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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 tech-
niques 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 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, Stygobro-
mus

Uso del Conocimiento Experto para Respaldar la Toma de Decisiones del Acta de Especies en Peligro para Especies
con Información Deficiente

Resumen: Muchas preguntas relevantes para la toma de decisiones de conservación se caracterizan por una in-
certidumbre extrema causada por la falta de información empírica y por la complejidad de los procesos ecológicos
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subyacentes. Esto lleva a un rápido incremento en el uso de protocolos estructurados para obtener conocimiento
de los expertos en el tema. Las aplicaciones ecológicas publicadas con frecuencia emplean un método Delphi
modificado, en el cual los expertos proporcionan dictámenes anónimamente y luego se usan técnicas de agre-
gación matemática para combinar estos dictámenes. El marco de trabajo de obtención Sheffield (SHELF) difiere
en su enfoque conductual para sintetizar los dictámenes individuales en una distribución de probabilidad com-
pletamente especificada para una cantidad desconocida. Usamos el protocolo SHELF remotamente para evaluar
el riesgo de extinción de tres especies acuáticas subterráneas que están siendo consideradas para ser incluidas
en el Acta de Especies en Peligro de los E.U.A. Les proporcionamos a los expertos una evaluación empírica de
la amenaza para cada localidad conocida durante una videoconferencia y registramos los dictámenes sobre la
probabilidad de la persistencia poblacional durante cuatro generaciones por medio de formularios enviados en
línea y las apps R-shiny disponibles a través del paquete SHELF. A pesar de la gran incertidumbre para todas las
poblaciones, hubo diferencias importantes entre el riesgo de extirpación de las especies con base en la variación
espacial en las amenazas dominantes, el uso del suelo local y las prácticas de manejo, y el microhábitat de las
especies. Las distribuciones resultantes de la probabilidad proporcionaron al órgano decisorio un cuadro com-
pleto de la incertidumbre que fue consistente con la naturaleza probabilística de las evaluaciones de riesgo. Las
discusiones entre los expertos durante la fase de agregación conductual de SHELF documentaron claramente las
amenazas dominantes (p. ej.: desarrollo, extracción de madera, agricultura animal y visitas a las cuevas) y sus
interacciones con la geología de las cuevas locales y el hábitat de la especie. Nuestra implementación virtual
del protocolo SHELF demostró la flexibilidad del enfoque para las aplicaciones de la conservación que operan
con presupuestos y líneas de tiempo que pueden limitar las reuniones en persona de expertos dispersados
geográficamente.

Palabras Clave: evaluación del estado de la especie, obtención de expertos, obtención remota, riesgo de extin-
ción, SHELF, Stygobromus
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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 de-
tect 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 mecha-
nisms for classifying species as data deficient (e.g., Inter-
national 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 conser-
vation decisions and may provide the only path for-
ward for data-deficient species at the science–policy
interface (Burgman 2004; Sutherland 2006). For exam-
ple, the IUCN global assessments frequently rely on ex-
pert knowledge contributed through facilitated, regional
workshops to comprehensively assess particular taxo-
nomic 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 knowl-
edge 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
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reducing biases in probabilistic judgments, these proto-
cols can provide a transparent and well-documented pro-
cess for capturing uncertainty, which is critical for eco-
logical applications that support policy decisions (Dias
et al. 2018; O’Hagan 2019).

Several protocols exist for eliciting and combin-
ing 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 ex-
perts provide judgments anonymously and mathemati-
cal aggregation (e.g., linear or weighted pooling) is re-
quired to combine judgments (Sutherland 2006; Kuh-
nert et al. 2010; McBride et al. 2012; Adams-Hosking
et al. 2016; Hemming et al. 2018). The Sheffield elic-
itation 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 reason-
ing behind differing opinions before the group is asked to
collectively provide judgments from the perspective of a
rational impartial observer (RIO) (details in Methods). Al-
though this open discussion requires careful facilitation
to reduce certain cognitive biases (e.g., groupthink, over-
confidence, and halo effects), the behavioral approach
highlights key factors influencing uncertainty and clari-
fies that the final aggregate probability distribution rep-
resents 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 as-
sessment of 3 subterranean aquatic species petitioned for
listing under the ESA: Cooper’s cave amphipod (Stygob-
romus cooperi), minute cave amphipod (Stygobromus
parvus), and Morrison’s cave amphipod (Stygobromus
morrisoni). Subterranean aquatic species (i.e., stygob-
ionts) 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 (Pi-
pan 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 sty-
gobionts are commonly thought to be K-selected species
with delayed maturity, small population size, and low
reproductive rates (Poulson & White 1969), specific de-
mographic 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 lo-
calities 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 locali-
ties 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.

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 sep-
tic systems in Banner Cave, Virginia (Simon & Buikema
1997), and toxic pollutant spills represent a primary
threat to many karst species (Loop & White 2001; Pi-
pan et al. 2010). The magnitude of various stressors that
Stygobromus populations can withstand, however, rep-
resents 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 im-
pacts to subterranean species in the absence of karst-
specific information (Veni 1999). Similar estimates for
how other stressors may affect Stygobromus spp. re-
silience 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 cur-
rent and projected stressors (USFWS 2016b; Smith et al.
2018). Because few empirical data are available on these
species’ historical or current conditions, expert knowl-
edge was used to obtain a scientific assessment of how
populations may respond to current and projected lev-
els of major stressors and to estimate the uncertainty in
species’ future viabilities. In addition to supporting the
ESA decision-making process for 3 petitioned Stygobro-
mus 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 dis-
cussed 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
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Figure 1. 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).

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 per-
sistence or extirpation.

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 gener-
ally extend <1 km along a cave passage (Pipan & Cul-
ver 2007) and that genetic differentiation or metapop-
ulation 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, respec-
tively; 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 delin-
eation 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 pesti-
cide levels in agricultural areas (Boyer & Pasquarell 1995;
Pasquarell & Boyer 1996). Protection of surface areas is
critical for the conservation of subterranean fauna, par-

ticularly for epikarst specialists, such as S. parvus and S.
cooperi (Culver et al. 2000; Pipan et al. 2010).

Available information on historical and current con-
ditions and individual site threat assessments that pro-
vided 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’ be-
liefs 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 & Cul-
ver 2013). Therefore, a 1-km2 closeup of each locality
showing aerial imagery from 2019 (U.S. National Agricul-
ture 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 repre-
sent the potential area occupied by each metapopula-
tion. Local catchments intersecting this area and their
upstream watersheds represented other potentially rel-
evant scales because surface water can act as a vector for
contaminants moving downstream and laterally through
karst environments. Aerial imagery was shown at the lo-
cal 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 Cli-
mate 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 regional projections of precipita-
tion based on 20 climate models (Abatzoglou 2013). Sur-
face catchments were defined based on the U.S. National
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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 wa-
ter through karst environments and the possibility for
metapopulation dynamics between surrounding karst re-
gions 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 per-
spectives 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 man-
agement of karst biota. Out of 14 experts initially con-
tacted, 7 were available for participation (coauthors 3−9
[Appendix S2]). Experts were provided training in quan-
tifying personal beliefs through materials from the SHELF
protocol (Oakley & O’Hagan 2019) and an example quan-
tity of interest formulated as the probability that the max-
imum 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 lo-
cality 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 implementa-
tions 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 uncer-
tainty 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 cumu-
lative distribution function with the SHELF package in
R (Oakley 2019). Certain populations (Corbett and Se-

cret Anthodite Caves, Mountain Grove and Starr Chapel
Saltpetre Caves, and Bonner Mountain and Bonner Pit
Caves) were assessed simultaneously due to similarities
in observed land use identified through k-means cluster-
ing and their geographic proximity within connected re-
gions of karst.

Experts were then led through a facilitated group dis-
cussion where they provided the reasoning behind judg-
ments, including which stressors were of greatest con-
cern 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 po-
tential 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 work-
shop, each expert first privately provided a RIO judg-
ment by using the procedure described above. These
judgments and their linear pool were then used as feed-
back during a facilitated discussion to select the final
RIO quartiles. This slight modification to the SHELF pro-
tocol 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 rep-
resent 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 per-
sistence stemmed from the high number of developed
areas within the region and an anticipated increase in
visitation rates due to recent changes in cave owner-
ship (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 proba-
bility of persistence provided by expert F (Fig. 2) reflects
experience from other regions where epikarst Stygobro-
mus 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 persis-
tence among assessed caves, as reflected by the lower
90% credible interval of 0.19 for the final RIO distribu-
tion.
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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

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

∗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.

Figure 2. 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 confi-
dence in future persistence for S. parvus populations
(Table 1 & Fig. 3). Indeed, the Piddling Pit metapopu-
lation 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 in-
tact forests, threats from agricultural land use and min-
ing were present in the region and contributed to dif-
ferences 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 un-
certainties are critical to consider when assessing poten-
tial 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 populations can persist amidst historical levels of
disturbance. During group discussions, however, experts
frequently pointed to differences in contemporary agri-
cultural practices, such as the increase in large-scale poul-
try farming, the application of poultry manure as fertiliz-
ers, and use of industrial herbicides and pesticides. Other
species in the genus Stygobromus have been negatively
affected by concentrated waste products in septic sys-
tems in Virginia (Simon & Buikema 1997), and decreased
certainty in estimates for several S. parvus populations
reflected concern that similar effects could arise from
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Figure 3. 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.

increased animal agriculture. The possibility for emerg-
ing threats, such as disease and an unknown likelihood of
stochastic events, also contributed to uncertainty in esti-
mates 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).

For S. morrisoni, expected risk to persistence varied
widely among localities (Table 1 & Fig. 4), based pri-
marily on differences in land ownership and agricultural
intensity. Expert judgments suggested that populations
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Figure 4. 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.

in 3 out of the 9 known localities could be character-
ized 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
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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 esti-
mates of the probability of persistence from 0.55 to 0.60
(Table 1), suggesting a future risk of increased fragmen-
tation between extant populations.

Discussion

Although uncertainty exists in the estimated risk of ex-
tirpation for all populations, expert judgments provided
useful information on the relative magnitude of uncer-
tainty 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 low-
est 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 judg-
ments for S. parvus localities generally suggested high
confidence in persistence despite considerable uncer-
tainty in estimates for several metapopulations (Fig. 3).
The greatest threat to persistence for most S. parvus pop-
ulations 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 habi-
tat 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. Sty-
gobromus 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 envi-
ronmental variation relative to deeper subterranean habi-
tats (Culver et al. 2010) and is more susceptible to envi-
ronmental 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 popula-
tions 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 agri-
cultural practices, and levels of cave visitation also repre-

sent major threats to S. morrisoni populations. However,
differences in local geology, including 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, result-
ing in more variability between populations and gener-
ally wider distributions compared with the other species
assessed. The fact that these potential ecological differ-
ences were reflected in judgments of population persis-
tence suggests that the SHELF protocol can effectively
provide decision makers with useful summaries of ex-
perts’ 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 Vir-
ginia, may represent a distinct species (Holsinger 1978;
Fong et al. 2007). Similarly, S. morrisoni individuals
collected from Mountain Grove Saltpetre Cave in Vir-
ginia display morphological differences that warrant fur-
ther genetic study (Appendix S2). Cryptic diversity is
likely widespread in groundwater amphipods due to
strong morphological convergence in subterranean habi-
tats (e.g., Trontelj et al. 2009), which may have a greater
impact on understanding of species-level risk for S. mor-
risoni due to greater variability among localities com-
pared 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 persis-
tence (0.33−0.83).

Sampling of stygobionts is generally limited, and uncer-
tainty 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 connec-
tivity and the potential for recolonization following local-
ized 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 dis-
played in Fig. 1. Data from European stygobionts suggest
that species ranges of >200 km are extremely rare (Tron-
telj 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 poten-
tial changes in historical occurrence patterns through-
out 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
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response to threats, this approach may prove useful for
extrapolating expert judgments on relative risk to unsam-
pled karst regions.

Results of an EKE depend critically on the ex-
perts 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 identi-
fying relevant test quantities (Hemming et al. 2020). Al-
though quantities such as annual biomass of commercial
fishes may provide useful seed questions for some man-
agement problems (Wittmann et al. 2015), it is difficult
to identify questions that reasonably test an expert’s abil-
ity to judge population or species persistence over sev-
eral 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 probabil-
ity distributions represent the experts’ subjective beliefs
and collective uncertainty in a quantitative way consis-
tent with probability theory and the available evidence
(O’Hagan 2019). Although results are unavoidably sub-
jective, 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 appli-
cation of structured elicitation processes, which require
substantial time and effort by both facilitators and ex-
perts. Although the benefits of in-person workshops are
clear, their costs and logistics have led many to seek op-
tions for remote elicitation (Kuhnert et al. 2010; Hem-
ming 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). Re-
duced levels of communication have been reported as
a key drawback of remote EKE (McBride et al. 2012).
However, we found video conferencing and online judg-
ment 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 pri-
vate RIO judgments as a starting point for the group judg-
ment 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 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 subter-
ranean habitats, face common threats to persistence, and
are on similar ESA assessment time lines. Expert elicita-
tion 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 un-
derstanding 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 syn-
ergistic 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 as-
sessed species.
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