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Abstract
1.	 A key challenge in conservation biology is that not all species are equally likely 
to go extinct when faced with a disturbance, but there are multiple overlapping 
reasons for such differences in extinction probability. Differences in species ex-
tinction risk may represent extinction selectivity, a non‐random process by which 
species’ risks of extinction are caused by differences in fitness based on traits. 
Additionally, rare species with low abundances and/or occupancies are more likely 
to go extinct than common species for reasons of random chance alone, that is, 
bad luck. Unless ecologists and conservation biologists can disentangle random 
and selective extinction processes, then the prediction and prevention of future 
extinctions will continue to be an elusive challenge.

2.	 We suggest that a modified version of a common null model procedure, rarefac-
tion, can be used to disentangle the influence of stochastic species loss from se-
lective non‐random processes. To this end we applied a rarefaction‐based null 
model to three published data sets to characterize the influence of species rarity 
in driving biodiversity loss following three biodiversity loss events: (a) disease‐as-
sociated bat declines; (b) disease‐associated amphibian declines; and (c) habitat 
loss and invasive species‐associated gastropod declines. For each case study, we 
used rarefaction to generate null expectations of biodiversity loss and species‐
specific extinction probabilities.

3.	 In each of our case studies, we find evidence for both random and non‐random 
(selective) extinctions. Our findings highlight the importance of explicitly consid-
ering that some species extinctions are the result of stochastic processes. In other 
words, we find significant evidence for bad luck in the extinction process.

4.	 Policy implications. Our results suggest that rarefaction can be used to disentangle 
random and non‐random extinctions and guide management decisions. For exam-
ple, rarefaction can be used retrospectively to identify when declines of at‐risk 
species are likely to result from selectivity, versus random chance. Rarefaction 
can also be used prospectively to formulate minimum predictions of species loss 
in response to hypothetical disturbances. Given its minimal data requirements and 
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1  | INTRODUC TION

Why do some species go extinct when faced with a disturbance, 
while others persist? This question is fundamentally an issue of ex-
tinction selectivity (Payne, Bush, Heim, Knope, & McCauley, 2016). 
Extinction selectivity results when some taxa have higher extinc-
tion probabilities than others, for example, as caused by mismatches 
between species’ traits and the environment ('fair game extinction', 
Raup, 1994; 'Darwinian extinction', Webb, 2003). If species pheno-
types are responsible for these differences in extinction probability, 
then extinction selectivity may reveal traits that are causally asso-
ciated with risk of extinction (e.g. Boyer, 2010; Chiba & Roy,2011a). 
Ultimately, identifying such causal relationship can help predict risk 
of extinction for extant taxa faced with similar threats (Payne et al., 
2016), leading to more efficient and effective allocation of scarce 
conservation resources.

A significant complication to identifying extinction selectiv-
ity is that not all differences in extinction probability are caused by 
trait selectivity, but rather are the result of random chance (Hedrick, 
Lacy, Allendorf, & Soulé, 1996; Lande, 1993; Raup, 1981, 1994, 1992; 
Shaffer, 1981). This leads to confusion as to whether extinctions are 
truly associated with a suite of particular traits, or rather are the result 
of bad luck. For example, for low abundance or endemic populations 
that happen to exist where and when a significant disturbance occurs, 
it may be impossible to tell if an extinction was the result of trait‐based 
selectivity, or if the rare species was simply ‘at the wrong place at the 
wrong time’ (Raup, 1981, 1994). This may be a common issue; analyses 
have found that many modern extinctions are of endemic, small‐range, 
and low‐abundance species (Boyer, 2010; Chiba & Roy 2011a,b; Lips, 
Reeve, & Witters, 2003; Smith, Lips, & Chase, 2009). Did these extinc-
tions occur simply because the species were rare and subject to sto-
chastic extinction, or because of true trait‐based extinction selectivity?

We suggest that the importance of random chance in the ex-
tinction process, while recognized, may be underestimated. In the 
worst case, if random chance is not taken into account, stochastic 
extinctions may be erroneously classified as having been caused by 
trait‐based, selective processes. While it is unlikely that patterns of 
modern extinction are strictly the result of random processes (Smith 
et al., 2009), it is clear that population abundance and range size 
vary dramatically among taxa (e.g. Rabinowitz, 1981). As a result, 
we should expect large variation in extinction probability and rate 
among taxa owing to random chance alone, even when environ-
mental disturbances are relatively uniform and themselves random. 
This suggests an important question for studies aiming to identify 
and explain extinction selectivity: How can we determine when 

extirpations and extinctions are the result of trait‐based selectivity, 
and not the result of the interaction between a stochastic distur-
bance and differences in abundance or range size?

We propose that research on extinction selectivity among taxa 
would benefit from the use of more informative null hypotheses for 
species extinctions. To this end we describe a modification of a well‐
established, simulation‐based null‐model method, rarefaction, and 
its application to the study of extinction selectivity. The outputs of 
our analysis are expected numbers of extinctions and random ex-
tinction probabilities (pe), which can be used to inform conservation 
decision‐making via an explicit consideration of whether observed 
extinctions were likely to have occurred as the result of random 
chance alone (e.g. a high pe). In this paper, we describe our mod-
ification of rarefaction for this purpose and apply this analysis to 
three case studies of biodiversity decline, extirpation and extinc-
tion events to illustrate our approach's application, interpretation, 
strengths and limitations.

1.1 | Rarefaction as a null model for extinction

Although it was not designed for this explicit purpose, rarefaction 
can be modified to assess random extinction probabilities among 
taxa with different abundances or spatial occupancies. As typi-
cally used in ecological studies, rarefaction produces estimates of 
expected species richness such that larger species assemblages, 
habitats, or communities with more individuals can be compared to 
smaller communities with fewer individuals (Gotelli, 2001; Gotelli & 
Colwell, 2001; Gotelli & Graves, 1996; Simberloff, 1972). Rarefaction 
is a backward simulation down a species accumulation curve and 
is an explicit test of the degree to which random sampling effects 
alone cause differences in species richness among sites or communi-
ties. Rarefaction eliminates the influence of these random sampling 
effects (Gotelli & Colwell, 2001), allowing for more rigorous identi-
fication of non‐random selective effects (sensu Vellend, 2010) such 
as competition, predation, or environmental change.

Within the context of biodiversity loss and extinction, we pro-
pose using rarefaction to compare a species assemblage to itself, 
before and after a significant disturbance or biodiversity loss event 
that causes a reduction in assemblage size. This is a minor conceptual 
change to how rarefaction is applied. When applied this way, rarefac-
tion estimates the effects of the random loss of individuals and pro-
duces as an output the expected number of species in the smaller (i.e. 
post‐disturbance) community. A further modification to rarefaction 
procedures is the conversion of this output to its complement, the 
expected number of extirpations or extinctions, assuming a random 

familiarity among ecologists, rarefaction may be an efficient and versatile tool for 
identifying and protecting species that are most vulnerable to global extinction.
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loss of individuals from a species assemblage (Figure 1a). This output 
can be used as a null model for extinction. When significantly more 
species are lost from an assemblage than expected, this provides 
strong evidence that some of the species losses associated with the 
disturbance are statistically unexpected, non‐random, and therefore 
selective (Smith et al., 2009; Woods, Biro, Yang, & Smith, 2016).

We also made a more substantive modification to rarefaction, 
with the goal of identifying unexpected extinctions, that is, species 
with low random extinction probabilities, pe, that were nonetheless 
driven extinct. Specifically, for a given decline from npre to npost indi-
viduals (where npre > npost) at a location, each individual rarefaction 
simulation results in a rarefied species richness Srarefied, which is al-
ways ≤ Soriginal. The individual species that occur in Soriginal but not 
Srarefied represent stochastic extirpations/extinctions. From these 
principles, we define the random probability of local extinction, peL(i) 

for each species i as the proportion of rarefaction runs that result in 
an abundance of zero (local extinction) for species i. This approach 
can be extended to a network of locations (a multi‐site region), al-
lowing for the calculation of peR(i), the random probability of regional 
extinction of species i from all sites in the study region. These calcu-
lated pe values explicitly reflect the influence of species abundance 
and range size on extinction probability (Figure 1b) and can be used 
to assess agreement or disagreement between stochastic extinction 
probabilities and observed extinctions.

2  | MATERIAL S AND METHODS

2.1 | Data overview

We used data from three real‐life disturbance events in which there 
was an observed decline of biodiversity and for which biodiversity 
data were collected both before and after the disturbance. Here, we 
use the term ‘disturbance’ in a broad sense to include abiotic or bi-
otic changes leading to dramatic biodiversity change over ecological 
timescales, including for example, habitat loss, invasive species, and 
emergent pathogens. We compared pre‐decline and post‐decline 
datasets in the form of species‐by‐site matrices, which contained 
either presence/absence or abundance data for communities as-
sessed prior to and following an absolute reduction in total number 
of individuals. If data were only available at a single site, our analy-
ses required abundance data to perform individual based rarefac-
tion (Figure 1a,b). If the data included multiple sites, however, then a 
sample‐based rarefaction could be used to assess regional selectiv-
ity using only presence/absence data. We demonstrate both cases in 
our analyses. Importantly, because rarefaction is explicitly designed 
to correct for discrepancies in sampling effort between communi-
ties, we were able to compare sampling periods in which the pre‐
disturbance and post‐disturbance survey effort differed (Heck, van 
Belle, & Simberloff, 1975; Hurlbert, 1971). We provide a summary of 
our three datasets in Table S1.

2.2 | Rarefaction analyses

We developed a rarefaction‐based null model using R (R Core Team, 
2018) to characterize the role of random processes in each of our 
case study extinction events. Each rarefaction analysis consisted 
of 1,000 iterations of the repeated random subsampling of a com-
munity from Npre to Npost individuals, where each iteration of the 
rarefied community at Npost was stored in the column of a spe-
cies × simulation output matrix. We then derived null‐expected (rar-
efied) species abundances, Srarefied, and pe values from this output. 
We additionally calculated a probability of observed decline, pOD, 
which represents the proportion of times a species was simulated 
through rarefaction to undergo its observed decline or a more ex-
treme decline. pOD allows for the identification of non‐random de-
cline when a species did not go extinct but exhibited greater than 
expected declines in abundance, another form of ecological selec-
tivity. Srarefied and pe values can also be derived from the package 

F I G U R E  1   (a) Graphical representation of rarefaction‐based 
null model for a simulated community of 30 species. Under the 
assumptions of the null model, species loss is dictated solely 
by the random removal of individuals. Rarefaction predicts a 
post‐disturbance species richness of 28.9 species (a loss of one 
species) following a 50% loss of individuals in the community. (b) 
Relationship between species extinction probability and species 
abundance, based on simulated data for a community of 30 species 
drawn from a log series. Each point represents the null‐expected 
extinction probability for a species based on its abundance alone. 
Extinction probabilities were calculated via rarefaction, simulating 
the effects of a random loss of 50% of the individuals in the original 
community. Rare species have high random extinction probabilities 
that quickly decline as abundance increases
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vegan in R (Oksanen et al., 2019). Within vegan, the rarefy() function 
provides expected species richness when given a community matrix 
and a sample size. In our case, this expected species richness can be 
viewed as null‐expected post‐disturbance richness. Probabilities of 
species occurrence can be obtained from the function drarefy(); in 
the context of extinction, pe is calculated simply by taking the com-
plement 1 − probability of occurrence. These are the random prob-
abilities that species do not occur following a disturbance, that is, 
random extinction probabilities. We calculated Srarefied and pe values 
at both the local (peL) and regional scales (peR; among several sites) 
when appropriate. We provide example code demonstrating the use 
of our model as Supporting Material.

3  | RESULTS

3.1 | Bat declines associated with white nose fungus

We analysed generalized bat declines associated with the spread of 
the fungal infection white‐nose syndrome (WNS; Francl, Sparks, & 
Brack, 2012a,2012b). WNS has led to the rapid decline of popula-
tions of several species of hibernating bats in the eastern United 
States, especially in the genus Myotis (Blehert et al., 2009; Verant 
et al., 2018). Species that were once widespread throughout North 
America now face local and regional extinction in WNS‐epizootic 
areas (Frick et al., 2010; Warnecke et al., 2012). WNS is caused by 
the fungus Pseudogymnoascus destructans and affects many, but not 
all, North American bat species (Francl, Sparks, Brack, & Timpone, 
2011; Verant et al., 2018). Given the breadth and magnitude of ef-
fects of WNS on bat populations, a better understanding of this 
pathogen's taxonomic selectivity may help understand its past im-
pacts and predict future effects in new locations and taxa.

The data we use are abundance data in the form of captures 
via mist‐netting, collected before and after WNS emerged in West 
Virginia (Francl et al., 2011). We calculated expected post‐epizootic 
abundances for each species (Table 1) as well as pOD and peL values 
(ST1). Based on rarefaction, the observed reduction in bat abun-
dance from the original sample size of 11,734 bats corresponds to 
an expected loss of only 0.9 species. In contrast to this prediction, 
three species were not recorded in the post‐WNS survey, suggest-
ing local extirpation or dramatic decline of these species (Table 1). 
Furthermore, four species (Myotis leibii, M. lucifugus, M. septentri‐
onalis, and Perimyotis subflavus) experienced greater declines than 
predicted by the null model (pOD = .002, 0, 0, 0, respectively), sug-
gesting that these species may be particularly susceptible to the 
WNS pathogen and are experiencing trait‐based, selective declines, 
despite still being present at observable abundance. Two species 
(Eptesicus fuscus and Lasiurus borealis) were more abundant than ex-
pected by chance, suggesting some degree of selective tolerance or 
resistance to WNS by these species (Table 1).

This case study highlights a simple example of rarefaction's 
potential utility for analysing extinction selectivity during decline 
events. Rarefaction is conventionally used to correct for discrepan-
cies in sampling effort to allow for comparisons of species richness 
across communities. Unequal sampling effort is a potential roadblock 
to analysing species decline, especially when post‐decline sampling 
effort is less than pre‐decline effort, as was the case in Francl et al. 
(2012a,b). Rarefaction helps address this complication. Half of the 
pre‐decline bat species underwent greater declines than would be 
expected based on the smaller sample alone, suggesting an import-
ant role for taxonomic selectivity in WNS (Table 1). Notably, these 
findings confirm previous observations that species in the genus 
Myotis and Perimyotis are especially susceptible to the disease, which 

TA B L E  1  Comparison of simulated to observed declines in West Virginia bat species

Species
Pre‐white‐nose syndrome 
(WNS) abundance

Simulated post‐WNS 
abundance (95% CI)

Observed post‐
WNS abundance Interpretation

Corynorhinus towsendii 
virginianus

130 14.1 (7, 21) 0 Unexpected extirpation

Eptesicus fuscus 1,349 149.7 (129, 171) 433 More abundant than expected

Lasionycteris noctivagans 84 9.2 (4, 15) 0 Unexpected extirpation

Lasiurus borealis 1,297 143.4 (122, 165) 332 More abundant than expected

Lasiurus cinereus 148 16.4 (9, 24) 14 —

Myotis leibii 151 16.6 (10, 24) 6 Less abundant than expected

Myotis lucifugus 2,966 328.4 (300, 356) 155 Less abundant than expected

Myotis septentrionalis 4,829 534.7 (502, 567) 314 Less abundant than expected

Myotis sodalis 36 4.0 (1, 8) 1 —

Nycticeius humeralis 1 0.1 (0, 1) 0 —

Perimyotis subflavus 742 82.5 (66, 99) 49 Less abundant than expected

Unknown 98 10.9 (5, 17) 6 —

Note: Simulated post‐disturbance abundances were the average rarefied species abundance across 1,000 simulations. Numbers in parentheses indi-
cate upper and lower bounds of 95% confidence intervals when applicable. Statuses in bold represent changes in abundance that were statistically 
improbable (pOD < .05) under assumptions of random processes.
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causes permanent and devastating tissue damage in these genera 
(Francl et al., 2011; Langwig et al., 2015; Reichard & Kunz, 2009). 
Importantly, our results also suggest the potential susceptibility of 
Corynorhinus townsendii virginianus, which is not generally recognized 
as vulnerable to the pathogen (Coleman & Reichard, 2014; Silvis, 
Perry, & Ford, 2016). Further, these results confirm recent findings 
that E. fuscus may have species‐specific, trait‐based resistance to 
WNS (Frank et al., 2014; Frank, Sitler‐Elbel, Hudson, & Ingala, 2018), 
as its abundance was greater than expected post‐decline.

3.2 | Amphibian chytrid and amphibians declines in 
a highly diverse community

We also analyse data documenting dramatic declines, extirpations, 
and extinctions of amphibians caused by the amphibian chytrid fun-
gus Batrachochytrium dendrobatidis (hereafter, Bd) in central Panama 
(Crawford, Lips, & Bermingham, 2010). The data include abundance 
data for amphibian species occurring in El Copé, Panama, collected 
throughout two sampling periods, one prior to the chytrid fungus 
epizootic (2000–2003) and one after (2007). Species lacking suffi-
cient abundance data were excluded from the analyses (see Table 
S3, Crawford et al., 2010). Crawford et al. grouped species into 
four categories based on the severity of each species’ decline be-
tween 2000–2003 and 2007 (Table S3, Crawford et al., 2010): Least 
Concern, Declined, Critical, and Extirpated. We compared these 
designations to our results based on pe and pOD values as produced 
by our rarefaction model. Our working hypothesis was that species 
with improbably large declines (i.e. low pOD values) should be among 
those of greatest conservation concern and likely represent species 
that are selectively susceptible to Bd.

Over the 8‐year sampling period, researchers identified 24 am-
phibian extirpations, while the rarefaction null model estimated only 
8.5 expected extirpations based on the magnitude of the decline 
(Figure 2). This large difference between the expected number of 
extinctions and the actual number suggests an important role for 
species‐specific susceptibility to Bd, a phenomenon that has been 
documented previously (Lips et al., 2003; Smith et al., 2009). Two fac-
tors could lead to there being more extinctions than expected based 
on population declines alone. First, common species with low null ex-
tinction probabilities may have been disproportionately susceptible 
to Bd, leading to unexpected extinctions. This was the case for three 
abundant species of Pristimantis, for example, P. podiciferus (125 in-
dividuals pre‐chytrid, pOD  =  .003) and P. puntariolus (877 individu-
als pre‐chytrid, pOD = 0), and P. vocator (47 individuals pre‐chytrid, 
pOD = .064). Each species had a low probability of observed decline 
(pOD) and yet they were extirpated nonetheless, providing clear ex-
amples of the selective nature of these extirpations; even high local 
abundance did not protect these species from extirpation. Second, 
although rare species are randomly expected to be more suscepti-
ble to extinction than common species, phenomena such as Allee 
effects and extinction thresholds can lead to even more extinctions 
than would be expected based on rarity alone. Therefore, although 
it is easier to detect selectivity in common taxa (e.g. Pristimantis as 

described above) and it is never truly unexpected when rare spe-
cies are extirpated, non‐random extinction may also take the form 
of more rare species extinctions occurring than would be expected.

In addition to comparing expected and observed numbers of 
extinctions, we hypothesized that species that were selectively 
susceptible to Bd, seen as low pOD values, should be those that 
are categorized as being at the greatest risk of extinction. Indeed, 
Crawford et al.’s categories of decline severity were statistically as-
sociated with pOD; lower pOD values were associated with more se-
vere designation by Crawford et al. (Figure 3; Kruskal–Wallace test: 
χ2 = 25.69, df = 3, p = .0005). Despite this pattern, species were ex-
tirpated across a wide range of pOD values. For example, Colostethus 
pratti (7 individuals pre‐chytrid, pOD = .675) and Pristimantis taeniatus 
(four individuals pre‐chytrid, pOD = .798) are two locally rare (in the 
context of the study) species that were extirpated, with concomi-
tantly high probabilities of observed decline, suggesting that their 
extirpation is not surprising, given their low original abundances 
and the large loss of individuals from El Copé. Colostethus pratti is a 
regionally abundant species and has an IUCN conservation priority 
rating of ‘Least Concern’ (Gagliardo et al., 2008). Without the explicit 
acknowledgement of its small local population size, it would be easy 
to conflate this loss with evidence of selective extinction, under the 
assumption that this was an extirpation of a widely abundant spe-
cies. Collectively, these results suggests that using pOD values may 
be an efficient way to quickly and objectively convert observed de-
clines into risk levels.

3.3 | Extinctions of endemic island gastropods

Our third case study focuses on extinction patterns among the 
endemic terrestrial gastropods of the Ogasawara archipelago 
(Bonin Islands) of Japan (Chiba & Roy, 2011a,b). Chiba and Roy 

F I G U R E  2  Comparison of expected species loss and 
observed species loss of amphibians in El Copé, Panama, after 
the introduction of chytrid fungus. Based on a total loss of 
13,879 individuals, the rarefaction‐based null model predicts a 
post‐disturbance community richness of 43.5 species. Instead, 
there were 28 species after chytrid fungus appeared at El Copé, 
indicating a loss of richness greater than would be expected by 
neutrally stochastic processes and suggesting an important role for 
selectivity in chytrid‐associated amphibian extirpations
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applied a trait‐based approach to identify extinction selectivity 
across two sampling periods (1987–1991 and 2004–2009). Unlike 
our previous case studies, the dataset does not include abun-
dance data, but rather an index of range size based on occupancy 
among 16 islands in the archipelago. We therefore adapt rarefac-
tion to these data by rarefying species richness on each island 
such that each species on each island has an equal local extinction 
probability (peL) defined by the proportion of species lost from 
that island. The product of our analysis was the probability of ex-
tinction at the regional level, peR, for each species (see Materials 
and Methods).

Across the two sampling periods, 25 of the original 96 species of 
gastropod disappeared from their entire range across the Ogasawara 
Islands (Chiba & Roy, 2011a,b). This is in contrast to the 17 regional 
extinctions predicted by rarefaction (Figure 4). Random extinction 
probability was a significant predictor of observed regional extinc-
tions, which were concentrated among low‐occupancy and endemic 
(single island) species (Figure 5; Logistic regression: OR  =  1.12, 
df = 95, p ~ 0). Although rarefaction underestimated the number of 
gastropod extinctions, extinctions were concentrated among spe-
cies with high peR values, that is, species with small range sizes that 
happened to overlap with high levels of disturbance (Figure 5). In 
contrast, widespread species with low predicted extinction proba-
bilities almost universally survived, at least on some islands, and are 
therefore still extant (Figure 5).

Unique to this case study was the use of rarefaction using in-
cidence data only. Although this requires the critical assumption 
of equiprobable local extinction probabilities for each species, we 
suggest that occupancy‐based data can be used with caution in 
the absence of abundance data, provided an appropriate spatial 
scale to perform sample‐based rarefaction (i.e. occupancy across 
sites is required). Rarefaction‐based peR values strongly corre-
spond with observed extinctions at the regional scale, suggesting 
an important role for occupancy/range size alone as a predictor 
of regional extinction in this system (Figure 5). We also find sig-
nificantly more biodiversity loss than predicted by rarefaction, 
providing evidence that selective extinctions were also occurring 
(Figure 4). These differences were relatively modest, however, 
with 68% of the observed extinctions consistent with predictions 
from random species loss from islands. This case study highlights 
the value of assessing stochastic biodiversity loss via a rarefac-
tion‐based null model; while both random and non‐random pro-
cesses drive patterns of extinction in a community, inferring the 
dominance of either factor without considering the interplay be-
tween the two may lead to less robust characterizations of species 
risks of extinction.

F I G U R E  3  Probability of amphibian species declines as defined 
by the null model compared to decline categories defined by 
Crawford et al. Probabilities of species declines are defined as the 
likelihood of a species undergoing its observed decline or a decline 
due to chytrid fungus more severe than expected assuming only 
the random loss of individuals. Decline categories are assigned by 
Crawford et al. (ST02) and are listed in order of decreasing severity. 
pOD differed significantly among decline category (Kruskal–Wallace 
test: χ2 = 25.69, df = 3, p = .0005); significant differences between 
groups are designated using different letters (Nemenyi‐tests). Error 
bars represent standard error

F I G U R E  4  Regional scaling of changes in gastropod richness 
caused by anthropogenic threats. Local species richness is the 
mean number of species occurring at each site (n = 16) observed 
prior to and after anthropogenic‐induced gastropod declines. 
Regional species richness is the total number of species that were 
present at any of the 16 islands. 95% confidence intervals are 
shown when applicable. Regional species richness was significantly 
lower in the post‐survey than would be expected assuming only 
stochastic extinction processes (expected richness: 79.06; 95% CI: 
74, 84; observed richness: 71)
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4  | DISCUSSION

If there is a first law of extinction, it is that rare species are more 
likely than common species to go extinct. This is a function of ran-
dom probability (e.g. figure 1 and Simberloff, 1986) but also logic: to 
become extinct, even common species must first pass through rarity. 
And yet although rarity and random chance contribute to extinction, 
species abundance alone does not explain all extinctions, particularly 
during severe disturbances (Barnosky et al., 2011; Jablonski, 1991; 
Lockwood, Ross, & Sah, 2003). This confluence of random (abun-
dance‐based) and non‐random (trait‐based) mechanisms of extinc-
tion contributes to the difficulty of predicting extinctions (e.g. Tracy 
& George, 1992). We addressed this challenge by applying rarefac-
tion to the study of extinctions. This approach allows us to generate 
null expectations for the number of extinctions based on abundance 
and random chance alone. These null expectations also allowed us 
to identify the signature of trait‐based extinctions, based on the ob-
served extinction of species with low random extinction probabilities 
(pe). We extended this process to identify species declines that were 
unexpectedly large, allowing for the identification of non‐random and 
putatively trait‐based declines of individual species. Across several re-
cent decline and extinction events, we find that although abundance 
and range size/occupancy do not fully explain patterns of extinction, 
stochastic processes play a prominent role in driving biodiversity loss, 
suggesting the disentanglement of stochastic and selective extinction 
events is necessary to evaluating species risk of extinction.

Our results confirm a primary role for stochastic processes in the 
extinction process, in that rare species are overwhelmingly likely to 
be the ones lost to extirpation or extinction as a result of ecological 

disturbances. In some ways, this is an unsurprising result that is con-
sistent with global patterns of extinctions, which are dominated by 
rare species (Davies, Margules, & Lawrence, 2004; Diamond, 1989; 
Wood et al., 2017). While the importance of rarity to extinction is 
well known (Hedrick et al., 1996; Lande, 1993; Raup, 1981, 1992; 
Shaffer, 1981, 1994), the importance of stochastic extinction to spe-
cies conservation is often underemphasized. It is important to note 
this finding does not suggest that scientists should deemphasize the 
importance of selective extinction events; trait‐based approaches 
are foundational to our understanding of extinction (Fritz & Purvis, 
2010; Jablonski, 1989; McKinney, 1997; McKinney & Lockwood, 
1999; Pearson et al., 2014; Webb, Brook, & Shine, 2002) and the 
identification of non‐random declines is essential to preventing 
future extinctions (Gaston, 2010; Gaston & Fuller, 2007, 2008; 
Lindenmayer et al., 2011). Rather, we propose that a conceptual shift 
is needed such that the relative influences of stochastic and selec-
tive processes on an extinction event are both considered.

Previous extinction studies have used a variety of alternative 
analytical approaches to account for the role rarity plays in driv-
ing biodiversity loss (Boyer, 2010; Green & Côté, 2014; McKinney, 
1997). However, these studies differ from ours in that they account 
for rarity (e.g. in the forms of abundance, range size, endemism) in 
a trait‐based framework, highlighting rarity as a ‘trait’ that can lead 
to selective extinction (Boyer, 2010; McKinney, 1997), or weighting 
model parameters by abundance as a covariate or nuisance variable 
(Green & Côté, 2014). In our view, these approaches inadvertently 
deemphasize the importance of random chance in the extinction 
process. While such approaches are analytically sound they imply 
that extinction is a strictly non‐random process, which it is not. We 
also suggest that it is inappropriate to consider rarity (or common-
ness) a species trait; rather, it is the emergent outcome of the inter-
action between species traits and the environment. And yet rarity 
is still an essential component of extinction filters. Our approach 
therefore provides a method for disengtangling the random filtra-
tion of species based on rarity on the one hand and the trait‐based, 
selective filtering of species on the other. Given that stochastic and 
selective processes act in tandem (Vellend et al., 2014), we cannot 
robustly characterize a disturbance as selective without addressing 
the influence of chance‐based extinction on biodiversity.

The issue of whether extinctions are selective or stochastic is 
more than an academic distinction. The most common approach to 
estimating extinctions, the species‐area method (e.g. Brooks et al., 
2002), implicitly assumes that species will be lost randomly as habitat 
is lost. Importantly, the species‐area method also makes no claim as to 
which species will be lost. Rarefaction by itself will also assume sto-
chastic loss, but can provide insight as to which species are most likely 
to be lost based on the distribution of threat and each species’ local 
abundance and regional occupancy. In our application of rarefaction 
as a method of analysing past extinctions we were able to identify un-
expected species declines, extirpations, or extinctions. For example, 
three abundant species of Pristimantis that were extirpated after expo-
sure to amphibian chytrid and the bat C. townsendii virginianus, which 
is not generally considered to be among the species most affected by 

F I G U R E  5  Distribution of simulated regional extinction 
probabilities grouped by observed gastropod extinction status in 
second sampling survey. Extinction probabilities are null‐simulated 
pe values representing a species’ probability of going extinct 
based on observed declines in species richness if species losses 
were strictly random. Simulated risk of extinction is a significant 
predictor of whether species went extinct from the region (Logistic 
regression: OR = 1.12, df = 95, p ~ 0)
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white‐nose fungus. These are examples of cases in which conserva-
tion managers will benefit the most from our suggested analyses. The 
early identification of non‐random and unexpected extinctions is in-
creasingly critical. Although managers are often prepared for the fact 
that rare species are at risk of extinction, identifying when common 
and widespread species are at risk is more of a challenge. Successfully 
doing so can provide essential information for deciding when scarce 
conservation resources are best applied to the surprising situations 
when common species are under threat of decline and extinction 
(Gaston, 2010; Gaston & Fuller, 2007, 2008; Lindenmayer et al., 2011).

Our approach has several potential management applications. 
First, when selective extinctions are identified, then they can be 
analysed for correlations with phylogenetic or trait similarity among 
taxa. These correlates of extinction risk (Boyer, 2010) potentially 
can be used to predict threat to similar species in other areas. This 
will be particularly important for identifying common or widespread 
species that may not be expected to suffer extinction owing to their 
abundance. Second, because our approach allows for the identifi-
cation of larger‐than‐expected declines (via pOD), selectivity can be 
identified before a species reaches its extinction threshold. This ap-
proach may be especially helpful in rapid response analyses, such 
as in response to emergent pathogens, the expansion of invasive 
species, or sudden environmental changes. As illustrated in our 
amphibian case study, pOD values may also provide an efficient and 
objective way to place declining species in risk categories. Finally, al-
though not illustrated here, rarefaction can also be applied in a pro-
spective manner. For example, the estimated number of expected 
extinctions caused by habitat loss can be explored via rarefaction, 
for example, via a hypothetical loss of 50% of the individuals of a 
community. Although this would assume random processes alone, 
such an analysis would provide a minimum benchmark for an ex-
pected number of local extinctions and, importantly, the species 
most likely to be extirpated.

Overall, our rarefaction‐based null model provides surprisingly 
informative minimum predictions for species risk of extinction in the 
absence of trait‐based information. Being able to make use of exist-
ing information is critical to protecting global biodiversity (Forest, 
Crandall, Chase, & Faith, 2015). While this approach is not without 
limitations, its minimal data requirements and foundation in a widely 
used statistical technique suggest it can be a versatile reference 
point for the analysis of extinction events. Without disentangling 
the influence of stochastic processes from selection, we risk allo-
cating resources towards species that may not be as vulnerable to 
global extinction as others. Ultimately, we propose that use of the 
rarefaction‐based null model may provide biologists with a more ro-
bust understanding of why certain species go extinct while others 
survive and contribute to improved conservation decision‐making.
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