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ABSTRACT

This study assesses the effects of considering within-site habitat configuration when
designing reserve networks. This attribute takes all its importance in situations where
the long-term integrity of (within-site) habitat patches cannot be preserved without pro-
tecting their surrounding environment. We addressed this issue through the concrete prob-
lem of selecting a reserve network of natural peatlands in southern Québec, Canada. We
used a reserve-selection algorithm that minimized the total number of peatlands to include
within networks. The algorithm was constrained to include peatlands containing habitat
patches that met specific size thresholds. Five habitat-clustering thresholds were used to
set the eligibility of each site to the selection process. The resulting reserve networks were
evaluated according to their representation efficiency and to the expected consequences
for the Palm Warbler (Dendroica palmarum), an area and isolation-sensitive bird restricted
to peatlands in southern Québec.

Constraining the algorithm to include peatlands showing increasingly larger patches of
habitats led to larger networks, both in terms of area and number of sites, and to networks
composed of smaller sites. These effects increased with the representation target (i.e., the
% of each habitat preserved). With respect to the Palm Warbler, selecting peatlands with
larger patches of habitats had only an indirect effect on its site-occupancy pattern. Indeed,
despite the fact that the probability of occurrence of the warbler was negatively correlated
with the size of habitat patches, the habitat-clustering threshold influenced the incidence
of the warbler mainly via its effect on the physical attributes of the selected networks —
including the area, isolation level, and the number of selected sites. Because increasing
the habitat-clustering threshold led indirectly to a greater regional availability of prime
breeding habitats for the Palm Warbler, it mitigated the severe negative impact of an hypo-
thetical alteration or destruction of non-selected peatlands. Our study thus emphasizes the
importance of determining how the different factors describing within-site configuration
are correlated with other intrinsic characteristics of the sites available to the selection pro-
cess before opting for a site-selection strategy.
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1. Introduction

Reserve-selection algorithms have been developed to propose
optimized solutions for a set of management objectives given
limited nature conservation funds (Margules et al., 1988;
Pressey and Nicholls, 1989a; Margules and Pressey, 2000).
However, optimizing conservation cost by minimizing the
area or number of sites needed to represent all species of
interest is no guarantee that the latter will persist in the net-
work (Virolainen et al., 1999; Rodrigues et al., 2000b,c; Cabeza
and Moilanen, 2001). In that respect, reserve-selection algo-
rithms have seldom been used to meet species ecological
requirements, but were mainly designed to satisfy arbitrary
representation targets (e.g., % of each habitat to preserve or
x occurrences for each species). Yet, site-specific species
abundance is likely to be correlated to local population viabil-
ity, and has been suggested as a good indicator on which to
set reserve design goals (Rodrigues et al, 2000b; Turpie
et al., 2000; Aratjo and Williams, 2001; Lopez and Pfister,
2001). Because this information is seldom available, land clas-
sifications are often used as surrogates for species abundance
(based on the coarse-filter approach; Lombard et al., 2003;
Noss, 1996; Rodrigues et al., 2000a). In this paper, we explore
further the use of habitat types for selecting a reserve net-
work and its influence on the expected occurrences of a bird
species of interest.

Most of the reserve-selection studies based on habitat sur-
rogates have considered coarse habitat classes based on
small-scale maps (e.g., 1:250,000; Pressey and Nicholls,
1989a). The resulting habitat patches thus remained large,
often approaching the size of the planning units considered
(e.g., grid cells, land properties or circumscribed ecosystems).
Even when habitats were defined finely enough to produce as
much as 11-31 classes (Nicholls and Margules, 1993; Lombard
et al,, 1997), planning units usually remained homogeneous.
This has resulted in the elaboration of reserve-selection algo-
rithms neglecting the spatial configuration of habitats within
planning units. For example, whether 10 ha of a certain land
class is subdivided into numerous small patches or is grouped
into a single large patch can have significant impacts on the
persistence of the species associated with this habitat type,
especially for territorial and central-place foraging animals
(Dunning et al.,, 1992; Hinsley, 2000). Likewise, within-site
habitat mosaics imply natural edges that reduce patch area
for core-habitat species and should be considered when
selecting reserves (Murcia, 1995; Matlack and Litvaitis, 1999;
Harrison et al., 2001). It follows that aside from the isolation
of sites (Bedward et al., 1992; Nicholls and Margules, 1993; Fre-
itag et al.,, 1996, 1997; Lombard et al., 1997; Heijnis et al., 1999;
Wessels et al,, 1999; McDonnell et al., 2002; Cabeza et al,,
2004a,b), the scale of habitat units (Rouget, 2003), or the dis-
crepancy between the spatial mapping resolution of reserves
and species data (Aratjo, 2004), spatial constraints have rarely
been incorporated into reserve-selection processes. This is
surprising given the accumulating evidence that both land-
scape composition and configuration can influence the
spatial distribution and abundance of plants and animals.
As remote sensing tools are becoming increasingly efficient
at representing landscape patterns (Roughgarden et al.,
1991; Goward and Williams, 1997), the mapping of more

detailed or refined land classifications will unravel within-site
spatial heterogeneity and allow the possibility to take it into
account (Palmeirim, 1988; Kerr et al., 2001).

Different habitats present different aggregation levels in
nature. Hence, the average habitat patch size may vary greatly
among planning units. If within-site configuration has to be
taken into account, an intuitive way would be to respect the
relative frequency distribution of patch sizes in which the var-
ious habitats occur in the region of interest. However, a higher
representation of large patches could favor area-sensitive
species, which are often of special conservation interest
and/or considered as potential umbrella species (Berger,
1997; Carroll et al., 2001; Suter et al., 2002). Since species per-
sistence remains the long-term goal when establishing a
reserve network (Cabeza and Moilanen, 2001), occurrence or
abundance data of area-sensitive species could be used to
set the optimal size of habitat patches.

Here, we evaluate the effect of considering within-site hab-
itat configuration when selecting reserve networks represent-
ing a variety of habitat types. We address this issue through
the concrete problem of selecting a reserve network of natural
peatlands in southern Québec, Canada. The problem of with-
in-site configuration as addressed here is not only a matter of
scale, but also one of nestedness. Indeed, peatlands must be
integrally protected to remain functional. Otherwise, the
hydrology of these ecosystems can be impaired and the
long-term integrity of the vegetation compromised due to
drainage effects (Poulin et al., 1999; Pellerin and Lavoie, 2000;
Lachance and Lavoie, 2004). Hence, it is not only the habitat
patches of interest that need to be protected, but the peatlands
containing those patches. In this context, it was preferable to
use a reserve-selection algorithm that minimize the number
of sites needed to represent all habitat types rather than an
algorithm that minimize the total network area.

Specifically, we assessed the influence of constraining a
reserve-selection algorithm to select peatlands containing
habitat patches of different size on the probability of occur-
rence of the Palm Warbler (Dendroica palmarum) in the result-
ing reserve networks. The evidence suggests that this species
may act as a good umbrella (sensu Roberge and Angelstam,
2004). Indeed, this bird is strictly associated to peatlands in
southern Québec (Calmé et al., 2002) and is sensitive to habi-
tat disturbance (Desrochers et al., 1998) as well as to peatland
size and isolation (Calmé and Desrochers, 2000; Delage et al.,
2000). Moreover, because bird species assemblages were
found to be nested within peatlands as the latter increased
in size, and that both the incidence of the Palm Warbler and
the habitat richness are positively correlated to the size of
peatlands (Calmé and Desrochers, 1999), the Palm Warbler
should be present only in sites that show a high diversity of
biotic and abiotic conditions.

In our study area, peatlands suffer from a diversity of
threats, such as agriculture, forestry, hydro-electricity produc-
tion, cranberry farming, and peat moss extraction (Poulin and
Pellerin, 2001). We thus measured the potential effects of hab-
itat loss on the probability of occurrence of the Palm Warbler
by disregarding non-selected peatlands when computing the
bird’s expected incidence in the reserves, thereby mimicking
the situation where non-selected sites would have been
strongly altered or destroyed. We stress that the method
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developed here does not aim at designing the best possible
reserve network for the long-term persistence of the Palm
Warbler, but rather seeks to select reserve networks represen-
tative of all peatland habitats, while exploring the influence of
within-site habitat configuration on the physical characteris-
tics of the selected networks, as well as on the probability of
occurrence of the Palm Warbler within these networks.

2. Methods
2.1.  Study region

The peatland network is located within ca. 10,000 km? of low-
lands bordering the South shore of the St. Lawrence River in
southern Québec, Canada. Peatlands cover about 4% of the
region and are mainly ombrotrophic or weakly minero-
trophic. The whole peatland network is therefore Sphagnum
dominated. The remaining landscape is mainly covered by
forests (45%) and agricultural lands (40%; Robitaille and
Saucier, 1998). Forests neighboring peatlands consist of
mixed-tolerant hardwood dominated by sugar maple (Acer
saccharum), yellow birch (Betula alleghaniensis), American
beech (Fagus grandifolia), and balsam fir (Abies balsamea). Such
forests are improper breeding habitats for the Palm Warbler
which strictly occurs in peatlands in that region (Ibarzabal
and Morrier, 1995; Calmé et al., 2002).

2.2.  Peatland habitat map

The peatland habitat map was obtained from a satellite image
classification performed on a Landsat 7/ETM+ scene taken on
14 July 1999 (see Poulin et al., 2002 for details). The image was
classified in two major steps. First, a mask procedure was
used to isolate peatlands from the surrounding matrix. The
mask identified 629 peatlands covering 18,103 ha (Fig. 1). Sec-
ond, the pixels within each of the delineated peatland poly-
gons were classified using a weighted maximum likelihood
classifier based on a supervised approach (Richards and Jia,
1999). This resulted in a map of 13 habitat types (H1-H13), de-
fined a priori according to the structural properties of the veg-
etation (Table 1). The size of patches varies considerably
among habitats, as well as within and among peatlands,
emphasizing the potential importance of taking within-site
spatial configuration into account when selecting reserves.
A validation based on 626 locations revealed a low rate of
omission errors (see Poulin et al., 2002). Moreover, ordinations
indicated that the 13 a priori-defined habitat types explained
as much or more variation in the plant species distribution
and vegetation structure than 15 commonly measured envi-
ronmental variables describing shading, hydrological condi-
tions and water chemistry (Poulin et al., 2002).

2.3.  Selecting reserve networks

2.3.1. Data pre-processing

Small river wetlands are likely to be mistakenly classified as
peatlands when analyzing remote sensing data. We therefore
eliminated peatlands <10 ha from the original peatland sys-
tem. When selecting reserve networks, we considered the
peatlands as the planning units and the 13 different habitats

(Table 1) as the target features to be represented in the reserve
networks. We use the term site as an equivalent to peatland
and the term patch when referring to a continuous extent of
the same habitat type within a peatland (Fig. 2). In order to
assess the effects of within-site habitat configuration, we
applied the selection methods to different versions of the
original dataset. We used five habitat-clustering thresholds that
filtered the habitats patches that were present within sites.
The thresholds set the smallest patch size for each of the 13
habitats in order for them to be contributing to the site-selec-
tion process. Therefore, at different thresholds, the eligible
peatlands were different and so was their contribution to
the total amount of preserved habitat, for each habitat type,
in the reserve networks (Fig. 2). Because some habitats are
more interspersed than others in nature we opted for keeping
the current natural distribution among all habitat types when
setting clustering thresholds. The five habitat-clustering
thresholds were set according to different percentiles (from
25th to 95th) of the patch size distribution in the original peat-
land system (Table 2). For instance, when considering the
75th percentile threshold, the minimum patch size varied
from 6 to 26 pixels, depending on the habitat (Table 2). Note
that the 25th percentile threshold corresponds to the situa-
tion of no clustering (single pixels) for all habitats. By using
clustering-thresholds, our intention was to quantify the
effects of considering only significant (i.e., large) patches of
habitats. These significant patches could correspond to what
area-dependent species would actually consider as habitat to
breed or forage. Other patches would be too small to be used
by these species. We did not consider that landscape supple-
mentation or complementation (sensu Dunning et al., 1992)
could occur within peatlands as there is very few empirical
data on these phenomenon. Otherwise, we would have been
obligated to rely on purely speculative relationships of habitat
equivalence.

We define the Clustered_Area;; of a particular habitat j with-
in a given peatland i as the number of pixels in patches of the
same size or larger than the clustering threshold for that hab-
itat (i.e., Threshold;; see Fig. 2 for an example). Table 3 presents
the total area of each habitat as well as their effective area
after considering each of the five habitat-clustering thresh-
olds (i.e., the sum of Clustered_Area across all peatlands for
each habitat).

We chose nine representation targets varying between 1%
and 50% of the regional extent of each of the 13 habitats. We
use the expression representation target to refer to the conser-
vation goal, in our case to the proportion of each habitat that
should be included in the selected reserve networks. By
using the same proportional representation target for all
habitats, we could assess the independent effect of using
different thresholds on reserve network design (Table 3).
Hence, we calculated the target area of each habitat to in-
clude in selected networks before filtering below-threshold
patches. When the total availability of the summed Clus-
tered_Area;; across sites for a given habitat was smaller than
its required representation target, all the sites containing
patches equal or larger than Threshold; were selected. This
happened for the two habitats characterized by pools.
Indeed, 45% was the maximal representation target that
could be reached for H13 under the 90th clustering threshold
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Fig. 1 - Study area with peatland polygons (in yellow) resulting from the mask procedure applied to a Landsat 7/ETM+ scene
from 1999 (see Poulin et al., 2002). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

constraint, whereas 40% and 33% were the maximal targets
for H12 and H13 under the 95th clustering threshold con-
straint, respectively.

2.3.2. Reserve-selection algorithm
The selection of a network of peatlands was approached as a
minimum-set problem with proportional representation tar-
gets (Camm et al., 1996; Pressey et al., 1997). All peatlands
were treated as being of equal cost and so the optimization
problem was applied to the number of peatlands. Therefore,
the site-selection algorithm determined: what is the mini-
mum number of peatlands required to represent x% of the
area of each habitat type.

We used a common stepwise algorithm (Aradjo and
Williams, 2000; Williams and Araujo, 2000). First, the algo-

rithm identifies the habitats for which the effective area (Clus-
tered_Area;; summed across sites) is smaller than the targeted
area. All peatlands with patches equal or larger than indi-
cated by the threshold are then selected. For the remaining
habitats, the algorithm evaluates how much each peatland
contributes in filling the gap between the current representa-
tion of all habitats and their target. The peatland that contrib-
utes the most across all habitats is then selected. This process
is repeated until all habitats had reached their representation
target.

When ties occurred among peatlands, the algorithm
chose one at random. We added checks that excluded
redundant sites in order to improve the efficiency of the
algorithm (Pressey et al., 1997). Twenty replicates were run
for each combination of habitat-clustering threshold and
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Table 1 - The 13 habitat classes defined a priori and classified from a 1999 Landsat 7/ETM+ scene

Habitat number Habitat code Description
H1 SprFor Spruce forest with open canopy

H2 Eric Ericaceous shrubs

H3 Herb Herbs (including both forbs and sedges other than tall Carex)
H4 TSedge Tall sedges

H5 Spr Spruce thickets

H6 EriSpr Ericaceous shrubs with spruce thickets
H7 HerSpr Herbs with spruce thickets

H8 LarEri Larch with ericaceous shrubs

H9 EriLar Ericaceous shrubs with larch

H10 LarHer Larch with herbs

H11 HerLar Herbs with larch

H12 SprPool Spruce thickets with pools

H13 LawnPool Lawn with pools

The rank of a specific vegetation stratum within a habitat type determines its dominance. For example, larches are dominant in habitat 8 but
are more scattered in habitat 9; the density of the tree cover represents the main difference between the two habitat types. A more detailed
description is given in Poulin et al. (2002).

Peatland 1

Peatland 2

H1
H2
H3
H4
H5

HOODO M

Patches of H1 in Patches of H1 in
Peatland 1 Peatland 2

Habitat-clustering Patch size Contribution of Contribution of
threshold for H1 Peatland 1 Peatland 2
(percentiles) (pixels) (pixels) (pixels)
25™ 1 19 21
50" 2 18 18
75" 4 18 0
90™ 12 12 0
95" 23 0 0

Fig. 2 - Example showing the contribution of two hypothetical peatlands to the representation target of habitat H1 under the
five habitat-clustering thresholds (i.e., 25th, 50th, 75th, 90th, 95th; see Table 2). Pixels occurring in patches smaller than the
threshold do not contribute to the area preserved for that particular habitat. The column entitled “Patch size for H1” indicates
the minimal number of pixels for a patch of H1 to be considered in the peatland selection process. The two right columns
indicate the contribution of each hypothetical peatland to the representation target of H1. At high clustering thresholds,
Peatland 1 contributes more to the representation target due to the occurrence of larger patches of H1.
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Table 2 - Habitat-clustering thresholds for each of the 13 habitat types used in the site-selection process

Percentile H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 H12 H13
25th 1 1 1 1 1 1 1 1 1 1 1 1 1
50th 2 2 2 1 1 1 1 2 1 1 1 2 1
75th 4 5 6 3 3 3 3 7 4 2 3 4 3
90th 12 26 25 11 11 10 13 26 15 6 8 12 7
95th 23 80 63 28 26 26 31 75 35 11 19 28 9

Peatlands having patches smaller than these thresholds for a particular habitat do not contribute to its representation target. The percentiles
were derived from the patch size distribution among all peatlands >10 ha of the study area. For example, 90% of patches of habitat 8 (H8) were
<26 pixels. For all habitat types, 50% of all patches, were <2 pixels (pixel size = 0.09 ha).

representation target. The best replicates (networks with the
smallest number of sites) were selected.

Although reserve networks resulting from this type of
algorithm are not optimal (Underhill, 1994; Pressey et al.,
1996; Csuti et al., 1997; Onal, 2003), we opted for such an algo-
rithm since the aim of the paper was not to discuss the effi-
ciency of the algorithm but to assess the role of taking
within-site habitat configuration into account. Constraints
such as the time required to process large spatially explicit
datasets and the problem of dealing with quantitative repre-
sentation targets also dictated our choice.

2.4.  Evaluating reserve networks

We evaluated the reserve networks based on their representa-
tion efficiency (sensu Pressey and Nicholls, 1989b) and the
predicted occupancy of the Palm Warbler. The representation
efficiency of a network was assessed in terms of its require-
ments in total area and number of sites to reach a given rep-
resentation target for a certain habitat-clustering threshold.
The incidence of the Palm Warbler was summarized using
(1) the mean probability of occurrence across the selected
peatlands, and (2) the expected number of sites in which

the warbler should occur (i.e., mean probability of occur-
rence x number of sites in the network; see below).

2.5.  Predicting Palm Warbler occurrence

We built a logistic regression model to predict the probability
of occurrence of the Palm Warbler within the peatlands se-
lected to be part of the reserve networks. The presence/ab-
sence data used for the regression originated from Calmé
and Desrochers (2000), whereas the explanatory variables
were derived from the classified satellite image. The presence
of the warbler was determined in 61 peatlands between 4 June
and 14 July 1995, during the breeding season, using both line
transects and fixed-radius point counts (see Calmé and Des-
rochers, 2000 for details). We considered as main explanatory
variables: (1) the area of the peatland, (2) the area of prime
breeding habitats for the Palm Warbler within 5km of the
focal peatland centroid minus the area of prime breeding
habitats found within the focal peatland, (3) the area of prime
breeding habitats for the Palm Warbler within 10 km of the
focal peatland centroid minus the area of prime breeding
habitats found within 5km of the focal peatland centroid,
and (4) the mean patch size of prime breeding habitats within

Table 3 - Amount of peatland habitats available to the site-selection process under the five habitat-clustering thresholds

Habitat Total area (ha) Sum of Clustered_Area (ha) across all peatlands for each habitat® Area under 10%
25th 50th 75th 90th 95th representation target (ha)
H1 1307 1307 1215 1107 892 723 131
H2 3050 3050 2978 2872 2607 2241 305
H3 647 647 626 594 509 432 65
H4 1096 1096 1096 988 874 767 110
H5 899 899 899 825 745 673 90
Hé6 1679 1679 1679 1526 1357 1220 168
H7 736 736 736 689 624 571 74
H8 3723 3723 3629 3329 2842 2295 372
H9 793 793 793 690 585 477 79
H10 793 793 793 667 494 413 79
H11 1318 1318 1318 1130 976 849 132
H12 74 74 69 58 43 30 7
H13 23 23 23 16 11 8 2

Total area represent the area covered by each habitat type among all peatlands >10 ha in the region under study. Clustered_Area is the area
covered by each habitat type found in patches that met the habitat-clustering thresholds (see Table 2). The area to preserve for each habitat
type under an hypothetical target of 10% is shown in the last column. Note that the latter is calculated based on the total area.

a Effective area after considering the clustering threshold.
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the focal peatland. To determine prime breeding habitats for
the Palm Warbler, we showed a random series of 175 pictures
of all 13 habitat types used in the classification procedure to
an expert (i.e., A. Desrochers) and asked the latter whether
the warbler would occur or not in the habitat depicted. Habi-
tats were designated as prime breeding habitat when >80% of
the pictures of each habitat type were classified as warbler
habitat by the expert. Prime breeding habitats included HS5,
H9, H10, and H12; see Table 1. We consider that variables (2)
and (3) indicate the level of isolation of a focal peatland.
The logistic regression model used to predict the probabil-
ity of occurrence of the Palm Warbler was chosen based on an
information-theoretic approach (Burnham and Anderson,
2002). First, we selected a set of eight candidate models for
which we had a biological rationale (Table 4). We then calcu-
lated the second-order Akaike criterion index (AIC.) for each
of the candidate models. The model with the lowest AIC. is
considered to be the model that approximates best the infor-
mation contained in the data, relative to the other candidate
models and given a trade off between bias and variance
(Burnham and Anderson, 2002). Using the AIC. values, we cal-
culated the Akaike weight (w) of each candidate model (Table
4). These weights indicate the likelihood of the models given
the data (Burnham and Anderson, 2002). The best model iden-
tified based on these measures was model 3 in Table 4.
According to this model, the Palm Warbler occurrence was
best predicted by the area of the peatland and the amount
of prime breeding habitats within 5 and 10 km from that peat-
land (see Table 4 for more details). As recommended when the
objective is prediction, we calculated model-averaged param-
eters and their unconditional standard errors based on the
Akaike weights for each of the variables appearing in the ini-
tial set of candidate models (Burnham and Anderson, 2002,
pp. 150-164). The predictions based on such model-averaged
estimates are typically more robust than when based on a
single, best model (Burnham and Anderson, 2002). The regres-

sions were fitted using the GENMOD procedure of SAS 8.01,
with a logit link function and binomial errors (SAS Institute,
1993). The proportion of the peatland covered while searching
for the warbler (log-transformed) was used as an offset vari-
able in the model to control for its effect on the likelihood
of detecting the warbler. We performed the model selection
after checking that the global model (i.e., #8 in Table 4, Nage-
lkerke R?=0.35) fitted the data properly using the Hosmer—
Lemeshow goodness-of-fit test.

3. Results
3.1. Representation efficiency of the reserve networks

The total area of the selected reserve networks increased rela-
tively linearly with the representation target (Fig. 3(a)). On the
other hand, the number of sites in the selected networks in-
creased at an increasing rate with the representation target
(Fig. 3(b)). This was due to the availability of peatlands that
could be selected. Indeed, 52% of the 629 peatlands were <10
ha, while 21% ranged 10-20 ha, and 20% ranged 20-100 ha. Only
27 (4%) peatlands covered 100-200 ha, and a mere 15 (2%) were
>200 ha; the largest peatland being 756 ha. Since large peat-
lands tended to be selected first to minimize the number of
sites to preserve, increasing the representation target required
the inclusion of numerous smaller sites in the networks. Thisis
also reflected in the mean area of sites within selected net-
works, which first increased from 331 to 418 ha (averaged
across habitat-clustering thresholds) as the representation tar-
get went from 1% to 2%, but decreased from 368 to 126 ha as the
representation target increased to 50% (Fig. 3(c)).

When forcing the algorithm to include peatlands showing
increasingly larger patches of habitats, larger reserve networks
(both in terms of area and number of sites) were needed to
achieve the same representation target (Fig. 3(a) and (b)). This
effect was stronger at large representation targets, especially

Table 4 - Logistic regression models (n = 61) used to predict the probability of occurrence of the Palm Warbler within

peatlands of the reserve networks

Model? Deviance df AICP A; w;
1. AREA ISOL5KM ISOL10KM 25.6 57 34.3 6.2 0.02
2. AREA ISOL5KM ISOL10KM ISOL5KM*ISOL10KM 23.7 56 34.8 6.7 0.02
3. AREA ISOL5KM ISOL10KM AREA*ISOL5KM ISOL5KM*ISOL10KM 14.6 55 28.1 0.0 0.51
4. AREA MPS ISOL5KM ISOL10KM 25.2 56 36.2 8.1 0.01
5. AREA MPS ISOL5KM ISOL10KM ISOL5KM*ISOL10KM 23.7 55 37.2 9.1 0.01
6. AREA MPS ISOL5KM ISOL10KM AREA*ISOLS5KM ISOLSKM*ISOL10KM 13.0 54 29.1 1.0 0.32
7. AREA MPS ISOL5KM ISOL10KM AREA*MPS ISOLS5KM*ISOL10KM 23.6 54 39.8 11.6 0.00
8. AREA MPS ISOLS5KM ISOL10KM AREA*MPS AREA* ISOL5KM ISOLS5KM*ISOL10KM 12.4 53 31.2 3.0 0.11

The model with the lowest AIC. is considered to be the model that approximates best the information contained in the data, relative to the
other candidate models and given a trade off between bias and variance (Burnham and Anderson, 2002). The Akaike weight (w;) indicates the

likelihood of the models given the data (Burnham and Anderson, 2002).

a Main explanatory variables include: (1) the area of the peatland (AREA), (2) the area of prime breeding habitats for the Palm Warbler within
5 km of the focal peatland centroid minus the area of prime breeding habitats found within the focal peatland (ISOL5KM), (3) the area of prime
breeding habitats for the Palm Warbler within 10 km of the focal peatland centroid minus the area of prime breeding habitats found within
5 km of the focal peatland centroid (ISOL10KM), and (4) the mean patch size of prime breeding habitats within the focal peatland (MPS). All
variables are in hectares. The proportion of the peatland covered while searching for the warbler (log-transformed) was used as an offset

variable in the model.

b Multimodel inference was based on the second-order Akaike criterion index (AIC.). 4; is equal to the AIC. of model i minus the lowest AIC. of
the set of candidate models. This quantity is then used to derive the Akaike weights (w;).
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Fig. 3 — Representation efficiency of reserve networks. The
different lines represent the five habitat-clustering
thresholds used for constraining the site-selection
algorithm (percentiles: 25th = O; 50th = @; 75th = A; 90th = H;
95th = 0O0). These thresholds refer to the minimal patch size
for a habitat type to be eligible to the selection process (see
Table 2).

when the latter were >30%. Surprisingly, increasing the habi-
tat-clustering threshold led on average to the inclusion of
smaller sites within networks, especially when the representa-
tion target was >10% (Fig. 3(c)). This trend resulted from the
fact that large patches of habitat H8 occurred mainly within
small peatlands. Indeed, when present in large peatlands, this
habitat (H8) was mostly found in small patches located at the
fringe of the sites. With larger clustering thresholds, these
small, marginal patches of H8 were filtered out and thereby

prevented the peatlands containing them to contribute to the
representation target.

3.2 Palm Warbler occurrence

According to the model-averaged parameter estimates, the
probability of occurrence of the Palm Warbler increases rap-
idly with the area of peatlands, especially when the amount
of prime breeding habitats found regionally is high, and vice
versa. This leads to the situation where the Palm Warbler is
very unlikely to be found in small (<20 ha), isolated peatlands
(see Table 5 for the parameter estimates). Interestingly, the
probability of occurrence of the Palm Warbler is expected to
increase more rapidly with the area of peatlands in sites with
small patches of prime habitats than in sites with large
patches of prime habitats. Under average conditions, the
probability of occurrence of the Palm Warbler decreases with
the mean patch size of prime habitats until the area of the
peatland reaches >50 ha, when the probability of occurrence
tends towards one independently of the size of the patches
of prime habitats.

Based on the results above, the mean probability of occur-
rence per site of the Palm Warbler was higher in scenarios
where the reserve networks were assumed to remain sur-
rounded by non-selected peatlands (Fig. 4(a)). Indeed, when
simulating that non-selected peatlands were strongly altered
or destroyed, the mean probability of occurrence per site was
severely reduced, especially at small representation targets
because of isolation effects (Fig. 4(b)). Yet, the mean probability
of occurrence per site decreased slightly at large representa-
tion targets when non-selected peatlands were kept unaltered
(Fig. 4(a)). This was caused by the necessity of including small
sites that are unlikely to be colonized by the Palm Warbler in
the networks (Fig. 3(c)). On the contrary, the mean probability
of occurrence per site increased with the representation target
when non-selected sites were considered strongly altered or
destroyed (Fig. 4(b)). In this case, the increase in regional avail-
ability of prime breeding habitats overcompensated the nega-
tive effects of including smaller sites in the networks.

Constraining the site-selection algorithm to select peat-
lands comprising larger patches of habitats also influenced
the mean probability of occurrence per site of the Palm
Warbler (Fig. 4). In scenarios where non-selected peatlands
were considered unaltered, selecting sites with larger patches
of habitats decreased the mean probability of occurrence of
the Palm Warbler at representation targets >20% (Fig. 4(a)).
This resulted from the inclusion of numerous small sites
within the networks (Fig. 3(c)). The regional availability of
prime breeding habitats around selected peatlands clearly
could not compensate for the reduction in peatland area
(Fig. 4(a)). Despite the decrease in mean probability of occur-
rence per site, selecting peatlands with larger patches of
prime habitats caused more peatlands to be included in the
networks (Fig. 3(b)), and in turn, to a greater expected number
of sites where the Palm Warbler should occur (Fig. 4(c)). This
positive effect augmented at an increasing rate with the
representation target. Finally, when the peatlands located
outside selected networks were considered strongly altered
or destroyed, selecting peatlands with larger patches of habi-
tats also had a beneficial effect on the number of expected
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Table 5 - Range of the main explanatory variables and parameter estimates of the logistic regression model (n = 61) used to

predict the probability of occurrence of the Palm Warbler within peatlands of the reserve networks

Variable® Minimum (ha) Maximum (ha) Parameter estimates® SE€

Intercept - - —7.5366 2.5522
AREA 5.9 756.0 —0.0085 0.0420
MPS 0.0 4.3 —2.4694 2.3940
ISOL5KM 0.1 269.3 0.0178 0.0652
ISOL10KM 0.8 328.1 0.0657 0.0375
AREA*MPS = = 0.0170 0.0266
AREA*ISOL5KM = = 0.0072 0.0050
ISOLSKM*ISOL10KM - - -0.0018 0.0011

a Main explanatory variables include: (1) the area of the peatland (AREA), (2) the area of prime breeding habitats for the Palm Warbler within
5 km of the focal peatland centroid minus the area of prime breeding habitats found within the focal peatland (ISOL5KM), (3) the area of prime
breeding habitats for the Palm Warbler within 10 km of the focal peatland centroid minus the area of prime breeding habitats found within
5 km of the focal peatland centroid (ISOL10KM), and (4) the mean patch size of prime breeding habitats within the focal peatland (MPS). All
variables are in hectares. The proportion of the peatland covered while searching for the warbler (log-transformed) was used as an offset
variable in the model.

b Model averaged parameters calculated according to Eq. (4.1) (Burnham and Anderson, 2002, p. 150).
¢ Unconditional standard errors calculated according to Eq. (4.9) (Burnham and Anderson, 2002, p. 162).
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Fig. 4 - Incidence (mean P; = mean probability of occurrence per site) and expected number of populations of the Palm Warbler
in reserve networks. These were contrasted under the situations where the non-selected sites were either considered
unaltered or destroyed. The different lines represent the five habitat-clustering thresholds used for constraining the
site-selection algorithm (percentiles: 25th = O; 50th = @; 75th = A; 90th = W; 95th = [J). These thresholds refer to the minimal
patch size for a habitat type to be eligible to the selection process (see Table 2).



64 BIOLOGICAL CONSERVATION 128 (2006) 55-66

populations (Fig. 4(d)). Indeed, a greater number of peatlands
ensured a certain regional availability of prime breeding
habitats across the networks. This beneficial effect was, how-
ever, less important than in unaltered landscapes, especially
at representation targets <30% where the number of peat-
lands with Palm Warblers remained very low (Fig. 4(c) and (d)).

4, Discussion

This study has brought some significant insights on the
importance of considering within-site habitat configuration
when selecting reserve networks. Forcing a reserve-selection
algorithm that minimized the number of sites to preserve to
choose peatlands with habitats clumped into larger patches,
led to larger networks both in terms of total area and total
number of sites. This trend was driven by the larger extent
of each habitat type that was not eligible to the reserve selec-
tion process. More sites, and thus more area, were then
needed to reach a given representation target for each type
of habitat. This increase in the number of sites and total area
of networks was more severe at high representation targets.
One could have expected that habitat patch size would be cor-
related with peatland area, a relation that would have forced
the algorithm to select larger peatlands when larger habitat-
clustering thresholds were targeted for each habitat type. This
was not the case as the mean area of peatlands was lower for
higher thresholds when the representation target was >10%;
a result caused by the lack of large peatlands and the fact that
large patches of some habitat types mostly occurred in small
peatlands. These trends resulted from the site-specific char-
acteristics of the peatland archipelago under study and are
thus likely to be different for other systems or regions.

In order to evaluate the benefits of taking within-site hab-
itat configuration into account, we also assessed its potential
influence on the incidence of an area and isolation-sensitive,
peatland bird species within the selected reserve networks. At
high representation targets, increasing the habitat-clustering
threshold decreased the mean probability of occurrence per
site of the Palm Warbler through the selection of smaller sites.
As large patches of certain habitat types only occurred in
small peatlands, more sites had to be included in the net-
works to reach a given representation target. This increase
in the number of sites limited isolation effects and also led
to a greater number of sites in which the Palm Warbler was
likely to occur. Imposing habitat-clustering thresholds can
therefore influence the incidence of species via their conse-
quence on the physical attributes of the selected reserve net-
works — including the area, isolation level, and the number of
selected sites composing the network.

Another highlight of our study concerns the role of non-
selected sites for the occurrence of species within reserve
networks. Non-selected sites contribute to the regional avai-
lability of habitats where individuals can take refuge or from
where individuals can colonize already protected sites (Hanski,
1999; Cabeza and Moilanen, 2001). Depending on the spatial
distribution of sites, non-selected sites are likely to be particu-
larly determinant for isolation-sensitive species such as the
Palm Warbler. We found that the mean probability of occur-
rence per site of this species was higher in scenarios where
we assumed that non-selected peatlands remained unaltered.

Accordingly, the impact of considering non-selected peat-
lands as being altered or destroyed lessened when represen-
tation targets were raised. Indeed, even if small sites had to
be incorporated into the reserve networks at high representa-
tion targets, the selected sites contributed to the regional
availability of peatland and promoted Palm Warbler occur-
rences. Our findings are consistent with the results of a spa-
tially explicit, simulation study by Cabeza and Moilanen
(2003). These authors showed that the populations of a large
array of fictive species within selected networks survive longer
when un-selected sites remained unaltered through time.

We emphasize again that we did not aim at identifying the
reserve network most likely to ensure the long-term persis-
tence of the Palm Warbler within our study area. We rather
sought to investigate the consequences of considering with-
in-site habitat configuration when selecting reserve networks
representative of all peatland habitats and their associated
biodiversity. We were hence interested to explore the influ-
ence of within-site habitat configuration on the physical char-
acteristics of the networks, as well as on the probability of
occurrence of a bird that is strictly associated to peatland
habitats within our study area. Finding the ‘best’ network
for a given species requires a focus on its preferred habitats
and the use of an optimization process leading to the network
with the highest likelihood of long-term persistence as estab-
lished by an habitat or a (meta)population model (see Araijo
and Williams, 2000; Moilanen and Cabeza, 2002). Although
such an approach should be advocated, especially if applied
to established umbrella species (Roberge and Angelstam,
2004), it remains that the data necessary to use it are difficult
to obtain and thus rarely available.

Our study stresses the importance of knowing how the
site-specific characteristics of potential reserves (e.g., area,
isolation, mean patch size of targeted habitats, targeted hab-
itat diversity) are intercorrelated as changing the value of one
reserve-selection constraint can lead to unexpected, and
potentially negative, outcomes. Indeed, imposing a habitat-
clustering threshold can not only affect the persistence of
species that depend on a certain type of within-site habitat
configuration, but also the species for which within-site con-
figuration may be unimportant. For instance, the statistical
model used to predict the occurrence of the Palm Warbler
did not contain variables directly linked to within-site config-
uration. Yet the incidence of this species within the reserve
networks was strongly affected by the habitat-clustering
thresholds imposed on the reserve-selection process. Our
assessment of the impact of within-site habitat configuration
on both the physical and the functional attributes of reserve
networks was nevertheless limited by the lack of knowledge
regarding how and which within-site configuration factors
affect the incidence or abundance of peatland plants and
animals. We believe that more quantitative work will have
to be conducted on processes such as landscape/habitat com-
plementation and supplementation (sensu Dunning et al,,
1992) before general principles or guidelines be established
for designing reserve networks. Once such information will
be available, it will also be easier to identify meaningful with-
in-site patches of habitat that contribute to the representa-
tion target using geographical site-selection procedures (see
Church et al.,, 2003). Meanwhile, systematic methods that
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use algorithms to identify conservation priorities should be
complemented with expert knowledge on taxonomic, ecolog-
ical, evolutionary and socio economic aspects of the conser-
vation problem at hand (Cowling et al., 2003). In our study
region for example, ornithologists have recently discovered
that peatlands are breeding habitats for the Upland Sand-
piper, Bartramia longicauda (Calmé and Haddad, 1996), a bird
species at risk in North America. This bird seems to be occur-
ring only in large peatlands that contain large open areas.
This type of expert knowledge should be incorporated at the
beginning of the decision process. Detecting the sensitivity
of particular species to habitat-clustering level and incorpo-
rating their specific needs into the selection process is an
approach that deserves more attention. And this, especially
since incorporating both land classes and species data simul-
taneously in the selection process increases only slightly the
size of reserve networks (Lombard et al., 2003).
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