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Abstract

Assessing the dynamics between native forests and exotic tree plantations is key to un-
derstanding the drivers of native forest transformation and conservation challenges. We
examined these dynamics across four zones in the Los Ríos and Los Lagos regions of
southern Chile: the Coastal Range, Central Valley, Andes, and Chiloé. Changes from
2002–2012 and 2012–2022 were analyzed using satellite image classifications and landscape
metrics (total area, mean patch size, number of patches, patch density, mean Euclidean
nearest-neighbor distance). In both periods, in zones with strong human influence, such
as the Coastal Range and Central Valley, native forest area decreased and became more
fragmented, whereas exotic tree plantations initially expanded and then declined, resulting
in a net increase. Transitions between native forests and exotic plantations showed strong
bidirectional substitutions. In less disturbed zones, such as the Andes and Chiloé, native
forests expanded in area and connectivity. Overall, native forest cover increased in the
Andes (+12.85 km2) and Chiloé. (+6.19 km2) but declined in the Coastal Range (−0.65 km2)
and Central Valley (−7.75 km2), whereas exotic plantations showed a net expansion across
all zones. These contrasting trajectories underscore the need for reliable monitoring tools
to support effective forest management.

Keywords: forest transition; spatial patterns; landscape fragmentation; plantation forestry;
land-cover change dynamics; secondary forest recovery; forest policy context; southern
temperate forests; long-term monitoring

1. Introduction
South America harbors 21% of the world’s forests [1]; however, between 1990 and

2020, it experienced continuous loss of forest cover, while timber extraction increased
from 272 million m3 in 1990 to 429 million m3 in 2018 [1]. In Chile, native forests cover
14.7 million hectares [2], while exotic tree plantations, mainly of Pinus radiata and Eucalyptus
spp., are estimated to cover 3.1 million hectares [3]. The FAO estimated an annual forest
loss rate of 0.85% between 2010 and 2020, reflecting the growing pressure on the region’s
forest ecosystems [1].
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The temperate Valdivian forests eco-region of southern Chile is one of the global
biodiversity hotspots [4], with a high endemism of flora and fauna, and an estimated
4000 species of vascular plants, half of them endemic [5]. However, Valdivian forests are
increasingly threatened by climate change, habitat fragmentation, rapid deforestation,
and exotic species invasion [6–9]. Habitat fragmentation reduces landscape connectivity,
negatively affects biodiversity, and alters fundamental ecological processes, such as seed
dispersal and species population dynamics [8,10–14] This loss of connectivity reduces
the possibilities for dispersal and the establishment of new species populations, leading
to a decrease in species richness [13–15] and an increase in the isolation of habitat frag-
ments, which compromises their capacity to sustain viable populations of forest-specialist
species [16,17]. Together with land-use changes, these processes represent significant
ecological challenges that undermine the provision of essential ecosystem services, such
as biodiversity conservation, protection of water sources, climate and water regulation,
oxygen production, maintenance of soil fertility, recreational opportunities, supply of food
and medicinal resources, and regulation of pathogen transmission [18–22]. According to
the Millennium Ecosystem Assessment [23], land-use changes will be the leading cause of
global alterations in ecosystem service provision by 2050. These transformations in land
use and landscape structure are recognized as key drivers of ecosystem service loss [24–28].

Since the mid-1970s, forestry development in Chile has been strongly shaped by legal
and economic incentives that promoted the establishment and expansion of exotic tree
plantations. Government subsidy schemes and liberal forestry policies favored fast-growing
exotic species such as Pinus radiata and Eucalyptus spp., contributing to a rapid expansion
of plantation forestry, particularly in south-central and southern Chile [29,30]. While these
policies supported timber production and export-oriented economic growth, they also
played a central role in the replacement and fragmentation of native forests across large
areas of the country [8,30].

Exotic tree plantations have become one of the most significant drivers of land-use
transformation. Their global expansion, especially in Asia and South America, with Chile
standing out due to its notable increase [31,32], has reshaped landscapes, altered biodiver-
sity and ecosystem services, and impacted social and local livelihoods [28,33–36]. Exotic
tree plantations differ substantially from native forests in their contributions to biodiversity
conservation, provision of ecosystem services, climate change mitigation, and the social
impacts they generate [28,33–36]. Compared with native forests, exotic plantations typi-
cally support lower biodiversity and reduced ecosystem service provision [37–39], and this
distinction is especially relevant at large scales [40].

In response to increasing concerns about biodiversity loss and ecosystem degradation,
Chile introduced regulatory frameworks aimed at native forest protection and sustainable
management. Moreover, the enactment of the Native Forest Law (Law 20.283) in 2008
sought to promote the conservation, recovery, and sustainable use of native forests through
incentive-based instruments and management regulations [41]. However, several studies
have highlighted limitations in the implementation and enforcement of this law, which
have constrained its effectiveness in counterbalancing the long-term economic dominance
of forestry plantations [18,27,42]. These contrasting policy trajectories, together with the
institutional role of state agencies such as the Corporación Nacional Forestal (CONAF),
have shaped contemporary forest transition dynamics in Chile and provide the legal and
political context motivating the present study.

Within this evolving legal and policy context, long-term spatial analyses are essential
to understand how native forests and exotic tree plantations have interacted over time
across the heterogeneous landscapes of southern Chile. Accordingly, assessing landscape
dynamics requires more than quantifying forest cover alone; it also entails evaluating
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spatial structure, particularly patch configuration and connectivity, as these attributes are
critical for assessing ecological sustainability and ecosystem health [17,24,26,43,44].

The main goal of this study was to analyze two decades (2002–2022) of land-use
change between native forests and exotic tree plantations in the Valdivian eco-region of
Southern Chile (Los Ríos and Los Lagos regions). We quantified changes in area and
landscape structure across four geomorphological zones and described transition dynamics
to elucidate how native forests and exotic plantations interact across this vast, ecologically,
and socioeconomically diverse region of Southern Chile.

2. Materials and Methods
2.1. Geomorphological Classification of the Los Ríos and Los Lagos Regions, Chile

The study area encompasses Los Ríos and Los Lagos Regions, located in southern
Chile between 39◦15′ and 44◦14′ south latitudes. The study area is bounded by the Pacific
Ocean to the west and the Argentine border to the east (Figure 1a). The combined area
covers approximately 67,000 km2, representing approximately 9% of the national territory.
This area is characterized by a temperate, rainy climate with mild seasonal variations and
coastal influences, representing a transitional zone between the Mediterranean winter-
rainfall climate to the north and the more consistently temperate and rainy climate to the
south [45]. The annual rainfall ranges from 680 to 1700 mm [46]. We divided the study
area into four distinct zones: the Coastal Range, the Central Valley, the Andes, and Chiloé.
Each zone differs in its socioeconomic characteristics and land use, mainly because of
its natural geography and boundaries marked by the mountain ranges and the Pacific
Ocean. To delimit these zones, we considered the intersections of the study area with
the geomorphological regions of Chile [47] (Figure 1a,b). These zones represent different
proportions of the study area: the Coastal Range accounts for 6.5%, the Central Valley
accounts for 38.7%, the Andes account for 40.5%, and Chiloé accounts for 14.3%.

 
(a) (b) 

Figure 1. Zones of the Study Area. (a) To the left: location of the Los Ríos and Los Lagos regions in
Chile (gray area on the national map); to the right: geomorphological regions [47]. (b) The study area
zonification: The Coastal Range is shown in yellow, the Central Valley in beige, the Andes in pink,
and Chiloé in orange. Borders drawn in both figures correspond to the Los Ríos Region (to the north)
and the Los Lagos Region (to the south).
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2.2. Land-Use Classification

We based our land-use analysis on data from the MapBiomas Chile platform (Collec-
tion 1.0), which provides land-use classifications for Chile derived from Landsat satellite
imagery at a spatial resolution of 30 m (equivalent to 0.0009 km2 per pixel). The thematic
accuracy of the MapBiomas Chile land-cover maps (Collection 1.0, Level 1) was evaluated
using user’s accuracy (UA) and producer’s accuracy (PA) metrics reported in the official
documentation, based on an independent validation dataset comprising approximately
1300 reference points, with around 100 points per land-cover class [48]. Considering all
validated classes and years (2002, 2012, and 2022), the mean accuracy values were 82.1% for
UA and 81.0% for PA. These values reflect average class-level performance and should not
be interpreted as a single overall accuracy metric. The use of class-specific accuracy metrics
(user’s and producer’s accuracy) provides a more informative assessment than a single
overall accuracy value, particularly in land-cover classifications characterized by strong
class imbalance, as is typical of forest-dominated landscapes. Currently, this platform
represents the only consistent source of long-term land-use data for Chile, applying stan-
dardized classes and a unified methodological framework that distinguishes native forests
from exotic tree plantations [49–51]. MapBiomas provides annual land-use classifications
for the period 2000–2022, distinguishing six Level 1 and fourteen Level 2 classes (Table 1).

Table 1. Land-use classification used in this study and its correspondence with the MapBiomas
classification [52].

Mapbiomas
Classification Description This Study

Forest
Plant formations dominated by native tree species, with an average height of
more than 2 m. Includes primary and secondary (renewal) native forest, stunted
forest, or Krumholz, of ñirre or lenga.

Native forest

Forest plantation
Forest plantations of exotic tree species of commercial interest. This category
includes plantations of Pinus radiata and several species of Eucalyptus (i.e.,
E. globulus and E. nitens).

Exotic tree plantation

Mosaic of agriculture
and pasture

Set of agricultural and livestock production areas. It includes annual crops, rice
fields, fruit orchards, vineyards, fallow lands, and meadows for
animal production.

Mosaic of agriculture
and pasture

Wetland Vegetative cover dominated by herbaceous vegetation subject to periodic
flooding by fresh and/or salt water.

Natural non-forest
formation

Grassland
Plant formations with dominant herbaceous species. Those areas where the
dominant vegetation was herbaceous, whether natural grasslands or
northern grasslands.

Shrubland
Plant formations dominated by woody species with an average height of less
than 2 m and a diversity of densities, which range from very sparse thorny
thickets to dense sclerophyllous thickets.

Beach, dune, and
sand spot Sectors dominated by sand with little or no vegetation.

Non-vegetated areas
Salt flat Areas characterized by large expanses of flat land covered by a layer of salt or

mineral salts.

Rocky outcrop Naturally exposed rocks without soil cover, often with partial presence of rock
vegetation, and on steep slopes.

Other non-
vegetated area

Areas of bare soil or scarce vegetation, with less than 5% coverage, of natural
origin or the product of anthropogenic activities.

Infrastructure Urban areas with a predominance of impermeable surfaces. Includes highways
and primary paved roads.

OtherRiver, Lake,
and Ocean Areas permanently covered with water, of natural or artificial origin.

Ice and snow Ice or snow-covered areas.
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Given the data availability, we chose to analyze two periods: from 2002 to 2012 and
from 2012 to 2022. We used MapBiomas level-two classes for our classification. The
equivalence between the MapBiomas classification and the classes in this study is presented
in Table 1. For our analysis, we used only two categories: native forests and exotic tree
plantations. Notice that the native forest category is a mix that includes both primary and
secondary native forest. Using the MapBiomas classification, secondary native forest can
be distinguished only in cases where new native forest cover results from a conversion
following a previous land-use change. Although MapBiomas provides additional land-use
classes (e.g., agriculture, shrublands, and infrastructure), we restricted the analysis to native
forests and exotic tree plantations to specifically characterize forest transition dynamics
and plantation–native forest interactions. Consequently, transitions involving agricultural
land, built-up areas, roads, and wildfire-related class changes were not explicitly quantified.
We eliminated unobserved values and those with non-informed classification; together,
they accounted for less than 0.003% of the total number of pixels per year. The study area
classification and calculated areas are presented in Supplementary Material Table S1.

2.3. Dynamics of Native Forest and Forest Tree Plantation

To understand the dynamics of native forest and exotic tree plantations, the total area
was calculated (in km2) for each 10 years and each zone. Transitions between classes were
calculated and used to create maps to spatially illustrate the conversions from exotic tree
plantations to native forests (secondary native forest gains) and the conversion of native
forests (mix of primary and secondary native forest) to exotic tree plantations (native forest
losses). Maps were created using hexagons with a 1 km side. We classified hexagons
according to levels of native forest (a mix of primary and secondary native forest) pixels
that were converted to exotic tree plantations (native forest losses), pixels converted from
exotic tree plantations to native forests (secondary native forest gains), conserved native
forest pixels, and exotic tree plantation pixels with no changes between periods.

We constructed Sankey diagrams to represent transitions between native forests and
exotic tree plantations, including an aggregated category termed “others” that encompasses
all land-use classes other than native forests and exotic tree plantations. This simplification
was intentional and aimed at isolating forest-related land-use dynamics. The transitions
that involve other land-use categories (e.g., agriculture or shrubland) were aggregated as
“others” and not analyzed individually, as reconstructing full successional pathways falls
beyond the scope of this regional-scale study.

To understand the landscape structure, we compared the following landscape metrics
for native forests and exotic tree plantations: number of patches, patch density, mean patch
size, and mean Euclidean nearest-neighbor distance.

We performed our analyses using R (version 4.4.1). For spatial data processing, we
used the packages terra (v1.7-78), sf (v1.0-19), and raster (v3.6-30). Patch metrics were
calculated with landscapemetrics (v2.1.14).

3. Results
3.1. Land-Use Total Area

Native forests had the largest areas in all zones during both periods (Table 2). Between
2002 and 2012, native forest cover decreased in the Coastal Range by 0.59 km2, and in the
Central Valley by 3.71 km2 (Table 2). In contrast, it increased by 3.46 km2 in Chiloé and by
9.27 km2 in the Andes. From 2012 to 2022, native forests continued to decline in the Coastal
Range by 0.06 km2 and in the Central Valley by 4.04 km2, while increases persisted in the
Andes by 3.58 km2 and in Chiloé by 2.73 km2.
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Table 2. Comparison of native forest and exotic tree plantations total area in km2 by zone in the years
2002, 2012, and 2022.

Coastal Range Central Valley Andes Chiloé

Class
name 2002 2012 2022 2002 2012 2022 2002 2012 2022 2002 2012 2022

Native
forest 35.02 34.43 34.37 104.16 100.45 96.41 181.49 190.76 194.34 65.68 69.14 71.87

Exotic
tree
plantation

5.77 6.65 6.58 26.29 34.61 33.68 0.14 0.23 0.28 0.00 0.07 0.22

Exotic tree plantations expanded between 2002 and 2012 in all zones: in the Coastal
Range by 0.88 km2, in the Central Valley by 8.32 km2, and in the Andes by 0.09 km2. In
Chiloé, exotic tree plantations first appeared in 2012, with a value of 0.07 km2. From 2012
to 2022, exotic tree plantations decreased in the Coastal Range by 0.07 km2, in the Central
Valley by 0.93 km2 and while continuing to grow in the Andes by 0.05 km2 and in Chiloé
by 0.15 km2.

3.2. Land-Use Turnover and Dynamics in Native Forest and Exotic Tree Plantation

Figure 2a–d shows maps displaying levels of native forest (a mix of primary and
secondary native forest) converted to exotic tree plantations (native forest losses), from
exotic tree plantations to native forests (secondary native forest gains), conserved native
forests, and exotic tree plantations with no changes between periods. The Coastal Range
showed few changes in both periods (Figure 2a,b) but had more native forest conversions
into exotic tree plantations in the first period and exotic tree plantation conversions in the
second period. During the first period, the native forest in the northern and southern parts
of the Central Valley exhibited a pattern of scattered gains (secondary native forest) with
minor losses (Figure 2a,c). This pattern showed the opposite trend in the second period
(Figure 2b,d). The middle part of the Central Valley had the most scattered exotic tree
plantation gains (Figure 2c) in the first period, which showed the opposite trend in the
second period (Figure 2d). In the Andes, few changes were observed during both periods.
Chiloé showed few pixels of native forest conversion to exotic tree plantations in the first
period, and in the second period, there were few losses and gains of exotic tree plantations.

The transitions between land-use classes by zone and period are shown as percentages
in Figure 3a–d. In 2002–2012, the Coastal Range exhibited 46.31% (1.84 km2) of transitions
starting in native forests, of which 37.60% (1.49 km2) ended in exotic tree plantations and
8.71% (0.35 km2) in others. In the reverse direction, 31.36% (1.24 km2) of transitions ended
in native forests (secondary native forest), with 21.40% (0.85 km2) coming from exotic tree
plantations and 9.96% (0.40 km2) from others. In 2012–2022, total transitions starting in
native forests reached 46.60% (1.39 km2), of which 33.90% (1.01 km2) ended in exotic tree
plantations and 12.70% (0.38 km2) in others. In the reverse direction, 44.70% (1.33 km2) of
transitions ended in native forests (secondary native forest), from which 31.80% (0.95 km2)
originated from exotic tree plantations, and 12.90% (0.39 km2) came from others.

In the Central Valley, during 2002–2012, 41.70% (14.14 km2) of transitions originated
in native forests, of which 20.80% (7.06 km2) ended in exotic tree plantations and 20.90%
(7.08 km2) in others. In the opposite direction, 30.70% (10.44 km2) of transitions ended
in native forests, with 12.50% (4.25 km2) coming from exotic tree plantations and 18.20%
(6.19 km2) from others. In 2012–2022, transitions originating in native forests accounted
for 52.10% (12.95 km2), of which 21.00% (5.23 km2) ended in exotic tree plantations and
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31.10% (7.72 km2) in others. In the opposite direction, 35.90% (8.92 km2) of transitions
ended in native forests, with 17.60% (4.37 km2) coming from exotic tree plantations and
18.30% (4.55 km2) from others.

  
(a) (b) 

  
(c) (d) 

Figure 2. Land-use transitions between native forest and exotic tree plantation across two periods.
From native forest to exotic tree plantations in (a) 2002–2012; (b) 2012–2022. From exotic tree
plantations to native forest in (c) 2002–2012; (d) 2012–2022. Areas not belonging to the classes
analyzed are displayed in white.
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(a) (b) 

  
(c) (d) 

Figure 3. Sankey plots showing land cover transitions between 2002–2012 and 2012–2022. All
transitions from categories other than native forest and exotic tree plantation are grouped as “Others”.
Initial transitions classified as native forest include a mix of primary and secondary native forest,
whereas final transitions ending in the native forest class correspond to secondary native forest.
Panels (a–d) correspond to: Coastal Range, Central Valley, Andes, and Chiloé. Left bars indicate
the initial class, and right bars indicate the final class. Color transitions are coded according to the
initial class.

In the Andes, during 2002–2012, 30.9% (7.55 km2) of transitions originated in native
forests, with 0.37% (0.09 km2) in exotic tree plantations, and 30.50% (7.46 km2) ending in
others. In the reverse direction, 68.85% (16.80 km2) of transitions ended in native forests,
with 0.25% (0.06 km2) coming from exotic tree plantations and 68.60% (16.80 km2) coming
from others. During 2012–2022, 36.8% (5.01 km2) of transitions originated in native forests,
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with 0.87% (0.12 km2) ending in exotic tree plantations and 35.90% (4.89 km2) in others. In
the reverse direction, 63.01% (8.59 km2) of transitions ended in native forests, with 0.31%
(0.04 km2) coming from exotic tree plantations and 62.70% (8.55 km2) coming from others.

In the Chiloé zone during 2002–2012, 22.99% (1.49 km2) of the total transitions origi-
nated in native forests, with 0.19% (0.01 km2) ending in exotic tree plantations and 22.80%
(1.48 km2) in others. In the opposite direction, 76.20% (4.96 km2) of transitions ended in
native forests, coming from others. There were no transitions from exotic tree plantations
to native forests. In 2012–2022, of the total transitions, 31.72% (2.42 km2) originated in
native forests, with 1.32% (0.10 km2) ending in exotic tree plantations and 30.40% (2.32 km2)
ending in others. In the opposite direction, 67.42% (5.15 km2) of transitions ended in native
forests, with 0.12% (0.01 km2) coming from exotic tree plantations and 67.30% (5.14 km2)
coming from others.

3.3. Landscape Metrics Dynamics

The dynamics of landscape metrics are shown in Figures 4 and 5. For the native forest
class, in both periods, the Coastal Range and Central Valley showed a decrease in the mean
patch size with an increase in the patch number (Figure 4a) and patch density (Figure 4b).
The mean Euclidean nearest-neighbor distance decreased in both periods in the Coastal
Range but increased and then decreased in the Central Valley. The Andes and Chiloé zones
showed an increase in the mean patch size, accompanied by a decrease in the number
of patches (Figure 4a), patch density (Figure 4b), and mean Euclidean nearest-neighbor
distance (Figure 4c), respectively.

(a) 

  
(b) (c) 

Figure 4. Landscape metrics for the native forest by zone and year. Panels correspond to (a) number
of patches (n) and patch size (m); (b) patch density (calculated as the number of patches by 1 km2);
(c) mean Euclidean nearest-neighbor distance.
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(a) 

  
(b) (c) 

Figure 5. Landscape metrics for Exotic tree plantation by zone and year. Panels correspond to
(a) number of patches (n) and patch size (m); (b) patch density (calculated as the number of patches
per 1 km2); (c) mean Euclidean nearest-neighbor distance.

For exotic tree plantations (Figure 5), from 2002 to 2012, in the Coastal Range, the
number of patches increased, and the mean patch size decreased (Figure 5a). The patch den-
sity increased (Figure 5b) and the mean Euclidean nearest neighbor decreased (Figure 5c).
From 2012 to 2022, the number of patches (Figure 5a) decreased, and the mean patch size
(Figure 5a) increased. The patch density (Figure 5b) declined, whereas the mean Euclidean
nearest-neighbor distance increased. In Central Valley, the number of exotic tree plantation
patches increased, the mean patch size decreased (Figure 5a), the patch density increased
(Figure 5b), and the mean Euclidean nearest-neighbor distance decreased (Figure 5c). From
2012 to 2022, there was a reduction in the number of patches, with an increase in their mean
sizes (Figure 5a). Both the patch density and mean Euclidean nearest-neighbor distance
decreased (Figure 5b). In the Andes and Chiloé zones, exotic tree plantations showed small
but increasing variations in the number of patches (Figure 5a), mean patch size (Figure 5a),
and decreases in patch density (Figure 5b) and mean Euclidean nearest-neighbor distance
(Figure 5c).

4. Discussion
This Discussion is structured around the study’s main research objectives, linking

observed spatial patterns of land-use change and landscape configuration to forest transi-
tion dynamics while situating these patterns within their broader socio-political context,
without implying direct causal relationships.
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4.1. Spatial Patterns, Transition Dynamics and Landscape Fragmentation

At the regional scale, we observed an overall increase in native forest cover; however,
this gain masked strong local declines in specific zones with intense human pressure,
such as the Coastal Range and Central Valley. The spatial resolution and scale of the
analysis affect landscape metrics and the interpretation of fragmentation and ecological
outcomes [53]. Thus, this result highlights the importance of multi-scale spatial analyses,
as large-scale patterns may mask local degradation [53,54].

Transitions from exotic tree plantations to areas classified as native forest should be
interpreted as secondary forest regeneration processes, rather than the rapid formation
of mature native forests. These regenerated stands likely differ in structure, species com-
position, and ecosystem functioning from old-growth native forests. Nevertheless, such
transitions represent an important component of forest transition dynamics, reflecting
changes in land use, management practices, and disturbance regimes that favor the re-
covery of native-dominated vegetation. Transitions between native forests and exotic tree
plantations revealed a strong substitution effect in the Central Valley and Coastal Range.
These bidirectional transitions suggest secondary native forest recovery processes within a
broader forest transition framework, possibly driven by the abandonment of exotic tree
plantations following the termination of plantation subsidies in 2012, as documented in
previous studies [30,55]; however, this study does not provide a causal assessment of policy
impacts. Although forest plantations are rarely maintained beyond approximately 25 years,
in some exceptional cases exotic species particularly Pinus radiata and Eucalyptus spp. with
rotation periods of 18–35 years may be followed by the establishment of native species such
as Nothofagus. These native species, with rotation cycles of approximately 20–25 years, are
often considered more compatible with sustainable forest management approaches [30].

Although there is a lack of comprehensive information on the total area of restored
native forest in Southern Chile [56], there are some examples, including the restoration
of 0.55 km2 of evergreen Nothofagus forest in the Valdivian Coastal Reserve in the Los
Ríos region between 2006 and 2011 and the restoration of 0.58 km2 of Andean Fitzroya
cupressoides forest in the Los Lagos region in 2000 [57]. Natural or assisted restoration
processes in these areas are likely to result in ecological characteristics that differ from those
of the old-growth forests.

Intensive native forest substitution has been widely documented in central and south-
ern Chile. Echeverría et al. [8] reported that 67% of the native forest was replaced be-
tween 1975 and 2000, and subsequent studies have confirmed this trend across southern
Chile [30,58,59]. Nahuelhual et al. [59] identified the conversion of native forests to exotic
tree plantations as a direct major driver of deforestation and biodiversity loss, emphasizing
the need for stronger, enforceable regulations through land-use management policy instru-
ments that are mandatory rather than merely recommended, accompanied by certification
and market incentives. Similarly, Martin-Gallego et al. [30] analyzed 31 years of forest
dynamics in the Araucanía regions, revealing strong dynamism between the replacement
of exotic plantations of Pinaceae and Eucalyptus spp. and native Nothofagus spp. These
conversions seem to be closely linked to economic and policy drivers (mainly related to the
importance of forestry exports in Chile and subsidies for plantations), which are influenced
by production scale, rotation time, and the type of product to be generated (timber, pulp,
or firewood). The same dynamism was observed in the Coastal Range and Central Valley
in our study, which is consistent with the reduction in exotic tree plantations in these zones
between 2012 and 2022. In the Andes and Chiloé zones, most of the substitution of native
forests comes from the other class. In both directions, little substitution between native
forests and exotic tree plantations was observed, although it increased during both periods.
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The decrease in native forests in the Central Valley and Coastal Range, together with
reductions in mean patch size and increases in patch number and density, reflects not only
area loss but also structural changes in the landscape configuration. This, accompanied
mostly by reductions in the mean Euclidean nearest-neighbor distance, reflects variations
in native forest management and external pressures across zones. Connectivity and frag-
mentation, beyond the total area, have ecological implications, such as the viability of
species dependent on continuous habitats and the resilience of these systems in the face of
disturbances [10].

In the Andes and Chiloé, the increase in the total native forest area and mean patch
size, along with the decrease in the other landscape metrics, suggests that these zones are
gaining larger and better-connected native-forest patches. The trend of an increase in native
forest mean patch size, together with a decrease in patch density and with little variation in
mean Euclidean nearest-neighbor distance, as observed in the Andes and Chiloé, was also
found by Zamorano-Elgueta [60] for the period 1999–2011, who analyzed an area of the
Los Ríos Region. Furthermore, they found that the natural regeneration of native forests
occurred at the expense of shrubland, agricultural land, and pastureland. In other areas of
the country, patterns of reduced habitat fragmentation have been observed, as occurred in
La Araucanía and Aysén, showing a capacity for habitat regeneration in zones that were
mainly disturbed by agricultural land clearing, the establishment of forest plantations, the
introduction of invasive species, and wildfires [61].

The dynamics of change in the exotic tree plantations in the Central Valley showed
the most significant expansion of plantations in the first period, followed by a reduction in
the second. Between 2002 and 2012, the decrease in mean patch size occurred alongside an
increase in the number of patches and patch density. In both periods, the mean Euclidean
nearest-neighbor distance decreased, indicating that the exotic tree plantations became more
closely spaced. This pattern suggests a loss of small patches, possibly due to merging into
larger units or abandonment, and may reflect a structural shift aimed at increasing timber
production while reducing the management costs. Conversely, trends in the Coastal Range
indicate that both the total area of exotic tree plantations and the number of patches have
decreased. However, the remaining ones were larger and more widely spaced, suggesting
the removal of smaller ones. The abandonment or removal of small stands is linked to the
end of forestry subsidies in 2012 [30], without which only large landowners can survive the
economic crisis.

The concurrent rise in the number of patches of exotic tree plantations and their mean
patch size in the Andes and Chiloé, combined with the decline in the mean Euclidean
nearest-neighbor distance, indicates larger total areas, more and larger patches, and closer
spacing. This pattern shows continued expansion with improved connectivity, reflecting a
trend toward the intensification of exotic tree plantations in these zones [8,58–60].

4.2. Policy and Socio-Economic Context as an Interpretative Framework

Chile’s forestry dynamics reflect several shifts in economic incentives for exotic tree
plantations and in policy frameworks for native forest conservation. Since 1975, government
subsidies and liberal policies have promoted exotic tree plantations [29], signing over 45 free
trade agreements that boosted exports and strengthened the forestry sector. Moreover, from
1998 to 2012, subsidies for exotic plantations were further intensified by Law 19.561 [30].
In contrast, in 2008, the Native Forest Law (Law 20.283) sought to encourage sustainable
native forest management by introducing subsidies to promote forest conservation and
meet environmental policy [41]. Despite efforts to promote its use, the Native Forest Law
has faced criticism for legislative gaps that limit its effectiveness [18,27,42]. In this context,
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conservation policies should prioritize areas under greater human pressure, where native
forests remain the most vulnerable.

Managing native forests is particularly challenging in the context of competing inter-
ests and constant pressure from economic development, land use, and social demands.
These complexities make it difficult to implement conservation and restoration strategies
that are both effective and socially acceptable. An illustrative example is provided by
Muñoz-Pedreros et al. [62], who monitored 0.28 km2 of native forest on Isla del Rey in the
Los Ríos Region over two decades. Their work highlights the opportunity to design native
forest protection and restoration projects using a One Health approach that links ecosystem
health with human and environmental health. The study combined fire prevention, inva-
sive species control, environmental education, and sustainable resource supply through
community collaboration. This model illustrates the potential of interdisciplinary research
that combines ecology, sociology, public health, and education to comprehensively address
the challenges of conservation and restoration.

Our study has limitations, partly due to spatial resolution and classification errors
in the data used. Most available land-use datasets, such as MODIS [63], Copernicus [50],
and ESA WorldCover [49], do not distinguish between exotic tree plantations and native
forests, restricting the ability to evaluate the conservation status of the native vegetation.
It is important to note that the MapBiomas Chile classifications used in this study were
validated using an independent reference dataset of approximately 1300 sampling points
(around 100 points per class), following a standardized and documented validation protocol.
While very high–resolution imagery platforms (e.g., SASPlanet 2025) can support local
visual assessments, their use for systematic multi-temporal validation in southern Chile
is limited by persistent cloud cover and heterogeneous image availability, which restrict
reproducibility at regional scales.

Higher resolution and more frequent monitoring sources are needed to correctly
separate the land-cover classes of interest and to detect expansions and contractions over
time, as well as the drivers behind them. The official Chilean land-use inventory, the most
detailed source, was first produced in 1997 and was updated only four times by 2020. For
Los Ríos, the latest version is from 2014, and for Los Lagos, updates are available at varying
intervals. Methodologies differ across updates [51], highlighting the need for new methods
or customized classifications, as demonstrated by [7]. Moreover, our approach does not
explicitly partition land-use changes driven by disturbances (e.g., wildfires) or by non-forest
land uses (e.g., agricultural dynamics and infrastructure expansion). While these processes
are relevant in the region, our objective was to isolate long-term interactions between native
forests and exotic plantations, which are among the dominant and most consequential land-
use trajectories in southern Chile. Furthermore, incorporating more specific information
about the planted species, rather than grouping them into broad categories, would improve
the accuracy and ecological relevance of the analysis. Despite these constraints, systematic
monitoring remains essential for territorial planning and ecosystem service conservation,
particularly by tracking fragmentation dynamics that directly affect the functionality of
native forests.

Our analysis relies on MapBiomas Chile as a harmonized and temporally consis-
tent land-use dataset. While classification uncertainty is inherent to large-scale products,
particularly for heterogeneous land-cover types such as shrublands, our study focuses
exclusively on native forests and exotic tree plantations, which show relatively high and
stable accuracy across validation years. In our study, landscape metrics are interpreted
as comparative indicators of spatial structure and fragmentation rather than as absolute
values. Thus, although classification errors may affect individual pixel assignments, their
influence on relative temporal patterns is expected to be limited. More detailed sensitivity
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analyses, error propagation assessments, and integration of additional data sources (e.g.,
higher-resolution imagery or land tenure records) represent important avenues for future
research. However, they are beyond the scope of the present study.

In addition, this study does not explicitly incorporate spatial explanatory variables
such as topography, distance to roads, or land-ownership patterns. While these factors
are known to influence land-use change, our analysis focuses on describing regional-scale
forest transition patterns rather than quantifying the drivers underlying these changes.

5. Conclusions
The Native Forest cover increased in the Andes and Chiloé but declined in the Coastal

Range and Central Valley. Bidirectional transitions between native forests and exotic tree
plantations indicate substitution processes and transitions toward secondary native forest
cover. Landscape metrics show greater fragmentation of native forests in the Coastal Range
and Central Valley, in contrast to the Andes and Chiloé. By the end of the two periods,
exotic tree plantations showed a net increase across all zones, with a spatial configuration
characterized by larger and more closely spaced stands. The abandonment of small exotic
plantations stands likely reflects the withdrawal of small producers, following the end
of subsidies; however, such abandonment does not necessarily imply the recovery of
mature native forest conditions or ecological restoration. Reliable, comparable periodic
monitoring tools are urgently needed to distinguish exotic plantations from native forests
and support effective management. In parallel, multi-scale spatial analysis is essential for
targeted conservation and native forest management, integrating secondary forest recovery,
active restoration measures (e.g., reforestation with native species), and socio-economic
dimensions within policy frameworks that are not merely normative, but also operationally
practical in guiding conservation strategies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/land15010188/s1, Table S1. Land-use classes area in km2 and the
percentage occupied by each class in the study area by year.
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