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A comprehensive understanding of the patterns that occur as human processes transform landscapes is
necessary for sustainable development. We provide new evidence on how landscapes change by
analysing the spatial patterns of human processes in three forest landscapes in southern Chile at different
states of alteration (40%—90% of old-growth forest loss). Three phases of landscape alteration are
distinguished. In Phase I (40%—65% of old-growth forest loss), deforestation rates are < 1% yr~, forests
are increasingly degraded, and clearance for pastureland is concentrated on deeper soils. In Phase II (65%
—80%), deforestation reaches its maximum rate of 1—1.5% yr~!, with clearance for pastureland being the
main human process, creating a landscape dominated by disturbed forest and shrubland. In this phase,
clearance for pastureland is the primary driver of change, with pastures expanding onto poorer soils in
more spatially aggregated patterns. In Phase III (80%—90%), deforestation rates are again relatively low
(<1% yr~1) and forest regrowth is observed on marginal lands. During this phase, clearance is the
dominant process and pastureland is the main land cover. As a forest landscape is transformed, the
extent and intensity of human processes vary according to the existing state of landscape alteration,
resulting in distinctive landscape patterns in each phase. A relationship between spatial patterns of land
cover and human-related processes has been identified along the gradient of landscape alteration. This
integrative framework can potentially provide insights into the patterns and processes of dynamic
landscapes in other areas subjected to intensifying human use.

© 2011 Elsevier Ltd. All rights reserved.

Introduction

The need for a comprehensive assessment of the relationships
between landscape spatial patterns (spatial arrangement and
composition of landscape elements) and human processes (forest
fragmentation, forest degradation and deforestation by land use
change) has been highlighted in recent decades in the context of
global environmental change (Ferrier & Drielsma, 2010; Holmes,
Roy, Reed, & Johnson, 2010; Liu & Taylor, 2002; Nagendra,
Munroe, & Southworth, 2004). Diverse studies on landscape frag-
mentation have demonstrated the close relationship between
spatial patterns and human processes in many parts of the world
(Cayuela, Benayas, & Echeverria, 2006; Echeverria et al., 2006;
Fialkowski & Bitner, 2008; Gasparri & Grau, 2009). Some studies
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have shown that forest degradation by human activities such as
livestock grazing and tree harvesting is related to changes in spatial
patterns (Nandy, Kushwaha, & Dadhwal, 2011). Similarly, other
studies have revealed how deforestation associated with agricul-
tural expansion and forest regrowth associated with land aban-
donment are closely linked to changes in landscape patterns
(Abdullah & Nakagoshi, 2008; Zomeni, Tzanopoulos, & Pantis,
2008). In addition to evaluating the spatial linkages between
patterns and processes, there is a need to examine how human
processes co-occur over time to change a landscape. Most research
to date has focused on separately evaluating the impacts of forest
loss, fragmentation, degradation and agricultural expansion on
spatial patterns (An et al., 2008; Putz & Redford, 2010), whereas
very few studies have analysed how human processes coexist over
time and space in dynamic landscapes (Brandt & Townsend, 2006;
Panta, Kim, & Joshi, 2008).

Different classifications of landscape change have been identi-
fied in terms of structural thresholds (Forman, 1995; Mcintyre,
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Barret, & Ford, 1996) or the prevalent land use (Hobbs & Hopkins,
1990). In addition to these classifications, a model that synthe-
sises four landscape states (intact, variegated, fragmented and
relictual) was proposed by merging the previous classifications of
landscape change (McIntyre & Hobbs, 1999). As in Forman’s (1995)
and McIntyre and Hobbs’ (1999) models, the current classifications
of landscape change are typically represented by a decrease in
connectivity and remaining cover, and an increase in edge effects.
However, these models do not provide specific responses of how
spatial patterns and human processes interact at temporal and
spatial scales. For instance, when, where and how do clearance,
fragmentation and degradation of pristine forests occur as a forest
landscape is transformed into an agricultural landscape? When and
where can forest regrowth be observed in a changing landscape?
There is a need to consider the landscape not only in structural
terms, but also in relation to the complexity of human—environ-
ment interactions that occur and vary along a continuum of land-
scape alteration (Ferrier & Drielsma, 2010; Gutzwiller, 2002). It is
necessary to refine current models of landscape change by inte-
grating patterns of land cover change with processes relating to
human activity.

Given the increasing emphasis on operationalizing the concept
of landscape sustainability in the real world (Musacchio, 2011;
Naveh, 2007), there is a need to further develop an under-
standing of how real landscapes change. While some studies have
shown evidence of thresholds in simulated landscapes (Gustafson,
Roberts, & Leefers, 2006; Trani & Giles, 1999), very few studies have
focused on detecting thresholds in real landscapes during the
process of land cover change (Oliveira-Filho & Metzger, 2006).
Analysis of such thresholds will inform the development of
management and conservation strategies, which will differ
according to the state of alteration of the landscape (Liu & Taylor,
2002; McIntyre & Hobbs, 1999).

The main goal of the present research is to refine the current
models of landscape change using an integrative approach for
analysing spatial patterns and human processes. In particular, we
document changes in spatial patterns and human processes along
a gradient of real forest landscape alteration in southern Chile.
Then, we examine whether similar trends have been observed in
other regions, with the aim of identifying generalisations.

Material and methods
Study areas

Our research was conducted in three related landscapes located
in the Los Lagos Region of southern Chile (40° 15’ S, 72° 41’ W and
44° 01’ S, 71° 43'W), which were all covered by near-continuous
temperate forests until the early 1800s (Fig. 1). This zone is char-
acterised by a rainy temperate climate with an oceanic influence
and without dry periods (Di Castri & Hajek, 1976), with a mean
annual precipitation of 2090 mm. The landscapes are located on an
acidic, shallow, poorly-drained soil referred to as fiadi soil, which is
classified as Gleysol (FAO-UNESCO, 1971). Most fiadi soil occupies
the flatter parts of the landscapes, and occurs in association with
better-drained soils also derived from volcanic ash that occupy the
hilly parts of the landscapes (IRRI, 1984). Owing to drainage
restriction, fiadi soil is not commonly used for crop cultivation after
forest clearance (Carmona, 1981), but for livestock grazing (Torres,
1992). The landscapes are primarily dominated by Valdivian
temperate rain forests, surrounded by a matrix of crops and
pasturelands. These forests are recognised in two international
initiatives for their conservation value: WWF Global 200 Ecor-
egions (Olson et al., 2001) and the Global Biodiversity Hotspots
(Myers, Mittermeier, Mittermeier, da Fonseca, & Kent, 2000). Today,

a gradient of landscape alteration can be observed, ranging from
extensive areas covered by pristine forests to areas almost
completely cleared for agricultural production:

Landscape 1 (L1) corresponds to an initial stage of landscape
transformation located on Chiloé Island (Fig. 1). Approximately, 51%
of the total land (1681 km?) is currently covered by relatively intact
old-growth forest. Deforestation through logging and cultivation
principally commenced in recent decades, owing to its isolation
from the continent. L1 is considerably less populated than nearby
continental areas. Over the last four decades, land clearance for
agricultural expansion and logging for fuelwood have been the most
important causes of forest destruction in L1 (Echeverria, Coomes,
Hall, & Newton, 2008; Lara, Echeverria, & Reyes, 2002; Reyes, 2000).

Landscape 2 (L2) corresponds to an intermediate stage of
landscape transformation in which 34% of the total land area
(1281 km?) is currently covered by relatively intact old-growth
forest. Clearance of forest habitats for agricultural land occurred
mainly at the beginning of the 20th century. Large tracts of native
forest disappeared during the 1980s and 1990s owing to an
increase of woodchip export from native species and a rapid
expansion of urban grounds.

Landscape 3 (L3) corresponds to an advanced stage of landscape
transformation in which 26% of the total landscape (1254 km?) is
currently covered by relatively intact old-growth forest. The area is
characterised by an undulating hilly terrain in the foothills of the
western part of the Andes Mountains (Fig. 1). As a result of European
settlements in the area since the 1850s, intensive timber exploita-
tion began in the area, allowing the establishment of grazing areas
and crop cultivation (Donoso & Lara, 1995). Commercial plantations
of Eucalyptus spp. have been established in the landscape.

Satellite data

To analyse the spatial and temporal changes of land cover types,
a set of six Landsat satellite scenes taken in the summer were
acquired at different points in time: 1985 (Thematic Mapper, TM),
1999 (Enhanced Thematic Mapper, ETM+) and 2007 (TM) for L1
and L2, and 1986 (TM), 1998 (ETM+-) and 2006 (TM) for L3.

Pre-processing, classification and accuracy of the satellite data

Each image was geometrically, atmospherically and topo-
graphically corrected. Geometric correction was performed using
“full processing” module in PCI Geomatics and ENVI. This consisted
in the transformation of each image using GCPs (ground control
points) and a 2nd order polynomial mathematical model. The
satellite images were georeferenced separately by locating
approximately 70 GCPs in each image and producing correspond-
ing reference maps. The geometric accuracy ranged from 0.11 to
0.29 pixels, corresponding to 3.3—8.7 m. Atmospheric correction
was applied to all of the scenes, transforming the original radiance
image to a reflectance image (Chavez, 1996). The topographic
correction was conducted for each scene using the method
proposed by Teillet, Guindon, and Goodeonugh (1982) in order to
remove shadows in hilly areas. Supervised, maximum likelihood
classifications were performed on each of the three images to
classify the land cover types using training locations, obtained from
field surveys (Chuvieco, 1996). Two types of data were used in the
image interpretation. “Catastro” is a GIS- based data set of thematic
maps derived at 1:50,000 scale from aerial photographs and
satellite imagery between 1994 and 1997 (CONAF et al., 1999). The
Catastro data was also used to develop a set of categories of land
cover type for the present work. A second reference group was
comprised of 70 control points of field visits made in July 2007.
Land cover types that did not show changes in the last 20 years
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were recorded in the field by consulting local farmers. Patches of
old-growth forests were also recorded in the field to assist the
interpretation of earlier images.

The overall accuracy of the classification of each image was
estimated by constructing confusion matrices between reference
data and classified data (Chuvieco, 1996). The accuracy was assessed
by ground validation of 260 points visited between 1998 and 2008.

73° W 72° W

Fig. 1. Location of study areas in southern Chile representing a gradient of landscape alteration states: L1 (initial), L2 (intermediate), and L3 (advanced).

43° S

For the TM images of 2006 and 2007, reference data (250 points for
each image) was obtained in 2007 from additional field observa-
tions of land cover types that did not exhibit changes between
images over time. The overall accuracy values corresponded to
89.6% for 1985 image, 91.9% for the 1999 image, and 93.2% for 2007
image in L1 and L2. These percentages were 90.1% for 1986 image,
93.6% for 1998 image and 91.3% for 2006 image in L3. The accuracy
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of old-growth forest reached 95.9% in 1985, 96.1% in 1999, and 93.4%
in 2007; and 91.1% in 1986, 90.1% in 1998 and 92% in 2006. The high
percentages of overall accuracy of the images revealed that the
supervised classification, which was strongly supported by ground-
based information, provided a suitable identification of land cover
types in each of the satellite scenes processed.

Land cover types

The following categories of land cover were identified from each
image: 1) pastureland (for livestock grazing); 2) shrubland (land
dominated by shrub species with < 10% tree cover and originating
from the logging of tree species in disturbed forests or old-growth
forest or from natural succession due to land abandonment); 3)
arboreus shrubland (similar origin to shrubland but with 10—25%
tree cover); 4) disturbed forests (originated from logging of tree
species in old-growth forest or from natural succession); 5) old-
growth forest (pristine forest or almost intact mature forest of
broad-leaved evergreen tree species); 6) commercial plantation
(mainly Eucalyptus species for pulp industry); 7) bare ground; and
8) urban areas.

Temporal and spatial patterns of land cover change

For each study landscape we analysed the classified maps using
ArcGIS 9.3.1 (ESRI, 2009) and its extension Spatial Analyst to esti-
mate the area of the landscape occupied by each land cover type. A
cross-tabulation procedure between land cover maps was under-
taken with IDRISI Andes (Clark-Labs, 2007) to determine land cover
transitions for each time interval. The smallest patches (< 5 pixels)
were removed from all of the images to reduce errors during image
comparison.

Relationships between forest cover and soil depth were examined
to assess the spatial pattern of agricultural expansion in flat areas
susceptible to livestock grazing (<5% slope). Soil depths were ob-
tained for each soil series (CIREN, 2003), pp. 374p and were overlaid
on forest cover maps of the earliest study year (1985 and 1986).

Loss, degradation and fragmentation of old-growth forest

Land cover was grouped into forest or non-forest categories
using ARC GIS 9.3.1 (ESRI, 2009) to estimate and map the spatial
pattern of forest loss. A compound-interest formula was used to
determine the annual rate of deforestation in each study landscape
(Echeverria & Cayuela et al., 2007). The spatial pattern of forest
degradation was analysed examining the conversion of i) old-
growth forest to disturbed forest, arboreus shrubland or shrub-
land; and ii) from disturbed forest to arboreus shrubland or
shrubland. The spatial pattern of forest fragmentation was assessed
using the following indices of FRAGSTATS (Mcgarigal, Cushman,
Neel, & Ene, 2002): a) patch density (number of patches per
100 ha), b) proximity index (ratio between the size and distance of
all patches whose edges are within a specified search radius of the
local patch (1 km) and c) largest patch index (percentage of area
accounted for by the largest forest patch). These indices provide
information about the patterns of subdivision of forest patches, in
which forest cover becomes disaggregated and isolated across the
landscape (Forman & Godron, 1986).

Results
Changes in landscape composition

In L1 (initial stage of landscape transformation), old-growth
forest was the predominant land cover type with 52% of the

landscape in 1985 (Fig. 2). All of the human-related land cover
types such as disturbed forest, arboreus shrubland, shrubland and
pastureland exhibited the highest increase in area over time. In
contrast old-growth forest, the only non-human related land cover
type, showed a decline in the area occupied in the landscape. By
2007, commercial plantations represented 1% of the landscape
(Fig. 2).

In L2 (intermediate stage of landscape transformation), old-
growth forest was the predominant land cover type with 34% in
1985, whereas in 2007 arboreus shrubland and pastureland were
the major land cover types, each representing 27% of the landscape
(Fig. 2). Similarly to L1, all human-related land cover types
exhibited an increase in area over time, while old-growth forest
decreased dramatically from 34% in 1985 to 7% in 2007. Disturbed
forest and arboreus shrubland were the land cover types that
showed the highest increase in area across the landscape.
Commercial plantations of exotic species occupied 1% of the
landscape.

In L3 (advance stage of landscape transformation), pastureland
was the predominant land cover type across the study period
(Fig. 2). Over the whole study period, disturbed forest and arboreus
shrubland increased in area, but at a lower increment compared to
L1 and L2. In contrast to L1 and L2, a reduction of shrubland from
20% to 13% was observed in L3. In 2006, forest plantation of exotic
species occupied a greater proportion than in L1 and L2; equivalent
to 2% of the landscape.

Trajectories of land cover change

In L1, the major contributions to the net change were the
conversion of old-growth forest to arboreus shrubland during the
first time interval and to disturbed forest in the second one (Fig. 3).
Another important trajectory of change corresponded to the
conversion of 19% of arboreus shrubland to pastureland (Fig. 3).
Similar to L1, the major trajectory of change in L2 was the formation
of disturbed forest through degradation of old-growth forests
(Fig. 3). Similar but less pronounced trajectories of forest degra-
dation were identified in L3. Contrary to the trends observed in L1
and L2, 12% of the shrubland exhibited forest regrowth to secondary
forest (disturbed forest) during the first time interval. Similarly, 7%
of the pastureland regenerated to arboreus shrubland (Fig. 3).

Changes in forest cover

In L1, forest loss (old-growth forest plus disturbed forest)
occurred at a rate of 1% yr~!, with the highest loss during the last
time interval at a rate of 1.4% yr— . In L2, forest loss also occurred at
arate of 1% yr~!, but the highest loss was observed in the first time
interval at a rate of 1.1% yr~. In L3, forest loss was at a lower rate
(0.8 % yr~1) than in L1 and L2. During the first time interval,
deforestation occurred at a rate of 1.1 yr—1, while in the second
interval this rate decreased to 0.4% yr—.

Largest patch index and proximity index declined consistently
over time in the three study areas (Fig 4a,c). The greatest absolute
decline in these two indices was observed in L1, followed by L2 and
then L3. In particular, the faster decline was observed in L1 where
the proportion of the landscape occupied by the largest patch
decreased from 18% to 6.5% and when the old-growth forest loss
increased from 49% to 79% (Fig 4a). Moreover, isolation of old-
growth forest patches was more rapid in L1 than in the other
landscapes (Fig 4c).

This change in the spatial pattern of old-growth forest in L1 was
associated with a consistent increase in patch density (Fig 4b). In L2
this index remained constant (0.42) when the loss of old-growth
forest accounted for 71% of the landscape. However, patch
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Fig. 2. Temporal variation in the proportion of the major land cover types in L1 (initial stage of landscape alteration), L2 (intermediate), and L3 (advanced).

density declined to 0.35 when old-growth forest loss reached 90%,
which denotes the elimination of forest fragments and not the
division of forest patches as observed in L1. In L3, the index was also
constant at 0.35 when the old-growth forest loss reached up to 83%
of the landscape. Nevertheless, patch density showed an increase to
0.43, despite the progressive reduction of old-growth forest. This
increase in patch density was observed only in L3 and is the result
of the creation of new forest patches (Fig 4b).

Phases of forest landscape alteration

We identified the following three phases of forest landscape
alteration (Fig. 5)

Phase I: Old-growth forests lost from 40% to 65% of their original
extent. Forest degradation was the major human-related process
while forest clearance tended to decline. Maximum degradation
was observed when the old-growth forest cover was between 30%
and 40% and the deforestation rate was less than 1% yr—\. Large
fragments of old-growth forest were rapidly divided and isolated.
Pastureland expansion occurred primarily in forest areas located in
deep soils.

Phase II: Old-growth forests lost from 65% to 80% of their
original extent (Fig. 5). Landscape was increasingly affected by
forest clearance while forest degradation tended to decline. The
landscape became more dominated by disturbed forest and
shrubland. The deforestation rate was higher than in Phase I (up to
1.5% yr~1). Old-growth forest was characterised by a loss of frag-
ments rather than a division of them as recorded in Phase I. A
change in direction in patch density was observed when old-
growth forests dropped to 30% of the landscape. Deeper soils
(>1 m depth) presented a lower amount of old-growth forest cover
than in Phase I. The highest rates of forest plantations of exotic
species are observed in this phase.

Phase III: Old-growth forests lost from 80% to 90% of their
original extent (Fig. 5). This landscape was more affected by forest
clearance than by degradation. The landscape became dominated
by pastureland. The deforestation rate was lower (0.4—1.0%yr™!)
than in Phase Il and relatively similar to Phase . A slight increase in
the number of forest patches was associated with changes from
shrubland to secondary forest in some specific sites. Commercial
forest plantations of exotic species continued to be established
across the landscapes but at a lower rate than in Phase II.
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Fig. 3. Major trajectories of land cover change and their contributions to net change in percentage of the total area of the respective land cover types in L1 (initial stage of landscape

alteration), L2 (intermediate), and L3 (advanced). Lines represent net changes > 5%.

Discussion

Previous attempts to classify landscape alteration have distin-
guished four states of habitat destruction based on structural
attributes of the landscape (Hobbs & Hopkins, 1990; McIntyre &
Hobbs, 1999): intact (>90% of habitat remaining), variegated
(60—90%), fragmented (10—60%) and relictual (<10%). On the other
hand, Forman (1995) identifies five main ways in which humans
can alter a landscape spatially: perforation, dissection, fragmenta-
tion, shrinkage, and attrition. Although all of these models of
landscape change recognise a continuum of habitat modification
and destruction, they do not illustrate how such processes gradu-
ally alter landscape composition and configuration (spatial
patterns). Also, these previous models fail to consider explicitly the
complex linkages between spatial patterns and human processes
that occur as a forest landscape is transformed by anthropogenic
activities.

In the present work, we documented the interaction between
spatial patterns and human processes of land cover change to
examine how real landscapes change. In particular, we observed
distinctive spatial patterns and human processes as the loss of old-
growth forests increased from 40% to 90% of its original extent
(Fig. 5). For values of forest loss lower than 40%, it is highly probable
that forest loss and fragmentation are the major processes of
landscape transformation (Echeverria et al., 2008).

In Phase I, forest degradation and fragmentation increase to its
maximum when old-growth forest loss is between 60% and 70%.
Forest logging for firewood and timber, livestock grazing and fire
are more intense and are the main driving factors that lead to
a forest degradation in this phase (Echeverria, Newton, Lara,
Benayas, & Coomes, 2007). In the study areas, forest degradation
and clearance for agriculture are highly related to subsistence
farms, which use the forest in an unsustainable way and are
affected by the lack of productive alternatives (Carmona,
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Nahuelhual, Echeverria, & Baez, 2010; Elmudesi & Cox, 2006).
Increasing trends in forest degradation have also been reported for
accessible rain forests in primary forest-dominated landscapes in
Papua New Guinea (Shearman, Ash, Mackey, Bryan, & Lokes, 2009),
where the primary forest is degraded owing to forest logging.
Diverse forest landscapes around the world have exhibited
a consistent fragmentation of forest habitat at initial stages of
landscape alteration (Echeverria et al., 2006; Ranta, Blom, Niemela,
Joensuu, & Siitonen, 1998; Zipperer, Burgess, & Nyland, 1990). Forest
fragmentation is not a random process, but it follows a specific
pattern across the landscape (Lindenmayer & Fischer 2006). In
the present study, fragmentation occurred preferably in forests
located in deeper soils. Evidence from other studies shows that
changes in spatial pattern are driven by various landscape attri-
butes (Iverson, 1988) such as soil fertility (Alig, Lewis, & Swenson,
2005). These changes can be easily observed at this state of land-
scape alteration, where areas more profitable for agriculture are
associated with forest fragmentation, while in areas with poorly-
drained soils agricultural production is almost unfeasible and

fragmentation does not occur (Baldi, Guerschman, & Paruelo,
2006).

In Phase II there are substantial areas of degraded forests that
are susceptible to clearing for pastureland. A similar trend was
observed in Belize, where the major human process is the clearance
of forests for cattle when 67% of the forest cover has been elimi-
nated (Wyman & Stein, 2010). The highest rate of deforestation was
observed in Phase II of the gradient of landscape alteration. Simi-
larly, high rates of deforestation have been reported in other study
areas when between 60% and 80% of forest cover has been lost
(Cayuela et al, 2006; Ite & Adams, 1998; Schulz, Cayuela,
Echeverria, Salas, & Rey Benayas, 2010).

In Phase II, the loss of old-growth forest brings substantial
changes in landscape connectivity, with changes in metric direc-
tions and landscape composition. A steady increase of patch
density until 50% of forest cover has been lost, followed by
a decline in the patch density is also observed in studies conducted
using modelled deforestation maps (Trani & Giles, 1999) and
satellite imagery-based maps (Zipperer et al., 1990). These studies
also conclude that forest contiguity declines with each stage of
deforestation, dropping rapidly after aggregate forest loss sur-
passed 75%.

In Phase II, forest cover tended to decline in deeper soils in the
study landscapes. Consistent with previous studies (Fu et al., 2006;
Sklenicka & Salek, 2008), forests on high quality, deeper soils, are
progressively cleared for pastureland. At this stage of landscape
alteration, most of the remaining old-growth forest has progres-
sively been converted into shrubland or pastureland as a conse-
quence of a greater need for forage. Diverse landscapes with
conversion of forest into cropland and pastureland exhibit an
extensification of agricultural land (Mottet, Ladet, CoquE, & Gibon,
2006), as producers respond to changes in food consumption habits
and market requirements (Matson, Parton, Power, & Swift, 1997).
However, this general trend to homogenisation of the landscape
can also be altered as a consequence of enforced reforestation laws
(Zeledon & Kelly, 2009). This was observed in the study area, where
the highest rate of subsidised plantations of exotic species such as E.
globulus and E. nites were concentrated in this phase of landscape
alteration.

In Phase IIl landscapes become more dominated by pastureland
and clearance is the major human process. Landscapes with no
limits to agricultural expansion can reach the spatial pattern
observed in Phase III that describes a largely deforested landscape
with few small and poorly connected forest patches, surrounded by
degraded forest or pastureland (Gasparri & Grau, 2009). At this
stage, accessibility becomes a key variable in determining when
forest patches would be cleared as the landscape is transformed to
agricultural land (Nagendra, Southworth, & Tucker, 2003). If the
current rates of afforestation with exotic species remain constant, it
is possible to expect a further homogenisation of the landscape by
one or two dominant tree species (Echeverria et al., 2006; Padilla,
Vidal, S-nchez, & Pugnaire, 2010).

Similar to other landscapes (Evans & Kelley, 2008), the slight
increase in the number of forest patches and the changes in
trajectories indicate the existence of some forest regrowth in
deforested areas. This can be related to land abandonment where
forest returns as a result of unregulated productive cycle (Carmona
et al., 2010; Geri, Amici, & Rocchini, 2010). Recent research con-
ducted in the study landscapes also confirm land abandonment in
remote areas located far from production centres, which produce
low yields at high cost (marginal land) (Carmona et al., 2010; Diaz,
Nahuelhual, Echeverria, & Marin, 2011). Forest regrowth in acces-
sible areas, resulting from the abandonment of marginally
productive agricultural farms owing to agricultural intensification
(Nagendra et al., 2003), has been observed after a period of forest
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Fig. 5. Temporal variation of major landscape patterns and processes observed along a gradient of loss of old-growth forest in three study landscapes in southern Chile. Forest
regrowth is the transition from pastureland to shrubland and arboreus shrubland; forest clearance is the transition from old-growth forest, disturbed forest, arboreus shrubland and
shrubland to pastureland; forest degradation is the transition from old-growth forest to disturbed forest, arboreus shrubland and shrubland.

loss and fragmentation (Evans & Kelley, 2008). Forest regrowth can
lead to a defragmentation (Hale et al., 2001) of forest patches in
marginal lands while in other places old-growth forest is progres-
sively cleared (Fig. 5).

Conclusion

The processes of clearance, fragmentation and degradation of
forest cover as well as forest regrowth operate in spatially differ-
entiated patterns and their occurrences vary over time according to
the phase of landscape alteration. Forest clearance for pastureland
can be expected along the entire gradient of landscape alteration,
while forest fragmentation and degradation are only dominant
until certain thresholds of forest loss. In advanced states of

landscape alteration, forest regrowth appears as a process modi-
fying the spatial pattern of the landscape.

The three phases of landscape alteration offer a framework that
could potentially be applied and further tested in other regions,
leading towards a generalised understanding of how landscapes
change in the real world.

Acknowledgements

This research was made possible by funding from FONDECYT
Chile projects No1080408 and No 1085877, and the European
funded project BIOCORES ICA-CT-2011-10095. The authors are
grateful to Rodrigo Fuentes, Guillermo Machuca and Gustavo
Bolados from LEP (Laboratory of Landscape Ecology, U. of



830 C. Echeverria et al. / Applied Geography 32 (2012) 822—831

Concepcion) for their assistance and to Juan Gamin and Fernando
Moraga from Corporacién Nacional Forestal (CONAF) for making
their databases available to us. We thank Robert Heilmayr for the
grammar revision.

References

Abdullah, S. A., & Nakagoshi, N. (2008). Changes in agricultural landscape pattern
and its spatial relationship with forestland in the State of Selangor, peninsular
Malaysia. Landscape and Urban Planning, 87(2), 147—155.

Alig, R. J., Lewis, D. J., & Swenson, ]. ]. (2005). Is forest fragmentation driven by the
spatial configuration of land quality?: the case of western Oregon. Forest
Ecology and Management, 217(2—3), 266—274.

An, S., Zheng, F,, Zhang, F,, Van Pelt, S., Hamer, U., & Makeschin, F. (2008). Soil quality
degradation processes along a deforestation chronosequence in the Ziwuling
area, China. CATENA, 75(3), 248—256.

Baldi, G., Guerschman, J. P., & Paruelo, J. M. (2006). Characterizing fragmentation in
temperate South America grasslands. Agriculture, Ecosystems & Environment,
116(3—4), 197—208.

Brandt, J., & Townsend, P. (2006). Land use — land cover conversion, regeneration
and degradation in the high elevation Bolivian Andes. Landscape Ecology, 21(4),
607—623.

Carmona, A. (1981). Caracterizacién quimica de suelos fiadis, provincia de Llanquihue,
Décima Region de Los Lagos. Valdivia: Universidad Austral de Chile.

Carmona, A., Nahuelhual, L., Echeverria, C., & Bdez, A. (2010). Linking farming
systems to landscape change: an empirical and spatially explicit study in
southern Chile. Agriculture, Ecosystems & Environment, 139(1—-2), 40—50.

Cayuela, L., Benayas, J. M. R., & Echeverria, C. (2006). Clearance and fragmentation of
tropical montane forests in the Highlands of Chiapas, Mexico (1975—2000).
Forest Ecology and Management, 226(1-3), 208—218.

Chavez, P. (1996). Image-based atmospheric corrections. Photogrammetric Engi-
neering and Remote Sensing, 62, 1025—1036.

Chuvieco, E. (1996). Fundamentos de teledeteccion espacial (1).. Madrid: Ediciones
Rialp.

CIREN. (2003). Descripciones de suelos, materiales y simbolos. Estudio agrolégico.
Santiago: CIREN.

Clark-Labs. (2007). IDRISI 15 Andes. In University,
Worcester, MA, USA: Clark University.

CONAF, Conama, BIRF, Chile, U. A. d., Chile, P. U. C. d, & Universidad Catdlica de
Temuco. (1999). Catastro y Evaluacién de los Recursos Vegetacionales Nativos de
Chile. Santiago, Chile.

Di Castri, F, & Hajek, E. (1976). Bioclimatologia de Chile. Santiago: Ediciones Uni-
versidad Catélica de Chile.

Diaz, G. L, Nahuelhual, L., Echeverria, C., & Marin, S. (2011). Drivers of land aban-
donment in Southern Chile and implications for landscape planning. Landscape
and Urban Planning, 99, 207—-217.

Donoso, C., & Lara, A. (1995). Utilizacién de los bosques nativos en Chile: pasado,
presente y futuro. In J. Armesto, C. Villagran, & M. K. Arroyo (Eds.), Ecologia de los
bosques nativos de Chile (pp. 363—387). Santiago, Chile: Editorial Universitaria.

Echeverria, C., Cayuela, L., Manson, R., Coomes, D., Lara, A., Rey Benayas, ]. M., et al.
(2007). Spatial and temporal patterns of forest loss and fragmentation in
Mexico and Chile. In A. Newton (Ed.), Biodiversity loss and conservation in
fragmented forest landscapes: The forest of Montane Mexico and temperate South
America (pp. 14—42). CABI International.

Echeverria, C., Coomes, D. A, Hall, M., & Newton, A. C. (2008). Spatially explicit
models to analyze forest loss and fragmentation between 1976 and 2020 in
southern Chile. Ecological Modelling, 212(3—4), 439—449.

Echeverria, C., Coomes, D., Salas, J., Rey-Benayas, J. M., Lara, A., & Newton, A. (2006).
Rapid deforestation and fragmentation of Chilean temperate forests. Biological
Conservation, 130(4), 481—494.

Echeverria, C., Newton, A. C,, Lara, A, Benayas, J. M. R, & Coomes, D. A. (2007).
Impacts of forest fragmentation on species composition and forest structure in
the temperate landscape of southern Chile. Global Ecology and Biogeography,
16(4), 426—439.

Elmudesi, S., & Cox, M. (2006). Bosque modelo Chiloé: experiencis de uso sus-
tentable del bosque. In R. Catalan, P. Wilken, A. Kandzior, & D. H. B. Tecklin
(Eds.), Bosques y comunidades del sur de Chile (pp. 137—152). Santiago: Editorial
Universitaria.

ESRI (2009). Environmental Systems Research Institute, Inc. In, 380 New York St.,
Redlands, CA92373—8100, USA.

Evans, T. P, & Kelley, H. (2008). Assessing the transition from deforestation to forest
regrowth with an agent-based model of land cover change for south-central
Indiana (USA). Geoforum, 39(2), 819—832.

FAO-UNESCO. (1971). Soil map of the world. South America, Paris.

Ferrier, S., & Drielsma, M. (2010). Synthesis of pattern and process in biodiversity
conservation assessment: a flexible whole-landscape modelling framework.
Diversity and Distributions, 16(3), 386—402.

Fialkowski, M., & Bitner, A. (2008). Universal rules for fragmentation of land by
humans. Landscape Ecology, 23(9), 1013—1022.

Forman, R. T. T. (1995). Land mosaics: The ecology of landscapes and regions. New
York: Cambridge University Press.

Forman, R. T. T., & Godron, M. (1986). Landscape ecology. New York, NY: John Wiley
and Sons.

C. (Ed.) (15.01).. 950 Main Street,

Fu, B.-J., Zhang, Q.-]., Chen, L.-D., Zhao, W.-W., Gulinck, H., Liu, G.-B., et al. (2006).
Temporal change in land use and its relationship to slope degree and soil type
in a small catchment on the Loess Plateau of China. CATENA, 65(1), 41—48.

Gasparri, N. I, & Grau, H. R. (2009). Deforestation and fragmentation of Chaco dry
forest in NW Argentina (1972—2007). Forest Ecology and Management, 258(6),
913-921.

Geri, F., Amici, V., & Rocchini, D. (2010). Human activity impact on the heterogeneity
of a Mediterranean landscape. Applied Geography, 30(3), 370—379.

Gustafson, E. ], Roberts, L. ]., & Leefers, L. A. (2006). Linking linear programming and
spatial simulation models to predict landscape effects of forest management
alternatives. Journal of Environmental Management, 81(4), 339—350.

Gutzwiller, K. (2002). Appyling landscape ecology in biological conservation. New
York, USA: Springer.

Hale, M. L, Lurz, P. W. W.,, Shirley, M. D. F, Rushton, S., Fuller, R. M., & Wolff, K.
(2001). Impact of landscape management on the genetic structure of red
squirrel populations. Science, 293(5538), 2246—2248.

Hobbs, R., & Hopkins, A. ]J. M. (1990). From frontier to fragments: European impact
on Australia’s vegetation. In Proceeding of the Ecological Society of Australia, 16
(pp. 93—114).

Holmes, S. E., Roy, B. A, Reed, ]. P, & Johnson, B. R. (2010). Context-dependent
pattern and process: the distribution and competitive dynamics of an invasive
grass, Brachypodium sylvaticum. Biological Invasions, 12(7), 2303—2318.

IRRI. (1984). Wetland soil: characterization, classification, and utilization. In Insti-
tute, I. R. R. (Ed.), Characterization, classification and utilization of wetland soils.
U.S: International Rice Research Institute.

Ite, U., & Adams, W. (1998). Forest conversion, conservation and forestry in Cross
River State, Nigeria. Applied Geography, 18(4), 301-314.

Iverson, L. R. (1988). Land-use changes in Illinois, ASA: The influence of landscape
attributes on current and historic land use. Landscape Ecology, 2(1), 45—61.
Lara, A., Echeverria, C., & Reyes, R. (2002). Bosques. In Centro de Andlisis de Politicas
Pablicas, U. d. C. (Ed.), Informe Pais: Estado del Medio Ambiente en Chile-2002 (pp.

127-160), Santiago.

Lindenmayer, D. B., & Fischer, J. (2006). Habitat fragmentation and landscape change.
An Ecological and conservation synthesis. USA: Island Press, 329 p.

Liu, J., & Taylor, W. (2002). Integrating landscape ecology into natural resources
management. Cambridge: Cambridge University Press.

Matson, P. A, Parton, W. J., Power, A. G., & Swift, M. J. (1997). Agricultural intensi-
fication and ecosystem properties. Science, 277(5325), 504—509.

Mcgarigal, K., Cushman, S. A., M.C,, Neel Ene, E. (2002). Fragstats: spatial pattern
analysis program for categorical maps. In (Vol. 2010).

Mclintyre, S., Barret, G. W., & Ford, H. A. (1996). Communities and ecosystems. In
I. E. Spellerberg (Ed.), Conservation biology (pp. 154—170). Harlow, United
Kingdom: Longman.

Mclintyre, S., & Hobbs, R. (1999). A framework for conceptualizing human effects on
landscapes and its relevance to management and research models. In Conser-
vation biology (pp 1282—1292).

Mottet, A., Ladet, S., CoquE, N., & Gibon, A. (2006). Agricultural land-use change and
its drivers in mountain landscapes: a case study in the Pyrenees. Agriculture,
Ecosystems & Environment, 114(2—4), 296—310.

Musacchio, L. (2011). The grand challenge to operationalize landscape sustainability
and the design-in-science paradigm. Landscape Ecology, 26(1), 1-5.

Myers, N., Mittermeier, R. A, Mittermeier, C. G., da Fonseca, G. A. B., & Kent, J. (2000).
Biodiversity hotspots for conservation priorities. Nature, 403(6772), 853—858.

Nagendra, H., Munroe, D. K., & Southworth, J. (2004). From pattern to process:
landscape fragmentation and the analysis of land use/land cover change.
Agriculture, Ecosystems & Environment, 101(23€*3), 111-115.

Nagendra, H., Southworth, J., & Tucker, C. (2003). Accessibility as a determinant of
landscape transformation in western Honduras: linking pattern and process.
Landscape Ecology, 18(2), 141—158.

Nandy, S., Kushwaha, S. P. S., & Dadhwal, V. K. (2011). Forest degradation assessment
in the upper catchment of the river Tons using remote sensing and GIS.
Ecological Indicators, 11(2), 509—513.

Naveh, Z.(2007). Landscape ecology and sustainability. Landscape Ecology, 1437—1440.

Oliveira-Filho, F.,, & Metzger, ]. P. (2006). Thresholds in landscape structure for three
common deforestation patterns in the Brazilian Amazon. Landscape Ecology,
21(7),1061-1073.

Olson, D. M., Dinerstein, E., Wikramanayake, E. D., Burgess, N. D., Powell, G. V. N.,
Underwood, E. C,, et al. (2001). Terrestrial ecoregions of the world: a new map
of life on earth. BioScience, 51, 933—938.

Padilla, F. M,, Vidal, B., S-nchez, ]., & Pugnaire, F. I. (2010). Land-use changes and
carbon sequestration through the twentieth century in a Mediterranean
mountain ecosystem: implications for land management. Journal of Environ-
mental Management, 91(12), 2688—2695.

Panta, M., Kim, K., & Joshi, C. (2008). Temporal mapping of deforestation and forest
degradation in Nepal: applications to forest conservation. Forest Ecology and
Management, 256(9), 1587—1595.

Putz, F. E,, & Redford, K. H. (2010). The Importance of Defining ‘Forest’: tropical
forest degradation, deforestation, long-term phase shifts, and further transi-
tions. Biotropica, 42(1), 10—20.

Ranta, P, Blom, T., Niemela, ]., Joensuu, E., & Siitonen, M. (1998). The fragmented
Atlantic rain forest of Brazil: size, shape and distribution of forest fragments.
Biodiversity and Conservation, 7, 385—403.

Reyes, R. (2000). Caracterizacion de los sistemas de produccion y comercializacion
de lefia para la ciudad de Puerto Montt, X Region. Santiago: Universidad de
Chile.



C. Echeverria et al. / Applied Geography 32 (2012) 822—831 831

Schulz, . J., Cayuela, L., Echeverria, C., Salas, ]., & Rey Benayas, ]. M. (2010). Moni-
toring land cover change of the dryland forest landscape of Central Chile
(1975—2008). Applied Geography, 30(3), 436—447.

Shearman, P. L., Ash, ]., Mackey, B., Bryan, J. E., & Lokes, B. (2009). Forest conversion
and degradation in Papua New Guinea 1972—2002. Biotropica, 41(3), 379—390.

Sklenicka, P., & Salek, M. (2008). Ownership and soil quality as sources of agricul-
tural land fragmentation in highly fragmented ownership patterns. Landscape
Ecology, 23(3), 299—-311.

Teillet, P. M., Guindon, B., & Goodeonugh, D. G. (1982). On the slope-aspect correction
of multispectral scanner data. Canadian Journal of Remote Sensing, 8, 84—106.

Torres, G. (1992). La degradacion antrépica de los suelos y vegetacion en fiadis, un
estudio particular. Valdivia: Universidad Austral de Chile.

Trani, M. K., & Giles, J. R. H. (1999). An analysis of deforestation: metrics used to
describe pattern change. Forest Ecology and Management, 114(2—3), 459—470.

Wyman, M. S., & Stein, T. V. (2010). Modeling social and land-use/land-cover change
data to assess drivers of smallholder deforestation in Belize. Applied Geography,
30(3), 329-342.

Zeledon, E. B., & Kelly, N. M. (2009). Understanding large-scale deforestation in
southern Jinotega, Nicaragua from 1978 to 1999 through the examination of
changes in land use and land cover. Journal of Environmental Management, 90(9),
2866—2872.

Zipperer, W. C., Burgess, R. L., & Nyland, R. D. (1990). Patterns of deforestation and
reforestation in different landscape types in central New York. Forest Ecology
and Management, 36(1), 103—117.

Zomeni, M., Tzanopoulos, ]., & Pantis, ]. D. (2008). Historical analysis of landscape
change using remote sensing techniques: an explanatory tool for agricultural
transformation in Greek rural areas. Landscape and Urban Planning, 86(1),
38—-46.



