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Abstract

The predominant@efinition of extinction risk in the conservation biology involves evaluating the
cumulativ

ion function (CDF) of extinction time at a particular point (the “time horizon”).
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Using the principles of decision theory, this paper develops an alternative definition of extinction risk
as the expected loss (EL) to society resulting from eventual extinction of a species. Distinct roles are
identified for time Ereference and risk aversion. Ranges of tentative values for the parameters of

the two are proposed, and the performances of the two approaches are compared and

SM

contrasted asmall set of real-world species with published extinction time distributions and a
large set o @ 'tical extinction time distributions. Potential issues with each approach are
evaluated and t approach is recommended as the better of the two. The CDF approach suffers
from the f MXtmctlons that occur at any time before the specified time horizon are We|ghted
equally, w tlons that occur beyond the specified time horizon receive no weight at all.

also suffer e fact that the time horizon does not correspond to any natural phenomenon
and so is imipossiblé to specify non-arbitrarily; yet the results can depend critically on the specified
value. In contrast, the EL approach has the advantage of weighting extinction time continuously,
with no ar e horizon, and the parameters of the approach (the rates of time preference and
risk aversio rrespond to natural phenomena, and so can be specified non-arbitrarily.

Keywords: EXtInCtli‘r risk, Endangered Species Act, decision theory, time preference, risk aversion

1. INTR@’ION

The U. Species Act (ESA) requires the Secretary (of Commerce or the Interior, as
appropriate ermine whether any species is an endangered species or a threatened species”
(84(a)( s definitions of endangered and threatened are fairly ambiguous. An endangered
species any species which is in danger of extinction throughout all or a significant

portion of its range...” (§3(6)), and a threatened species is defined as “any species which is likely to
become améndangered species within the foreseeable future throughout all or a significant portion

of its range ). So, threatened is defined in terms of “endangered,” and endangered is
defined in “danger of extinction,” but danger of extinction is not defined. In the interest of
simplicity, of this paper will be on the “endangered” (en) category, but the concepts

developedﬁld potentially be applied to the “threatened” (th) category also (see Section
4.4.5)

finition of the phrase “danger of extinction,” it is difficult to apply the ESA
consistently."” Therefore, assuming that consistency of application is a desirable goal, it is necessary

to adopt a standaf@l definition of the phrase “danger of extinction.” Danger is a term that is not

often quaniifi t risk, one of the most common dictionary synonyms of “danger,” is routinely

quantified. If % er of extinction” can be equated with extinction risk, the problem becomes more

guantitative perspective.

The objective of this paper is to compare two approaches to defining extinction risk and evaluate

their potential use in making listing decisions under the ESA. Although there are also approaches to
evaluating extinction risk that bypass a quantitative definition of the term altogether and instead
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provide only qualitative rankings (e.g., many of the criteria specified by the IUCN(Z’), these are not
considered here. The paper’s focus on the ESA derives from the fact that one of the two definitions
arose from a succession of committees established jointly by the U.S. National Marine Fisheries
Service H

making listi isions under the ESA. Although the comparisons presented here were developed
explicitly onsistency in mind, both definitions are applicable in other contexts as well.

IS’ Fish and Wildlife Service for the purpose of developing quantitative criteria for

2.1. Des@n of the approaches
Fundament th approaches is the existence of a probability density function (PDF) of extinction

time T, whi measured in units of years throughout this paper. In general, the PDF will be
conditiona dimensional vector of parameters 0, and will therefore be referred to as the
conditionalgdisteibution of extinction time, denoted f{T|0). Itis important to understand that, given

conventional interretations of the ESA wherein the benefits and costs associated with speculative

managem ns cannot be considered in the listing process (see further discussion in Section
4.4.1), the of B do not include management actions that might be taken in the future to aid
in the spec ery, unless they are sufficiently certain to occur that their consideration is

admissible under the ESA.
Two cases mnsidered here:
A. in'which only a statistical point estimate of 0 is available, which is used as though it
were t e value.
B.

which posterior PDFs of one or more elements of 0 are available.

In the fieldsf applied population viability analysis, as in applied ecological modeling generally,

uncertaint eter estimates is usually treated by estimating those parameters statistically,
and procee described in Case A. Although Case B provides a fuller accounting of the true
uncertaint g extinction time (or any function of extinction time) and is therefore preferable

@3)

d Bayesian perspective), because Case A is more common," it is included here in order

to provide @pragmatic alternative to Case B.

For Case e appropriate PDF of extinction time for this case is the marginal distribution g(7),
defined y

gT(T>=15fT<T|e>‘he<e) do...do,

where h sents the joint posterior PDF of 0.

! See FWS/NOAA “Policy for Evaluation of Conservation Efforts When Making Listing Decisions,”
http://www.nmfs.noaa.gov/pr/PDFs/fr/fr68-15100.PDF.
3
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2.1.1. The cumulative distribution function approach to extinction risk

The most common way to define extinction risk is to equate it with the cumulative probability of
extinction at some future point in time (i.e., the probability that extinction will occur at, or any time
before, d point). Because it consists of evaluating the cumulative distribution function
(CDF) at a sigg gint, this approach can be referred to as the “CDF approach.” Hooper appears to
have been @ o advocate the CDF approach, writing, “The probability of random extinction of
any species Iincreases with time and there is no real minimum viable population size unless a period
of time T8 mnd a small probability of extinction accepted” (emphasis added).” The CDF
approach nsiderable momentum when it was expanded upon by Shaffer, who repeated
Hooper’s claiim that choice of a fixed time frame was not merely an option but a logical necessity.(s)

To quantify lon risk in the CDF approach, only a single parameter is needed, viz., the point in
time at whij F is to be evaluated (the “time horizon”). In the context of the ESA, however,
quantificatmDinction risk is only the first step. The next step is to determine whether the
amount of gxtinctign risk is sufficient to warrant listing, for example, as en. In order to use the CDF
approach to deteriine whether a species qualifies for an en listing, an additional parameter must be
specified, viZs off level of cumulative probability. Thus, letting T,, represent the en time
horizon an present the en cutoff probability, a species would qualify for an en listing if and
only if the evaluated at T = T,, met or exceeded CDF,,. In more formal terms, the CDF approach

defines extinction rjsk as

CDF(T,, 7(T10)dT (1A) or

CDF(Tomalg ¢r(T)dT  (IB) ,

depend
if CDF(T.,)>CDF.,.

er Case A or Case B obtains, and the species qualifies for an en listing if and only

For examps Fiﬁ. 1 shows a hypothetical extinction time PDF (upper panel) and corresponding CDF
(lower panel) for a species that would qualify for an en listing under the CDF approach given T,,=

100 and C

05, because the species has exactly a 5% probability of going extinct by year 100.

Because the ESA is usually interpreted as disallowing species-specific values when making a listing

decision, b@th parameters in the CDF approach are assumed to take the same values for all species.

The online Supporiing Information applies the CDF approach to two simple models of extinction
dynamics IEC!IOH $2.1.2.3), considering both Case A (point estimates of model parameters treated

as though the true values) and Case B (uncertainty in model parameters integrated out).
2.1.2. The cted loss approach to extinction risk
Despite theg of its original proponents, adoption of the CDF approach is not a logical necessity.

Aclear 8 e is provided by decision theory, which views risk not as probability per se, but as

expected loss volving both the probability of potential outcomes and the relative
undesirability of those outcomes.®® Specifically, a decision-theoretic alternative to the CDF

approach can be developed by defining extinction risk as the expected loss to society resulting from
4
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the eventual extinction of a species. Unlike the CDF approach, the EL approach does not require
specification of a fixed time horizon.

The EL M been under development for several years. A few aspects of the EL approach

described belamshave been mentioned or used previously.***® However, those previous papers did

@ pproach could be derived from first principles, and fell short of providing either a
0 ical evaluation of the approach in comparison to the CDF approach.

not show
full descrip

I I
In develop's the EL approach, the first step is to conceptualize a measure of the nominal wealth

(W) that t confers to society, where W is a random variable. Note that W does not have to
consist of mh or even physical assets, but it must be measurable, at least in principle, using

some sort ve quantity such as units of currency or non-monetary expressions of relative
value.

Existence b it will be assumed to be constant over all time T, and wealth will be defined as
the presen ted value of future existence benefits. The latter will be computed by applying a

discount rate () t@all future existence benefits and integrating over time from the present (7=0)
until such time as the species goes extinct.

The next slg ';s to specify a utility function (U) for nominal wealth. One of the most frequently used
forms for utility is the “constant relative risk aversion” (CRRA) utility function, which is the form that

will be ass e. The CRRA utility function includes a single parameter (p) representing the
level of rel aversion as defined by Pratt and Arrow."?* Qualitatively, levels of relative risk
aversio igally partitioned into the categories risk averse (p < 0), risk neutral (p = 0), and risk

prone (p > verse, risk neutral, and risk prone examples of the CRRA utility function are

shown i n intuitive interpretation of the parameter pis provided in the online Supporting

Inform $2.1.2.1).

In order togomplete the development of the decision-theoretic definition of extinction risk, it is
necessary Lfrom measuring utility (i.e., how society perceives the present value of future
existence bg to measuring loss, which is simply the converse of utility. The upper panel of Fig.
3 shows lo g ction of wealth for the same three values of pused in Fig. 2. As shown in the
online Supporting Information (Section $2.1.2.2), the assumptions of time-invariant existence
benefits, efponential discounting with discount rate ¢, and CRRA utility with relative risk aversion p

imply t e written as the following function of extinction time T:*

UT]a,p 1-op(-a-T))" . ()

The lower paine ig. 3 shows loss expressed as a function of extinction time for the same three

values of p useddthe upper panel, with « set at a value of 0.02 as an example.

its an inflection point at T = In(1-p)/a. Note that the inflection point occurs at a
positive value of T1f and only if p< 0. That is, the existence of an inflection point in the loss function

(when expressed as a function of T) implies risk proneness, and vice versa.
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The EL approach defines extinction risk as

EL(a,m:Jg’LiT,|a,p>-fT(T|e>dT (3A) or

EL(a, p) —ﬁw (T|a,p)-gp(T)dT  (3B) ,

depending Case A or Case B obtains.
I

|
Thus, in thegEL approach, extinction risk is defined as the expected loss to society resulting from
eventual e of a species, which is a function of both society’s time preference (&) and

attitude to (0).
As suggeste s name, decision theory involves choosing an optimal decision from among

rd
alternative§! Tj pical decision-theoretic solution is to choose the alternative that minimizes the
risk (EL). H vef) given conventional interpretations of the ESA, wherein the benefits and costs
associated :rnative management actions cannot be considered in the listing process, risk
minimization is noflan allowable approach, so another is necessary. Although falling short of a full
optimization, the EL approach can proceed just as in the CDF approach by specifying a cutoff level of
risk EL,, sdithat any value of EL>EL,, implies that an en listing is warranted. For example, Fig. 4
shows prohalbili eighted loss (upper panel) and its integral (lower panel) for the same extinction
time PDF smhe upper panel of Fig. 1, given @=0.02, p=0.5, and EL.,=0.03. This species would
n

qualify for ing under the EL approach, because the integral is equal to 0.03 as T approaches
infinity.

Application L approach thus requires specifying values for three parameters: the discount
rate o, th e risk aversion p, and the risk cutoff EL,, (in comparison, note that the CDF

approa nly two parameters, T,, and CDF,,—Fig. 1).

As in the CRF approach, because the ESA is usually interpreted as disallowing species-specific values
when maki isti

g decision, all parameters are assumed to take the same values for all species.

The online @ g Information applies the EL approach to the same two simple models of
extinction dymamai€s used to illustrate the CDF approach (Section S2.1.2.3), considering both Case A
odel parameters treated as though they were the true values) and Case B

(uncertaint§g in model parameters integrated out). Comparisons of the EL approach as described
with previous uses of decision theory in the context of endangered species in

Section #

2.2. Candidat§values for the parameters

2.2.1.Useof “ ensus” species to bound the universe of acceptable parameter values
Regan the extinction time PDFs corresponding to a set of 13 “consensus” species to

determine te values for policy parameters related to ESA listings.®*® The consensus species
were chosen from a larger set of 20 species, all of which were the subjects of previously published
population viability analyses capable of generating extinction time PDFs (all but three of these were

taken from Akcakaya et al.’™™). Eight scientists (“subjects”) familiar with the ESA listing process were

6
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provided with the extinction time PDFs for all 20 species and were asked to assign each species to
one of three categories: 1) a listing of en is warranted, 2) a listing of th (but not en) is warranted, or
3) no listing is warranted. There were 13 species for which either all or all-but-one of the 8 subjects
agreed Mr some sort of listing (either en or th) was warranted, and these 13 were

adopted asdsus species. Extinction time PDFs for the consensus species are shown in Fig.
5.

Althougdhl t REFEWES unanimous or near-unanimous agreement as to whether some sort of listing was
warranted$@r the consensus species, the level of agreement regarding the more specific question of
whether a species warranted an en listing was often considerably lower. Table | lists the votes in
favor of anfén listing for each subject and species. The right-hand column shows the correlation
between ea ect’s listing decisions (en or not en) and the average listing decisions across the
remaining #Su S.

For the present study, three “candidate” values for each parameter in each of the two approaches
were chosen, conSisting of a “base” value and two alternative values, one above the base value and
one below ults of the consensus classifications were used to guide the selection of the
alternative onditional on the base values described below in Sections 2.2.2 and 2.2.3. Given
those basefalues, alternative values for the parameters associated with each approach were chosen

so as to sa ollowing three criteria:
1. Thgal ive values for each parameter had to contain the respective base value as the
mi ine
2. A ible combinations of values for all parameters had to produce correlations (between
th ng set of listing decisions and the average listing decisions across the 8 subjects)

a threshold value of 0.603, representing the upper end of the lower quartile of
the correlation distribution estimated by a two-stage bootstrap.

3. Th&tive values for each parameter had to be as far apart as possible.

Details of

the online
2.2.2.Ca ate parameter values for the CDF approach
For the h, two parameters need to be specified: the point in time at which the CDF is to

be evaIWd the en risk cutoff, CDF.,.

Shaffer ori oposed {T.,=1000, CDF.,=0.01} as “tentative” values for the parameters of the
ugh he noted that reasonable values for T,, could range anywhere from 100-

tage bootstrap and the method used to satisfy the above criteria are described in
g Information (Section S2.2.1).

CDF appro
10,000 years and
o) Shortly thereafter, the parameter combination {7.,=100, CDF.,=0.05} was

or purposes of illustration,” labeled an “arbitrary criterion,” and described as
7(16-18

at reasonable values for P,, could be set anywhere in the 0.00-0.05 range or at

| mid-term security. ) This parameter combination has since become

19-21

providing “high le

) The literature contains numerous examples where this combination of
d:(17-18,22-52
’

something of a standard.

parameter values has been use ) although it should be noted that these examples have not

7
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always tied the {100,0.05} combination explicitly to the definition of en status under the ESA (i.e.,
these values have sometimes been used to describe other points of conservation concern); also,
some of these examples have addressed “quasi-extinction” rather than absolute extinction.®**

Following tradition, the base values for the parameters used in the CDF approach were set at
{T.,=100, 4P 05}.

The altggnativealeny/alues were set at the base value +/— 60 years, giving the following set of
candidate f@&lues: {40, 100, 160}. The alternative CDF., values were set at the base value +/— 0.03,
giving the M set of candidate values: {0.02, 0.05, 0.08}.

2.2.3. Candidatejparameter values for the EL approach

For the EL approach, three parameters need to be specified: the discount rate ¢, the relative risk
aversion pfandithélen risk cutoff EL.,. Our choices for the base values of  and pare 0.02 and
0.5, and%®¥r dfoice for the base value of EL,, is 0.03. Each of these choices was motivated by a
pair of con s, described below.

The two m siderations motivating our choice for the base value of « (0.02) were:

uld typically use discount rates between 3% and 7%, analysis of government

1. GuW@ance from the U.S. Office of Management and Budget states that, although regulatory
an
po “important intergenerational benefits or costs” may consider a discount rate
lo %, with estimates of the appropriate discount rate in such situations ranging
9 3%.°° Preservation/loss of a species obviously has important intergenerational
its/costs, so a discount rate between 1% and 3% would comply with the OMB

guid

2. Further support for a discount rate of 2% comes from a survey of 2,160 Ph.D. economists
who were asked to estimate the appropriate discount rate for use in mitigating the possible
efwobal climate change.®” Like species extinction, global climate change would be

expected to have intergenerational effects, so this survey might be expected to have

ap to the extinction risk problem. The modal response (21% of all responses) was a
d ate of 2%, which is also the midpoint of OMB’s recommended range for problems
o

is

£ We therefore recommend a discount rate of 2%.

The tw erations motivating our choice for the base value of p (0.5) were:

1. U.’. government policies regarding management of fish and wildlife resources have been
mojvmg ard a precautionary approach,®®® which is consistent with a positive level of
ris ioh.

2. of pnear 0.5 has been validated as a typical value for personal risk aversion in

us empirical studies.®*®”

With respect to choosing a base value for EL,,, it is important to remember that any particular value
of EL is interpretable only in the context of the associated value of p (when loss is viewed as a

8
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function of the present value of future existence benefits) or the associated values of both aand p
(when loss is viewed as a function of extinction time). The two main considerations motivating our

choice for the basi ’value of EL., (0.03) were:

ent “background” rate of extinction implies a lower limit on the admissible range of

°" The current rate of extinction for birds and mammals translates to 0.65% of all
W per century.(es) As shown in the online Supporting Information (Section

152 ANR3EINIf the extinction time PDF is exponential and @ and p are set at their base values,
thisickﬁround extinction rate corresponds to a background EL of 0.002. Assuming that
Congressdid not intend for the ESA to result in listing of species that exhibit extinction risks
sinilar to the background level, this implies that the cutoff for listing should be substantially
gre n 0.002 (i.e., finding that a randomly selected species qualifies as en should be

th n rather than the norm). Our suggested base value of 0.03 is approximately 15
ti ckground level of EL.

2. Afmmenting with a large number of simulations and extinction time PDFs (including
th

fo
w

consensus species), and assuming the base values of « and pjustified above, we

n EL., value of 0.03 comported well with our subjective understanding as to
t Congress intended when it passed the ESA. In other words, we found that this
combination of values tended to be consistent with what we would characterize as
IIC

ense” regarding species that ought, and ought not, to warrant an en listing.

The alternative ¢values were set at the base value +/— 0.006, giving the following set of candidate

values: .020, 0.026}. The alternative pvalues were set at the base value +/— 0.35, giving the
following set o idate values: {0.15, 0.5, 0.85}. The alternative EL,, values were set at the base
value + iving the following set of candidate values: {0.015, 0.03, 0.045}.

2.3. Experimental design

The two apRroaches were explored by applying them to the extinction time PDFs for the 13
CONSeNsuUs spe
candidate
approach b€

extent to whi two approaches are consistent with each other, and 3) to provide a basis for
users of eitfier approach to develop their own preferred values for the parameters.

2.3.1. i based on consensus species extinction time PDFs

The first part of the experiment consisted of making a determination, for each approach, as to

ies and a large number of hypothetical species, under various combinations of the

er values. The purposes of this experiment were: 1) to understand how each
nder various scales and shapes of the extinction time PDF, 2) to determine the

whether each of tRe consensus species warranted an en listing under each possible combination of
candidate r values. For each approach and each possible combination of candidate

parameter va he correlation between the resulting set of listing decisions (en or not en) and the

ecisions across the 8 subjects in the original consensus species exercise was also
calculated.

9
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2.3.2. Comparison based on hypothetical extinction time PDFs
A possible shortcoming of the extinction time PDFs associated with the consensus species is that, for
most practitioners, the appropriate decision regarding an en listing is likely fairly obvious for several
of thoseH order to provide more “gray areas” that might demonstrate greater contrast

: approaches, the 13 extinction time PDFs associated with the consensus species

were supp 1 with a large set of hypothetical extinction time PDFs (see online Supporting

Information, Section 2.3.2). Each PDF took the form of a three-parameter generalized F distribution
charactetizapie i terms of an expected value (ET), a coefficient of variation (CVT), and a shape

parameterzhever, in the interest of brevity, the comparison based on hypothetical extinction
time PDFs
each appr

conditionally 0

3. RESU
3.1.Co n based on consensus species extinction time PDFs

Tables Il a
and EL appYeaches compare to those of the subjects in the original consensus species experiment.

xamine each possible combination of candidate parameter values. Instead, for

ch, thgithree candidate parameter values for each parameter were examined
e remaining parameter(s) being set at its/their base value(s).

how the en ratings associated with the candidate parameter values for the CDF

Recall that the candidate parameter values were chosen, in part, such that the correlation between

the resultifg s listing decisions (en or not en) and the average listing decisions across the 8
subjects in al consensus species exercise was at least 0.603, representing the upper end of
the low ileaf the distribution of the consensus species correlations, as estimated by a two-
stage boo ee online Supporting Information, Section 52.2.1).

For the h (Table II), the correlations ranged from 0.639 to 0.830, with a mean of 0.731.

The base parameter values (T,, = 100, CDF., = 0.05) resulted in a correlation of 0.826. The en ratings
for all 9 CDE candidate parameter combinations agreed with the majority of subjects for 6 of the 13

species (A- ). For the remaining 7 species (D-J), ratings were mixed across the CDF
candidate p ter combinations.
For the EL (Table 1l1), the correlations ranged from 0.639 to 0.880, with a mean of 0.750.

the 13

The base p values (@¢=0.02, p=0.5, EL., = 0.03) resulted in a correlation of 0.740. The en
ratings for@ll 27 EL candidate parameter combinations agreed with the majority of subjects for 6 of
candida#r combinations.

and K-M). For the remaining 7 species (D-J), ratings were mixed across the EL

Table IV shows th@correlations between the two approaches for each possible pair of candidate

parameter tions. The minimum correlation was 0.3 (obtained under 14% of the 243

possible pairs didate parameter combinations), the maximum correlation was 1.0 (obtained

under e possible pairs), 70% of the correlations were greater than 0.5, and the mean
correlation 2. The correlation for the case in which the parameters for each approach were

set at their respective base values was 0.854.

10
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3.2. Comparison based on hypothetical extinction time PDFs
Results of the comparison based on hypothetical extinction time PDFs are shown in Figs. 6 and 7.
The horizoital axegin all panels of both figures all span the same range (0-800 years). Three curves

are sho anel of each figure, corresponding to three values of a particular parameter. In

all cases, t offtgurve corresponds to the lowest parameter value, the dashed curve corresponds
to the s%u eter value, and the dotted curve corresponds to the highest parameter value.
Conditi&haPS & base parameter values for the respective approach, Fig. 6a shows combinations
of ET and atisfy the base value for the respective en cutoff (CDF,, = 0.05 for the CDF

approach ang ELg, = 0.03 for the EL approach) exactly for three values of the shape parameter k in
the generalized F distribution (4, 16, and 64). In contrast, Figs. 6b and 6c consider only a single value

of kin the in of brevity. One of the main purposes of Fig. 6a, therefore, is to provide a caution
against ov eting the results in Figs 6b and 6c¢, by showing that a substantial amount of
potential vagi@biligy can be masked by focusing on a single value of k.

For any given cursm either panel of Fig. 6a, points lying above and to the left of the curve imply
that the extimeti isk (as defined by the respective approach) exceeds the en cutoff. Note that the

feasible ra values for a given approach and a given k value is bounded both above and
below (eac curve approaches a vertical asymptote). The feasible ranges of ET values tend to be
broader for the approach than for the EL approach. For both approaches, the locus of (ET,CVT)
combinati to move upward and to the left as k increases.

In Figs. 6b and 6C; the parameter k in the generalized F distribution was set at a value of 16,

corresp e dashed curves in Fig. 6a.
Conditio e base value for one of the parameters of the CDF approach, each panel of Fig. 6b
shows of ET and CVT that match the en listing criterion for the CDF approach exactly

for three values of the other parameter of the CDF approach. The upper panel shows how the
combinatigs vary when CDF,, is fixed at the base value (0.05) while T,, takes on each of its three
candidate , 100, 160), and the lower panel shows how the combinations vary when T, is
fixed at theffase Value (100) while CDF,, takes on each of its three candidate values (0.02, 0.05,
0.08). Wit $ eld constant at a value of 0.05, the locus of (ET,CVT) values tends to move
downward e right as T,, increases (upper panel), and with T,, held constant at a value of
100, the logus of (ET,CVT) values tends to move upward and to the left as CDF,, increases (lower
panel).

Conditiomase values for two of the parameters of the EL approach, each panel of Fig. 6¢
shows commx of ET and CVT that match the en listing criterion for the EL approach exactly for
three valu other parameter of the EL approach. The upper panel shows how the

hen pand EL., are fixed at their base values (0.5 and 0.03, respectively) while &
its three candidate values (0.014, 0.02, 0.026), the middle panel shows how the

when aand EL,, are fixed at their base values (0.02 and 0.03, respectively) while

combinations

takes o
combinatio
p takes on each of its three candidate values (0.15, 0.5, 0.85), and the lower panel shows how the
combinations vary when aand p are fixed at their base values (0.02 and 0.5, respectively) while EL,
takes on each of its three candidate values (0.015, 0.03, 0.045). In all three panels, the locus of
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(ET,CVT) values tends to move upward and to the left as the value of the respective parameter is
increased.

Fig. 7 is M similarly to Fig. 6, except that the vertical axes no longer represent CVT.

In Fig. 73, 3 @ eters for both approaches are set at their respective base values, with the
exception that.thefen

the uppgy Wd CDF., is ignored in the lower panel). Each panel contains three curves
corresponSg to the same three values of k (4, 16, and 64) used to generate Fig. 6a. As in Figs. 6b
and 6¢, Fig8®

utoff for one approach is ignored in each panel (specifically, EL,, is ignored in

7c consider only a single value of k in the interest of brevity. As with Fig. 6a, one

of the mai rpOSes of Fig. 7a, therefore, is to provide a caution against over-interpreting the
resultsin F d 7c, by showing that a substantial amount of potential variability can be
masked by facusimg on a single value of k.

Any given any curve in Fig. 7a corresponds to a (k,ET,CVT) combination defining an

extinction that satisfies the en cutoff for one of the two approaches exactly, where all
parameters for thall approach are set at their base values (k is identified in the embedded legend, ET
is shown on the horizontal axis, and CVT is implicit at the value for the corresponding point in Fig.

6a). The vdlle on the vertical axis shows the extinction risk for the other approach corresponding to
the same ( combination, with all parameters for that approach except the en cutoff set at

their base ige., o and p are set at their base values in the upper panel, and T, is set at its
base valuelip t er panel).

For exa
(ET=155,C
CDF=CDF_,=
genera

=64, the upper panel of Fig. 6a indicates that the combination

satisfies the base value of the en cutoff in the CDF approach exactly (i.e.,

en T=T.,=100)—note that this is the same parameter combination used to

! 4. In Fig. 7a, the curve for k=64 crosses ET=155 at an EL value of 0.03 (given
that zand pare set at their base values), which is the base value for the en cutoff in the EL
approach, aeaning that this particular (k,ET,CVT) combination satisfies the base value for the en
cutoffinb F and EL approaches exactly. However, for any lower value of ET (with CVT set
at the corrgpondimg value shown in Fig. 6a, with k=64), EL will be greater than the base value of
0.03, and f¢ * gher value of ET, EL will be less than the base value of 0.03, meaning that moving
d from the point (ET=155,EL=0.03) along the curve for k=64 in Fig. 7a implies that
ualifies for an en listing under both approaches, while moving rightward and downward

leftward and

the specie

alongt lies that the species qualifies for an en listing under the CDF approach but not
under tIMch.

Figs. 7b an imilar to Fig. 7a, except that the shape parameter k is held constant at a value of
16 and on proach-specific parameters is varied instead (CVT is implicit at whatever value is

necessary to so he respective equation).

Fig. 7b
(the method us
(Section S2.3.2)). The upper panel shows how the combinations vary when CDF,, is fixed at the base

values associated with PDFs that satisfy the en cutoff for the CDF approach exactly
construct the curves in Fig. 7b is described in the online Supporting Information

value (0.05) while T,, takes on each of its three candidate values (40, 100, 160), and the lower panel

12

This article is protected by copyright. All rights reserved.



shows how the combinations vary when T, is fixed at the base value (100) while CDF., takes on each
of its three candidate values (0.02, 0.05, 0.08). With CDF,, held constant at a value of 0.05, the locus
of (ET,EL) values tends to move downward and to the right as T,, increases (upper panel), and with
T.n held a value of 100, the locus of (ET,EL) values tends to move upward and to the left

as CDF., imr panel).
Conversely=Eigs s CDF values associated with PDFs that satisfy the en cutoff for the EL

approadi SXa@GEIMT he curves in Fig. 7c were constructed analogously to those Fig. 7b. The upper
panel shov\snow the combinations vary when pand EL,, are fixed at their base values (0.5 and 0.03,
respectively)awhile « takes on each of its three candidate values (0.014, 0.02, 0.026), the middle
panel shows how tlie combinations vary when « and EL,, are fixed at their base values (0.02 and

0.03, respec while ptakes on each of its three candidate values (0.15, 0.5, 0.85), and the lower
panel sho e combinations vary when aand p are fixed at their base values (0.02 and 0.5,
respectivel il@EL ., takes on each of its three candidate values (0.015, 0.03, 0.045). In all three

panels, th (ET,CDF) values tends to move upward and to the left as the value of the
respective parameler is increased. The curves are all monotonic except for the curve corresponding

to a=0.014 in the upper panel, which shows a peak at an ET value of about 133; in addition, it may

be noted t e direction of the relationship between CDF and ET in the middle panel switches
from positi ative somewhere between p=0.5 and p=0.85.

4. DISC

4.1. Beltamigr of the two approaches with respect to each other

In the compagi ased on consensus species extinction time PDFs, both approaches, using their
respect meter values, resulted in listing decisions (en or not en) that exhibited a

reasonable correlation with those of the original 8 subjects. The correlations were 0.826 and 0.740
for the CDmand EL approaches, respectively (Tables Il and Ill; by design, the correlations for all
possible CL

representi

ns of the other candidate parameter values exceeded a value of 0.603,

pper end of the lower quartile of the correlation distribution estimated by a two-
stage boot e online Supporting Information, Section S2.2.1)). The correlations between the

two approachés themselves were also uniformly positive. For example, 70% of the possible pairings

of candidat€ parameter combinations resulted in a correlation between the two approaches of at
least 0. bination resulted in a correlation less than 0.3 (Table IV).
HoweveMts of this magnitude for the consensus species should not be surprising,

because, a reviously, the appropriate decision regarding an en listing is likely fairly obvious
for several of thosé/species. The comparison based on hypothetical extinction time PDFs was more

revealing, as that set of PDFs was much broader and more finely grained than the set of consensus

species P

Several patter strating behavioral differences between the two approaches are evident in Fig.

6a:
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e For agiven value of the shape parameter k, the range of ET values spanned by the respective
curve tends to be larger in the CDF approach than in the EL approach.

. walue of CVT, the horizontal distance between any pair of curves (i.e., the curves
assqgiated with any two values of k) tends to be larger in the CDF approach than in the EL

o hogagivenyvalue of ET, the vertical distance between any pair of curves tends to be larger in

thSL approach than in the CDF approach.

Fig. 6b show@ th wider range of mean extinction time can result in an en classification under the
CDF appro as increases or CDF,, decreases, while Fig. 6¢ shows that a wider range of mean
extinction time result in an en classification under the EL approach as any of the parameters
decreases.

As shown ifghi for the range of extinction time PDFs considered here, the values of EL., that
map into the base Malue of CDF,, (upper panel) and the values of CDF,, that map into the base value
of EL,, (Iov;i) both vary widely; specifically, an EL., range of 0.012-0.044 can map into CDF,, =
0.05and a en fahge of 0.004-0.149 can map into EL., = 0.03.

In Fig. 7b, panel shows that, with CDF,, held constant, the values of EL that match the en
listing crit he CDF approach exactly tend to move downward and to the right as T,,
increases, in order for a higher value of T, to map into the same value of CDF,,, the

extincti i would have to be concentrated more toward higher values of T, which would
tend to to decrease. The lower panel shows that, with T,, held constant, the values of EL

that match t sting criterion for the CDF approach exactly tend to move upward and to the left
as CDF,,
the extinction time PDF would have to be concentrated more toward lower values of T, which would

tend to C3L§ El to increase.

ecause, in order for a higher value of CDF,, to map into the same value of T,,,

In Fig. 7c, all three panels show that the values of CDF that match the en listing criterion for the EL
approach g d to move upward and to the left as the respective parameter of the EL
approach i . In the cases of aand p (upper and middle panels), this can be explained as

follows: In the value of either of these parameters causes the loss function to shift

downwardfmeaning that the extinction time PDF would have to be concentrated more toward
lower values of T i, order for EL to match the same value of EL.,, which would tend to cause the CDF
(evaluathe value of T,,) to increase. In the case of an increase in EL,, (lower panel),
because th ction is not affected, the extinction time PDF would have to be concentrated
more toward lowelvalues of T in order for EL to match the new, higher, value of EL.,, which would

tend to cause the CDF (evaluated at the same value of T,,) to increase.

It might be ho
listing decisions resulting from adoption of either approach could be made to match those resulting

at the difference between the two approaches is merely semantic, and that the

from adoption of the other simply by choosing the parameter values appropriately. However, the
14
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results shown here demonstrate that such wishful thinking is unlikely to be correct (as confirmed, for
example, by Fig. 7a—see discussion above).

There isM case in which the two approaches are equivalent: If ais set at the value
In(1-0)/Ten
2 converge
(Fig. 8), in W 3
requireSih JERRIEF@Arisk proneness and an immense discount rate, neither of which seems plausible.

ofgaiRy negative value of p, then, in the limit as p approaches negative infinity, Equation
@w scending “stair-step” loss function, where the edge of the “stair” occurs at T=T,,
e values of extinction risk in the two approaches are equal. However, this

Given that pproaches cannot be reconciled (except in the pathological case described
above), it ighecessary to choose between them. Potential issues with each approach are discussed
in the rem this section.

4.3. Potmsues with the CDF approach
Four issues e CDF approach are addressed below.

4.3.1.Is the CDF ipproach internally consistent?
Although e n can occur at any point in time, the CDF approach typically calls for evaluating the

CDF at onlmt in time."*® Itis easy to imagine cases where different listing decisions could

be made f e species simply by switching between sets of {T.,, CDF.,} values to which
society (or i aker) is indifferent.®7%

For exampl@,F hows hypothetical extinction time distributions for three species (solid, dashed,
and do with the PDFs plotted in the upper panel, the CDFs in the middle panel, and the

log CDFs
of CDF., (0.0
possibl imations of candidate parameter values are broadly consistent with the results of the

wer panel. Some hypothetical values of T, (90, 100, 110) and the candidate values
, 0.08) are also shown in the lower panel (the latter on a log scale). Given that all

consensus species exercise (Section 2.2.1), it is not unreasonable to suppose that a policy maker
might be indifferent between the combinations {T.,=90, CDF.,=0.02}, {T.,=100, CDF.,=0.05}, and
{T.,=110, G }, as they are all feasible (by the consensus species criterion) and the values of

Ten and CDrectIy across these combinations. However, whether a species exceeds the en
cutoff depé @ ally on which of those combinations is chosen. For example:

o |[fT, d CDF,, =0.02, only the solid curve exceeds the en cutoff.

) gnd CDF,, = 0.05, only the dotted curve exceeds the en cutoff.

) Ifenﬁand CDF,, = 0.08, only the dashed and dotted curves exceed the en cutoff.

Although the aboyé are just examples, there surely must exist an entire “indifference curve” of {T,,,

CDF,,} pairs that sgciety (or a policy maker) would find equally acceptable, and there is absolutely no

an extinction time CDF that intersects such a locus at one point will intersect it at
ch leads inevitably to the conclusion that the CDF approach cannot be made to be
internally consist
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4.3.2. Is the value of the parameter in the CDF definition of extinction risk inherently
arbitrary?

The fact that the CDF approach cannot be made to be internally consistent might not be a significant
proble ossible to identify a single value of T,, that has logical priority over all the others.
Unfortunatg ding such a value appears to be an impossible task, as many authors have

arbitrary.(7 )

I
It is impor

recognized sifications of extinction risk based on the CDF approach are inherently

t here to distinguish between “arbitrary” and “subjective” choices. A typical dictionary

definition of grbitrary is, “existing or coming about seemingly at random or by chance or as a

capricious sonable act of will;” while a typical dictionary definition of subjective is,
“peculiar to cular individual: personal (‘subjective judgments’); modified or affected by
personal vigivs, erience, or background.” In short, an arbitrary choice is one that has no
reasonabl ; while a non-arbitrary choice is one that has a reasonable rationale, where such
reasonabl i can be either subjective (dependent at least in part on personal judgment) or

objective (complefgly independent of personal judgment).

In order for approach to make sense, T,, must be the value of T below which all extinctions
are equallyflindesirable and above which all extinctions are completely irrelevant.®) This is a double-
edged swofe® e increases, the claim of equal undesirability for all extinctions at any T< T,
becomes i ly untenable; but as T,, decreases, the claim of complete irrelevance for all
extinctions\at > T,, becomes increasingly untenable. Asking policy makers to specify the value

of T., is like asking someone to specify a level of income such that: 1) all incomes below that level
irable, and 2) all incomes above that level are completely irrelevant. No one would

el exists. In short, there does not seem to be any sense in which T,, corresponds
enon, in which case there does not appear to be any recourse but to set the
value of T,, arbitrarily.

In contrast;he parameters of the loss function developed here for the EL approach (Equation 2) do
correspond to real phenomena, viz., the discount rate and the level of relative risk aversion. Each of
these two {

has been the subject of numerous studies. Their values can be estimated

statisticall

ribed normatively (Section 2.2.3). People might argue about the “right” value of
isicnce of time value and risk aversion/proneness are both well established.

erent problem with the CDF approach, some recent listing decisions have

y the situation by specifying multiple pairs of values for T,, and CDF.,,
if identified threats are perceived to have different impacts over different time periods’.

Of course, specification of multiple pairs of values for these parameters complicates the approach
ly because it multiplies the number of parameters, but it adds the requirement
of creating a deeiion rule to determine what happens if one or more parameter pairs imply that

ed while one or more other parameter pairs imply that listing is not warranted. For

2 Angela Somma, U.S. National Oceanic and Atmospheric Administration, National Marine Fisheries Service,
Office of Protected Resources, Endangered Species Conservation Division; personal communication received
via e-mail, April 27, 2015.
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example, the listing decision might be based on the most pessimistic outcome, the most optimistic
outcome, the unweighted average outcome, or some sort of weighted average outcome. More
importantli; thOUﬁh, simply increasing the number of arbitrarily chosen parameter values obviously

does no roblem of relying on arbitrarily chosen parameter values in the first place.

However, i take the limiting case in which the listing decision were made by comparing
the entire ¢ ctio e CDF to the entire {T,,, CDF,,} indifference curve (e.g., as seems to have
been suggast@ammplicitly by D’Elia and McCarthy""), this would indeed solve the problem of making
the listing scision dependent on a finite number of arbitrarily chosen points. However, it would

also require gstimating the entire indifference curve, and it would still require creation of a decision

s involling still more parameters) specifying what to do in case the CDF were to exceed
rve over one or more portions of the range but not others. An additional
difficulty is@ha “generalized” CDF approach is simply a mechanical operation with no apparent
meaning, th to the EL approach, where the listing policy may be stated simply as, “list a
species as ed if and only if the expected loss to society resulting from eventual extinction of
the species exceed§ the appropriate cutoff.”

4.3.3. Doe tical justification for the CDF approach exist?

Unlike the BL approach, which rests on a firm theoretical foundation, the CDF approach is entirely ad
hoc. Altho lly not stated explicitly, it might be guessed that the primary theoretical appeal
of the CDF lies in its “sound-alike” relationship to null hypothesis testing,(g’ particularly
when CDF i ual to 0.05.

Emlen d one of the few explicit attempts to equate the CDF approach with null

hypothesis te hen they argued that a CDF,, value of 0.05 should be chosen because it is “in

keepin andard statistical procedure for distinguishing between a null hypothesis (extinction)

and its alternative.”’®
However, !’s argument has two difficulties. First, it begs the question of how to specify the null

hypothesis! pecifically, it is not clear that the null hypothesis should be equated with

extinction r, aan persistence, especially given that persistence is the current state, whereas

extinction nstitute a change from the current state.

Second, thEess of null hypothesis testing in the biological sciences has been seriously
guestione ith many authors noting that the traditional cutoff value of 0.05 is arbitrary.””** In
particular, jit has been argued that null hypothesis testing is inappropriate for ecological risk
assessm e only justification typically cited for the 0.05 value in null hypothesis testing is its

frequency t this is circular reasoning; for example, the preface to the American Statistical

’
Y}

Associatio ment on p-values” describes the rationale for use of 0.05 as follows: “We teach it

because it's whatae do; we do it because it's what we teach.”®®”

4.3.4.
Even if it were

andardized scale of risk aversion exist in the CDF approach?
ible to specify the parameters non-arbitrarily, the CDF approach has another

shortcoming: In contrast to the EL approach, where the sign of p unambiguously determines
whether the loss function is risk averse or risk prone, it is impossible to partition risk attitudes in the
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CDF approach into “risk averse” and “risk prone” ranges; all that can be said is that, for any given
value of T,,, a particular value of CDF., is more or less risk averse or risk prone than some other
value. For example, given some value of T,,, CDF.,=0.10 is more risk averse than CDF,,=0.15 and
more rian CDF,,=0.05, but there is no way to judge whether CDF,,=0.10 is risk averse or
risk prone ipg@A@R(f itself, even when placed in the context of the given T,,. As noted previously, U.S.
governmegarding management of fish and wildlife resources have been moving toward
a precautionary approach,(ss'el) which is often characterized in terms of being risk averse rather than

risk proﬁe. n order to use these terms meaningfully, it would be very helpful to be able to tell one
from the o j

4.4. Pot@;sues with the EL approach
Six issues wi EL approach are addressed below, and a seventh, more technical, issue is

addressed wline Supporting Information (Section 54.4.7).
4.4.1. Does the ESA allow consideration of foregone benefits in a definition of extinction
risk?

One area v: EL approach may raise concerns is its reliance on societal costs associated with
i a species (i.e., foregone existence benefits). The basis for such concerns will

ctively.

future exti
likely be a Rarticular interpretation of the ESA wherein “costs” or “economics” cannot influence a

listing det n, with the U.S. Supreme Court’s 1978 landmark decision in the case of
Tennessee thority v. Hill, and also House of Representatives Report 97-567, being
commonly@ite upport of this interpretation.®®°? Note, however, that the text of the ESA itself
contain ohibition.

In Tennessee Authority v. Hill, the Court’s opinion contained three relevant uses of the term
“cost:”

A. “Whether a dam is 50% or 90% completed is irrelevant in calculating the social and scientific
s attributable to the disappearance of a unique form of life;”

c
B. “Thegpiain intent of Congress in enacting this statute was to halt and reverse the trend

cies extinction, whatever the cost;” and

C “T ct is substantive in effect, designed to prevent the loss of any endangered
species, regardless of the cost.”

Note tth not actually disallow calculating the costs of extinction (in fact, it seems to

presume t alculations will be made); it simply disallows certain factors from impacting that
calculation. Uses Bhand C, which are essentially identical, clearly refer to the cost associated with
listing (or ecovery); not the cost of extinction itself. If the societal costs of extinction were

truly irreleva must wonder why Congress would have bothered passing the ESA in the first
place.

The ESA was amended in 1982 by clarifying that listing determinations are to be made “solely” on
the basis of the best scientific and commercial data available. With respect to this amendment,
House of Representatives Report 97-567 states, “Whether a species has declined sufficiently to
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justify listing is a biological, not an economic, question;” and, “The Committee strongly believes that
economic considerations have no relevance to determinations regarding the status of species....
Applying economic criteria ... to any phase of the species listing process is ... specifically rejected by
the incl word ‘solely’ in this legislation.” The House report thus seems to consider
“scientific 3

of the Hou @

criteria (i.e., the “listing process” referenced in the Report) is to be based solely on biological data,
and 2) b-ot e development of the listing criteria themselves and the determination of whether a
species ha

ercial data” to mean “biological data.” Given this, at least two interpretations

Age are possible: 1) the determination of whether a species has met the listing

se criteria are to be based solely on biological data (in which case the “listing
process” is ghpafled to include development of the listing criteria themselves). Interpretation #1 is
by far the More sefisible of the two, because there is simply no way that the listing criteria
themselves can be derived solely from biological data.

In short, th e in both the Tennessee Valley Authority v. Hill opinion and House of
Representati ort 97-567 is most sensibly interpreted as being directed against including the
costs associated Sh listing a species (e.g., negative impacts on future economic development) as a
factorin m determination. Interpreting this prohibition to extend to any and all

considerati societal costs of extinction itself is not required. Moreover, such an
interpretat d make it impossible to develop listing criteria in the first place.

4.4.2.1st of the discount and utility operators correct?

One area \m approach developed here appears to diverge from most of the economics
literature on decision-theoretic treatment of future benefits is the order of the discount and utility
operat king at the problem from the perspective of utility rather than loss, the approach
taken here ha to focus on the expected utility of discounted benefits (EUDB). However, most

of the i

tended to focus on the expected discounted utility of benefits (EDUB).

The EDUB approach appears to have originated with Samuelson.®™ The EDUB approach was later
adopted b&aari,‘gz) who appears to have been the first to allow for stochasticity in the time at
which future benefits cease. Like Yaari, Levhari and Mirman'® followed the EDUB approach with

allowance asticity in the time at which future benefits cease and, like the present paper,

they assu stant discount rate and a CRRA utility function.

The EUDB gproacE, although apparently in the minority, is also an old one, dating back at least to
Markowyi UDB approach was adopted by Weinstein and Zeckhauser,'®® who described it
as “a coMonvenient practice” and also by Smith.®® The problem addressed by Lopes and

Michaelides,'”” who likewise used the EUDB approach, was more complicated than the one

addressed here, bs their approach nevertheless bears several similarities, such as weighting future

benefits b probability and assuming both a constant discount rate and constant relative risk

aversion.

Althoug e EDUB and EUDB approaches find support in the literature, Baucells and Sarin®®
showed that the EDUB approach is, in fact, inconsistent with any positive values of risk aversion and
discount rate. Here is another way to look at the issue: If the benefits of future existence are
constant over time (conditional on the species being extant) and normalized at a value of unity, and
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if the utility function is of the CRRA form, then utility is independent of the level of risk aversion (i.e.,
U=1""=1). Then, if risk is defined as 1 minus EDUB (rather than 1 minus EUDB), it follows that risk is

also independent ii risk aversion, which makes no sense.

4.4.3. Should ure existence benefits be discounted?
dloped here rests in part on the assumption that future existence benefits should

be discountedh @8hcept of existence benefits, a form of non-market value, was first put forth by
Krutilla " iBsiss@mee value implies that an individual derives benefits from the mere existence of a

natural resQurce, independent of any direct use of the resource by that individual. This is closely
(99)

related to the concept of “option value” described by Weisbrod,” which is the benefit that an
individual @om retaining the option of future use.

Discountingef re existence values or option values derived from plant and animal species is a
common pmom) However, this practice is not without its critics. Criticisms typically focus on
the issue of inter=generational equity, the perception being that discounting is unfair to future
generationﬁaries of the arguments, both pro and con, have been provided elsewhere,***"
and it is be scope of this paper to evaluate all of these arguments. Instead, the following
three reaso ffered in support of the decision to discount future existence benefits: 1) This
practice is Well established in the literature (as in the examples listed above). 2) The approach

developed tended to be consistent with U.S. government policy, and U.S. government

policy currg for discounting future existence benefits, albeit at a lower rate than would be

the case if fare of future generations were not an issue.”® 3) Although existence benefits
accruing to future generations are discounted in the EL approach, they are discounted at the same
rate as e benefits accruing to the present generation; so in this sense, all generations are

treated equal

4.4.4. Should time be measured in units of species-specific generations rather than years?
It might be suggested that extinction time should be measured in units of species-specific
generationSitather than years.”? Regan et al.** briefly summarized arguments for and against use

d in units of years. However, in the context of the approach developed here, the
opposite is asuring extinction time in units of generation length would give preferential
treatment o long-lived species, because this is equivalent to dividing the discount rate by the

genera , thus implying, for any future point in time, that the existence benefits to be

received“g—lived species are worth more than those to be received from a short-lived
species. I::ional interpretations of the ESA, such preferential treatment is prohibited.

One possi rn with measuring extinction time in units of years rather than species-specific

generations caagd®illustrated by means of a hypothetical example: Suppose that a population with

avery | eration length has been reduced to a very small number of individuals. If the cutoff
for protectio act set sufficiently low, the species will not be protected, even though there may be
a high probability that it will go extinct within a few generations. However, the solution to this
problem is simple: If a species like this is among those to which Congress intended to afford
protection, then the cutoff should be set low enough that they are protected (this is not to suggest
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that different cutoff values should be set for different groups of species, merely that the cutoff
should be set such that species meriting protection actually receive it).

4.4.5. Cprroach be applied to the ESA’s “threatened” category?
Under the definitions prescribed by either the CDF approach or the EL approach, extinction risk is a

continuous For the sake of simplicity, the discussion so far has focused on a single category

of extinctid he en category defined by the ESA. In principle, however, any number of
categori@s camlais@ delineated under either approach simply by designating multiple cutoff values of

extinction Sk (using the definition appropriate to the respective approach).

For examplé; we S@ggest tentatively that, using the EL approach, an extinction risk cutoff of EL,, =
0.01 woul nd to our subjective understanding of Congress’ general intent with respect to

the “threatepedalth) category in the ESA. This cutoff value is approximately 5 times the background
level of exww (see Section 2.2.3). In Fig. 5, the pair of curves labeled “H” and “J” represent
the only two of the 13 consensus species that would qualify as th under the base a and pvalues of
0.02 and 0.5an L, value of 0.01.

While we believe that an extinction risk cutoff of EL;, = 0.01 would correspond to the general intent

of Congreme that the exact text of the ESA may not permit this as a definition of

“threaten r the ESA, a th species is one that “is likely to become an endangered species
egble future throughout all or a significant portion of its range” (§3(20), emphasis

% dless of whether extinction risk is defined under the CDF approach or the EL

approach, the eXa

the th I, but rather the probability of becoming en.
In other w the th category, the statutory language seems to require specifying a cutoff
probab d comparing it against the probability of the species qualifying for en status

within a specified time horizon T;,. For example, using the EL approach to define en status, a strict
interpretatiion of the statutory definition of th status would imply that a species qualifies for th
status if arhboth of the following two conditions are met: 1) extinction risk at 7=0 is less than
ElL.,and 2) ability that extinction risk will exceed EL,, at T=T,, is greater than CDF;,.

t language of the ESA implies that extinction risk is not the operative variable for

If this is the Pthe following questions arise: 1) What level of probability (CDF,) should be
associated ly?” and 2) what time horizon (T,) should be associated with “the foreseeable
future?ﬂwer to the first question, we agree with DeMaster et aI.,‘g) who concluded that
the most rgasonahle definition of “likely” is a cumulative probability of at least 50%. For the answer
to the SMOH, our preference is to reverse-engineer the problem so that application of the
chosen val given CDF,, = 0.50 and the base ¢, p, and EL,, values of 0.02, 0.5, and 0.03,
respectivel imates our tentatively suggested criterion of a 1% extinction risk for th status to

the extent possi In other words, we suggest choosing the value of T, that, when applied

rict interpretation of the statutory definition of th, would best approximate a
decisionr hich a species is listed as th if and only if the following set of inequalities is
satisfied:
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ELy, <[ L(T|a,p)- fr(T|0)dT <EL,, or

ELy <[ L(T|a,p)-gr(T)dT < EL,, ,

dependingmase A or Case B obtains.
Based on e ith a simple model of extinction (see online Supporting Information, Section

S4.4.5), mumbestestimate of this value (rounded to the nearest 10 years) is T, = 50 years.

4.4.6.1s tlhproach too complicated?

The EL appgfach ore complicated than the CDF approach. Although the mathematics are not
necessarilySore g@mplicated (both approaches involve the same number of integrations), the EL
approach reguitgs three parameters, as opposed to only two for the CDF approach. Moreover, the
meanings mameters used by the EL approach are more complicated than those used by the
CDF approach; at®east when considered at face value. The added complexity of the EL approach can

be conside at least a couple of different perspectives: First, is a simpler approach always
preferable? , does the added complexity have implications for communicating the results of

listing decisi he public?
With regarﬂirst question, it is important to keep in mind the primary objective of any ESA

listing proced which is to list species that merit listing while not listing species that do not merit

listing. As expected, there is a fundamental tradeoff inherent in developing an ESA listing

procedure: ‘@né develop a procedure that is extremely easy to understand but utterly fails to
accom ctive, or one can develop a procedure that is harder to understand but more
nearly accom the objective. For example, one could argue that the CDF approach is
needles icated, because a procedure consisting of, “List a species if and only if it has a
popula ller than 1,000 individuals,” is much easier to understand, yet this procedure

would easily be trumped in turn by a procedure consisting of, “List a species if and only if it is a
mammal.” @owever, the criteria used in these latter two procedures are related only very indirectly
(if at all) to a species’ extinction risk, which is why they would not be very good procedures.

Turning to @ d question, it must be admitted that the average member of the public might
claim to understand probability, which would seem to confer an advantage to the CDF approach.
HoweveEnysudies have demonstrated that people often misinterpret statements about
probabijityetiasea his leads to the question of whether it is better to adopt a technically simple
approach t!at Eegle think they understand even though they actually do not, or a technically more
complicated approach involving some terms that most members of the public, were they do delve
into the technical'@etails, would likely have to admit that they do not understand.

Of course, commuaication is also a matter of phrasing. For example, if the EL approach were

public by reciting Section 2.1.2 of this paper, it would not be surprising to find that
ber of the public was confused. However, if the EL approach were explained as,

“We looked at t
what it would mean to society were the species to go extinct soon versus much later, we determined

robability of extinction from now until far into the future and, after considering

that the extinction risk was too high,” the reaction might be much more positive. On the other
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hand, if the CDF approach were explained as, “We looked at the cumulative probability of extinction
100 years from now and determined that it was too high,” it would not be surprising to find

members of the puiolic asking, “So what? Why is 100 years so special?”

4.5. A potemtial issue common to both approaches
Both the C @ ach and the EL approach rely on the extinction time PDF, and are therefore
Where the responsible agency has agreed that a scientifically acceptable

usable onl -
estimat®ofRFEPDF exists. Of course, obtaining such an estimate is no small task and, as a practical
matter, a | ortion of listing decisions will inevitably be made using methods (some entirely
qualitative) that go not map directly into a quantitative definition of extinction risk under either

approach. {kor exalinple, a listing decision may need to be based on a model describing the time to
(53-55

quasi-extinc ther than absolute extinction. ' We suggest that such methods be tested and
refined thr@tig ulation studies to ensure that they relate as closely as possible to whatever
guantitati ingfion of extinction risk is adopted.®*'? If estimates of extinction risk based on the

extinction need to be supplemented with other information because the model from which

the PDF was deriv@8l omits key features of the species’ population dynamics (i.e., a “weight of

u

evidence” ch™), we likewise suggest that attention be paid to maximizing consistency with

whichever proach (CDF or EL) is adopted.

n

More pessimistically, it should also be recognized that some scientists have expressed a high level of

(73,120-125)

skepticism g the reliability of extinction time PDFs in many or most circumstances,

stressing t acceptance of point estimates of the parameters from which the PDFs are

d

justified, owing to the large amount of uncertainty that typically accompanies

genera
such poi ates. We agree that extinction time PDFs should always be used with an

appropriate of humility. To the extent possible, uncertainty in parameter estimates should
the PDF (i.e., in the terminology of Section 2.1., Case B should be preferred to

Case A). Model averaging can also be useful when multiple estimates of the PDF exist.

)l

be inte

1

5. CON NS
This paper ared and contrasted two approaches to defining extinction risk under the ESA:
the cumulati ibution function (CDF) approach that has been the standard for several decades,

and an expg@cted loss (EL) approach that is relatively new.

g

We sug EL approach is the better of the two. The EL approach defines extinction risk as

the expected loss to society resulting from eventual extinction of a species, and is firmly grounded in

{

decision theory. f\computing extinction risk, distinct roles are identified for time preference and

L

risk aversi L approach provides consistent and coherent listing decisions, in contrast to the

CDF approac h:

A

e considers time preference on a binary basis only

e provides no objective means of distinguishing between risk proneness and risk aversion
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e can easily result in different listing decisions simply by switching between sets of parameter
values to which society (or a policy maker) is indifferent.

Tentativ“ the parameters of the EL approach have been identified (i.e., the base values «
=0.02, p=Q ad EL., = 0.03), and we stress the word “tentative.” While these values are not

arbitrary, t @ bjective, and we realize that it may be possible to improve upon them. In

particular, arty a policy parameter, and we do not presume to usurp agency discretion in
setting 8h JPPrOpPriate value. For consistency with the ESA, any parameter values that are adopted

will need t tant across species.

Suggested (rectlas for future research include fully vetting, and refining as appropriate, the

tentative p r values suggested here; development of effective strategies for communicating
the EL apprgac olicy makers and the general public; and simulation testing of methods that can
be used to oxjfhate the EL approach in cases where a usable estimate of the extinction time PDF

is not available.
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TABLE

Table I. Listing decisions (en = 1, not en = 0) for the 13 consensus species (columns labeled A-M) and

8 subjects eled 1-8) in the original consensus species exercise. Row labeled “en prop.”
represents ortion of subjects that voted to list the respective species (column) as en. Right-

hand c
and the a

") shows the correlation between each subject’s listing decisions (en or not en)

Ilstmg decisions across the remaining 7 subjects.

Subject C D E F G H I J K L M | Corr.
0.53
1 0 1 1 0 1 0 0 0 0 1 0 0 0 0
0.66
2 & 1 1 1 1 0 0 0 0 0 0 0 0 0 2
0.80
3 1 1 1 1 0 0 0 0 0 0 0 0 1
0.76
4 1 1 1 1 1 0 0 1 0 0 0 0 2
0.89
5 1 1 1 1 1 1 0 0 0 1 0 0 0 7
0.85
6 1 1 1 1 1 1 0 0 1 1 0 0 0 4
0.78
7 :1 1 1 1 1 1 0 0 1 0 0 0 6
0.65
8 1 1 1 1 1 1 1 1 1 0 0 0 1
10 08 08 06 02 01 03 06 00 00 0.0
0 8 8 3 5 3 8 3 0 0 0

Table II. Listing decisions (en = 1, not en = 0) for the 13 consensus species (columns labeled A-M)
and 9 candidate parameter combinations in the CDF approach. First two columns contain the
candidate parameter combinations (shaded row represents the base parameter combination). Row
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labeled “en prop.” represents the proportion of subjects in the original consensus species exercise

that voted to list the respective species (column) as en. Right-hand column (“Corr.”) represents the

correlation between the respective candidate parameter combination and the “en prop.” row.

Corr
C D E F G H 1 J K L M .
0.63
1 0 0 0 0 0 0 0 0 0 0 9
0.63
1 0 0 0 0 0 0 0 0 0 0 9
0.63
1 0 0 0 0 0 0 0 0 0 0 9
0.83
1 1 1 1 1 0 1 1 0 0 0 0
0.82
1 1 1 1 0 0 1 0 0 0 0 6
0.82
1 1 1 1 0 0 1 0 0 0 0 6
0.72
1 1 1 1 1 1 1 1 0 0 0 6
0.72
1 1 1 1 1 1 1 1 0 0 0 6
0.72
1 1 1 1 1 1 1 1 0 0 0 6
1.0 08 08 06 02 01 03 06 00 0.0 0.0
0 8 8 3 5 3 8 3 0 0 0
Table III ecisions (en = 1, not en = 0) for the 13 consensus species (columns labeled A-M)
and 27 candid rameter combinations in the EL approach. First three columns contain the
candid r combinations (shaded row represents the base parameter combination). Row

labeled “en prop.” represents the proportion of subjects in the original consensus species exercise
that voted !i list the respective species (column) as en. Right-hand column (“Corr.”) represents the

correlation

the respective candidate parameter combination and the “en prop.” row.
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Cor
B C F G H I J K L M r.
0.72
1 1 1 1 1 1 1 0 0 6
0.72
1 1 1 1 1 1 1 0 0 6
0.72
1 1 1 1 1 1 1 0 0 6
0.72
1 1 1 1 1 1 1 0 0 6
0.72
1 1 1 1 1 1 1 0 0 6
0.74
1 1 1 1 0 1 0 0 0 0
0.74
1 1 1 1 0 1 0 0 0 0
. 0.88
4 5 003 1 1 1 1 0 0 0 0 0 0 0




0.01 0.8 0.04‘ 0.74
4 5 5 1 1 1 1 0 o0 0 o0 0 0 0 0 0] 2
0.1 0.01 0.72
0.02 1 1 1 1 1 1 1 1 1 0 0 01|66
0.74
0.02 1 1 1 1 1 1 0 1 0 0 0 o010
0.74
0.02 1 1 1 1 1 1 0 1 0 0 0 o010
m 0.83
002 05 5 1 1 1 1 1 1 1 o0 1 1 0 0 0] 0
0.74
002 05 003/ 1 1 1 1 1 1 1 O 1 O 0O O 0] 0
0.04 0.88
0.02 0.5 1 1 1 1 1 1 0 O 0 0 0 0 0] 0
0.8 0, 0.88
002 5 1 1 1 1 1 1 0 0 0 0 0 0 0] 0
0.8 0.63
0.02 5 mmg 1 1 1 o0 o0 O o O o0 O o0 0 01 9
0.8 0.04 0.63
0.02 1 1 1 o0 o0 O o O 0 O o0 0 0] 9
0.02 0.74
! 1 1 1 1 1 1 o0 1 0 0 0 0] 0
0.82
1 1 1 1 1 1 0 o0 1 0 0 0 0] 6
0.88
1 1 1 1 1 1 0 0 0 0 o0 0 0] 0
0.74
1 1 1 1 1 1 1 0 1 0 0 0 o010
0.85
1 1 1 1 1 o0 o0 O 0 0 o0 0 0| 4
0.74
1 1 1 1 o0 o0 0 O 0 0 0 0 0] 2
0.63
1 1 1 o0 o0 O o O o0 O o0 0 0] 9
0.63
1 1 1 o0 o0 O o O o0 O o0 O 01 9
0.63
1 1 1 o0 o0 O o O o0 O o0 0 0] 9

08 1.0 10 08 08 06 02 01 03 06 0.0 00 0.0

8 0 O 8 8 3 5 3 8 3 0 0 0

Table Imns between the listing decisions (en = 1, not en = 0) for the 13 consensus species
correspon ch pairing of candidate parameter combinations under the CDF approach
(columns) and EL Sproach (rows). The first two rows represent the T, and CDF,, values for the
candidate parameter combinations under the CDF approach. The first three columns represent the
a, p, and ues for the candidate parameter combinations under the EL approach. Shaded cells
se parameter combinations for each approach.

40 40 40 100 100 100 160 160 160
0.02 005 008 | 0.02 0.05 008 | 0.02 0.05 0.08

0.014 0.15 0.015|0.300 0.300 0.300 | 0.822 0.592 0.592 | 1.000 1.000 1.000
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0.014 0.15 0.03 | 0.300 0.300 0.300|0.822 0.592 0.592 | 1.000 1.000 1.000
0.014 0.15 0.045 ) 0.300 0.300 0.300 | 0.822 0.592 0.592 | 1.000 1.000 1.000
0.014 5 0015|0300 0.300 0.300|0.822 0.592 0.592 | 1.000 1.000 1.000
ety
45

0.014 0.300 0.300 0.300 | 0.822 0.592 0.592 | 1.000 1.000 1.000

0.014 0.433 0.433 0.433 | 0.843 0.854 0.854 | 0.693 0.693 0.693
0.014 0.433 0.433 0.433 | 0.843 0.854 0.854 | 0.693 0.693 0.693
0

15
0.014 0. 03 10592 0592 0592|0617 0857 0.857|0.507 0.507 0.507
0.014'E45 0.822 0.822 0.822 | 0444 0.617 0.617 | 0365 0365 0.365
0.02 15| 0300 0300 0300 ] 0.822 0592 0.592 | 1.000 1.000 1.000
0.02 0 03 | 0433 0433 0433|0843 0.854 0.854 | 0.693 0.693 0.693
0.02 5 oM45 | 0433 0433 0433 | 0.843 0.854 0.854 | 0.693 0.693 0.693
0.02  0.5™0.015 | 0365 0365 0.365| 1.000 0.720 0.720 | 0.822 0.822 0.822

002 05 003 | 0433 0433 0433|0843 0.854 0.854|0.693 0.693 0.693
002 O of045| 0592 0592 0592|0617 0857 0.857 | 0507 0.507 0.507

0.02 1510592 0.592 0.592 | 0.617 0.857 0.857 | 0.507 0.507 0.507
0.02 0.85 3 | 1.000 1.000 1.000 | 0.365 0.507 0.507|0.300 0.300 0.300
0.02 0. .045 1 1.000 1.000 1.000 | 0.365 0.507 0.507 | 0.300 0.300 0.300
0.026 01510433 0433 0.433 | 0.843 0.854 0.854 | 0.693 0.693 0.693
0.026 03 | 0.507 0.507 0.507 | 0.720 1.000 1.000 | 0.592 0.592 0.592
0.026 0. 4510.592 0.592 0.592 ]| 0.617 0.857 0.857 | 0.507 0.507 0.507
0.026 5 151 0.433 0433 0.433 | 0.843 0.854 0.854 | 0.693 0.693 0.693

0.693 0.693 0.693 | 0.527 0.732 0.732 | 0.433 0.433 0.433
0.822 0.822 0.822 | 0.444 0.617 0.617 | 0.365 0.365 0.365
1.000 1.000 1.000 | 0.365 0.507 0.507 | 0.300 0.300 0.300
1.000 1.000 1.000 | 0.365 0.507 0.507 | 0.300 0.300 0.300
1.000 1.000 1.000 | 0.365 0.507 0.507 ] 0.300 0.300 0.300

Fig. 1. lllu i f the CDF approach. The upper panel shows an example extinction time PDF and
the lower panel shBws the corresponding CDF. Vertical dashed lines represent T,, = 100. Horizontal
dashed line'in'Tower panel represents CDF,, = 0.05. Note that the CDF crosses the intersection of the

vertical a ontal dashed lines, indicating that this species would satisfy the criterion for an en

listing der the CDF approach with the specified values of T,, and CDF,,.
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Fig. 3. Upper panel: examples of loss as a function of nominal wealth for the same values of relative
risk aversion (p) used in Fig. 2. Lower panel: loss functions corresponding to those shown in the

upper panel when ilotted as a function of extinction time.

Loss
%
I
Q

Loss

o 50 100 150 200

Extinction tine

Fig. 4. IIIu!ation of the EL approach. The upper panel shows the product of the extinction time
PDF show per panel of Fig. 1 and the loss function (Equation 2) with parameters o= 0.02

er panel shows the integral of the curve in the upper panel. The horizontal

% ts EL., = 0.03. Note that the curve in the lower panel reaches an asymptote
corresponding t0'the horizontal dashed line, indicating that this species would satisfy the criterion

for an wwy under the EL approach and the specified values of ¢, p, and EL,,.
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Fig. 5. Extinction time CDFs for the 13 consensus species. Note that the scale of the horizontal axis
in the upper panel is different from that of the two lower panels. All of the species in the upper

panel were categorjzed as qualifying for an en listing by at least 7 of the 8 subjects in the original
exerciseﬁand J were the only two species in the middle panel that were categorized as

qualifying fo/#@f¥eg listing by a majority of the 8 subjects. None of the species in the middle panel
were categ @ § qualifying for an en listing by any of the 8 subjects.
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Fig. 6. mions of expected extinction time (ET) and extinction time coefficient of variation
(CVT) that satisfy the base value for the respective en cutoff (CDF., = 0.05 for the CDF approach and
EL.,=0.03 for the EL approach) exactly for three values of the k parameter in the generalized F
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distribution (4, 16, and 64). B. Conditional on the base value for one of the parameters of the CDF

approach, each panel shows combinations of ET and CVT that satisfy the respective base en cutoff

for the CDF approach exactly for three values of the other parameter of the CDF approach. Dashed
curves aHto the dashed curve in the upper panel of Fig. 6a. C. Conditional on the base

he parameters of the EL approach, each panel shows combinations of ET and CVT
ective base en cutoff for the EL approach exactly for three values of the other
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Fig. 7. A. Values of extinction risk for each of the two approaches (EL in the upper panel, CDF in the
lower panel) that satisfy the base cutoff value of extinction risk for the other approach, under a
range of parameter values for the extinction time PDF (mean extinction time is shown on the
horizon ; e parameter k is identified in the embedded legend, and the coefficient of

jon time is implicit at the value for the corresponding point in Fig. 6a). B. EL

ith PDFs that satisfy the en cutoff for the CDF approach exactly, with shape
parameter k held constant at a value of 16 and CVT implicit at whatever value is necessary to set CDF
= CDFe,,gVMher parameter values. The upper panel shows how the combinations vary when
CDF., is fixL base value (0.05) while T,, takes on each of its three candidate values (40, 100,
160), and t panel shows how the combinations vary when T,, is fixed at the base value (100)
while CDF, each of its three candidate values (0.02, 0.05, 0.08). Dashed curves are
identical to the dashed curve in the upper panel of Fig. 7a. C. CDF values associated with PDFs that
satisfy the @n glitof for the CDF approach exactly, with shape parameter k held constant at a value

variation o

values assad

lo

of 16 and cit at whatever value is necessary to set EL = EL,, given the other parameter
values. Th anel shows how the combinations vary when pand EL,, are fixed at their base
values (0. 5 , respectively) while « takes on each of its three candidate values (0.014, 0.020,
0.026), the anel shows how the combinations vary when a and EL,, are fixed at their base
values (0. and 0.03, respectively) while p takes on each of its three candidate values (0.15, 0.5,
0.85), and panel shows how the combinations vary when a and p are fixed at their base
values (0.0 .5, respectively) while EL,, takes on each of its three candidate values (0.015,
0.03,0.04 d curves are identical to the dashed curve in the lower panel of Fig. 7a.
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Fig. 9. Hyp W example of internal inconsistency in the CDF approach, where a policy-maker is
indifferent etweén the candidate parameter pairs {T., = 90, CDF., = 0.02}, {T., = 100, CDF., = 0.05},
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e is above the cutoff; and for {T., = 110, CDF,, = 0.08}, only the dashed and
dotted curves are g@bove the cutoff.
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