
F E A T U R E D P A P E R

A novel approach based on information theory to rank
conservation strategies: an application to amphibian
metapopulations
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Abstract

Habitat fragmentation, reduction and degradation as well as the quality of habitat

connecting environments are critical for species persistence. Spatially explicit

metapopulation models considering environmental effects are natural candidates

for modelling population viability. However, metapopulations share the inherent

uncertainties of the population concept with vague field population definitions. The

recognition of the fuzzy nature of populations leads to operational definitions for

management purposes. To deal with scarce information and uncertainties in

predictions of intervention effects, Adaptive Management is useful. Accordingly,

the synthesis of monitoring information is performed with models whose features

are continuously adapted to the level of available information. To derive useful

indices for conservation strategy evaluation, we propose a novel approach based on

the Kullback–Leibler information measure. This is used to evaluate strategies aimed

at the conservation of amphibians in an alpine Rhine valley region (Canton of the

Grisons, Switzerland) and it is applied to outputs from an incidence function model

for Bufo bufo and Rana temporaria. For these species, establishing four additional

breeding sites along the Rhine river is a better strategy than placing two additional

sites in intensively cultivated land. Artificial ponds in residential areas contribute to

species conservation, and transfer of individuals to new sites has advantages over

reliance on spontaneous colonization. Bufo bufo andR. temporaria reacted similarly

to conservation measures, possibly due to their quite similar ecologies.

Introduction

Major threats to species diversity are the reduction, frag-

mentation and degradation of habitats in the geographic

range of species, mainly as a consequence of human-made

changes in the landscape (Melbourne et al., 2004; Souty-

Grosset & Grandjean, 2004). These changes result in insuffi-

cient habitats for many species or in situations where

habitats are isolated in separate pieces that are too small or

too unstable to sustain viable populations of species. In

these cases, conservation efforts are directed towards habi-

tat management strategies.

To tackle conservation problems, Drechsler (2004) recom-

mends methods that synthesize scarce information, translate

it into predictions, rank conservation management actions

and mediate the conflicts between conservation and other

ecological and socio-economic goals. Under conditions of

insufficient information and uncertainties in predictions of

the outcomes of interventions, Adaptive Management (AM)

procedures can be useful (Holling, 1978; Gilioli & Baumgärt-

ner, 2007). In conservation ecology, the necessity and utility

of the AM approach has been emphasized recently by Meffe

& Carroll (1997), Comiskey, Dallmeier & Alonso (1999),

Meffe et al. (2002), Groom, Meffe & Carroll (2006). Accord-

ing to the AM framework, information synthesis is per-

formed with models whose complexity, structure and

parameters are continuously adapted to the level of available

information. A sensitivity analysis should also be part of the

modelling process, because it is an essential tool to assess how

model parameter uncertainty can affect decision making

(Drechsler, 2004).

In general, the objects for conservation are populations,

and predictions as well as ranking of management strategies

are based on demographic approaches and viability analyses
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(Akçakaya & Sjögren-Gulve, 2000; Drechsler & Burgman,

2004). In fragmented landscapes, populations are often

structured as metapopulations, and spatially explicit models

are natural candidates for modelling population viability

(Knapp et al., 2003; Melbourne et al., 2004).

From a theoretical standpoint, however, it is difficult to

assign a group of local populations to a metapopulation,

because a natural definition of a single field population is

vague and elusive (Allen & Starr, 1982; Regan, Colyvan &

Burgman, 2002; Schaefer & Wilson, 2002; Schaefer, 2006)

and additional complications arise when restricting a popu-

lation to a single spatially and temporally defined level

(Allen & Hoekstra, 1992). In this case, namely the popula-

tion concept relies on the presumed hierarchical organiza-

tion of nature (Baumgärtner et al., 2002). Schaefer (2006)

recommends recognizing the fuzzy nature of populations

and avoiding a rigorous definition for a population placed in

hierarchical structures. To overcome the difficulties with a

natural population concept, ecologists often rely on opera-

tional concepts (Camus & Lima, 2002), which we extend

from populations to metapopulations in this work.

With respect to conservation biology, the main question

is whether a given species is likely to persist as a metapopu-

lation in a particular set of habitat patches, and how

modifications in the number, quality and connectivity of

habitat patches may affect population viability (Hanski,

1999). These aspects are even more important when con-

servation strategies have to be implemented in areas with

intensified agriculture, residential zones or industrial sites,

where they could give rise to conflicts of interest between

different land users. To minimize such conflicts, careful

planning of cost-efficient strategies and involvement of all

stakeholders in conservation projects are of fundamental

importance. Land-use planning could be facilitated if quan-

titative tools are available for comparing strategies on

objective ecological grounds.

In general, a quantitative method for metapopulation

management strategies evaluation should require a formal

set-up stating (1) the definition of the state of the metapo-

pulation on the basis of the state of the local populations; (2)

the identification of biological and ecological variables

affecting the state, and allowing the definition of manage-

ment strategies; (3) the selection of a model explicitly

representing the dependence of the state of the system on

these biological and ecological variables; (4) the specifica-

tion of a measure that allows the comparison of manage-

ment strategies on the basis of an explicit objective function.

In this paper, we mainly deal with the last aspect of such a

procedure. To compare management strategies, we propose

and discuss the use of the Kullback–Leibler (KL) informa-

tion measure, also known as Kullback–Leibler information

or Kullback–Leibler divergence (Kullback & Leibler, 1951).

Spatially explicit metapopulation models will specify the

(1)–(3) framework defined above: they describe the state of a

metapopulation by means of an incidence function expres-

sing the probability for a patch to be occupied at a given

time (Akçakaya & Sjögren-Gulve, 2000). In particular, the

incidence function model (IFM) proposed by Hanski (1994)

will be considered here; it assumes that patches are either

occupied or empty, and patch colonization and extinction

stochastically depend on the physical attributes of the

environment (Hanski, 1994, 1999). This model makes it

possible to determine how management actions taken on

independent variables (e.g. dimension and position of the

sites and quality of the connecting habitats) should affect

the state variable (patch occupancy). The proposed method

will be applied to metapopulations of amphibian species in

the alpine Bündner Herrschaft region (BHR) (Canton of the

Grisons, Switzerland). Amphibians appear to be particu-

larly sensitive to environmental changes resulting from

human activities (Alford & Richards, 1999), and habitat

management is considered as a key element in conservation

efforts (Houlahan et al., 2000; Relyea 2003, 2005; Cushman,

2006). In the BHR, conservation efforts are urgent because

at least two species became extinct, and a project was

initiated despite scarce financial resources. The cantonal

Office for Nature and Environment (Chur, Switzerland)

proposed the management strategies under comparison in

this work. The results obtained will represent the initial

phase of an AM approach to the problem.

Methods

Outline of the methods

The available literature provides limited support to ecolo-

gists interested in learning how the information obtained

from metapopulation models could be applied to the rank-

ing of conservation options for endangered species (Henle

et al., 2004).

To our knowledge, two indices assessing the extinction

risk of a metapopulation, on the basis of stochastic metapo-

pulation models, could naturally be considered for the

purposes of comparison: the expected extinction time of the

metapopulation (Halley & Iwasa, 1998) and the number of

colonization events (Ovaskainen &Hanski, 2003). However,

despite their clear interpretation and intuitive appeal for

comparison, they cannot be used in practice because

of computational difficulties arising when the number of

patches exceeds 20 (Ovaskainen & Hanski, 2003). Because

this is likely the case in many real situations, there is a need

for an alternative measure allowing a sensible discrimina-

tion among several scenarios, in a simple way if possible.

The expected transition time from occupancy to extinction

for each patch could be considered; however, it yields such a

wide range of values among the patches that any conclusion

emerging from this natural index might be in conflict with

the hypothesis of stationarity, often assumed when consid-

ering IFMs. The basic reproduction ratio was empirically

studied in Etienne (2004) as a possible alternative, but its

limited practical use in common situations has already been

pointed out by the author himself.

The index introduced in this paper provides a measure of

the distance of the vector of populations predicted by a

metapopulation model from the vector representing global

extinction. Therefore, it provides an evaluation of the
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‘global’ metapopulation status; however, when applied to

the IFM under the hypothesis of equilibrium, it takes a

simple form from which an assessment of how much

individual patches can contribute to the metapopulation

persistence can be derived.

The IFM

We consider an assemblage of n patches composed of

favourable habits for a given species. This assemblage is

able to sustain a system of at most n local populations

connected through exchange of individuals to build a

metapopulation.

At discrete time (years), the occupancy of patch i is

described by a first-order Markov chain with two states

f0, 1g (empty and occupied, respectively). Denoting byP the

transition matrix corresponding to the quasi-stationary dis-

tribution, changes in the state of patch i are determined by

extinction and colonization probabilities, Ei :=P(1, 0) and

Ci :=P(0, 1). These probabilities are calculated indepen-

dently for each patch i and, by stationarity, do not depend

on time. In particular, in the IFM it is assumed that

Ei ¼
ðA0=AiÞx if Ai > A0

1 if Ai � A0

(

Ci ¼ 1þ ðy=SiÞ2
� ��1 ð1Þ

where Ai is the patch area, A0 the critical patch area for

which the local population has a unit probability of extinc-

tion in 1 year, Si ¼
P

dj expð�adijÞAj : j 6¼ i
� �

is called the

connectivity of the site i, dj is the observed incidence of the

site j, averaged over time if necessary, a a positive constant

setting the survival rate of migrants over the distance, x

reflects the severity of environmental stochasticity and y

describes the colonization ability of the species. Patch area

may be corrected for possible spatial variation in habitat

quality, and dij may be just the Euclidean distance or some

measure that takes into account the quality of the interven-

ing habitat and how it affects the movement and survival of

migrant individuals. Under the assumption of stationarity,

the incidence at site i is given by Ji=Ci/(Ci+Ei).

The unknown parameters A0, x and y can be estimated by

the maximum likelihood method, although good estimates

are obtained only when the rates of colonization and

extinction are not too high or not too low (Hanski, 1994).

The KL ranking criterion for the IFM model

Given the assumptions of the IFM, site i will be occupied

with probability Ji and empty with probability 1�Ji; more-

over, any two sites i and j could be empty or occupied,

independently. Therefore, it is of particular interest to

evaluate the extent to which the estimated occupancies

describe a situation far from the worst one, that is the total

extinction of the metapopulation. In this respect, a natural

way to determine an optimal strategy is to find the one

whose incidence function maximizes the distance from a

distribution P0 corresponding to extinction. Here, we pro-

pose the KL information as a tool to evaluate this distance

and, in turn, to rank strategies according to the KL values

obtained.

The new procedure can be implemented by choosing as a

reference measure P0 the one corresponding to the case in

which all the sites are simultaneously empty, with probabil-

ity 1 (total extinction). Any configuration of occupancies,

either observed or hypothesized for habitat management,

will be assumed to arise from the equilibrium (i.e. stationary

distribution) of an underlying metapopulation dynamics.

This allows the fitting of an IFM to that configuration.

The estimated joint distribution P of the occupancies is

the product of n independent Bernoulli distributions

P ¼ � BernoulliðJiÞ; i ¼ 1; . . . ; nf g, while P0 is defined as

the product of n Dirac measures on 0. The distance of

the estimated long-term probability of patches occupancy

P from the total extinction P0 can be evaluated in terms of

the KL information of P0 on P, given by

KLðP0;PÞ ¼: KLðPÞ ¼ �
Xn
i¼1

logð1� JiÞ ð2Þ

(see Dacunha-Castelle & Duflo, 1986). The KL information

is a non-negative measure and can be infinite. In the case

considered here, Ei40 and Ci40 for all i; then 0oJio1 and

KL[P]o+1. However, Ei can become arbitrarily close to 0

for large values of x and therefore Ji can assume values

arbitrarily close to 1. From a numerical point of view, this

fact has to be carefully considered.

From now on, given the estimated incidence function P

corresponding to strategy [S], we will simply denote KL(P0,

P) by KL[S].

The proposed method

(1) assumes presence/absence as an approximation of the

long-term probabilities of occupancy by recognizing that the

available information is usually not sufficient to statistically

test the quasi-equilibrium assumption;

(2) aims to compare the existing equilibrium with the

one obtained by applying a proposed strategy. This compar-

ison is based on the evaluation of the distance of each

equilibrium from the total extinction by the KL informa-

tion. Among given strategies, the ones with high KL values

are considered more efficient and hence preferred over the

ones with low values. This is because decreasing KL values

indicate increasing metapopulation extinction risk. In parti-

cular, if two strategies, [S1] and [S2], consider the same sites

and one, say [S2], yields incidences always greater than the

other does, that is J2iZJ1i for each site i, then equation (2)

allows selecting [S2] rather than [S1], as KL[S2]ZKL[S1].

Moreover, we can compare strategies having different num-

bers of sites by considering a reference measure based on all

the distinct sites (Baumgärtner et al., 2006).

Study area, data preparation and
management strategies’ definition

In the BHR, the cantonal Office for Nature and Environ-

ment is aware of the occurrence of the amphibians Triturus
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alpestris (Laurenti), Triturus cristatus (Laurenti), Triturus

vulgaris (L.), Bombina variegata (L.), Bufo bufo (L.) and

Rana temporaria (L.) and knows that Hyla arborea (L.) and

members of the Rana esculenta (L.) complex were observed

only until the second half of the 20th century, when they

apparently became extinct. The occurrence of one endan-

gered species (B. bufo) and three species at risk of extinction

(T. cristatus, T. vulgaris, B. variegata) represents a valid

justification for the design and implementation of an am-

phibian conservation project in the region.

The BHR is located in the northern part of the Canton of

the Grisons in south-eastern Switzerland (Fig. 1). The

amphibian conservation area covers c. 20 km2 and consists

of the Rhine valley floor located at about 500–700m above

sea level, the gentle slopes at the foot of the mountain ranges

and the areas around the Fläscherberg mountain reaching

1135m above sea level. Ravines cutting through the slopes

and crossing the valley floor limit land use and provide

natural breeding sites for amphibians. Additional breeding

sites in several residential and industrial areas have been

established by owners of family houses and other people or

organizations interested in amphibian conservation. The

region is delimited by the Rhine river in the west, by the

Landquart river in the south, by a mountain chain reaching

2500m in the north-east and the border with the Principality

of Liechtenstein in the north. In neighbouring Liechtenstein,

there is an apparent lack of breeding sites in residential and

agricultural zones. Hence, we consider the BHR as a

relatively closed area characterized by limited exchange of

individuals with neighbouring regions.

One of us (Mr Peter Weidmann) established an inventory

of breeding sites on the valley floor and in the areas around

the Fläscherberg (Fig. 1) and collected data on the occur-

rence of amphibians. A preliminary study of amphibian

metapopulation dynamics suggested extending the survey

into residential zones located in the communities of Malans,

Jenins, Maienfeld and Fläsch (Fig. 1). From 2000 to 2004,

the sites were occasionally visited. At each visit, the occur-

rence of egg strings, larvae and adults as well as dead

specimen in each of these categories were recorded. The

data were summarized in average abundance per breeding

site. Thereafter, the table of Grossenbacher (1988) was used

to categorize the average abundance, for each species, into

one of five groups (zero, small, medium, large and very large

population sizes). For the purposes of this work, we re-

assigned the data to one of two categories for each species.

Thereby, sites without any records of individuals of a given

species were assigned to category 0, while all other sites were

assigned to category 1. This procedure produced limited but

nevertheless essential data for initiating conservation efforts

and should be replaced during the on-going AM by more

reliable methods for amphibian monitoring programmes

(e.g. Pellet & Schmidt, 2005).

For one of us (Dr J. Hartmann, cantonal Office for

Nature and Environment), an important management

activity consists of creating new breeding habitats. Two

Figure 1 The Bündner Herrschaft region (Can-

ton of the Grisons, Southeastern Switzerland)

with existing breeding sites in non-residential

area (dots) and in residential zone (squares)

and breeding sites considered in two strate-

gies aiming at amphibian conservation located

along the Rhine, represented by triangles;

located in intensively used agricultural land,

represented by circles. (Reproduced with per-

mission BA067744 of swisstopo, Wabern,

Switzerland).
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interventions, called [A] and [B], consisting of adding four or

two new sites, respectively, each with a dimension of 200m2,

were considered. Case [A] was selected because the establish-

ment of four new sites along the Rhine was relatively cost-

efficient. In case [B], site selection was performed by seeking

an increased connectivity of habitats.

With respect to [A] and [B], two management configura-

tions will be considered: [�0] denotes the situation in

which the new sites are empty, while [�1] refers to the one

in which all the new sites are occupied by a stable popula-

tion. In the latter case, the sites may be occupied because of

a hypothesized transfer of individuals from occupied sites or

because of naturally occurring colonization. Initially, there

were 40 breeding sites, of which 23 were on the valley

floor (non-residential area) and 17 were in residential areas

(Fig. 1).

Summing up, from the combination of two hypothetical

transfer cases and two habitat selection cases we obtain four

strategies, named [A0], [A1], [B0] and [B1], respectively. The

observed global situation (40 breeding sites [T]) and the

subset [F] of the 23 observations gathered only in the non-

residential zone are added to the list of strategies.

Table 1 reports, for each site, the observed occupancy by

the different species and the area. All but Bu. bufo and

R. temporaria have too small incidences to allow a reliable

estimation of the IFM parameters; therefore, the analysis

has been restricted to these species only.

IFM parameterization

For each site i we know the coordinates of the centroid,

the area (m2), the quality of the habitat linking it to every

other site and the observed occupancy. The quality is

classified as favourable or unfavourable for amphibians

moving from one breeding site to another. In order to

apply the IFM to the data presented in Table 1, the

centroid-to-centroid distance (m) is assumed to be exactly

the Euclidean distance if the environment between the two

patches is favourable for the migrating individuals. If the

environment is not favourable because of the presence of the

Fläscherberg mountain or of the intersection by the freeway

(Fig. 1), we multiply the distance by the coefficient 4 as an

initial estimate in the AM process. This value is supported

by the results of Carr & Fahrig (2001), who quantified the

effects of traffic intensity on mortality of a vagile amphibian

species.

We assumed an exponential reduction in percentage s of

surviving individuals, with increasing distance d (m) from the

origin of the migration. The relation sðdÞ ¼ expð�adÞcould
allow us to estimate the survival rate a by means of the least

square method. In the absence of adequate experimental

data, however, experts are widely consulted in conservation

work (e.g. Pearce et al., 2001; Johnson, Seip & Boyce, 2004).

For our study, Dr B. Schmidt (KARCH, Koordinations-

stelle für Amphibien- and Reptilienschutz in der Schweiz,

Berne, Switzerland) kindly provided estimates on s that

enabled us to calculate a=0.0010 for R. temporaria and

a=0.0014 for Bu. bufo, respectively.

Results

Management strategy evaluations

The results of management strategy evaluations are presented

in Table 2. Strategy [A1] with four additional sites along the

Rhine turns out to be the optimal strategy for both species.

KL[T]4KL[F] shows the influence of breeding sites in the

residential zone on metapopulation persistence. In fact, the

establishment of artificial ponds in private gardens does

contribute to conservation efforts. KL[A1]4KL[A0] and

KL[B1]4KL[B0] show that the hypothesized transfer of

individuals to new sites is advantageous over reliance on

spontaneous colonization in conservation efforts. The advan-

tage of transferring individuals to new sites is supported by

the inequality KL[B1]4KL[A0], indicating that four sites

without transfer of individuals contribute less to conservation

than two sites with transfer of individuals. The results are

homogeneous among the two species, although the values of

KL forR. temporaria are consistently higher than the ones for

Bu. bufo. Presumably, this is due to the higher incidence in the

former species (0.475 vs. 0.325). The final ranking turns out to

be ½A1� � ½B1� � ½A0� � ½B0� � ½T � � ½F �, where � means

‘preferred to’ in the sense of the KL information.

Table 2 shows a general correspondence between KL

values and mean occupancies, which can be ascribed to the

particular form adopted by the KL divergence when applied

to the IFM [see equation (2)]. The fact that strategy [F]

corresponds to the highest mean occupancy is due to the

lower number (23) of considered sites.

Parameterization of the IFM model

We note that in all the cases, the estimated value for y is 0,

corresponding to Ci=1 for all patches, representing a kind

of ‘perfect’ colonization ability of the species (Hanski, 1994).

Therefore, the estimated incidences only depend on the area,

as seen from equation (1). Compared with generally small

variations in the estimates of x, remarkable differences

appear in the case of the critical patch area A0. This aspect

was further investigated by calculating the approximated

confidence intervals using a likelihood profile method,

according to Moilanen (1999) (see Table 3, where reported

bounds are approximated to better highlight the size of the

intervals themselves). As far as the critical area A0 is

concerned, confidence intervals confirm that the likelihood

is very flat in this direction. This can be due to the fact that

Bu. bufo and R. temporaria occupy areas between 128 and

18 000m2 and between 2 and 18 000m2, respectively, pre-

venting the identification of a precise critical value. Because

of the difficulties in estimating the critical area, we carried

out a sensitivity analysis with respect to variations in A0.

Very high values of A0 have not been taken into account

because they are unrealistic as critical areas for the consid-

ered species. Moreover, the applicability of the IFM could

become critical because almost all the large sites are occu-

pied. Table 4 shows that KL values obtained at several

values of A0 do not change the estimated ranking.
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Therefore, a suitable choice of A0, based on ecological and

biological considerations, can substitute the estimation of

such value without significant changes in the results.

The value of 0 obtained for y is neither unusual nor a

hindrance for using the IFM (Hanski, 1994). In fact, 0 is a

root of the first derivative of the (log) likelihood with respect

to y (Bodini & Gilioli, 2007). We refrain from a possible

biological interpretation of this result including an invalida-

tion of the metapopulation assumption, because we are

adopting an operational definition of metapopulation. From

a statistical point of view, the result y=0 is acceptable. This

is because only one snapshot of data is not sufficient to

Table 1 Observed incidences (1=presence, 0=absence) of the amphibians Triturus cristatus (T.c.), Triturus alpestris (T.a.), Triturus vulgaris (T.v.),

Rana temporaria (R.t.), Bufo bufo (B.b.) and Bombina variegata (B.v.) in breeding sites (patches) located in the Bündner Herrschaft region (Canton

of the Grisons, south-eastern Switzerland)

Patches Amphibian species incidences

Number Area [F] [A] [B] T.c. T.a. T.v. R.t. B.b. B.v.

1.1 2000 x 0 0 0 0 0 0

2.1 6 x 0 1 0 1 0 0

2.2 300 x 0 0 0 1 1 0

5.1 100 x 0 0 0 0 0 0

5.2 150 x 0 1 0 0 0 1

5.3 530 x 1 1 0 1 1 1

5.4 2500 x 0 1 0 1 1 1

5.6 2 0 0 0 0 0 0

5.7 6 x 0 0 0 0 0 0

6.1 128 x 1 1 1 1 1 1

6.2 600 x 0 1 0 1 1 0

6.3 450 x 0 0 0 1 1 0

6.4 35 x 0 0 0 0 0 0

7.1 8000 x 0 0 0 1 0 1

7.2 9200 x 0 1 1 1 1 1

7.3 8000 x 0 0 0 1 1 0

7.4 200 x

8.1 2 0 0 0 1 0 0

10.1 7900 x 0 1 1 1 1 0

10.2 32 x 1 1 1 1 0 1

10.3 200 x

10.4 200 x

10.5 4 0 0 0 0 0 0

10.6 3 0 0 0 0 0 0

10.7 8 0 0 0 0 0 0

10.8 6 0 0 0 0 0 0

10.9 2 0 0 0 0 0 0

10.10 2 0 0 0 0 0 0

10.11 10 0 0 0 1 0 0

11.1 18 000 x 1 1 0 1 1 1

11.2 200 x

11.3 3 0 0 0 0 0 0

11.4 12 0 0 0 1 0 0

12.1 12 0 0 0 0 0 0

13.1 50 x 0 0 0 0 0 0

14.1 200 x

14.2 200 x

14.3 12 0 0 0 0 0 0

15.1 930 x 0 0 0 1 1 0

15.2 450 x 0 0 0 0 0 0

15.3 650 x 0 0 0 1 1 0

15.4 12 0 0 0 0 0 0

15.5 12 0 0 0 0 0 0

16.1 1030 x 0 1 0 1 1 0

The location of the patches is depicted in Fig. 1; the patch area is expressed in m2. In the [F] column the subset of patch in the non-residential zone

is reported; in [A] and [B] the two interventions consisting in adding four or two new sites are indicated, respectively.
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measure the colonization capability, and we can simply guess

that the species is a ‘perfect’ colonizer. An independent

estimation of y from capture/recapture data or from turnover

data as suggested by Hanski (1994) can provide more reliable

results, but the available financial means prevented us from

applying an experimental approach.

Effect of monitoring data quality on strategy
ranking

To evaluate the effect of monitoring data quality on strategy

ranking, we analysed the effects of two possible errors:

(1) the sampling error resulting in an erroneous assignment

of occupied sites to category 0 and (2) an erroneous assign-

ment of empty sites to category 1. In practice, type (1) errors

are expected to occur more often than type (2) errors. The

evaluation of these errors was restricted to Bu. bufo and

carried out once again by means of a sensitivity analysis.

As far as (1) is concerned, we randomly selected two large

(Z2000m2) and two small (�600m2) unoccupied sites

among all the existing sites. Then, we modified the observed

incidences, from 0 to 1, either in one large site or in the two

large sites simultaneously. In the same way, we modified the

incidences of the small selected sites. The change of the

Table 3 Approximation of the 95% confidence interval for the parameters A0, x and y obtained for different strategies ([A0], [A1], [B0], [B1], [T] and

[F] defined in the text) aiming at amphibian conservation in the Bündner Herrschaft region (Canton of the Grisons, south-eastern Switzerland)

Bufo bufo Rana temporaria

A0 x y A0 x y

[A0] (2.7, 18 000) (0.02, 3.1) [0, 0.05) (31, 8000) (0.23, 2.9) [0, 17)

[A1] (2.1, 550) (0.10, 0.95) [0, 0.06) (2.3, 450) (0.16, 1.8) [0, 23)

[B0] (1.6, 18 000) (0.01, 3.1) [0, 0.05) (9, 8000) (0.18, 2.9) [0, 15)

[B1] (1.9, 9000) (0.05, 1) [0, 0.06) (2.5, 8000) (0.15, 2.3) [0, 21)

[T] (10-4, 18 000) (0.2, 3.1) [0, 0.05) (1, 8000) (0.11, 2.8) [0, 20)

[F] (1.6, 18 000) (0.03, 3) [0, 0.05) (3.1, 8000) (0.15, 2.8) [0, 20)

Square bracket indicates that the left-hand bound could be greater than the indicated value. A0, critical patch area; x, parameter that reflects the

severity of environmental stochasticity; y, parameter that describes the colonization ability of the species; the strategies are defined in the text.

Table 2 Comparison of strategies aiming at the conservation of Rana temporaria and Bufo bufo in the Bündner Herrschaft region (Canton of the

Grisons, south-eastern Switzerland)

Bu. bufo R. temporaria

A0 x y KL �J A0 x y KL �J

[A0] 200 0.48 0 40.88 0.58 200 0.93 0 53.53 0.61

[A1] 35 0.36 0 46.93 0.62 50 0.62 0 58.46 0.66

[B0] 150.48 0.43 0 39.73 0.58 200 0.93 0 52.14 0.62

[B1] 50 0.36 0 43.11 0.61 80.79 0.69 0 54.18 0.64

[T] 60.75 0.35 0 37.91 0.60 100 0.70 0 50.26 0.63

[F] 60.61 0.35 0 27.89 0.67 100 0.70 0 38.47 0.73

Estimated parameters (A0, critical patch area; x, parameter that reflects the severity of environmental stochasticity; y, parameter that describes

the colonization ability of the species); values of the Kullback–Leibler (KL) information and mean incidences �J for the strategies [A0], [A1], [B0],

[B1], [T] and [F] defined in the text.

Table 4 Values of the KL information obtained in a sensitivity analysis with respect to variations in the critical patch area A0 for the different

strategies ([F], [T], [A0], [A1], [B0], [B1], defined in the text) aiming at amphibian conservation in the Bündner Herrschaft region (Canton of the

Grisons, south-eastern Switzerland)

A0

Bufo bufo Rana temporaria

[F] [T] [A0] [A1] [B0] [B1] [F] [T] [A0] [A1] [B0] [B1]

6 26.09 36.78 35.76 44.37 36.15 40.48 33.37 44.62 41.55 54.00 42.73 49.20

107 27.50 39.28 40.41 44.62 39.81 41.90 38.51 50.29 48.92 58.64 49.38 54.30

530 22.68 34.48 37.24 37.24 35.85 35.85 34.40 46.18 48.96 48.96 47.57 47.57

The three values of A0 represent the minimum site area (A0=6 m2), and the first (A0=107 m2) and second (A0=530 m2) quartile of the subset of

patches [F], respectively.
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status of only one of the large sites does notmodify the ranking,

while a change at both large sites results in a higher ranking of

[A0] and [B0] with respect to [A1] and [B1]. In this case, we also

obtain KL[T]4KL[�1], indicating that strategies [A1] and [B1]

are not able to improve the current situation, represented by

[T], which, in turn, is improved by both [A0] and [B0]. Sampling

errors with respect to one or two small sites do not change the

rank substantially: [B0] could be more efficient than [A0], but

½A1� � ½B1� � ½�0�. Strategies [�1] always improve the current

situation [T]. However, the latter can be more efficient than the

less efficient strategy ([A0] or [B0]). Summing up, sampl-

ing errors are crucial in the case of large sites. This

result is coherent with the role of the area in the IFM; see

equation (1).

We applied the same procedure to evaluate the impact of

type (2) errors, but we restricted random selection of

occupied sites to the small ones, because of the inverse

relation between size area and extinction probability [equa-

tion (1)]. As a consequence of changes in the status of one

site only (from 1 to 0), [B1] can be more efficient than [A1].

However, this strategy as well as strategies [�0] can be

insufficient to improve the current situation [T]. The simul-

taneous modification of the occupancy of two sites could

even make all the suggested interventions insufficient be-

cause the KL information can reach the maximum value in

[T]. It is worthwhile to mention, however, that an increased

number of empty sites can become critical for the applic-

ability of the IFM model, because the estimates become

unreliable. We will further discuss this point in ‘Discussion’.

Discussion

In this paper, the KL information measure has been intro-

duced as a quantitative tool for ranking of predefined

conservation strategies. The proposed approach has been

justified firstly by the probabilistic meaning of the KL

information and then by the good properties that it shows

in association with the well-known and widely used IFM for

metapopulation dynamics. In many fields of science, the KL

information measure has traditionally been used for model

selection, and it has only recently been introduced into

ecological studies as a valid alternative to hypothesis testing

(Anderson, Burnham & White, 2001; Burnham & Ander-

son, 2001; Stephens et al., 2005). Here, the original meaning

of divergence measure has been applied, the main interest

lying in the assessment of the consequences of a set of

actions, described in terms of probability measures, given

an accepted model.

The possibilities offered by the IFM are exploited to

define a formal set-up for the quantitative evaluation of

conservation strategies. The model has been estimated from

both observed and hypothesized data, the latter being

associated with different management options, and strate-

gies have been ranked according to the KL distances

between the populations P predicted by the model and the

total extinction, P0. The particular form ofKL(P0,P) shown

in equation (2) might allow interpreting the terms of

KL(P0,P) as the contributions of the individual breeding

sites in the conservation programme. This question is

especially relevant when limited resources should be allo-

cated in an effective manner to both acquire and manage the

most valuable pieces of habitat (Ovaskainen & Hanski,

2003).

The fact that we deal with an unbounded measure could

be a drawback because the assessment of the degree of

improvement provided by each strategy with respect to the

others is difficult. A bounded index could perhaps be more

appropriate and should be considered in future research.

The results obtained show how parameter estimation

deserves careful consideration as, for instance, the like-

lihood seems to be very flat, mainly with respect to para-

meter A0. On the contrary, the estimates of parameter x

seem to be robust. This kind of difficulties was expected,

even if both the number of patches and the observed

occupancies satisfy the conditions suggested by Hanski

(1994) for the application of the IFM.

For parameter y a value of 0 has been estimated, indicat-

ing a colonization probability equal to 1. This result is a

constraint for an analysis of the long-term dynamics and the

persistence of the system. However, it is not a serious

hindrance to model-guided conservation efforts because the

project is executed in an AM framework that presupposes

continuous use of existing data in conservation operations

and updating the model as soon as additional data become

available. Occupancy data from consecutive years will allow

us to adopt more convenient estimation methods, like the

Bayesian methods suggested by O’Hara et al. (2002).

Because of low population abundance, Hanski’s IFMwas

applicable to two out of six species only. This exemplifies a

limitation for the use of Hanski’s IFM in the analysis of

metapopulation dynamics of endangered species, which are

usually rare so that patch occupancy may not comply with

the assumptions of the IFM model. However, the KL

information measure can be applied in principle to any

stochastic metapopulation model that provides the (joint)

distribution of the sites’ occupancy. In the case of the IFM,

an explicit and very simple form is obtained [equation (2)],

whereas more complex models can require the use of

simulation methods. The fact that the proposed measure is

completely general will allow us to study its application to

several models, including those for rare species, which are

fundamental for the purposes of conservation.

Among the species living in the study area (see ‘Study

area, data preparation and management strategies defini-

tion’), a not endangered species (R. temporaria) and an

endangered one (B. bufo) have been studied. Possibly, the

other species at risk of extinction could also benefit from

setting up strategy [A1]. However, their ecologies are differ-

ent from those of R. temporaria and B. bufo and, hence, we

have to be very cautious while extrapolating the results of

the management strategy to the two newts and

B. variegata.

Four additional sites along the Rhine produce better

results than two sites in intensively cultivated agricultural

land. This is a sensible result, because the shore area might

provide a better migration corridor than agricultural land.
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From the agricultural standpoint, moreover, the result is of

interest because there is no conflict between farmers and

conservationists in land use. House owners who set up

artificial ponds in their gardens may learn with satisfaction

that the water bodies serve for amphibians’ conservation.

According to our results, the transfer of individuals to new

sites has advantages over reliance on spontaneous coloniza-

tion. In practice, however, a successful transfer of indivi-

duals is difficult and, hence, the transfer strategy should be

used with caution and the establishment of a stable local

population should be monitored.

Other strategies could be evaluated by means of the

method proposed here. In particular, it has been shown that

the decline of B. bufo populations in lowland England is

related to intensive agricultural land use (Carrier & Beebee,

2003). With our methodology, the modification of land-use

intensity could be studied and ranked in relation to other

conservation options. However, a change in land-use inten-

sity might create conflicts between species conservation and

agriculture and, hence, should be the subject of discussion

among all stakeholders (DeFries, Foley & Asner, 2003).

Finally, time-delayed responses by metapopulations, in

equilibrium states, to perturbations should be considered.

Very few and specialized studies have analysed the time lag

in metapopulation response to changing landscape structure

(Hanski, 2001). The consideration of time lags may pave

the road for the evaluation of more complex strategies

than the ones studied in this paper but the limited data

availability prevents us, at this stage, from further extending

the model.

The results obtained in this work seem to confirm the

utility of Drechsler’s recommendations (2004) and the

advantages of AM procedures for species conservation, as

mentioned in ‘Introduction’. The synthesis of available

information relies on a model that makes efficient use of

scarce data and adapts the structure and parameters to the

level of existing information. The sensitivity analysis proves

to be an essential tool to assess the effect of model parameter

uncertainty and sampling errors on decision making

(Drechsler, 2004). The work confirms the utility of an

operational definition of metapopulations in the species

conservation context.
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