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Abstract

Efficient management of biodiversity aims at allocating conservation
efforts in order to maximize diversity. Defining a diversity criterion is
however far to be trivial; there is not one but several indices that can be
used as biodiversity measures. This paper elicits and compares two in situ
criterions for biodiversity conservation, based on two biodiversity indices
stemming from different disciplines: Weitzman’s index in economics and
Rao’s index in ecology. Both indices combines differently pieces of infor-
mation about (1) species survival probability, and (2) measures of dissim-
ilarity between species. In order to truly have in situ protection criterions,
we add another layer of information about (3) the ecological interactions
between species. Considering a simple three species ecosystem, we show
that choosing one criterion or the other has policy implications, for they
sometimes deliver diverging protection recommendations. We unravel the
role played by the elements (1), (2) and (3) in the ranking, which allows
us to highlight some specificities of the in situ criterions. For example,
other things equal, Weitzman’s in situ ranking tends to favor “robust”
species, while Rao’s in situ ranking gives priority to “fragile” species.

Keywords: conservation priorities, ecological interactions, biodiversity
indices.

JEL Classification: C6, Q5.

1 Introduction

The science of biodiversity conservation has grown rapidly in recent decades.
Important progress has been made on two interconnected fronts. On the one
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hand, reflection has advanced on definitions and measures of biodiversity to pro-
duce what could be called a “biodiversity index theory” (for general overviews,
see Mangurran, 2004, Baumgartner, 2004, Aulong, Figuieres and Erdlenbruch,
2005, 2008). On the other hand - and building on this first front - progress
has been made on how to maximize a biodiversity measure, or more gener-
ally a biodiversity-related goal, subject to a number of constraints. The chal-
lenge here is to understand the nature of a “solution” (e.g. the extreme policy
in Weitzman’s Noah’s ark metaphor, 1998) and, more recently, to better take
into account ecological interactions for real in situ policies (Baumgartner, 2004,
Simanier, 2008, van der Heide, van den Bergh and van Ierland, 2005, Cour-
tois, Figuieres and Mulier, 2014). As a result, at least at the conceptual level,
we are not without means to rationalize in situ protection efforts. Actually,
the problem we still have to face is rather one of a plethora of means, for the
biodiversity index theory does not advocate a unique “superior” index of biodi-
versity. Rather it offers a range of meaningful indices, and one may expect that
using different indices as objective functions in optimization problems will lead
to different solutions. Which index to choose, then?

From a consequentialist point of view, answering this question requires to
compare the outcomes of different in situ optimization exercises, that differ
from one another with respect to the biodiversity index retained as the objective
function to be maximized. An important sub-class of indices, advocated in Wood
(2000), is based on data about pairwise dissimilarities between species (Rao,
1986, Weitzman, 1992, Solow, Polasky and Broadus, 1993, Hill, 2001, Gerber,
2011)!. Gerber (2011) provides a comparison of the last four indices, though
not in a context of in situ protection plans. And Rao’s index has been ignored,
despite its importance in ecology and biology.

Using the framework developed by Courtois et al. (2014) with ecological
interactions for in situ cost-benefit analysis, the originality of the present pa-
per is to scrutinize the consequences of using two diversity indices: Weitzman
(1992)’ s index, which is popular in several literatures including economics, and
Rao (1982)’ s index, mostly used in ecology and biology, but largely ignored by
economists. Will both indices lead to the same policy? They both account si-
multaneously for survival probabilities and dissimilarity measures. Rao’s index
is defined as the expected dissimilarity between two entities randomly drawn
from a collection, whereas Weitzman’s index, in the specific context we will an-
alyze, is the expected length of the evolutionary tree associated to the collection.
The axiomatic properties of both indices have been elicited (Rao, 1986, Bossert,
Pattanaik and Xu, 2002), which gives them some transparency as measures of
diversity.

Since our goal is to unravel and understand basic issues, we will simplify
the study whenever possible. Attention is restricted to a three-species ecosys-
tem? with ecological interactions. Weitzman’s and Rao’s indices are used for

IThis is a range of other important and related papers, among which Vane-Wright,
Humphries and Williams (1991), Crozier (1992), Faith (1992), Bossert, Pattanaik and Xu
(2003).

2As explained later, a two-species ecosystem would be even simpler, but would not allow



the comparison of particularly simple preservation policies, where the manager
of a natural park has enough budget to care about at most one single species.
Which one should he choose, given the advantages it provides either for its own
sake or, indirectly, via ecological interactions?

The sketch of the paper is the following. In section 2 we model our in situ
prioritization criterions. After describing the characteristics of our three species
ecosystem, we define how both indices generally combine pieces of information
and how they may be used for ranking species for in situ conservation. Sec-
tion 3 aims at disentangling the role of the different aspects that compose the
criterions, namely (i) the autonomous survival probabilities, (ii) the dissimilar-
ities, (iii) the coefficients of ecological interactions. We end the paper with a
discussion on the limits and perspectives of this approach.

2 A class of 2n situ prioritization problems

Consider an ecosystem with three species. To each species 7, i = 1,2, 3, is at-
tached a survival probability P; that, because of ecological interactions®, partly
depends on the survival probabilities of the two other species P;, with j # ¢,
and partly on the protection effort it receives, x; € {0,Z}. The efforts consid-
ered in this paper are as simple as possible, of a binary nature, i.e. a species
is protected (z; = T) or not (x; = 0); and the entire available budget is just
enough to cover the protection of one species, no more, no less. Protection plans
for two or three species at the same time are not affordable. Without being too
specific for the moment - more details will be given in the following sections -
if X stands for a 3-dimensional vector of efforts, with components x;, and P
is the vector of linearly interdependent survival probabilities, with components
P;, then the link between efforts and probabilities is a 3-dimensional vector of
functions P (X).

We compare conservation effort plans regarding to how well they perform
from the perspective of indices of expected biodiversity. We shall invoke al-
ternatively two different indices of expected biodiversity: Weitzman’s index,
noted W (P), and Rao’s index, R (P). Both belong to the family of expected
diversity measures aggregating dissimilarities between species. Both combine
in different ways: i) species survival probability, and i) some measure of dis-
similarities between species. Given the link between interdependent probabili-
ties and efforts, P (X), we can then express in situ expected diversity indices,
W(X)=W (P (X)), and R (X) = R (P (X)) . Under this background, the orig-
inality of the present paper is to explore and compare optimal in situ protection
plans. Put differently, we solve the programs maxx W (X) and maxx R (X) and
compare their respective outcomes.

to study the role of dissimilarities on the results. At least three species are needed for that
purpose.

3The present paper belongs to a recent trend in the literature that tries to take into account
ecological interactions, via the modelling of interdependent probabilities (Baumgartner, 2004,
van der Heide, van den Bergh and van Ierland, 2005, Simanier 2008).



Now let us enter deeper into details about P,W, R and X.

2.1 Interdependent survival probabilities of species

In the absence of ecological interactions and protection policies, each species i
has an autonomous survival probability ¢; € [0,1], ¢ = 1,2,3. In order to take
into account the ecological interactions and the protection efforts put in place,
those raw data have to be modified to arrive at interdependent survival prob-
abilities, denoted P; € [P, P;], i = 1,2,3. We assume these probabilities are
linear functions of the protection efforts x; , ¢ = 1,2,3, measured in terms of
probability variations, and of numbers r;; = OP;/0P;,i # j representing the
marginal ecological impact of species j on the survival probability of species
i. We assume |r;;| < 1, i.e. a variation in probability P; has a less than pro-
portional impact on P;. Overall, the system of interdependent probabilities of
survival for three species is as follows:

P =q + 21 +112P +1r13P3
Py =g +x0+ 101 PL + 1233 . (1)
Py =q3+x3+1r31P1 + 132

For practicality, let us define the following vectors and matrices, denoted in bold
characters:

q1 0 7ri2 713 1 0 0
Q = q2 y R= T21 0 723 s I= 0 1 0 s
| 43 r3y 132 0 0 0 1
[ P o P, ) 1
P=|PR |, P=|P |, P=| Py |, X=| z9
| P P Py T3
In matrix form, the system (1) of probabilities reads as:
P-=Q+X+R+P. (2)

Under the following assumption :
To3T32 + 12721 + 13731 + T12731723 + T21713732 < 1,
the system (2) can be solved* to give:
P=[I-R"+(Q+X) . (3)

4This is a sufficent condition for solvability. The necessary condition is:

723732 + T12721 + 13731 + 12731723 + r21713732 £ 1 .

We use the sufficient condition instead of the necessary condition because it leads to a more
natural dependence of probabilities with regards to the model parameters. See in Appendix
A the expressions for P; (X), P2 (X) and P3 (X).

Besides, one must ensure that the result is between 0 and 1. Two positions are possible
on this issue: 1) to assume that, in applications the estimates one can make of the model
parameters naturally guarantee this condition, 2) identify an upper bound for conservation
efforts that guarantees this property. An algorithm exists for this purpose. It is available from
the authors on request.



Thus, a particular protection plan X induces a particular vector of survival
probabilities. Let P (X) = [I — R]™'%(Q + X) refers to the affine mapping from
efforts into probabilities, i.e. the expression of the survival probability system
as a function of efforts. P (X) is a vector, each element of which can be given
explicitly (see Appendix A). Survival probabilities without protection policies
are therefore:

P=" (O * L) ’ (4)

where ¢ is a three-dimensional vector with all components equal to 1, and there-
fore 0 * ¢ is a vector made of 3 zeroes. In the absence of ecological interactions,
I- R]f1 is the identity matrix, and the bounds on probabilities are P = Q
and P=P+7*.=Q+T *¢.

2.2 Species dissimilarities

Species are also characterized by their dissimilarities, which at a general level
can be described as pairwise distances between any two species. Those dis-
tances can be given different contents. They can measure genetic distances by
means of DNA-DNA hybridization (as in Krajewski, 1989, Caccone and Pow-
ell, 1989). Another possibility, used in phylogenetics, is to conceive species as
terminal nodes in a tree structure. Pairwise dissimilarities are then given by ad-
equate branch lengths (Faith, 1992, 1994). All these dissimilarity metrics have
in common to capture and measure the intuitive notion of “differences among
biological entities” (Wood, 2000). In order to fix ideas, it is here useful to re-
fer to the library metaphor as in Weitzman (1998), under which each species
is understood as a library, that is a collection of books. And a book itself is
a valuable piece of information. Hence, the dissimilarity or distance between
species ¢ and j is measured by the number of books present in 7 but not in j.
Dissimilarities, or differences in books, do not influence directly each species
survival probabilities, but enters in a different way in the measure provided by
biodiversity indices.

We will assume that distances among species are ultrametric®, meaning that
the two greatest pairwise distances in our group of three species are equal. The

5There are two reasons to focus on the ultrametric case.

Firstly, when applied to a non ultrametric framework Rao’s index may lead to unpalatable
diversity rankings, where only few species are retained for conservation. In an extreme example,
with one variable measured as source of distinctiveness among species, quadratic entropy is
equal to the variance and retains species showing the extreme values of this variable (Pavoine
et al., 2004, 2005). By contrast, in the ultrametric case Rao’s index reaches its maximum
value when all species are granted some protection.

Secondly, Weitzman (1992) constructed his diversity function using a complex iterative pro-
cess. But this calculation boils down to the simple computation of the expected length of the
evolutionary tree when distances are ultrametric. In addition, Solow and Polasky (1994) shows
that apart from ultrametric distances, Weitzman’s index is not strictly monotone relatively
to distances used. Indeed, in a three species case (which is the case developed in this pa-
per), Weitzman’s measure of diversity is equivalent to the sum of the largest and the smallest
distance. It is thus insensitive to any modification of the intermediary distance.



ultrametric property is possessed by all dissimilarities which can be directly as-
sociated with rooted trees in which all the end nodes are equidistant from the
root of the tree (Van de Peer, 2003). Ultrametric distances provides an inter-
esting framework for comparing both indices outcomes while keeping matters
as simple as possible, especially as we introduce potential interactions among
species of this tree.

In the three species case, ultrametric dissimilarities translate into a phyloge-
netic tree representation with proportional branches as shown in Figure 1 below,
and where:

Figure 1: An ultrametric tree with three species

G

e F;, is the number of “books” specific to species (library) i and only species
¢ (with ¢ = 1,2, 3),



e J, is the number of “books” species 1 and 2 have in common,

e G, is the number of “books” common to 1, 2 and 3 (later we set G arbi-
trarily close to zero, and thus species 3 has no common books with species
1 and 2).

The number of “books” contained in libraries 1, 2 and 3 are:

Mi=FE1+J+G,
My=Ey+J +G,
M3 = E3+G.

Denoting d;; the distance between species ¢ and j, we obtain the following
values for our distances between species 1, 2 and 3 in the ultrametric case :

dig =doy = FE1 = E; = E,
di3 =d31 =dpz =d3sa =FEx+J=FE1+J=FE;3
Notice that those distances are symmetric, d;; = dj; , Vi,j. And distances

between three species i, k,[ are ultrametric if and only if for all 4, k,] we can
verify :

di < max (dii, dy) -

When J = 0 there are no common genes between species 1 and 2. Thus
we get back to a case very similar to the two-species case, in which the tree
representation is as in Figure 2.

Figure 2: An ultrametric tree with three species and J =0

E-1 Ez E3

In this setting where J = 0, ecological interactions and survival probabili-
ties are the only parameters discriminating the three species. Indeed, the three



species are here perfectly substitutable from the point of view of their dissimilar-
ities. As J raises away from 0, we are able to represent the role of dissimilarity
among species for both indicators since E; = Ey # Fs.

2.3 Definitions of in situ indices for biodiversity

The indices used in this paper are built on the space of ecological and dissimi-
larity parameters presented so far. Denote 2 this space, and

€= (Q7R7E’E7(]’G) €Q7

a particular element of this parameters space.

Weitzman’s index for in situ protection When applied in our three-
species ecosystem with ultrametric distances, Weitzman’s expected diversity
index is the expected length of the evolutionary tree depicted earlier. More
precisely:

e If no species disappears, an event that occurs with probability P; P, Ps,
the length of the total tree, or the total number of different books if the
three libraries are available, is F1 + Es + J + F3 + G,

e if only species 1 survives, an event occurring with probability (1 — P) (1 — Ps) P,
the length of the tree is 1 + J + G,

e if only species 1 and 2 survives, an event with probability P, P> (1 — Ps),
the length of the tree is F1 + Es + J + G,

e and so on...

Therefore, the expected length of the tree is:

W (P) = PiPyPs (By + Ea+ J + B3 + G) + (1 — P,) (1 — P3) P (Ey + J + G)
+(1=P)(1=P3) Py (B2 +J+G)+(1—P)(1—P) P3 (B3 +G)
+PPy(1-P3)(By+Es+J+G)+PPs(1—P)(Ey+J+ E3 +G)
+PoPs(1—-P)(Es+J+E3+G) .

Given that G is arbitrarily close to zero and can be neglected, after tedious
algebra Weitzman’s expected diversity boils down to a simple expression:

W(P):Pl(E1+J)+P2(E2+J)+P3E37P1P2J
=(PL+P+P)(E+J)— PP

Since the goal is to rank protection priorities while taking into account eco-
logical interactions, the above index has to be modified in order to incorporate



the later information. We obtain the desired qualification by plugging the rela-
tion P (X) between efforts and probabilities into W (P). This results in what
may be further called Weitzman’s in situ biodiversity index:

W (X) WoP(X)

(P (X)+ P (X)+ P (X)(E+J) - P (X)2(X)J . (5)

As shown in Appendix B, we can rewrite more synthetically this expression
under a matrix form:

We(X)=XT« AV « X+ XT«BY + V| (6)

where X7 is the transposed vector of X.

In this formula, AY and BY are, respectively, a matrix and a vector whose
components are complex combinations of parameters included in the element
e € Q. Details are given in Appendix B. Note that if the vector e changes, so
does expression (6). Hence we explicitly mention this dependence via subscripts,
as in the notations W., AV BYW .

Rao’s index for in situ protection Rao’s index is the expected distance

between any two species randomly drawn from a given set of species. In our
three-species ecosystem it is:

R(P)=P\P,(E1+ Es)+ PiPs(E1+Es+J)+ PPy (Es+ Es+ J)
=2P\P,E+ 2P Ps (E+J)+2P,P;(E+J)
=2 [(Png + PPs+ P,P3) E + (P1 + P2) P3J] .

Considering again the relation P (X) between efforts and probabilities, Rao’s in
situ biodiversity index is:

(P1(X) P2 (X) + P (X) P3(X) + P (X) P3 (X)) E
+ (P (X) + P2 (X)) P35 (X) J
(7)

In Appendix C it is shown that this index boils down to a simple matrix ex-
pression:

R(X) = R(P (X)) = 2

Re(X)=XT 5 AF« X + XT « BE + 7| (8)

where AL and B are, respectively, a matrix and a vector made of combinations
of parameters. The notation emphasizes again a dependence with respect to the
vector e of parameters.



2.4 Simple n situ protection projects: necessary and suf-

ficient conditions for optimality

Our purpose is to compare three different extremely simple policies: preserving
either species 1, or 2 or 3, referred to as

e Project 1:

X{ =[z,0,0] ,
e Project 2:

X3 =1[0,7,0] ,
e Project 3:

X1 =10,0,7] .

Ranking of projects according to Weitzman’s index: For a given vector

e of parameters, project 1 is preferred over project 2 and project 3, according
to Weitzman’s in situ index for protection iff:

We (Xl) 2 max {We (XQ) 5 We (Xg)} . (9)

The formal framework developed so far allows to express the necessary and
sufficient condition on parameters for this ranking to hold:

[0,7,0] x AWV +1[0,7,0] « BY;

o 8 ©

[,0,0]xA +[z,0,0]+BY > max

o O 5|

[0,0,7] « AL +[0,0,7] « BY

8 © O

Ranking of projects according to Rao’s index: If Rao’s criterion is used
to rank priorities, then project 1 is favored iff the value of Rao’s in situ index
is higher than its value when preserving species 2 or species 3.:

R (X1) > max {R. (X2),R. (X3)} (10)

or equivalently:

[0,7,0] x AZ « +1[0,7,0] » BE;

o 8 ©

[Z,0,0]x AR +[z,0,0]+B2 > max

o o 8l

[0,0,7]  AF % +10,0,7] * BE

S =)

10




Mutatis mutandis, the same kind of formal statements can indicate the nec-
essary and sufficient conditions on parameters for project 2 or 3 to be selected
by each criterion. And we are also in position to study more in depth special
cases, for the particular interest they convey and/or because their simplicity is
helpful to grasp the logic of the two in situ rankings.

3 Disentangling the underlying logics of in-situ
priorities

If a species is favored, of course this is because it differs from the other ones in
some way. Heterogeneity is the key that explains rankings. This section ranks the
policies under several configurations of parameters e;, chosen in order to isolate
the role played by heterogeneity in particular factors. It turns out that the
two indices deliver opposite conservation recommendations when heterogeneity
comes from autonomous survival probabilities, whereas they largely agree when
heterogeneity comes from dissimilarities and ecological interactions.

From a technical point of view, for a given vector of parameters e;, the entire
difficulty boils down to the computation of differences such as:

Wej (Xk:) - Wej (Xl) )
RE]‘ (Xk) - Rej (Xl) )

for k,1 = 1,2,3. Then, to achieve the desired conclusions, it remains to ana-
lyze the sign of these differences. Although their calculus presents no conceptual
difficulties, and always ends up in closed-form expressions, the computational
steps are tedious. They have been performed by a software for symbolic calcu-
lations (Xcas). Our Xcas spreadsheets are available on request, and an example
is given in Appendix D.

3.1 When the indices disagree

3.1.1 The influence of autonomous survival probabilities (Q)

Let us first examine the case in which autonomous survival probabilities are the
unique source of heterogeneity among species, and look at the ranking estab-
lished by both indicators in this specific situation.

Consider a class of conservation problems summarized by the list of param-
eters eg, in which J > 0, 712 =191 =1, 713 = r31 = 123 = 132 = 0, and q1 # ¢o.
The vector Q and the matrix R become:

qn 0 r O
Q,=| @ |, Re,=|7 00
0 0 0 0

11



Actually, if we focus on the ranking between species 1 and 2, the model boils
down to a two-species ultrametric case. Tedious computations arrive at:

Jz

We, (Xl)—Weq (X2) = m(ch—fh)» (11)
R, (Xi)~ Rey (X2) = — s (ga—a1) - (12)
(I+7)

So, Weitzman’s ranking of the two policies is sensitive to J — featuring indiffer-
ence when J = 0 — whereas Rao’s ranking is not. Assuming J > 0, from (11)
and (12) we can deduce:

Proposition 1 Let the class of conservation problems be given by the list of
parameters eq and let J > 0. In this case, the two diversity indices deliver
opposite rankings:

o Weitzman’s in-situ ranking preserves the “strongest” species, i.e.

We, X1)ZW,, (X2) & a1Zq,

e whereas Rao’s in situ ranking preserves the “weakest” species, i.e.

Re,(X1) ZRe, X2) & @22 aq -

Ecological interactions have little importance in this first example, since both
species are placed in an identical ecological role. Results are simply consistent
with the logics embodied in the indicators alone. Weitzman’ seeks the longest
expected tree and only one species can be protected. If either species 1 or species
2 goes extinct, F "books” are lost but E 4 J are safe. It is wise then to affect
protection resources on the species which is initially the most safe, unless J = 0
because in this case, clearly, Weitzman’s criterion is indifferent regarding which
species should be afforded protection efforts. For Rao, however, the question is:
how to choose the combination of probabilities leading to the highest expected
dissimilarity? Put more precisely, in this two-species problem Rao seeks the
largest product P; (X) P2 (X). This is best achieved when the policy helps the
weakest species.

3.1.2 Robustness: three species

Those results are somehow robust to the introduction of a third and similar
species into the framework, provided that the only source of heterogeneity
among species is still their autonomous survival probability. To achieve this,
we must keep the same distances between species 1, 2 and 3, and thus J = 0
(otherwise, heterogeneity also goes through dissimilarities) and G = 0, and
where g3 can take any arbitrary value. That is, we have to consider a slightly

12



different list of parameters efl, and perform again all the computations. It turns
out that:

Wey (X1) = Wer (X2) = Wey (X1) = Wer (X3) =0,
in other words, Weitzman’s criterion proves to be indifferent between the three
conservation policies. As for Rao’s index, one finds:

2E%

Re (X1) —Rer (X = ——— _ ,
er (X1) = Rey (X2) o 1° (2 —q1)
2FT
Rey (X1) =Re, (X3) = ——— (@ —aq1) ,
! ¢ (r+ 1)2
2FET
R ’ X — R ’ X = S — . ,
e} (X2) e (X3) (r + 1)2 (a3 — q2)
from which one directly deduces that the weakest species is the highest in the

ranking.

In a next step, we will examine the role of dissimilarity, discarding any
heterogeneity in terms of autonomous survival probabilities and species inter-
actions.

3.2 When the indices agree
3.2.1 The influence of dissimilarity (E5 # E; = E»)

Dissimilarities between species play a different role depending on the indicators.
In a two-species and ultrametric framework, such dissimilarities are necessar-
ily identical (E; = FE3 = FE) and cannot lead by themselves to differences in
rankings (species are perfectly substitutable from the point of view of their dis-
similarity). The role of dissimilarity only appears as a third species is added
into the framework, and provided that the number of common genes between
species 1 and 2 gets away from zero (J > 0) ( figure 1). Indeed in this case,
Ey=FE;=F and F3 # FE since B3 =FE + J.

Consider the parameter vector ey in which ¢ = ¢ = ¢3 = ¢ > 0 and
r;; = 0,Vi # j. In the absence of ecological interactions and in the ultrametric
case where By = Fy = E, F5 = E + J, the matrices Q and R become:

q 0 0 O
Q,=q|,R,=]0 0 0
q 0 0 O

Key pieces of information are:
We, (X1) = We, (X2) =0,
We, (X3)—We, (X1) =W, (X3)—-W,, (X2) = JgT >0, (since J > 0,z > 0),
Re, (X1) = Re, (X2) =0,
Re, (X3) = Re, (X1) = Re, (X3) — Re, (X2) =2Jgz > 0.

And a conclusion immediately appears:

13



Proposition 2 Let the class of conservation problems be given by the list of
parameters ey. In this three-species ecosystem where dissimilarities are the only
source of heterogeneity among species, the two diversity indices deliver the same
rankings:

e They are indifferent between preserving the two least (and equivalently)
dissimilar species (species 1 or 2).

e They recommend to preserve the most dissimilar species (species 3).

This result is intuitive. If only species 1 (or 2) disappears, there remains
2(E + J) “books”. But if species 3 only disappears, the number of safe “books”
falls down to a lower 2F + J. However, in Section 4.1 it is proved that the
property emphasized in Proposition 2 is fragile, more precisely it holds only when
ecological interactions are not too strong (even if all those ecological interactions
are not a source of heterogeneity).

3.2.2 The influence of ecological interactions

This dimension carries with it all the complexity of the web of life. For instance,
the interactions between two species can be considered as unilateral, e.g. species
1 impacts species 2 but not vice versa, or bilateral, e.g. species 1 impacts
species 2 and species 2 impacts species 1. There are 22 = 4 possibilities to
consider. But as soon as one contemplates a three-species ecosystem, there are
33 = 27 potential pairwise interactions between species (not even speaking of
the additional difficulty linked to the intensity of the ecological interactions).
The number of possibilities quickly explodes with the number of species. In
face of this complexity, our strategy will be to focus on two illustrative cases
of particular interest. And, to simplify matters, we assume away any role for
dissimilarities, i.e. G =0 and J = 0.

Ecological interactions in a two-species ecosystem Consider a situation
with two interacting species, 1 and 2 (the third species doesn’t interact, neither
with species 1 nor with species 2). Consider a parameter vector ers where
T12 7 T21, all the other r;; being equal to zero, and ¢1 = g2 = q,q3 = 0. The
matrices Q and R become :

q 0 T12 0
QeRz = q y ReR2 = T21 0 0
0 0 0 O

The computation of the biodiversity criterions reveals:

Ex

W€R2 (Xl) - WeRz (XQ) = m(rﬂ - T12) ;
2ET (29 + x)
ReRz (Xl) - ReRz (XQ) = (1 or )2 (7‘21 - 7"12) .
— 712721
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Thus, we can establish:

Proposition 3 Let the class of conservation problems be given by the list of
parameters era. The two criteria deliver the same ranking of policies X1 and
Xs. They recommend to preserve the species with the largest marginal benefit
on the survival of the other species:

WeRz (Xl)
Reps (X1)

>
WeRz (XQ) < T21 = T2,

AV ANV

>
R6R2 (XQ) < T21 i 12 .

€R2

The two criteria recommend to preserve the species with the largest marginal
benefit on the survival probability of the other species. In fact, this is as if
the criteria aimed at maximizing the survival probability of the ecosystem as a
whole. This result can be illustrated using the principal categories of interactions
between our two species.

i) Predation: species 2, a predator, feeds on species 1, its prey. By definition we
have r57 > 0 and r15 < 0. Both criteria recommend to preserve the prey -
here species 1 - since its interaction coefficient is larger ( o1 > 0 > 712).

ii) Mutualism: species 1 and 2 impact positively on each other. By definition
we have r1o > 0 and 797 > 0. Both criteria recommend to preserve the
species with the largest marginal benefit on the survival probability of the
other species.

iii) Competition: species 1 and 2 have to share a common resource in the same
living area that cannot fully support both populations. By definition we
have r12 < 0 and r9; < 0. Both criteria recommend to preserve the species
with the lowest negative impact on the other species.

Ecological interactions in a three-species ecosystem As a third species

is introduced, the impact of interactions on criteria recommendations is more
tricky to study as there is an interplay of effects due to combinations of inter-
relations. In order to illustrate this complexity we consider a simple ecosystem
made of three interacting species characterized by unilateral interactions. We
assume a single species, say species 1, impacts the two other ones but these two
impact neither each other nor species 1. A possible illustration of this configu-
ration is a predator-prey in which species 1 a predator negatively impacts two
preys, species 2 and 3, but does not need them to survive, because other foods
are available to him.

Define a vector erg such that By = Fo = FE3=FE, J=0,q1 =q2 =q3 = ¢
and all interaction coefficients beside ro;and r3; are null. The only distinction
between the three species is how they interact. Matrices Q and R become :

q 0 0 O
QERS = q 9 R€R3 = T21 0 0
q rgg 0 0
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And relative performances of policies are measured by:

WﬁRs (Xl) WeRs (XQ) = ET(TQI + 7"31) ) (13)
Wens (X1) = Wepy (X3) = EZ(ra1 +131) , (14)
WeRB (X2) - WeRa (X3) 0, (15)
B _ | ro1731 (2¢ + ) + 721 (3¢ + )
RGRS (Xl) RERS (XQ) = 2F% [ +rg (2(] + JL‘) ) (16)
Ro (X1) = Re,. (Xg) = 2mz| 2781 Qata) tran Gata) g
€R3 1 €R3 3 731 (3q + x) )
Reps (X2) = Repy (X3) = 2ETq(rs1 —ra1) - (18)

Weitzman’s criterion recommends to preserve species 1 rather than species
2 and 3 iff:
W@RS (Xl) > max(weRs (XQ) 7W@R3 (X3))

The above expressions (13) and (14) show that this is true iff 791 + 731 > 0,
that is if the cumulated impact of species 1 on the survival probability of the
two other species is larger than the cumulated impact of these species on all
other species (which is null here as we assume 115 = 7135 = r93 = r32 = 0). This
result somehow confirms Proposition 3 as it recommends to put conservation
efforts on the species which is the more beneficial (or the less detrimental) to
the survival of the species composing the ecosystem.

Similarly, Rao’s criterion recommends to preserve species 1 rather than
species 2 and 3 when:

RER:} (Xl) > ma‘X(ReRs (XQ) 7R6R3 (X3))

From expressions (16) and (17), this is true iff 791731 (29 + ) + 131 (2¢ + ) +
ro1 (3¢ +x) > 0 and roirs; (2¢ + ) + ro1 (2¢ + ) + r31 (3¢ + ) > 0. In case
species 1 impacts positively species 2 and 3, preservation effort is put on species
1. Otherwise, interpreting the criterion is more tricky as one of the above in-
equality may not hold. In such a case, effort is then put on the species which is
the more (negatively) impacted by species 1. We find again a confirmation of
the result forwarded by Proposition 3. However, the decision rule depicted here
is not anymore a simple additive formula but a combination of additive and
multiplicative components (r21731) making interpretation fastidious. Adding
interrelations or species in the analysis increases complexity as it increases com-
plementarities and multiplicative effects.

4 Interactions between effects

4.1 Autonomous survival probabilities and dissimilarities

Now let us have a look at the combination of autonomous survival probabilities
and dissimilarity. Consider a slight departure of parameters configuration e,
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of Section 3.1.1. In the new list of parameters e, the unique difference comes
from parameter J which is not null anymore, J > 0, and r;; = r, when 7 # j.
The vector Q and the matrix R are:

Q1 0O r r
Q= @2 |, Rey =1 07
qs r r 0

And the relative performance of policies can be deduced from:

Wep, (X1) = Wep, (X2) = —22 (@1 —a) (19)
(1+7)

JE[r (g + gz +2) +qa(1—7)]

e 0= M o) = (1+ 7“)2 (2r —1) 7 (20
Wy (Xa) Wi, (X5) = 220 (q?;;qi; (g;)rtqll)(l - (21)
Reys (X1) = Repy (X) = = (@2 = 1) (22)
(1+7)
Re, (X1) = Re,, (X5) — 2J7 [r (3q3 — ?11 :L(Z«Z)))Q ?—2:93_—1)(% —q1 — q2)]
Ex
+(12+T)2 (43— q1) (23)
Re,, (X2) — Re,, (X3) = 2J7 [r (3¢3 — ?;1?2))2 ;:f—l)(% —q1 — q2)]
ET
(12+r)2 (g3 — a2) - (24)

When the choice is between species 1 and 2, one finds again the proper-
ties that Weitzman’s logic promotes robustness, whereas Rao’s index opts for
weakness.

The conclusions are more subtle when the third species is at stake, and
they depend on the importance of ecological interactions: Weitzman prefers
species 3 only if 7 < 1/25. In other words, dissimilarity prevails when ecological
interactions are not too strong. And the conclusion is even more complex when
it comes to Rao’s index. Whatever the choice, it is reversed when r crosses the
value 1/2.

Now, as a particular case let the autonomous probabilities of survival be all

6The value © = 1/2 is forbidden. For this paricular value, the system of interdependent
probabilities (2) cannot be solved.
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identical. The relative performances of policies (19) to (24) simplify to:

Wer  (X1) =Wer  (X2) = 0, (25)
W, _ JT[r(g+z)+4

Wer  (X1) = Wer  (X3) = 1) (26)
JT[r(q+z) +q|

We;J (X2) - We;J (X3) = (1 I T)Q (27" _ 1) ) (27)

Refﬂ (Xl) - Refﬂ (X2) = 0, (28)
_ 2JT[r(q+x)+q]

Re:ﬂ (Xl) - Refﬂ (X3) - (1 T 7’)2 (2’/" — 1) ) (29)

Re, (Xa) = R (Xy) = 2Elrlatoita (30)

(14+7)°(2r —1)

There is indifference between policies 1 and 2, whatever the index used as an
objective function. And the most dissimilar species, species 3, is always granted
priority when r < 1/2, for both indices. But rankings are reversed if ecological
interactions are too strong (r > 1/2).

4.2 Ecological interactions and dissimilarities

Now, combine the heterogeneity of ecological interactions and dissimilarities.
Consider a parameters configuration eg; in which J > 0, and r;; = 0, except
for r12 and 791 that can be arbitrarily chosen. The vector Q and the matrix R
are:

q 0 T12 0
QCRJ = q 1) ReRJ = T21 0 0
0 0 0 O

18



And the relative performance of policies can be deduced from:

_(E4+J) (1 —riara1) — J (2 + )

WERJ (Xl) - WERJ (X2) = Z (7“21 - Tl?) ) (31)

(1 —r19ra1)?

(14712 — r12ro1 — riyra1) T2t
(1 —ri2r21)°
(r12q + 29+ )21 + ¢
(1 - rigrar)

L4 7oy — rigro1 — 11273, T12
(1 —r19r91)°
(1219 + 29+ ) 112 + ¢
(1 — rigran)’

2ET(2¢ + )

WERJ (Xl) - WERJ (XS) = f(E’ + J)

—zJ

Wer, (XQ) ~Wen, (XB) = T(E + J) (

—-zJ

(32)
; (33)
(34)

; (35)

Rens (X1) = Rep, (X2) = —————5(ra—r12) (36)

(1 —riar21)?

2 2
_ q (r12721° + T12°T21 + 2112721 — T12 — L
Rer, (X1) — Rer, (X3) = 2z(E+J) ( /Q’)\

(1 - T12T21)2
_Ero1(gria+q+T)—Jqg(1+ra1)
z 2
(1 - 7"127"21)

2 2
r19721° 4 112721 + 2112721 — T2

+2

=)

: (38)

_ q -
Reps (X2) = Rep, (X3) = 2z(E+J) [ > ! (351)
(1 *?"127"21)
EE""lQ (gro1 +q+7%) — Jqg (1 +712)

+2 5
(1 —r12721)

When the comparison only involves species 1 and 2, that are perfectly substi-
tutable from the point of view of their dissimilarities, and for low values of J the
conclusion is clear-cut: both indices favor the species with the largest ecological
impact. When species 3 is at stake, conclusions are ambiguous. In order to fix
ideas, assume that all ecological impacts are non-negative (r15 > 0,721 > 0).
Then, for example, Both Weitzman and Rao prefer species 3 over species 1 (or
species 2) when the ecological impact of the latter is sufficiently weak. But in-
dices may also diverge. For instance, when the autonomous survival probability
q is sufficiently close to 0, Rao clearly drops species 3 in favor of any of the
other two. A conclusion that cannot be drawn from Weitzman’s index under
the same condition on gq.

4.3 Autonomous survival probabilities and ecological in-
teractions

Finally, combine the heterogeneity of autonomous survival probabilities with
heterogenous ecological interactions. Consider a parameters configuration eq,r
in which J > 0, r13 and rp; can take any values, and all the other 7;; are null.
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The vector Q and the matrix R are:

q1 0 r12 0
Qern=| 2 |, Reg=] 722 0 0
0 0 0 O

Computations for rankings of species 1 and 2 arrive at:

z(1+
WeqR (Xl) - WeqR (XQ) = ']I(i’,wmz) (C]1 - q2)
(1 —r12721)

2T
(1= rigrar)?
f[(E—F J) (1 — ’/‘127’21) — Jx]

+J (g2r12 — qi721) (41)

+ (ro1 —ri2)
(1- 7“127“21)2
2T (1 + r12721
Regn (K1) = Repy (K2) = oZ0bmuam) (o)
(1 —7r19721)
4ET
YY) (q2r12 — q1721) (42)
(1 —7r12721)
2FE7?

Of course, when 797 = r12 = r, one finds again the results of Section 3.1.1.
Recall that Weitzman selects the strongest species - with the largest ¢; - for
protection, whereas Rao prefers the weakest species (Proposition 1).

As soon as rq; # r12, these results have to be qualified. They are now more
complex functions of, not only the g;s, but also the r;;s. In order to grasp these
qualifications, pretend that species 1 is the strongest (g1 > g2). We know from
Proposition 1 that, when ro; = rj2 = r, Weitzman (respectively Rao) suggests
species 1 (resp. species 2) should be protected. Now, imagine that ro; = 0 < 715.
On this basis alone, if ¢; and go were identical, both Weitzman and Rao would
prefer species 2 (see Proposition 3). But if ¢; > ¢o , from expressions (41) and
(42) Rao clearly prefers species 2, whereas Weitzman’s conclusion is ambiguous.
Eventually its answer reveals a trade-off between two opposite effects, and this
trade-off depends, among other things, on the importance of J, the number of
common ”genes” between species 1 and 2.

Under different circumstances, Rao’s ranking can also be ambiguous. Assume
that o7 = 0 < r12 and ¢1 < ¢go. Then Weitzman clearly prefers species 2.
But Rao’s ranking embodies two opposite logics, one in favor of species 2 (the
more ecologically beneficial), and the other in favor of species 1 (the weakest
species).The final choice will reveal Rao’s trade-off between those two opposite
forces. And, as can be deduced from expression (42), contrary to Weitzman’s
trade-off it does not depend on J.
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5 Conclusion

This paper modifies Weitzman’s and Rao’s biodiversity indices in order to incor-
porate information about ecological interactions, so that they are more suitable
for in situ protection plans. Using alternatively the qualified Weitzman’s and
Rao’s indices, a simple framework allows us to analyze and compare the cor-
responding best conservation plans. And we can disentangle, for each in situ
index of biodiversity, the role played by three drivers: i) autonomous survival
probabilities Q, i%) ecological interaction R and, #i¢) dissimilarity .J, each being
considered in strict isolation or in combinations.
There are three important outcomes:

1. the two indices, stemming from different academic backgrounds, clearly
combine the pieces of information Q, R and J in different ways to mea-
sure biodiversity. As a consequence, the two indices do not systematically
deliver the same conservation recommendations. They disagree when the
difference between species comes from autonomous survival probabilities,
whereas they largely agree when heterogeneity comes from dissimilarities
and/or ecological interactions.

2. When ecological interactions matters for the ranking, the favored species is
the one that sustains the best ecological chain. In general, the introduction
of ecological interactions among more than two species can lead to complex
conclusions.

3. When the three drivers are combined, the policy advocated by each index
reveals a specific trade-off between Q, R and J.

From a practical point of view, an interesting follow-up to this research would
be to consider any number of species, among which only a subset can be offered
protection. The analytical understanding of the rankings will be lost, but this
step does not seem to pose any computer problems.

At a more fundamental level, a reflection should be initiated on the objective
of conservation policies. Given its inherent construction, each biodiversity index
is a measure of a certain vision of biodiversity. It is interesting to know that,
other things equal, there is a tendency for Weitzman’s index to favor robust
species, whereas Rao’s index cares more about fragile species. What is needed
now in order to arrive at a unique solution is a criterion to select among indices.
The present paper shows that such a criterion will decide upon which trade-off
should be made between robust and fragile species.

Appendix

A The system of interdependent probabilities
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Solving the system (2) of ecological interactions for P;, P» and Ps as functions
of X = (xl,a:27x3)T gives :

P (X) = (g1 +21) (1 —ro3rsa) + (g2 + x2) (r12 + 713732) + (g3 + 3) (112723 + 713)
) =
1 —ro3r3e — T12721 — T13731 — 712731723 — T'21713732
(43)
Py (X) = (g2 + x2) (1 — r13731) + (g1 + 1) (121 + r31723) + (g3 + x3) (r21713 + 7r23)
) —
1 —7ro3r3e — T12721 — 713731 — 712731723 — 721713732
(44)
Py (X) = (g1 + 1) (r31 + r32m21) + (g2 + 22) (r12731 + 732) + (g3 + 23) (1 — r12721)

1 —ro3r3e — T12721 — T13731 — 712731723 — T'21713732

(45)

Probability of species 1 can be described as a combination of each species in-
trinsic survival probability augmented by protection effort, articulated through
direct and indirect interactions among species.

In vector notations, probabilities as functions of efforts are:

Py (X)
PX)=| (X) | =Ax(Q+X) .
P53 (X)

B Weitzman’s criterion for in situ protection

In our three-species model, the expected diversity of the ecosystem according
to Weitzman’s criterion is:

W (P)=P PoP3(Ey+Ex+J+E;s+G)+(1—P)(1—P;) P (E1 +J+G)
+1-P)1—=P) P (Ese+J+G)+(1—P1)(1—P)P3(Es+G)
+PP(1-P)(Ei+Ey+J+G)+PPs(1-PFP)(Er+J+ Es+G)
+ PPy (1—Pr) (B +J+ E3+G) .

Since G is close to zero, this expression simplifies to
W:P1P2P3(E1+E2+J+E3)+(1—P2)(1—P3)P1(E1+J)

+(1-P)(1-P)P(E2+J)+(1—P)(1—P)PEs
+ PPy (1= P3)(Er+ Ex+J)+ PiPs (1 — Py) (E1 + J + E3)
+ P,P3(1—Py)(E2+J+ Es) .

Developing and simplifying, Weitzman’s expected diversity boils down to:

W (P) =Py (E1+J)+ Py (Es+J)+ PsE3 — PLPyJ .
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Now remember that probabilities are functions of efforts, P (X). Therefore,
Weitzman’s expected diversity as a function of efforts is:

W(X) =W (P (X)) ,
=P, (X)(By +J) + Py (X) (BEa+ J) + Py (X) By — Py (X) Py (X) J .

Recall finally that, because distances are ultrametric, £; = E5 = F and E3 =
FE + J. Therefore:

W(X) =[P (X) + P2 (X) + P (X)] (B + J) = P (X) P2 (X) J .
More precisely, using (43), (44) and (45):

(q1 + 1) (1 —rasrsa) + (g2 + x2) (r12 + 713732) + (g3 + 3) (112723 + T13)
(E4+J) | +(g2+z2) (1 —ri3rsr) + (g1 +21) (121 + r31723) + (g3 + 3) (121713 + 723)

W (X) = 1 +(q1 + 1) (r31 + 7r32r21) + (g2 + 22) (112731 +732) + (g3 + 3) (1 — r12721)
0] (1 + 1) (1 —rogrs2) (g2 + x2) (1 — 713731)
—é + (g2 + x2) (r12 +7r13r32) | * | +(qu +21) (121 + 731723)
+ (g3 + 3) (r12723 + 713) + (g3 + x3) (121713 + 723)
(46)

. 2
with ¢ = (1 — ra3rg2 — r1a721 — 713731 — r'12731723 — I'21713732) " -
We can rewrite this general form as follows:

W (X) = a‘f‘{xf + a%m% + aggo:% + a‘fgxlxg + a%xlxg + a%xgxg (47)
+bW a1 + b a9 + bY 25 + W

where
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J

ay) = 2 (1 — 793732) (o1 + T31723) , ayy = 2 (riz +113732) (1 — rigrs1)
W J
Q33 = —? (r12723 + 713) (T21713 + T'23)
w —J
a1 = re [(1 —rogrse) (1 — r137r31) + (112 + r137s2) (121 + r31723)]
—J
a% = ? [(1 = 7a3rs2) (ra1713 + r23) + (r12723 + 713) (121 + r31723)]
a;’? = —— [(r12 + r13732) (121713 + T23) + (r12723 + 713) (1 — r13731)]

@2

(E + J) % [(1 — 7“237“32) + (7”21 + 7“317“23) + (T31 + 7“327“21)]
by = J 2q1 (1 — ro3732) (ro1 + 7r31723)

—3z +q2 ((1 — rogr32) (1 — m13731) + (112 4+ 113732) (121 + 731723))
+q3 ((1 — rosrag) (ro1713 + 723) + (r12723 + 713) (r21 + r31723))
(E+J) é [(r12 +713732) + (1 = r13731) + (r12731 + 732)]
q1 (1 = rasrae) (1 — rigrs1) + (ri2 + 713732) (121 + 731723))
—52 +2q2 (r12 + r137r32) (1 — 713731)
| g3 ((r12 +713732) (ro1713 + 723) + (112723 + 713) (1 — 713731))
(E + J) é [(T12T23 + T13) + (7‘217“13 + 7“23) + (1 - 7“127"21)]
b q ( (1 —ragrse) (121713 + 723) ) ( (r12 4+ r13732) (r21713 + 123) )
+ (r127r23 + 113) (121 4 731723) + (ri2723 + 113) (1 — r13731)
+2q3 (112723 + 713) (r21713 + T23)

q1 (1 — 7a37r32) + g2 (r12 + T13732) + ¢3 (T12723 + 713)
(E+J) % +q1 (ro1 +7317m23) + g2 (1 — r13731) + g3 (121713 + 723)
+q1 (r31 + r3ar21) + q2 (r12731 + 732) + g3 (1 — r12721)

w q} (1 = ragraa) (ro1 + r3ima3)

+¢3 (r12 + r13r32) (1 — r13731) + 63 (r12r23 + 713) (ra17m13 + 723)
*j]z +q1g2 (1 — 723732) (1 — r13731) 4 (r12 + r13732) (ro1 + 731723))
+q1q3 (1 — 7r23732) (121713 + 723) + (112723 + 713) (r21 + r31723))
+q2q3 ((r12 + 713732) (r21713 + 723) + (1127723 + 7r13) (1 — r13731))

Finally, a matrix form expression would be more compact than (47). Let us
define :

w o 1,W 1 W w

O N S IR
Al = ?am azy  3a33 |, By = | b3
sa LW ol bV

@31 332 33 3

Then Weitzman'’s criterion for in situ conservation is:

We(X)=XT« AV « X + XT«BY + V.
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C Rao’s criterion for in situ protection

As explained in the text, given the relation P (X) = Ax (Q + X) between efforts
and probabilities, Rao’s index for in situ protection is:

R(X)=P (X)P(X)(Er+ E2) + PA(X)P3(X) (B1+ Es+J) + P, (X)P3(X) (B2 + Es + J)

=2[(P1 (X) P2 (X) + Py (X) P3(X) + P> (X) P3(X)) E+ (P1(X) + P2 (X)) P3(X) J]

and using the relation between ultrametric distances, £y = F; = F and E3 =
E+J:
R(X) = 2[(P1 (X) P> (X) + Py (X) Py (X) + Py (X) Py (X)) E + (P (X) + P> (X)) Py (X) J] .

Using the survival probability system (43), (44), and (45), we obtain the

following form for Rao’s index:

+ 1) (121 + r31723 + 731 + 1732

(1 +z1) (1 = r23732) (@1 )
Ei | 4 (g2 4 x2) (r12 + r13732) + (g2 + x2) (1 — r13731 + 732 + 731712)
+ (g3 + x3) (r12723 + 713) + (g3 + x3) (123 + 121713 + 1 — 121712)
1 (g1 + 1) (ro1 + r31723) (g1 +21) (1 — 723732 + 7131 + r21732)
R(X) =~ +Es + (g2 +22) (1 - 7“137131) (Q2 +x3) (7“12 + 713732 + 732 + 1r31712)
+ (g3 + x3) (r23 + r21713) + Q3 + x3) 7“127”23 + 113+ 1 —7121712)
(g1 + 1) (r31 + r21732) Q1 + 1) 1 — 723732 + T21 + T'31723)
+(E3+J) | +(q2+x2)(rs2 + 7’31?"12 (g2 + 352 (rig +rigrse + 1 —ri3r3p)
L + (g3 +23) (1 — ra1712) + (g3 + 23) (r12723 + 713 + 123 + T21713)

This form can be rewritten as :

R
ai

R (1525 3) {

where
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2 R 2 R .2 R R R
x1 + azpx; +Ig33x3 4;2@12371%;2{ + a13£1x3 + 37273
+bi'w1 + b5xa + by'xs + ¢t

(48)



¢

R
ar

R
(5P

R
ass

R
aia

ais
as3
byt

by’
bR

D

2
= (1 — 723732 — 712721 — 713731 — 712731723 — 7’21T13T32)

[ E1 (1 = ra3732) (121 + 731723 + 731 + r21732) + Ea (121 + 731723) (1 — 723732 + 731 + 721732)
+ (E3+ J) (rs1 + ra1rse) (1 — ra3r3e + ro1 + r31723)

. [ E1(r12 +r13732) (1 — 113731 + 732 + r31712) + B2 (1 — 713731) (r12 + 713732 + 732 + r31712)
+ (Es + J) (132 + r31712) (112 + 113732 + 1 — r13731)

_ [ Eq (r1ara3 + 713) (Tog + ro1r1s + 1 — ra1712) + Ea (rag + ro17113) (rag + ro1713)
+ (B34 J) (1 —rair12) (rizres + 113 + 123 + 721713)

Eq [(1 —ro3rse) (1 — ri3r31 + rag + 131712) + (112 + r13732) (o1 + 731723 + 731 + 721732)]

= +E5 [(ro1 + 731723) (r12 + T13732 + r32 + 1r31712) + (1 — 1137r31) (1 — rogrse + ra1 + r21732))

|+ (B3 +J)[(r31 +721732) (12 + 713732 + 1 — 113731) + (32 + r31712) (1 — 123732 + 721 + r31723)] |

[ Eq [(1 —ro3rae) (rog + ma1713 + 1 — mo1712) + (112723 + 713) (T21 + 731723 + 731 + T21732)]

= +E5 [(ro1 + 731723) (rog + T21713) + (123 + ro1713) (1 — 723732 + 731 + T21732)]

+ (B3 + J) [(rs1 + ra1732) (rizres + 713 + 723 +r21713) + (1 — r21712) (1 = ro3rse + 121 + 731723)] |
Eq [(r12 + r13732) (re3 + 121713 + 1 — 121712) + (112723 + 713) (1 — 713731 + 732 + 7'31712)]

= +E5 [(1 — r13731) (123 + ro1713) + (r23 + ro1713) (r12 + T13732 + 32 + 731712)]

|+ (B3 +J) [(r32 +r31m12) (r1ares + 713 + 1oz + 121713) + (1 — r21712) (r12 + 713732 + 1 — r13731)] |

= 2afiq1 + athgo + alhgs

= afhqr + 2alhqs + alhgs
= allq + allge + 2a55qs

= aﬁtﬁ + af’zlhfh + aééq% + G%QQ% + aé%q% =+ a%@ll%

In order to write a matrix form, let us define:

1, R 1R R
P i S N O o
Al = ?G'Ql azxy 3as |, Bl = by
IR L1,k R bR

2031 3432 33 3

Then, in matrix form, Rao’s criterion for in situ protection is:

Re X)=XTx AR« X + XT «BE 4 I (49)

Spreadsheet under Xcas, example of Section

4.1
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13 21 23 131, 132 ]

[ [Diss I PI. P2. P3. Q. R. RIC_ Rol_Ro2_ Ro3_WIC. Wol Wo2 JWo3 XI X2 X3 rl2
[Matrices and veciors
0 |R:=matrix([0,r12,r13], [r21,0,123], [r31,132,0]) /
0. 22 3 j
21,0, 3
31, 132, 0 ]
EI::matrix([l,0,0],[‘3,1,‘3],[‘3,'3,1])
700 j
0.1.0
0.0 1 i
Blo:=matrix(ta11, (921, (431
el j
2
3 nﬂ
[ Tt emmacrix (=1, 101, [00)
0
0 il
[ ]xz = matzix (101, 121, 101)
: j
x
0 i
[ Jxs = matrix(ro1, 101, (=)
5 z
)
B =
x| oy | J i | a | | 00 | w inv | + 7 8 0 esc X
z | t [ E ( | ) [ [ i [ sart > [ - 1 - 4 5 5 % c"l::i]s
~ [ = J[raconser | ] a | sin [T cos [Ta] tan ] [ - 1 2 3 Coller abe
simpiifier prg 3 in e 10910 10" % | 0 E % 4
o g m
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B Jxs := matrix (101, 101, x1)

A R R )

2 13 32 =ri2)

73 23 -r13)

(gl +)"(23 132 )

FI27723 731 +713 721 32 + 712 721 +713 731 + 123 132 1

2 13 *31 1)

TI223 131 +713 721 432 + 712 721 + 713 731 +723 7732 1

g3 613 121 -r23)

TI2723 131 + 113 721 132 + 112 21 + 113 31 #7203 7732 1

(g +2)*6r23 *r31=r21)

TI27723 731 +713 721 732 +712 721 +713 731 +123 132 1

g2 12 %31 -r32)

1273 31 #7113 721 32 +r12 721 + 713 731 4723 32 1

g3 *(r12 %21 -1)

TI293 731 #7113 21 32 + 112 21 +713 31 #7203 732 1

(g +2)*6r21 *r32=r31)

7127723 731 +713 21 32 + 712 21 +713 731 + 123 132 1

523 731 +713 721 732 +712 721 + 713 31 + 723 32 1

7127723 731 + 113 721 32 + 112 721 + 713 31 + 723 732 1

Ble2=m~ D iax2)

1 (23 132

gl *Er23 *r31=r21

1 121 *r32=r31)

TIZ2 7723 131 #7113 721 132 +712 21 #7113 131 ¥ 123 132

)
TIZ2 723 131 #7113 721 132 #7122 #7113 131 ¥ 1233 132

3 *Fri2 2.

g3 *@ri3 *r2d=r2.

1z

3 *(r12 *r21 -1)

3)
TIZ7723 131 #7113 721 132 #7112 121 + 113 131 7123 7132

3)
23 131 #7113 121 732 +712 121 ¥ 113 131+ 723 7132 -1

13 r32=ri2)

(a2 +2)"(¢13 131 1)

TIZ723 31+ 113 121 132 + 112 121 7113 3L 7703 132

(g2+3)*eri2 *r31=r32)

(@2
SR ) ey E ROV R Y R P o) B KRS TR

712723 131 +713 721 132 #7121 #7113 131 #7133 132

7127723 131 #7113 721 132 #7121 #1013 1314733 132 1

7127723 31 +103 121 32 #7112 11 703 31703 137 1

plesi=c-r)~ -1 = ta+x3)

¢l %23 732 1)

g2 603 r32=r12)

(g3 +3)*erd2 r23=r13)

TI27723 731 +713 721 732 +712 721 +713 731 +123 132 1

ol 6123 *r31-r21)

TI27723 31 +713 721 732 +712 721 + 113 31 472

@2 4(rl3 *131 1)

321

TI223 731 + 713 721 132 + 112 21 + 13 3L 7

(g3+) €013 *r21=r23)

T2

12523+ r3 2 3+ 12 2+ 33+ 23 32 A

ql 21 *r32-r3l)

12523 3T+ 132 32 + 12 2l + 3 31+ 23 32 A

2 *¢r12 *r31-r32)

2523731+ 3 2132+ rl2 21+ 13 3T+ 3 3 A

(g3 +2)"(r12 %121 1)

7127723 “r31 +713 *r21 132 +712 721 +713 “r31 + 123 132 1

7127723 *r31 +713 21 132 +712 21 + 113 "3l +723 132 1

7127723 *r31 +713 “r21 *r32 + 112 "2 113 31 ¥723 132 1

I

Diversity indices
o fw atrix([0,1,0],(0,0,0],[0,0,0])
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[ _|wrc:=matrix([0,1,0], [0,0,0], [0,0,0])

Diss:=matrix([1], (1], [1])*(E+J)

M
]
a3 rﬂ
BTz
0. r 7 =

ranspose (Diss) *P1-J* transpose (P1) *WIC*PL /

2 2 2 2 2 2 2 2 2 2 2 2
20 @) (et 2t | @) (@) @) | @ @t L a2 | @t et e
2% +3% A 2% +3% 1 2% +3% 1 2% 43% 1 2% 43% 1 2% +3% 1 2% 43% 1 2% +3% 1 2% 43% A 2% 43% 1 2% +3% 1 2% +3% 1 2% 43
| MM
ranspose (Diss) “P2-J* transpose (P2) “WIC*P2
2 2 2 2 2
() @) @t gt @) @t gl g3t @) el ) @t @eyteren el
E+ 7 T T T+ Er ) A T T I 7 T )~
2% +3% 1 2% 43% 1 2% +3% 1 2% 43% 1 2% 43% 1 2% +3% 1 2% 43% 1 2% +3% 1 2% +3% 2% 43% 1 Z"‘r +3% 1 2% +3% 2% 43
M

03 :=transpose (Diss)*

Y

P3-J*transpose (P3) XWIC*P3

t
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. Wo3 i=transpose (Dizs)~P3-J7*transpose (P3) “WIC*E3 1

2 2 2 2 2 2 2 2 2 2 2 2
G | @ttt | (gt et @) @) ) | @) @A) ) | a2t @ttt et
(E+J) K 7 3 3 3 7 ) T 7 3 7 ) T 7 3 7 T P g T 7 T 7 (—=
2% 434 4 2% 43% 1 2% +3% 4 2% 4B A 2% 43% A4 2% +3% A 2% 434 4 2% +3% 4 2% 3% 2% 434 4 2% +3% A 2% +3% 4 2% 43
Kl | MM
ple™
el =
a2
3 Nﬁ
fiof=
0. r s j
0 r
Lo i
[ £actor (simp1ify (wol-to2) )
‘ Im*(ql-q.’) I [
— =z
(r+1) M|
[12] factor (simp1ity (wo1-wo3))
gl g2 Fr+q3 rere I
(r+ 1) *(2% 1) M

B

=matrix([0,E,E+J], [E, 0,E+J], [E+J,E+J,0])

x|

Al

0. E  E+J j
E. 0 E+I
E+J E+J 0 N
[14]roT:=transpose (p1) *mzc*pL 5
P o N ermr) (gl er 7 g @2Uere) | @) @A0teren  g2Ueren | g3ter=n (q]-*.\)*(rlri))* 3
2704351 27 43 277 +3% 1 27437 1 27 43 2743 2 3 z*f+32*r‘ 277437
@27 @3Ter=) (gl 1) 2T @) @laNteren @2 ) g3 teren) (gl er-r)
(E T 7 3 T T T ERN (3 3 T bl 3 N3 T 7 T +
2574351 2% 43%° 4 2% 3% 25743% 1 2% 4351 2% 43% 1 2% 3% 1 2% 43% 4 2% 43% A
2 2 2 2 2
LR @ @ L @) @) @), @) @) @eteren),
x | y | . il a | | o0 | n inv [ + 7 8 9 esc X
z | o [ = (1 [ T [ i [ san > 1 - [ - n s G I s
~ | => [ractoriser | i a | sin [ cos Ta | tan ~ [ = 1 2 3 OKE b
prg s in exp 10910 10" % / 0 3 Z 4

simplifier
—~
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d
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2 2 2 2 2
pr CN) | ) @t g2t | 3N @t a2%eren | giteren | (@149 -1) b
¢ T .2 T .7 T 7 FEN T 7 7 T .7 T .2 T .7 T2, "
274351 27 3% 27 435 1 TS A 2T A 23 AT 2Ty A 2w ks 243
Q2%r ) g3t (gl+9%(r 1) @) @A) (gl o) 2% ) g3 %eren) (Nt =)
(E T T 3 7 T T ETN(—7 3 T 7 ) 7)) T T T T )t
257 43%° 1 2% 43% 4 2% 8% 254851 DM 4354 25 43% 1 2% 3% 1 2% 43% A 2% 43%
2 2 2 2 2 2
(B BT @wteren o @2t | @t @ ) @t | @) | @) J
2% +3% 1 2% +3% 1 2% +3% -1 27 +3% 1 27 4B 1 2% 3% 1 2% 43% 1 27 43T -1 2% +3% -1 ,ﬂ
15[ Ro2:=transpose (P2) *RTC*E2 // Rao o 2
P - 242)* i arl o s 24052 =
& g1 1) g3er =) (@29 7er 'f))+(E+]),( @ D) (@2rx)er =) g17er =) g3er ) @2 D,
257435 1 2 B A 2% 43 247+ 2743 A 2 A3 A 2 e A 2*:”+32*r‘71 2435
2 2 2 2 2
g A | g3teten @yl B0 @ g ) B (@teren
« T .2 T .7 T 7 P EN T 7 T .7 T 7 03 T .7 T )+
27485 2% 3% 1 2 st A 294351 2% A3 2 3% A 2% A3 1 2 BT 1 27437 A
gl 1) g3 rer =) (q2+xN)*er =r) gl *Er =7 g3er =) (@240 1) gf *er=r) @34 ) (g2+X) s =) _
(E+D) T 7 3 7 VHE) T T 7 T N7 T T T ) ~|
2% +3%° 1 2% +3% 2% +3% A D% +3% A D% +3% A D% +3% A 2% +3% 4 2% +3% A W
[16[Ro3:=transpose (P3) *rTC~E3 d=r po
ot et @ttt et @t @t acerten et @ewerton b
E 7 —= T 7 T T HEN (T T 7 T Ns T 7 T >
244341 2% BN A 2% +3% A 2T 2 A 20y AT 2t 20 B 2 0
3 2 2 2 2 2 2
o @) @) e | @t | @900 @l ) | 2t | @)
27435 2B A 2 e A 2431 2B A 2 AR A1 2T A3 A 27 43T A 2% 43 1
g1 (1) q2%er =r) (g3 4x)%er =r) g1 *Er =7) Q2% 1) (g3 +x)er =) gler =) @2%r =) (@349 1) _
(E+]) T2 T .7 T 7, )HEHD) T .2 7 T..7 T2 3 .7 T .2 ~|
2% 43%° 1 2% +3%° 4 2% 3% 1 2% 43% 1 2% +3% A 2% 3% 1 2% 3% 1 2% +3% 1 2% 13% W
[17] £actor (simp1ify (Ro1 - Ro2))
l 2°E*x*(gl=q2) J
{r+1) M|
factor (simplify(Rol - Ro3))
[ 2@ E qd "2 °E g3 “r+ gl T+ I'q2 =3 J°q3 ‘=TT E ‘gl ¥ E '3 =T "g1 =742 + 1°g3)
(1) 2 1) M
\Lglfactorcsmplifycnu‘z — EES); | ‘ ‘ ‘ ‘ ~ =
X b ! " 0 Il ) w inv. + 7 8 9 est X
z | o [ ] ( [ . 1 H T T & T s | » [ — T - T 4 s G I s
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2 2 2 2
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& qlv ind :) 13“ ind :) (q~tl) (,4 U)*(Eﬂ)*( qfq nd :) q{ o :) (q»tx) <-'A ')",( q{ r 1) q3v ind :) (q~+;t) nd '))+
2574351 2% 43%° 4 2% 3% 25743% 1 2% 4351 2% 43% 1 2% 3% 1 2% 43% 4 2% 43% A
* 2, * 2_ 2 ¢ 2_ g 2_ * 2_ 2 * 2, B 2_ < - 2 * 2_ p}
(&) q{ (r 1) qdv er Z) (q-t&) rr‘ '))+(E+J) qlv r :) 43 er :) (q-tm} (r 1)",( qlv r =r) q{ (r 1} (q-tm) er =r) =
2434 A 24 ABY A 2% 3% A 24 3% A 2% 34 A 2% 3% A 2943 A 2% +3% A 2% 434 A N
fig ranspose (P3) “RICYE3 // Rac o omt ex policy 3
2 2 2 B
g1 1) g27€r -n)  (@3t9Ter -n) o gLEr =7 g27€r -n) (@30 o gLrer =n) @27 1) (@rxer 7
E—r— T 7 T FE) (7 7 5 (= T T 5
25435 2 AN A 2% 43 1 2TeE A 2w s A 2a A 2Ry 1 2T HEy 1 27 e
ot @) @ el | @t @90 el ) | a2ere) | @eer
27435 2R3 A 27 e 23T 2B A 2 AR 1 273 4 27 #3729 43 1
(Ep B | @) (@9%ren o altre) | @) (@) altre) | el | (@0 1) i
2% +3% 4 2% +3% A4 2% +3% 4 2% +3% 4 2% +3% A D% +3% 4 2% 3% A 2% 3% A 2% +3% A ,ﬂ
[17] factor (simp1ify (mo1 - mo2))

l 27E*x*(gl=q2) I

(=

(re1)° M|
factor (simplify(Rol - Ro3))
[ 2°x"(2°E *ql "re2°E g3 *r+ J°qL “r+ 1°q2 =3T3 ‘=Tt ouE ‘gL + E ‘g3 =T "ql=T"q2 + T°3)
(1) *2r1) I Ml
factor (simplify (Ro2 - Ro3))
[ 22 E 742 r=27E *q3 *r+ Tl r+ Jg2 'r=3 73 'y Ty oxek g2 + E g3 =T gl =T"q2+ Jg3)
(r+1)*27-1) l M
o] = =
- - ose X
z | v } | } = ¢ \l.? )‘ I } E } = = : r— ; : e o cmds
~ | => [ractoriser & [ 7T a | sin [ cos Ta | tan ~ [ = 1 2 3 CS”'H ':;f
by In log10 10 % / 0 E - 4

simplifier prg lim
—~




References

[1]

Aulong, S., Erdlenbruch, K. and Figuiéres, C. (2005). “Un tour d’horizon
des criteres d’évaluation de la diversité biologique”, Fconomie Publique,
16(1), 3-46.

Aulong, S., Erdlenbruch, K. and Figuieres, C. (2008). “Criteria for assess-
ment of biodiversity: properties and difficulties of use”, INRA Sciences
Sociales, 4-5.

Baumgértner, S., (2004). “Optimal investment in multi-species protection:
interacting species and ecosystem health”. EcoHealth 1, 101-10.

Baumgértner, S., (2004). “Measuring the Diversity of What ? And for
What Purpose 7 A Conceptual Comparison of Ecological and Economic
Measures of Biodiversity”, IIEE Heidelberg, working paper, 1-22.

Bossert, W., Pattanaik P.K. and Y. Xu, (2003), “Similarity of options and
the measurement of diversity”, Journal of Theoretical Politics, 405-421.

Burgman, M.A., Ferson, and S., Akcakaya, H.R., (1993). “Risk Assessment
in Conservation Biology”. London: Chapman and Hall. pp 44-83.

Caccone, A. and Powell, J.R., (1989), “DNA Divergence Among Homi-
noids”, Evolution, 43 (5), 925-942.

Chiarolla, C., Lapeyre, R., and Treyer, S., (2014), “The Biodiversity Con-
vention at a crossroads: leading the way or losing ground?”, Issue Brief
IDDRI October 2014.

Courtois, P., Figuitres, C. and Mulier, C. (2014), “Conservation priorities
when species interact : the Noah’s ark metaphor revisited”, PLoS ONE
9(9).

Crozier, R.H., (1992). “Genetic diversity and the agony of choice”, Biolog-
ical Conservation, 61, 11-15.

Elith, J., and Leathwick, J.R., (2009). “Species distribution models: eco-
logical explanation and prediction across space and time”. Annual Review
of Ecology, Evolution, and Systematics 40: 677-697.

Eppink, F.V., and van den Bergh J.C.J.M., (2007). “Ecological theories
and indicators in economic models of biodiversity loss and conservation: A
critical review”. Ecological Economics, 61(2-3), 284-293.

Faith, D.P., (1992). “Conservation evaluation and phylogenetic diversity”,
Biological Conservation, 61, 1-10.

Faith, D.P., (1994). “Genetic diversity and taxonomic priorities for conser-
vation”, Biological Conservation, 68(1), 69-74.

30



[15]

[16]

[17]

[18]

[19]

[20]

[21]

Garnett, S.T., and Crowley, G.M., (2000). “The Action Plan for Australian
Birds 2000”. Environment Australia, Canberra, Australia.

Gerber, N., (2011). “Biodiversity measures based on species-level dissim-
ilarities: A methodology for assessment”, FEcological Economics, 70(12),
2275-2281.

Guisan, A., and Thuiller, W., (2005). “Predicting species distribution: of-
fering more than simple habitat models”. Ecology Letters, 8, 993-1009.

Hauser, C.E., and McCarthy, M.A., (2009). “Streamlining ’search and de-
stroy’: cost-effective surveillance for invasive species management”. Ecology
Letters, 12, 638-692.

Hill, R.J., (2001). “Measuring biological diversity”. Unpublished
manuscript, UNSW, Sydney, Australia.

Joseph, L. N., and Maloney, R.F., and Possingham, H.P., (2008). “Optimal
allocation of resources among threatened species: a project prioritization
protocol”. Conservation Biology, 23(2), 328-338.

Krajewski, C., (1989). “Phylogenetic relationships among cranes
(gruiformes: gruidae) based on DNA hybridization”, The Auk, CVI, 603-
618.

McCarthy, M.A., Thompson, C.J., and Garnett, T., (2008). “Optimal in-
vestment in conservation of species”. Journal of Applied Ecology, 45, 1428-
1435.

Pavoine, S., Ollier, S. and Pontier, D., (2005). “Measuring diversity from
dissimilarities with Rao’s quadratic entropy: Are any dissimilarities suit-
able?”, Theoretical population biology, 67(4), 231-239.

Pearce, D., (2005), “Paradoxes in biodiversity conservation”. World eco-
nomics, 6(3), 57-69.

Simianer, H., (2008). “Accounting for non-independence of extinction prob-
abilities in the derivation of conservation priorities based on Weitzman’s
diversity concept”. Conservation Genetics, 9(1), 171-179.

Van der Heide M.C., van den Bergh J.C.J.M., van Ierland E.C., (2005).
“Extending Weitzman’s economic ranking of biodiversity protection: com-
bining ecological and genetic considerations”. Ecological Economics, 55,
218-223.

Rao, C.R., (1986). “Rao’s axiomatization of diversity measures”. Wiley
StatsRef: Statistics Reference Online.

31



[28] Van de Peer, Y. (2003). ”Phylogeny inference based on distance meth-
ods: theory”. In M. Salemi & A.-M. Vandamme (Eds.), The phylogenetic
handbook202f: a practical approach to DNA and protein phylogeny (pp.
101-119). Cambridge, UK: Cambridge University Press.

[29] Weitzman, M.L., (1998). “The Noah’s Ark Problem”. Econometrica, 66
(6), 1279-1298.

[30] Witting, L., Tomiuk, J., Loeschcke, V., (2000). “Modelling the optimal
conservation of interacting species”. Ecological Modelling, 125, 123-143.

[31] Wood, P.M., (2000). “Biodiversity and Democracy: Rethinking Society and
Nature””, University of British Columbia Press, Vancouver, Canada.

32



