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Abstract: We developed a conceptual framework for classifying babitat quality that requires the construc-
tion of separate babitat models for each key demographic feature; the framework can be applied when the
Jactors that determine different demograpbic processes differ substantially. For example, survival of large car-
nivores is mainly determined by buman-induced mortality, whereas nutritional condition determines repro-
ductive rate. Hence, a two-dimensional bhabitat model built for reproduction and survival yields five bypotbet-
ical babitat categories: matrix, with no reproduction and/or very bigh mortality; sink, with low reproduction
and bigh mortality; refuge, with low reproduction and low mortality; attractive sink, with bigh reproduction
and bigh mortality;, and source, with bigh reproduction and low mortality. We applied this framework to two
endangered brown bear (Ursus arctos) populations in the Cantabrian Mountains, Spain. Our aim was to gen-
erate working hypotbeses about the quality and spatial arrangement of bear habitat to analyze the present
conditions of the different population nuclei and to facilitate identification of core areas of bigh conservation
value, conflictive areas, or areas with unoccupied potential habitat. We used a geographic information system
and two spatial long-term data sets on presence and reproduction and performed logistic regressions for
building a two-dimensional model. The analysis reveals that both populations exist under different subopti-
mal conditions: the eastern population mainly occupies areas of suboptimal natural babitat and relatively
low buman impact, whereas the western population is located mainly in areas with bigh buman impact but
otherwise good natural quality. To test bypotheses about demograpbhic features of the obtained babitat cate-
gories, we classified data on bistoric extinction in northern Spain (fourteenth to nineteenth centuries) with
the two-dimensional model. Extinction probabilities within each babitat category confirmed the bypotheses:
most extinctions occurred in matrix babitat, and the fewest occurred in source habitat.

Especies Amenazadas Limitadas por Factores Naturales y Humanos: el Caso del Oso Pardo en el Norte de Espafa

Resumen: Desarrollamos un marco conceptual para clasificar la calidad del habitat que requiere la con-
struccion de modelos de babitat separados para cada caracteristica demogrdfica clave. El marco se puede
aplicar cuando difieren sustancialmente los factores que determinan diferentes procesos demogrdficos. Por
ejemplo, la supervivencia de grandes carnivoros esta determinada principalmente por mortalidad inducida
por bumanos, mientras que la condicion nutricional determina la tasa reproductiva. Consecuentemente, un
modelo bidimensional del babitat construido para reproduccion y supervivencia produce cinco categorias
bipotéticas de babitat: matriz (sin reproduccion y/o mortalidad muy alta), sumidero (reproduccion baja,
mortalidad alta), refugio (reproduccion baja, mortalidad baja), sumidero atractivo (reproduccion alta, mor-
talidad alta) y fuente (reproduccion alta, mortalidad baja). Aplicamos este marco a dos poblaciones en peli-
gro de oso pardo (Ursus arctos) en la Cordillera Cantdbrice, Esparia. Nuestra meta fue generar bipotesis de
trabajo sobre la calidad y la distribucion espacial del babitat de los osos para analizar las condiciones actu-
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ales de los diferentes niicleos de poblacion, para facilitar la identificacion de areas niicleo de alto valor de
conservacion, dreas conflictivas o dreas con hdbitat potencial desocupado. Utilizamos un sistema de infor-
macion geogrdfica y dos conjuntos de datos bistoricos de presencia y reproduccion y aplicamos regresiones
logisticas para construir un modelo bidimensional. El andlisis revela que ambas poblaciones existen bajo
diferentes condiciones sub-optimas: la poblacion oriental ocupa principalmente dreas de habitat natural sub-
optimo y relativamente bajo impacto bumano, mientras que la poblacion occidental se localiza principal-
mente en dreas con alto impacto bumano, pero por lo demas con buena calidad natural. Para evaluar las
bipotesis sobre las caracteristicas demogrdficas de cada tipo de habitat, clasificamos datos de extinciones
bistoricas en el norte de Esparia (siglos XIV a XIX) con el modelo bidimensional. Las probabilidades de extin-
cion en cada categoria de babitat confirmaron las bipotesis: la mayoria de las extinciones ocurrieron en

habitat matriz y la minoria ocurrié en babitat fuente.

Introduction

Habitat modeling has become an important field in con-
servation biology because it improves our understanding
of the factors that determine the distribution of habitats
and the human factors leading to habitat change. The ba-
sic idea of most habitat models is to predict the probabil-
ity of occupancy from a set of landscape-scale explana-
tory variables (Manly et al. 1993). The obtained function
can then be mapped over the whole area of interest.
One usual assumption of this approach is that a single
function best describes habitat quality. However, such a
one-dimensional approach may be insufficient in some
cases because, to be useful, habitat quality should be de-
rived from the biological requirements of the species
and explicitly linked with demographic features, such as
reproduction and mortality (e.g., Hall et al. 1997; Tho-
mas & Kunin 1999). If we define habitat as an area with
enough resources and conditions to permit occu-
pancy—including survival and reproduction—by a given
organism (Hall et al. 1997), it might be more appropri-
ate to construct for each of the basic demographic pro-
cesses a separate model and to classify a given area
within the multidimensional phase diagram spanned by
these models (Fig. 1a). Such a multidimensional ap-
proach that focuses on biological processes and require-
ments (Caughley & Gunn 1996; Hall et al. 1997; Beutel
et al. 1999) would be especially useful when the factors
that determine the different demographic processes dif-
fer substantially.

For long-lived species with low reproductive rates,
such as most large carnivores, it is well known that
deaths are mainly caused by humans (reviewed in Woo-
droffe & Ginsberg 1998), whereas nutritional condition
determines reproductive rate (e.g., Bunnell & Tait 1981;
Rogers 1987; Stringham 1990). Additionally, a poorly
perceived risk of human-caused mortality in otherwise
good habitats, where resources are abundant and repro-
ductive potential could be high, may create “deceptive”
sources (Fig. 1) that act functionally as attractive sinks

(Delibes et al. 2001a, 2001b). Attractive sinks are com-
monly associated with human activities in the literature
on endangered species or reported as “ecological traps”
for breeding birds (Knight et al. 1988; Merrill et al.
1999; Novaro et al. 2000; Revilla et al. 2001). On the
other hand, suboptimal refuge areas with scarce nutri-
tional resources but a lower risk of human-induced mor-
tality may allow for population persistence. These phe-
nomena could be common when relicts of endangered
species persist in the periphery of their historical geo-
graphical range (Channell & Lomolino 2000). In this
case the species survives not because the habitat is good
for them but because it is poor for its enemies.

In practice, however, it might be difficult to apply this
framework because information on the spatial heteroge-
neity of demographic features is rarely available. In con-
trast, data on presence and absence, which contain in-
formation on both mortality and reproduction, are easier
to obtain. For large carnivores, an indirect approach can
use the potential separation of habitat factors influenc-
ing mortality (anthropogenic factors, hereafter human
factors) and reproduction (nutritional factors, hereafter
natural factors). Instead of relating a set of independent
variables that describe habitat characteristics to the two
dependent variables, mortality and reproduction (Fig.
1b), we relate two separate sets of potentially explana-
tory variables (one comprising the human factors and
another comprising the natural ones) to the same de-
pendent variable of presence and absence (Fig. 1b). The
two critical assumptions of this indirect approach are
that (1) human factors mainly determine mortality,
whereas natural factors mainly determine reproduction
and (2) presence is a surrogate for reproduction and sur-
vival.

We used the case of brown bears (Ursus arctos) in
northern Spain as an example of the application of the
framework. The plight of brown bears in Spain, where
they have been protected since 1973 and are listed as
endangered (Clevenger & Purroy 1991; Naves & Palo-
mero 1993; Swenson et al. 2000), is typical of many
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Figure 1. (a) Conceptual framework for classifying
babitat within a two-dimensional space spanned by
two separate models for reproduction and survival.
Classical source-sink theory assumes, on evolutionary
time scales, an approximately constant mortality rate,
and variation of reproduction according to babitat
quality results in sources (growth rate A > 1) and
sinks (A < 1; see ellipse). On an ecological time scale,
bowever, disturbances by bumans may cause large
variations in babitat quality for survival and the ap-
pearance of new babitat types. Refuge areas with low
babitat quality for reproduction but good for survival
can guarantee population persistence (A > 1), while
bigh buman-caused mortality in otherwise good babi-
tat (where reproduction could be bigh) can create “de-
ceptive” sources which act functionally as attractive
sinks (i.e., A > 1). (b) Application of the framework to
large carnivores (mortality and reproduction, dashed
arrows; presence and absence, solid arrows). Where
Jactors determining mortality and reproduction are
largely separated (i.e., the relations indicated by the
gray arrows are less important), presence of the spe-
cies in a certain area can be used as surrogate for
mortality and reproduction because it indicates both
low mortality and sufficient reproduction. In such
cases, one can construct the babitat model for repro-
duction by relating data on presence of the species to
the subset of natural babitat variables and the babitat
model for survival by relating data on presence to the
subset of buman babitat variables (pathway of solid
arrows).
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wildlife populations that have suffered long-lasting per-
secution and progressive loss and fragmentation of their
habitat. The surviving populations are relicts from a dis-
tribution that once covered the entire Iberian Peninsula
(Nores 1988; Nores & Naves 1993). Extinction appears
imminent in the Pyrenees (Swenson et al. 2000), and
the two remaining subpopulations in the Cantabrian
Mountains are remnants of a distribution that during the
eighteenth through nineteenth centuries still extended
over the entire mountain range. Wiegand et al. (1998)
performed a nonspatial demographic population viabil-
ity analysis (PVA) to diagnose the state and dynamics
(for 1982-1995) of the western population and found
that it is not viable if mortality rates remain at the level
of the last years of analysis. They identified adult female
survival as key to population recovery and argued that
mortality can be assessed in terms of human access to
bears. This view is supported by several intensive studies
of carnivores (Woodroffe & Ginsberg 1998) and data on
grizzly bears showing that since the 1970s humans have
directly caused 70-90% of known deaths in Yellowstone
National Park (Mattson et al. 1996; Mattson 1998; Pease
& Mattson 1999) and 77-85% in the Rocky and Colum-
bia mountains (McLellan et al. 1999). Thus, it is appar-
ent that, to manage the species adequately, an analysis
is needed of the spatial arrangement of risk areas—areas
of high risk of human-bear contact and otherwise good
habitat quality—within the habitat network.

We aimed to generate working hypotheses about the
quality the spatial arrangement of brown bear habitat in
northern Spain to analyze the present conditions and
conflicts of the different population nuclei and to iden-
tify core areas of high conservation value and areas with
unoccupied potential habitat. We used geographic infor-
mation system (GIS) data to obtain several logistic mod-
els that describe habitat quality in the traditional manner
with a one-dimensional model (e.g., Tyre et al. 2001)
and, following our framework, another that describes
habitat quality with a two-dimensional model (Fig. 1a).
To test hypotheses about the demographic features of
the habitat categories, we classified areas where extinc-
tion occurred during the fourteenth through nineteenth
centuries within the two-dimensional habitat model. We
hypothesize that extinction should be most frequent in
areas classified at present as matrix and the least fre-
quent in habitat with low human impact and good natu-
ral quality.

Methods

Study Area and Spatial Grain

Our study area was the northwestern Iberian peninsula,
including the entire range of the Cantabrian Mountains
north of Spain (Fig. 2). The two brown bear subpopula-
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tions are apparently isolated (Fig. 2), both occupying
similar areas of approximately 3700 km? in the Can-
tabrian Mountains (Naves et al. 1999). These mountains
run east-west along the Atlantic coast, with a maximum
elevation of 2648 m and average elevations and gradi-
ents of north- and south-facing slopes of 700 m and 34%
and 1300 m and 21% slope, respectively. Proximity to
the ocean and the geographic orientation of the chain
result in high rainfall on the north-facing slopes and a
rain shadow on southern slopes (average annual rainfall
of 900-1900 mm and 400-700 mm, respectively). Forest
cover is more varied on north-facing slopes, with oak
(Quercus petraea, Q. pyrenaica, and Q. rotundifolia),
beech (Fagus sylvatica), and chestnut (Castanea sativa)
trees, whereas on the south-facing slopes forest is domi-
nated by deciduous durmast oak (Q. petraea, Q.
pyrenaica) and beech. Above 1700-2300 m, climatic
conditions prevent forest growth, and subalpine mator-
ral (Juniperus communis, Vaccinium uliginosum, V.
myrtillus, Arctostaphylos uva-ursi) dominates. Human
densities are 12.1 and 6.1 inhabitants/km? for the west-
ern and eastern bear populations, respectively (Reques
1993). The main economic activity is livestock farming,
mostly cattle. Mining, tourism and mountain sports,
hunting, agriculture, and timber harvesting are of local
importance. Human activities have resulted in conver-
sion of former forest into pasture and brushwood (Geni-
sta, Cytisus, Erica, and Calluna).

To balance between a large-scale regional analysis and
differentiating landscape information inside individual
home ranges, we used a 25-km? grid to summarize all
data on bear observations, sightings of females with
cubs, and landscape-scale variables. This resolution is
slightly finer than the reported seasonal home ranges for
radio-tagged bears in both subpopulations (Clevenger &
Purroy 1991; J.N. and M.D., unpublished analysis). Addi-
tionally, we considered multiple spatial scales by intro-
ducing variables that describe larger-scale properties of
the original potentially explanatory variables.

ATLANTIC OCEAN
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o o o
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2 ¢J° population
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Bear Data Sets

The total number of cells with bear observations was
155 in the western and 147 in the eastern population
(Fig. 2), based on 1595 bear observations compiled be-
tween 1982 and 1991 during systematic investigations
of the distribution of brown bears in northern Spain
(Campo et al. 1984; Purroy 1991; Naves & Palomero
1993). The observations were made by research teams
and by rangers and were completed through interviews
of local people.

To provide a range of comparable data for areas not
used by bears, we created a buffer in the neighborhood
of bear observations (comprising the same number of
cells as bear observations), thus assuring that nonobser-
vation areas were those that bears could have visited.
We used the variable of bear presence (0, no observa-
tion; 1, observation) as the dependent variable in logis-
tic models of the probability of bear presence.

We also used data on observations of females with
cubs. Annual censuses of females with cubs were per-
formed between 1982 and 1995 (compiled in Naves et
al. 1999), except in 1985. The total number of cells with
presences was 131 (based on a total of 417 and 174 ob-
servations of families for the western and eastern popu-
lations, respectively; Fig. 2). We defined as core areas
for reproduction those cells (44 of the 131 cells) in
which females with cubs were observed in 3-9 years
(i.e., >20% of the years). We analyzed habitat quality for
reproduction with a logistic model to investigate which
variables characterize core areas for reproduction (value
of 1) in comparison with cells used for reproduction in
only 1 or 2 years (value of 0; Fig. 2).

Historical data on bear presence were compiled from
different historic sources (Alfonso XI 1348; Madoz 1846-
1850) and compilations by contemporaneous authors
(Nores 1988; Nores & Naves 1993; Torrente 1999). In
total, we obtained 573 cells with historic bear presence
between the fourteenth and the nineteenth century, of

Figure 2. Present distribution of brown
bears in the Cantabrian Mountains,
northern Spain, after Naves et al. (1999).
Filled circles indicate, on a 5 X 5 km grid,
areas with reproduction (observations of
females with cubs), open circles indicate
areas with bear observations, and solid
black lines show the borders between
provinces.

25 50 Km
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which 297 differed from the present distribution and
were considered as extinctions.

Potential Predictive Landscape-Scale Variables

HUMAN AND NATURAL VARIABLES

We compiled five potential variables describing human
activities that in the short-term may facilitate encounters
between bears and humans, causing disturbances and in-
creasing the risk of human-induced mortality: human
population (pobl), number of villages (pueblos), agri-
culture surface cover ([ha], SAU), number of agriculture
machines (maqui), and stocking rate (number of equiva-
lent large livestock units, UG). Human population and
number of villages differ because in some areas villages
are typically small and scattered, whereas in others
people are concentrated in less numerous but larger
villages. The human variables were obtained from the
county databases (CERCA + 100 1995). We were unable
to access compatible data sets on road density for the
study area or to determine the numbers of tourists. Con-
sequently, we did not consider these two variables. How-
ever, analyses performed only for the area of Asturias
(Fig. 1), where we could access data on the density of
paved roads, showed that including this variable did not
improve the final models.

The major food categories in the area are herbaceous
vegetation in spring; herbs, berries, and other pulpy
fruits in summer; and dry fruits such as acorns, beech-
nuts, and chestnuts in autumn (Brana et al. 1988; Clev-
enger et al. 1992). Extensive consumption of dry fruits
in autumn could be indispensable for hibernating fe-
males that give birth and stay in the den with the
cubs until April. Because detailed data on food availabil-
ity only exist for selected areas, we used forest cover
of masting species (bosque) and annual precipitation
(prec) as potential surrogates of mast production (Pic-
ton 1978; Wiegand et al. 1998). As an indicator of spa-
tial heterogeneity, and hence habitat productivity for
spring and summer herbs and berries, we used an index
of landscape ruggedness (rug), calculated as x + SD,
where x is the mean value of the slope and SD the stan-
dard deviation calculated on the 25 1-km? squares form-
ing each 25-km? cell. Potential surrogates for shelter
are cover of forest, cover of shrub and reforestations
(mainly pine and eucalyptus trees, mr), and the rugged-
ness index of the landscape (rug). We obtained data
on the natural variables from the National Atlas of
Spain (Anonymous 1995), the topographical cartogra-
phy 1:200,000 (BCN200, Geographical National Institute
1990-1995), and from the Second National Inventory of
Forest (General Administration of Nature Conservation
1986-1995).
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CONSIDERING LARGER SCALES

The variables described above represent only local
properties (25 km?) of the landscape and do not contain
information at larger spatial scales, which may be impor-
tant for bears. For example, bears may perceive the con-
nectivity of landscape features (e.g., forest) at scales
above one cell, and human activity may diffuse from fo-
cal points (e.g., villages) into neighboring cells. To con-
sider these multiple scales, we calculated, from the orig-
inal 25-km? raster data, scale-dependent indices that
describe connectivity and diffusion of a given variable at
spatial scale » (for details see Wiegand et al. 1999; Schadt
et al. 2002). Briefly, we calculated the diffusion following
a circular moving-window algorithm (assigning to the fo-
cal cell the mean value of the variable within the circle of
radius ) and the connectivity following a ring-shaped
moving-window algorithm (assigning the mean value of
the variable within the ring of radius 7 to the focal cell).
By moving the circle or ring over the entire grid, we ob-
tain the values of the indices for each cell of the grid. Be-
cause we did not know a priori at which scale diffusion
and connectivity occur, we calculated the indices for r» =
1, ... 4. We applied the connectivity indices to natural
variables and the diffusion indices to human variables,
obtaining 20 additional variables.

Analysis

Spatial autocorrelation in the dependent variable can
lead to pseudoreplication problems because data are not
independent, and hence the increased power produces
overfitted models with little biological interpretation
(Clifford et al. 1989; Lennon 1999). To test for spatial in-
dependence, we calculated, inside the area that com-
prises cells with observations and no observations, a co-
efficient ¢(r), which describes the autocorrelation of a
variable x with lag » analogously to the Pearson correla-
tion. To reduce problems with severe spatial correlation
between cells, we determined the spatial lag at which
locations were not strongly correlated (i.e., c[r] < 0.7)
and used only those cells sufficiently separated (Schadt
et al. 2002).

Correlation between explanatory variables is not a
principal problem in logistic regressions, but it can
make the comparison of alternative models difficult
(Lennon 1999), impeding a direct interpretation of the
coefficients. To test for correlation between the poten-
tially explanatory variables, we calculated a correlation
matrix with all landscape variables. Among strongly cor-
related variables ( > 0.7), we retained those with the
greatest explanatory effects in univariate analysis on the
dependent variable (bear presence or reproduction;
Schadt et al. 2002). After this procedure, 10 indepen-
dent variables remained (Table 1). We screened the
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Table 1. Comparison of the means (= SD) of the 10 independent variables between cells with bear observations (obs) and cells with
no observations (nob.), separately for the areas of the western population (W), the eastern population (E), and the total population (T).

Western population (n)*

Eastern population (n)*

b

Total population (n)*  Comparisons (p)

nob obs nob obs nob obs 0bsnob sk
47 37 34 33 81 70 W E T obsw
Natural variables

landscape ruggedness

index (rug) 8.0 3.1 114 £ 26 79 *£55 9.5+ 4.0 80*+42 105*34 * b *
forest cover (%)

(bosque) 6.3 35 16.1 £ 14.1 11.6 = 14.6 153 £ 145 9.6=*11.8 157 £14.2 * *
forest connectivity at

r = 2 (bosq2) 63*+35 7.9 +32 82 %52 8.5 *3.0 71+ 4.4 8.2*31 *
shrub and replantation

cover (%) (mr) 15.7 £ 163 98+ 104 120*15.6 11.8* 182 14.2*16.0 10.7 = 145
connectivity of mr at

r=1(mrl) 10.1 £ 9.5 7.8 £5.7 8.6 6.1 7.2*+56 9.5 £ 6.0 7.7 5.6
annual precipitation

(mm) (prec) 1251 £ 272 1397 = 241 1041 £ 301 1051 =200 1163 =300 1235 *=281 * o

Human variables

no. of villages

(pueblos) 7379 52*4.1 33 %28 21*12 5.6 = 6.5 3.7*34 oF i
human population

(pobD) 742 £ 1786 273 £ 236 259 =355 250 £ 275 540 £888 262 * 253 * *
diffusion of pobl at

r = 3 (pobl3) 544 *= 349 455 £ 197 289 *139 173 £119 437 =307 322 * 217 woow -
agricultural surface

(ha) (SAU) 729 + 591 826 = 640 956 + 462 586 + 453 824 =549 713 £ 569 *

“The n is sample size (grid cells).
bp < 0.05, *p < 0.01. Based on t test.

univariate relationship between independent and de-
pendent variables with a ¢ test.

We obtained several logistic models that predict the
probability of bear presence and that of belonging to a
reproductive core area. We built a “general” model (f,)
with all 10 potentially explanatory variables, and, in ac-
cordance with our framework, we built a “natural” (fy)
and a “human” ( f) habitat model, with data on bear
presence as the dependent variable and the six natural
and four human variables (Table 1), respectively, as po-
tentially predictive variables. We performed a second set
of logistic regressions with data on reproduction (f%).

We tested the goodness-of-fit of the resulting models
by using log-likelihood chi-square analysis because this
method is better than the intercept-only model and be-
cause of the classification accuracy of the response vari-
able from the original data. In all cases we performed
back and forward stepwise analyses, and analyses in
which we manually added or deleted the variables. We
used the Akaike information criterion (AIC) to evaluate
the stepwise procedure. The final decision between al-
ternative nested models was based on parsimony (low-
est AIC) and simplicity (the simplest model among plau-
sible models with AAIC<3; Burnham & Anderson 1998).

For the final grading of habitat suitability, we used an
index that combines bear presence and reproduction
into one axis. Because bear reproduction can only occur

where bears are present, we can apply this model only if
the model of bear presence yields a high probability
(i.e., fp > 0.5, where f, is f; or f). To combine both in-
dices, we use fp if fp < 0.5 and f} otherwise. To obtain a
continuous final index Q of habitat quality, we linked
both at f,, = 0.5:

0= { fp  forf,<05
(1+fg)/2 for fp=20.5

Results

The spatial autocorrelation of landscape-scale variables
was only high at » = 1 (neighboring cells) and dropped
rapidly with increasing scales. For » = 2 the spatial cor-
relation coefficient yielded <0.7 for all variables. Human
population was the variable for which spatial autocorre-
lation dropped most rapidly with increasing spatial
scale, whereas the number of villages was still weakly
correlated at large spatial scales. The spatial autocorrela-
tion structure of bear presence showed behavior similar
to that of the independent variables, with high correla-
tion only for neighboring cells. To reduce the effect of
spatial autocorrelation, we retained for further analyses
cells separated by more than 5 km.

Cells in which bears were observed had higher rug-
gedness and forest cover, fewer villages, and lower pop-
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ulation density and human population diffusion than
cells in which bears were not observed (Table 1).
Within the area of observations, the number of villages,
human population diffusion, landscape ruggedness, and
precipitation differed between the two populations (Ta-
ble 1). Different factors seemed to control the presence
of bears in the western and the eastern population: areas
in which bears were observed in the western population
differed from areas where no bears were observed with
respect to four natural variables, whereas in the eastern
population there were differences in several of the hu-
man variables (Table 1).

Model Outcomes

The most parsimonious unidimensional model con-
tained three variables: ruggedness of the landscape (rug),
forest cover (bosque), and number of villages (pueblos;
Table 2). The natural variables (rug and bosque) were
positively associated with bear presence, whereas hu-
man impact (pueblos) was negatively associated with
bear presence (Table 2). At the cut level of f; > 0.5, the
model correctly classified 44 of 70 cells with observa-
tions and 61 of 81 cells with no observations. The gen-
eral model misclassified large areas with observations in
the western population, where it adequately predicted
cells with no observations, and performed poorly in the
eastern population, where it misclassified cells with no
observations in the north and cells with observations in
the south.

Naves et al.

The model with natural variables contained the same
natural variables as the general model, yielding a similar
classification accuracy (Table 2; Fig. 3a). For the eastern
and western populations, the natural model yielded a
classification accuracy of 59.7% and 75.0%, respectively,
suggesting that natural variables explain bear presence
in the western population but fail in the eastern popula-
tion (Fig. 3a). Additionally, the natural model performed
generally well in predicting cells with observations on
the north-facing slopes and cells without observations
on the south-facing slopes and performed poorly in pre-
dicting cells with no observations on north-facing slopes
and cells with observations on south-facing slopes
(Fig. 3a).

Two variables were included in the human-variable
model: human population and human population diffu-
sion at » = 3 (Table 2; Fig. 3b). This model classified
57% of all cells correctly (Fig. 3b). It weakly predicted
cells with observations for the western population (only
40.5% were correct) and cells with no observations for
the eastern population (only 38.2% were correct). How-
ever, the human model classified 75.8% of all observa-
tions in the eastern population correctly and 70.2% of all
no observations in the western population. Complemen-
tary to the model with natural variables, human factors
seemed to characterize bear presence for the eastern
population and bear absence for the western popula-
tion.

The model of reproductive core areas included only
the variable of connectivity of the forest at » = 1 (Table 2).

Table 2. Logistic-regression models built with data on bear observations versus no observations and with reproduction data?

Goodness-of-fit
Variable Symbol B SE p X2 df p
General model® fs 28.87 3 < 0.0001
landscape ruggedness rug 0.1593 0.0501 0.0015
forest cover (%) bosque 0.0384 0.0151 0.0113
number of villages pueblos —0.1194 0.0454 0.0085
constant c —1.5493 0.5055 0.0022
Human model° Ju 10.931 2 0.0042
human population pobl —0.0009 0.0006 0.1238
population diffusion pobl3 —0.8723 0.6494 0.1792
constant c 0.5374 0.3010 0.0742
Natural mode” fy 19.438 2 0.0001
landscape ruggedness rug 0.1522 0.0484 0.0017
forest cover [%] bosque 0.0278 0.0138 0.0436
constant C —1.8975 0.4885 0.0001
Reproduction model® T 9.119 1 0.0025
connectivity of forest at scale r = 1 bosq1 1.4358 0.5598 0.0103
constant C —2.7766 1.1057 0.0120

“Significance level of the coefficients for the Wald statistic (p).

b Next most parsimonious models at AAIC = 0.4 (also including agricultural surface cover [SAU]) and AAIC = 1.7 (also including SAU and bu-
man population [pobl3]). All other models at AAIC > 3.

‘Next most parsimonious model at AAIC = 1.4 (also including SAU). All other models at AAIC > 3.

“Next most parsimonious models at AAIC = 0.6 (also including forest connectivity [bosq2]) and AAIC = 1.1 (also including bosq2 and annual
precipitation [prec]). All other models at AAIC > 3.

°Next most parsimonious models at AAIC = 0.3 (also including prec) and AAIC = 1.4 (including additionally prec and forest cover of masting
species [bosque]). All other models at AAIC > 3.
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At the cut level of fp > 0.5, the model correctly classi-
fied 65.7% of all cases. By repeating the analysis with
only the four human variables, the fitting algorithm did
not converge on any model. The fact that we could not
find a human model for predicting habitat quality for
breeding is in accordance with our basic assumption
that natural factors control reproduction.

Spatially Explicit Working Hypotheses about Habitat Quality

The final natural habitat index Q, combines bear pres-
ence and reproduction (Eq. 1), whereas for human habi-
tat quality we used the human model for presence (i.e.,
Oy = [ because there was no model for reproduction
with human variables. To generate hypotheses for the

habitat categories, we divided the range of each model
into matrix, poor, and good habitats. We defined the
threshold between poor and good as f = 0.5 and the
threshold between matrix and poor in a way that only
5% of all data with observations were located in matrix,
thus categorizing the area into matrixlike, sinklike,
sourcelike, refugelike, and attractive sinklike. Here we
used sinklike or sourcelike instead of sink or source to
indicate that the categories represent working hypothe-
ses based on static habitat models without explicit con-
sideration of dynamic demographic features.

A priori, we expected that the general model would
be (for bear presence) essentially the same as the aver-
age of the human and the natural models; thus, function-
ally different areas with pronounced differences be-
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tween human and natural habitat quality would merge
(Fig. 4). The general model classified 59% of the refuge-
like areas as low quality and 73% of the attractive sink-
like areas as high quality. On the other hand, 80% of the
cells classified as matrix and sinklike were predicted to
be low quality, whereas 94% of all cells classified as
sourcelike were predicted to be of high quality. There-
fore, the general model accorded well with the two-
dimensional model in predicting the “traditional” habitat
types of sourcelike and sinklike (Fig. 4b), but it failed in
areas with large differences between natural and human
habitat quality, the refugelike and attractive sinklike hab-
itat types.

Brown Bear Habitat in the Cantabrian Mountains

The Cantabrian Mountains are a complex patchwork of
habitat types (Figs. 5 & 6). Refuge habitat was situated
at the south-facing slopes, covering, together with
sourcelike habitat, most of the eastern population. The
spatial pattern was more complex for the western popu-
lation. On the north-facing slopes, large areas of attrac-
tive sinklike habitat were interspersed with areas of
source- and refugelike areas. The high human impact in
central Asturias was especially marked, creating a large
block of matrixlike, sinklike and attractive sinklike habi-
tat that separated both populations.

Cells with reproduction were more frequently (66%)
situated in areas with good natural habitat (Q, > 0.5)

a
1.0 7

0.9 | (i +£)/2=0.261+0.453f,, R’ = 0.855
0.8 -
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than cells with only presence (37%) (Fig. 5a). Differ-
ences were less pronounced for human habitat quality
(61% and 54% of cells with reproduction and only obser-
vation, respectively, were in areas with Q,, > 0.5). Dif-
ferences between the eastern and the western popula-
tions were marked: 96% and 36%, respectively, of the
cells with reproduction were situated in areas of good
human habitat quality (Q, > 0.5), whereas 44% and
74%, respectively, of the cells with reproduction were
situated in areas of good natural habitat quality (Q, >
0.5) (Fig. 5). Both populations included similar areas
classified as sourcelike habitat (23 and 25 cells in the
eastern and western populations, respectively) and the
same amount of suboptimal habitat: attractive sinklike
for the western population (31 cells) and refugelike for
the eastern population (30 cells; Fig. 6).

Accordance between Working Hypotheses about Habitat
Quality and Historic Extinctions

We expected that areas classified as matrixlike, sinklike,
and attractive sinklike would have a higher probability
of extinction than areas classified as refugelike and
sourcelike. Therefore, most historical extinctions should
have occurred in the first group of habitats. In total,
there were 297 cells with bear presence during the four-
teenth through the nineteenth centuries but with no
presence from 1982 to 1995, when we collected the
data used to parameterize the models. We used these ex-

Human habitat model £,
=~
SN

attractive Si

0.3 7
1 7 £=075
02 A f-0s™
A £,=025 ¢
0.1 7
0.0 + T 1
0.0 0.2 0.4 0.6 0.8 1.0
Natural habitat model fn

Figure 4. Comparison between one- and two-dimensional habitat models. (a) Linear regression of the average of
the buman and the natural models [(fy + f )/2] over the general model fg, for the 302 cells with observations.
Data for the eastern population are shown as squares and data for the western population as filled circles. (b) Re-
sulting categorization of the general model within the two-dimensional model spanned by the buman and the nat-
ural model. The limits between the lightest to darkest gray levels are f; = 0, 0.25, 0.5, and (.75, respectively.
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Figure 5. Classification of cells with (a) bear observations and (b) reproduction separately for the eastern (open
squares) and western (filled circles) populations. The locations of cells with reproduction and observation are
shown as symbols within the two-dimensional phase diagram defined by the final natural model (x-axis) and the
buman model (y-axis). Solid lines give the thresholds Qy = 0.26, 0.5 and Qy = 0.28, 0.5 that define the babitat cat-

egories.

tinct areas to test predictions about the dynamic proper-
ties of the habitat types (most of them were far from the
area used to parameterize the models; Fig. 6a). The five
descriptive habitat types were approximately equally
distributed among the total area of present and past bear
observations (Fig. 6d). The probability of extinction was
lowest for sourcelike habitat (0.25), followed by refuge-
like (0.32), attractive sinklike (0.52), and sinklike (0.62),
and highest for matrix (0.77) (Fig. 6d). An analysis of
frequencies showed that extinction probability p** dif-
fered significantly among all habitat types (x*; > 15.3,
P < 0.0001 in all cases), except for refuge and source-
like habitats (le = 2.4, p = 0.1224), following the rank-
ing p eXtmatrix > p ethinklike > p eXtau"active sinklike > p eXtrefugelike
P reetike (OVerall X%, = 86.63, p < 0.0001). These
results seem to confirm our initial hypothesis about the
dynamics and demographic tendencies of our descrip-
tive habitat types.

Discussion

A Multidimensional Framework for Classifying
Habitat Quality

We propose the construction of a separate habitat
model for each demographic key feature when these
features are differentially affected by distinct regional-

scale habitat factors (Hall et al. 1997). With this frame-
work, habitat quality can be characterized more specifi-
cally with commonly used habitat types such as source,
sink, matrix, refuge, and attractive sink. In undisturbed
ecosystems, the mortality of most large carnivores and
other long-lived species with low reproductive capacity
would be low and relatively constant, whereas repro-
duction may vary greatly as a result of differences in re-
sources. Under such conditions, a one-dimensional habi-
tat model would be able to characterize habitat quality,
and classical source-sink theory (Pulliam 1988; Pulliam
& Danielson 1991) would apply. However, problems
with this one-dimensional approach arise when the risk
of mortality changes in space, as in areas with low and
very high mortality within the range of the population.
This may be due to anthropogenic factors, varying pred-
ator abundance in predator-prey systems, poisoning
from pesticides or pollution, or contagious diseases (De-
libes et al. 2001a). Consideration of the two additional
habitat types-refuge and attractive sink-is an important
extension of the original source-sink concept. Especially
attractive sinks have been frequently reported in associa-
tion with human activities but were not until recently in-
tegrated into source-sink theory (Delibes et al. 2001a).
Additionally, new insight could be gained by consider-
ing other dimensions, such as an axis-describing dis-
persal habitat.

An inherent problem of validating habitat models that
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Figure 6. (a) Classification of habitat quality in the Cantabrian Mountain range into matrixlike, sinklike, refuge-
like, attractive sinklike, and sourcelike (solid circles represent cells with reproduction, open circles cells with obser-
vations, and white circles bistoric extinctions). (b) Distribution of cells with reproduction, (c) cells with only ob-
servation without reproduction, and (d) bistoric extinction among babitat types, showing differences between the
eastern and western subpopulations ( for reproduction and observations) and between all observations (includ-

ing reproduction) and bistoric extinction.

aim to describe habitat quality through demographic fea-
tures is that they are static models built with a set of
presence-absence data (Tyre et al. 2001). Therefore, we
cannot establish quantitative relationships between the
habitat types and expected rates of increase. Also, by
modeling habitat with data on contemporaneous occur-
rence, we may not necessarily identify the good habitat
but, rather, the habitat where the species may have sur-
vived because it was not extirpated (Caughley & Gunn
1996). Therefore it is desirable to test habitat models
not only with independent presence-absence data but
also with expected dynamics, such as recolonization of
suitable areas (Mladenoff et al. 1999) or extinction of
unsuitable areas.

We used data on historic bear presence with no evi-
dence of contemporary bear presence to test the two-
dimensional habitat model. The classification of extinct

Conservation Biology
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areas supported our hypotheses. Sourcelike and refuge-
like habitats had the lowest extinction probability, fol-
lowed by the suboptimal attractive sinklike habitat. This
finding is in accordance with general results in demo-
graphic models for long-lived species which show that
the rate of increase is less sensitive to reproductive pa-
rameters than to mortality rates (e.g., Gaona et al 1998;
Wiegand et al. 1998) and with recent work on attractive
sinks (Delibes et al. 2001a). As expected, sinklike and
matrixlike were the poorest habitat types. Because we
could not account for features such as area and isolation
effects, however, we cannot expect to properly classify
all areas of historic extinction.

The one-dimensional habitat model merged function-
ally different habitat categories (i.e., refugelike and at-
tractive sinklike) within the same suboptimal category.
This poses a problem: the general model classified 59%
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of the refugelike areas as areas with lower habitat quality
and 73% of the attractive sinklike areas as areas with
higher habitat quality, which is the opposite of the ex-
pected demographic trends for these habitat categories.
Thus, the two-dimensional framework provided a means
for developing more appropriate working hypotheses
on habitat types.

Benefits and Shortcomings of the Model

We were constrained in the selection of habitat variables
and could select surrogates only for the “real” resources
required by brown bears. Nevertheless, on the coarse
spatial scale selected, our variables performed well in
defining habitat types, and the resulting models de-
scribed core areas for bear presence and reproduction.
The two variables that entered in the natural habitat
model, forest cover and landscape ruggedness, make
sense biologically: forest of masting species provides
food and shelter, and landscape ruggedness is a measure
of both shelter (e.g., winter dens) and habitat productiv-
ity as a result of higher environmental heterogeneity
(e.g., small streams where bears feed in the summer).

Human population diffusion and density were the two
variables that defined human habitat quality, whereas
number of villages was significant in the general model.
We suspect that correlation between these variables
may cause changes in the explanatory variables among
models. We could not include road density, a classic hu-
man explanatory variable (e.g., Mladenoff et al. 1995;
Mace et al. 1999), in our analysis. By analyzing bear
distribution in the eastern population, Clevenger et al.
(1997) found that the mean unpaved road density was
more than twice as high in areas with sporadic presence
of bears than in their year-round range and even higher
in areas outside bear range. Thus, unpaved road density
could have great explanatory power in the human axis.
Our habitat classification predicted suitable sourcelike
habitat east of Asturias (north of Picos de Europa), but
bears do not currently occupy this area. There are sev-
eral possible explanations for this. We cannot expect a
population in regression to occupy all suitable habitat
and/or there is a missing human variable affecting that
area (Picos de Europa is a popular tourist destination, re-
ceiving 1.6 million tourists a year).

Logistic habitat models frequently use habitat vari-
ables (e.g., forest cover, road density) calculated on the
cells defined by map resolution. There are biological ar-
guments, however, that larger-scale properties of the
same habitat variables may also influence habitat selec-
tion (e.g., Schadt et al. 2002). We used two indices to
describe scale-dependent spatial properties and found
that they delivered some habitat variables that entered
in the final models. The inclusion of such variables is im-
portant for capturing the organism’s perception of land-
scape structure above the grain of the landscape map,

Two-Dimensional Habitat Model 1287

which is often arbitrarily defined (Schadt et al. 2002),
and for correcting systematic errors introduced when
the scale of the analysis does not match the relevant spa-
tial scale of the underlying ecological processes.

The main shortcoming of our modeling approach was
that we used a set of a priori assumptions, which should
hold true: human factors should be the most important
variables affecting mortality, whereas reproduction suc-
cess should be mostly affected by resource availability.
This simplification does not mean that these are the only
relationships, given that one would expect some effects
of resource abundance on survival and of human distur-
bances on reproduction (Fig. 1), but we assumed that
they are the main factors determining fluctuations in sur-
vival and reproductive rates (and so drive population
dynamics). In the case of small, fragmented populations
of large carnivores, these assumptions are probably com-
monly met and could form a generalized pattern. We dis-
tinguished between short- and long-term human im-
pacts. In the short term, we assumed that human factors
mostly affected survival (i.e., our “human” axis), while
long-term effects such as habitat loss, fragmentation, and
reduction in overall habitat quality were included in our
“natural” dimension.

The classification accuracy of the final model was not
impressive. However, we cannot expect a small popula-
tion suffering from a long-term regression both in its
range and population size (Wiegand et al. 1998) to oc-
cupy all potentially available habitat, and relict popula-
tions often exist in the periphery of their historical geo-
graphical range in suboptimal habitat (Channell &
Lomolino 2000). Also, the large stochasticity that char-
acterizes the dynamics of a small population will always
hinder higher classification accuracy (Tyre et al. 2001),
especially if one avoids the inclusion of a large number
of predictors with scant biological interpretation (in
such a case the model would describe the study area,
not the biological requirements of the species).

Habitat of the Two Subpopulations: Implications
for Conservation

Our analyses draw a not-too-optimistic picture of the
condition of brown bear habitat in northern Spain. There
is little unoccupied, good-quality habitat, and the habitat
of the two subpopulations comprises a high proportion
of suboptimal habitat, a situation typical for many endan-
gered species in highly humanized landscapes (Channell
& Lomolino 2000). The area currently occupied by bears
is a complex patchwork composed of different habitat
types of varying human and natural quality and with only
33% of the current range of the two subpopulations oc-
cupying habitat of high natural and human quality. Over
the long term, therefore, the entire area could be a demo-
graphic sink as a result of a combination of high human
impact and low natural quality.

Conservation Biology
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The eastern population occupies mostly sourcelike
(38%) and refugelike (41%) habitat, indicating that it
persists to a large extent in areas with low human im-
pact but also low natural suitability. In contrast, the
western population occupies mostly good-quality natu-
ral habitat but with a much higher human impact (41%
as attractive sinklike habitat and 16% as sinklike habitat).
This result is in accordance with the results of a nonspa-
tial population viability analysis on the western popula-
tion, showing that the population may have suffered a
mean annual decrease of approximately 4—5% during
the study period 1982—1995 (Wiegand et al. 1998).
Also, it agrees with some demographic data showing
that breeding performances, but also known mortality
rates, are higher in the western than in the eastern popu-
lation (mean litter size 2.26 * 0.52, n = 23, and 1.79 *
0.70, n = 14; annual known mortality rates of 0.06-
0.078 and 0.051-0.064, respectively; Naves et al. 1999;
J.N., T.W., E.R., M.D., unpublished data). In light of
these results, the main management goals for the west-
ern and eastern subpopulations should be the reduction
of human-induced mortality events and the improve-
ment of natural habitat quality by extensive reforestation
with masting species, respectively.

We concentrated on spatial aspects to generate work-
ing hypotheses about the quality and spatial arrangement
of brown bear habitat in the Cantabrian Mountains, hence
aiding in large-scale decision-making and landscape man-
agement. However, further validation of these habitat
types, by estimating reproductive and survival rates over
the long term with the aid of standard field-monitoring
techniques, is needed. Only with this validation may we
reach a new iteration in our understanding of the relation-
ship between habitat quality and demographic processes,
and provide the necessary information to adequately man-
age this endangered population.
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