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Although several studies have reported rates of deforestation and spatial patterns of native forest frag-
mentation, few have focused on the role of natural forest regeneration and exotic tree plantations on
landscape dynamics. The objective of this study was to analyze the dynamics of land cover change in
order to test the hypothesis that exotic tree plantations have caused a major transformation of temperate
forest cover in southern Chile during the last three decades. We used three Landsat satellite images taken
in 1985 (TM), 1999 (ETM+), and 2011 (TM) to quantify land cover change, together with a set of landscape
indicators to describe the spatial configuration of land cover. Our results showed that the major changes
were dynamic conversion among forest, exotic tree plantation and shrubland. During the study period,
the area covered by exotic tree plantations increased by 168% (20,896–56,010 ha), at an annual rate of
3.8%, mostly at the expense of native forest and shrubland. There was a total gross loss of native forest
of 30% (54,304 ha), but a net loss of initial cover of only 5.1% (9130 ha), at an annual net deforestation
rate of 0.2%. The difference between gross and net loss of native forest was mostly the result of conversion
of shrubland and agricultural and pasture land to secondary forest following natural regeneration. Over
the course of the study period, exotic tree plantations showed a constant increase in patch density, total
edge length, nearest-neighbor distance, and largest patch index; maximum mean patch size occurred in
the middle of the study period. Native forest exhibited an increase and then a decrease in patch density
and total edge length, whereas mean patch size and largest patch index were lowest in the middle of the
period. Overall, the observed trends indicate expansion of exotic tree plantations and increase in native
forest loss and fragmentation, particularly between 1985 and 1999. Forest loss included both old-growth
and secondary forests, while native forest established after secondary succession differed in diversity,
structure, and functionality from old-growth and old growth/secondary forests. Since different succes-
sional stages influence the provision of ecosystem services, the changes observed in our study are likely
to have consequences for humans that extend beyond immediate changes in land use patterns.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Humans have changed land use and land cover for millenia,
resulting in significant impacts on the environment (e.g. Klein
Goldewijk et al., 2011). Human activities and demands are rapidly
changing ecosystems and landscapes, and only small or remote
areas of the globe show no evidence of human intervention
(Lambin and Meyfroidt, 2011). Transformation of natural land-
scapes has eroded ecosystem functions, and habitat loss and frag-
mentation have increased vulnerability to edge effects and
biodiversity loss (Laurance et al., 2006). Acting in the opposite
direction is passive regeneration, which may counteract the effects
of habitat loss and fragmentation (Morrison and Lindell, 2010;
FAO, 2011), especially for areas where natural recolonization is fast
due to seed availability, extensive residual cover of natural habitat,
and conserved soil (Prach et al., 2007; Chazdon, 2008). Given their
complexity, the processes involved in land cover change are the
focus of research programs and strategies for sustainable manage-
ment (Vitousek, 1994). Although important advances have been
made, significant gaps remain in our understanding of the spatial
ecology of these changes (Iverson et al., 2014).

Among the drivers of land cover change, tree plantations play
an important role in many parts of the world. Tree plantations
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are typically established on cleared agricultural land, but they also
expand at the expense of native forest, which is an emerging cause
of forest loss and fragmentation worldwide (Foley et al., 2005).
Three factors have caused the expansion of tree plantations
towards increasingly difficult-to-reach areas: depletion of finite
resources, particularly timber; natural limits to increasing yield
on high-quality land; and development of tree plantation tech-
nology feasible on cheaper marginal lands (Kröger, 2013). As a
result, planted forests are rapidly expanding worldwide and they
currently account for ca. 7% of the total forest area, whereas the
area covered by native forests declined by 5.2 million ha annually
between 2000 and 2010 (FAO, 2011; Kröger, 2013). The two main
areas where plantation expansion has been particularly dramatic
are South America, where area increased by 67% between 1990
and 2010, and the Asia–Pacific region, where area increased by
61.6% (Kröger, 2013).

Some tree plantations are intended to provide chiefly environ-
mental benefits, including those fostered by the European Commu-
nity Agrarian Policy (European Commission, 2013) and the Chinese
Grain-to-Green project (Song et al., 2014). However, most tree
plantations are grown primarily for producing wood efficiently
and for contributing significantly to economic growth; these activ-
ities may produce substantial changes in natural ecosystems, with
impacts on biodiversity and ecosystem services (Hartley, 2002).
Furthermore, management practices such as periodic clearing of
understory vegetation can have more drastic effects than any com-
petitive or allopathic effects due to the planted trees (Atauri et al.,
2004). The global trend of tree plantation expansion is likely to
continue, especially for the production of biofuels (Kole et al.,
2012) and carbon storage (Lindenmayer, 2009), while natural for-
ests are in decline and increasingly fragmented (FAO, 2010).

In Chile, tree plantation establishment began in the 1940s (Toro
and Gessel, 1999), and in the 1970s the country showed the high-
est annual rates of plantation increase in South America, especially
between 1995 and 2009, due to both afforestation (49,020 ha) and
reforestation (53,610 ha) (FAO, 2010; INFOR, 2010). At present, for-
est plantations are dominated by Pinus radiata (D. Don) and Euca-
lyptus spp., which account for 2.3 million ha (INFOR, 2013), an area
increasing by 37,000 ha annually (CONAF, 2014). The geographic
range of southern temperate forest has declined considerably dur-
ing the last century (Smith-Ramírez, 2004), partly as a result of
conversion of native forest to other land cover types. These pro-
cesses, together with fragmentation of remnant habitats, threaten
native forest in southern Chile (Echeverría et al., 2006; Lara et al.,
2011; Nahuelhual et al., 2012). These temperate rainforests are
globally important ecoregions because of their biodiversity
(Myers et al., 2000; Smith-Ramírez, 2004; Smith-Ramírez et al.,
2007), and they have been targeted for urgent conservation by
the World Bank, the World Wildlife Fund and other organizations
(Dinerstein et al., 1995). In Chile, the last remnants of temperate
forest are restricted to upper elevations in the Andean mountains
and the southern section of the Coastal Range, where continuous
tracts of forest still exist (Smith-Ramírez, 2004).

Studying land cover change has always been limited by data
availability. The development of Geographical Information Sys-
tems (GIS) has offered a variety of tools for analyzing landscape
spatial patterns (Franklin, 2001). The evaluation of temporal forest
change based on satellite imagery can then be linked to fragmen-
tation analysis, representing a valuable set of techniques for
assessing the severity of threats to ecosystems (Dávalos et al.,
2014; Kumar et al., 2014). Many indices have been developed to
quantify patterns at the landscape scale, including area
(Armenteras et al., 2003), edge (Franklin, 2001; McGarigal et al.,
2012), shape (Franklin, 2001; Mcgarigal et al., 2012), distance
(Mcgarigal et al., 2012), and connectivity metrics (Franklin, 2001;
Mcgarigal et al., 2012). The use of these metrics in deforestation
and fragmentation studies has increased exponentially around
the world in recent decades (Willson et al., 1994; Armenteras
et al., 2003; Cayuela et al., 2006a,b; Dávalos et al., 2014), probably
motivated by increasing accessibility to remote sensing data and
powerful computers (Newton et al., 2009).

Relatively few studies have analyzed land cover change and for-
est fragmentation in Chile (Echeverría et al., 2006; Schulz et al.,
2010; Nahuelhual et al., 2012; Altamirano et al., 2013).
Echeverría et al. (2006) assessed the patterns of deforestation
and forest fragmentation in the Coastal Range of south-central
Chile over a 25-year period using data from 1975, 1990 and
2000. Schulz et al. (2010) investigated land cover changes and
major trends in landscape dynamics in central Chile, including
regeneration, using multi-temporal satellite images taken in
1975, 1985, 1999 and 2008. Nahuelhual et al. (2012) analyzed
the drivers of plantation expansion in south-central Chile for the
periods 1975–1990 and 1990–2007. Finally, Altamirano et al.
(2013) analyzed patterns of deforestation and fragmentation in
south-central Chile using fine-resolution (0.0225 ha) classified
maps from satellite images taken in 1986, 1999 and 2008.

Notwithstanding the growing literature on land cover change,
few studies have investigated simultaneously how landscape
dynamics are affected by natural forest regeneration (e.g. Pütz
et al., 2011; Schulz et al., 2010) and exotic tree plantations (e.g.
Nahuelhual et al., 2012). Improving our understanding of such
dynamics may help mitigate or reverse their impact on forest
ecosystems, contribute to land use planning, and guide the design
and implementation of conservation and restoration programs at
the landscape scale. The objective of this study was to analyze
the dynamics of land cover change in order to test the hypothesis
that exotic tree plantations have caused a major transformation of
temperate forest cover in southern Chile in a recent time period
spanning 26 years. To achieve this goal, our study attempted to
(1) determine the rates and amount of land cover change, (2) mea-
sure the spatial distribution of forest loss and expansion of planta-
tions, and (3) examine whether natural regeneration has
compensated for forest loss at the landscape scale.
2. Methods

2.1. Study area

The study area covers ca. 2700 km2 of the Chilean Coastal Range
(Fig. 1), including rivers and wetlands, and elevation ranges from 4
to 684 m. It has abundant endemic flora and fauna, which reflect
the location of vegetation refuges during the last glacial period
(Armesto et al., 1995). Evergreen forests are the dominant vegeta-
tion type, occupying 79% of the total forest cover in the study area
(CONAF-CONAMA-BIRF, 1999). The predominant climate is tem-
perate with Mediterranean influence, a mean annual temperature
of 11 �C and a mean annual precipitation of 2500 mm. Soils are
derived from metamorphic material and granitic rocks (IREN-
CORFO, 1964).

Land tenure is characterized by a mosaic of different land cover
types, productive activities, and local stakeholders. The dominant
types of land tenure correspond to properties owned by forest
companies (81,100 ha, 30% of the study area) that concentrate
the area covered by exotic tree plantations, private protected areas
(52,000 ha, 19.3%), and small properties (46,827 ha, 17%) owned by
‘‘campesinos’’. This Spanish name refers to rural people in the sub-
sistence economy who live on <200 ha, as defined in Chilean law.
The other major types of land tenure are large properties, i.e.
P200 ha (45,663 ha, 16.97%) and public protected areas
(26,000 ha, 9.74%). Most campesino-owned small properties show
frequent and intense alterations due to constant efforts to achieve



Fig. 1. Location of the study area within the Coastal Range of southern Chile.
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adequate production for family subsistence (Zamorano-Elgueta
et al., 2012).

2.2. Image classification

A set of three Landsat images (path 233, row 88) were acquired
for the years 1985 (TM), 1999 (ETM+), and 2011 (TM), with a pixel
spatial resolution of 30 � 30 m. All images were taken during the
dry season (December to February). The images were pre-
processed, including geometric, atmospheric and topographic cor-
rections (Hantson and Chuvieco, 2011). We defined five classes of
land cover: (1) native forest, (2) exotic tree plantation, (3) shrub-
land, (4) agricultural and pasture land, and (5) bare ground. Exotic
tree plantations corresponded to industrial plantations of exotic
tree species dominated by P. radiata (D. Don) and Eucalyptus spp.
(Reyes and Nelson, 2014).

Landscape complexity poses particular challenges for image clas-
sification (Cayuela et al., 2006a). Frequent misclassification is inevi-
table, particularly if various categories are interspersed within a
small spatial area (Foody, 2002) or if some of the land cover categories
have overlapping spectral signatures (Pedroni, 2003). For example,
vegetation stages following successional gradients, such as shrub-
land, arboreous-shrubland and forest categories (Echeverría et al.,
2006), usually show very similar spectral signatures, as do forest suc-
cessional stages, such as young, intermediate and old forest (Liu et al.,
2008). For this reason, we included within the native forest category
the three main forest successional stages defined by the Chilean
native forest cadastre (CONAF-CONAMA-BIRF, 1999): old-growth,
old-growth/secondary, and secondary forest.

To classify the scenes we used a supervised classification
method. Training sites were selected to represent the spectral vari-
ability of each land cover class and were extracted from color com-
posite images and based on local knowledge (Chuvieco, 2010). The
number of training sites for the various land cover classes for the
three images studied ranged between 18–32, 19–35, and 18–32.
The maximum likelihood algorithm was used to assign probabil-
ities of membership to each class and each pixel was assigned to
the most probable class (Richards and Jia, 2006).
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2.3. Accuracy assessment

The Bhattacharyya distance was used as a statistical measure of
between-class separability based on spectral signatures
(Bhattacharrya, 1943). One advantage of this index is its close rela-
tionship to the probability of accurate classification (Choi and Lee,
2001). A separability value of 2.0 indicates a proper pixel separa-
tion with no more pixel overlap. Good separability is attained with
values between 1.9 and 2.0. Values between 1.9 and 1 indicate that
two classes can be separable to some extent, whereas values less
than 1 indicate very poor separability. The equation we used to
compute the Bhattacharryya distance is described in the PCI user
manual (PCI, 2001).

Accuracy of the 1999 and 2011 scenes was assessed using ALOS
scenes from 2010 with a pixel spatial resolution of 10 � 10 m, and
the most updated version of the cadastre for the Región de los Ríos
(CONAF-CONAMA, 2008). The cadastre was developed at the
1:50,000 scale, and was derived from aerial photographs and satel-
lite imagery. To classify the 1985 scene, we used forest cover maps
generated from aerial photographs of 1985 at a scale of 1:60,000.
We also used two maps of land cover from 1986 and 1999 derived
from Landsat scenes to assess the accuracy of the 1985 and 1999
classifications (González et al., 2005). Sets of 173 and 199 control
points were used for the 1985 and 1999 scenes, respectively. The
points were overlaid onto the reference land cover maps and
assigned to respective classes. In order to assess the accuracy of
the 2011 image, 198 ground control points were visited in the field
during the dry season in 2012. Confusion matrices were construct-
ed to cross-validate the land covers derived from the satellite
scenes. Three accuracy measures were calculated: producer’s accu-
racy, user’s accuracy, and overall accuracy. Most processing was
performed using PCI 7.0 (PCI, 2001) and ArcGis 10 (ESRI, 2011).
Finally, we compared the overall area estimated for each land cov-
er type in our 1985, 1999 and 2011 classifications with estimates
obtained from technical reports (González et al., 2005; TNC,
2011) and regional statistics (CONAF-CONAMA-BIRF, 1999;
INFOR, 1986).
2.4. Cover change and spatial configuration of tree plantations and
native forest

To compare the change in cover of exotic tree plantations and
native forest for the 1985–1999 and for 1999–2011 periods, we
used the compound interest rate formula proposed by Puyravaud
(2003):

Changerate ¼ 100=ðt2 � t1Þx lnðA2=A1Þ

where A1 and A2 are the cover of exotic tree plantations or native
forest at times t1 and t2. Both net and gross changes were calculated.
Net change represents the difference between the gains and losses
in a cover type between two periods. Gross change represents the
total area modified between the two periods. The spatial configura-
tion of fragments was quantified and compared using the following
Table 1
Net change (gain minus loss) for land cover classes in hectares and as a percentage of the

Cover type 1985–1999

Gains Losses Net

Ha % Ha % Ha

Native forest 21,987 8.5 30,908 �12.0 �8
Exotic tree plantation 30,245 11.8 6219 �2.4 24
Shrubland 12,346 4.8 23,790 �9.3 �11
Agricultural and pasture land 7712 3.0 13,710 �5.3 �6
Bare ground 3114 1.2 776 0.3 2
landscape metrics: (a) patch density (number of patches/100 ha),
(b) total edge length (km), (c) mean patch size (ha), (d) Euclidean
nearest-neighbor distance (m), and (e) largest patch index (%).
Landscape spatial indices were computed using FRAGSTATS (ver-
sion 4.2, Mcgarigal et al., 2012).
3. Results

3.1. Accuracy assessment

The average between-class separability based on the Bhat-
tacharrya distance ranged from 1.948 to 1.997. Signature separa-
bility between exotic tree plantation and native forest was 1.987,
1.999, and 1.991 for the 1985, 1999, and 2011 scenes, respectively,
indicating good spectral separability between these two land cover
classes.

Overall accuracy for classification was 73.2%, 83.9%, and 82.9%
for the 1985 TM, 1999 ETM+, and 2011 TM scenes, respectively.
The lowest producer’s accuracy was obtained in exotic tree planta-
tions for the 1985 and 1999 scenes, and in shrublands for the 2011
scene, whereas the lowest user’s accuracy was obtained in exotic
tree plantations for the 1985 scene, and in shrublands for the
1999 and 2011 scenes (Appendix A). Classification accuracy was
intermediate for exotic tree plantations; nevertheless, overall area
estimates for 1985 (20,896 ha) and 1999 (44,921 ha) were roughly
similar to estimates from other sources: 15,000–20,000 ha for 1985
and 40,000–46,000 ha for 1999 (INFOR, 1986; CONAF-CONAMA-
BIRF, 1999; González et al., 2005; TNC, 2011).
3.2. Changes in land cover

All land cover classes except exotic tree plantations showed a
net loss (Table 1). Net losses were highest for shrubland
(18,906 ha, �7.4% of the study area), followed by native forest
(9130 ha, �3.6%) and agricultural and pasture land (7263 ha,
�2.8%). Conversely, exotic tree plantations gained 35,114 ha or
13.7%. These changes were more intense between 1985 and 1999
than between 1999 and 2011 (Fig. 2, Appendix B).

Over the study period, the dominant land cover class was native
forest, which decreased from 69.9% of the study area (179,663 ha)
in 1985 to 66.4% (170,534 ha) in 2011; it was 66.5% (170,743 ha) in
1999. Between 1999 and 2011, total native forest cover remained
relatively stable (Fig. 2, Appendix B). The annual net deforestation
rate was 0.2% (351 ha per year) over the entire study period, and
higher in 1985–1999 (0.36% or 637 ha) than in 1999–2011 (0.01%
or 17 ha per year). Native forest was distributed across the entire
study area but concentrated in the southern parts, where it showed
a continuous distribution (Fig. 2). In the central and eastern parts
of the study area, native forest occurred as a higher number of
smaller patches.

Exotic tree plantations represented 8.1% of the study area
(20,896 ha) in 1985, 17.5% (44,921 ha) in 1999, and 21.8%
(56,010 ha) in 2011 (Fig. 2, Appendix B). In other words, exotic tree
study area.

1999–2011

change Gains Losses Net change

% Ha % Ha % Ha %

,921 �3.5 23,188 9.0 23,397 �9.1 �209 �0.1
,025 9.4 21,125 8.2 10,036 �3.9 11,089 4.3
,444 �4.5 7261 2.8 14,723 �5.7 �7462 �2.9
000 �2.3 7122 2.7 8385 �3.3 �1263 �0.5
338 0.9 414 0.2 2570 �1.0 �2155 �0.8



Fig. 2. Land cover maps based on the classification of TM and ETM + Landsat images for the years (a) 1985, (b) 1999, and (c) 2011, and comparison of the extents of land cover
classes as percentages of the study area.
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plantations increased by 168% from 1985 to 2011, with an annual
net gain of 3.8% equivalent to 1351 ha per year. This rate was high-
er in 1985–1999 (1717 ha/yr, 5.5%) than in 1999–2011 (924 ha/yr,
1.8%). In 1985, exotic tree plantations were concentrated in the
eastern and central parts of the study area, whereas in 1999 they
extended over the entire study area, especially in the northern
and central parts (Fig. 2). This expansion continued in 2011, but
at a lower rate.

Shrubland and agricultural and pasture land represented 11.9%
(30,461 ha) and 9.3% (23,911 ha) of the study area, respectively, in
1985, 7.4% (19,017 ha) and 6.9% (17,913 ha) in 1999, and 4.5%
(11,555 ha) and 6.5% (16,650 ha) in 2011 (Fig. 2, Appendix B).
3.3. Change trajectories among land cover classes

The major changes occurred among native forest, shrubland, and
exotic tree plantations and, to a lesser extent, between these three
types of land cover classes and agricultural and pasture land (Fig. 3).
Between 1985 and 1999, changes consisted mainly of conversion of
native forest to exotic tree plantations (7.4% of the study area) and
to shrubland (3.3%). Also remarkable during this period was the
conversion of shrubland to native forest (4.4% of the study area),
exotic tree plantations (2.7%), and agricultural and pasture land
(1.8%), as well as conversion of agricultural and pasture land to
native forest (2.1%) and exotic tree plantations (1.6%) (Fig. 3).

Between 1999 and 2011, the major changes were the conversion
of native forest to exotic tree plantations (6.5% of the study area),
shrubland (1.4%), and agricultural and pasture land (1.2%). Agricul-
tural and pasture land changed mainly to native forest (1.6%),
whereas shrubland changed to native forest (3.9%), agricultural
and pasture land (0.9%), and exotic tree plantations (0.8%) (Fig. 3).
3.4. Changes in spatial configuration

Exotic tree plantations showed a constant increase in patch
density (Fig. 4a), total edge length (Fig. 4b), nearest-neighbor
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Fig. 4. Variation in landscape metrics of exotic tree plantation and native forest fragments for the years 1985, 1999, and 2011: (a) patch density, (b) total edge, (c) mean patch
size, (d) nearest-neighbor distance, and (e) largest patch index.
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distance (Fig. 4d), and largest patch index (Fig. 4e) along the stud-
ied years, with greatest mean patch size occurring in the middle
year (Fig. 4c). Native forest exhibited an increase and then a
decrease in patch density (Fig. 4a) and total edge length (Fig. 4b),
whereas mean patch size (Fig. 4c) and largest patch index
(Fig. 4e) were lowest in the middle year. The nearest-neighbor dis-
tance showed minimal variation over the study period (Fig. 4d).
4. Discussion

4.1. Evaluation of methods and results

Monitoring of land cover change based on remote sensing data
is certainly an imprecise task (Foody, 2002). Classifications of satel-
lite imagery into land cover types are never completely accurate,
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which affects analyses of forest loss and landscape patterns
(Cayuela et al., 2006a,b; Echeverría et al., 2006). According to the
confusion matrices (Appendix A), image accuracy tended to
improve as the image date became more recent. This might be
related to the availability of concurrent land cover maps and field
data that supplement the more recent images.

The high overall accuracy of the 1999 and 2011 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. The clas-
sification conducted for the oldest scene (TM 1985) suffered from
the disadvantage of limited ground validation and lower values
of accuracy, particularly for exotic plantations. In contrast, the esti-
mated area of land cover classes derived from the 1985 and 1999
classifications matched well estimates derived from alternative
sources (INFOR, 1986; González et al., 2005; CONAF-CONAMA-
BIRF, 1999; TNC, 2011). This indicates that our analysis can accu-
rately reflect coarse-grained landscape patterns, with uncertainty
increasing as we narrow down our focus to pixel grain.

4.2. Land cover changes

Our study points to three major, concurrent changes in south-
ern Chilean temperate forests in recent decades: (1) intense expan-
sion of exotic tree plantations, (2) reduction and fragmentation of
native forest and shrubland and (3) natural regeneration of native
forest at the expense of shrubland and agricultural and pasture
land. Exotic tree plantation area increased the fastest of all land
cover classes, as reported by Echeverría et al. (2006). Exotic tree
plantations increased from 8% of the study area in 1985 to over
20% in 2011. This rate of increase is consistent with results from
the adjacent region in the Coastal Range of south-central Chile:
Echeverría et al. (2006) measured an annual deforestation rate of
4.5% for the period 1975–2000, and Nahuelhual et al. (2012) high-
lighted the rapid expansion of exotic tree plantations from 5.5% to
42.4% of the landscape, at annual rates of 7.9% for 1975–1990 and
5.1% for 1990–2007. Conversely, native forest initial cover showed
a net loss of only 5.1% over the study period, at an annual defor-
estation rate of 0.2%. This discrepancy between gross and net forest
loss is mostly the result of conversion of shrubland and agriculture
and pasture land to secondary forest.

The expansion of exotic tree plantations may have several nega-
tive impacts on the ecological functioning of the landscape. Exotic
forest plantations are widely thought to be less favorable habitats
than native forests (Carnus et al. 2006). Comparisons of unman-
aged forests and exotic tree plantations have shown that exotic
plantations contain impoverished flora (Hartley, 2002) and fauna
(Schnell et al., 2003). Plantations may be unsuitable for many
native species because of the loss of some structural components
of native habitats, such as understory vegetation (Brockerhoff
et al., 2008), which are critical for some wildlife species. The effect
of tree plantations on biodiversity depends on the type of planta-
tion and the natural structure of surrounding native forests
(Hartley, 2002); in fact, plantations can contribute to biodiversity
conservation if correctly designed and managed (Hartley, 2002;
Carnus et al. 2006). On the other hand, management of exotic tree
plantations, which mainly involves extensive clear cutting, leaves
the soil unprotected for several years until the new plantation is
established (Pérez, 1999). Exotic tree species, particularly numer-
ous pine species, often invade nearby natural habitat (Williams
and Wardle, 2005), which can harm areas set aside for conserva-
tion or water production (Kröger, 2013).

A large part of the study area contains exotic tree plantations,
which have been identified in other regions of Chile as a direct
cause of deforestation and biodiversity loss (Nahuelhual et al.,
2012). In addition, much of our study region has been degraded
as a result of logging for firewood and clearing for livestock and
cultivation (Smith-Ramírez, 2004; Zamorano-Elgueta et al., 2014).
Logging and clearing became more intense in central-south and
central Chile with European colonization, especially in the Coastal
Range (Camus, 2006). In these areas, anthropogenic disturbance
poses a serious threat to biodiversity conservation, mainly due to
the concentration of the human population and the characteristics
of the coastal mountains. These mountains, unlike the Andes
Range, spread out in the east–west direction and altitudes do not
generally exceed 1500 m, making them more accessible to humans
and thereby rendering the forests more vulnerable to threats
(Armesto et al., 1995). These features help explain the major
expansion of exotic tree plantations in the region (Echeverría
et al., 2006; Nahuelhual et al., 2012).

Our results show that land cover change in the Coastal Range of
Southern Chile took place as a progressive conversion among for-
est, exotic tree plantation, shrubland and agricultural and pasture
land cover. These patterns are similar to those reported in dryland
forest of central Chile, especially in the coastal zone, where fre-
quent exchanges were reported between pasture and shrubland
as well as among pasture, bare ground and agricultural areas
(Schulz et al., 2010). However, the expansion of exotic tree planta-
tions in central Chile did not result in major conversion of native
forest. Instead, forest loss was triggered by the conversion of forest
to shrubland, mostly driven by a continuous degradation due to
permanent grazing pressure, firewood extraction and charcoal pro-
duction (Armesto et al., 2007). In general, successional recovery of
dry forests is largely constrained by such factors as water avail-
ability, soil erosion, human-induced fires and the lower regen-
eration ability of forest species than shrubland species (Armesto
et al., 2007). In our study area, however, these constraints are less
severe and do not impede natural regeneration (Albornoz et al.,
2013). This is evidenced by the large proportion of shrubland con-
verted to native forest during the study period, in contrast to defor-
estation patterns in other regions (Vogelmann et al., 2012;
Armenteras et al., 2013).

Native forest regeneration may have been facilitated by the cre-
ation in 2002 of a 50,000-ha private protected area in the region,
which was established in an area historically altered by firewood
production, intensive logging of high-value species such as the
conifer Fitzroya cupressoides (González, 2004) and plantation of
exotic trees. In this area, the largest replacement of native forest
by exotic tree species in Chile took place during the 1980s and
1990s. After the creation of the protected area, these productive
practices were stopped, allowing forest conservation and restora-
tion to be promoted. At present, this area is characterized by abun-
dant forest regeneration, especially seedlings, probably as a
consequence of the creation of the private protected area. Further-
more, even though regeneration comprised an age range from
recently established seedlings to saplings potentially older than
40 years, most of the regeneration corresponded to seedlings
<0.3 m (C. Zamorano-Elgueta, unpublished data). This corresponds
to recently established regeneration (<5–10 years old; see Vita,
1977; Donoso et al., 2006). In addition, the two major Chilean for-
est companies, recently certified by the Forest Stewardship Council
(FSC), have started several initiatives of forest conservation and
restoration to fulfill the commitments stipulated in this certifica-
tion. Restoration activities on these companies’ properties may
spread native forest in the future. Despite these promising trends,
replacement of native forests by exotic tree plantations remains a
common practice, as indicated in the present study and in previous
work (Echeverría et al., 2006; Schulz et al., 2010; Nahuelhual et al.,
2012).

Native forest and shrubland were found to be more dynamic,
showing larger gains and losses over the study period, than other
land cover classes. We observed exchanges between native forest
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and shrubland as well as between shrubland and agricultural and
pasture land, which took place in small patches scattered through-
out the study area. Such exchanges resulted in a net loss of native
forest and shrubland due to the expansion of exotic tree planta-
tions. This pattern of change is still motivated by the afforestation
policies implemented by the Chilean government since the 1970s
to promote fast-growth tree plantations; these policies include
subsidies covering 75–90% of afforestation costs (Reyes and
Nelson, 2014).
4.3. Spatial configuration of changes

Our analysis showed a constant increase in patch density, lar-
gest patch index, total edge length and nearest-neighbor distance
on exotic tree plantations over the study period, whereas mean
patch size increased initially and then decreased. These results
indicate that plantations expanded as both continuous and non-
continuous patches throughout the study area; in other words,
new plantation area appeared both as isolated patches and as
patches close to existing plantations. These metrics also initially
increased for native forests and then later decreased. The greatest
decline in the largest native forest patch size coincided with the
time when annual forest loss was greatest, as reported elsewhere
(Cayuela et al., 2006b; Echeverría et al., 2006; Schulz et al.,
2010). Echeverría et al. (2006) suggested that the constant action
of deforestation led to a decline in patch density of native forest
in southern Chile. The decline in patch density and other metrics
in our study area may be the result of passive conversion of shrub-
land to native forest and the decreasing annual rate of exotic tree
plantation.

Trends in the spatial configuration of exotic tree plantations and
native forest may help explain some changes in the pattern of the-
se cover classes since the 1980s. While exotic tree plantations ini-
tially increased during the study period, native forest gradually
became more fragmented. In 1999, exotic tree
plantations became the second dominant land cover class, and
replaced the dominance of shrubland and agricultural and
pasture land observed in 1985. Native forest was surrounded pri-
marily by shrubland at the beginning of the study
period, whereas exotic tree plantations came to dominate the
neighboring areas of native forest patches by the end of the period.
4.4. Application to sustainable land use planning

Deforestation and native forest fragmentation in the Coastal
Range of Región de Los Ríos was found to be less intensive than
in other regions of Chile (Echeverría et al., 2006; Schulz et al.,
2010; Nahuelhual et al., 2012). In addition, we found a relatively
high rate of passive conversion of shrubland to native forest. These
results may reflect the better conservation status of the study area
compared to other regions of Chile. Nevertheless, the continuing
expansion of exotic tree plantations and loss and fragmentation
of native forest may lead to microclimatic changes at the forest
edges that may facilitate the spread of exotic species towards the
interior of the forest fragments (Murcia, 1995). Whereas forest loss
included both old-growth and secondary forests, native forest
established after secondary succession differed in diversity, struc-
ture, and functionality from old-growth and old growth/secondary
forests (Lu et al., 2003), and they respond differently to human
impacts in the study area (Zamorano-Elgueta et al., 2014). Differ-
ent successional stages also provide different levels of ecosystem
services including those related to soil (Moran et al., 2000) and
water (Lara et al., 2009), in particular during the dry summer sea-
son. Thus, these alterations will have consequences for humans
beyond the immediate changes in land use patterns (Turner
et al., 1993).

Our study is a first step to understanding ecological processes
underpinning forest changes in southern Chile, and it is not an
end in itself (Li and Wu, 2004). An important complement to the
work described here would be to precisely define the native forest
categories as old-growth, old-growth/secondary and secondary
forest, which show important differences despite their similar
spectral signatures. This may improve our understanding of how
land cover change and exotic tree plantations influence landscape
ecology, including in areas where the percentage of native forest
cover shows constant, albeit slight, increases. These results may
support conservation or restoration strategies, including the
definition of priority areas for conservation or restoration actions.
Identifying priority areas would increase the efficiency and impact
of available resources to design, plan and establish forest restora-
tion programs, where interventions will produce the greatest ben-
efits, such as in maintaining and enhancing biodiversity and
providing ecosystem services. Future research should focus on
the management of external influences on forests, such as the
expansion and ecological impacts of exotic tree plantations.
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Appendix A

Confusion matrices for Dempster-Shafer classifications of (a)
1985, (b) 1999, and (c) 2011 Landsat scenes. NF, native forests;
EP, exotic tree plantation; SHR, shrubland; APL, agricultural and
pasture land; BG, bare ground.
Land cover map G
round verification points

1
985 TM
N
F
 EP
 SHR
 APL
 BG
 Total
 User’s
accuracy
(a)

NF 7
3
 8
 9
 8
 0
 98
 74.5

EP 8
 15
 0
 0
 0
 23
 65.2

SHR 7
 0
 20
 1
 0
 28
 71.4

APL 3
 1
 2
 18
 0
 24
 75.0

BG 0
 0
 0
 0
 0
 0
 0.0

Total 9
1
 24
 31
 27
 0
 173

Producer’s

accuracy
8
0.2
 62.5
 64.5
 66.7
 0.0
Overall classification accuracy: 73.2%
1
999 ETM+
(continued on next page)
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Appendix A (continued)
Land cover map
NF

Ha

(a)
NF 14
EP 51
SHR 11
APL 53
BG 22
Total 1999 17

NF

Ha

(b)
NF 14
EP 83
SHR 10
APL 41
BG 70
Total 2011 17
Ground verification points

1985 TM
NF
8,756
75
,250
35
7
0,743

7,346
52
,024
06
6
0,534
EP
%

57.9
2.0
4.4
2.1
0.1
66.5

%

57.4
3.2
3.9
1.6
0.3
66.4
SHR
 APL B
EP

Ha

19,03
14,67
6880
4187
142
44,92

EP

Ha

16,71
34,88
2119
1860
434
56,01
G

5
6

1

2
5

0

Total
%

7.4
5.7
2.7
1.6
0.06
17.5

%

6.5
13.6
0.8
0.7
0.2
21.8
User’s
accuracy
(b)

NF
 91
 13
 0
 2 1
 107
 85.1

EP
 8
 38
 1
 0 0
 47
 80.8

SHR
 1
 1
 18
 2 1
 23
 78.3

APL
 1
 0
 2
 16 0
 19
 84.2

BG
 0
 0
 0
 0 3
 3
 100.0

Total
 101
 52
 21
 20 5
 199

Producer’s

accuracy

90.1
 73.1
 85.7
 80.0 6
0.0
Overall classification accuracy: 83.9%
2011
TM
(c)

NF
 89
 14
 4
 1 0
 108
 82.4

EP
 11
 50
 0
 0 0
 61
 81.9

SHR
 1
 1
 10
 1 0
 13
 76.9

APL
 2
 0
 0
 12 1
 15
 80.0

BG
 0
 0
 0
 0 1
 1
 100.0

Total
 103
 65
 14
 14 2
 198

Producer’s

accuracy

86.4
 76.9
 71.4
 85.7 5
0
Overall classification accuracy: 82.9%
Appendix B

Transition matrices for different land cover changes in southern
Chile for the periods (a) 1985–1999 and (b) 1999–2011. NF, native
forest; EP, exotic tree plantation; SHR, shrubland; APL, agricultural
and pasture land; BG, bare ground.
SHR

Ha

8562
711
6671
2826
246
19,017

SHR

Ha

3538
872
4294
2268
583
11,555
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