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This dissertation research examined effects of habitat loss and fragmentation on the
Chucao Tapaculo (Scelorchilus rubecula), an understory bird endemic to South American
temperate rainforest. I experimentally tested the relative permeability of three landscape
elements to movement by the Chucao, assessed cover changes since 1961 in two
landscapes that differed in levels and duration of fragmentation, and developed
classification-tree models to predict patch occupancy in each. Based on these analyses, I
developed a set of simple criteria to distinguish habitat configurations with reasonably
high expectancy of supporting sustainable Chucao populations. Then, I applied the
criteria in three test landscapes to assess the potential for long-term persistence under a
range of landscape conditions, and tested the potential conservation benefit of
hypothetical restoration of habitat connections among isolated patches.
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Results indicated that Chucao movement was significantly constrained by open
habitat but occurred equally well through wooded corridors and shrub-dominated matrix.
Thus, corridor protection and management of vegetation in the matrix (to encourage
animal movement) may be equally viable alternatives for maintaining connectivity.
Patch occupancy patterns provide further insights into population-trajectories that may
result from ongoing fragmentation in other parts of the biome, and the sustainability
criteria were used to identify a range of landscape configurations in which persistence
was highly unlikely without conservation action, but where management to enhance
landscape connectivity could significantly increase long-term persistence.
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CHAPTER 1
INTRODUCTION
In landscapes where formerly contiguous habitat is fragmented, conservation
strategies rely on sufficient levels of movement among habitat patches to rescue small
populations from eminent extinction, or to permit recolonization once extinction has
occurred (Brown & Kodric-Brown 1977; Hanski 1998). Thus, maintenance of landscape
“connectivity” (availability of movement routes among landscape elements) has become
a major focus of conservation planning (Forman & Godron 1986; Mann & Plummer
1993; Rosenberg et al. 1997). Landscape connections may include corridors of natural
vegetation that connect larger vegetated areas (Forman & Godron 1986), or patches of
habitat types through which organisms are physically and behaviorally capable of
dispersing. However, it is not immediately clear what actions are needed to maintain
connectivity, since factors that influence animal movement are highly species-specific,
and data on movement are lacking for most species.
This dissertation examined effects of forest fragmentation on movement of the
Chucao Tapaculo (Scelorchilus rubecula), an endemic understory bird of conservation
concern in the South American temperate rainforest biome. Probability of inter-patch
movement was assessed directly, through translocation experiments, and indirectly, by
analyzing observed patterns of patch occupancy at the landscape-scale in two alternative
landscapes. Predictive patch-occupancy models and sustainability criteria were also
developed and tested in alternative landscapes. This introductory chapter provides the
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theoretical basis for the dissertation, an introduction to the study system, and an overview
of the research program.
Theoretical Background
Broad underlying hypotheses for this work include the following:
1.
2.
3.

4.

occupancy of habitat patches is influenced by immigration rates (Brown & KodricBrown 1977; Hanski 1998; Tischendorf et al. 2003)
these rates differ among patches depending on the permeability/connectivity of
intervening landscape elements (Wiens 1994; Haddad 1999a; Roland et al. 2000;
Tischendorf & Fahrig 2000; Rodríguez et al. 2001)
permeability/connectivity is influenced by individuals’ behavioral resistance to
entering and moving through particular landscape elements (Stamps et al. 1987;
Lima & Dill 1990; Sieving et al. 1996; Rail et al. 1997; St. Clair et al. 1998; Grubb
& Doherty 1999; Haddad 1999b; Rodríguez et al. 2001; Bélisle & Desrochers
2002)
resistance varies among landscape elements depending on vegetation structure and
the distance that must be crossed (Stamps et al. 1987; Machtans et al. 1996;
Desrochers & Hannon 1997; Rail et al. 1997; St. Clair et al. 1998; Grubb &
Doherty 1999; Roland et al. 2000; Ricketts 2001; Rodríguez et al. 2001; Bélisle &
Desrochers 2002; Bakker & Van Vuren 2004)
To date, conservation in fragmented landscapes has focused largely on protection

or restoration of vegetated corridors, which are thought to provide passageways for
movement among otherwise isolated patches (Forman & Godron 1986; Mann &
Plummer 1993; Fahrig & Merriam 1994; Rosenberg et al. 1997). The corridor concept
stems largely from principles of Island Biogeography Theory (IBT), pioneered by
MacArthur and Wilson (1967), which proposed a dynamic equilibrium whereby numbers
of species on islands were determined by rates of immigration and extinction. Though
originally developed in reference to oceanic islands, principles of IBT have also been
applied to “habitat islands” in fragmented terrestrial systems.
Using IBT as a foundation, a series of principles were derived for the design of
nature reserves, with the goal of maximizing numbers of species conserved (Diamond
1975). Among these was the suggestion that isolated patches (or reserves) would support
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higher numbers of species if they were connected by movement corridors, based on the
assumption that immigration is important for maintenance of species richness. The
corridor concept has been hotly debated in the conservation literature (Hobbs 1992;
Simberloff et al. 1992; Beier & Noss 1998; Haddad et al. 2000; Noss & Beier 2000;
Procheş et al. 2005), in part because corridor effects have been difficult to study using
large-scale controlled and replicated experimental designs.
Although numerous studies have shown that corridors function as movement routes
for some species (e.g., Beier 1995; Haas 1995; Sutcliffe & Thomas 1996; Aars & Ims
1999; Brooker et al. 1999; Sieving et al. 2000; Berggren et al. 2002; Haddad et al. 2003;
Levey et al. 2005a), other studies show ambiguous results (Gustafsson & Hansson 1997;
Rosenberg et al. 1997; Niemelä 2001). Further, potential negative consequences of
corridors have been suggested. Of particular concern are indirect effects on species
competition and predator-prey interactions, enhanced spread of invasive species, and the
opportunity costs associated with corridor establishment, which may preclude other
conservation approaches (Hobbs 1992; Rosenberg et al. 1997; Simberloff et al. 1992;
Niemelä 2001; Tewksbury et al. 2002; Orrock & Damschen 2005; Procheş et al. 2005).
Despite the intuitive appeal of the corridor concept, presence of a corridor between
patches may not be necessary to maintain connectivity if movement through the matrix is
high (Tischendorf & Fahrig 2000). Several authors have pointed out that, unlike islands
surrounded by water, the matrix surrounding terrestrial habitat islands may not be entirely
inhospitable to dispersing organisms (Forman & Godron 1986; Wiens 1994; Roland et al.
2000; Ricketts 2001). In reality, the matrix likely functions as a “selective filter,”
allowing movement of some species but inhibiting others (Kozakiewicz 1993).
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Furthermore, the matrix itself is heterogeneous, and various habitat components within
the matrix will be differentially permeable in a species-specific manner. Therefore, the
critical question regarding corridor efficacy in this regard, as defined by Harris and
Scheck (1991), is whether a system of habitat fragments will function better for long-term
conservation with corridor connections than without. Answering this question will
require documentation of behavioral responses to both corridors and habitat types that
dominate the landscape matrix. Given the difficulty and considerable expense of creating
and restoring corridor networks, more work is needed to determine the circumstances
under which corridors are appropriate for meeting conservation needs. In many cases, it
may be more feasible to improve connectivity through management of vegetation in the
matrix to encourage animal movement, rather than reconnecting patches with corridors
(Franklin 1993; Bowne et al. 1999; Vandermeer & Carvajal 2001).
For some forest birds, open matrix may function as a barrier (Sieving et al. 1996;
Desrochers & Hannon 1997; Rail et al. 1997; St. Clair et al. 1998; Grubb & Doherty
1999; Rodríguez et al. 2001; Bélisle & Desrochers 2002) due to increased risk of
predation (Lima & Dill 1990; Suhonen 1993; Rodríguez et al. 2001), limitation on the
distance at which individuals perceive other forest patches across the matrix (Lima &
Zollner 1996), or lack of necessary resources outside forested areas. Nonetheless, if
conditions permit movement without unacceptable risk or energetic costs, it is possible
that many forest species will disperse through partially vegetated or otherwise suboptimal matrix habitat types. Since the conditions that permit movement by forest
species are currently unknown, information on movement behavior would greatly
advance our capacity to manage landscapes for conservation (Turchin 1998).
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Study System
South American temperate rainforest is a global hotspot for ecosystem destruction
that threatens endemic species (Glade 1988; Collar et al. 1992; Balmford & Long 1994).
At present, 45% of the original forest cover has been lost, and pressures driving
deforestation are stronger than ever. Study areas used for this research included three
fragmented agricultural landscapes in south-central Chile. One study site was located on
northern Chiloé Island, near Ancud (41o55’ S, 73o35’ W), one was located on the
mainland near Puerto Montt (41o28’ S, 73o00’ W), and the other was located on the
mainland near Osorno (40o35’ S, 73o05’ W). On Chiloé, large-scale forest fragmentation
occurred relatively recently (within the last 50 – 100 years; Willson & Armesto 1996),
and the landscape is now dominated by small-scale subsistence farming. Chiloé appears
relatively well connected in that most forest fragments are linked by corridors or isolated
by ≤ 100 m of non-forest habitat. The Osorno study area, in contrast, has both a greater
extent and longer history (100-150 years) of human-induced disturbance (Smith-Ramirez
unpublished data), and was dominated by large-scale intensive agriculture throughout
much of the last century. The Puerto Montt study area is intermediate between the
previous two.
In South American temperate rainforest, bird species of the family Rhinocryptidae
(commonly known as tapaculos) are among the most sensitive to forest fragmentation
(Willson et al. 1994). These include the Chucao Tapaculo, Black-throated Huet-huet
(Pteroptochos tarnii), Ochre-flanked Tapaculo (Eugralla paradoxa), and Magellanic
Tapaculo (Scytalopus m. magellanicus). All are understory insectivores that forage
primarily on the forest floor, and are rarely observed outside forest habitat. Their
sensitivity to fragmentation is most likely due to poor flying ability, coupled with
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behavioral resistance to entering open habitat (Sieving et al. 1996). This sensitivity
makes tapaculos good candidates as focal species to represent the habitat connectivity
component of landscape design because landscapes that provide functional connectivity
for tapaculos would probably meet the movement requirements of most forest
vertebrates.
Previous research provided strong evidence that landscape connectivity is enhanced
for tapaculos by availability of wooded corridors. Using tape-recorded calls to elicit
territorial responses, Sieving et al. (2000) showed that tapaculos could be induced to
enter and move 100-200 m in narrow (< 25 m) wooded corridors embedded within a
matrix of open habitats such as pasture. Understory vegetation density was the dominant
predictor of corridor use by all four species, and corridors with small streams and steep
banks were favored by Chucao Tapaculos. For all tapaculos, barriers to movement
appear largely due to behavioral responses to differences in habitat structure that
influence birds’ propensity to travel through various matrix types. For many bird species,
escape from attacking predators requires a quick dash into vegetative cover, which may
provide a physical or visual impediment to predators. Numerous studies have shown that
bird species reliant on escape cover for predator avoidance are reluctant to venture far
from vegetation (Lima & Dill 1990; Todd & Cowie 1990; Rodríguez et al. 2001).
Species such as tapaculos that are poor flyers and cannot use sudden flight or other aerial
escape tactics may be particularly reliant on vegetative cover to avoid predators. For
tapaculos, aerial predators are a serious threat in open habitats where attacks have been
observed (Sieving et al. 2000) and this is probably an important factor influencing
movement decisions.
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The Chucao Tapaculo was identified as the best subject for intensive research
because they are locally abundant, more easily captured than other tapaculos, and not
currently threatened with extinction. The Chucao is a mid-sized tapaculo (40 g) that
rarely flies more than a few meters when flushed, and usually nests in cavities 1-4 m off
the ground in trees, stumps, logs, or earthen banks. Like other tapaculos, Chucaos are
strongly associated with understory vegetation (Johnson 1965, 1967; Ried et al. 2004),
and are reluctant to enter open habitat (Sieving et al. 1996).
Several lines of research on Chucaos point to dispersal limitation as a leading cause
of regional declines. Chucao reproductive success is relatively high in forest fragments,
with 63 % of pairs fledging at least one young per clutch and of producing two or three
clutches per season (De Santo et al. 2002). Nestling growth is similar in fragments and
continuous forest, suggesting that fragmentation does not limit food resources (e.g.,
Thessing 2000), and there are no documented edge-related effects on nest fate, nestling
growth, or early juvenile survival (De Santo et al. 2002). Nest site limitation is indicated
by reuse of sites in forest fragments. However, Chucaos nest in a wide variety of cavities
or semi-enclosed niches, and sometimes build domed or open-cup nests on the ground or
in small trees, so it is unlikely they are significantly constrained by nest site limitation
(Willson 2004).
In patches isolated by open habitat, probability of “apparent” natal emigration (i.e.,
disappearance of banded juveniles from the natal patch) was lower than in connected
patches. In isolated patches, 21 % of individuals banded as nestlings were sighted in
their natal patches the following year, compared to 3 % in connected patches. This
pattern would be expected if a higher proportion of juveniles were constrained from
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leaving natal patches surrounded by open matrix, compared to those in natal patches
connected by corridors. Further, pairing success declines in isolated patches, indicated
by a preponderance of unmated males (18 %) in isolated patches, compared to 1 % in
connected patches (Willson 2004); a finding common among fragmentation sensitive
species (e.g., Villard et al. 1993). This presumably occurs because juvenile females
(normally the most dispersive sex in birds; Greenwood 1982) leave their natal patches
(perhaps to avoid inbreeding), while patch isolation reduces the flow of immigrating
females back into the patches.
This research indicates that that fragmentation-sensitivity for the species is caused
not by reproductive failure but, rather, by lack of access to breeding sites located in
impermeable portions of the landscape mosaic. However, strong inference requires a
direct test of the proposed mechanism that movement constraint reduces immigration into
isolated patches. This dissertation research critically tested hypotheses related to Chucao
movement through various matrix components and provided evidence for populationlevel effects of constrained movement. The research targeted specific holes in
knowledge regarding Chucaos’ behavioral responses to commonly occurring components
of actual landscapes where the conservation efforts will be focused, and provides
urgently needed information for conservation planning.
Research Overview
The goal of this dissertation was to identify factors enhancing/impeding landscape
connectivity for the Chucao Tapaculo and to assess potential for long term persistence in
landscapes that differ in habitat area and configurations. Phase I was a translocation
experiment designed to directly test hypotheses regarding habitat permeability. Phase II
included landscape-scale surveys of patch occupancy in two landscapes that differed in
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level and history of forest fragmentation, and development of predictive patch occupancy
models. In Phase III, I developed a set of landscape criteria for identifying patch
configurations with reasonably high potential for supporting sustainable Chucao
populations; then I applied these criteria in test landscapes to assess their conservation
status and the potential benefits of conservation action to enhance landscape connectivity.
Strengths of the research design include the following: (1) it addressed movement in
wooded corridors and common matrix habitat types; (2) behavioral responses to varied
landscape structure were tested directly through translocation experiments; (3) the subject
was a fragmentation sensitive vertebrate species; and (4) tests were conducted at
spatialscales appropriate to the subject’s vagility and relevant conservation questions; and
(5) generality of predictive patch models was tested in alternative landscapes differing
characteristics and histories.
Phase I, presented in chapter 2, was a translocation experiment to directly test
permeability of wooded corridors and two common matrix habitat-types (shrub fields and
pastures). The a priori expectation was that vegetated-corridors and dense secondary
vegetation in the matrix would encourage Chucao movement. Thus, I predicted that
translocated individuals would disperse more quickly from release patches that adjoined
forest corridors, or were embedded in vegetated matrix, compared to patches surrounded
by pasture.
The objective of Phase II, presented in chapter 3, was to analyze patch occupancy
patterns in two landscapes that differed in level and duration of fragmentation and to
develop models for predicting fragmentation effects in landscapes at different stages of
the deforestation process. Although previous studies indicated that Chucaos are reluctant
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to enter certain habitat types (Sieving et al. 1996), it was not clear how significant these
potential barriers to movement might be for long-term persistence at a regional scale.
Within the complexes of forest patches in the two landscapes, absence of Chucaos from a
given patch was considered indicative of patch characteristics that limit long-term
population viability, and characteristics of the surrounding matrix that impede
immigration/recolonization.
In Phase III, presented in chapter 4, I developed a set of criteria to identify patch
configurations wherein Chucao populations would have a relatively high expectancy of
long term sustainability. I then applied the criteria in 100 km2 study areas from three test
landscapes at differing levels of fragmentation. Based on this analysis, I was able to
differentiate among landscape configurations in which persistence was likely without
conservation intervention, conditions where extinction was probable regardless of efforts
to enhance connectivity, and conditions where restoration of connectivity could
significantly increase the potential for long term regional persistence. Chapter 5 provides
an integrated summary of results from the three research phases. This research provides
urgently needed data for conservation decision-making in fragmented South American
temperate rainforest, and addresses the important issue of differential permeability of
matrix habitats, which has been largely ignored in fragmentation research.

CHAPTER 2
AN EXPERIMENTAL TEST OF MATRIX PERMEABILITY AND CORRIDOR USE
Introduction
To offset effects of habitat fragmentation, maintenance of landscape connectivity
has become a major focus of conservation planning, and provision of movement corridors
is currently a favored approach (e.g., Desrochers & Hannon 1997; Haddad 1999a;
Berggren et al. 2002). However, research has largely ignored the degree to which
animals move through the matrix of non-preferred habitat (Beier & Noss 1998; Ricketts
2001; Hudgens & Haddad 2003). For many species, the matrix constitutes unsuitable and
potentially “hostile” habitat (Arendt 2004), but it is rarely a complete barrier to
movement. In some cases, movement through the matrix may be sufficient for
immigration to offset extinction of local (sub-)populations (Witt & Huntly 2001;
Hudgens & Haddad 2003), and distinct habitat types within the matrix (defined by
vegetative and other structural features) may be differentially permeable to a variety of
species (Ricketts 2001; Ries & Debinski 2001; Rodríguez et al. 2001). Understanding
how habitat structure in the matrix influences permeability to animal movement is
essential to managing complex landscapes for conservation (Turchin 1998; Ricketts
2001; Vandermeer & Carvajal 2001).
Experimental methods are the most efficient means for identifying causal
mechanisms, but most experimental studies addressing animal movement have used
invertebrate subjects, often in highly artificial experimental landscapes (e.g., Berggren et
al. 2002; Hein et al. 2003). To date, experimental methods applied to vertebrate subjects
11
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include use of tape-recorded songs to provide a stimulus for forest birds to enter wooded
corridors or cross open habitat gaps (e.g., Sieving et al. 1996; St. Clair et al. 1998; Bélisle
& Desrochers 2002), and translocation of small mammals and birds to assess gap
crossing decisions (Bright 1998; Bowman & Fahrig 2002) and movement paths in the
context of homing behavior (Bright 1998; Bélisle & St. Clair 2001; Bakker & Van Vuren
2004). Translocation has also been used to assess migration rates among patches with
and without corridors, relative to a single high-contrast matrix type (Bowne et al. 1999),
and to assess homing time in landscapes with differing percentages of open matrix
(Bélisle et al. 2001; Gobeil & Villard 2002). From these studies we know that a variety
of forest vertebrates are clearly averse to entering open habitat, that wooded corridors
likely facilitate movement for some species, and that homing behavior may be impeded
in landscapes dominated by open matrix.
Although these studies have contributed greatly to development of the dispersal
barriers and landscape connectivity concepts, they fail to distinguish the relative
importance of corridors versus alternative matrix types and many rely on assumptions
that hinder applicability to natural dispersal. Playback experiments, for example, can
yield detailed observations on specific movement choices, but they may have little
relevance to dispersal because movement in response to perceived territorial intruders or
predators may differ from dispersal. Similarly, homing behavior of subjects translocated
short distances misrepresent dispersal in that the landscape near a subject’s home range is
familiar, whereas dispersing individuals must respond to novel landscape mosaics and
unfamiliar risk environments (Yoder et al. 2004). In contrast, long-range homing studies
may generate excellent approximations of dispersal but often lack the level of
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observational detail to detect specific movement choices (e.g., the decision to cross an
area of matrix or detour through a corridor or alternative habitat type). Thus, direct
comparison of movement by dispersing individuals through corridors versus alternative
matrix habitats is still needed (Nicholls & Margules 1991; Inglis & Underwood 1992;
Simberloff et al. 1992).
I used radio-telemetry to monitor movements of translocated Chucao Tapaculos
(Scelorchilus rubecula) to compare the permeability of wooded corridors relative to two
common matrix habitat types (open pasture and shrubby secondary vegetation). The
experimental design avoided pitfalls associated with passive observation, including lack
of control over landscape composition and lack of detail regarding specific movement
choices. Yet empirical realism remained high because subjects were wild-caught
individuals released into very small patches (inadequate for breeding), stimulating
movements typical of birds searching for new territories (Ims 1995). Furthermore, I
translocated subjects far enough (5 – 9 km) from their capture sites to prevent homing
and eliminate bias due to previous knowledge of the landscape (Yoder et al. 2004). To
my knowledge, this is the first study to experimentally test permeability of matrix types
differing in vegetation structure relative to movement corridors using a vertebrate subject.
Methods
Study System
South American temperate rainforest occupies a narrow zone between 35°S and
55°S in Chile and western Argentina, and is considered a global hotspot for endemic
species loss (Balmford & Long 1994; Davis et al. 1997; Stattersfield 1998). Of forest
birds, endemic understory insectivores in the family Rhinocryptidae (tapaculos) are
among the most sensitive to fragmentation in the biome (Willson et al. 1994). Tapaculos
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are primarily terrestrial species that are poor flyers and strongly associated with dense
forest-understory (Reid et al. 2004). Although reluctant to enter open habitat, they will
use narrow wooded strips for movement among forest patches (Sieving et al. 1996,
2000). This sensitivity to movement habitat makes the group potentially valuable as
focal species for planning the connectivity component of landscape design, because a
landscape that provides functional connectivity for the group would probably meet the
movement requirements of many forest species.
I identified the Chucao Tapaculo as the best subject for experimentation because it
is locally abundant and is intermediate in size and vagility among the four tapaculos
(Sieving et al. 2000). Chucaos are year-round residents that are strongly territorial and
usually retain the same breeding territory year after year (De Santo et al. 2002; Willson,
unpublished data). They are very poor flyers and move by walking, hopping, and flying
short distances (no more than a few meters), usually within or near dense vegetative
cover.
The study was conducted in a fragmented agricultural landscape on northern Chiloé
Island, Chile (41o55’ S, 73o35’ W). Pastures and abandoned agricultural fields dominate
the landscape, with wooded habitat covering approximately 35% of the total study area
(approx. 300 km2). At present, many forest patches remain interconnected by linear
vegetated strips including fencerows, riparian draws, and ravines. Dominant trees
include broad-leaved evergreens and a few conifers (Nothofagus nitida [Phil.] Krasser,
Drimys winteri J. R. et G. Forster, Eucryphia cordifolia Cav., and Podocarpus nubigena
Lindl.), with understory composed principally of bamboo (Chusquea valdiviensis Phil.)
and saplings (Donoso 1993). Secondary vegetation in many abandoned agricultural
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fields is dominated by Baccharis magellanica (Lam.) Pers., a persistent shrubby invader
of poorly drained soils, with thick mats of Sphagnum spp. moss covering the ground.
Experimental Design
Subjects were captured in large forest tracts, fitted with radio transmitters and
released individually (each subject tested once) into small wooded patches at the centers
of experimental landscapes (descriptions follow). Release patches were unoccupied by
con-specifics and large enough to meet the subjects’ immediate requirements for food
and shelter, but too small (< 0.30 ha) to serve as adequate breeding territories (≥ 1 ha; De
Santo et al. 2002). This approach provided a standardized stimulus for rapid movement
from release patches, allowing direct observation of movement paths. I interpreted
delayed movement of a subject from the release patch as a measure of behavioral
resistance to entering and moving through the matrix element(s) presented.
The experimental treatments consisted of release patches that were either entirely
surrounded by open habitat, entirely surrounded by dense shrubs, or linked to other
patches by wooded corridors embedded in open matrix (Fig. 2-1), but within 150 m of at
least one suitable habitat patch. The fourth block of the experimental design, forest
patches with wooded corridors embedded in a shrub matrix, was not included because
this configuration did not exist in the study landscape. The “open” and “shrub” matrix
types consisted, respectively, of pastures and shrubby vegetation dominated by 1 to 2-mtall B. magellanica. Wooded corridors adjoining release patches in the corridor treatment
were either continuous or had breaks in the vegetation of ≤ 2 m and were otherwise
surrounded by open pasture. Each corridor was approximately 10 m wide, but margins
were not perfectly linear and some corridors narrowed or expanded within a range of 2-
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15 m at various points. Lengths of corridors (to the nearest adjoining patch) varied from
60-500 m. In general, corridor vegetation consisted of 2 to 3-m-tall native trees, with
occasional sections of lower stature vegetation, and understory dominated by saplings
and bamboo. Corridors of these dimensions were expected to function only as conduits
for movement rather than providing habitat for long-term survival or breeding (Sieving et
al. 2000).
Selection of Release Sites
Replicate release sites used in each treatment were chosen from the existing
landscape through assessment of aerial photographs and site visits. I standardized
replicates as much as possible with regard to release patch area, habitat quality, and
landscape context. Each release patch was surrounded by only one matrix type, with
similar ranges among treatments for potentially important landscape-context factors
(distance to the nearest patch large enough to support a breeding territory [≥ 1 ha],
distance to the nearest patch of any size, and the percentage of wooded habitat within a
100-m buffer). I used a total of 25 sites (8-9 replicates per treatment), with a maximum
of two trials conducted at each site. Repeated use of sites was necessary due to scarcity
of locations with appropriate characteristics. However, sites were never reused until I
was certain the previous subject was no longer present. Although release patches were
free of conspecifics, all but the most isolated patches ≥ 3 ha in the surrounding landscape
were occupied (Chapter 3).
Despite my best efforts to minimize differences among release patches, the corridor
sites available in the study landscape tended to be less disturbed than open- and shrubmatrix sites. Therefore, some release patches in the corridor treatment were slightly
larger and of better quality than in other treatments. Conversely, release patches in the
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open matrix (pasture) treatment were of lowest quality due to effects of livestock.
Because I expected the stimulus for movement to be strongest when habitat quality was
low (e.g., Buddle & Rypstra 2003), use of lower quality release patches (stimulating
quicker movement) in the open matrix treatment made my analysis conservative with
regard to the a priori expectation of longer movement delays for this group.
Capture and Handling
Chucaos were captured during the breeding seasons (2000-2002) with walk-in traps
baited with earthworms. I marked each subject with colored plastic leg bands and a small
radio transmitter (1.3-1.7 g, approximately 3-4% of adult body mass). I attached
transmitters with a skin safe epoxy (ARC 5; Composite Technology, Stonham,
Massachusetts), formulated to cure rapidly under low temperature, high humidity
conditions. The transmitters were bonded to the tops of tail feathers (rectrices), at the
base of the feathers near the quills, positioned to avoid contact with the uropygial gland.
Because Chucaos do not use long-distance flight for travel, foraging, or predator
avoidance, mounting transmitters onto tail feathers was appropriate.
I captured subjects between sunrise and 1100 hours, and held them a maximum of
2.5 hours from the time of capture to release. Each subject was transported individually
in an opaque container that prevented visual assessment of the surroundings. Prior to
release, each subject was left undisturbed inside the container (provisioned with
earthworms as food) at the release site for a period of 15 minutes to minimize the
influence of stress from handling and transport on movement behavior. Also to minimize
disturbance, the observer conducted the release from a concealed location by pulling a
long string to remove a section of the container-lid. This allowed the subject to exit in an
upward direction, preventing bias in the post-release movement path. Once the subject
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exited the container, the observer left the area as quickly and quietly as possible. To
prevent temporal bias among treatments, a release was conducted in one replicate of each
treatment prior to conducting a subsequent release in any of the previous treatments.
It was not possible to standardize for sex or age among subjects because data on
plumage characteristics are not available to readily distinguish sexes (laparoscopy was
deemed too invasive), or between older juveniles and adults. This lack of standardization
made my study conservative because juvenile and female birds are typically more
dispersive than adults and males (respectively, Greenwood & Harvey 1982; Johnson &
Gaines 1990). I was also unable to standardize among subjects that were territory holders
versus floaters at the time of capture. Nonetheless, I expect that all subjects, regardless of
their territorial status, were strongly motivated to disperse from the unsuitably small
release patches.
Radio Telemetry
Each corridor adjoining a release patch was monitored continuously (during
daylight hours) by a telemetry operator stationed in a nearby concealed location or by an
automated receiver and data-logger (models R2100 and DCC D5041; Advanced
Telemetry Systems, Isanti, Minnesota). I placed a 25-cm omni-directional antenna at the
center of each corridor (at the midpoint lengthwise) and set the telemetry reception range
to the corridor width by adjusting the receiver gain. This configuration ensured that
presence of the subject would only be recorded when it passed through the corridor. If
the subject dispersed from the release patch but was never recorded inside the telemetry
reception area, it was assumed that movement occurred through the open matrix in which
the release patch and corridor were embedded. This design was an improvement over
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many previous studies that assumed corridor use without addressing the potential for
movement through the matrix (Simberloff et al. 1992; Beier & Noss 1998).
In addition to continuous monitoring of corridors, each subject was located once
daily by an observer on foot with a hand-held receiver and directional antenna. To avoid
disturbance to subjects, the observer approached only close enough to identify the
occupied habitat patch, and then left the area. If no movement was observed over a 3-day
period, the observer approached close enough to obtain visual confirmation that the
transmitter was attached and the subject was alive. Initial movement was defined
functionally as movement from an occupied patch to any other landscape element
(usually another wooded patch, but movements into the shrub matrix were observed).
Because release patches in non-corridor treatments were each surrounded by only one
matrix type (either open habitat or shrubs), I assumed that any subject found outside the
release patch must have crossed the associated matrix, moving a distance equal to or
greater than the minimum distance to the nearest neighbor patch (not necessarily the
patch occupied at the time of observation). However, no assumptions could be made
about the actual travel path in the matrix because any number of routes could have been
followed to reach the observed location.
I used data from continuous monitoring of corridors only to document corridor use,
whereas the number of days each subject remained in the release patch was determined
based on daily telemetry surveys. This distinction was important because some subjects
made excursions into a corridor (detected via continuous monitoring) but returned to the
release patch prior to being observed outside the patch during the daily survey. Under
these circumstances, use of data from corridor monitoring to establish time to initial
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movement would have been inappropriate because non-corridor treatments were not
monitored with equal intensity, and similar exploratory movements into the matrix may
have been undetected. Therefore, use of these data would have biased time to initial
movement estimates, making it appear that movement occurred more quickly in the
corridor treatment.
Once subjects dispersed outside the experimental areas (each with only one matrix
type) I had no control over the landscape conditions they encountered, and there were
many factors I could not monitor that potentially influenced movement decisions,
including intra-specific interactions, territory vacancies, and habitat quality. Thus,
monitoring of movements outside experimental areas was entirely descriptive and
interpretation was necessarily very conservative. Given an observed movement from one
documented location to another, my qualitative analysis addressed only the following
measures: the minimum distance across the matrix the subject must have moved to reach
the new location (i.e., the minimum distance from the occupied patch to the nearestneighbor patch, making no assumptions about the actual travel path), the area of each
visited patch, the number of times each patch was visited by the same subject, and the
linear distances between observed locations. While these measures were basic, they
nonetheless provided previously unavailable anecdotal information with potential value
for conservation planning.
As constraints permitted, monitoring of each subject was continued until the
transmitter failed (≤ 30 days) or detached, or until a subject settled in a new patch for ≥ 2
weeks. On a few occasions monitoring was terminated early for subjects that dispersed
into large roadless areas where tracking was impractical. Also, some signals were
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permanently lost for unknown reasons. When this occurred, I searched intensively by
driving and walking within a search radius of several kilometers from the last known
location. Attempts were made to locate the lost subject for 3 days, then I searched
opportunistically as time permitted.
Measurement of Landscape Metrics
I used remote sensing and geographic information system (GIS) analysis to
quantify landscape metrics. Scanned panchromatic orthophotographs (1:20,000), taken
during January 1994, were georeferenced and joined to create a single digital orthophotomosaic with 2-m2 pixel resolution. I hand digitized wooded habitat cover (old growth
and secondary combined) at a minimum mapping unit of 10 m2 in ArcView 3.2 (ESRI
1999). Photo-interpretation was ground truthed extensively in the field during site visits
for telemetry monitoring, and significant changes in land-cover since acquisition of the
photographic data were corrected on the digital maps.
I plotted radio telemetry location data on the digital map and estimated movement
distances by measuring the minimum straight-line distances between daily locations for
each subject and the maximum displacement of each subject from its release patch. In
addition, I measured the orientation-angle of each subject’s movement path (from the
release patch to the last recorded location) relative to the center of its capture site.
Landscape context metrics were calculated using ArcView and FRAGSTATS version 3.3
(McGarigal et al. 2002). These included release patch area, distance to the nearest
neighbor patch (of any size and ≥ 1 ha), percentage of wooded habitat within a 100-m
buffer, and the area of each visited patch. The 100-m buffer radius was selected because
the hypothesized relationship between landscape context and a subject’s decision to
disperse presumed that the subject was capable of evaluating the surrounding landscape.
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Because I had no independent data on Chucao perceptual range (Lima & Zollner 1996), I
conducted a preliminary analysis of patch occupancy data (Chapter 3) and selected the
smaller of the two buffer distances (100 and 300 m) wherein landscape context variables
were identified as significant predictors of Chucao occupancy.
Data Analysis
The translocation experiment assessed the number of days birds remained in release
patches prior to initial movement, which was interpreted as a measure of subjects’
reluctance to disperse, and conversely, resistance of the presented landscape elements to
movement. I used Cox Regression to compare this response among treatments. Cox
regression compares survival curves (survival = time elapsed prior to occurrence of a
terminal event) among treatment groups. In this experiment, movement of a subject from
the release patch was treated as the terminal event, whereas remaining in the patch was
analogous to survival. Survival analysis was appropriate because it permitted use of
censored (i.e., incomplete) data collected on subjects that died or lost their transmitters
prior to movement. Predictor variables included the landscape treatment (corridor, open
matrix, and shrub-matrix treatments) and the set of landscape context variables described
in the previous paragraph. I included the interaction term (treatment ∗ distance to the
nearest patch ≥ 1 ha) because a more pronounced effect was expected for the open matrix
treatment, which was presumed most resistant to movement.
Model fitting was conducted using forward-stepwise likelihood-ratio estimation
(Harrell 2001). At each step of model building, I added the variable that produced the
most significant (p ≤ 0.05) change in the model chi-square (equal to the difference
between the -2 log-likelihood of the model at the previous step and the current step).
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Then, to arrive at the most parsimonious set of predictors, I independently removed
variables already in the model and calculated the change in the chi-square. If the change
was not significant (p ≥ 0.10) I removed the specified variable. This iterative process
was continued until no more variables could be added or removed. I determined
significance of differences among treatments with linear contrasts. Alternative model
building approaches (backward stepwise and single-step entry of all variables) were also
tested to ensure that conclusions were not dependent on the model selection procedure.
To assess potential loss of data independence caused by repeated use of some
release sites, I conducted a preliminary analysis of data from these sites in which site
identity was entered as a categorical factor. Because site identity was not a significant
predictor of days to initial movement, and since each individual subject was tested only
once, each trial was treated as an independent statistical unit in the final analysis. Prior to
analysis, I calculated Pearson correlation coefficients for pair-wise comparisons among
landscape variables to ensure that none were strongly correlated (i.e., r > 0.7). Finally, to
identify any potential influence of homing behavior on movement direction I assessed the
orientation angles of movement paths relative to subjects’ capture sites with a V test
(Batschelet 1981). All statistical tests were performed at a 95% confidence interval in
SPSS 11.0.1 (SPSS 2001) and Oriana 2.01c (for circular statistics; Kovach Computing
Services 2004).
Results
Forty-one Chucaos were translocated, and 558 locations were obtained during daily
telemetry surveys. Thirteen subjects were released into replicates of the corridor
treatment, and 14 subjects each were released into the open- and shrub-matrix treatments.
Of the 41 subjects, 33 (78%) dispersed successfully from release sites, including all
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subjects in the shrub-matrix treatment and 11 subjects in the corridor treatment (Table 21). Data for the two remaining subjects in the corridor treatment were censored (7-8 days
after release). Results for the open-matrix treatment were more variable. Of the 14
subjects, 7 dispersed successfully, 4 were censored (within 5-7 days), and 3 remained in
the release patch for the duration of the 30-day monitoring period.
Landscape treatment was the only significant (Wald2 = 7.55, p = 0.02) factor
predicting time to movement in the forward-stepwise Cox regression (model fit; χ22 =
8.30, p = 0.02), and treatment was consistently identified as the most important factor in
the backward (Wald2 = 8.02, p = 0.02) and full model (Wald2 = 8.47, p = 0.01) analyses.
Thus, for simplicity, only results for the forward stepwise method are discussed. Contrast
results showed that mean (± S.D.) time to initial movement was significantly longer for
subjects in the open matrix treatment (10.29 days ± 11.23, Fig. 2-2) than in the corridor
(3.38 days ± 2.93, Wald1 = 3.75, p = 0.05) and shrub matrix (2.93 days ± 4.51, Wald1 =
7.59, p = 0.01) treatments, whereas time to movement was similarly short in the latter
two treatments (Wald1 = 0.67, p = 0.41). The V test showed no clear bias in travel paths
toward the initial capture sites (u30 = 1.40, p = 0.08).
For illustrative purposes, the movement path of subject C1a is presented in Fig. 3,
and results for the remaining subjects are summarized in the following paragraphs.
Subject C1a, released at location (loc. 1), dispersed via the corridor (loc. 2) to a 0.5-ha
patch (loc. 3) the day following release. The linear distance to loc. 3 and the distance via
the corridor were approximately 90 m each. The following morning the subject returned
to the corridor (loc. 4) but was found later the same day in a 2-ha patch (loc. 5) that
adjoined the corridor. Locations 4 and 5 were 360 m apart, but the route via the corridor
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was approximately 460 m. Subsequently, the subject returned to the corridor (loc. 6) but
was found again the following day in the 2-ha patch (loc. 7), where it remained for 3
days. It made a 1-day excursion to a small (< 0.5-ha) linear patch (loc. 8), crossing a 20m open-matrix gap, and then returned to the 2-ha patch (loc. 9). Next, it was found in the
corridor (loc. 10) about 200 m from the previous location, which was a 230-m path via
the corridor route. Finally, on the tenth day, the detached transmitter was found in the
0.5-ha patch (loc. 11) that was first visited the day after release. Based on these data it
cannot be definitively concluded that the corridor was always used as a travel route
among the adjoining patches. However, the subject was never observed outside wooded
habitat and it was repeatedly detected inside the corridor during periods between
observations in patches. Therefore, I assume that the majority of movements occurred
via the corridor, although the subject made two documented moves ≥ 20 m across the
open matrix.
Eleven of the 13 subjects in the corridor treatment dispersed from the release
patches via corridor routes. One of the remaining subjects (C4b) moved partially down
the corridor, within range of the receiver, then took a shortcut across the open matrix to
reach the second patch. The minimum distance of the shortcut was approximately 50 m,
whereas the corridor route was approximately 150 m. Subject C6b also dispersed 25 m
across the open matrix instead of using the 185-m corridor, but moved into the corridor
from the second patch later the same day.
The mean confirmed distance traveled (± S.D.) by subjects through corridors was
351 m (± 236), which ranged from 1-9 times the lengths of the non-corridor routes. The
mean corridor-to-linear distance ratio was 2.66 (± 2.22) times longer for corridor routes.
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Data on movement distances across the open and shrub matrix were more uncertain
because the matrix could not be monitored continuously, and any number of paths could
have been taken. Thus, I could only measure minimum distances across the matrix that I
knew subjects must have crossed to reach the observed locations. Mean distances were
56 m (± 27) for the open matrix and 100 m (± 45) for the shrub matrix, although many
travel paths were probably considerably longer.
Regardless of intervening habitat, the mean linear distance traveled within a 24hour period was 170 m (± 225), and the maximum distance was 1400 m. For subjects
tracked > 20 days, the mean displacement distance from the release patch was 674 m (±
606), and the maximum displacement was 2200 m. Finally, the mean size of wooded
patches that subjects were known to have visited was 20.94 ha (± 77.00), whereas the
mean patch size for the study area as a whole was 5.85 ha (± 103.15). Subjects
dispersing across the matrix frequently moved among small stepping stone patches,
sometimes making repeated return visits. Thirty-six percent of dispersing subjects visited
at least one small patch (< 1 ha), and 45% returned at least once to a previously visited
patch.
In some cases, subjects dispersing through both open and shrub matrix failed to
orient toward suitable habitat at relatively short distances (< 150 m). For example,
subject O8 failed to orient toward a 13.5-ha patch located 85 m across the open matrix,
moving instead to a tiny (< 0.1-ha) patch located 95 m across the open matrix in the
opposite direction. The subject ultimately settled on a territory in the 13.5-ha patch, after
traveling a long circuitous route to reach the patch it initially ignored. Likewise, in the
shrub matrix, subject S4 wandered seemingly at random for 7 days before dying,
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apparently of starvation. This subject failed to orient toward several wooded patches on
the periphery of the shrub field that were ≥ 130 m from the release patch. Necropsy
results showed no signs of injury or illness, but the digestive tract was empty at the time
of death. All other subjects that died during experimental trials (Table 2-1) were found
either partially consumed or with wounds consistent with predation.
Discussion
Corridor versus Matrix Movement
My results indicate that wooded corridors and shrubby vegetation function
similarly as movement habitat for dispersing Chucaos. Thus, these elements may be
similarly viable for use in landscape management to enhance connectivity. As expected,
results indicate that open habitat constrains Chucao movement, but does not entirely
prevented it. Open habitat gaps ≤ 20 m were crossed routinely, but subjects appeared
reluctant to cross gaps ≥ 60 m, and few were known to cross gaps ≥ 80 m. Although the
release of subjects into such unsuitable patches undoubtedly provided a strong stimulus
for movement, the fact that some individuals remained in the tiny release patches ≥ 30
days (rather than crossing 120-130 m of open matrix), demonstrates the strength of their
resistance to dispersing in the open. This constraint may reduce immigration into isolated
forest patches, potentially influencing patch occupancy patterns at the landscape scale.
Indeed, census data confirm that Chucaos are frequently absent from isolated patches,
suggesting population-level effects of movement constraint (Chapter 3). In contrast to
open habitat, subjects regularly traveled distances ≤ 300 m in narrow wooded corridors,
and easily crossed distances ≥ 100 m in shrub-dominated matrix. Regular use of small
stepping-stone patches indicates that such patches may serve an important function for
movement in fragmented landscapes.
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Generality of Results
Among forest bird species, understory insectivores have repeatedly been identified
as highly sensitive to fragmentation (e.g., Lovejoy et al. 1986; Sieving & Karr 1997;
Recher & Serventy 1991). In South American temperate rainforest, this group includes
the endemic tapaculos, which are among the most sensitive to fragmentation in the biome
(Willson et al. 1994). Four species occur in the region including the Chucao Tapaculo,
Ochre-flanked Tapaculo (Eugralla paradoxa), Magellanic Tapaculo (Scytalopus
magellanicus), and Black-throated Huet-huet (Pteroptochos tarnii). A previous
experimental study (using song-playback as a stimulus) showed that these species are
reluctant to enter open habitat (pasture), but that edge permeability generally increased
with increasing density of vegetation in the matrix (Sieving et al. 1996). Also, ≥ 40% of
respondents could be drawn into narrow (≤ 10 m) wooded corridors with the song
playback method (Sieving et al. 2000).
Only the smallest species, the Magellanic Tapaculo (ca. 11 g), readily entered
sparsely vegetated matrix. This species occupies the widest variety of habitat types, has
the largest geographic range (Sibley & Monroe 1990; Ridgely &Tudor 1994), and is
arguably the strongest flyer (T.D.C., personal observations) among the four species. The
Ochre-flanked and Chucao Tapaculos have intermediate body mass (ca. 25 g and 40 g,
respectively) and very small geographic ranges, while the largest species, the Huet-huet
(ca. 150 g), has a range that is intermediate in size (Sibley & Monroe 1990; Ridgely &
Tudor 1994). While the Chucao and Huet-huet responded similarly to habitat boundaries,
the Ochre-flanked Tapaculo, the rarest and most patchily distributed of the species,
appeared most reluctant to enter the matrix (Sieving et al. 1996).
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Similar reluctance among tapaculos (except the more dispersive Magellanic
Tapaculo) to enter open or sparsely vegetated matrix indicates that results obtained for
the Chucao, which is intermediate in size, vagility, and habitat specificity, may be
generally applicable for planning conservation action to support the entire group.
Although maximum travel distances likely differ among species, these differences may
be predictable based on differences in body mass and territory sizes (Sutherland et al.
2000; Bowman 2003). However, planners should be cognizant of autecological
differences among species (e.g., bamboo specialization of the Ochre-flanked Tapaculo
[see Sieving et al. 2000], and nest-site specificity and larger home-range sizes for the
Huet-huet [DeSanto et al.2002]) to ensure that habitat networks meet the requirements of
the entire species suite. My results may also be generally applicable for understory and
shrub requiring birds elsewhere (e.g., Sieving & Karr 1997) and, because tapaculos are
essentially terrestrial, their responses may be indicative of many non-volant species (e.g.,
Bakker &.Van Vuren 2004).
Conservation Implications
For species such as tapaculos, which are poor flyers and cannot use sudden flight or
other aerial escape tactics for predator avoidance, behavioral resistance to entering open
areas may be due to lack of escape cover (Lima 1993; Rodríguez et al. 2001; Sieving et
al. 2004). Thus, it may be possible to encourage movement through the matrix by
managing vegetation to increase cover and, in some cases, fully restoring forested
habitats or corridors may not be required to restore connectivity. Chucao movement was
facilitated by shrubby vegetation in the matrix, and anecdotal observations (movement
through both low-stature secondary forest and shrub fields dominated by invasive B.
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magellanica) indicate that cover provided by the vegetation, rather than species
composition, was the relevant factor.
Availability of such alternative management strategies (i.e., management of matrix
vegetation structure rather than corridor protection/restoration) is useful because it will
allow planners to optimize conservation efforts in response to local constraints (Arendt
2004). For example, it may be advantageous to protect or restore wooded corridors in
regions where land-area is at a premium for economic uses (because corridors require
minimal area), whereas natural regeneration of secondary vegetation (requiring little
economic investment) may be adequate in regions where land use is less intensive.
Natural regeneration of permeable vegetation in the matrix, as an alternative to corridor
restoration, may be especially beneficial where local ecological constraints inhibit forest
regeneration, for example, in Chiloé, where waterlogged soils are invaded by persistent
hydrophytic assemblages (i.e., Sphagnum sp. and B. magellanica; Van Breemen 1995)
that are, nonetheless, permeable to Chucao movement (this study).
My results clearly demonstrate that treating all non-forest habitats as homogeneous
and impermeable could lead to omission of potentially useful alternatives for
conservation planning. However, provision of travel habitat, in the form of corridors or
permeable matrix, should not be viewed as a viable alternative to protecting large tracts
of primary forest needed for breeding and long-term survival (Rosenberg et al. 1997).
Census data show that Chucaos and other endemic tapaculos rarely forage or defend
territories in wooded corridors < 25 m wide (Sieving et al. 2000) and are virtually never
observed in fields dominated by B. magellanica (T.D.C., personal observations).
Predatory risk also appears greater in small patches and corridors (where six subjects
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were lost to predation) than in more extensive forested areas (see also Willson et al.
2001). Further, the fact that some subjects had difficulty orienting toward suitable forest
patches while dispersing through shrubs (i.e., indicative of a restricted perceptual range in
this habitat type; Zollner & Lima 1997), one apparently dying of starvation, indicates that
excessively large areas of shrub land could represent a form of “dispersal trap” (see
Schlaepfer et al. 2002). Nonetheless, my results are encouraging in that they support two
viable alternatives for maintaining functional landscape-connections that may allow
managers to optimize conservation efforts at local and regional scales.
This chapter was previously printed in the Conservation Biology journal (Castellón
and Sieving 2006).

Table 2-1. Summary of radio-telemetry results for translocated subjects (each located once daily) and landscape characteristics of
experimental sites where subjects were released*.
Days in patch
1
3
8
2
2
1
1
7
8
2
1
1
7
6
30
30
30
1
5
15
5
6
2
1
2
7
3
18
2
5

Days total
9
6
8
30
23
30
30
25
30
30
3
30
7
6
30
30
30
30
5
25
30
6
17
30
30
7
30
24
30
9

Disposition
lost transmitter
death
lost transmitter
completed
death
completed
completed
completed
completed
completed
lost transmitter
completed
lost transmitter
death
completed
completed
completed
completed
lost transmitter
lost transmitter
completed
death
death
completed
completed
death
completed
lost transmitter
completed
lost transmitter

Patch area (ha)
0.19
"
0.30
0.12
0.20
"
0.16
"
0.21
"
0.13
"
0.12
0.09
"
0.14
"
0.07
"
0.23
"
0.20
0.05
"
0.04
"
0.03
0.10
0.30
"

N-N ≥ 1 ha (m)
340
"
50
380
590
"
280
"
180
"
300
"
280
130
"
120
"
90
"
280
"
90
30
"
60
"
101
280
220
"

N-N (m)
20
"
50
50
60
"
20
"
30
"
50
"
130
70
"
120
"
80
"
60
"
40
30
"
30
"
100
50
100
"

% Wooded
7.53
"
13.58
6.92
12.14
"
12.15
"
6.79
"
11.18
"
3.95
3.98
"
3.15
"
2.94
"
5.71
"
3.48
12.65
"
3.44
"
1.11
12.24
4.23
"
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Site/subject
C1a
C1b
C2
C3
C4a
C4b
C5a
C5b
C6a
C6b
C7a
C7b
C8
O1a
O1b
O2a
O2b
O3a
O3b
O4a
O4b
O5
O6a
O6b
O7a
O7b
O8
S1
S2a
S2b

Table 2-1. Continued
Site/subject
S3a
S3b
S4
S5a
S5b
S6
S7a
S7b
S8
S9a
S9b

Days in patch
1
2
4
1
1
2
1
1
1
1
1

Days total
6
30
10
16
23
6
6
2
2
5
30

Disposition
roadless
completed
death
unknown
completed
lost transmitter
roadless
lost transmitter
roadless
lost transmitter
completed

Patch area (ha)
0.25
"
0.09
0.02
"
0.04
0.05
"
0.09
0.05
"

N-N ≥ 1 ha (m)
140
"
130
60
"
120
190
"
60
120
"

N-N (m)
60
"
90
60
"
10
90
"
60
120
"

% Wooded
4.44
"
1.80
9.15
"
3.10
1.09
"
2.05
0.88
"

* The site/subject code indicates the treatment group (C, corridor; O, open; S, shrubs) and the replicate-site number. Codes
ending in a or b indicate sequential releases conducted in the specified site. Days in patch is the number of days the subject remained
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in the release patch prior to initial movement, death, or transmitter loss. Days total is the duration of monitoring and disposition
indicates the conditions under which monitoring was terminated. These included completion of monitoring, death, transmitter loss,
movement into roadless areas, or signal loss for unknown reasons. Release site characteristics included the release patch area,
distance from the release patch to the nearest-neighbor (N-N) patch ≥ 1 ha, distance to the N-N patch of any size, and the percentage
of wooded habitat within a 100-m buffer centered on the release patch.
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Open matrix

=
Forest corridor

=
Shrub matrix

=
Figure 2-1. Schematic representation of the three landscape treatments (release patches
surrounded by open matrix, adjoining a wooded corridor, or surrounded by a
matrix of dense shrubs), along with aerial photographs (1:10,000) of
corresponding translocation sites for each treatment (one replicate each
shown), and photographs of the sites taken in the field. Test subjects were
released (individually) into a small wooded patch at the center of each
replicate.
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Days after release
Figure 2-2. Hazard function showing the conditional probability that movement will
occur during each (1-day) time interval, given that it has not occurred prior to
the specified time.
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N
5, 7, 9
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8
11
Transmitter
found
2, 4, 6
1
Release site

Bird location
Wooded habitat

Antenna location for
continuous corridor-monitoring

Indicates location
sequence in time

Figure 2-3. Map (1:2,000) of wooded habitat patches embedded in a matrix of open
pasture showing sequential (numbered) locations of a translocated subject
(C1a) recorded over a 10-day period

CHAPTER 3
LANDSCAPE HISTORY AND FRAGMENTATION EFFECTS ON PATCH
OCCUPANCY
Introduction
Predictive geographical modeling has gained importance in recent decades for
examining impacts of land-use change and developing conservation strategies (Guisan &
Zimmermann 2000). The simplest approach for modeling landscape effects on wildlife
populations relies on analysis of species distribution patterns in extant fragmented
landscapes (Hanski 1994; ter Braak et al. 1998). Under this “incidence” based approach,
differences in patch occupancy by particular taxa are assumed to reflect the combined
effects of landscape factors on population processes that result in their absence from
areas with unsuitable patch or landscape context characteristics (Hanski 1994).
Incidence based models are less data-intensive than alternative approaches (e.g.,
dynamic simulation modeling), but they are static in nature and automatically assume
equilibrium conditions by statistically relating species distributions to the present
environment (Korzukhin et al. 1996; Guisan & Zimmermann 2000). The static character
of incidence based models is problematic because occurrence of a species at a certain
moment in time does not necessarily imply persistence, due to potential time lags in
equilibration of population processes following landscape alteration (“extinction debt”;
Tilman et al. 1994). Therefore, incidence based models may be valid for interpolating
patch occupancies (“filling in” occupancies for non-sampled patches) at the time and
place where data were collected. However, they may fail when used as a forecasting tool

36

37
to predict future distribution patterns, or when extrapolated to alternative landscapes with
differing levels or histories of fragmentation (Rykiel 1996).
Despite their limitations, incidence based models are often the only feasible means
for informing conservation planning, since comprehensive data for modeling dynamic
responses to environmental change are available for so few species (Guisan &
Zimmermann 2000). Nonetheless, models that fail to account for differences in
fragmentation levels or extinction time lags may significantly overestimate persistence,
with disastrous consequences for conservation planning. Thus, it is critically important
that planners recognize the hazards of extrapolating these models beyond their
appropriate domains of applicability. If incidence-based models must be extrapolated to
address more general conservation questions, they should be validated using independent
data from alternative landscapes (Rykiel 1996). In practice, however, such assessment is
rarely undertaken.
In this study, I developed and tested patch occupancy models for an endemic
understory bird, the Chucao Tapaculo (Scelorchilus rubecula), in two South American
temperate rainforest landscapes that differed in levels and duration of forest loss. I
assessed cover changes since 1961 in the two landscapes and surveyed patches for
Chucao occupancy. I then developed incidence-based predictive models independently
for each landscape, and tested the models reciprocally in the alternative study area. By
testing the models under alternative landscapes, I assessed the range of conditions over
which they could properly be applied (Rykiel 1996) and identified predictor variables
whose effects were general at the regional scale, and those with effects that varied across
landscapes (Taylor 1991). By analyzing landscapes with contrasting fragmentation levels
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and histories, my research provided insights into potential trajectories of change in
portions of the biome currently undergoing fragmentation. Hence, this research yielded
information relevant to maintaining biodiversity into the future, while reducing risks of
unanticipated extinction time lags or intensified fragmentation effects that could
accompany habitat loss.
Methods
Study System
South American temperate rainforest is globally outstanding for its exceptional level of
endemism, and for being one of the most endangered ecosystems on Earth. The biome is
identified as a global biodiversity hotspot (Mittermeier et al. 1998; Myers et al. 2000), a
Centre of Plant Diversity (Davis et al. 1997), an Endemic Bird Area (Stattersfield et al.
1998) and a Global 200 Ecoregion (Olson & Dinerstein 1998). Among endemic forest
birds, understory insectivores in the family Rhinocryptidae (tapaculos) are among the
most sensitive to fragmentation (Willson et al. 1994). I identified the Chucao Tapaculo
as the best subject for intensive research because it is locally abundant and intermediate
in size (40 g) and vagility within the group (Sieving et al. 2000), and because
supplemental data were available from previous studies on population densities, territory
sizes, reproductive success, and movement (Sieving et al. 2000; De Santo et al. 2002;
Willson 2004; Chapter 2).
The Chucao is a year-round resident that is territorial and, like other tapaculos in
the biome, is strongly associated with understory vegetation (Reid et al. 2004). Although
reproductive success is relatively high in fragmented landscapes (De Santo et al. 2002),
inter-patch movement is constrained by open habitat, perhaps due to inadequate
vegetative cover for avoiding predatory attack (Sieving et al. 1996; Chapter 2). Chucaos
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are extremely poor flyers and move by walking, hopping, or flying short distances (≤ a
few meters), usually within or near dense vegetation. Though reluctant to enter open
habitat, they will use wooded corridors and dense low-stature secondary vegetation for
movement (Sieving et al. 1996, 2000; Chapter 2). This sensitivity to movement habitat
makes the group potentially valuable as focal species for planning the connectivity
component of landscape design, because a landscape that provides functional
connectivity for the group would probably meet the movement requirements of many
forest species.
I studied patch occupancy by the Chucao in two agricultural landscapes in southcentral Chile, one located on northern Chiloé Island, near Ancud (41o55’ S, 73o35’ W;
referred to hereafter as Chiloé; Fig. 3-1), and the other located on the mainland near
Osorno (40o35’ S, 73o05’ W; hereafter Osorno). The two landscapes lie within the
Valdivian temperate rainforest zone (37o45’ S to 43o20’ S), comprised principally of
evergreen broad-leaved trees and a few conifers, with dense understory composed of
bamboo (Chusquea spp.) and shade-tolerant saplings (Veblen et al. 1983). Prior to
settlement, this zone was largely covered by unbroken forest.
Large-scale forest fragmentation began relatively recently in the Chiloé study area
(within the last 50 – 100 years; Willson & Armesto 1996) and the landscape is now
dominated by small-scale subsistence farming. Forest habitat appears relatively well
connected in Chiloé, in that most patches are linked by corridors or isolated by ≤ 100 m
of non-forest matrix. Osorno, in contrast, is more fragmented and has a longer history of
human-induced disturbance (100 – 150 years; Donoso & Lara 1995). This area is located
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in the Chilean Central Valley, with the highest human population density and most
intensive commercial land-use in the biome (Armesto et al. 1998).
Land Cover Analysis
Remote sensing and Geographic Information System (GIS) analysis were used to
evaluate land cover changes in the two study areas and to assess matrix composition
surrounding subsets of focal patches. Remote sensing data consisted of panchromatic
aerial photographs from 1961 and 1993 (the longest period of photographic data
available), each taken during mid-to-late summer. All data were available in
orthophotograph format (1:20000) except the 1961 data for Chiloé, which consisted of
non-rectified partially overlapping photographs (1:70000). Digital images of each study
area were produced as follows using ENVI 3.2 (RSI 1999). All photographs were
scanned and the orthophotographs were georeferenced using Universal Transverse
Mercator (UTM) grids printed on the photographs as references. The non-rectified 1961
Chiloé photographs were registered to the 1993 orthophotograph, spatially corrected
using a rubber-sheet algorithm (root mean square errors < 0.5 m), resampled using a
nearest-neighbor algorithm, and arranged to produce a digital photographic mosaic.
Comparison of the Chiloé and Osorno landscapes, and change analysis from 1961
to 1993 in each landscape, was based on land cover classification within a 100-km2
subset of each study-area. Land cover types were hand-digitized with a minimum
mapping-unit of 0.1 ha using ArcView 3.2 (ESRI 1999) on-screen-digitizing functions.
For the 1993 coverages, classification included open, shrubby, and wooded habitats.
These classes were selected because prior research indicated that these cover types
differed in permeability to Chucao movement, with movement significantly constrained
by open matrix (Chapter 2). For the 1961 coverages, only two habitat classes, wooded
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habitat and non-wooded matrix, were digitized due to lower spatial resolution of the
Chiloé photographs, which made it difficult to distinguish shrubby from open matrix
types. Wooded patches were defined as continuous areas of woodland separated from
surrounding patches by gaps ≥ 10 m, or connected to other patches via wooded corridors
or bottlenecks that were at least an order of magnitude narrower than the adjoining
patches.
The resulting cover maps were used to quantify landscape metrics and estimate
extents of deforestation over the referenced period (measured directly from the coverages
or using FRAGSTATS 3.3; McGarigal et al. 2002). Landscape-scale metrics included
the mean patch area in each study landscape, patch density, patch area-to-density ratio (a
measure of habitat contiguity), and the percentage of area covered by each habitat class
(Table 3-1). Patch and landscape-context metrics were also quantified for a subset of
focal patches in each landscape (focal patches were those surveyed for Chucao
occupancy, see below). Patch-scale metrics included focal patch area, percentage change
in patch area from 1961 to 1993, and presence or absence of corridor linkages.
Landscape-context metrics (quantified within 100-m and 300-m buffers surrounding each
focal patch) included the proportional coverage of each habitat type, mean area and
density of wooded patches, and two additional metrics potentially linked to landscape
connectivity. These were Euclidean distance to the nearest patch ≥ 5 ha (assumed large
enough to serve as a potential source of immigrants), and Hanski’s (1994) connectivity
index (Si), which accounts for number, area and distance to each potential source patch
within movement range (1-km movement range assumed; Table 3-2).
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No quantitative accuracy assessment was undertaken for the 1993 land-cover
classification, but interpretations of photographs were verified extensively in the field.
The Chiloé landscape had changed relatively little since 1993, but several patches in the
Osorno landscape were cleared since that time. The effect of differences between the
photographic data and current conditions in Osorno was minimized by selecting focal
patches that had changed little since the photographs were taken. However, comparison
between Chiloé and Osorno reflects the status of the landscapes in 1993, rather than
current conditions. Ground truth data were unavailable for the 1961 photographs.
Patch Occupancy Surveys
A subset of patches selected from an area of approximately 300 km2 in each
landscape was surveyed for Chucao occupancy. To randomize patch selection, each
study area was subdivided into grids of 4-km2 blocks. Then, isolated patches were
censused within blocks selected using a random number table. In Chiloé, 100 focal
patches were censused during the 2000-2001 breeding season (November to February).
Then, following the same protocol, 62 patches were censused in Osorno during early
2004. Fewer patches were visited in Osorno because the landscape was more fragmented
there, increasing travel times between patches and the number of landowners that had to
be contacted. Further, most patches in Osorno were unoccupied and, therefore, requiring
more intensive surveys to verify absence.
During the initial visit to each patch, censuses were conducted at a maximum
density of one census point per 10 ha of patch area. Census points were located ≥ 50 m
from the forest edge (unless patches were prohibitively small) and were separated from
each other by ≥ 100 m. Because the objective was only to document Chucao occupancy,
once a Chucao was recorded in an individual patch, no further censuses were conducted.
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However, if a Chucao was not encountered during the initial visit, a more intensive
census was conducted on a subsequent day (≥ 5 d later), at a sampling density of one
point per hectare.
At each census point, an 8-minute passive census was conducted (after Willson et
al. 1994) in which any Chucao heard or seen within the patch boundary was recorded.
Following the passive census, song playback was used to increase detectability by
eliciting vocal responses (Jimenez 2000; Sieving et al. 2000). Playbacks were conducted
by sequentially broadcasting tape-recorded Chucao territorial- and contact-calls. A
maximum of eight calls were played, each followed by a 1-min period of silence.
Because sampling occurred during the breeding season, responsiveness to taped calls was
high (e.g., Sieving et al. 1996, 2000). All censuses were conducted between dawn and
1100 hrs (EST) on mornings without strong wind or rain.
Habitat Quality Characterization
Habitat quality is a potentially important predictor of patch occupancy. Therefore, to
incorporate this variable in the model building process, I visually assessed and classified
habitat quality for each censused patch. Focal patches consisted principally of mixed age
wooded stands that were either selectively logged or entirely secondary. Such patches
were assumed adequate for Chucaos because reproductive success is similar in
continuous forests and fragments, and there is no evidence of significant edge-related
effects on nest fate (De Santo et al. 2002). Because habitat quality for Chucaos is
determined largely by understory vegetation density (Reid et al. 2004), defined by stem
density and the degree of contact among branches, I visually characterized understory
density using three categories; “sparse,” “dense,” and “very dense.” Very dense
understory had many stems in contact with each other, at places forming impenetrable
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tangles. Dense understory had many stems but less contact among plants overall, though
patchy areas of very dense vegetation were sometimes present. Sparse understory was
easy to walk through, had few stems in contact, and generally lacked dense patches.
Given previous knowledge of habitat suitability for Chucaos (Sieving et al. 2000; Willson
et al. 2004; Reid et al. 2004), only patches with understory vegetation classified as
“dense” or “very dense” were considered in the analysis.
To test the assumption that my visual characterizations were unbiased (i.e., that I
did not unconsciously bias habitat quality classifications of patches based on my
knowledge of their occupancy status), I quantitatively assessed understory vegetation
density in a subset of occupied and unoccupied patches (10 each, ranging in size from 0.1
– 3.7 ha) in the Chiloé study area. In each patch, 5-m-radius circular sampling stations
were established at random locations with a sampling density of four stations per hectare.
For each station, understory vegetation density was indexed at four points (located at
right angles from each other on the perimeter of the circle) then averaged. Density was
measured by standing a 3-m pole (2-cm diameter) perpendicular to the ground and
counting the number of leaves or stems that touched the pole. A t-test showed no
statistically significant difference in mean understory density between occupied and
unoccupied patches (t18 = -1.72, P = 0.10; although density was somewhat higher in
occupied [107.60 ± 27.11 S.E.] versus unoccupied [70.60 ± 17.92] sites). Based on this
result, I accepted the visual classifications as reasonably accurate and unbiased measures
of habitat characteristics in the censused patches.
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Predictive Models
I used classification tree analysis to develop predictive patch occupancy models for
Chucaos in the two study landscapes. Classification-tree modeling involves recursively
partitioning (splitting) a data set into increasingly homogeneous subsets (nodes), with
each split defined by a simple rule based on the value of a single predictor variable
(Breiman et al. 1984; De’ath & Fabricius 2000). At each split, each predictor variable
entered into the model is assessed independently and the one variable that generates the
greatest improvement in homogeneity of the two resulting daughter nodes is selected as
the node splitting criterion. Then the value for this variable is identified that minimizes
heterogeneity in the daughter nodes when used as a “cut point” or threshold value for
segregating the data.
Classification-tree analysis has been shown to produce better prediction of plant
and animal distributions than other popular modeling approaches, such as generalized
linear models and generalized additive models (Franklin 1998; Vayssieres et al. 2000).
The method is appropriate for complex ecological data sets that include imbalance,
nonlinear relationships, and high-order interactions, which are dealt with by partitioning
the observations and then analyzing each group separately. Further, model building is
not hindered by colinearity because each split is based on the value of a single predictor
variable. Predictors may also be used repeatedly at different points in the tree, thus the
method is inherently context specific.
Analyses were performed using DTREG (Sherrod 2003). Data sets for Chiloé and
Osorno were analyzed independently to build two separate predictive models. Gini
goodness of fit measures were used to determine optimum splits. To avoid model overfitting, a minimum node size of 10 observations was required to perform a split and trees
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were constrained to the number of nodes producing the minimum relative validation error
(cross validation error cost relative to a 1-node tree), which was calculated using v-fold
cross validation. V-fold cross validation is performed by splitting the data set into v subsamples (for my analysis, v = 3), then producing v trees, each time leaving one of the
sub-samples out of the training set and using it as a test sample for validation. Crossvalidation error costs are then computed for each node of each tree, and these costs are
used to statistically determine the optimum tree size. In addition, I interactively removed
splits with minimal value for discerning between occupied and unoccupied patches (see
results for further explanation).
In both the Chiloé and Osorno models, focal patch area was specified as the first
variable used to split the data set, which facilitated model comparison. This was
appropriate because patch area was consistently identified as a significant predictor of
occupancy during exploratory analysis. Subsequent selection of variables for node
splitting was automated. Potential predictors used in the model building process included
two qualitative variables, the category describing understory vegetation density (dense or
very dense) and corridor presence, along with 12 quantitative patch and landscapecontext variables (Table 3-2). Model accuracy was assessed based on the percentages of
the training data and cross validation sets that were correctly classified. To assess model
generality, I then applied each model reciprocally in the alternative landscape to
determine the predictive accuracy of the models when extrapolated beyond the specific
landscape where data were collected.
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Results
Land Cover Analysis
By 1961, deforestation in Osorno was advanced and habitat contiguity (patch area
to density ratio; Table 3-1, Fig. 3-2) was already quite low. Although habitat loss
continued in Osorno from 1961 to 1993, contiguity decreased relatively little. Much
more forest remained in Chiloé. Although wooded habitat cover and contiguity
decreased dramatically after 1991, Chiloé still retained approximately 44.92% wooded
cover in 1993, compared to approximately 17.12% in Osorno. Within the non-forest
matrix, the Chiloé study area was composed of 35.56% open habitat and 19.52% shrubby
secondary vegetation (principally Baccharis magellanica, a persistent shrubby invader of
poorly drained soils). In contrast, Osorno was dominated by open habitat (80.16%), with
only 2.73% sparse or shrubby vegetation.
Chucao Distribution Patterns
In Chiloé, Chucaos occupied 67% of focal patches. The smallest occupied patch
was 0.64 ha, and the largest unoccupied patch was 5.29 ha. In Osorno, however, only
21% of focal patches were occupied. The smallest occupied patch was 0.19 ha, and the
largest unoccupied patch was 21.78 ha. In both landscapes, very small patches (< 1 ha)
were usually occupied only if they were near larger patches, surrounded by dense
secondary vegetation, or connected by corridors to other wooded habitat. In general,
occupied patches in both landscapes were also larger and less likely to have undergone a
major reduction in area since 1961. Further, occupied patches were nearer other patches
≥ 5 ha, were better connected (i.e., Si was higher), and had larger percentages of wooded
habitat but smaller percentages of open habitat in the surrounding matrix (Table 3-2). In
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Chiloé, occupied patches also had higher percentages of dense shrubs in the surrounding
matrix, but this trend was not observed in Osorno where shrub matrix was uncommon.
Predictive Models
The relative validation error for the Chiloé model was minimized at a tree size of
four terminal nodes, but I removed one of these nodes that added little information to the
model (distinguishing patch occupancy by a difference of < 1% wooded habitat cover),
producing a tree with three terminal nodes (Fig. 3-3). This model accurately classified
82.00% of the training data, and provided 77.00% predictive accuracy for cross
validation sets. Most classification errors were errors of commission (empty patches
misclassified as occupied; Table 3-3) regarding small patches surrounded by shrubdominated matrix, or relatively large but isolated patches located in areas with a longer
fragmentation history than other parts of the study area (e.g., coastal areas). Relative
validation error for the Osorno tree was minimized at four terminal nodes (Fig. 3-4).
This model correctly classified 88.71% of the training set, and predictions were 78.33%
accurate for cross validation sets. In this case, most misclassifications were errors of
omission (occupied patches classified as unoccupied), principally among small patches
located along riparian corridors.
Although the two models were relatively consistent regarding variable selection,
they performed poorly when applied reciprocally to censused patches from the alternative
landscape (as a test of generality). They differed in that the Chiloé model predicted
occupancy for all patches > 3.80 ha, whereas the Osorno model placed this cut point at
10.34 ha (Figs. 3 and 4). Patches with adequate habitat quality that were below the
referenced sizes were predicted occupied only if the immediately surrounding matrix
consisted of < 72.61% (Osorno) to 77.50% (Chiloé) open habitat. The Osorno model was
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only 54% accurate when applied to census data for Chiloé patches, (98% of the
misclassifications were errors of omission pertaining to patches ≤ 10.34 ha), and the
Chiloé model was only 60% accurate when applied to Osorno data (97% of the errors
were errors of commission regarding patches ≤ 10.34 ha).
Discussion
Models developed for the two landscapes were relatively consistent regarding
variables chosen as important predictors of occupancy, and the predictive accuracy of
each model was high in the landscape where training-data were collected (Figs. 3 & 4,
Table 3-3). Further, the two models were remarkably consistent regarding the influence
of open matrix, both predicting occupancy of small patches only if open habitat
composed ≤ 75% of the surrounding matrix, on average. However, the models differed
substantially from each other in the magnitudes of effects related to patch size and,
therefore, performed poorly when applied reciprocally to the alternative landscape.
Landscape Analysis
Analysis of historic land cover data documented substantially different levels of
habitat loss and fragmentation in the two study areas by 1961 (the earliest data for which
aerial photographs were available; Table 3-1, Fig. 3-2). This observation supported my
assumption that longer periods of relative isolation had elapsed in many Osorno patches
by the time my surveys were conducted, allowing more time for population decline to
extinction. In Osorno, large-scale deforestation began in the mid-1800’s, so that only
21% forest cover remained in 1961, and habitat contiguity was already low. Forest loss
and fragmentation continued thereafter and, by 1993, only 17% wooded habitat remained,
but contiguity decreased little because the index approaches zero asymptotically with
decreasing patch size. In contrast, deforestation in Chiloé began in the early 1900’s, and
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by 1961 approximately half the original cover remained. Contiguity dropped
considerably in Chiloé during the years that followed. Nonetheless, in 1993, the
landscape still supported approximately 45% wooded habitat cover, and much of the
deforested matrix was vegetated by dense shrubby habitat, which is relatively permeable
to Chucao movement (Chapter 2).
The simultaneous availability of sites that differed in time since initiation of the
fragmentation process allowed me to apply a space-for-time substitution approach
(Warton & Wardle 2003; Purtauf et al. 2004). Although comparisons among landscapes
are problematic because habitat quality often varies clinally with climate, I assumed that
pre-fragmentation habitat quality was comparable in the two regions because Chucao
densities were similar in Chiloé and mainland parks (Chiloé National Park and Pumalin
National Park; Willson et al. 2004). Nonetheless, my analysis is bounded by the caveat
that pre-fragmentation densities may have differed, potentially influencing current
occupancy patterns. Despite this uncertainty, the Osorno landscape represents the only
area in the biome with a substantially longer fragmentation history than Chiloé, and thus
provides the best possible reference for comparison.
Chucao Distribution Patterns
Results of landscape analysis and a radio telemetry study of Chucao movement
behavior (Chapter 2) indicate that the Chiloé landscape is still relatively well connected
with regard to Chucao movement abilities (i.e., few patches isolated by ≥ 80 – 100 m,
shown to seriously impede movement). Further, with an average patch size of 6.75 ha
(Table 3-1), most patches were still large enough to support several breeding territories
(approximately 1 ha each; De Santo et al. 2002). Thus, given that most patches are
occupied and well connected, population structure in Chiloé appears to represent a single
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patchily distributed population (Ovaskainen & Hanski 2004). Many patches < 10 ha that
are currently occupied in Chiloé may function as sink habitat, in that the populations are
too small to persist without frequent immigration from larger source populations (Pulliam
1988). Nonetheless, occupancy of these patches may serve to augment the regional
population size and may produce reproductive surplus in some years, further increasing
the flow of dispersing individuals through the landscape (Dias 1996). In contrast, Osorno
habitat conditions appear largely inadequate for long term sustainability of Chucao
populations, with only 17% wooded habitat remaining, a mean patch size of 1.44 ha, and
intervening matrix dominated by impermeable open habitat (Table 3-1). Most patches <
10 ha in Osorno are unoccupied, and population structure is indicative of a (possibly nonequilibrium) metapopulation, indicating that immediate conservation action may be
required to prevent further population declines or extinction (Harrison & Taylor 1996).
Given previous knowledge that Chucaos reproduce relatively well in forest patches
(De Santo et al. 2002), their absence only from relatively small patches (≤ 10 ha)
surrounded by open habitat (shown to impede movement; Chapter 2) in both study areas
indicates that extinction is likely only for very small, functionally isolated populations
that are vulnerable to demographic and environmental stochasticity. An additional point
important for conservation planning is that an average of approximately 25% permeable
habitat in the matrix surrounding a focal patch was a good predictor of occupancy in both
landscapes. Thus, ≥ 25% permeable-habitat cover in the matrix may be an adequate goal
for conservation planning to provide connectivity within patch networks (at the spatial
scales tested). This conclusion is supported by a radio-telemetry study documenting
successful movement by Chucaos through wooded corridors and dense secondary
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vegetation in a fragmented landscape, even though the permeable habitats often
represented a relatively small percentage of the landscape area (Chapter 2).
Model Validation
Accuracy of each model was high in the landscape where data were collected (Figs.
3-3 & 3-4, Table 3-3), but the models performed poorly when applied reciprocally due to
differences in predicted occupancies of patches in the 3.80-ha to 10.34-ha size range.
The Chiloé model predicted occupancy of all but the smallest and most isolated patches,
whereas the Osorno model was more conservative, predicting occupancy only for large
patches (≥ 10.34 ha) and smaller high-quality patches with adequate permeability in the
surrounding matrix. Because both models statistically related occupancy to current
environmental conditions (i.e., they were static equilibrium-based models), their
differences potentially reflected the contrasting stages of habitat loss and fragmentation
exemplified by the two landscapes, which was more advanced in Osorno.
The preponderance of errors of commission when applying the Chiloé model to the
Osorno landscape indicated that patches used to build the Chiloé model may not reflect
equilibrium conditions, potentially due to an extinction debt in Chiloé. Chucao
demographic data are suggestive of an extinction debt because reproductive success in
forest patches is relatively high. Even though population density (Willson et al. 2004)
and pairing success (Willson 2004) in fragments is lower than in continuous forest,
breeding pairs still have a relatively high chance (63%) of fledging at least one young per
clutch, and of producing two or three clutches per season (De Santo et al. 2002). Given
this level of in situ reproductive output, small populations could potentially persist in
effectively isolated patches for many generations following fragmentation, although long-
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term persistence of populations with ≤ 10 breeding pairs is unlikely due to environmental
and demographic stochasticity.
If an extinction debt existed in Chiloé, I expected a stronger patch-size effect (i.e.,
larger unoccupied patches) in Osorno (having a longer fragmentation history), which my
data confirmed. However, patches in Osorno were also more isolated than in Chiloé
(larger inter-patch distances and a higher proportion of “impermeable” open matrix).
This greater isolation may have further reduced immigration rates, thereby reducing time
to extinction in Osorno patches (Stacey et al. 1992; Ovaskainen 2002), which could also
explain larger empty patches. Likewise, the higher percentage of wooded habitat in
Chiloé provided more breeding habitat than was available in Osorno, possibly increasing
the flow of dispersers through the Chiloé landscape. Finally, the higher human
population density in Osorno may intensify an entire suite of detrimental effects
associated with human land uses (e.g., Ford et al. 2001), possibly reducing the Osorno
Chucao population.
Unfortunately, it was impossible to dissociate the potentially interacting effects of
duration, extent, and intensity of human land use on patch occupancy. However, I
viewed the study landscapes as representing two extremes along a continuum of
fragmentation occurring in the biome. Thus, occupancy patterns in the two contrasting
landscapes provided insights into potential population trajectories for areas where
fragmentation is ongoing. Assuming mechanisms driving landscape change are similar
(human population growth and agricultural intensification), then the Osorno model,
developed for a landscape at an advanced stage of fragmentation (spatial and temporal),
could reasonably be used as a standard to forecast conditions in alternative landscapes
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once they (hypothetically) reach similar stages. Clearly, the Osorno landscape represents
a more advanced stage of fragmentation (based on the contiguity index), and the Chiloé
landscape appears to be following a similar trajectory (Table 3-1, Fig. 3-2). It is therefore
a reasonable expectation that current conditions in Osorno represent possible future
conditions for Chiloé (or other landscapes currently undergoing fragmentation) if no
action is taken to preserve higher levels of forest cover and contiguity. However, it
should be noted that rates of change may be faster in landscapes currently undergoing
fragmentation than occurred historically because technological advances have provided
more efficient means of deforestation now than in the past.
Evidence that Chucao populations in Chiloé may be following a trajectory similar
to Osorno includes the following. Although the Osorno model generally failed to predict
current occupancy patterns in Chiloé, due to errors of omission for patches in the 3.80-ha
to 10.34-ha size range, some extremely isolated Chiloé patches within this size range are,
in fact, currently unoccupied. Further, demographic isolation effects are evident in other
such patches (e.g., reduced pairing success due to a preponderance of unmated males;
Willson 2004). Thus, many of the Chiloé patches predicted unoccupied by the Osorno
model may be declining toward eventual extinction. If this is true, predictions of the
Osorno model may approximate the future distribution of Chucao populations in Chiloé,
once localized extinctions have occurred.
Alternatively, the Chiloé model (based on data from the relatively well-connected
Chiloé landscape where deforestation is recent), may be prone to errors of commission
when applied to alternative landscapes (e.g., Osorno), or when used as a forecasting tool.
Such forecasting errors might arise if extinction time lags exist or if further habitat loss

55
causes intensified fragmentation effects (by eliminating demographic sources). Thus,
static models developed from distribution patterns in landscapes where habitat loss is
recent or ongoing may be minimally applicable for conservation because they may be
overly optimistic when used to forecast future distributions, or to predict distributions in
more highly fragmented landscapes. Nonetheless, due to lack of time and financial
resources for more extensive research, static models will likely continue to serve as the
best available information for conservation decision making in many cases (Guisan &
Zimmermann 2000).
Given my results, I suggest that landscapes used as standards for building
incidence-based models intended for general conservation planning should be selected
with caution. I recommend that species distribution patterns be obtained from landscapes
where fragmentation has reached relatively advanced stages, preferably with histories of
fragmentation long enough that time-delayed extinctions would already have occurred.
Alternatively, prudent ecologically based criteria, such as estimates of sustainable
population sizes and the habitat area needed to support the requisite populations, could be
used to augment the empirically based predictive models. Such criteria might serve to
build additional safeguards into the planning process that would minimize risk of
unanticipated extinctions. Of course, it is impossible to validate the predictive accuracy
of models used in this way. Nonetheless, such tools will provide planners with
conservative estimates of potential outcomes that are credible because they are bounded
by empirical observations in real landscapes where fragmentation is advanced. Though
imperfect, such tools are critically needed since conservation decisions must be made,
and predictive models are necessary to inform these choices (Rykiel 1996).
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Table 3-1. Metrics describing spatial patterns of forest cover in the Chiloé and Osorno
study areas in 1961 and 1993 including the relative abundance of wooded
habitat (percentage), mean patch area (± S.E.), patch density (patches per ha)
and patch area to density ratio. The total area of analysis in each study
landscape was 100 km2.
Metric
Percentage wooded
Mean patch area (ha)
Patch density
Patch area/density

Chiloé 1961
50.44
13.25 ± 8.49
3.85
3.44

Chiloé 1993
44.92
6.75 ± 2.80
6.65
1.02

Osorno 1961
21.05
2.57 ± 0.45
8.20
0.31

Osorno 1993
17.12
1.44 ± 0.15
11.84
0.12

Table 3-2. Mean (± S.E.) values for metrics describing focal patches censused for Chucao occupancy (patch area, percentage change
in patch area from 1961 to 1993, distance to the nearest patch ≥ 5 ha, habitat connectivity index [Si; Hanski 1994]), and
landscape context variables measured within 100-m and 300-m buffers around each patch (mean patch area and
percentages of wooded, open and shrubby habitats), for occupied and unoccupied patches in Chiloé and Osorno. Wooded
habitat is the preferred habitat type. Open habitat is avoided and constitutes a movement barrier at distances of more than
approximately 50 m. Shrubby habitat is permeable to movement but does not serve as living or breeding habitat.
Chiloé
Occupied (n = 67)
14.07 ± 3.74
-12.59 ± 5.58
148.82 ± 27.29
238.97 ± 77.10

Unoccupied (n = 33)
1.11 ± 0.25
-42.33 ± 35.58
341.97 ± 47.16
96.13 ± 19.48

Occupied (n = 13)
13.22 ± 4.00
0.46 ± 0.45
51.77 ± 79.87
54.56 ± 7.69

Osorno
Unoccupied (n = 49)
4.09 ± 0.64
-0.97 ± 0.22
226.69 ± 35.06
28.29 ± 1.80

0.96 ±
0.91 ±

0.18
0.14

0.25 ±
0.78 ±

0.04
1.95

1.82 ±
1.38 ±

0.39
0.15

1.11 ±
0.87 ±

0.15
0.07

17.17 ±
26.76 ±

1.14
2.23

10.76 ±
20.84 ±

1.34
2.38

42.72 ±
29.97 ±

3.76
1.40

28.52 ±
23.00 ±

1.68
1.08

47.00 ±
45.22 ±

3.42
2.73

65.60 ±
62.24 ±

5.53
4.69

56.56 ±
67.70 ±

3.75
1.12

71.17 ±
76.51 ±

1.70
1.10

35.83 ±
29.28 ±

3.38
2.77

23.64 ±
16.92 ±

5.61
3.55

0.72 ±
2.32 ±

0.40
0.79

0.31 ±
0.49 ±

0.19
0.26
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Variable (units)
Patch area (ha)
Percentage change (ha)
Nearest patch ≥ 5 ha (m)
Connectivity index (Si)
Mean patch area (ha)
100-m buffer
300-m buffer
% wooded
100-m buffer
300-m buffer
% open
100-m buffer
300-m buffer
% shrubs
100-m buffer
300-m buffer

Table 3-3. Classification-tree model confusion matrices for Chiloé and Osorno training data and the three v-fold cross validation sets
(0 = unoccupied, 1 = occupied, % misclassified refers to the number of incorrect predictions within the referenced
occupancy category).
Data Set

Actual category

Training

0
1

Chiloé
Predicted category
0
1
19
14
4
63

Validation

0
1

20
10

13
57

42.42
5.97

Osorno
Predicted category
0
1
43
6
1
12

39.39
14.93

38
3

% Misclassified

10
9

% Misclassified
12.25
7.69
20.83
25.00
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Figure 3-1. Satellite image (grayscale) of the study region showing the Osorno and
Chiloé study areas. Darker areas indicate wooded habitats and lighter areas
indicate agricultural land uses. The enlarged areas are thematic maps of 100km2 subsets of the study areas showing wooded (gray) and deforested (white)
habitats.
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Chiloé 1961
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0
0

2

4

6

8

10

12

14

Patch density
Figure 3-2. Mean patch area (ha) plotted against patch density (patches per ha) in the two
landscapes (Chiloé and Osorno) measured from aerial photographs taken at
two points in time (1961 and 1993). Together, these two metrics provide an
index of landscape contiguity, which decreased substantially in the Chiloé
landscape over the referenced period, and was more advanced (i.e., contiguity
was much lower) in the Osorno landscape at an earlier point in time.
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Node 1
Occupancy = 1
N = 100
Misclassification = 33.00%

Node 2
Patch area ≤ 3.80 ha
Occupancy = 0
N = 63
Misclassification = 49.21 %

Node 4
Open matrix in 100-m buffer ≤ 77.50 %
Occupancy = 1
N = 40
Misclassification = 32.50 %

Node 3
Patch area > 3.80 ha
Occupancy = 1
N = 37
Misclassification = 2.70 %

Node 5
Open matrix in 100-m buffer > 77.50 %
Occupancy = 0
N = 23
Misclassification = 17.39 %

Figure 3-3. Classification-tree for predicting patch occupancy by Chucao Tapaculos in
the Chiloé landscape. This tree accurately classified 82.00% of the training
data and 77.00% of the three v-fold cross validation sets.
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Node 1
Occupancy = 0
N = 62
Misclassification = 20.97%

Node 2
Patch area ≤ 10.34 ha
Occupancy = 0
N = 53
Misclassification = 13.21 %

Node 4
Understory = dense
Occupancy = 0
N = 39
Misclassification = 2.56 %

Node 3
Patch area > 10.34 ha
Occupancy = 1
N=9
Misclassification = 33.33 %

Node 5
Understory = very dense
Occupancy = 1
N = 14
Misclassification = 57.14 %

Node 6
Open matrix in 300-m buffer ≤ 72.61 %
Occupancy = 1
N=9
Misclassification = 33.33 %

Node 7
Open matrix in 300-m buffer > 72.61 %
Occupancy = 0
N=5
Misclassification = 0.00 %

Figure 3-4. Classification-tree for predicting patch occupancy by Chucao Tapaculos in
the Osorno landscape. This tree accurately classified 88.71% of the training
data and 80.00% of the three v-fold cross validation sets.

CHAPTER 4
SUSTAINABLE PATCH-NETWORK CRITERIA
Introduction
Conservation planning has traditionally relied on large-scale systems of reserves
and other protected areas for safeguarding biodiversity (Redford & Richter 1999;
Rodrígues et al. 2004). However, it is often impossible to protect large areas of native
habitats in human-dominated landscapes due to constraints on land availability (Nantel et
al. 1998). Under these circumstances, successful conservation may require strategies for
designing landscapes outside reserves that retain native biota in addition to supporting
productive land uses for humans (Rosenzweig 2003). This is particularly relevant in
areas where high human population-densities coincide with habitats that are exceptionally
valuable for conservation (e.g., areas with elevated biological diversity or endemism).
South American temperate rainforest (SATR) is globally outstanding due to an
exceptionally high proportion of endemic species, and for being among the most
endangered ecosystems on Earth. The biome is identified as a global biodiversity hotspot
(Mittermeier et al. 1998; Myers et al. 2000), a Centre of Plant Diversity (Davis et al.
1997), an Endemic Bird Area (Stattersfield et al. 1998) and a Global 200 Ecoregion
(Olson & Dinerstein 1998). Although a large proportion of the region is protected in
reserves (19%; Jax & Rozzi 2004), the majority of protected areas (> 90%) lie outside the
areas of highest endemism and diversity (at high elevations of the Andean range or at the
extreme southern extent of the biome; Armesto et al. 1998). For example, forests of the
Chilean Coastal Range and Central Valley, historically supporting the highest levels of
63
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diversity and endemism, are poorly represented in the reserve system. The Central
Valley in particular has the greatest human population density in the region, and the most
intensive commercial land-uses (primarily plantation forestry and agriculture). Thus, it is
clear that conservation for this portion of the biome must be accomplished within the
context of a highly fragmented and densely populated landscape.
Designing landscapes for both humans and wildlife is complex and requires
quantifiable planning-targets to guide the efforts of conservation practitioners. Although
the conservation biology literature provides a number of general but vague guidelines for
conservation planning (e.g., large connected habitats are better than small fragments),
translating these guidelines into pragmatic design criteria is challenging (Tear et al.
2005). To provide prescriptions for conservation planning in the SATR biome, I
developed a set of simple criteria for distinguishing habitat configurations (in real or
hypothetical landscapes) with reasonably high expectancy for sustaining viable
populations of an endemic movement constrained bird, the Chucao Tapaculo
(Scelorchilus rubecula). The criteria address “sustainable” population sizes, habitat area
needed to support populations of this size, and empirical measures of functional
connectivity among spatially disjunct patches. Finally, I used the criteria to assess the
efficacy of a controversial conservation strategy, restoration of habitat connections
among functionally isolated patches (using habitat corridors or other interventions to
enhance matrix permeability). The proposed criteria represent a course-filter approach to
landscape assessment, which assumes that appropriate distributions and amounts of
habitat will directly relate to population viability. The criteria provide a basis for
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identifying dangerous levels of fragmentation that may signal impending extinction, and
for objective comparison among alternative conservation strategies.
Methods
Study Species
Of bird species endemic to SATR, understory-insectivores in the family Rhinocryptidae
(tapaculos) are among the most sensitive to fragmentation (Willson et al. 1994), which
most likely results from movement constraints caused by poor flying ability and
behavioral resistance to entering open habitat (Sieving et al. 1996; Chapter 2). This
sensitivity makes tapaculos potentially useful focal species for planning the connectivity
component of landscape design, to meet the needs of other species less sensitive
regarding movement habitats (Willson et al. 1994). The Chucao Tapaculo was identified
as the best species for intensive research because it is intermediate in size (40 g) and
vagility among the four tapaculos (Sieving et al. 2000), and because supplemental data
were available on population densities, territory sizes, reproductive success and
movement (Sieving et al. 2000; De Santo et al. 2002; Willson 2004; Chapter 2). Chucao
nest success is relatively high in forest fragments (63%), and there is no documented
negative edge-related effect on nest fate (De Santo et al. 2002). Like other tapaculos in
the biome, Chucaos are strongly associated with understory vegetation (Johnson 1965,
1967; Ried et al. 2004). Though reluctant to enter open habitat, Chucaos will use wooded
corridors and dense secondary vegetation for movement (Sieving et al. 2000; Chapter 2).
Landscape Criteria for Sustainable Populations
I developed a set of simple criteria for distinguishing configurations of forest
patches with reasonably high expectancy for long-term persistence of Chucao
populations. The criteria are derived from several data sources. The necessary
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population size was based on empirical estimates of sustainable population sizes for a
variety of similarly sized vertebrates (Verboom et al. 2001). The amount of habitat
needed to support a population of the specified size was then calculated based on the size
of Chucao breeding-territories (Willson et al. 2004; Willson unpublished data). In
addition, empirical patch-occupancy models were used to identify patch and landscapecontext factors related to persistence in individual patches (Chapter 3), and movement
data from a radio telemetry study (Chapter 2) were used to predict Chucao movement
abilities. Finally, after using the criteria to identify sustainable patch configurations
within a set of test landscapes, I estimated the carrying capacity of each landscape by
calculating the number of breeding territories potentially supported within all sustainable
networks combined. Mathematical “graphs” were used as a conceptual format to
represent the habitat patches and connections addressed by the suggested criteria,
following Urban and Keitt (2001).
Sustainable Population Size
Estimating minimum sustainable population sizes is difficult and controversial in
practice. However, this estimate serves as a foundation for predicting the area of habitat
required by a sustainable population and is, therefore, necessary for providing specific
quantitative targets for conservation planning (Allen et al. 2001; Noss et al. 2002).
Verboom et al. (2001) estimated sustainable population sizes ranging from approximately
20 to 100 reproductive units for a variety of birds, and from 40 to 100 reproductive units
for medium to small vertebrates in general. These estimates were based on empirically
observed persistence of real populations occurring in near complete isolation, rather than
theoretical models of population viability that can be quite uncertain. In accord with
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these estimates, I selected 100 breeding pairs as the minimum Chucao population size
considered potentially sustainable.
I selected he highest value in the range of population sizes because course-filter
criteria such as mine should set targets above the absolute minimum to account for
potential variability in habitat quality and population densities in patches of different
sizes and across large geographic regions (see Willson et al. 2004). The selected
population size is also in line with prevailing thought regarding minimum viable
populations, with populations of 50 individuals assumed to represent the minimum size
necessary for persistence given demographic stochasticity (Richter–Dyn & Goel 1972;
Caughley1994), and 200 individuals (i.e., 100 pairs) representing the minimum required
to guard against inbreeding depression (Lande & Barrowclough 1987; Caughley 1994).
Nonetheless, I do not assume that 100 breeding pairs represents the true minimum viable
population for Chucaos. Rather, I used the estimate as a working target, which may
require adjustment as better data become available (Margules & Pressey 2000; Pressey &
Cowling 2001).
Habitat Area Requirements
Chucao breeding territories typically range in size from 1-1.3 ha in forest fragments
to 0.4 ha in continuous forest (Willson unpublished data), and population densities vary
from 2.51 (± 1.71 S.D.) individuals per hectare in fragments, to 5.69 (± 2.73) individuals
per hectare in continuous forest (Willson et al. 2004). Larger territories in forest
fragments are probably necessary due to habitat degradation (e.g., from livestock
grazing), which may be more advanced in highly fragmented landscapes. Given this
variability, I selected a 1-ha territory size as my standard for calculating the necessary
habitat area to support a sustainable population. Although, actual territory sizes will
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vary, empirical data suggest the 1-ha standard is a reasonable estimate for predicting
territory densities in fragmented landscapes across patch sizes.
I assumed ≥ 100 connected or semi-connected territories would be required to
provide a reasonable expectation of persistence (see the previous “sustainable population
size” section). Thus, using the 1-ha territory standard, I accepted habitat configurations
with total area ≥ 100 ha, within a single large patch or distributed among smaller patches
in a functionally connected network, as potentially sustainable. However, it is not my
intent to imply that networks consisting of multiple patches will have stability equal to a
single continuous patch of equivalent area (see Lindenmayer & Lacey 1995). In fact,
stochastic environmental events linked to very low survival for just one year could have
devastating effects on population densities in patches < 100 ha (Cumming & Willson
unpublished data). Further, higher population densities and smaller territory sizes are
documented in continuous forests (Willson unpublished data; Willson et al. 2004),
suggesting that large continuous patches will support larger, potentially more persistent
populations. However, it is often impossible to protect large forest patches in human
dominated landscapes, and in some highly fragmented landscapes patches of this size
may no longer exist.
Under the circumstances described above, protection and management of habitat in
connected patch networks may be the only feasible approach for conservation. Although
I assume populations in habitat configurations meeting my sustainability criteria will
have reasonable potential for long-term persistence, the possibility of extinction still
exists, and may be somewhat higher in networks of smaller patches relative to single
large patches. Thus, maintenance of connections that permit periodic movement among
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spatially disjunct networks is important for maintaining genetic diversity and potential
population rescue or recolonization, because stochastic events may occasionally lead to
population bottlenecks or extinction within patch networks. Nonetheless, my assumption
that persistence may be possible within connected networks is supported by data from
previous studies documenting successful reproduction by Chucaos in relatively small
forest patches (De Santo et al. 2002), and high occupancy levels in patches having
adequate connectivity in the surrounding matrix (Chapter 3).
I selected 10 ha as the minimum-sized patch for inclusion in sustainable patch
networks based on an empirical model using patch-occupancy data from a study area in
the Chilean Central Valley, near the town of Osorno (hereafter Osorno; 40o35’ S, 73o05’
W). This particular area had the greatest extent and longest history of forest
fragmentation occurring in the biome, and was an appropriate reference because my goal
was to identify habitat configurations that would support persistent populations in highly
fragmented landscapes. The 10-ha patch size was selected because all patches ≥ 10.34 ha
were predicted occupied by the Osorno model (see Chapter 3 for a detailed description of
the study area and predictive model). By focusing only on patches ≥ 10 ha, I essentially
ignore many smaller patches that may be occupied, providing demographic support to the
regional population. However, these satellite populations (< 10 pairs) are assumed highly
extinction prone due to environmental and demographic stochasticity. Thus, such
populations could not persist without frequent immigration from larger source
populations. While omission of patches < 10 ha may underestimate numbers of breeding
territories supported by a given landscape configuration, it is balanced by the rather
optimistic assumed population-density of one breeding pair per hectare in all patches ≥
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10 ha. Although my experience indicates that most patches ≥ 10 ha have at least some
area of habitat suitable for Chucao reproduction, habitat quality may be highly variable
within these patches, potentially reducing the actual numbers of territories supported.
Matrix Composition and Connectivity
As described previously, sub-populations in patches < 100 ha were assumed
sustainable only within the context of larger patch networks with a total cumulative area
≥ 100 ha. The patch network concept assumes adequate connectivity among patches such
that exchange of individuals is sufficient to rescue declining populations prior to
extinction, or to permit recolonization of individual patches following local extinction
(Brown & Kodric-Brown 1977). The criteria used to define connectivity a within patch
networks were derived from observed movement behavior, and models that identified
landscape-context characteristics associated with patch occupancy in two study
landscapes.
Radio telemetry data indicate that Chucao movement is significantly constrained
by open habitat in the matrix. However, they will cross short distances in the open to
move among stepping stone patches during movement (usually ≤ 60 m), and they readily
travel through wooded corridors and matrix habitat dominated by dense secondary
vegetation (Chapter 2). Further, empirical patch-occupancy models developed for the
Osorno landscape (referenced in the previous section) and a better-connected landscape
with a shorter history of fragmentation (Chiloé; 41o55’ S, 73o35’ W; Chapter 3), were
remarkably consistent regarding the effect of permeable habitat in the surrounding matrix
(Chapter 3). Specifically, the models predicted occupancy of small patches if at least
22.50% (Chiloé) to 27.39% (Osorno) of the surrounding matrix (within 100-m and 300-m
buffers respectively) consisted of wooded or shrub dominated habitats that are permeable
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to movement (note however that the percentage of shrub habitat was negligible in the
Osorno landscape). Therefore, the criteria I selected to define adequate habitat
connectivity specified that ≥ 25% cover (the average from the two models) by wooded or
shrub dominated habitats in the matrix surrounding a focal patch (within a 300-m radius
buffer) would provide adequate habitat permeability for Chucao movement into or out of
the referenced patch. Alternatively, patches with > 75% open habitat in the surrounding
matrix were assumed functionally isolated.
The 300-m (rather than 100-m) buffer radius was selected to incorporate a larger
landscape-context, and was appropriate because percentages of impermeable open matrix
in the two buffer sizes were correlated. My assumption that movement would be possible
through a matrix with as little as 25% permeable habitat was supported by observed
movements of radio-tagged Chucaos through sparsely vegetated portions of the Chiloé
landscape (Chapter 2). Radio-tagged Chucaos also dispersed readily through wooded
corridors ≥ 10 m wide and ≤ 500 m long. Thus, patches connected by corridors of these
dimensions were also considered functionally connected, even if the percentage of
permeable habitat in the matrix was < 25%. Although Chucaos would probably move
distances > 500 m through corridors, corridors of this length were unavailable for testing
in the study landscape.
Finally, to define the appropriate spatial scale for patch networks, I set the
attainable inter-patch movement distance at ≤ 600 m. At this distance the 300-m buffers
surrounding each patch (used to define matrix permeability, see above) would either abut
or overlap. If the adjoining or overlapping buffers surrounding adjacent patches each met
the previously defined habitat permeability criterion (having ≥ 25% permeable-habitat
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cover), I assumed that connectivity between the two patches was likewise adequate. This
600-m inter-patch distance was also appropriate with regard to Chucao movement ability
because it approximately equaled the average movement distance (674 m ± 606) of radiotagged subjects tracked ≥ 20 d (Chapter 2). The potential for exchange of individuals
among patches up to 5 km apart (the maximum documented movement distance; Willson
2004) is also recognized, but is considered unpredictable since I have no empirical
criteria for defining adequate landscape connectivity at this scale (but see discussion).
Sustainability Criteria Summary
In summary, I predicted relatively high potential for persistence in patches ≥ 100 ha
(potentially supporting ≥ 100 breeding pairs), or in functionally connected networks of
smaller patches (≥ 10 ha each) with a combined area ≥ 100 ha. Functionally connected
patches were defined as those with adequate permeability in the surrounding matrix (≥
25% cover by woodland or dense shrubs within a 300-m radius buffer) lying within 600
m of one or more other patches with similarly adequate matrix permeability, or patches
connected by wooded corridors ≤ 500 m long and ≥ 10 m wide. These criteria provide an
objective method for estimating the carrying capacity of real or hypothetical landscapes,
by predicting the numbers of breeding territories potentially accommodated within
sustainable patches or patch networks (number of territories = the total number of
hectares of wooded habitat contained within all sustainable network patches combined,
assuming 1-ha territory size).
The criteria require minimal assumptions regarding details of population dynamics,
thus many variables are ignored that may have important implications for population
persistence, but that are extremely difficult to measure (Cumming & Willson unpublished
data). However, an advantage of these criteria over measures based solely on habitat
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cover or percolation thresholds is the incorporation of empirical species-specific
measures of habitat permeability, movement distances, and patch size requirements.
Such approaches potentially provide greater generality for conservation planning than
more-complex models, which are difficult to parameterize and are often valid only for a
single landscape (where parameterization data were collected; Raphael & Marcot 1994;
Haufler et al. 1996; Carroll et al. 2004).
A critical assumption is that the 1-ha territory size measured in the Chiloé study
area also holds for more fragmented landscapes. If habitat degradation in highly
fragmented systems causes Chucaos to increase their territory sizes, my criteria may
overestimate numbers of territories supported. Given such uncertainties, I do not
recommend use of these criteria for quantitative projection of population sizes without
detailed landscape-specific investigation. Rather, the criteria provide a basis for
objective comparison among alternative conservation strategies, and as an approach for
identifying dangerous levels of fragmentation where extinction would be highly probable
without conservation intervention. Finally, while habitat networks designed to these
specifications are predicted to support populations that may be less threatened by
demographic and environmental uncertainties, this design does not rule out the possibility
of extinction. Thus, ongoing research and monitoring is strongly recommended.
Graph Theory Format
Mathematical graphs provide a useful context for representing the spatial
relationships among landscape components (Cantwell & Forman 1993; Keitt et al. 1997).
The graph theory construct consists of sets of points (“vertices”) and connecting lines
(“edges”; Fig. 4-1). Using this format to apply my sustainability criteria, landscape
graphs were constructed by assigning a vertex to each patch ≥ 10 ha, then placing edges
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between patches for which the connectivity criteria were met (i.e., patches ≤ 600 m apart,
each having ≥ 25% permeable habitat cover in the surrounding 300-m buffer, or patches
connected by wooded corridors ≤ 500 m long). Sets of patches joined by edges form a
“sub-graph,” which may constitute a sustainable network if the combined habitat area is ≥
100 ha.
The graph theory format is also useful for identifying particular patches
(“articulation points”) and their associated connecting elements that are important for
conservation because their removal would dissect a network into smaller units (Fig. 4-1).
Patches whose removal would cause the network to drop below the minimum habitat-area
criterion may also be identified using this framework. Thus, the graph theory format is
useful for identifying landscape elements of distinct importance for conservation, and for
visualizing where habitat restoration might be most helpful.
Analysis of Test Landscapes
To assess the potential sustainability of Chucao populations in existing landscapes,
I applied the sustainability criteria developed in the previous sections in three test
landscapes located in south-central Chile. One 100-km2 study area was located in each of
the two landscapes where patch occupancy studies were previously conducted (Chiloé
and Osorno, described in previous sections; Chapter 3), and a third was located near the
town of Puerto Montt (41o28’ S, 73o00’ W). Land cover maps were produced for each
study-area by hand digitizing three cover types (open pasture, shrubland and wooded
habitats) from georeferenced panchromatic orthophotographs (1:20000) taken during the
summer of 1993 (the most recent photographs available). Wooded patches were defined
as continuous areas of woodland separated from surrounding patches by gaps ≥ 10 m, or
connected to other patches via wooded corridors or bottle-necks that were at least an
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order of magnitude narrower than the adjoining patches (see Chapter 3 for detailed
descriptions of remote sensing and Geographic Information System methods).
A graph vertex was assigned to each patch ≥ 10 ha, and graph edges were used to
connect patches meeting the above referenced connectivity criteria. If the total habitat
area was ≥ 100 ha, in a single large patch or summed over all patches within a connected
network, the referenced patch or patch network was classified as potentially sustainable.
I then estimated the carrying capacity (numbers of territories potentially supported within
all sustainable patch networks) of each study area. Functionally isolated patches ≤ 600 m
apart were also identified as locations for potential habitat restoration to re-connect the
isolated patches, thereby creating or increasing the sizes of sustainable networks. To
assess the potential conservation benefit of such efforts to enhance connectivity, I
estimated the increase in the number of territories potentially supported if the identified
landscape connections were restored. These assessments demonstrated the method by
which my criteria may be used to objectively compare potential sustainability among
landscapes with differing spatial characteristics, and to evaluate the potential benefits of
conservation intervention.
Results
The 100-km2 study-area in the Chiloé landscape consisted of approximately 45%
wooded cover and 20% cover by permeable shrub-dominated matrix. Within this area I
identified 50 patches ≥ 10 ha, eight of which were ≥ 100 ha (large enough to
independently support viable populations according to my criteria). Each of these eight
patches, and all but five of the remaining 42 patches, were functionally connected to each
other, forming a single large network with cumulative area potentially adequate to
support 3480 breeding territories (Fig. 4-2). If restoration of habitat permeability were
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undertaken to connect the three isolated patches lying within movement-range of the
network, the total area would be increased by 45 ha. The Chiloé graph also contained
five articulating patches whose removal would dissect one or more other patches away
from the connected network. In general, the landscape was highly interconnected, with
more than one pathway from any one patch to any other.
The Osorno landscape was composed of approximately 17% wooded cover and <
1% permeable shrub matrix. Within the 100-km2 study-area there were 19 patches ≥ 10
ha, but all were functionally isolated from each other, having < 25% permeable habitat in
the surrounding matrix (Fig. 4-3). Most were also isolated by distance, and none were
large enough (≥ 100 ha) to independently support a sustainable population. If habitat
management were undertaken to restore connectivity among all patches ≤ 600-m apart,
five distinct networks would be formed, but none had sufficient area to fulfill the
sustainability criteria.
The Puerto Montt study-area had 29% wooded cover and < 1% shrub-dominated
matrix. The landscape had 52 individual patches ≥ 10 ha, but none were ≥ 100 ha and 23
were functionally isolated (Fig. 4-4). The remaining 29 patches formed 10 separate
networks, but only one network, composed of eight connected patches, was large enough
to support a sustainable population with a total area of 246 ha. However, restoration of
connectivity could be used to increase the size of the referenced network and create two
additional networks that, together, consisted of 34 individual patches with a total area of
782 ha.
Discussion
Through application of the sustainability criteria in test landscapes, I identified
landscape conditions where persistence was highly likely (Chiloé), conditions where
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regional extinction was predicted (Osorno), and conditions where management to
enhance landscape connectivity could significantly increase carrying capacity (Puerto
Montt). The estimated carrying capacity was high in the Chiloé study area, which was
relatively well connected with regard to Chucao movement abilities (Chapters 2 & 3),
with 45% wooded cover and 20% cover by shrub-dominated matrix that is permeable to
movement. Nearly all suitable-patches were functionally connected, forming a single
large network that spanned the study area (Fig. 4-2), with habitat potentially adequate to
support up to 3480 breeding territories (a sustainable population density of approximately
35 breeding pairs per km2). This estimate assumes a density of one territory per hectare
in all network patches. However, territory densities may be higher in this landscape,
which has several large patches (> 100 ha) where habitat quality may be higher,
promoting smaller territory sizes and higher densities (Willson et al. 2004). If restoration
of habitat permeability were undertaken to connect the three isolated patches lying within
movement range of the network, only 45 additional territories would be added to the
network area. Thus, conservation action to restore connectivity may not currently be
required in this landscape. Rather, at the current stage of fragmentation, conservation
might be better served by efforts to protect remaining large tracts of primary forest and
preserve existing landscape connections before they are lost.
At the opposite extreme, the Osorno study area is located in the most fragmented
portion of the SATR biome, with only 17% wooded cover remaining and negligible
shrub-dominated or low stature secondary forest cover. None of the 19 patches existing
in this landscape was large enough to independently support a sustainable population, and
all were functionally isolated. Thus, while Chucao populations are currently extant in
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some Osorno patches (Chapter 3), my analysis suggests these populations may be on a
path toward extinction due to nonviable metapopulation sizes, even if all remaining
habitat patches are protected. Further, because habitat availability in Osorno is extremely
low, patch networks potentially restored through management of landscape connections
would still be too small to support viable populations with ≥ 100 breeding pairs (FIg. 43). Therefore, assuming the sustainability criteria are valid, my results suggest that
management to enhance connectivity may be ineffectual in the Osorno landscape without
complementary effort to increase overall availability of forest habitat, by increasing the
sizes of existing patches or restoring forest where none currently exists.
In Puerto Montt, the level of forest loss and fragmentation was intermediate
between the two extremes observed in Chiloé and Osorno, with approximately 29%
wooded cover remaining. Without conservation intervention, this landscape supported a
single sustainable patch network with total area sufficient to support up to 246 breeding
pairs (approximately 2.5 pairs per km2). However, this landscape was composed entirely
of relatively small patches (< 100 ha), so actual densities may be lower in patches that are
significantly disturbed. Further, the single sustainable network in this landscape would
likely be isolated from other sustainable populations without conservation action to
enhance connectivity at the regional scale. The most interesting result for this landscape,
however, was the dramatic effect of hypothetical connectivity restoration. By selectively
restoring habitat connections with 26 functionally isolated patches, it would be possible
to effectively triple the estimated carrying capacity of the study area, producing three
sustainable networks with sufficient area to support up to 782 breeding pairs (8 territories
per km2; Fig. 4-4).
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These results illustrate how application of the suggested sustainability criteria may
be useful for differentiating landscapes where persistence is currently unthreatened, and
those with dangerous levels of fragmentation where extinction is likely. The approach
also provides an objective method for evaluating hypothetical conservation strategies
prior to committing scarce conservation dollars to these endeavors, such as identifying
situations where habitat restoration and enhanced connectivity is most critical to species
conservation. Further, the graph-theory visualization approach provides a useful tool for
identifying specific landscape elements that are most important for maintaining the
integrity of sustainable patch networks, and areas where targeted restoration might
achieve the best results for conservation.
Further research is needed to identify the potential threshold level of fragmentation
at which point persistence of Chucao populations is threatened. However, I suspect the
threshold lies somewhere between 20% and 30% habitat cover, consistent with previous
suggestions that fragmentation effects may be strongest when amount of suitable habitat
falls within a range of 10% to 30% (Andrén 1994; Fahrig 1998). I base my prediction on
the precipitous drop in densities of sustainable territories predicted for the three test
landscapes. As described previously, the sustainable number of territories was high in
Chiloé (with 45% wooded cover) and extinction appeared likely in Osorno (with 17%
cover), while the Puerto Montt study area (with 29% cover) appeared on the verge of
becoming functionally disconnected. Without conservation intervention, the Puerto
Montt study area had only a single eight-patch sustainable network, and if either of two
articulating patches (or their associated connecting elements) were removed, the network
would be split and the number of sustainable populations would drop to zero. Further,
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my analysis indicated that restoration of connectivity could effectively triple the number
of territories supported, pointing to disrupted connectivity as the factor potentially
limiting persistence rather than inadequate habitat area per se.
Restoring Landscape Connectivity
My analysis of one possible conservation strategy, restoration of habitat
connections among functionally isolated patches (using habitat corridors or other
interventions to enhance matrix permeability) suggests the approach may be highly
advantageous in some circumstances, but potentially superfluous or dangerously
inadequate in others. These results illustrate the importance of recognizing circumstances
under which this particular approach will produce the desired outcome. When the total
habitat area is high, alternative strategies such as protection of large patches and
proactive conservation of existing landscape connections, rather than restoration of
connections that have been lost, may be a better strategy. Alternatively, in landscapes
with extremely low levels of habitat cover, increased landscape connectivity is unlikely
to ensure persistence without concurrent efforts to increase the total habitat area.
The challenge to practitioners, then, is identifying the circumstances under which
enhanced connectivity will achieve the desired conservation goals. In most cases,
voluntary or low-cost efforts to enhance connectivity (e.g., protecting fence-line and
riparian vegetation as movement paths) may be helpful. This is especially true when
resources and data for focused planning are lacking. However, large investments in land
management to increase connectivity carries opportunity costs, which may preclude other
conservation measures (Simberloff et al. 1992; Rosenberg et al. 1997; Niemelä 2001).
This underscores the importance of carefully evaluating the potential outcomes of any
such conservation intervention, within the context of cost benefit analysis that considers
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alternative approaches. It is also of highest importance that managers consider the
adequacy of proposed interventions, since enhanced connectivity cannot ensure
persistence of a targeted species if the total area of habitat is inadequate to support viable
populations.
When it is determined that intervention to restore connectivity is the appropriate
course of action, results of previous studies suggest a few potentially viable alternatives
for land-use management and strategic re-vegetation (Chapter 2). These include (1)
protection or restoration of wooded corridors (≤ 500 m long and ≥ 10 m wide) to connect
isolated patches, (2) management to increase density of secondary vegetation in the
matrix to provide cover that encourages animal movement, and (3) provision of patches
less than approximately 60 m apart within the deforested matrix as movement stepping
stones. Further, although my research did not address large-scale linkages directly,
extrapolating from current understanding supports some speculative insights regarding
types of linkage that may provide relatively high functional success for long distance
movement among disjunct reserves or patch networks.
The logic regarding such linkages is as follows. The longest observed movement
by a radio tagged subject within a 24-hr period through discontinuous habitat was 1400 m
(Chapter 2). Thus, it is likely that a Chucao could also move at least this distance directly
due to absence of long corridors in the study landscape. However, to enhance probability
of successful movement through long corridors, I suggest a minimum width of 110 m. I
arrived at this suggested width as follows. Chucao territory size has been estimated at
approximately 1 ha (Willson unpublished data) and individual patches of approximately
1-ha are sometimes occupied and occasionally used as breeding territories (T.D.C.,
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personal observations). Thus, I will assume that 1 ha represents the minimum habitat
area needed to support a functional demographic unit.
A circle is the most compact shape possible for a habitat patch, which is typically
viewed as the optimal shape for conservation because it minimizes interaction with the
surrounding (potentially detrimental) matrix. I assumed that if a 1-ha circular patch is
adequate to support a breeding territory, then, at a minimum, a 1-ha circular patch should
meet the subsistence needs of a dispersing individual. If multiple 1-ha patches were
lined-up contiguously, the resulting corridor should be adequate for both subsistence and
movement (Fig. 4-5a). A corridor of patches with these dimensions would have a width
of approximately 110-m. It is assumed that Chucaos would be able to move freely
through such a corridor, and could subsist there if necessary, potentially establishing
breeding territories. Applying these same principles, I assume that a 350-m wide corridor
(wide enough to support a row of contiguous 10-ha circular patches; Fig. 4-5c) should
provide for persistence of a continuous population across a fragmented landscape to
connect isolated networks or reserves at a regional scale. The justification for this
assumption is that a 10-ha patch is expected to support a sustainable population if there is
adequate connectivity with other occupied patches (see the methods section detailing
development of our sustainability criteria).
Alternatively, if my sustainability criteria were taken to their logical extreme, a
minimal sustainable network of corridors and patches would consist of ten 10-ha patches
connected by nine 500-m long corridors. Theory predicts that flow rates among all
elements would be highest if the patches were maximally clustered, for example with a
single central patch connected to the nine satellite patches via corridors radiating from the
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central patch (e.g., Cantwell & Forman 1994). However, I have no empirical evidence
indicating that a linear arrangement of patches and corridors (Fig. 4-5 b) would fail to
sustain long term persistence, since many occupied patches in the study landscapes
occurred in linear configurations along riparian corridors. Thus, there is potential value
in use of linear networks to create linkages among networks or reserves separated by
large distances. Of course, these recommendations are largely speculative, but they are
founded on empirical evidence and well-justified ecological theory (e.g., Verboom et al
2001).
When very long corridors are needed, I recommend greater widths, which I will
refer to as “long-distance” linkages. Such connections have been proposed for the study
region to link forests of the Andean slopes with those of the Coastal Range via corridors
spanning the Chilean Central Valley (World Wildlife Fund internal report; Keitt
unpublished data; Sieving unpublished data). I suggest that such linkages should have a
minimum width of 1130 m, large enough to accommodate a row of contiguous 100-ha
patches (Fig. 4-5d). Patches ≥ 100 ha are predicted to support sustainable populations
requiring only minimal immigration (Verboom et al 2001). Thus, contiguous patches in
this size range should provide for long-term sustainability of a continuous population that
would enhance connectivity over large geographic areas and provide a large source
population for immigration into smaller adjacent patches occurring along the corridor
length.
The linkages I have suggested may be modified and combined in a variety of ways,
in response to local needs and constraints, for integration into regional-scale conservation
designs. For instance, long-distance linkages and continuous populations (Fig. 4-5c,d)
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might be used to connect multiple sustainable networks that are geographically isolated
from each other, or to detour around areas where habitat preservation and restoration are
impractical (e.g., heavily urbanized areas). In less “built-up” landscapes where
potentially sustainable networks exist (or could feasible be restored), combinations of
smaller-scale linkages (Fig. 4-5a,b) might be used to connect otherwise isolated patches.
It should be noted, however, that the corridor concept is still debated in the
conservation literature (Hobbs 1992; Simberloff et al. 1992; Beier & Noss 1998; Haddad
et al. 2000; Noss & Beier 2000; Procheş et al. 2005), particularly with regard to potential
negative consequences for conservation. Of particular concern are indirect effects on
species competition and predator-prey interactions (Orrock & Damschen 2005; Procheş
et al. 2005). Thus, the potential for negative effects should be considered prior to
initiating large-scale corridor development. A significant threat to bird conservation in
the SATR biome may be the facilitated spread of an introduced predator, the American
mink (Mustela vison), along riparian corridors (Iriarte et al. 2005; Sieving unpublished
data). However, invasive species are inherently good dispersers, so while their spread
may be facilitated by corridors, it will unlikely be controlled by lack of corridors. Thus,
while modifications to corridor designs (e.g., in the case of mink, focusing on corridors
that do not follow river courses) may reduce the threat of invasion. Nonetheless, as
pointed out by Levey et al. (2005b), the issue practitioners face is assessing the degree to
which conservation will benefit from corridor development, relative to the potential
financial and ecological costs.
Conclusions
Due to rapid intensification of commercial land-uses in the SATR biome,
successful conservation will likely depend on design of landscapes that retain native biota
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along side economically productive land uses. My analysis of landscape patterns in a
portion of the biome with high human population density (Osorno) indicates that habitat
loss will likely outstrip the sustainability requirements of many forest specialists, such as
the Chucao Tapaculo, in portions of the biome where human land use is intensifying
(Chapter 3). If forest conversion proceeds in other parts of the biome as it has in Osorno,
sustainable habitat configurations will probably be maintained only where they are
actively managed, and the species will likely be extirpated elsewhere.
The landscape criteria suggested here are empirically based and spatially explicit,
providing quantifiable planning targets for conservation practitioners in the biome. The
suggested linkage designs and graph-theory visualization approach provide a set of
building blocks for efficiently developing conservation strategies, which can be evaluated
objectively in terms of economy and potential for success. Nonetheless, it should be
recognized that potential differences in habitat quality are not explicitly addressed by this
approach. Thus, field assessment of specific sites will still be required to confirm their
adequacy, and intervention to restore or maintain habitat quality may be necessary.
Finally, the criteria and linkages I suggest are scaled to the specific requirements of the
Chucao Tapaculo. Although I propose the Chucao as a useful surrogate for planning the
connectivity component of landscape design to meet the needs of many forest vertebrates
(including but not limited to the group of endemic tapaculos), conservation plans derived
from these criteria should be examined with regard to the needs of other SATR species of
conservation concern.
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Disconnected patch:
isolated by distance

24 ha

Disconnected patch:
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matrix

18 ha
51 ha

Potential for restored
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14 ha

Articulating patches
Connected patches

Articulating patches

Disconnected patches

Figure 4-1. Example landscape graph containing six habitat patches. The four patches
joined by solid lines (graph “edges”) form a single cluster because the graph
edges form a path connecting all four patches. If any one of these edges were
removed, the cluster would be broken into two sub-graphs. The two central
patches are termed articulating patches because removal of either would
likewise break the cluster. The 51 ha patch is also significant to the
sustainability criteria because removal of this patch would reduce the total
combined habitat area of the cluster below the 100-ha minimum network-size
criteria. Each of the two disconnected patches form individual (one-patch)
sub-graphs. The patch in the upper portion of the landscape is isolated by
distance (the 300-m radius buffer does not overlap the buffer of another
patch). The patch in the lower left corner lies within the appropriate
movement-distance (600 m), but is isolated due to insufficient coverage of
permeable habitat in the surrounding buffer. This patch could potentially be
joined with the adjacent cluster through habitat management to restore
connectivity (indicated by the dashed line).
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Connected patches

Articulating patches

Disconnected patches

Figure 4-2. Chiloé study area landscape graph including 50 individual wooded patches,
45 of which form a single highly-connected sub-graph (joined by solid lines)
defined as a sustainable patch network according to the sustainability criteria.
The network has five articulating patches whose removal would dissect one or
more other patches away from the rest of connected landscape. Of the
remaining patches, two are isolated by distance and three are disconnected due
to insufficient permeable habitat in the surrounding buffer area. Management
of habitat structure in the matrix could potentially be used to join the latter
three patches to the connected network, indicated by dashed lines.
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Figure 4-3. Osorno study area landscape graph showing 19 functionally isolated wooded
patches, each having < 25% permeable habitat cover in the surrounding
matrix. None of the patches or patch clusters met the criteria for sustainability
under current conditions. Even if management of habitat structure in the
matrix were used to join patches lying within movement distance from each
other (potential connections indicated by dashed lines), none of the patch
clusters would have sufficient total habitat area (≥ 100 ha) needed to support a
sustainable population.
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Figure 4-4. Puerto Montt study area landscape graph including 52 individual patches.
Nineteen patches are functionally connected, either by a wooded corridor ≤
500 m long, or having ≥ 25% permeable habitat cover in the surrounding
matrix, forming 10 connected networks (joined by solid lines). However, only
one network, composed of eight connected patches (circled, upper right), is
large enough to support a sustainable population. Of the remaining patches,
18 are disconnected due to insufficient permeable habitat in the surrounding
matrix, but are close enough to other patches (≤ 600 m) that management of
habitat structure in the matrix could be used to create functional connections
(indicated by dashed lines). Such management could be used to increase the
size of existing networks and form additional networks. Three of these
(circled) would be large enough to potentially support sustainable populations
after management to restore connectivity.
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a. Linear network
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1400 m
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350 m
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b. Linear network
(narrow corridor)
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Figure 4-5. Suggested design of large-scale corridors for regional connection of patches
and patch networks. The first design (a) uses 110-m wide corridors (equal in
size to strings of contiguous 1-ha circular patches) to connect habitat patches
≤ 1400 m apart (the longest observed movement within a 24-h period). The
second design (b) represents a linear network of patches predicted to support a
sustainable population, if at least 10 patches ≥ 10 ha are connected by
corridors ≤ 500 m long. The third design (c) represents a 360-m wide
corridor, equal to a contiguous string of 10 ha patches, predicted to support a
continuous sustainable population. The fourth design (d) represents a largescale 1130-m wide “long-distance linkage” corridor, wide enough to
accommodate a row of contiguous 100-ha patches, each large enough to
independently support a sustainable population.

CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS
Habitat fragmentation is now imposing spatial structure on populations of wildlife
species throughout the world. Many of these species originally existed in more-or-less
continuous habitats, and their evolutionary legacy does not equip them for the level of
habitat heterogeneity they currently face. It is generally accepted that fragmentation can
lead to regional extinction of sensitive species once remaining habitat patches become too
small to support persistent populations independently, and once patch isolation exceeds
species’ specific dispersal capacities (Hanski 1998). However, the stages at which
fragmentation effects become detrimental to individual species are highly variable. This
makes understanding population responses to spatial heterogeneity more important than
ever for conservation reasons.
In landscapes where formerly contiguous habitat is fragmented, conservation
strategies rely on sufficient levels of movement among habitat patches to rescue small
populations from eminent extinction, or to permit recolonization once extinction has
occurred (Brown & Kodric-Brown 1977; Hanski 1998). Thus, maintenance of landscape
connectivity has become a major focus of conservation planning (Forman & Godron
1986; Mann & Plummer 1993; Rosenberg et al. 1997). However, empirical data
regarding habitat conditions required by dispersing animals are scarce (Ricketts 2001).
Further, conservation action to increase connectivity may be costly, and it has been
suggested that alternative strategies, such as protection of larger areas of primary habitat,
may be a better use of conservation resources (e.g., Simberloff et al. 1992). To determine
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when conservation action to enhance connectivity is warranted, it is important to
understand the link between movement and persistence of populations at local and
regional scales, and to understand the factors that determine movement probabilities.
Dissertation Summary
To detect responses to area and isolation, studies must be broad enough in spatial
extent to include vacant patches of suitable habitat and a wide range of patch sizes and
degrees of isolation (Hanski 1994). For this reason, fragmentation research is usually
conducted at scales that are not conducive to investigating details of individual behavior
(Lima & Zollner 1996). To address responses to habitat fragmentation at both scales, I
conducted a multi-phase research project. First, I experimentally tested behavioral
responses of the Chucao Tapaculo (Scelorchilus rubecula) to common matrix-habitat
components, then assessed broad scale population-level effects of constrained movement
on patterns of patch occupancy at the landscape scale.
The translocation experiment directly tested the relative permeability of three
landscape elements (open habitat, shrubby secondary vegetation, and wooded corridors)
to Chucao movement. The numbers of days subjects remained in release patches prior to
initial movement (a measure of habitat resistance) was significantly longer for patches
surrounded by open habitat than for patches adjoining corridors or surrounded by dense
shrubs. This demonstrated significant behavioral resistance to dispersing through open
habitat. Further, their willingness to travel through wooded corridors and shrubdominated matrix indicated that both approaches (corridor protection and maintenance of
dense vegetative cover in the matrix to encourage movement) may be equally viable for
maintaining connectivity. This is relevant for conservation because management of
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matrix vegetation structure may sometimes be more feasible than fully restoring wooded
habitat patches or corridors.
Results also provided information on attainable movement distances. For example,
Chucaos routinely crossed open habitat gaps ≤ 20 m wide, but were reluctant to cross
gaps ≥ 60 m, and rarely crossed gaps ≥ 80 m. In contrast, the average movement distance
through dense shrubs was 100 m, and two subjects easily dispersed 500 m through a
wooded corridor (the longest corridor tested). While these distances probably do not
represent movement limits for the species, they do provide benchmarks for conservation
planning that were previously unavailable. Finally, I noted regular use of small steppingstone patches by translocated birds, suggesting availability of such patches might also
encourage movement in fragmented landscapes.
Although the translocation experiment provided strong evidence that open habitat
in the matrix formed a barrier to Chucao movement, it was not clear how significant this
barrier effect might be for long-term persistence at a regional scale. To determine
whether barriers to movement caused by the inhospitable open-habitat matrix would
affect Chucao distribution at the landscape scale, I conducted patch occupancy studies in
two landscapes that differed in both degree and duration of forest fragmentation. Within
each landscape, absence of Chucaos from a particular patch was assumed to reflect localscale patch characteristics, and characteristics of the surrounding matrix, that potentially
inhibit long-term population viability.
In the Chiloé study area, located on northern Chiloé Island (41o55’ S, 73o35’ W),
land-use conversion began in the early 1900’s and, at present, approximately 45% of the
study area remains wooded. In the other study area, located on the mainland near the city
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of Osorno (40o35’ S, 73o05’ W), deforestation was initiated 50 to 80 years earlier, and
habitat loss in this area is now extensive, with only approximately 17% of the wooded
habitat remaining. In reference to the Chiloé landscape, observations suggest that
movement is sometimes inhibited but, for the most part, the landscape still appears
relatively well connected in relation to Chucao movement (most patches isolated by ≤ 80
– 100 m of open habitat; Chapters 2 & 3). In addition, a large portion of the deforested
area is covered by dense shrubby vegetation (approximately 20%), which is relatively
permeable to Chucao movement. Further, with an average patch size of 6.77 ha (±
87.38), most patches in Chiloé were still large enough to support several breeding
territories.
Many small patches that are currently occupied in the Chiloé landscape may
function as sink habitat, in that the populations are too small to persist without frequent
immigration from larger source populations. Nonetheless, these patches may serve to
augment the regional population size and may produce reproductive surplus in some
years, further increasing the flow of dispersing individuals through the landscape. Thus,
in Chiloé, most patches are currently occupied and population structure appears to
represent a single population that is patchily distributed. In Osorno, however, habitat
conditions were largely inadequate for long term sustainability of Chucao populations.
With little wooded habitat remaining and a mean patch size of 1.44 ha (± 6.22), most
patches < 10 ha in Osorno were unoccupied, and population structure was indicative of a
(possibly non-equilibrium) metapopulation (Chapter 3).
Classification tree models developed for the Chiloé and Osorno study areas
provided relatively accurate predictions of patch occupancy within the corresponding
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landscapes (Chapter 3). However, predictions of the two models differed from each other
considerably regarding the threshold size above which all patches were predicted
occupied. The Chiloé model predicted occupancy of all patches > 3.80 ha, while the
corresponding threshold in Osorno occurred at a patch size of 10.34 ha. Despite this
discrepancy, the two models were remarkably consistent regarding the influence of open
habitat in the surrounding matrix. Specifically, patches with adequate habitat quality that
were below the referenced threshold sizes were predicted occupied only if the
immediately surrounding matrix consisted of < 72.61% (Osorno) to 77.50% (Chiloé)
open habitat.
In both study areas, Chucaos were absent from isolated patches, consistent with
hypothesized population-level effects of movement limitation. However, patch
occupancy also declined as the number of years since initiation of the fragmentation
process increased, revealing a possible extinction time-lag following patch isolation
(extinction debt; Tilman et al. 1994). Chucao demographic data are suggestive of an
extinction debt because reproductive success in forest patches is relatively high (De Santo
et al. 2002). Thus, small populations could potentially persist in effectively isolated
patches for many generations following fragmentation (via in situ reproductive output),
although long-term persistence of small populations is unlikely due to environmental and
demographic stochasticity. Delayed extinction would be most likely in relatively large
patches, which presumably support larger populations that are less prone to extinction in
the short-term. While it was impossible to dissociate the interacting effects of degree and
duration of fragmentation, I expect similar reductions in patch occupancy to occur
throughout the biome as forest loss and fragmentation proceed. However, the rate of land

96
cover change may be faster in landscapes currently undergoing fragmentation than
occurred historically because technological advances have provided more efficient means
of deforestation now than in the past.
Based on results of the translocation experiments, patch occupancy studies, model
predictions for similarly sized vertebrates, and a few biological assumptions, I developed
a set of simple criteria to distinguish habitat configurations with reasonably high
expectancy of supporting persistent Chucao populations (Chapter 4). I predicted
relatively high potential for persistence in patches ≥ 100 ha (supporting up to 100
breeding pairs), or in well connected networks of smaller patches (≥ 10 ha each) with a
combined area ≥ 100 ha. Well connected patches were defined as those with ≥ 25%
cover by permeable habitat types (i.e., wooded habitat and dense shrubs) in the
surrounding matrix, and lying within 600 m of one or more patches with similarly
adequate permeability in the surrounding matrix, or patches that were connected via
wooded corridors ≤ 500 m long. These criteria were used to predict the carrying capacity
(numbers of breeding territories potentially supported within sustainable networks) of
referenced landscape areas, thereby providing an index for comparison among real or
hypothetical landscapes.
I used these criteria to assess the potential for persistence of Chucao populations in
100-km2 study areas in three test landscapes located in Chiloé, Osorno, and Puerto Montt
(41o28’ S, 73o00’ W). I further assessed the potential benefit of conservation action to
increase landscape connectivity in each landscape, measured as the increase in numbers
of breeding territories supported under the “restored connectivity scenario” compared to
conditions without conservation intervention. In the Chiloé study area most of the 50
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suitable patches were functionally connected, forming a single large network with habitat
area adequate to support up to 3480 breeding territories. If restoration of habitat
permeability were undertaken to connect the three isolated patches lying within
movement range, 45 additional territories could potentially be supported.
At the opposite extreme, in the Osorno landscape, none of the patch configurations
were predicted sustainable, either with or without management to increase connectivity.
In the Puerto Montt landscape, however, with an intermediate fragmentation level, one
sustainable patch network (eight connected patches) was identified that could potentially
support up to 246 breeding pairs. However, restoration of connectivity could potentially
increase the sustainable population size in that landscape to 782 breeding pairs, within 34
patches forming three sustainable networks. Thus, our criteria allowed us to identify
landscape conditions where persistence was highly likely without habitat restoration
(Chiloé), conditions where extinction was probable regardless of efforts to enhance
connectivity (Osorno), and conditions where restoration of connectivity could potentially
triple the sustainable population size (Puerto Montt). These criteria provide a relatively
simple tool for assessing potential sustainability in different landscape configurations,
thereby providing a basis for objective comparison among alternative conservation
strategies.
Conservation Implications and Recommendations
In the South American temperate rainforest biome, successful conservation may
depend on our ability to predict fragmentation effects and take preemptive action to
prevent local, regional, and ultimately global extinction of endemic biota. Currently,
development pressure is strong throughout the biome and further deforestation is
eminent. Since protected areas cover only a tiny fraction of the forests, these areas alone
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will be insufficient to maintain the diversity of forest dwelling species. Thus, it is clear
that conservation must be accomplished within the context of a highly fragmented and
densely populated landscape. Large-scale conservation planning is underway (World
Wildlife Fund internal report), but basic ecology of most species in the biome is currently
unknown. Therefore, data are urgently needed to provide guidelines for conservation
decision-making.
To date, conservation in fragmented landscapes has focused largely on protection
or restoration of vegetated corridors, which are thought to provide passageways for
movement among otherwise isolated patches (Forman & Godron 1986; Mann &
Plummer 1993; Fahrig & Merriam 1994; Rosenberg et al. 1997). Translocation
experiment results suggests that wooded corridors and shrubby vegetation function
similarly as movement habitat for dispersing Chucaos. Thus, these elements may be
similarly viable for use in landscape management to enhance connectivity. However, my
analysis suggests that conservation benefits potentially derived from efforts to enhance
connectivity may be highly advantageous in some circumstances, but ineffectual in
others.
Chucao populations in Chiloé (and other landscapes with levels and duration of
fragmentation similar to Chiloé) probably are not in imminent danger of extinction.
Therefore, conservation action to increase connectivity may not be necessary at this time.
Instead, it may be more advantageous to focus conservation efforts on ensuring long term
protection of large tracts of primary forest. Landowners in Chiloé currently manage
properties in ways that maintain wooded corridors and shrub-fields, which appear to
provide functional connections among remnant patches. Such habitat management by
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landowners is widely recognized as a critical part of conservation strategies for
vulnerable species (Wilcove & Lee 2004). Therefore, landowner-based incentives
(educational and economic) may provide a means for implementing the scale-appropriate
conservation efforts. Voluntary or opportunistic efforts at corridor protection, prior to
further deforestation, may be helpful as a proactive conservation approach, although
potential negative affects (e.g., spread of invasive species; Procheş et al. 2005) should be
considered.
In contrast, landscapes with fragmentation levels similar to Osorno may require
immediate conservation action to prevent serious population declines or extinction.
Although Chucao populations are currently extant in some Osorno patches (Chapter 3),
my analysis suggests these populations may be on a path toward extinction due to
nonviable metapopulation sizes, even if all remaining habitat patches are protected
(Chapter 4). Further, because habitat availability in Osorno is so low, patch networks
potentially created through restored connections would still be too small to support viable
populations. Therefore, assuming the sustainability criteria are valid, my results suggest
that management to enhance connectivity may be ineffectual in the Osorno landscape
without complementary effort to increase the sizes of existing patches or restore wooded
patches where none currently exist.
In Puerto Montt, however, where the level of forest loss and fragmentation was
intermediate between the two extremes observed in Chiloé and Osorno, a single
sustainable patch network was identified that could potentially support a viable
population. However, the conservation status of this landscape could be dramatically
increased by conservation action to restore landscape connectivity. Thus, my results
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illustrate the importance of recognizing circumstances under which a particular
conservation strategy will produce the desired outcome. Based on my research, I suggest
that large investments in land management to increase connectivity may best serve
conservation if reserved for landscapes with characteristics in which increased
connectivity will produce the greatest proportional effect. In landscapes with lower
levels of cover and contiguity, alternative management strategies, such as efforts to
increase the overall percent cover of habitat, would also be required and, without this
effort, corridors would probably be of little use.
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