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ABSTRACT

Aim Determining which species are more prone to extinction is vital for conserv-
ing Earth’s biodiversity and for providing insight into macroevolutionary pro-
cesses. This paper utilizes the Pliocene to Recent fossil record of mollusks to identify
determinants of species’ extinction over the past three million years of Earth
history.

Location Western Atlantic.

Methods We focus on 92 bivalve and gastropod species that lived during the
mid-Pliocene Warm Period (mPWP; ∼3.264–3.025 Ma) and have either since gone
extinct or are still extant. We used ecological niche modeling (ENM) to assess the
vulnerability of these species to extinction as a function of both fundamental (FN)
and realized (RN) niche breadth proxies, geographic range size, and amount of
suitable area available to them during the Last Glacial Maximum (LGM; ∼21 Ka).

Results Geographic range size emerged as a key predictor of extinction for the
studied mollusk species, with RN breadth and amount of suitable area available
during the LGM as secondary predictors. By contrast, FN breadth was not a sig-
nificant predictor of extinction risk.

Main conclusions The failure to recover FN breadth as a predictor of extinction
may suggest that extinction resistance is achieved when species are more successful
in filling the geographic extent of their fundamental tolerances. That is, when it
comes to species’ survival, being a generalist or specialist sensu stricto may be
secondary to the unique historical, dispersal, and biotic constraints that dictate a
species’ occupation of suitable environments, and consequently of geographic
space, at a particular time. Identifying the factors that promote extinction is impor-
tant because of the time-intensive nature of estimating extinction risk for individ-
ual species and populations, and because of the rising concerns about the future of
marine ecosystems and biodiversity.
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INTRODUCTION

Determining which species are more prone to extinction is vital

for conserving Earth’s biodiversity (McKinney, 1997; Schwartz

et al., 2006; Lee & Jetz, 2011) and for providing insight

into macroevolutionary processes over geological time scales

(Kiessling & Aberhan, 2007; Payne & Finnegan, 2007; Meseguer

et al., 2014). Although several traits have been identified as cor-

relating with extinction risk (e.g. McKinney, 1997; Mace et al.,

2008), one of the more robust is geographic range size. Both

neontological (e.g. Thomas et al., 2004; Schwartz et al., 2006;

Harris & Pimm, 2008) and paleontological (e.g. Kiessling &

Aberhan, 2007; Payne & Finnegan, 2007; Harnik et al., 2012)

studies have found that large geographic range sizes enhance
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taxon survivorship. Different causal mechanisms, however, have

been invoked to explain why large geographic ranges provide

extinction resistance. Often, geographic range and environmen-

tal tolerance are assumed to co-vary, even though species with

large geographic ranges can have small niche breadths if the

underlying environment is homogeneous and geographically

common, whereas species with broad niche breadths can have

small geographic ranges if they are limited by dispersal, biotic, or

other geographic barriers (Gaston, 2003; Peterson et al., 2011).

An important question, then, is whether geographic range is

merely a proxy for species’ environmental tolerances, or whether

it serves as a buffer against extinction in and of itself. If the latter,

species with large geographic ranges would be unlikely to

experience environmental perturbations across their entire dis-

tributional area. As a result, these species would survive such

disturbances irrespective of their tolerances. Alternatively, envi-

ronmental tolerances may reign supreme and dictate species’

geographic ranges, supporting the long-held notion that special-

ist species (stenotopes) are more prone to extinction than gen-

eralist species (eurytopes) (e.g. McKinney, 1997; Fernandez &

Vrba, 2005). Over the last several decades, numerous efforts have

been made to understand the relative effects of geographic range

size and niche breadths on macroevolutionary dynamics (e.g.

Kammer et al., 1997; Thuiller et al., 2005; Harnik et al., 2012;

Nürnberg & Aberhan, 2013). Often, these studies have found

opposing patterns with respect to the relative roles that geo-

graphic range size and habitat breadth have in determining

extinction risk, with geographic range size emerging as both

primary (e.g. Harnik et al., 2012) and as secondary (e.g.

Nürnberg & Aberhan, 2013) to habitat breadth. Missing from

these studies is an explicit analysis of the different manifesta-

tions of species’ tolerances, such as the environment occupied by

a species versus the full suite of environments that a species can

tolerate.

We add to this body of work by utilizing the exceptional

record of Pliocene to Recent mollusks from the Western Atlantic

to test the relative effects of geographic range size and niche

breadths on survivorship of species from the Pliocene to the

present day. These records provide a well-characterized system

for analyzing the dynamics of niche breadths and geographic

range size over time. Molluscan remains are abundant and par-

ticularly well studied with respect to patterns of extinction,

species turnover, and ecological change across this interval

(Allmon, 2001; Todd et al., 2002), and both bivalves and gastro-

pods have proven excellent study systems for analyzing diversity

dynamics through time (Jablonski, 2008; Nürnberg & Aberhan,

2013). We focus on 92 bivalve and gastropod species that lived

during the mid-Pliocene Warm Period (mPWP; ∼3.264–

3.025 Ma); 47 of these are now extinct, while 45 are extant. We

assess the vulnerability of these species to extinction as a func-

tion of both fundamental (FN) and realized (RN) niche breadth

proxies, geographic range size, and the amount of suitable area

available to them during the Last Glacial Maximum (LGM;

∼21 Ka).

The FN is considered here in Grinnellian terms (Grinnell,

1917), defined as the set of all combinations of abiotic environ-

mental conditions in which a species can survive and maintain

viable populations (Peterson et al., 2011). The FN has been sug-

gested to be a species-level trait that is stable both within and

across lineages (Strubble et al., 2013; Saupe et al., 2014a),

whereas the realized niche (RN) is a subset of the FN that can

change through time for reasons relating to resource use, biotic

factors such as competition, availability of suitable environ-

ments, and/or dispersal barriers (Peterson et al., 2011).

Ultimately, identification of the traits that promote or inhibit

extinction provides insight into the causal mechanisms

generating patterns of diversity over geological time scales

(McKinney, 1997; Jablonski, 2008). The fossil record provides a

ledger of such evolutionary winners and losers, which can be

used to generate a list of threat factors leading to species’ extinc-

tions. These rule sets are important because of the time-

intensive nature of estimating extinction risk for individual

species and populations (Keith et al., 2008), and because of

rising concerns about the future of marine ecosystems and bio-

diversity (Jones et al., 2013; Saupe et al., 2014b).

METHODS

Taxa

We used the Neogene Atlas of Ancient Life (Hendricks et al.,

2014) to select taxonomically vetted Pliocene species from

eight gastropod families (Bursidae, Conidae, Fasciolariidae,

Muricidae, Personidae, Ranellidae, Strombidae, and Tonnidae)

and six bivalve families (Arcidae, Cardiidae, Carditidae,

Lucinidae, Tellinidae, and Veneridae). We utilized all species in

the Neogene Atlas with Pliocene representatives to avoid poten-

tial biases based on taxon selection. The only species that were

excluded from our analyses were those with poor sampling,

extreme micro-endemism, or poor model quality, detailed

below. We eliminated species with very restricted distributions

to account for potential artifacts that might arise from sampling

bias using a two-step process: we retained species with ≥ four

spatially unique occurrences at 2.5 arc-minute (∼4.5 km) reso-

lution, and we excluded species with only one spatially unique

occurrence at 1.25° (∼140 km) resolution (i.e. the scale of the

environmental data). This procedure ensured that poorly

sampled species were removed from niche estimations. A total of

47 now-extinct (of 80) and 45 still-extant (of 65) species

remained after removing poorly sampled species and those with

non-significant niche models (see niche modeling section for

details). The remaining taxa belonged to 16 gastropod and 50

bivalve genera (Tables S1 & S2).

We studied species living during the mPWP that have either

since gone extinct or are still extant. It is not surprising that the

extant species have fossil records that extend into the Pliocene,

given that many marine invertebrates have durations greater

than three million years (Eldredge et al., 2005). Moreover,

species that disappeared from the fossil record sometime

between the Pliocene and the present almost surely went extinct

during this interval, since the Western Atlantic is one of the

best-sampled marine regions in the world.
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Distributional data

We gathered fossil occurrence data from Pliocene strata of the

Atlantic and Gulf Coastal Plains, USA, and surrounding regions.

Distributional data were incorporated only from those forma-

tions that straddled the time interval of our environmental data

(∼3.264–3.025 Ma), which included the Duplin, Goose Creek,

Guaiguaza Clay, Hopegate, Intracoastal, Jackson Bluff, Mare,

Raysor, Tamiami (Pinecrest Beds), and Yorktown formations

(Tables S3 & S4). Most of these data derived from holdings at the

Florida Museum of Natural History, with supplements from the

Academy of Natural Sciences of Drexel University, Paleontological

Research Institution, Yale Peabody Museum, and Virginia

Museum of Natural History. For a comprehensive study on the

Pliocene stratigraphy of the Atlantic Coastal Plain, see Saupe

et al. (2014a). For each species, we subsampled occurrence data

to leave one occurrence per environmental grid cell (Tables S1 &

S2). This procedure ensured that localities with multiple occur-

rences were not unduly weighted in niche modeling analyses

(Yackulic et al., 2013), but it does not, however, eliminate aggre-

gation of occurrences due to heterogeneity in survey efforts or

differences in fossilization probability (Varela et al., 2011).

The spatial resolution of the environmental data (1.25 × 1.25°

or ∼140 × 140 km at the equator, described below) limited the

number of spatially unique occurrences available for niche

modeling. We performed analyses on two datasets to test the

sensitivity of observed patterns: (1) utilizing species that had ≥
two spatially unique occurrences at 1.25° resolution, and (2)

utilizing species with ≥ three spatially unique occurrences at

1.25° resolution (Tables S1 & S2). We did not eliminate species

with three or fewer spatially unique occurrences at 1.25° reso-

lution, as this would remove species with small geographic range

sizes and/or small niche breadths, potentially biasing our results.

That is to say, species with truly small geographic range sizes

were almost surely excluded from our analyses, given the large

range sizes obtained for the studied species (average of

165,065 km2; maximum of 691,023 km2; minimum of 644 km2).

Importantly, the number of spatially unique occurrences at

1.25° resolution only impacted the niche modeling analyses: all

occurrence data were used to calculate geographic ranges and

most RN parameters (see Tables S1 & S2). The frequency distri-

bution of occurrences per species was right-skewed on a normal

plot (Fig. S1), which is a pattern found for many other extant

terrestrial and marine taxa (Gaston & He, 2002), and suggests

our data may be broadly commensurate with neontological

data. Additional corrections for potential sampling biases are

described in the ecological niche modeling protocols.

Environmental data

Environmental data were derived from the coupled atmosphere-

ocean HadCM3 global climate model (GCM) (Gordon et al.,

2000) using the alternative PRISM3D PlioMIP dataset for the

mPWP (∼3.264–3.025 Ma) (Haywood et al., 2011). The GCM

was also run with LGM (∼21 Ka) boundary conditions from

Singarayer et al. (2011). Sea level changed significantly between

the mPWP and LGM, with GCM data reflecting these large-scale

differences (e.g. a submerged southern portion of the Florida

peninsula during the mPWP). We converted the monthly salin-

ity and temperature outputs from the two GCM runs into

maximum, minimum, and average yearly fields for both surface-

and bottom-water conditions using ArcGIS 10.1 (Table S5). We

centered and standardized data in each of these 12 coverages,

performing a principal component analysis (PCA) on the

correlation matrix using the PCARaster function in the

ENMGadgets package in R (Barve & Barve, 2014). We retained

the first four principal components for model calibration, which

explained cumulatively ≥ 97% of the variance in the dataset.

Models were calibrated using Pliocene data and projected to

LGM conditions, since distributional data for species during the

LGM are limited. Accordingly, the same PCA structure for the

Pliocene was enforced for the LGM using the PCAProjections

function in the ENMGadgets package in R (Barve & Barve,

2014). Model output was available to us only from HadCM3,

and thus we were unable to utilize an ensemble-modeling

approach (Diniz-Filho et al., 2009).

Ecological niche modeling

Pliocene niche models for each species were generated using

Maxent v. 3.3.3, a maximum entropy algorithm that finds

suitable environmental combinations for species under a null

expectation that suitability is proportional to availability. Thus,

Maxent minimizes the relative entropy of observed environ-

ments relative to those in the background (Elith et al., 2011).

Models were calibrated within a region bounded by the Ameri-

cas and 34° W longitude, and 48° N and 44° S latitude. Following

preferred methodological protocol (Phillips et al., 2009;

VanDerWal et al., 2009; Barve et al., 2011), we sought the union

of the area sampled by researchers and that which was most

likely accessible to the species during the Pliocene.

We enabled only the linear and quadratic features in Maxent

to produce realistic response curves that match those known

from physiological experiments of plants and animals (Hooper

et al., 2008; Angilletta, 2009). To correct for biases in fossil dis-

tributional data, we implemented what is termed a ‘bias file’

within Maxent (Dudík et al., 2005). The bias file describes the

probability that an area was sampled; thus, regions with rock

outcrop (i.e. areas where species may actually be detected or

sampled) were weighted twice as heavily as regions without rock

outcrop. Maxent will then factor out this bias during the mod-

eling process to account for incomplete knowledge of a species’

distribution (Dudík et al., 2005). Pliocene models were proj-

ected to LGM conditions to determine if species retained suit-

able area during glacial times. We could not directly assess

distributional dynamics during the LGM because of low sea

levels, which prevented occurrence records from being pre-

served on what is now dry land. To avoid inaccurate projections

to the LGM as a result of novel environmental conditions, we

deactivated clamping but allowed for extrapolation following

Owens et al. (2013). Previous research on these and other

species has suggested that large-scale parameters of species’

Determinants of species survival
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niches are stable on both long and short time scales (Strubble

et al., 2013; Saupe et al., 2014a). As such, projections can – at

minimum – provide estimates of the amount of suitable area

available to species during the LGM. An important caveat,

however, is that models built in one time period may not fare

well when projected across significant periods of climatic

change (Blois et al., 2013). Consequently, we used these projec-

tions solely as an estimate of suitability dynamics during the

LGM.

For the majority of species, we assessed model quality using a

jackknife procedure from Pearson et al. (2007) (Tables S1 & S2).

For those species with only two spatially unique occurrences,

models that correctly predicted both occurrences under a mean

suitability threshold (Liu et al., 2013) were deemed significant.

Note that both occurrences will always be correctly predicted

under a Least Training Presence (LTP) threshold (Pearson et al.,

2007). Species were eliminated if models were not significant

using either of these approaches. Although all non-significant

models were removed from analyses, models built with fewer

than five occurrences may also have the potential to exhibit poor

performance (Pearson et al., 2007).

Niche breadth calculations

We consider the term niche in the classic Grinnellian (Grinnell,

1917) sense of abiotic environmental variables, defined by

Hutchinson (1957) as a hyper-volume in multi-dimensional

space, within which a species can maintain viable populations.

Niche breadths were quantified in three dimensions by calculat-

ing volumes from the thresholded niche models, such that the

dimensions for the three niche axes were considered simulta-

neously. We calculated volumes using NicheA (available at:

http://nichea.sourceforge.net), which is an open-source, cross-

platform application that combines several toolkits to analyze

ecological niches in both environmental and geographic space.

We quantified niche volumes from the first three principal com-

ponent axes within environmental space, which explained

> 89% of the variance in the dataset (Fig. 1). To evaluate the

potential sensitivity of our results, we used two different

methods to calculate niche volumes: minimum volume complex

polyhedrons (CPH) and minimum volume ellipsoids (MVE)

around suitable area in three-dimensional environmental space.

Realized niche characterizations. To examine whether the

breadth of environment occupied by a species (i.e. a species’

RN) impacts survival, we calculated RN breadth estimates in

three ways. First, we calculated CPH and MVE niche breadth

volumes for the area occupied by a species in environmental

space. Second, we tested the sensitivity of these calculations to

potential sampling biases by degrading the available fossil record

to the lowest number of occurrences for all species (i.e. two)

using 100 bootstrap replicates. For each bootstrap replicate, we

calculated niche breadth as the environmental distance between

the two occurrences on the first principal component layer,

which explained ∼39% of the variance in the dataset. We used

the median value from the 100 replicates as the niche breadth for

a given species. Niche breadths for species with only two occur-

rences were calculated in the same fashion, but without boot-

strap replication. This process is similar to rarefaction, which is

Figure 1 Niche volumes in
three-dimensional principal component
space for representative species Laciolina
magna and Merisca aequistriata. The left
column depicts the minimum volume
complex polyhedrons (CPH) for both
thresholded mean niche models
(fundamental niche proxy; light pink)
and Least Training Presence niche
models (realized niche proxy; dark pink).
The right column depicts the minimum
volume ellipsoids (MVE) for thresholded
mean niche models (fundamental niche
proxy; light pink) and LTP niche models
(realized niche proxy; dark pink).
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commonly applied to paleontological data and attempts to

correct for differing abundance values (Kiessling & Aberhan,

2007). Finally, estimates from continuous model suitability

surfaces were converted to binary output (i.e. 1 = suitable;

0 = unsuitable) using the least training presence (LTP) method,

which constricts estimates of suitability to the lowest value asso-

ciated with an occurrence (Pearson et al., 2007). These binary

models were then used to calculate CPH and MVE niche

breadth volumes.

Fundamental niche proxies. To obtain proxies of the FN, we

calculated CPH and MVE niche breadth volumes using the

mean suitability score from the Maxent model as a threshold

(Liu et al., 2013). On average, this method produces broader

niche estimates when prevalence is low to moderate compared

to the LTP method (Liu et al., 2013). Such was the case for our

study: the mean number of pixels predicted to be suitable across

all species increased over 350% using a mean threshold (for

proxies of the FN) compared to a LTP threshold (for proxies of

the RN) (see Fig. S2).

We acknowledge that accurately estimating FNs is difficult

even when utilizing mechanistic approaches (Kearney & Porter,

2009), and our method probably produced niche estimates

closer to the existing niche or which were simply larger than the

RN (Peterson et al., 2011). Still, recent biophysical approaches

have suggested that FNs can be represented by limited param-

eters such as temperature (Kearney et al., 2013), and we used

model parameters that match known physiological response

curves of species (Hooper et al., 2008; Angilletta, 2009). Conse-

quently, estimates may at least be congruent with a species’

potential suitable area.

Geographic area calculations

The geographic area occupied by a species was calculated in two

different ways: by summing the number of suitable pixels from

projected niche models using both model threshold approaches,

and by creating minimum convex polygons around the unfil-

tered (all) occurrence data for each species. To estimate the

latter, we used the minimum bounding geometry function in

ArcGIS 10.1 and calculated polygon areas using the USA Con-

tiguous Albers Equal Area Conic projection. We also estimated

the amount of area projected to remain suitable for these species

during the LGM (∼21 Ka) by tabulating the number of suitable

pixels in model projections using both the LTP and mean

threshold approach. Results were equivalent across these two

approaches, and thus we present results only for the mean suit-

ability method.

Statistical tests

Mann-Whitney U analyses. Variances were similar between

groups (now-extinct and still-extant species) for each parameter

as determined from both a Levene and a Brown-Forsythe test.

Area and volume calculations, however, were not normally

distributed, and thus we used one-way nonparametric Mann–

Whitney U-tests for analyses (Table 1). We tested four hypoth-

eses using Pliocene data for still-extant and now-extinct species:

whether still-extant species (1) had greater FN breadth proxies

than now-extinct species; (2) had larger geographic ranges than

now-extinct species; (3) had greater RN breadth proxies than

now-extinct species, such that they occupied broader realized

environmental space; and (4) had more suitable area remaining

during the LGM than now-extinct species. Ten Mann–Whitney

U-tests were performed in order to test the sensitivity of our

results to the different estimation methods, given that FN

breadth was calculated in two ways, RN breadth in five ways,

geographic area in two ways, and LGM projections in one way

(see Table 1). We measured the effect size of our analyses using

the methodology of Wendt (1972), following the equation

r = 1 − (2U)/(n1 × n2).

Binary logistic regressions. In addition to the Mann Whitney U

analyses, we tested whether these parameters predict which

species survive using both multivariate and univariate binary

logistic regressions. Multivariate results were informed by back-

ward stepwise regressions using the Akaike Information Cri-

terion (AIC) in the R package MASS (see Table S6). Most

variables were log-transformed (see Table 2) in order to

conform to the assumption of linearity of the independent vari-

ables and the log odds.

Hierarchical partitioning. Multivariate approaches may be

affected by multicollinearity among explanatory variables

(Fig. S3). In these instances, hierarchical partitioning is useful in

identifying the most likely explanatory factors in a model, while

minimizing the influence of multicollinearity. The approach

provides a measure of the strength of effect of each factor that is

largely independent from the effects of other factors (Chevan &

Sutherland, 1991; Mac Nally, 2002). Hierarchical partitioning

was conducted for all estimation combinations of the four

variables using logistic regression and log-likelihood as the

goodness-of-fit measure. Following Mac Nally (2002), statistical

significance of the independent contribution of variables was

tested using a randomization routine. All analyses were imple-

mented in the hier.part package in R (Mac Nally & Walsh, 2004).

RESULTS

Mann–Whitney U analyses

Contrary to our original hypothesis, extant species did not have

significantly larger FN breadth proxies than extinct species,

although values are close to alpha (α) level of 0.05 (P = 0.052

and P = 0.066 for CPH and MVE calculations, respectively)

(Table 1). Extant species, however, did have significantly larger

geographic ranges than extinct species, both when considering

suitable area predicted by the model (P = 0.021) and the area

calculated from polygons (P = 0.001). Consequently, there does

not seem to be a one-to-one correspondence between FN

breadth proxies predicted by the models and the amount of

suitable area available geographically (Table 1).

The RN, however, does seem to be a significant predictor of

extinction (Table 1). Extant species occupied significantly larger

volumes of environmental space than extinct species, using esti-

Determinants of species survival
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mates based on both the occurrence data (P = 0.004 and

P = 0.005 for CPH and MVE calculations, respectively) and the

LTP niche models (P = 0.008 and P = 0.014 for CPH and MVE

calculations, respectively). Moreover, these results are robust to

the bootstrap resampling tests (P = 0.028). When niche models

are projected to glacial conditions (LGM; ∼21 Ka), extinct

species lost more suitable area than extant species (P = 0.015)

(Table 1).

Table 1 Results from Mann–Whitney U-tests. Tests assessed whether extant species (1) had greater fundamental niche (FN) breadth
proxies than extinct species, (2) had greater realized niche (RN) breadth proxies (that is, occupied broader realized environmental space
than extinct species), (3) had larger geographic ranges than extinct species, and (4) had more suitable area remaining during the Last
Glacial Maximum (LGM) than extinct species.

Analysis

Calculation

method

≥ Two occurrences ≥ Three occurrences

U z P-value r U z P-value r

FN breadth
Mean niche model CPH 1266 1.63 0.05 0.20 966 1.41 0.08 0.18
Mean niche model MVE 1251 1.51 0.07 0.18 958 1.34 0.09 0.17

RN breadth
Occurrences CPH 1402 2.70 0.00 0.33 1022 1.94 0.03 0.25
Occurrences MVE 1385 2.56 0.00 0.31 1010 1.83 0.03 0.24
LTP niche model CPH 1363.5 2.40 0.01 0.29 1026.5 1.99 0.02 0.26
LTP niche model MVE 1337.5 2.19 0.01 0.26 1002.5 1.76 0.04 0.23
Rarefaction Distance 1302.5 1.92 0.03 0.23 1006.5 1.80 0.04 0.23

Geographic area
Polygons analyses Area (km2) 1441 3.00 0.00 0.36 1049 2.20 0.01 0.28
Mean model projection Pixel count 1317.5 2.03 0.02 0.25 1005.5 1.79 0.04 0.23

LGM projection
Amount of suitable area Pixel count 1337 2.19 0.01 0.26 1017.5 1.90 0.03 0.25

Sample size n = 92 (45 extant, 47 extinct) n = 81 (43 extant, 38 extinct)

Results are provided from tests using species with ≥ two and ≥ three spatially unique occurrences at 1.25° resolution. The effect size (r) is moderate across
the analyses, with the exception of the smaller effect sizes for FN breadth. All significant results are still significant when correcting for multiple
comparisons applying a Holm–Bonferroni correction for the lowest and second-lowest P-value for each estimation method. Abbreviations as follows:
CPH, minimum volume complex polyhedron; LTP, least training presence threshold method; mean niche model, mean suitability threshold method;
MVE, minimum volume ellipsoid; PCA, principal component analysis.

Table 2 Univariate binary logistic regression results for each of the parameters.

Analysis

Calculation

method Units

Log

transformed? β SE β
Wald’s

z-statistic P-value eβ

FN breadth
Mean niche model CPH PCA volume Yes −1.37 0.76 −1.81 0.07 0.25
Mean niche model MVE PCA volume Yes −1.31 0.78 −1.69 0.09 0.27

RN breadth
Occurrences CPH PCA volume Yes −0.31 0.13 −2.45 0.01 0.73
Occurrences MVE PCA volume Yes −0.27 0.12 −2.23 0.03 0.76
LTP niche model CPH PCA volume Yes −0.91 0.39 −2.33 0.02 0.40
LTP niche model MVE PCA volume Yes −0.93 0.47 −2.00 0.05 0.39
Rarefaction Distance PCA distance No −1.01 0.51 −1.99 0.05 0.36

Geographic area
Polygons analyses Area km2 Yes −0.86 0.31 −2.82 0.00 0.42
Mean model projection Pixel count No. No −0.01 0.00 −2.22 0.03 0.99

LGM projection
Amount of suitable area Pixel count No. No −0.02 0.01 −2.21 0.03 0.98

All analyses were conducted in R for those species with ≥ two spatially unique occurrences. The majority of the variables were log-transformed (indicated
by the ‘Log transformed?’ column) in order to conform to the assumption of linearity of the independent variables and the log odds. All previously
significant results remained significant if a Holm-Bonferroni correction is applied to the lowest P-value for each estimation method, with the exception
of suitable area remaining during the Last Glacial Maximum (LGM). Abbreviations as follows: CPH, minimum volume complex polyhedron; FN,
fundamental niche proxy; LTP, least training presence threshold method; mean niche model, mean suitability threshold method; MVE, minimum
volume ellipsoid; PCA, principal component analysis; RN, realized niche proxy.

E. E. Saupe et al.

Global Ecology and Biogeography, 24, 1159–1169, © 2015 John Wiley & Sons Ltd1164



We tested four hypotheses with respect to the FN, RN, geo-

graphic range size, and amount of suitable area available during

the LGM. All previously-significant tests remain significant

for the lowest and second-lowest P-value for each estimation

method applying a Holm–Bonferroni correction (Holm, 1979).

We further stress-tested our results by running all analyses using

only species with ≥ three spatially unique occurrences at 1.25°

resolution. Again, all previously-significant results remain sig-

nificant using this reduced set of taxa, although significance

declines when accounting for multiple comparisons (see ‘≥ 3

occurrences’ results in Table 1). In general, effect sizes for our

analyses are moderate or close to moderate (Table 1), with the

exception of the FN breadth proxies, which are smaller.

Binary logistic regressions

We performed both multivariate and univariate binary logistic

regressions. The univariate analyses are congruent with the pat-

terns observed in the Mann–Whitney U-tests: all parameters

influence species’ survival, with the exception of the FN proxies

(Table 2). All previously-significant results remain significant

when a Holm-Bonferroni correction is applied to the lowest

P-value for each estimation method, with the potential excep-

tion of suitable area remaining during the LGM.

Conversely, analyses considering multiple variables are not

significant (Table S7), with the smallest AIC values obtained for

the model including only geographic range size (Table S6). The

reduced statistical power for the multivariate analyses is likely a

function of high multicollinearity among the variables, docu-

mented by the Variation Inflation Factor (VIF) in Table S7.

Excessive correlation among variables can prevent identification

of an optimal set of explanatory variables for a model and

increase the likelihood for type II errors.

Hierarchical partitioning

When such correlation is unpacked using hierarchical partition-

ing, geographic range size produces the strongest independent

effect (55%), regardless of the estimation method used for the

four variables (Fig. 2). Following geographic range size, the RN

(21%) or the amount of suitable area remaining during the

LGM (20%) produces the strongest effect, dependent on

whether the RN is measured directly from the geographic

imprint of a species or from the niche model results, respectively

(Fig. 2). Significant independent effects are obtained only for

geographic range size (P < 0.05), irrespective of the estimation

method used for the four variables. The smallest independent

effects are obtained for the FN (< 10%) (Fig. 2).

DISCUSSION

Our hypothesis that extant species have greater FN breadth

proxies than extinct species was not strongly supported. Indeed,

FN breadth appears to be loosely decoupled from geographic

range size, with only the latter a significant predictor of extinc-

tion risk. By contrast, the RN emerged as a predictor of extinc-

tion in the univariate analyses, as did geographic range size and

the amount of suitable area lost during the LGM. These results

suggest that the environmental breadth occupied by a species

(i.e. RN) may provide a greater buffer against extinction than

potential tolerance limits (i.e. the FN). That is, no significant

difference seems to exist in the size of FN breadth proxies

between species that are still extant and those that went extinct.

Rather, the ability of species to actually fill their potential
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Figure 2 Hierarchical partitioning showing independent effects
of niche breadth and range size variables on extinction patterns,
expressed as the percentage of the total variance explained. The
top panel shows variance explained when the realized niche (RN)
was measured directly from the geographic imprint of a species,
whereas the bottom panel shows variance explained when the RN
is measured from niche model results. These two patterns hold
across all other variable permutations. The asterisk denotes
significance at the P < 0.05 level. Abbreviations as follows: FN,
fundamental niche proxy; LGM, Last Glacial Maximum; LTP, least
training presence threshold method; MVE, minimum volume
ellipsoid; RN, realized niche proxy.
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suitable area seems to provide extinction resistance, which is a

function of both the dispersal ability of a species and biotic

interactions.

Of course, the relative effect of these variables on extinction

resistance is confounded by their lack of independence. As

expected, measures of niche breadth and geographic range size

strongly co-vary (Fig. S3). Ultimately, species’ geographic

ranges are controlled by complex interactions among the FN,

dispersal over heterogeneous landscapes, and biotic interac-

tions. Disentangling the effect of these variables is challenging

(Peterson et al., 2011; Harnik et al., 2012; Nürnberg & Aberhan,

2013), yet hierarchical partitioning analyses suggest significant

effects only for geographic range size and, not, as originally

expected, for measures of niche breadth or environmental

occupancy.

Taken together, broad geographic range size appears to be the

primary variable that confers extinction resistance, but not

solely because species with broad ranges have inherently broader

environmental tolerances. Being a generalist or specialist sensu

stricto appears secondary to the unique historical, dispersal, and

biotic constraints that dictate a species’ occupation of geo-

graphic space and suitable environments at a particular time.

Therefore, large geographic range size seems to provide extinc-

tion resistance primarily as a consequence of buffering: any

potential calamity is unlikely to impact the entirety of a species

with a large geographic footprint. This argument is congruent

with previous studies that find that geographic range plays a

primary role in determining extinction, whereas habitat breadth

plays a secondary role (e.g. Harnik et al., 2012). This argument

also invokes the assumption that species are often in disequilib-

rium with the environment (Varela et al., 2009) (Fig. S2).

The results herein are congruent with previous studies that

find evidence for a positive relationship between proxies

of realized niche breadth (Kammer et al., 1997; Nürnberg &

Aberhan, 2013) and geographic range size (Kiessling & Aberhan,

2007; Harnik et al., 2012) with taxon longevity and survivorship,

and with those that identify population dynamics, dispersal

ability, and biotic factors as important for estimating extinction

risk (Araújo & Luoto, 2007; Van der Putten et al., 2010; Fordham

et al., 2013).

Study considerations

We focused on the impact of niche breadth and geographic

range size on extinction patterns in Pliocene to Recent Western

Atlantic mollusks. Other factors, however, may have also dic-

tated extinction patterns. For instance, nutrient declines have

been implicated in biotic turnover during this time (Allmon,

2001). Declining nutrient levels may have been associated with

the Pliocene formation of the Central American Isthmus and the

concomitant changes in oceanic circulation (Allmon, 2001).

Although we found that both geographic range size and the RN

are predictors of extinction risk, our results do not exclude

nutrient decline as a significant factor in observed biotic

turnover.

It is important to recognize that, as with any paleontological

or modern ENM analysis, sampling biases may lead to incorrect

geographic range and niche breadth estimates. The results,

however, withstand more stringent rules for species’ prevalence

(≥ two and ≥ three occurrences). Sampling bias may also affect

the taxa included in our analysis in that species with genuinely

small FNs may not be detectable in the fossil record. Exclusion of

these species may explain why the FN was not recovered as a

significant predictor of extinction risk. That being said, we con-

sidered species with both very small and very large geographic

range sizes (644 to 691,023 km2) and niche volumes (40.6 to 560

and 14.7 to 192 for MVE and CPH calculations, respectively). In

general, the frequency distribution for species’ prevalence is

similar to that for extant taxa (Gaston & He, 2002), suggesting

our data are commensurate with neontological data sources

(Fig. S1). There was an equal probability of sampling both

extinct and extant taxa in Pliocene strata, with no ready expla-

nation for why niche breadth and geographic range size esti-

mates would be biased with respect to taxa that are now extinct

or are still extant.

Data from this study derived from one time slice, the mPWP.

Analyses that consider only a snapshot of a species’ lifetime –

including studies focused on the Recent – may be biased by

age-area effects. For example, species that originated more

recently may have yet to achieve full distributional extent,

whereas older species may have artificially shrunken distribu-

tions if they were nearing extinction. Spurious results may be

obtained if one of the two groups we considered – still-extant

and now-extinct species – contained a greater proportion of

younger species. No such biases appear to plague our dataset,

however, since origination times did not vary dramatically

between species that went extinct and those that survived.

Studied species originated anywhere from the Miocene to the

Pliocene, irrespective of whether they are now extinct or still

extant. Furthermore, species that went extinct primarily sur-

vived past the late Pliocene and early Pleistocene, indicating

their decline was not initiated during the mPWP.

CONCLUSIONS

Our results aim to assess the factors that contribute to extinction

risk by focusing on the Neogene history of mollusks from the

Western Atlantic. For the taxa and time period considered, geo-

graphic range size appears to play a leading role in dictating

survival. In particular, geographic range size serves as a buffer to

extinction distinct from species’ fundamental tolerance limits.

This information may be useful as we consider the massive

biodiversity losses predicted in the coming decades (Tewksbury

et al., 2008; Barnosky et al., 2012). Macroevolutionarily, the

argument that specialist species have higher extinction (and

origination) rates still holds (McKinney, 1997; Nürnberg &

Aberhan, 2013) but must be tempered by additional factors,

such as ease of dispersal to suitable environmental areas and

biotic interactions such as competition.

We could not document a highly significant impact of FN

proxies on extinction probabilities. Estimation of the FN

E. E. Saupe et al.
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remains difficult, and our method probably provides a lower-

bound estimate on FNs. In addition, relationships between

the FN, RN, and geographic range size are complex, and more

information, including that pertaining to ecological parameters

such as competition and dispersal abilities, may be required to

produce a truly synthetic view of the factors driving such

macroevolutionary patterns. Finally, results from other taxa and

time periods are needed to assess whether the patterns docu-

mented here apply more broadly.
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