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Abstract

Many questions relevant to conservation decision‐making are characterized by extreme
uncertainty due to lack of empirical data and complexity of the underlying ecologic processes,
leading to a rapid increase in the use of structured protocols to elicit expert knowledge. Published
ecologic applications often employ a modified Delphi method, where experts provide judgments
anonymously and mathematical aggregation techniques are used to combine judgments. The
Sheffield elicitation framework (SHELF) differs in its behavioral approach to synthesizing
individual judgments into a fully specified probability distribution for an unknown quantity. We
used the SHELF protocol remotely to assess extinction risk of three subterranean aquatic species
that are being considered for listing under the U.S. Endangered Species Act. We provided experts an
empirical threat assessment for each known locality over a video conference and recorded
judgments on the probability of population persistence over four generations with online
submission forms and R‐shiny apps available through the SHELF package. Despite large
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uncertainty for all populations, there were key differences between species’ risk of extirpation
based on spatial variation in dominant threats, local land use and management practices, and
species’ microhabitat. The resulting probability distributions provided decision makers with a full
picture of uncertainty that was consistent with the probabilistic nature of risk assessments.
Discussion among experts during SHELF's behavioral aggregation stage clearly documented
dominant threats (e.g., development, timber harvest, animal agriculture, and cave visitation) and
their interactions with local cave geology and species’ habitat. Our virtual implementation of the
SHELF protocol demonstrated the flexibility of the approach for conservation applications
operating on budgets and time lines that can limit in‐person meetings of geographically dispersed
experts.

Keywords: expert elicitation, extinction risk, remote elicitation, SHELF, species status assessment,
Stygobromus, evaluació n del estado de la especie, obtenció n de expertos, obtenció n remota, riesgo
de extinció n, SHELF, Stygobromus, 专家启发, 灭绝风险, 远程启动, 谢菲尔德启发式框架, 物种濒危
状况评估, Stygobromus 属

Short abstract

Article Impact Statement: Remote expert elicitation can facilitate endangered species decision‐
making when available data, budgets, and time frames are limiting.

Introduction

Many questions relevant to conservation decision‐making are characterized by extreme
uncertainty due to lack of empirical data and complexity of the underlying ecological processes
(Kuhnert et al. 2010). Rare and at‐risk species often lack the quantitative data needed to detect
temporal trends in demographics (Bland et al. 2015; Kindsvater et al. 2018); yet, legislation such as
the U.S. Endangered Species Act (ESA) may mandate that listing decisions be conducted over time
frames not compatible with additional long‐term data collection. Although some extinction‐risk
assessment frameworks provide mechanisms for classifying species as data deficient (e.g.,
International Union for Conservation of Nature [IUCN] Red List of Threatened Species), no
equivalent category exists under the ESA once a substantial 90‐day finding is made, and delayed
decisions can result in costly legal actions (Stokstad 2005).

Expert knowledge is widely used to inform conservation decisions and may provide the only path
forward for data‐deficient species at the science–policy interface (Burgman 2004; Sutherland
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2006). For example, the IUCN global assessments frequently rely on expert knowledge contributed
through facilitated, regional workshops to comprehensively assess particular taxonomic groups
(Lacher et al. 2012). The ubiquity of data gaps in species assessments and limited funding for new
data collection can be linked to a rapid increase in the use of structured protocols to elicit expert
knowledge in conservation (Martin et al. 2012; Drescher et al. 2013), including recent applications
to assess extinction risk of birds and koalas, among many others (McBride et al. 2012; Adams‐
Hosking et al. 2016). In addition to reducing biases in probabilistic judgments, these protocols can
provide a transparent and well‐documented process for capturing uncertainty, which is critical for
ecological applications that support policy decisions (Dias et al. 2018; O'Hagan 2019).

Several protocols exist for eliciting and combining judgments of multiple experts on an unknown
quantity of interest, all with methods for capturing initial differences of opinion, recording
uncertainty within judgments, and minimizing the influence of common cognitive biases (Dias
et al. 2018; O'Hagan 2019). Many published ecological applications have employed a modified
Delphi method in which experts provide judgments anonymously and mathematical aggregation
(e.g., linear or weighted pooling) is required to combine judgments (Sutherland 2006; Kuhnert et al.
2010; McBride et al. 2012; Adams‐Hosking et al. 2016; Hemming et al. 2018). The Sheffield
elicitation framework (SHELF) differs from other leading protocols in its behavioral approach to
synthesizing individual judgments into a fully specified probability distribution for an unknown
quantity (Gosling 2018; O'Hagan 2019; Oakley & O'Hagan 2019). Following an initial anonymous
judgment round, experts participate in open discussions focused on understanding the reasoning
behind differing opinions before the group is asked to collectively provide judgments from the
perspective of a rational impartial observer (RIO) (details in Methods). Although this open
discussion requires careful facilitation to reduce certain cognitive biases (e.g., groupthink,
overconfidence, and halo effects), the behavioral approach highlights key factors influencing
uncertainty and clarifies that the final aggregate probability distribution represents a RIO's
subjective beliefs (O'Hagan 2019). The SHELF protocol's readily accessible software and forms for
documenting and recording the elicitation also meet the need for transparency in ESA assessments
and other public decisions.

We applied the SHELF protocol to an extinction‐risk assessment of 3 subterranean aquatic species
petitioned for listing under the ESA: Cooper's cave amphipod (Stygobromus cooperi), minute cave
amphipod (Stygobromus parvus), and Morrison's cave amphipod (Stygobromus morrisoni).
Subterranean aquatic species (i.e., stygobionts) that occur in caves and shallow epikarst exemplify
the need for expert opinion in assessments due to their rarity and the inaccessibility of their
primary habitat (Pipan et al. 2010). For example, of the 33 stygobionts that occur in the state of
West Virginia, 7 are known from fewer than 10 specimens (Fong et al. 2007). Although stygobionts
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are commonly thought to be K‐selected species with delayed maturity, small population size, and
low reproductive rates (Poulson & White 1969), specific demographic and life‐history parameters
are unavailable for most species. S. parvus, S. cooperi, and S. morrisoni are restricted to portions of
Virginia and West Virginia (Lewis 2001; Fong et al. 2007; Holsinger et al. 2013); S. parvus localities
extend across 1,467 km2; and S. morrisoni localities extend across 2,266 km2. S. cooperi is a single‐
site endemic known from only 3 specimens (Fong et al. 2007). Available data include opportunistic
point localities of amphipod occurrence (Fig. 1), which cannot be reliably used to infer current
population size, condition, or temporal trends in the occupied range and may date as far back as
1966.

Figure 1.

Open in a new tab

Known localities for 3 Stygobromus spp. in relation to exposed karst areas. Data are from
Fong et al. (2007) and Holsinger et al. (2013) and are referenced to the Albers Equal Area
North American Datum 1983 Coordinate Reference System (EPSG = 42303).
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The broad categories of threats to cave and karst biota are well known (Mammola et al. 2019). For
example, S. mackini have shown occurrence patterns consistent with negative impacts of
groundwater pollution by septic systems in Banner Cave, Virginia (Simon & Buikema 1997), and
toxic pollutant spills represent a primary threat to many karst species (Loop & White 2001; Pipan
et al. 2010). The magnitude of various stressors that Stygobromus populations can withstand,
however, represents a critical source of uncertainty in the assessment process. Data from the
Edwards Aquifer region of Texas suggest that the 10−15% impervious cover threshold for
degradation of biological communities in surface waters represents a reasonable starting point for
estimating impacts to subterranean species in the absence of karst‐specific information (Veni
1999). Similar estimates for how other stressors may affect Stygobromus spp. resilience are lacking.

The recently implemented species status assessment (SSA) framework has shifted U.S. Fish &
Wildlife Service (USFWS) assessments from a threats‐focused analysis to one that explicitly
considers species’ responses to current and projected stressors (USFWS 2016b; Smith et al. 2018).
Because few empirical data are available on these species’ historical or current conditions, expert
knowledge was used to obtain a scientific assessment of how populations may respond to current
and projected levels of major stressors and to estimate the uncertainty in species’ future
viabilities. In addition to supporting the ESA decision‐making process for 3 petitioned Stygobromus
spp., we sought to provide an example of how the SHELF protocol can be applied to data‐deficient
species within the SSA framework.

Methods

Structuring the Quantities of Interest

Empirical data are available to estimate levels of several major threats based on proxy variables
(e.g., percentage of various land‐use classes, number of mining operations [Appendix S1]). The
missing quantities of interest are species’ responses to various stressor levels. Experts discussed
multiple approaches for structuring the elicited quantity and determined that estimating the
probability of persistence based on the empirical habitat conditions for each locality was most
tractable. Specifically, future viability was assessed as the probability of persistence of each
metapopulation (i.e., locality) over 4 generations (roughly 10−20 years). Because so little is known
about current population conditions, no attempt was made to further classify a populations’ future
status beyond persistence or extirpation.
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We assumed each locality represented a distinct metapopulation. S. morrisoni is currently known
from 9 localities, S. cooperi from 1 and S. parvus from 8. Data from epikarst copepods suggest that
populations generally extend <1 km along a cave passage (Pipan & Culver 2007) and that genetic
differentiation or metapopulation structure can be detectable at scales as small as tens of meters
(Sbordoni et al. 2000). The minimum nearest neighbor distance between known localities was 3.1
and 4.3 km for S. parvus and S. morrisoni, respectively; values ranged up to 88 km. Karst areas
between known localities have not been sampled adequately, and the true extent of each
metapopulation is a major source of uncertainty. This uncertainty will affect estimates of the
number of populations, the potential for genetic connectivity, and the likelihood of persistence for
each population.

The appropriate spatial extent for considering threats to population resilience represents another
major source of uncertainty. Experts were not aware of dye‐tracing studies from the identified
caves that could aid delineation of groundwater influence zones. Although the boundaries of
groundwater basins frequently deviate from surface basins, impacts to surface waters in karst
areas affect groundwater quality. For example, cave streams in West Virginia have elevated nitrate
and pesticide levels in agricultural areas (Boyer & Pasquarell 1995; Pasquarell & Boyer 1996).
Protection of surface areas is critical for the conservation of subterranean fauna, particularly for
epikarst specialists, such as S. parvus and S. cooperi (Culver et al. 2000; Pipan et al. 2010).

Available information on historical and current conditions and individual site threat assessments
that provided visual and numeric summaries of past, current, and projected stressor proxies were
used as the basis for expert judgments. Information on threat proxies was displayed at several
spatial scales due to experts’ beliefs that the appropriate scale depends on the specific threat being
assessed. At the smallest spatial extent, the catchment area of individual epikarst drips are
generally less than a few hundred square meters (Pipan & Culver 2013). Therefore, a 1‐km2

closeup of each locality showing aerial imagery from 2019 (U.S. National Agriculture Imagery
Program) was used to assess current land use in the immediate vicinity (Appendix S1). Based on
data from epikarst copepods (Pipan et al. 2010), a 1‐km area around sampling localities was
assumed to represent the potential area occupied by each metapopulation. Local catchments
intersecting this area and their upstream watersheds represented other potentially relevant scales
because surface water can act as a vector for contaminants moving downstream and laterally
through karst environments. Aerial imagery was shown at the local catchment scale. Land‐use
statistics were quantified at the upstream watershed scale in 2006 and 2016 based on National
Landcover Data (NLCD 2016) and projected to 2030 based on the Intergovernmental Panel on
Climate Change emission scenarios A1B, A2, B1, and B2 (Sohl et al. 2018). Experts were also
provided regional land‐use projections out to 2040, due to uncertainty in generation time, and
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regional projections of precipitation based on 20 climate models (Abatzoglou 2013). Surface
catchments were defined based on the U.S. National Hydrography Plus (NHDPlus Version 2) data
set. The largest spatial extent provided a 2016 land‐use model (NLCD 2016) and the locations of
mining operations (EIA 2020), dams (USACE 2020), and impaired surface waters (EPA 2020) at
least 10 km away from known localities due to high uncertainty in subsurface movement of water
through karst environments and the possibility for metapopulation dynamics between
surrounding karst regions not sampled directly.

SHELF Elicitation Workshop

A critical step in expert knowledge elicitation (EKE) is identifying and recruiting the appropriate
expert panel, which typically includes 4−8 participants in the SHELF protocol (O'Hagan 2019). The
involvement of multiple experts provides decision makers with a diversity of perspectives and
helps reduce the risk of overconfidence in judgments by any single expert. Potential experts were
identified based on experience sampling the species, peer‐reviewed publications on the genus
Stygobromus, and professional involvement in conservation and management of karst biota. Out of
14 experts initially contacted, 7 were available for participation (coauthors 3−9 [Appendix S2]).
Experts were provided training in quantifying personal beliefs through materials from the SHELF
protocol (Oakley & O'Hagan 2019) and an example quantity of interest formulated as the
probability that the maximum age of S. cooperi is >6 years.

The EKE workshop was carried out remotely in a series of 2‐hour video conference calls (8 hours
total) from 9 June to 2 July 2020. For each locality, experts were first provided an evidence dossier
summarizing the current conditions and threats assessment in order to reduce the availability bias
(Oakley & O'Hagan 2019). During the individual judgment round, experts used the quartile method
to provide private judgments for the probability that the metapopulation surrounding the locality
would persist over 4 generations. This approach begins by specifying an upper and lower plausible
limit to counter overconfidence and anchoring effects (O'Hagan 2019), followed by sequential
implementations of the bisection method (Raiffa 1968) to provide a median, upper quartile, and
lower quartile. Although uncertainty about an event can be described by a single probability with
SHELF methods for discrete quantities, experts may be unwilling to provide single estimates. The
quartile method allowed experts to express uncertainty in their probabilities and provided
decision makers with an indication of how robust the expected values may be to new information.
Judgments were submitted privately via an online form and probability distributions were fit by
minimizing the sum of squared differences between elicited and fitted probabilities along the
cumulative distribution function with the SHELF package in R (Oakley 2019). Certain populations
(Corbett and Secret Anthodite Caves, Mountain Grove and Starr Chapel Saltpetre Caves, and
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Bonner Mountain and Bonner Pit Caves) were assessed simultaneously due to similarities in
observed land use identified through k‐means clustering and their geographic proximity within
connected regions of karst.

Experts were then led through a facilitated group discussion where they provided the reasoning
behind judgments, including which stressors were of greatest concern and which factors generated
the most uncertainty. During the group judgment round, experts were asked to provide new
quartiles from the perspective of a RIO who had listened to their discussion and understood their
arguments (O'Hagan 2019). Due to concerns over potential dominance or halo effects within the
group (i.e., discussions conform to ideas of a forceful or esteemed member), combined with the
remote nature of the workshop, each expert first privately provided a RIO judgment by using the
procedure described above. These judgments and their linear pool were then used as feedback
during a facilitated discussion to select the final RIO quartiles. This slight modification to the
SHELF protocol required each expert to provide twice as many judgments, but ensured that no
single expert dominated selection of the group quartiles. Finally, a scaled beta distribution was fit
to the final RIO quartiles to represent the collective uncertainty in the probability of persistence.

Results

The experts had low confidence in persistence for the single S. cooperi population, reflected by both
the low median value and large degree of uncertainty in estimates (Table 1, Fig. 2, Appendix S2).
Low confidence in persistence stemmed from the high number of developed areas within the
region and an anticipated increase in visitation rates due to recent changes in cave ownership
(Appendix S2). The isolated nature of this locality constrains the potential area the metapopulation
could occupy, resulting in a high risk of extirpation from stochastic events. Although population
estimates were not available, sampling experience suggests S. cooperi is consistently collected at
lower densities than other Stygobromus spp. in the region and that even moderate increases in
threats could have severe consequences for the population (Appendix S2). The higher median
probability of persistence provided by expert F (Fig. 2) reflects experience from other regions
where epikarst Stygobromus species were among the last taxa to persist in caves affected by similar
threats. However, all experts agreed that this population had the lowest probability of persistence
among assessed caves, as reflected by the lower 90% credible interval of 0.19 for the final RIO
distribution.
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Table 1.

Summary statistics for the probability of persistence of the Stygobromus metapopulation
surrounding each occurrence

Species Locality Median 90% CI
p(x >
0.5)

Confidence in
persistence*

S. cooperi Silers Cave 0.48 0.19–
0.77

0.47 very low

S.
morrisoni

Dyers Cave 0.60 0.33–
0.83

0.71 medium

Kenny Simmons Cave 0.47 0.21 –
0.71

0.44 very low

Corbett Cave 0.67 0.37 –
0.90

0.81 medium

Secret Anthodite Cave 0.67 0.37–
0.90

0.81 medium

Mountain Grove
Saltpetre Cave

0.73 0.46–
0.91

0.92 high

Starr Chapel Saltpetre
Cave

0.73 0.46–
0.91

0.92 high

Clarks Cave 0.55 0.27–
0.78

0.61 low

Crossroads Cave 0.60 0.35–
0.83

0.74 medium

Witheros Cave 0.76 0.46–
0.95

0.92 high

S. parvus Bonner Cave 0.76 0.48–
0.94

0.93 high

Bonner Mountain Cave 0.72 0.44–
0.90

0.91 high
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Species Locality Median 90% CI
p(x >
0.5)

Confidence in
persistence*

Bonner Pit Cave 0.72 0.44–
0.90

0.91 high

Shreve‐Howell Pit 0.67 0.34–
0.91

0.78 medium

Izaak Walton Cave 0.78 0.49–
0.94

0.95 high

Crawford Cave No. 2 0.71 0.32–
0.95

0.80 medium

Cassell‐Windy Cave 0.73 0.37–
0.96

0.85 medium

Piddling Pit 0.81 0.58–
0.94

0.99 high

Open in a new tab

*Classified based on the p(x > 0.5) as follows: very low, < 0.5; low, 0.5–0.7; medium, 0.7–
0.9; high, > 0.9.
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Figure 2.

Open in a new tab

Expert judgments on the probability of persistence of Stygobromus cooperi at the single
known locality where it occurs: (left) individual expert judgments for the median
(diamond), 50% credible interval (thick black line), and plausible limits (thin gray line) and
(right) final probability distribution from the group judgment round in the Sheffield
elicitation framework. Expert C was unable to provide judgments for this locality due to
video conference connectivity issues, but agreed that the final distribution captures the risk
and uncertainty for this locality.

Expert judgments generally expressed high confidence in future persistence for S. parvus
populations (Table 1 & Fig. 3). Indeed, the Piddling Pit metapopulation had the highest confidence
in persistence among any locality assessed; 90% credible intervals ranged from 0.58 to 0.94 based
primarily on land ownership by a conservation organization and restricted cave access. Although
several localities are surrounded by mostly intact forests, threats from agricultural land use and
mining were present in the region and contributed to differences in uncertainty among localities
(Appendix S2). For example, the presence of past limestone mining and agriculture in the vicinity
of Crawford Cave No. 2 led experts to judge that the probability of persistence could credibly be as
low as 0.32, despite a high median value. Lower 90% credible intervals were similarly low for
Shreve‐Howell Pit and Cassell‐Windy Cave. These uncertainties are critical to consider when
assessing potential risk. Logging, mining, and agriculture have occurred throughout the range
historically, and observations of the species within the last 30 years were taken as evidence that
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populations can persist amidst historical levels of disturbance. During group discussions, however,
experts frequently pointed to differences in contemporary agricultural practices, such as the
increase in large‐scale poultry farming, the application of poultry manure as fertilizers, and use of
industrial herbicides and pesticides. Other species in the genus Stygobromus have been negatively
affected by concentrated waste products in septic systems in Virginia (Simon & Buikema 1997),
and decreased certainty in estimates for several S. parvus populations reflected concern that
similar effects could arise from increased animal agriculture. The possibility for emerging threats,
such as disease and an unknown likelihood of stochastic events, also contributed to uncertainty in
estimates and should be considered when assessing species future viability. The 2 localities with
the lowest median values and lowest certainty (Crawford Cave No. 2 and Shreve Howell Pit)
occurred in a distinct western band of karst, suggesting that the greatest risk to persistence occurs
in the western portion of the S. parvus range (Fig. 1).
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Figure 3.
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Expert judgments on the probability of persistence of Stygobromus parvus at localities
where it occurs: (left) individual expert judgments for the median (diamond), 50% credible
interval (thick black line), and plausible limits (thin gray line) and (right) final probability
distributions from the group judgment round in the Sheffield elicitation framework.

For S. morrisoni, expected risk to persistence varied widely among localities (Table 1 & Fig. 4),
based primarily on differences in land ownership and agricultural intensity. Expert judgments
suggested that populations in 3 out of the 9 known localities could be characterized as having high
confidence in persistence, whereas populations in 2 localities faced much greater risks to
persistence (Table 1). For example, the estimates for both Mountain Grove and Starr Chapel
Saltpetre Caves suggested populations in these localities are likely to persist despite uncertainty in
current conditions. The lack of information on historical conditions at these sites was assumed to
reflect sampling deficiencies rather than the historic or current condition of the populations. In
contrast, the population in Kenny Simmons Cave had among the lowest confidence of persistence
due to the lack of available survey data and proximity to high‐intensity animal agriculture.
Importantly, the projected risk was not distributed evenly across the range of S. morrisoni; 3 of the
populations with the greatest risk comprised all known occurrences in a central karst belt (Clarks
and Crossroads Caves) and a disjunct northern portion of the range (Dyers Cave). Populations in all
3 localities had high levels of uncertainty in persistence reflected by wide confidence intervals and
median estimates of the probability of persistence from 0.55 to 0.60 (Table 1), suggesting a future
risk of increased fragmentation between extant populations.
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Figure 4.
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Expert judgments on the probability of persistence of Stygobromus morrisoni at localities
where it occurs: (left) individual expert judgments for the median (diamond), 50% credible
interval (thick black line), and plausible limits (thin gray line) and (right) the final
probability distributions from the group judgment round in the Sheffield elicitation
framework.

Discussion

Although uncertainty exists in the estimated risk of extirpation for all populations, expert
judgments provided useful information on the relative magnitude of uncertainty that can aid
decision‐making. For example, the inherently greater risk of extinction for the narrowly endemic S.
cooperi is compounded by the fact that the single metapopulation was judged to have the lowest
confidence in persistence of any locality assessed (Table 1 & Fig. 2). This reflected expert
judgments that proximity to development was among the greatest threats to persistence, including
associated increases in cave visitation, surface alteration, and increased risk of pollution and
contaminants. Conversely, expert judgments for S. parvus localities generally suggested high
confidence in persistence despite considerable uncertainty in estimates for several
metapopulations (Fig. 3). The greatest threat to persistence for most S. parvus populations related
to forest management and timber harvest practices by landowners. Uncertainty in the probability
of persistence was generally much higher for populations of S. morrisoni, based on suspected
differences in habitat use and variation in the characteristics of occupied caves.

All 3 species can be considered groundwater habitat specialists, but important differences in
microhabitat use may affect species’ vulnerability to common threats. Stygobromus parvus and S.
cooperi are epikarstic species, occupying water percolating through the uppermost layer of karst at
the rock‐soil interface. Epikarst is often characterized by greater organic matter inputs and
environmental variation relative to deeper subterranean habitats (Culver et al. 2010) and is more
susceptible to environmental degradation on the surface (Pipan et al. 2010). Although S. parvus and
S. cooperi are often collected from drip pools in caves, these areas may not represent primary
habitat and are likely operating as sink populations that are highly dependent on immigration from
the epikarst (Pipan et al. 2010). S. morrisoni may rely more on cave streams and pools, based on
known collection sites and its larger body size (e.g., Culver et al. 2010). The proximity to
development and roads, intensity of agricultural practices, and levels of cave visitation also
represent major threats to S. morrisoni populations. However, differences in local geology, including
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cave depth, size, and susceptibility to flooding, appeared to have a greater influence on judgments
(Appendix S2). There was less certainty about microhabitat use of S. morrisoni, resulting in more
variability between populations and generally wider distributions compared with the other
species assessed. The fact that these potential ecological differences were reflected in judgments of
population persistence suggests that the SHELF protocol can effectively provide decision makers
with useful summaries of experts’ understanding of both risk and uncertainty.

One way that structured expert elicitation may aid conservation decision‐making is by
highlighting situations where improved empirical data may have the greatest impact on perceived
risk to persistence. For example, it has been suggested that the northern‐most occurrence of S.
morrisoni in Dyers Cave, West Virginia, may represent a distinct species (Holsinger 1978; Fong et al.
2007). Similarly, S. morrisoni individuals collected from Mountain Grove Saltpetre Cave in Virginia
display morphological differences that warrant further genetic study (Appendix S2). Cryptic
diversity is likely widespread in groundwater amphipods due to strong morphological
convergence in subterranean habitats (e.g., Trontelj et al. 2009), which may have a greater impact
on understanding of species‐level risk for S. morrisoni due to greater variability among localities
compared with S. parvus. In particular, the potential that the metapopulation near Dyers Cave
could represent a single‐site endemic species warrants further study given its wide credible
interval for the probability of persistence (0.33−0.83).

Sampling of stygobionts is generally limited, and uncertainty in the fine‐scale distributions of all 3
species affects interpretation of the EKE results. Although our analysis focused on known
localities, long‐term viability requires protecting unsampled karst regions to maintain
connectivity and the potential for recolonization following localized stochastic events (Pipan et al.
2010). Christman et al. (2016) compiled over 11,000 records of cave species spanning the
Appalachian region and found no records of these 3 Stygobromus spp. outside of the ranges
displayed in Fig. 1. Data from European stygobionts suggest that species ranges of >200 km are
extremely rare (Trontelj et al. 2009), and nearly half (44%) of U.S. species are known from a single
county (Culver et al. 2000). This suggests that the known localities provide a reasonable estimate
of the species’ extent; however, the available data and approach used in the EKE do not capture
potential changes in historical occurrence patterns throughout the range. Several methods exist for
mapping relative differences in the intrinsic vulnerability of groundwater to contamination (e.g.,
Doerfliger et al. 1999). Although karst vulnerability mapping was not used in the present
assessment because it does not incorporate species response to threats, this approach may prove
useful for extrapolating expert judgments on relative risk to unsampled karst regions.
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Results of an EKE depend critically on the experts involved, and questions inevitably arise
regarding the accuracy of results. Other researchers have used calibration variables designed to
test experts’ statistical accuracy on quantities that will be known in the near future (Wittmann
et al. 2015). However, this approach is rare in ecological applications because of the additional
time required of the experts and the difficulty of identifying relevant test quantities (Hemming
et al. 2020). Although quantities such as annual biomass of commercial fishes may provide useful
seed questions for some management problems (Wittmann et al. 2015), it is difficult to identify
questions that reasonably test an expert's ability to judge population or species persistence over
several generations. The behavioral aggregation approach of SHELF does not require additional
calibration quantities (Gosling 2018; O'Hagan 2019), a feature that may prove useful for many
conservation applications. Results are considered accurate in the sense that the final probability
distributions represent the experts’ subjective beliefs and collective uncertainty in a quantitative
way consistent with probability theory and the available evidence (O'Hagan 2019). Although
results are unavoidably subjective, it is important to emphasize that decision makers should only
turn to expert judgment after all empirical data have been exhausted (Burgman 2016) and that the
primary role of EKE in this context is to help experts express their knowledge in a coherent
framework that can directly support decision‐making.

The same resource constraints that limit empirical data for conservation assessments may also
affect the application of structured elicitation processes, which require substantial time and effort
by both facilitators and experts. Although the benefits of in‐person workshops are clear, their costs
and logistics have led many to seek options for remote elicitation (Kuhnert et al. 2010; Hemming
et al. 2018). For example, the use of web‐ or email‐based surveys have allowed for elicitation
processes on national and international scales that would be otherwise prohibitive (Donlan et al.
2010; McBride et al. 2012). Reduced levels of communication have been reported as a key
drawback of remote EKE (McBride et al. 2012). However, we found video conferencing and online
judgment submission forms were highly compatible with SHELF's behavioral aggregation
techniques. Facilitation methods such as round‐robin formats, directly calling on specific experts,
and a slight modification requiring private RIO judgments as a starting point for the group
judgment round ensured adequate discussion occurred and all views were captured. In addition, a
manageable group size and history of collaboration among experts likely contributed to the
overall success of the remote process. The greatest concern with applying SHELF remotely is
connectivity because the group RIO judgments require all experts to be present and
communicating in real time. Only 1 expert lost connectivity for 1 locality during the entire EKE
(Fig. 2). Although this expert was provided an opportunity to comment on the final RIO
distribution afterwards (Appendix S2), it is not possible to directly incorporate views post hoc.
Eliciting experts’ individual judgments to capture any divergence of opinion before allowing
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comment on the final RIO distribution could serve as a reasonable compromise, provided the
number of experts experiencing connectivity problems is small.

S. parvus, S. cooperi, and S. morrisoni were assessed using a common framework because all 3 species
share similar data availability, are highly specialized for subterranean habitats, face common
threats to persistence, and are on similar ESA assessment time lines. Expert elicitation is time
intensive, and the need to use volunteered expertise efficiently is underscored by the large backlog
of ESA candidate species (USFWS 2016a). Conducting the elicitation as part of a multispecies
assessment makes efficient use of experts’ time, provides for consistent methods across species,
and may promote enhanced understanding of the factors affecting persistence through discussion
of contrasting ecological needs. Assessing the probability of persistence of a population requires
the experts to consider interactions between potentially synergistic threats and a range of
demographic processes. Although these are difficult judgments with unknowable values, our
methods captured experts’ uncertainty in a scientifically rigorous manner that can support
decision‐making in the absence of a data‐deficient classification option and highlight research
needs that could improve empirical understanding of the extinction risk for assessed species.

Supporting information

Table S1. Parameter estimates for scaled beta distributions fit to expert judgments.

Table S2. Primary factors identified for each locality as impacting expert judgments of risk
and uncertainty.

Click here for additional data file. (9.7MB, pdf)

Additional information is available online in the Supporting Information section at the end
of the online article. The authors are solely responsible for the content and functionality of
these materials. Queries (other than absence of the material) should be directed to the
corresponding author.

Click here for additional data file. (1.4MB, pdf)
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