranges than did one-dimensional met-
rics (latitudinal range and maximum great circle distance;
fig. 2).We note, however, that the fourmethods tested here
provide slightly different measures of geographic range.
For example, latitudinal range is commonly taken to pro-
vide a measure of thermal tolerance, whereas maximum
great circle distance, convex hull, and number of occupied
grid cells provide measures of absolute range size and/or
breadth of habitat preference (Hendricks et al. 2008). Choice
of method will therefore reflect the nature of the question
posed. We also acknowledge that while two-dimensional
metricsmay performbest for the broad swathe of Paleozoic
time considered here, specific intervals (with specific con-
figurations of marine sediments) may behave differently.
For example, in more recent parts of the Cenozoic, marine
sediment is concentrated along coastlines (i.e., north-south).
In these scenarios, a one-dimensional metric like latitudi-
nal range might perform better than in the simulated sed-
iment configuration.
Our analyses of extinction selectivity on range size de-

tected the direction of selectivity under all extinction inten-
sities (25%, 50%, and 75%; fig. 3). Moreover, our simula-
tions illustrate that sedimentary rock area affects our ability
to reconstruct signals of extinction selectivity in that the ac-
curacy with which we detect extinction selectivity on range
size increases with the dispersion of preserved sedimentary
rock. This result suggests that dramatic eustatic changes in
sea level associated with many extinctions (such as the late
Ordovician and end Cretaceous) may significantly affect
our ability to reconstruct range size–extinction risk signals
over these events, especially if these changes led to a dra-
matic reduction in sedimentary rock preservation.Our sim-
ulation framework, however, is likely conservative with
regard to the pattern of increased accuracy with size of pre-
served geographic ranges. Given the relative paucity of geo-
graphic barriers in shallow marine environments and the
ease with which many marine species can disperse, geo-
graphic ranges of marine species are typically larger than
terrestrial species (Gaston 1996; Tomašových et al. 2016).
Since range size is an important determinant of whether
species are recorded in the rock record (and larger range
sizes lead to increased accuracy in reconstructing extinc-
tion patterns), empirical analysis on marine species may be
even more accurate than our simulations would suggest.
False extinctions (i.e., the apparent extinction of a spe-

cies as a result of geographic shifts in the sedimentary rock
record) inflated estimates of extinction selectivity and in-
duced false signals of selectivity in nonselective simulations
(fig. 4). Indeed, selectivity estimates in some null simula-
tions were as high, or higher, than those from selective sim-
ulations. Since the probability that a geographic range will
overlap sedimentary rock decreases with range size, it is
likely thatmost species that experienced false extinctionwere
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narrowly distributed. Therefore, these species introduced
the same pattern that would occur if narrowly distributed
species truly—not falsely—became extinct. Imprecision in
the temporal aspect of extinctions (timing of the event)
could therefore affect selectivity analysis far more than im-
precision in the geographic component (characterization of
species’ range size). There are several ways to reduce the in-
cidence of false extinction and thence inflated selectivity
estimates. For instance, during field exploration it is im-
portant to work updip or downdip in a stratigraphic sec-
tion to search for a species in equivalent environments be-
fore and after an extinction event (Holland and Patzkowsky
2015; Holland 2020). At the analysis stage, “range-through”
methods and control of edge effects could further reduce the
frequency of false extinction.
We acknowledge that our analytical framework has sev-

eral potential limitations that may impact the interpreta-
tion of results. First, we note that we use biological species
for our ranges, while a majority of empirical paleontology
studies operate at the genus level. Lumping species into
genera would typically be expected to result in larger ranges
(and thus lower incidences of false extinction). However,
other authors note that (1) fossil genera are frequently non-
equivalent collections of species will little to no biological
reality of their own and (2) attributes considered important
for understanding macroevolution (including geographic
ranges) are frequently variable among species within genera
(Hendricks et al. 2014). Therefore, while using genera
would likely lead to higher fidelity in preservation of range
sizes (and range selectivity signals) in our experiments, the
applicability of these results to studying macroecological
and macroevolutionary patterns may be dampened. Sec-
ond, although our method for simulating fossil sites typi-
cally produced highly clustered patterns of occurrences sim-
ilar to those exhibited by the fossil record (Plotnik 2017;
S4 in the supplemental PDF), we assumed individual spe-
cies preserve equally well across their spatial distribution,
which is unlikely to be the case (Noto2010).Third, our frame-
work also assumed equal preservation potential across all
species, whereas a number of factors, including body size,
population size, and mortality rate, can affect the likeli-
hood of fossilization (Behrensmeyer 1978; Fraser 2017;
Plotnik 2017; Darroch and Saupe 2018). Although varying
the preservation potential of individual species across their
ranges is beyond the scope of this particular study, future
iterations of this analytical framework will examine if—
and how—such factors affect the accuracy with which we
can reconstruct extinction selectivity patterns in deep time.
We also assume that similar habitats (i.e., sedimentary fa-
cies and subenvironments) are sampled in adjacent time
bins and acknowledge that we are limited to Carbonifer-
ous sedimentary rock configurations. This latter assumption
maybe conservative, however, as preserved ranges may have

higher fidelity in more recent time bins, when there tends
to be larger areas of preserved sedimentary rock.
We emphasize that this study provides the first con-

certed attempt to calibrate the quality of the spatial fossil
record in the distant geological past and that our simula-
tions thus far indicate that the fossil record comprises a
powerful spatial and biogeographic data set, with respect
to preserving both the rank order of geographic range sizes
and extinction selectivity patterns. Although the rank or-
der of geographic ranges has high preservation potential,
absolute geographic range size does not—range sizes were
truncated significantly (approximately by one order ofmag-
nitude) in simulations, which has implications for how fos-
sil range data are used to inform conservation decisions
today. For example, the IUCN currently defines specific
range size thresholds (together with subsidiary criteria typ-
ically not accessible in fossil data) for determining extinc-
tion risk status of species. Since our simulations suggest
that absolute range size has poor preservation potential,
identifying a specific threshold of geographic range size
under which fossil species have tended to become extinct
over past biotic crises is likely untenable. Our simula-
tions do suggest, however, that we can accurately deter-
mine whether range size was a determinant of extinction
risk during intervals that varied in extinction intensity,
which provides information relevant to the current biodi-
versity crisis and ongoing conservation efforts (Finnegan
et al. 2015) and will help to identify at-risk species in a
range of future global change scenarios.
In summary, our simulations suggest that relative paleo-

geographic range size can be faithfully preserved in the
rock record, even in intervals possessing scarce sedimen-
tary rock areas. Furthermore, simulations provide confi-
dence that we can determine the magnitude and direction
of the relationship between extinction risk and geographic
range size in deep time. However, our simulations also
suggest that type 1 errors (i.e., false positive range size–
extinction risk signals)may be prevalent, in particular when
the distribution of environments represented by sedimen-
tary rocks change dramatically between time slices (lead-
ing to false extinction). To be clear, our simulations do not
have any bearing on whether paleo-range size is an impor-
tant predictor of extinction risk over intervals of mass ex-
tinction—previous studies have argued both that they are
(Payne and Finnegan 2007; Jablonski 2008) and that they
are not (Jablonski 1986, 2003). Rather, our study interro-
gateswhether selectivity of extinction on range size can be es-
timated accurately from fossil locality data in the paleon-
tological record using a simulation approach. Our results
demonstrate that during episodes of moderate to intense
extinction (25%–75%species loss), we candeterminewhether
paleogeographic range size is correlated with extinction risk.
Furthermore, our results reinforce the inference that the
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fossil record represents an invaluable biogeographic data
set and natural laboratory for reconstructingmacroecolog-
ical and macroevolutionary patterns over critical intervals
in Earth’s history.
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“The Mesonyx ossifragus is the largest species, its skull exceeding that of the grizzly bear in dimensions. . . . The fore limbs are so much shorter
than the hind limbs that the animal customarily sat on its haunches when on land. In walking, its high rump and low withers would give it
somewhat the figure of a huge rabbit.” Figured: “Mandible of Mesonyx ossifragus Cope, from the Wasatch epoch of the Big Horn river, Wyoming.”
From “The Creodonta” by E. D. Cope (The American Naturalist, 1884, 18:255–267).
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