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Abstract In the original formulation of Weitzman’s

diversity concept, extinction probabilities of different

operational taxonomic units (OTUs) are implicitly defined

to be independent. In this study, it is shown, that depen-

dencies like concurrence or synergistic relations between

OTUs can be accounted for by assuming that joint extinc-

tion probabilities differ from the product of the extinction

probabilities of the interacting OTUs. A fully analytical

treatment is provided for the case of two interacting OTUs,

and all cases are illustrated with an example data set. For the

case of concurring OTUs, the following general results are

derived: (a) concurrence between OTUs always reduces the

amount of diversity expected to be conserved in the future;

(b) concurrence has a more adverse effect on the more

endangered OTUs involved; (c) concurrence can change

conservation priorities between OTUs; and (d) with high

levels of concurrence, investments in the conservation of

some of the concurring OTUs can have a negative effect on

the overall diversity conserved. In addition to conservation

activities targeted towards some of the OTUs, reduction of

the causes of concurrence may be a valid and cost-efficient

alternative. For the case of synergistic dependencies be-

tween OTUs it was found, that such dependencies always

increase the conservation potential of the involved OTUs

but may lead to a change of priority ranking in extreme

cases. Finally possible extensions and generalisations of the

suggested approach are discussed and it is argued, that by

adopting these extensions Weitzman’s diversity concept

becomes an even more powerful and flexible tool to derive

conservation priorities both in an ecological and in a farm

animal context.
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Introduction

In many cases it is necessary to make decisions as to which

species or, more generally, operational taxonomic unit

(OTU) should be conserved in a set of phylogenetically or

ecologically interacting OTUs. Weitzman (1992, 1993) has

proposed to base decisions on conservation priorities of

OTUs on the effect of such activities on the expected

overall diversity of the set of OTUs the considered OTU

belongs to. Based on a formal definition of the necessary

quantities, he defines criteria like marginal diversity and

conservation potential, the latter being the amount of ex-

pected overall diversity of the set saved if a certain OTU

was made completely safe from extinction. Under a limited

budget constraint, the conservation potential was found to

be a good guideline to identify OTUs with highest con-

servation priorities (Weitzman 1993; Simianer et al. 2003).

Weitzman’s diversity concept has a strong appeal due to its

rigorous mathematical justification and the possibility to

derive optimum conservation decisions with well-defined

properties. While it is widely accepted as the fundamental

framework for decision-making in livestock conservation

(for a review see Simianer 2005), the concept needs to be

introduced to a wider conservation audience to become

relevant to core conservation areas.

A critical assumption in Weitzman’s diversity concept is

that extinction probabilities of the OTUs are known and are
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exogenous (van der Heide et al. 2005), i.e. they are not

variables in the system to be optimised, but are given fixed

parameters. In most cases the risk status of populations is

assessed mainly by the number of live animals, in some

cases the effective population size and the population trend

(increasing or decreasing) are included. In wild species,

population viability analyses (e.g. Ginzburg et al. 1982;

Boyce 1992) allow an assessment of the future develop-

ment of population size. Bennewitz and Meuwissen (2005)

suggested to adopt this technique for farm animal popula-

tions. In a study on conservation programs of African cattle

breeds Reist-Marti et al. (2003) suggested a semi-quanti-

tative scoring system based on 10 different criteria, which

were assessed for each breed included in the study. These

criteria did not only reflect population size and demo-

graphic trend, but also geographic distribution, cultural

importance or risk of indiscriminate crossbreeding.

Extinction probabilities are not only fixed parameters in

Weitzman’s diversity concept, but it is implicitly assumed

that extinction probabilities of different OTUs are consid-

ered to be independent, since probabilistic multiplication

rules for independent events are used to calculate proba-

bilities of joint survival or extinction. If extinction proba-

bilities of OTU A and B are denoted as zA and zB, the

probability that both breeds go extinct is zAzB and that both

breeds survive is ð1� zAÞð1� zBÞ, respectively.

Witting et al. (2000) address this restriction and intro-

duce the concept of network theory (Higashi and Burns

1991) to take dependencies of interacting OTUs in to ac-

count. In an illustrative example they suggest to account

not only for extinction probabilities of single OTUs, but

also for pairwise joint extinction probabilities of all inter-

acting OTUs. With n interacting OTUs, n2 extinction

probabilities are required, which, as the authors suggest,

can be obtained by population viability analysis. They fo-

cus decisions on a minimisation of the expected loss of

diversity and show that non-trivial solutions exist.

van der Heide et al. (2005) argue, that Weitzman’s

diversity concept cannot account for ecological relation-

ships and thus may lead to incorrect policy advise on

biodiversity protection. They especially focus on the

decision rule suggested by Weitzman (1998), which indeed

is shown to be inadequate if extinction probabilities be-

tween OTUs are dependent.

Such dependencies of extinction probabilities between

OTUs are not only due to ecological causes, like food web

and ecosystem relations (Polis 1998) but in the farm animal

context can also have an economic background, if e.g.

different breeds compete for a small production niche,

which can either be an environment, a production system,

or a market for specific products.

In this paper, it will be shown how dependencies be-

tween extinction probabilities can be built into Weitzman’s

diversity concept. Using the conservation potential as the

criterion to rank OTUs according to their priority for

conservation, two cases of dependencies will be examined

in detail:

• OTUs are in concurrence, which formally is the case if

the probability that two OTUs survive is less than the

product of the individual survival probabilities of the

two OTUs. This may e.g. reflect the case that two or

more OTUs concur for a common, but limited resource;

• OTUs are dependent on each other. Formally this is the

case if the survival probability of one OTU is reduced if

another OTU is extinct. Such a situation arises e.g. in

predator-prey system or in complex ecological net-

works.

The paper is structured as follows: first, the basic model

underlying Weitzman’s diversity concept is defined and a

useful reparameterisation is introduced. Then, formal def-

initions of concurrence and dependency between two

OTUs are given, and the impact of these two forms of

dependency on conservation priorities is derived in a fully

analytical approach. Both cases will be illustrated with a

somewhat artificial, but instructive example. Finally, gen-

eralisations of the approach and its relevance for practical

applications will be discussed.

Methods

The basic model

We assume that a set S of OTUs, which includes N dif-

ferent OTUs has a given actual diversity D(S). OTUs may

represent species or subpopulations such as breeds within

species. Note that the following considerations are not

assuming that a specific diversity metric, e.g. Weitzman’s

(1992) diversity metric, is used. The only necessary

assumption is that D(S) is monotonous in OTUs, i.e. that

DðSÞ\DðS [ XÞ where X 62 S.

For each OTU i ¼ 1; . . . ;N we can specify the extinc-

tion probability 0 � zi � 1, reflecting the probability that

the OTU will be extinct at the end of the given planning

horizon.

The expected diversity can be computed as

E DðSÞ½ � ¼
X

8K
PðKÞDðKÞ ð1Þ

where K are all the different possible subsets of breeds,

P(K) is the probability that subset K will exist at the end of

the planning horizon, and D(K) is the diversity of subset K.

It was shown by Simianer et al. (2003) that with N different

OTUs the number of different subsets is 2N.
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The marginal diversity for OTU i is defined as

mi ¼
@E DðSÞ½ �
@zi

ð2Þ

and reflects the change of the expected diversity of the

whole set if extinction probability of OTU i is increased by

one unit. Note that mi is always negative and differs in sign

from the definition given by Weitzman (1992). Simianer

et al. (2003) presented an efficient algorithm to calculate

mi for all OTUs simultaneously for large values of N.

The conservation potential of OTU i is defined as

CPi ¼ �mi � zi ð3Þ

and reflects the amount of expected diversity that can be

conserved if breed i was made completely safe. Weitzman

(1993) suggested the conservation potential as the ‘... single

most useful species alert indicator’. This was confirmed in an

application of Weitzman’s diversity concept to define

conservation priorities for a set of African cattle breeds

(Simianer et al. 2003) where the breeds with highest con-

servation potential also obtained the largest amount of

conservation funds from a sophisticated optimum allocation

analysis. Therefore the conservation potential is a suitable

criterion to identify OTUs with highest priority for conser-

vation and to rank OTUs with respect to conservation priority.

A reduced model to study dependent extinction

probabilities

In the original concept suggested by Weitzman (1992,

1993), extinction probabilities of different OTUs are con-

sidered to be independent, i.e. for OTU i and j the probability

that both OTUs go extinct is zizj and that both breeds survive

is ð1� ziÞð1� zjÞ; respectively. However, Eq. 1–3 hold in

general, also with dependent extinction probabilities.

This will be examined for the situation where in a set of

N > 2 OTUs a subset of two OTUs has dependent extinc-

tion probabilities. For this case, the impact of the degree

and type of connectedness on marginal diversity and con-

servation potential of these two OTUs can be derived. The

restriction to consider only two OTUs is for simplicity and

to allow a full analytic treatment, but is without loss of

generality, since the general concept can be used with any

number of OTUs.

Consider the set S ¼ A [ B [ X, where A and B are the

two OTUs chosen for analysis and X is the complementary,

not empty set of OTUs. Let KX be all possible subsets of X,

and

E DðXÞ½ � ¼
X

8KX

PðKXÞDðKXÞ

Making use of a result presented by Reist-Marti et al.

(2006), the expected total diversity of the complete set S

can be written as

E DðSÞ½ � ¼PðA;BÞ
X

8KX

PðKXÞDðKX [ A [ BÞ

þ PðA;�Þ
X

8KX

PðKXÞDðKX [ AÞ

þ Pð�;BÞ
X

8KX

PðKXÞDðKX [ BÞ

þ Pð�;�Þ
X

8KX

PðKXÞDðKXÞ ð4Þ

where P(AB), P(A,–), P(–,B), P(–,–) are the probabilities

that both OTU A and B, only A, only B, or none of both are

present. By using the symbols

DABX ¼
X

8KX

PðKXÞDðKX [ A [ BÞ

DAX ¼
X

8KX

PðKXÞDðKX [ AÞ

DBX ¼
X

8KX

PðKXÞDðKX [ BÞ

DX ¼
X

8KX

PðKXÞDðKXÞ

Eq. 4 can be written as

E DðSÞ½ � ¼PðA;BÞDABX þ PðA;�ÞDAX þ Pð�;BÞDBX

þ Pð�;�ÞDX ð5Þ

The advantage of this form is that the quantities DABX,

DAX, DBX, and DX are constant and only need to be cal-

culated once for a given set S. The expected diversity then

is only a function of the pattern of extinction probabilities

in the subset A;Bf g .

Results

Conservation priorities when OTUs are in concurrence

OTUs may be in concurrence if they compete for the same

resources, as food, space, etc. The case of OTUs A and B

being in concurrence can be modelled by defining the joint
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extinction probabilities conditional on a concurrence

parameter k as follows:

PðABjkÞ ¼ ð1� zAÞð1� zBÞð1� kÞ

PðA;�Þ ¼ ð1� zAÞzB

Pð�;BÞ ¼ zAð1� zBÞ

Pð�;�jkÞ ¼1� PðA;BjkÞ � PðA;�Þ � Pð�;BÞ
¼ zAzB þ kð1� zAÞð1� zBÞ

The parameter 0 � k � 1 reflects the degree of con-

currence. With k = 0, extinction probabilities of both OTUs

are independent, i.e. we have the situation considered in the

usual application of Weitzman’s (1992) diversity concept.

With k = 1, the probability that both OTUs jointly survive

until the end of the planning horizon is zero, i.e. there is

only room for one of the two. Intermediate values of k
reflect respective degrees of concurrence.

Using this set of conditional extinction probabilities in

Eq. 5 and taking the first derivative with respect to zA and

zB, respectively, yields the marginal diversities:

mk
A ¼

@E DðSÞ½ �
@zA

¼ ðk� 1Þð1� zBÞDABX � zBDAX

þ ð1� zBÞDBX þ ðzB � kþ kzBÞDX

ð6aÞ

mk
B ¼

@E DðSÞ½ �
@zB

¼ ðk� 1Þð1� zAÞDABX

þ ð1� zAÞDAX � zADBX þ ðzA � kþ kzAÞDX

ð6bÞ

Using these results in Eq. 3, the conservation potential of

the two OTUs can be assessed and priority can be given to the

OTU with the highest conservation potential. However, with

k > 0 extinction probabilities of OTU A and B increase, since

the probability that both survive is reduced. The effective

extinction probabilities, denoted as zk
A and zk

B; then are

zk
A ¼ 1� PðA;BjkÞ � PðA;�Þ
¼ 1� ð1� zAÞð1� zBÞð1� kÞ � ð1� zAÞzB

¼ zA þ kð1� zA � zB þ zAzBÞ

and

zk
B ¼ zB þ kð1� zA � zB þ zAzBÞ

Therefore it is suggested to use the effective extinction

probability for the given value of k in Eq. 3, so that the

effective conservation potentials are

CPk
A ¼ �mk

A � zk
A ð7aÞ

and

CPk
B ¼ �mk

B � zk
B ð7bÞ

Illustration of the method

The method will be illustrated with a data set on four

primate species, which were already used by Thaon d’Ar-

noldi et al. (1998) to illustrate the main features of the

Weitzman approach. The set is a subset of data used by

Weitzman (1992), from where the pairwise distances are

taken. The distance matrix and the assumed extinction

probabilities are given in Table 1. Note that this is just an

example to illustrate the method, and that assumed

extinction probabilities and their interaction do not reflect

the real degree of endangerment and interaction of the

species considered.

The total actual diversity is D(S) = 1015, and the

diversities of the different subsets can be calculated by

applying Weitzman’s (1992) rules.

For illustration, dependencies of extinction probabilities

of the two gibbon species A and B will be assumed, so that

X ¼ C;Df g. Using the suggested extinction probabilities

for gorilla and orangutan, we get

DABX ¼ ð1� 0:1Þ2 � DðA;B;C;DÞ þ ð1� 0:1Þ � 0:1

� ½DðA;B;CÞ þ DðA;B;DÞ� þ 0:12 � DðA;BÞ
¼ 0:81� 1015þ 0:09� ½658þ 614� þ 0:01� 126

¼ 937:89

and similarly DAX ¼ 810:90; DBX ¼ 781:29, and

DX ¼ 289:17 .

Using these values, the marginal diversities of the two

gibbon species can be calculated with Eq. 6a, b and are

plotted as a function of the concurrence parameter k in

Table 1 Primate species used to illustrate the method, pairwise dis-

tances (from Weitzman 1992), and assumed extinction probabilities

Name Code Distance to Extinction

probability
A B C D

Common Gibbon

(Hylobates lar)

A – 126 532 477 0.4

Siamang Gibbon

(Hylobates
syndactylus)

B 126 – 498 488 0.2

Gorilla (Gorilla gorilla) C 532 498 – 357 0.1

Orangutan (Pongo
pygmaeus)

D 477 488 357 – 0.1
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Fig. 1. For k = 0 both marginal diversities mA ¼ �229; 63

and mB ¼ �273; 04 are negative, with mA\mB a change of

extinction probability of species B by one unit has a larger

effect than a change of extinction probability of species A.

With increasing values of k there is a linear increase in

both marginal diversities, which means that, due to the

assumed concurrence, a reduction of extinction probability

of one species has a reduced advantageous effect on the

overall expected diversity. For k � 0; 45 (k � 0; 7Þ,
mk

Aðmk
BÞ even turn positive, meaning that a reduction of the

extinction probability of one of the species alone will lead

to a lower expected diversity of the whole set at the end of

the planning horizon.

By rearranging terms in Eq. 6a we can write mk
A as a

linear function of k:

mk
A ¼ ð1� zBÞðDBX � DABXÞ þ zBðDX � DAXÞ½ �
þ ð1� zBÞðDABX � DXÞ½ � � k

ð8aÞ

and similarly

mk
B ¼ ð1� zAÞðDAX � DABXÞ þ zAðDX � DBXÞ½ �
þ ð1� zAÞðDABX � DXÞ½ � � k

ð8bÞ

These equations help to assess some properties of the

system, which will be discussed based on Eq. 8a for the mA,

but can be fully extended to mB.

Equation 8a proves that mA � 0 for k = 0, since by

definition DABX � DBX and DAX � DX and hence both

DBX � DABX and DX � DAX are £ 0 and so is the weighted

sum.

The slope of the regression ð1� zBÞðDABX � DXÞ is al-

ways non-negative since DABX � DX and 0 � zB � 1. It is

interesting to see that the slope of this regression for mk
A

depends on the extinction probability of the species in

concurrence, zB, and vice versa, since due to symmetry

arguments the slope of the regression for mk
B is

ð1� zAÞðDABX � DXÞ. This also leads to the conclusion,

that the slope of the regression is higher for the species

with higher extinction probability (species A in this case),

i.e. concurrence will have a more adverse effect on more

endangered species than on less endangered species.

Figure 1 also shows the conservation potentials of the

two species considered. While the conservation potential of

species A is almost twice as high as that of species B

without concurrence, the former quickly decreases with

increasing values of k, while CPk
B even slightly increases

and exceeds CPk
A for k[0; 22. Although in this illustration

the ‘crowned crane paradox’ (Weitzman, 1993), meaning

that the less endangered species has a higher conservation

potential than the more endangered species, is not given

without concurrence, this is the case for higher values of

the concurrence parameter k.

The conservation potential of a species becomes nega-

tive when it’s marginal diversity turns positive. By setting

mk
A ¼ 0 in Eq. 8a we obtain

ko ¼
ð1� zBÞðDBX � DABXÞ þ zBðDX � DAXÞ

ð1� zBÞðDA � DABXÞ

as the critical value at which the marginal diversity turns

positive. In the primate example, this value is k0 ¼ 0:442

for species A and k0 ¼ 0:701 for species B. Beyond these

values of k conservation measures that reduce the

extinction probability of one breed lead to such a reduc-

tion of the joint probability P(AB) that both breeds sur-

vive, making the overall effect on the expected diversity

negative.

Under this model, additional options for conservation

activities arise, since expected diversity cannot only be

maximized by reducing extinction probabilities of single

OTUs, but also by removing the adverse effect of con-

currence. In analogy to the marginal diversities shown

above this can be quantified by taking the first derivative

of expected diversity with respect to the concurrence

parameter k:
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Fig. 1 Marginal diversities of

OTUs A and B (mk
A and mk

BÞ,
conservation potentials of OTUs

A and B (CPk
A and CPk

BÞ, and

marginal diversity with repect to

k (mkÞ as a function of the

concurrence parameter k for the

example data set
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@E DðSÞ½ �
@k

¼ ð1� zAÞð1� zBÞðDX � DABXÞ

which is negative since by definitionDX\DABX : However,

changing k affects the expected diversity also by changing

the effective extinction probabilities, which are a function

of k. For zk
A and zk

B this

@zk
A

@k
¼ @zk

B

@k
¼ ð1� zAÞð1� zBÞ

which has the intuitive appeal, that reducing the

concurrence directly increases the conservation

probabilities of the involved OTUs. Both changes in

extinction probabilities need to be multiplied with the

marginal diversities, which reflect the change of expected

diversity if extinction probabilities are changed. Hence,

mk ¼
@E DðSÞ½ �

@k
þ @zk

A

@k
mk

A þ
@zk

B

@k
mk

B

¼ ð1� zAÞð1� zBÞðmk
A þ mk

B þ DX � DABXÞ
ð9Þ

As was shown in Eq. 8a, b, mk
A and mk

B are linear

functions of k in the form mk
A ¼ cA þ bAk and

mk
B ¼ cB þ bBk, respectively, with

cA ¼ ð1� zBÞðDBX � DABXÞ þ zBðDX � DAXÞ

cB ¼ ð1� zAÞðDAX � DABXÞ þ zAðDX � DBXÞ

bA ¼ ð1� zBÞðDABX � DXÞ

and

bB ¼ ð1� zAÞðDABX � DXÞ

Using these results we can rewrite Eq. 9 in the form

mk ¼ð1� zAÞð1� zBÞðcA þ cB þ DX � DABXÞ
þ ð1� zAÞð1� zBÞðbA þ bBÞk

ð10Þ

showing that the marginal mk is a linear function of k,

which has a positive slope, since bA and bB were shown to

be positive. Therefore, an increase in concurrence will al-

ways reduce the expected diversity.

Analogously to the concept of conservation potential

one can ask, how much expected diversity is gained if

concurrence was entirely removed. We call this the syn-

ergy potential (SP) of the breeds in concurrence, defined

as

SP ¼ �mk � k:

From Eq. 10 it follows immediately that the synergy

potential is a quadratic function of k in the form

SP ¼� ð1� zAÞð1� zBÞðcA þ cB þ DX � DABXÞk
� ð1� zAÞð1� zBÞðbA þ bBÞk2

showing that the return of removing concurrence is qua-

dratic and thus the more rewarding, the higher the level of

concurrence is.

If we assume in the example discussed before the case

where k = 0.3, reducing zA from 0.4 to 0.39 would increase

the expected diversity by an increment of +0.74. Reducing

zB from 0.2 to 0.19 would increase the expected diversity

by an increment of +1.56. However, reducing k from 0.3 to

0.29 would increase the expected diversity by an increment

of mk ��0:01 ¼ 4:22, of which 3.11 are directly due to

the change of k and 1.11 are due to the indirect effect by

changing zk
A and zk

B. In Fig. 1, mk is also shown as a

function of k, and in contrast to the marginal diversities of

the two breeds, this parameter stays negative over the

whole parameter space, which means that reducing con-

currence always will have a positive effect on expected

diversity.

Conservation priorities when OTUs are in synergy

We consider now the case opposite to concurrence, namely

a synergistic relation between OTUs. This is the case if the

probability of not becoming extinct of one OTU is posi-

tively affected by the existence of another OTU. Examples

are symbiotic or predator-prey systems. In the case of farm

animal breeds this also refers to the synergistic use of

breeds in mixed production systems.

In the model used, this phenomenon is reflected by

assuming that extinction of one OTU reduces the survival

probability of the other OTU. This can be modelled by

defining the joint extinction probabilities as follows:

PðABÞ ¼ ð1� zAÞð1� zBÞ

PðA;�jaÞ ¼ ð1� zAÞzBð1� aÞ

Pð�;BjbÞ ¼ zAð1� zBÞð1� bÞ

Pð�;�ja; bÞ ¼ 1� PðA;BÞ � PðA;�jaÞ � Pð�;BjbÞ
¼ zAzB þ azBð1� zAÞ þ bzAð1� zBÞ

The parameters 0 � a � 1 and 0 � b � 1 reflect the

degree of synergy. For large values of a, the survival of

OTU A depends heavily on the existence of OTU B. Note
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that with this model, both one-sided dependencies (e.g. A

depends on B, but B does not depend on A when a > 0 and

b = 0) and symmetric dependencies (both OTUs depend on

the existence of the respective other OTU with a > 0 and b
> 0) can be modelled.

Using this set of conditional extinction probabilities in

Eq. 5 and taking the first derivative with respect to zA and

zB, respectively, yields the conditional marginal diversities:

ma;b
A ¼ð1� zBÞ½ð1� bÞDBX � DABX � þ zB½ð1� a� bÞDX

� ð1� aÞDAXÞ� þ bDX

ma;b
B ¼ð1� zAÞ½ð1� aÞDAX � DABX �

þ zA½ð1� a� bÞDX � ð1� bÞDBXÞ� þ aDX

In this model, the effective extinction probabilities are

za
A ¼ 1� PðA;BÞ � PðA;�jaÞ ¼ zA þ azBð1� zAÞ

and

zb
B ¼ zB þ bzAð1� zBÞ;

respectively. Both effective extinction probabilities in-

crease linearly with increasing values of a and b, respec-

tively.

The effective conservation potentials based on the

effective extinction probability for the given values of a
and b are

CPa;b
A ¼ �ma;b

A � za
A

and

CPa;b
B ¼ �ma;b

B � zb
B

and are suggested as the main criterion to judge the relative

conservation preference of the OTUs studied.

The model is illustrated with the primate example used

before, where now a synergistic interdependency between

the two gibbon species is assumed. In Fig. 2, the conser-

vation potentials of the two species are depicted for the

situation of a one-sided dependency: the curves with open

symbols reflect the case where a is varied between 0 and 1

and b = 0, and the curves with filled symbols reflect the

case where a = 0 and b is varied between 0 and 1. In the

former case, the conservation potential of the originally

less endangered species B increases, because it’s conser-

vation also increases the probability that species A can be

conserved. But it is only with a � 0:75 that the conserva-

tion potential of the less endangered species B exceeds the

one of species A. In the other scenario, the conservation

potential of species A continuously increases with increas-

ing values of b and therefore species A would always be

prioritised for conservation over species B. However, it

should be noted that in this scenario the conservation po-

tential of species B also increases slightly with increasing

values of b and reaches its maximum with b � 0:6 .

Figure 3 shows the difference of conservation potentials

CPa;b
A � CPa;b

B as a function of a and b. Positive values

indicate that conservation of species A should be given

priority, while negative values suggest priority for species

B. As can be seen, species B in this case is only prioritised

for high values of a and small values of b, i.e. when

existence of species A depends heavily on the presence of

species B, but species B is rather independent of species A.

Discussion

The suggested approach provides a systematic and general

model to study the impact of non-independence of
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extinction or survival probabilities of different OTUs on

conservation priorities. It fully stays within the realm of

Weitzman’s diversity concept and is based on the

assumption, that all types of dependencies can be reflected

in joint extinction probabilities.

In this study, the conservation potential was used for

prioritising breeds for conservation. Other studies base

conservation priorities on the ‘distinctiveness’ of OTUs

(van der Heide et al. 2005), expected diversity (Witting

et al. 2000), the contribution to actual diversity (Ollivier

et al. 2005) or to a ‘core set’ (Eding et al. 2002) or just the

degree of endangerment derived from simple quantities

like actual or effective population sizes (for a review see

Simianer 2005). The advantage of using the conservation

potential as a criterion is, that it combines phylogenetic

information, risk of extinction, and economic criteria to a

simple quantity. Under the assumption of the same mar-

ginal cost to change the extinction probability of two

breeds by the same small increment, the conservation po-

tential gives a good guideline as to which OTUs should be

prioritised to be included in a conservation program.

However, the conservation potential is based on a number

of approximations. Simianer (2005) showed that it is based

on a linear extrapolation of a concave function and there-

fore systematically underestimates the true conservation

potential. Despite this (often small) bias, the risk of a

change of order, i.e. that in a comparison of OTUs i and

j CPi[CPj while the true conservation potential of OTU

i is less than the one of OTU j, is marginal.

The parameterisation suggested in this paper allows a

full analytical examination of a given data set. While here,

for simplicity, a decision problem of prioritising one out of

two OTUs was considered, the approach can easily be

generalised to a larger set of interacting OTUs. The critical

requirement here will be to define realistic parameters for

higher order joint survival or extinction probabilities (for

pairs, triplets etc. of OTUs). While Witting et al. (2000)

suggest that population viability analysis (Boyce 1992) can

be used for this purpose and Bennewitz and Meuwissen

(2005) suggested this approach in a farm animal context, it

must be doubted that reliable higher order extinction

probabilities (reflected by the parameters k, a and b in this

study) will always be available.

Given the computational simplicity due to the repa-

rameterisation in Eq. 5, it even is an option to include

uncertainty about the dependency parameters in the model.

For the example of the concurrence model, this would

mean that we do not assume k to be known, but we assume

a probability density p(k) reflecting our assumption about

its most likely value and our prior degree of belief. Since k
lies between 0 and 1, we could assume p(k) to be a Beta-

distribution (Box and Tiao 1992). Then Eq. 7a, b can be

modified to

EkðCPAÞ ¼
Z 1

0

�mk
A � zk

A

� �
pðkÞ dk

and

EkðCPBÞ ¼
Z 1

0

�mk
B � zk

B

� �
pðkÞ dk;

respectively, and decisions can be made based upon these

expected marginal values. Similar approaches can be used

to account for uncertainty in other one- and multidimen-

sional parameters of the model.

The results of the illustrative example show, that

dependency of extinction probabilities between OTUs can

cause substantial changes in conservation priorities. This is

especially so in the concurrence situation, where it was

shown that under certain conditions conservation activities

in one species will reduce the overall expected diversity. A

similar argument was used by Witting et al. (2000) who

concluded from their study, that optimal conservation

schemes in some cases may require an increase of extinc-

tion risk, up to an eradication, of species that either com-

pete with, or prey on, other species.

A novel thought resulting from the above considerations

is that conservation activities cannot only focus on

changing the extinction probability of the considered

OTUs, but also on changing the dependency parameters

such that the overall expected diversity increases. This

appears especially promising in the case of concurrence,

where a reduction of k was observed to be a valid alter-

native to activities aiming at a reduction of extinction

probabilities of single OTUs alone.

In this case, the changes in expected diversity through a

reduction of zA, zB, or k need to be seen relative to the cost

of the projects required to achieve these changes (Weitz-

man 1998). Based on arguments from population genetics,

Simianer et al. (2003) argued that there is a degression in

costs with increasing extinction probabilities, i.e. that it is

likely cheaper to reduce zA from 0.4 to 0.39 than it is to

reduce zB from 0.2 to 0.19. In a case where concurrence is

due to a competitive use of the same limited resource (like

food) a reduction of the degree of concurrence can be

achieved e.g. by increasing the amount or the availability

of the limiting resource or by reserving a fixed part of the

resource to either of the two (or more) OTUs in concur-

rence. These different options need to be assessed eco-

nomically for any specific case, and no general result can

be given, which option is optimal in terms of cost effi-

ciency. However, it should be noted, that removing con-

currence is a valid option that needs to be taken into

account.

Dependency models may be much more complex in

reality than outlined here. For instance, in the concurrence
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situation the concurrence parameter k may not be a con-

stant but may depend on the relative frequency of the two

concurring OTUs. Full competition may only arise if both

OTUs are frequent, but may be low if one of the OTUs is

low in numbers, i.e. almost extinct. Formally, this could be

reflected by assuming k to be a function of the extinction

probabilities, i.e. k ¼ f ðzA; zBÞ. Further research is needed

to examine such models of a higher order of complexity,

and the challenge remains to provide reasonable parame-

ters for the application of such models to real conservation

problems.

The presented results underline, that Weitzman’s

diversity concept is a powerful and flexible tool to assess

conservation priorities both in a multi-species and a multi-

breed context. The suggested approach extends the appli-

cability of the framework significantly and allows a more

realistic modelling of interacting systems. The concept also

holds if the quantity to maximise is not only expected

diversity, but some expected utility being a function of

diversity and other desirable properties, like economic,

ecological or cultural values.
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