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Abstract 
The forest landscape of southern Chile, which includes Chilean temperate forest ecosystem, has been designated 
as a hotspot for biodiversity conservation. However, this landscape has been transformed by land-use change. A 
proper knowledge about how land-use change impact this ecosystem would provide crucial information for 
planning conservation strategies. At the commune of Arauco – Chile, the impact of the land-use change on the 
spatial pattern of native forest ecosystem from 1990 to 2010 was evaluated at the landscape level. This 
evaluation was carried out using satellite images, landscape metrics and spatially explicit models. The loss of 
native forest ecosystem was of 40.7% (loss rate of 4.39% per year). Conversely, the exotic species plantations 
increased more than 150%. The number patches of native forest ecosystem increased more than 130%. The size 
distribution of patches (<100 ha) increased more than 22%. The aggregation index of native forest ecosystem 
decreased from 62.5 to 40.1. The loss of native forest ecosystem was caused by the expansion of exotic species 
plantations, which was associated with substantial changes in the spatial pattern of the forest landscape. As a 
strategy for conservation of the native forest ecosystem we suggest a landscape approach, using the corridor–
patch–matrix model. We recommend that this strategy be complemented with land-use planning. Moreover, this 
strategy must be supported by a framework of environmental policies. We also recommend strengthening the 
existing ecological restoration programmes and developing new programmes to restore the native forest 
ecosystem. 
Keywords: Deforestation, forest fragmentation, changing landscapes, landscape index, temperate forest. 
1. Introduction 
Land-use change (LUC) can lead to habitat loss and fragmentation, and these are two of the greatest impacts to 
forest ecosystems (Rodríguez-Echeverry, Echeverría, & Nahuelhual, 2015). This change have negative effects 
on the biodiversity and suitable habitat (Díaz, Fargione, Stuart, & David, 2006), and the composition and spatial 
configuration of the forest ecosystems (Rodríguez-Echeverry, Echeverría, Oyarzún, & Morales, 2018). Also, 
population dynamics and species richness are modified (Watson, Whittaker, & Dawson, 2004), and ecosystem 
services, which provide human well-being (Millenium Ecosystem Assessment, 2005), are affected (Aguayo , 
Pauchard, Azoca, & Parra, 2009).  
Several researchers agree on the need for further research to evaluate fragmentation and deforestation in relation 
to LUC, in order to generate information that is necessary for land use planning, ecosystem management (Graf, 
Mathys, & Bollmann, 2009; Monaghan & Soares, 2010), and for biological conservation practices (Bao, Zheng, 
& Ge, 2006; Simonetti, 2011).  
The multitemporal assessment of forest changes related to the analysis of fragmentation and deforestation, based 
on satellite images and landscape metrics, is a valuable technique to know the degree of threat of an ecosystem 
(Armenteras, Gast, & Villarreal, 2003). Most studies based on satellite data have been conducted in tropical 
forests (Imbernon, & Branthome, 2001; Sarder, Hepinstall, Coan, & Soza, 2001; Skole & Tucker, 1993; 
Steininger et al., 2001; Turner & Corlett, 1996), particularly in the Amazon rainforest, which is considered the 
largest study region in the world (Laurance, 1999; Laurance, Vasconcelos, & Lovejoy, 2000; Pedlowski, Dale, 
Matricardi, & Pereira Da Silva, 1997; Sierra, 2000). This contrasts with the few studies of fragmentation and 
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deforestation of temperate forests, particularly in the southern hemisphere (Staus, Strittholt, Dellasala, & 
Robinson, 2002).  
On the other hand, several studies have used landscape metrics to evaluate the impacts of LUC on the spatial 
configuration of the landscape (Schulz, Cayuela, Echeverría, Salas, & Rey-Benayas, 2010) and the impacts of 
these on ecological processes (León-Muñoz et al., 2013). In this context, it is necessary to evaluate 
fragmentation and deforestation, in order to generate information that is necessary for land use planning, forest 
ecosystem management (Monaghan, & Soares, 2010). This type of research must be supported in the 
multitemporal assessment of forest changes. 
The temperate forest of Chile is considered a "hostpot" of biodiversity conservation (Myers, Mittermeler, 
Mittermeler, Da Fonseca, & Kent, 2000). This forest has registered deforestation and fragmentation processes, 
which have been progressive over the last decades (Echeverría, Newton, Nahuelhual, Coomes, & Rey-Benayas, 
2012; Rodríguez-Echeverry, Echeverría, Oyarzún, & Morales, 2018). Several studies have reported the direct 
consequences of LUC in the structure and composition of forest ecosystems (Echeverría, Newton, Lara, 
Rey-Benayas, & Coomes, 2007), hydric regime (Little, Lara, Mcphee, & Urrutia, 2009; Rodríguez-Echeverry, 
Echeverría, Oyarzún, & Morales, 2017), increases in erosion and degradation of the soil (Rodríguez-Echeverry, 
Echeverría, Oyarzún, & Morales, 2017), and diversity and richness of the fauna and flora (Rodríguez-Echeverry, 
Echeverría, & Nahuelhual, 2015; Simonetti, 2011). 
Arauco commune, in the Biobio Region of Chile, is a landscape characterized by a high biodiversity, progressive 
anthropization (DGA, 2004; Corporación Nacional Forestal de Chile [CONAF], 2006) and a high conservation 
priority (Myers, Mittermeler, Mittermeler, Da Fonseca, & Kent, 2000). Since the promulgation of Legislative 
Decree No. 741 of 1974, which encouraged the planting of commercial species in the country, the Arauco 
commune has exhibited a growing conversion of native forest habitat to commercial plantations (CONAF, 2006). 
In recent years, it has been reported that various impacts derived from the forest industry have led to a significant 
loss of wildlife (CONAF, 2006) and a significant increase in the export of sediment in different affluents of the 
watershed (Oyarzún, Frene, Lacrampe, Huber, & Herve, 2011). The foregoing has been the focus of discussion 
among governmental environmental entities, forestry companies, and the general community; all have 
highlighted the need to implement effective conservation strategies (CONAF, 2006). Currently, no studies have 
been conducted that quantified the impact of land-use change on the spatial patterns of the temperate forest. This 
type of study would provide key information for the conservation planning of the native forest at the landscape 
level. 
We assessed the impact of LUC on the spatial pattern Chilean temperate forest ecosystem in the commune of 
Arauco, Biobío Region–Chile. In particular, we examined the patterns of land-cover change and the changes in 
the spatial configuration in the temperate forest over time and space by using satellite scenes acquired at 
different time intervals. We hypothesize that human-induced LUC has substantially fragmented and deforested 
the forest ecosystem. This work will be the first step to understand the potential ecological effects of 
fragmentation and the proximate drivers and causes of deforestation. 
2. Study Area 
The commune of Arauco (37° 14'S and 73° 10'W) is located in the north end of the province of Arauco, on the 
western slope of the Cordillera de Nahuelbuta (Biobío Region - Chile) (Figure 1). It has an area of 956 km2. 
Climate data indicates that this zone is characterized by a temperate sub-Antarctic oceanic climate, with an 
average annual temperature of 14.5° C and annual rainfall of 1,350 mm. 
3. Methods 
3.1. Satellite Images  
LUC and spatial patterns analyses were performed on maps of land use, with 30 x 30 m pixels, derived from 
Landsat satellite images that were recorded in February of the years 1990 (Thematic Mapper, TM) and 2010 
(TM). Only maps of 1990 and 2010 were using due to the availability of information, which was bought in the 
Instituto Militar de Chile. The resolution of these images makes it possible to detect forest patches, which is 
essential in the analysis and description of the fragmentation processes (Echeverría et al., 2006).  
3.2 Pre-Processing of Images  
A geometric, atmospheric and a topographic correction were applied to each image before classifying them. The 
geometric correction was performed by Arcgis 9.3 (Esri, 2009) by using a georreference from ground control 
points and by employing a mathematical model of the third order. The accuracy of this correction ranged from 
0.09 to 0.19 pixels, that is to say, 2.7 to 5.7 meters. The Apparent Reflectance Model was employed with the aim 
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of transforming the original values of the image into reflectance values (Chávez, 1996). The atmospheric 
correction was performed using the Envi software, version 4.2. Finally, the topographic correction, which is 
designed to eliminate shadows in the image produced by the topography of the site (Chuvieco, 2002), was 
performed by the correction method proposed by Teillet, Guindon, and Goodeonugh (1982). 
 

 
Figure 1. Location of the area of study in the commune of Arauco 

 
3.3 Image Classification  
The classification of the images was performed using the Envi software, version 4.2, through the selection of 
training points, following the digital number (DN) of the pixels present (spectral values), and the composition of 
colours which facilitates the location of each coverage (Chuvieco, 2002).  
The classification method was supervised, that is to say, prior knowledge of the study area allows the user to 
identify representative land uses. This classification was done by using a maximum likelihood algorithm, in 
which the software identifies and calculates each land uses from the DN that defines each of the classes. 
Following the classification, each land use was assigned to the remaining pixels of the image, depending on their 
DN (Parimbelli, 2005). The probability of finding each land use is calculated from the training points selected by 
the user. The classification of the images was performed using the three spectral bands. 
Validation of the 2010 classification was carried out by two different processes: 1) field visits to validate 250 GPS 
control points for the all cover, and 2) through the choice of 110 random points displayed on the classified image, 
which was validated by identifying those points in Google Earth. The classification for 1990 was validated using 
aerial photographs of the land, in addition to “catastro” data of the native forest, reference map on a 1:50000 scale, 
made from the aerial photographs and satellite images from 1994 and 1997 (CONAF et al., 1999; Echeverría et al., 
2006; Echeverría, Newton, Nahuelhual, Coomes, & Rey-Benayas, 2012). With these elements, confusion matrices 
were designed to assess the accuracy (>80%) between the actual data and the classified maps. 
3.4 Types of Cover 
The following classes of land use cover were identified in each image: 1) Secondary forest (regeneration of 
pristine forest after disturbance) , 2) crop/grassland (pasture and/or seasonal crops that, due to their spectral 
response, tend to become confused between them according to the spatial resolution of the classified image), 3) 
water, 4) urban areas, 5) bare land (represented by harvest plantations areas and dunes), 6) shrubland (vegetal 
formation where the biological tree type is less than 10%, the shrubland can be between 10 to over 75% and 
forbs can be between 0-100%) (CONAF et al., 1999), and 7) exotic plantations (usually Eucalyptus and Pinus 
species) and 8) wetlands. 
3.5. Temporal Analysis of Cover Change  
The temporal analysis of cover change was performed through the Land Change Modeler for Ecological 
Sustainability extension of IDRISI Andes (Clark Labs, Worcester, USA). Land Change Modeler is an extension 
for the analysis and prediction of change in land cover and evaluation of the consequences of such change on 
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biodiversity (Clark-Labs, 2009). This extension provides information on the changes that occurred over a period 
of time for each class mentioned above, showing the gains and losses of the cover in a clear and precise way. 
Moreover, it provides maps that help assess the changes over time.  
3.6 Fragmentation Analysis  
The native forest coverage of both years was analysed using Arc Gis 9.3 version, specifically using the Spatial 
Analyst extension. The analysis of annual deforestation rate that occurred over the duration of the study was 
calculated by using the formula proposed by FAO (1995), and Echeverría, Newton, Lara, Rey-Benayas and 
Coomes (2007)  
 

= 21 −  1 ∗ 100 

 
Where A1 and A2 are the native forest cover in the t1 (1990) and t2 (2010), respectively. P is the percentage of 
native forest loss per year.  
The calculation of indices or landscape metrics and the comparison of these metrics over the duration of this 
study were performed by using FRAGSTATS software version 3.3 (Echeverría et al., 2006; Mcgarigal, Cushman, 
Neel, & Ene, 2002). As such, the changes in the spatial configuration of the landscape were assessed using the 
landscape indices shown in Table 1. 
 
Table 1. Landscape Indices 

Type of Indices Description 
Total area  Surface in ha 
Largest patch index % of landscape composed by the largest patch 
Density of patches Number of patches in 100 hectares 
Number of patches Number of patches of the corresponding patch type 
Proximity index Ratio between the size and proximity of all patches within 500 meters 
Aggregation index % of adjacency between pixels of different kinds of coverage 
Adjacency index Length of the edge between secondary forest and the other types of cover in kilometers 

 
4. Results 
4.1 Accuracy of Classification  
According to the values obtained from both validation processes, accuracies of 86.1% and 89.4% for the 
classification of 1990 and 2010 respectively, were obtained. The accuracy of the type of secondary forest varied 
from 90% in 1990 to 84.1% in 2010. On the other hand, the various exotic plantation types varied from 87.5% in 
1990 to 92.8% in the classification of 2010 (Table 2).  

 
Table 2. User accuracy for the classification of images 

 Year 
Type of land use 1990 2010 
Plantation  87.5 92.8 
Urban 88.2 83.3 
Crop-grassland 86.2 93.8 
Bare land 90.9 95.2 
Wetland 84.0 85.7 
Water 82.1 100.0 
Native 90.0 84.1 
Shrubland  76.7 81.0 
Total accuracy 86.11 89.44 
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4.2 Land Cover Changes  
The changes in the areas of the different types of cover analysed with the land change modeler (Table 3), which 
derives from maps of cover types (Figure 2), indicated that the estimated coverage of secondary forest decreased 
from 17,932 hectares in 1990 to 7,302 hectares in 2010. In other words, the native forest cover decreased 40.7% 
and it was replaced by exotic plantation. Conversely, the exotic plantation area increased from 25,314 hectares in 
1990 to 38,727 hectares in 2010, which involves more than 150% of the total area of the study area. As a 
consequence, the rate of annual deforestation of native forests in these twenty years of study was equivalent to 
4.39 % year-1.  
 

Table 3. Area of different types of cover for the years 1990 and 2010 in the commune of Arauco 

Type of cover 
Classification 1990   Classification 2010 

Surface (ha) %   Surface (ha) % 
Plantation 25,314.30 26.4   38,727.00 40.4 
Bare Soil 19,931.31 20.7   15,459.93 16.1 
Water 357.57 0.4   397.08 0.4 
Wetland 1,933.92 2.0   2,426.13 2.5 
Secondary forest 17,932.32 18.7   7,302.87 7.4 
Crop-grassland 16,061.13 16.7   17,886.69 18.6 
Shrubland 13,782.42 14.4 13,034.88 13.6 
Urban areas 665.19 0.7   743.58 0.8 
Total 95,978.16 100   95,978.16 100 

 

 
Figure 2. Temporal and spatial variation of the soil covers in the commune of Arauco for  

(A) 1990 and (B) 2010 
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4.3 Variation in the Size of Patches of Secondary Forest  
One of the main effects of forest fragmentation is the increase in the number of small patches (Figure 3). In the 
commune of Arauco, there were considerable changes in the size distribution of forest patches between 1990 and 
2010 (Figure 3). In 1990, 19% of the native secondary forest area was concentrated in large patches of between 
500 and 2000 ha, 12% in patches of between 100 and 500 ha and 68% of the total area of native forest were 
isolated patches of less than 100 ha. In 2010, about 90% of the total area of secondary native forest was occupied 
by very small and isolated forest fragments of less than 100 ha, and only 10% was occupied by fragments of 
between 100 and 500 ha. 
 

 
Figure 3. Temporal variation of forest fragment size in the commune of Arauco. A) 1990; B) 2010 

 
4.4 Spatial Configuration of Native Forest Cover  
Between 1990 and 2010, the area of native forest in the commune of Arauco decreased 56% (Table 4). During 
that period, the native forest was mainly affected by constant fragmentation, as evidenced in the increase of the 
density of patches from 7,46 to 9,79 (Table 4). The proximity index of secondary forest patches consistently 
decreased from 130.85 to 9.64 between 1990 and 2010 (Table 4). During this period, the patches of forest were 
spatially separated, as they were occupied by another land cover types. The largest patch index decreased 
significantly, from 0.79 to 0.12, over the duration of this study. This decrease coincides with the decrease of the 
total forest area, which shows the intense and continue processes of fragmentation and deforestation. The mean 
shape index showed a slight decrease of 0.17% (Table 4). This demonstrates that the shape had a tendency to be 
less irregular in isolated patches. Finally, patch density increased from 7.46 to 9.79 patches in 100 hectares 
during this period.  
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Table 4. Changes in the landscape index for native forest in the commune of Arauco between 1990 and 2010 
Landscape Indices 1990 2010 

Total area (ha) 17932.32 7302.87 
Largest patch index  0.79 0.13 
Density of patches  7.46 9.79 
Number of patches  15780 20699 
Proximity Index  130.85 9.64 

4.5 Spatial and Temporal Relationship Between Native Forest and other Land Cover Types 
In 1990, the exotic plantations, wetlands, crop-grassland, bare land and secondary forest showed a significant 
aggregation of over 60% (Figure 4). However, in 2010 all the land uses presented disaggregation, which was 
more significant in the case of the native forest with 40%, and bare land and crop-grassland between 60% and 
80%. This contrasts with the plantations of exotic species that showed the highest and most significant 
aggregation of 90% (Figure 4).  
 

 
Figure 4. Temporal changes in the aggregation index in the commune of Arauco between 1990 and 2010. 

 
The adjacency index indicates that in 1990 the native forest patches were frequently closer to other land uses, 
especially to shrubland, with which it shared a length of nearly 110 km. (Figure 5). However, by 2010 this index 
had decreased for all types of cover except for the plantation type. This decrease indicates that in 20 years the 
area occupied by exotic plantations has increased, thus increasing its contact with the remnants of native forest in 
the commune of Arauco.  
 

 
Figure 5. Temporal changes in the adjacency index 
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5. Discussion 
The commune of Arauco has had a high rate of deforestation in the past 20 years, which was mainly due to the 
growth of exotic plantations (Pinus radiata, Eucalyptus globulus). This deforestation produced a loss close to 
10,000 hectares of secondary forest, which corresponds to an annual rate of loss of 4.39%. This loss of native 
forest is similar to the reported by Echeverría et al. (2006), which, due to the habilitation of land for the 
plantations of exotic species, reached 4.5% in temperate forests in the Maule region between 1976 and 2007. On 
other hand, Schulz, Cayuela, Echeverría, Salas and Rey-Benayas (2010) reported a deforestation rate of 1.7% in 
the sclerophyllous forests of central Chile between 1975 and 2008, mainly due to the use of wood as fuel. The 
number and density of patches of native forest in the commune of Arauco increased significantly between 1990 
and 2010. Rodríguez-Echeverry, Echeverría, Oyarzún and Morales (2018) reported a substantial fragmentation 
of the Valdivian Temperate Forest between 1986 and 2011. Similarly, Cayuela, Rey, Benayas, and Echeverría et 
al. (2006), showed that the significant increase in the number and density of patches was related to the 
concentration of native forest in patches of less than 100 ha in the tropical montane forests of Chiapas in Mexico. 
In the commune of Arauco, in the last two decades, there has been a significant fragmentation of the native 
secondary forest. This fragmentation was due to an indiscriminate use of land, which does not reflect any 
appreciation or conservation planning for the native forest as an ecosystem.  
In this study, the patch size consistently decreased over time. Therefore, the proximity of native forest patches 
also recorded a dramatic reduction. According to Armenteras, Gast and Villarreal (2003), the progressive 
reduction in the size of habitat patches is a key indicator of the ecosystem fragmentation. This reduction in size 
may decrease the connectivity among habitats, which then reduces or restricts the ecological flow, affecting 
ecosystem processes and services (Rodríguez-Echeverry, Echeverría, Oyarzún, & Morales, 2017). Therefore, the 
forest ecosystem in the commune of Arauco may register a critical condition in relation to the sustainability of 
the species, processes and ecosystem services.  
While the area of exotic plantations registers the highest aggregation indices during the two decades, the area of 
the forest ecosystem was severely impacted by fragmentation and degradation process. Thus, the exotic species 
plantations become the type of cover that dominates the landscape study. In addition, the matrix of study area, 
which is the portion of the landscape that is better connected that controls key ecosystem processes such as water 
and energy flows (Rodríguez-Echeverry, Echeverría, & Nahuelhual, 2015), was surrounded mainly by 
crop-grassland lands and bare soil, which contributes to the intense fragmentation and degradation processes.  
The analysis of spatial patterns of landscape index need to be understood as a first step towards understanding 
ecological processes (Li & Wu, 2004). However, it is necessary to complement this work with further studies 
that provide a comprehensive assessment of the impacts of the forest fragmentation and degradation on 
biodiversity and ecosystem services at the landscape level. These studies could contribute key information to 
implement measures of conservation. 
5.1. Implications for Conservation 
The current state of the forest ecosystem provides important information for its management, sustainable 
development and biodiversity conservation. Therefore, the current configuration of the landscape in the study 
area should be considered as model to help institute urgent conservation and management plans. As a first step in 
conserving the forest ecosystem, we suggest a landscape approach, using the corridor–patch–matrix model 
(Lindenmayer & Franklin, 2002), as a strategy for conservation planning. This is appropriate given the current 
configuration of the landscape, with native forest restricted to small patches sparsely distributed across the 
landscape. The main objective of the corridor–patch–matrix model is to maintain the quality and quantity of 
patches of native forest through management of the matrix (Lindenmayer & Franklin, 2002). The condition of 
the matrix may be more important in determining the survival of the species than the isolation of patches 
(Lindenmayer & Franklin, 2002). In the study landscape the management of the matrix should focus on sensitive 
buffer areas that improve the connectivity between forest patches and increase the ability of the matrix. We 
recommend that this strategy be complemented with land-use planning focused on sustainable production 
practices such as agroforestry. The design and implementation of such a strategy requires identification and 
evaluation of sensitive buffer areas and their connectivity. Moreover, this strategy must be supported by a 
framework of environmental policies. We also recommend strengthening the existing restoration programmes 
and developing new programmes.  
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6. Conclusion 
The research applies standard remote sensing methods in conjunction with spatial pattern analyses to an area of 
southern hemisphere temperate forest never previously studied. The analyses conducted illustrated how forest 
loss was strongly associated with an increase in area of exotic species plantations.  
This study has succeeded in quantifying the major changes in forest cover in Arauco commune, and in assessing 
the substantial forest loss that has taken place over the last decades. In this sense, the fragmentation of the native 
forest has reduced habitat connectivity and threatens its biodiversity. However, knowing the changes in spatial 
patterns of forest ecosystem and their current status provides important information for the design, land use 
planning and landscape management strategies that can promote biodiversity conservation and ecosystem 
services. This is possible if the situation is approached from a transdisciplinary perspective and if initiatives 
involve the active participation of the Chilean government and the general community.  
The successful description of pattern change accompanying deforestation and forest fragmentation provides a 
critical component of habitat analysis. These changes may result in the elimination, displacement or 
enhancement of species populations. Additionally, the identification of these patterns is important to facilitate 
future landscape management and monitoring actions in this type of forest.  
This study reflects the lack of economic alternatives and the community’s lack of awareness of their 
environment, its processes and cycles. This lack of awareness has had environmental consequences that threaten 
not only the preservation of remnants of the forest ecosystem but also the modification of processes and 
ecosystem services that provide the well-being of the community. Therefore, it is necessary to development 
policies that have an ecological background, which focus to revert the degradation of native forests.  
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