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referred to here as ‘extinction selectivity’, is de�ned as
the identi�cation of traits that distinguish taxa that go
extinct from taxa that survive across a particular extinc-
tion event or time interval (Lockwood, 2008).

Much of what we know about extinction selectivity
in the marine realm is derived from the rich fossil
record of benthic marine invertebrates. Paleontological
studies provide empirical support for the in�uence of a
number of biological factors on extinction selectivity
over the >500-million-year history of skeletonized mar-
ine animals (e.g., Jablonski, 2005; Kiessling & Aberhan,
2007; Knoll et al., 2007; Liow, 2007; Payne & Finnegan,
2007; O’Dea & Jackson, 2009; Simpson & Harnik, 2009;
Crampton et al., 2010; Finnegan et al., 2012; Harnik
et al., 2012b). The extent to which biological characteris-
tics have in�uenced extinction selectivity, and changes
in environmental state have ampli�ed or weakened
these effects, is valuable information for predicting
extinction selectivity given future environmental condi-
tions (Harnik et al., 2012a; Bloiset al., 2013). Quantita-



infaunal life habit may be advantageous under normal
geochemical conditions, when predation pressure on
epifaunal organisms can be intense (Stanley, 1977, 1982,



Calculating extinction selectivity

To calculate the log-odds ratio (Mantel & Haenszel, 1959;
Cooper et al., 2009), we began with a 2 9 2 matrix describing
the number of preserved and sampled species going extinct or
surviving in either trait category. For example, a taxon is
either epifaunal or infaunal and can either go extinct or sur-
vive. The odds ratio of extinction selectivity is the ratio of the
probability of survival ( p1) and extinction (1 � p1) in one trait
category divided by the ratio of survival ( p2) and extinction
(1 � p2) in the other trait category. The extinction log-odds
ratio (OR) is de�ned as:

lnðORÞ ¼ln
p1=ð1 � p1Þ
p2=ð1 � p2



several important extinction events (e.g., Ordovician –Silurian,
Late Permian events) are associated withd34S excursions.

http://paleodb.org
https://github.com/jebyrnes/ext-meta
https://github.com/jebyrnes/ext-meta


con�dence interval (CI) = 0.84–1.25, (odds ratio: 2.8,
95% CI = 2.3–3.5)). When pooled across intervals char-
acterized by different environmental conditions, there
is no signi�cant difference in extinction selectivity
according to life habit (Figs 1b, 3; estimate of log-odds
ratio = � 0.06, 95% CI= � 0.32–0.20).

The variation in log-odds ratios throughout the Phan-
erozoic (Fig. 1a) suggests that the importance of geo-
graphic range in promoting survivorship may vary
across different extinction events or geological stages,
but not with any discernible trend through time
(Fig. 1a). We did not �nd strong evidence for an effect of
observed extinction rate on geographic range or life-
habit extinction selectivity (Figs 1, 4; Table S4). Our
meta-regression shows no statistically signi�cant rela-
tionships between geographic range selectivity and
environmental proxies (Fig. 4a; Table S4a). Although the
relationship with d34S is borderline statistically signi�-
cant (estimate of log-odds ratio: � 0.07, 95% con�dence
interval (CI) = � 0.13–0.001), it does not alter the direc-
tion of selectivity (i.e., although extinction selectivity
appears to weaken slightly, broad-ranging taxa are still
signi�cantly more buffered from extinction than narrow
taxa within the observed range of d34S, see Fig. S3).

In contrast, we found some evidence suggesting a
weak relationship between environmental conditions
and the selectivity of extinction with respect to life habit

(Fig. 4b, Table S4b). Our data show a signi�cant
positive association between d18O and epifaunal
survivorship (Fig. 4b). Accounting for all other predic-
tors, decreases ind18O (tied to climate warming) corre-
sponded to preferential infaunal survivorship;
increases in d18O (tied to climate cooling) were associ-
ated with less selectivity (Fig. 5a; log-odds ratio: 0.42,
95% CI = 0.03–0.81). We used the detrended residuals
of d18O to account for the long-term Phanerozoic trend
toward heavier values, which is controversial and
poorly understood (Jaffr �es et al., 2007). These residuals
yielded even stronger results (Fig. 5b; Table S5b), such
that increases in detrended d18O (tied to climate cool-
ing) corresponded to preferential epifaunal survivor-
ship. Once again, decreases in detrendedd18O (tied to
climate warming) corresponded to preferential infaunal
survivorship (Fig. 5b; log-odds ratio: 0.52, 95%
CI = 0.14–0.90). We did not �nd strong evidence that
life-habit selectivity was correlated with changes in d34S
or ocean acidi�cation (Fig. 4b, Table S4b), or displayed
any speci�c trend through time (Fig. 1b).

Discussion

Our meta-analysis reveals remarkable consistency in
the link between geographic range and extinction selec-
tivity throughout the past 500 million years. On aver-
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extinction of spatially restricted endemics. However,
endemic taxa restricted to high latitudes may be effec-
tively trapped, unable to shift range when biogeo-
graphic boundaries migrate (Parmesan, 2006; Cheung
et al., 2009). Direct and indirect effects of climate
change, therefore, may not additively drive extinction
selectivity in any one direction and the strength of
selectivity may change in different regions.

Associations between fossil diversity and environ-
mental conditions are frequently assessed using glob-
ally averaged environmental proxies (Peters & Foote,
2002; Mayhew et al., 2008; Hannisdal & Peters, 2011;
Peters et al., 2013), although the residence times and
expected geographic and environmental variability of
the relevant proxies vary considerably. In this study,
extinction selectivity data are drawn from spatially
regional to global and temporally discrete to averaged
extinction events, whereas all environmental proxy
data are global (or low latitude in distribution) and
averaged over millions of years within each geologic
stage. It is therefore possible that our �nding that geo-
graphic range selectivity does not vary with environ-
mental conditions may re�ect some mismatch of
temporal and spatial scale between our extinction and
environmental proxy data. We found no evidence that
either geographic scope (i.e., regional vs. global studies)
or temporal resolution (i.e., single vs. multi-stage stud-
ies) signi�cantly affected geographic range effect size in
our meta-analysis. Nevertheless, it is important to bear
in mind that our spatially and temporally averaged



could address this by contrasting in detail the physio-
logical responses of infaunal and epifaunal bivalves to
different environmental regimes.

Several of the data points that display low residual
log-odds ratios and low d18O values (i.e., that anchor
the lowest left quadrant of Fig. 5a) are derived from the
Knoll et al.’s (2007) study of the Late Permian time
interval. When this study is removed from the analysis,
the relationship between d18O and selectivity weakens
(Fig. S1, compare to Fig. 4b). Although a link between
CO2 tolerance and infaunality is often referred to in the
literature (Knoll et al., 1996, 2007), few empirical studies
exist to support it (Widdicombe et al., 2011). In fact,
Clapham & Payne’s (2011) work on the Changhsingian
(End Permian) extinction suggests that infaunal bival-
ves may have experienced greater extinction during the
latest Permian than epifaunal bivalves. Despite this, the
inclusion of the Knoll et al. (2007) study in this meta-
analysis is warranted because (i) it is one of the few
studies focusing on the intervals before and during a
particularly catastrophic event and (ii) the studies tar-
geting the time interval that follows (Triassic; McRo-
berts & Newton, 1995; Hautmann et al., 2008) yield
similar results. Until we have a better understanding of
the physiological response of mollusks living below
and above the sediment–water interface, especially to
hypercapnia vs. anoxia, it may be dif�cult to interpret
these results in detail.

When extinction selectivity is tracked across the
Phanerozoic, our meta-analysis reveals no statisti-
cally signi�cant trend in selectivity according to life
habit. There is, however, a slight tendency for
extinction selectivity to shift from preferential survi-
vorship of infaunal taxa in the late Paleozoic to
preferential survivorship of epifaunal taxa in the
early Mesozoic and then back to preferential survi-
vorship of infaunal taxa in the late Mesozoic or
Cenozoic. The timing of this second shift may coin-
cide with the Mesozoic marine revolution (Vermeij,
1977, 1987), a radiation of shell-crushing and boring
predators that begins in the Late Triassic and is
purported to lead to a decrease in the ratio of epi-
faunal relative to infaunal prey species by the Creta-
ceous (Thayer, 1979; Aberhanet al., 2006; Bush et al.,
2007; Tackett & Bottjer, 2012). Epifaunal bivalves,
along with brachiopods, crinoids, and gastropods,
are thought to have been heavily preyed upon
throughout the Mesozoic marine revolution, driving
the bivalves to invade deeper burrowing niches
(Tackett & Bottjer, 2012). Unfortunately, the lack of
extinction selectivity studies focusing on the mid-
Jurassic to the Late Cretaceous makes this impossi-
ble to test using our current dataset.

Despite large differences in spatial and temporal
scaling of extinction in ancient and modern oceans,
our meta-analysis demonstrates that the predictors of
selectivity can be effectively gleaned from 500 mil-
lion years of earth history. Many of the environmen-
tal changes that are predicted to occur in the near
future (e.g., ocean acidi�cation, global climate
change) have occurred multiple times in the past.
The record of these past events provides conserva-
tion and global change biologists with opportunities
to observe biotic responses and, in particular, pat-
terns of extinction selectivity. The extent to which
these patterns vary with environmental conditions
provides useful data for models seeking to predict
which organisms will go extinct in response to spe-
ci�c environmental changes. The crucial role that
geographic range plays in survivorship of fossil mar-
ine organisms, regardless of environmental state,
emphasizes that the preservation of range size
should be a key priority in conservation (Mace et al.,
2010). As nations struggle to support marine pro-
tected areas (MPAs) that cross international borders,
the maintenance of overall range size, and connectiv-
ity among ranges, will only increase in importance
(Wells & Day, 2004; Mof�tt et al., 2011; Berumen
et al., 2012; Day & Dobbs, 2013). The fact that geo-
graphic range is an accurate predictor of extinction
over geologic time, regardless of environmental con-
ditions, also supports its widespread use as a proxy
for extinction selectivity by agencies such as the
International Union for the Conservation of Nature
(IUCN, 2014; see for example Cassini, 2011) and
stresses the importance of targeting narrow-ranging
taxa in conservation policymaking.
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