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EVALUACIÓN MULTITEMPORAL DE LA DEFORESTACIÓN Y REGENERACIÓN DE BOSQUES: 

IMPLICACIONES SOBRE LA ESTRUCTURA ESPACIAL, LA CONECTIVIDAD Y LA 

COMPOSICIÓN DE LOS BOSQUES SECUNDARIOS DEL GUAVIARE (2000-2020) 

Pregunta de investigación 

¿Cómo han incidido los procesos de deforestación y regeneración de bosques en la estructura 

espacial, la conectividad y la composición sucesional de los bosques en el área de colonización del 

departamento de Guaviare durante los últimos 20 años? 

Objetivo general  

Evaluar los efectos de los procesos de deforestación y regeneración de bosques en la estructura 

espacial, la conectividad y la composición sucesional de los bosques en el área de colonización del 

departamento de Guaviare desde el año 2000. 

Objetivos específicos 

1. Determinar los cambios en los patrones espaciales de los bosques resultantes de los 

procesos de deforestación y regeneración. 

2. Establecer la composición por edades de la vegetación secundaria y su contribución a la 

conectividad del bosque restante. 

3. Evaluar los procesos de deforestación y regeneración del bosque dentro de las áreas 

protegidas y las reservas autóctonas en la dinámica de transformación del paisaje. 
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Multitemporal Assessment of Deforestation and Forest Regeneration:  1 
Implications on Spatial Structure, Connectivity and Composition of  2 

Secondary Forests of Guaviare (2000-2020) 3 
 4 

Valentina Martínez Arias* 5 
Facultad de Estudios Ambientales y Rurales, Universidad Javeriana, Tr. 4 Nr. 43-00, Bogotá, 6 
Colombia 7 
*Corresponding author. 8 
E-mail address: valentinamartinez@javeriana.edu.co 9 
 10 
Abstract 11 

Tropical forests are vital to global climate stability and their destruction threatens biodiversity, 12 

putting their ecological functions at risk. Since the 1970s, there has been an increase in 13 

deforestation of the northwestern Colombian Amazon, affecting the structural connectivity. 14 

Guaviare department is part of the colonization front, this territory has numerous Protected Areas 15 

and Indigenous Reserves that aim to mitigate the forest loss within the region. The present study 16 

analyzes forest loss and forest regeneration dynamics for three periods (2000-2015, 2015-2017 and 17 

2017-2020), assessing the effectiveness of Protected areas and Indigenous reserves as barriers of 18 

deforestation. The results indicate that deforestation levels are constant throughout the study 19 

period with a total loss of 170,000 ha for the area of interest and 20,000 ha within Protected areas, 20 

conversely to Indigenous reserves that showed a neutralizing effect thanks to the presence of 21 

secondary vegetation. Secondary forests are a key component of landscape regarding their 22 

increasing effect in core area (5%) and connectivity (20 %) of remnant forest for the year 2020. The 23 

age structure of secondary vegetation in 2020 consisted of three age classes (3, 5 and 20 years of 24 

age), occurring in several patches.  25 

 26 

Key words: Secondary vegetation, Forest loss, Tropical forest, Landscape ecology 27 

 28 
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1 Introduction 29 

The tropics harbor over 40% of the planet's forests (FAO & UNEP, 2020). Tropical forests are 30 

characterized by their high levels of biodiversity that are primarily manifest in intact forests (Potapov 31 

et al., 2017), and also provide crucial ecological functions for global climate stability through 32 

regulation of processes such as carbon storage and water balance (Dias et al., 2015; Hansen and 33 

Defries, 2004). However, forests are vulnerable to anthropic intervention (Hamunyela et al., 2020) 34 

that leads to the transformation of land use and land cover (LULC) of landscapes, affecting its 35 

structure and functions at local, regional and global levels (Etter et al., 2005; Turner et al., 1989).  36 

The degradation, clearing and fragmentation of forests threaten biodiversity and ecological integrity 37 

of ecosystems(Grantham et al., 2020; Hamunyela et al., 2020). The trajectories that follow land 38 

clearing of forests consist mainly of two possibilities: first, the deforested areas can be permanently 39 

transformed into non-forest type of landcover (e.g. agriculture, pasture, urban, etc.) (Armenteras et 40 

al., 2013; Potapov et al., 2017) or, second, a process of secondary succession can begin after being 41 

abandoned (Etter et al., 2005; Nunes et al., 2020; Saatchi, 1994). Despite the uncertainty of 42 

vegetation regrowth leading to a mature forest (Norden et al., 2015), secondary vegetation is 43 

fundamental to restoring the spatial structure of the forest landscape, climate change mitigation 44 

(Chazdon et al., 2016; Nunes et al., 2020), functions of harboring fauna and flora (Arroyo-Rodríguez 45 

et al., 2017) and acting as a buffer against disturbance and biodiversity loss from a landscape 46 

perspective (Hurtado-M et al., 2021). 47 

Monitoring forest cover dynamics using remote sensing is an effective and practical way to reveal 48 

the relationships between anthropogenic actions and forest landscape transformation over time 49 

(Brovelli et al., 2020; Hansen et al., 2010; Senf et al., 2020). In order to advance and enhance the 50 

scope of biodiversity conservation, spatial modelling of landscape structural and functional 51 

connectivity comes in handy (Bennett, 2003; Crooks and Sanjayan, 2010; Lira et al., 2012; Rudnick 52 
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et al., 2012). Given that several studies demonstrate that landscape changes can result in either 53 

permanent transformation or temporary change of forest cover (see, for example: Armenteras et 54 

al., 2017; Etter et al., 2005; Hamunyela et al., 2020; Nunes et al., 2015) it is crucial to assess the role 55 

of secondary vegetation in landscape configuration (Etter et al., 2005; Nunes et al., 2020).  56 

A study conducted by  Etter et al., (2005) in areas of the Colombian rainforests that had suffered 57 

prologued landscape transformation, found an increasing trend in secondary forest cover. Similarly, 58 

Teixeira et al., (2009) in their study of the Brazilian rainforest documented a tendency towards 59 

younger secondary forest in areas that had been subject to high rates of both deforestation and 60 

regeneration. However, recent studies have shed new light on the different pathways taken by 61 

regrown vegetation areas once the deforestation rates decrease. This is the case of the study 62 

conducted by Carvalho et al., (2019) whose findings report that when deforestation rates decrease, 63 

the transformation of secondary vegetation into non-forest land cover increases. Some of the most 64 

common uses for the transformed secondary vegetation are livestock, agriculture and palm oil 65 

plantations (Nunes et al., 2020). 66 

Another approach to forest monitoring is through conservation, specifically in evaluating the 67 

effectiveness of protected areas (PA), being a figure frequently used to reduce deforestation 68 

(Andam et al., 2008). Several authors (Barber et al., 2014; Cabral et al., 2018) have shown that PA 69 

act as a barriers against forest clearing, but often given by their remote location and inaccessibility. 70 

On the contrary, Bray et al. (2008) found in their study that PA do not perform well in active 71 

colonization fronts. In this sense, Armenteras et al. (2009), study found that Colombian tropical 72 

lowland forest PA have been under increasing exposure to pressures in their surroundings for the 73 

past 30 years. The same study highlighted variability in performance between PA and indigenous 74 

reserves (IR), showing that PA perform better. 75 
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The northwestern Colombian Amazon, of which the Guaviare department is part, has been one of 76 

the most dynamic regions in terms of forest loss for the past several decades due to the presence 77 

of multiple colonization fronts and lack of territory planning (Armenteras et al., 2006; Etter et al., 78 

2008, 2006a; Etter and Andrade, 1989). Despite high deforestation rates, large areas of previously 79 

cleared and cultivated lands are being abandoned, allowing regeneration processes to arise that can 80 

derive into secondary forest growth (Meyfroidt and Lambin, 2011; Soares-Filho et al., 2013). In other 81 

words, landscape regeneration in forest mosaics where the cover is not severely fragmented can 82 

lead to regeneration of vegetation (Armenteras-Pascual et al., 2013). 83 

The department of Guaviare is both a biodiversity and deforestation hotspot (Armenteras et al., 84 

2019). Land clearing processes are mainly produced by the transition from forests to pastures, 85 

evidencing forest loss in greater quantity and in a more accelerated way than in other areas of 86 

Colombian forests (Meza and Armenteras, 2018). However, studies regarding biodiversity loss and 87 

landscape transformation remain largely unknown for this region (Armenteras-Pascual et al., 2013; 88 

Armenteras et al., 2006).  89 

This paper aims to contribute to a better understanding of the spatial dynamics of clearing and 90 

regeneration of tropical rainforests, and the effects of secondary forests on the spatial structure and 91 

connectivity of the forest mosaics in the Colombian Amazon. The main objectives being pursued 92 

are: (1) to determine the changes in spatial patterns of the resulting forests from deforestation and 93 

regeneration processes, (2) to establish the age composition of secondary vegetation and its 94 

contribution to the connectivity of the remaining forest and (3) to evaluate forest loss and forest 95 

regeneration processes within protected areas and indigenous reserves in landscape transformation 96 

dynamics.  97 

2 Materials and methods 98 
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2.1 Study area 99 

The department of Guaviare is located in the northwestern part of the Amazon occupying an area 100 

of 53,460 km2 corresponding to 5% of the Colombian territory, it is divided in four municipalities: 101 

Calamar, El Retorno, Miraflores and San José del Guaviare (UNODC, 2014). The area of interest (AOI) 102 

of this study occupies 39,130 km2 (Figure 1) and harbor the main human settlements of the region. 103 

This region is known as a deforestation hotspot, presenting colonisation processes since the 1970s 104 

(Armenteras et al., 2019).The main economic activities associated with land clearing are livestock 105 

and illicit coca crops (Erythroxylum coca), the second has been a critical driver for land cover 106 

transformation within the region in the past two decades (Armenteras et al., 2013, 2019; Etter et 107 

al., 2005; Etter, McAlpine, et al., 2006). The deforestation processes associated with these economic 108 

activities are related to accessibility factors to the forest such as distance to the interior of them, 109 

studies in similar areas have shown that land clearing processes follow the course of roads and 110 

navigable rivers (Armenteras et al., 2006; Etter et al., 2006b; Marsik et al., 2011). 111 

The AOI is covered by tropical forest biome and some prominent rocky outcrops, the average 112 

altitude is 180 m (SIAT-AC, 2020). The climate is tropical, humid and monomodal. Humidity varies 113 

between 80% and 90% throughout the year, the average annual rainfall is 2,800 mm, presenting a 114 

dry season (December-March) and a rainy season (April-November) with an average daily 115 

temperature of 25°C (SIAT-AC, 2020). Soils are acid and nutrient deficient, thus, highly susceptible 116 

to deterioration (SIAT-AC, 2020). Guaviare is crossed by numerous rivers which are major affluents 117 

of the Orinoco and the Amazon basins (UNODC, 2014). This region comprises a variety of tropical 118 

rain forest systems, characterized by having complex vegetation communities and ecological 119 

systems, reflecting in high species richness and abundance (Meyfroidt and Lambin, 2011; Souza et 120 

al., 2020; Wang et al., 2019).  121 
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The AOI (Figure 1.) comprehends a series of 5 PA (1,510,104 ha) and 28 IR (465,888 ha) to protect 122 

the biodiversity. PA and IR are both conservation strategies with different purposes contributing 123 

towards social, environmental, and cultural dimensions (Barragán Alvarado, 2008). For this study, 124 

these figures are going to be taken as conservation strategies in the broader sense. Acknowledging 125 

that deforestation processes can occur in a different way within the territorial boundaries of PA and 126 

IR, as well as social and environmental management (Andam et al., 2008; Armenteras et al., 2009).  127 

 128 

Figure 1. Study area map  129 

2.2 Data sources and processing 130 

Satellite images were used to generate land cover maps for the years 2000, 2015, 2017 and 2020, 131 

respectively. These years were chosen according to image quality and cloud cover percentage, 132 

between 2000 and 2015 there were no images available that met the criteria of 20% or less cloud 133 
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cover percentage, explaining the 15-year gap between the first and second year analyzed. The 134 

satellite images used in this study were retrieved from Google Earth Engine GEE (Gorelick et al., 135 

2017; Hurni et al., 2017) from Landsat 5 Thematic Mapper (TM), Landsat 7 Thematic Mapper Plus 136 

(ETM+) and Landsat 8 Operational Land Imager (OLI), using Surface Reflectance Tier 1 Collection 137 

which has bottom of atmosphere (BOA) images with corrected data that have well characterized 138 

radiometry and are inter-calibrated across the different Landsat instruments. The georegistration 139 

of Tier 1 scenes is consistent and within prescribed image-to-image tolerances of ≦ 12-meter radial 140 

root mean square error (Gorelick et al., 2017; Young et al., 2017). Geometric correction is dismissed 141 

if only L1T Landsat images are used in change detection, hence, considered most suitable for time 142 

series analysis (Hamunyela et al., 2020; Zhu, 2017). 143 

For each year, a mosaic filtered by the AOI was generated with the median value of the image pixels 144 

to create a homogeneous composite, 54 images were processed in total (10 images for year 2000, 145 

8 for 2015, 27 for 2017 and 9 for 2020). Then, a cloud mask function was applied using the pixel 146 

quality attributes based on the CFMASK algorithm (Hamunyela et al., 2020). 147 

In order to analyze deforestation and regeneration dynamics through the years, land cover maps 148 

were created for each year as proposed by Etter, Mcalpine, et al.,( 2006). A supervised classification 149 

through visual interpretation of the satellite images was performed (Jensen, 2015; Richards and Jia, 150 

2006) using Random Forest algorithm in GEE (Brovelli et al., 2020). The classifier was applied to five 151 

broad land cover classes: forest, secondary vegetation (SV), cleared land, water bodies and rocky 152 

outcrops. The training sites were selected through stratified random sampling (Hamunyela et al., 153 

2020; Jensen, 2015; Olofsson et al., 2014), more than 1,000 pixels were selected for each date. To 154 

test the model, an accuracy assessment was performed creating new validation sites, obtaining 155 

matrix of error, overall accuracy, producer’s accuracy, user´s accuracy and kappa coefficient. Errors 156 

in classification can be attributed to spectral confusion between regenerating forest and crops 157 
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(Prates-Clark et al., 2009) explaining why SV class had the lowest accuracy of classification. After the 158 

classification, a majority filter of 3X3 moving window was applied to remove the isolated pixels and 159 

reduce the image noise for each land cover map (Jensen, 2015; Wang et al., 2019) in ArcMap 10.7.1 160 

(Esri, 2008).  161 

2.2 Forest clearing and forest regeneration dynamics 162 

To assess forest loss and forest regeneration for the two decades, forest-non-forest maps were 163 

produced for each year studied, obtaining forest clearing and forest regeneration maps for the 164 

2000-2015, 2015-2017 and 2017-2020 periods. These data were also calculated within 5 Protected 165 

areas and 28 Indigenous reserves, measuring the impact of landscape dynamics inside and outside 166 

these boundaries. Information regarding PA and IR was retrieved from the Colombian Geographic 167 

Institute Agustín Codazzi (IGAC, 2020), changes in the extension of PA and IR during the study period 168 

were not taken into account for the forest dynamics calculations, therefore, the areas used for 169 

measurements correspond to the year 2020.  Rates of change were quantified for each conservation 170 

figure to compare the effectiveness individually, and for the combined effect by overlaying both PA 171 

and IR.  172 

The annual rates of class cover change were calculated following the formula proposed by 173 

Puyravaud (2003): 174 

𝑟 = (1/(𝑡2 − 𝑡1)) ∗  ln (𝐴2/𝐴1) , 175 

Where r is the rate of change per class for each year, t1 and t2 are the initial and the final time, 176 

and A1 and A2 are the class areas for the beginning and the end of the period.  177 

A forest age map was created for the year 2020 in ArcMap 10.7.1 (Esri, 2008), in order to identify 178 

the ages of vegetation regrowth within the secondary forest mosaic. This map was based on the 179 
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forest-non-forest maps obtained for the four dates studied, focusing on the changes (presence vs 180 

absence) of SV pixels from each period to the year 2020. Additionally, the age classes were 181 

reclassified as Etter et al., (2005) proposed, by overlapping the forest-non-forest maps for the four 182 

years studied. The SV pixels that persisted from years 2000 to 2020 were taken as 20 years old of 183 

secondary forest (SF), the same calculation was done for 2015-2020 (5 years of SF age) and 2017-184 

2020 (3 years of SF age). The mature forest corresponds to the forest pixels that persisted intact 185 

within the 20-year period studied, since the exact age cannot be calculated within the study period 186 

proposed. In other words, the land cover of SV calculated between periods (2000-2015, 2015-2017 187 

and 2017-2020) will be taken as SF, whilst mature forest refers to the pixels of forest that persisted 188 

throughout the study period. 189 

2.3 Remnant forest connectivity  190 

Landscape metrics adapted from (Etter et al., 2005; Zhang et al., 2020) were implemented to 191 

understand the effect of SV in the connectivity of remnant mature forest mosaics (fixed depth of 192 

100m and connectance threshold of 100m were applied) using FRAGSTATS 4.2 (McGarigal et al., 193 

2012). The metrics chosen for this study were : number of patches (NP), mean patch size (MPS), 194 

total core area (TCA) and connectance index (CONNECT), proven to be useful to analyze land cover 195 

dynamics (Spanowicz and Jaeger, 2019). All the proposed metrics were calculated for the secondary 196 

forest ages, whilst TCA and CONNECT were calculated for the three transition periods with and 197 

without the presence of SV and inside PA and IR.  198 

3 Results 199 

3.1 Land cover dynamics 200 

Four land cover maps were generated for the years 2000, 2015, 2017 and 2020 with an overall 201 

accuracy of classification of 97%, 96%, 98% and 93%, respectively (Appendix A) (Figure 2.) using GEE 202 
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at 30 m resolution. A tendency towards forest reduction and land clearing expansion is evident to 203 

the naked eye when contrasting the land cover maps. Each map exhibits forest as the dominant 204 

cover, followed by cleared land, then secondary vegetation and lastly water and rocky outcrops. 205 

Tables 1 and 2. present the temporal trend of area and annual rate of change for the main classes 206 

being monitored in this paper: forest, secondary vegetation (SV) and cleared land. The category of 207 

others comprises both water and rocky outcrops which are beyond the scope of the study. 208 

 209 

Figure 2. Land cover maps 210 



14 
 

Table 1. Land cover type, area and percentage  211 

 212 

Table 2. Annual Rate of Change for the study period  213 

 214 

Forest cover was reduced by nearly 175,000 ha for the study period, with the period 2015-2017 with 215 

an annual rate of change of 0.011, almost double than 2017-2020 (0.006%), and ten times higher 216 

than the 2000-2015 average (Table 2). On the other hand, cleared areas showed an increase in its 217 

area for each year with an annual rate of change ranging from 0.018% to 0.053 %. Secondary 218 

vegetation was the most dynamic cover with areas increasing and decreasing through the periods, 219 

ranging in cover between 3.08% to 5.09% of the AOI. This class presented the greatest annual rate 220 

of change for the 2015-2017 (0.251%), while a reduced annual rate of change was observed for the 221 

other two periods. 222 

3.2 Age structure and spatial metrics of the 2020 forest remnants 223 

The mosaic of SF is composed by several patches of ages 3 (12,685ha), 5 (7,723 ha) and 20 (68,609 224 

ha) years of regrowth as shown in Figure 3. which illustrates the synergetic effect of the SF to restore 225 

the mature forest structural connectivity through a closeup in a random chosen window. Table 3. 226 

and Figure 3. show the effect of different SF age patches individually contributing to increase the 227 

connectivity of the remnant forest (21.5%). The pattern of regrowth happens in several patches of 228 
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different mean sizes ranging from 0.29 ha to 1 ha, while MPS of mature forest is considerably bigger 229 

(118 ha). The TCA of year 20 (449.82 ha) had the greater effect for total input of SF in 2020 forest 230 

cover by representing 30% of it.  231 

Table 3.  Number of patches, mean size of patches, total core area and connectance index of secondary forests in 2020 232 

 233 

 234 

Figure 3. Mature and secondary forests, and approximate ages of secondary forest in 2020 235 



16 
 

3.3 Deforestation, regeneration and forest mosaic age in relation to protected areas and 236 

indigenous reserves  237 

The results presented in Figure 4. show a similar pattern of forest clearing and forest regeneration 238 

dynamics within the three periods. There was an increasing trend in forest loss which was, 239 

nevertheless, mitigated by the growth of SF. However, this still resulted in forest loss for all three 240 

periods. The forest loss peaked in 2015-2017 (37,000 ha/yr) representing 42.85% of the total forest 241 

loss (172,885 ha) during the study period and decreased (19,166 ha) between 2017-2020. 242 

 243 

Figure 4. Forest cover change due to forest clearing and forest regeneration for the three periods 244 

Forest regeneration process contributes to the generation of SF cover, which constitutes a part of 245 

the total forest cover (Table 4).  2015 was the year with more SF extent within the three years, 246 

contributing by 4% the total forest cover. Similarly, in 2017 the SF represented 1% of the forest 247 

cover, while in 2020 accounted for 2% of the forest.  248 
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Table 4. Forest cover composition, area and percentage   249 

 250 

Protected Areas cover 38.59 % of the AOI while Indigenous Reserves occupy 11.9%. Taken together 251 

these areas represent 1,975,992 ha (50%) of the AOI. The results given in Figure 5. reveal that forest 252 

dynamics follow an inverse trend in both figures of conservation for the 2000-2015 and 2015-2017 253 

periods, as opposed to 2017-2020 where both forest dynamics follow a similar pattern. Specifically, 254 

PA presented deforestation rates of 0.00029% and 0.004% for the first and last periods, while 255 

0.0008% rate of regeneration for the second period. Conversely, IR revealed 0.0009% rate of 256 

regeneration in the first period and 0.004% and 0.002% rates of deforestation for the second and 257 

third periods. The joint effect of PA and IR shows a compensation of forest loss and forest 258 

regeneration in 2000-2015, and a replication of the general pattern of deforestation for the other 259 

two periods. 260 

Figure 5. Total forest loss (negative values) and forest regeneration (positive values) within Protected areas (PA), 261 

Indigenous reserves (IR) and joint effect. 262 
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3.4 Effects of regenerating forests on the remnant forest spatial structure metrics  263 

The cumulative effect of secondary vegetation the landscape metrics TCA (total core area) and 264 

CONNECT (connectance index) of remnant forests in 2020 (Figure 6a) and for the years 2015, 2017 265 

and 2020, individually, indicate the positive effect of the regenerating forests in terms of overall 266 

forest core area and connectivity in the forest mosaic. In 2020 approximately 249,800 ha of SV had 267 

accumulated over the 2000-2020 period, increasing the forest connectivity by 21%. The positive 268 

effect of SV increased TCA by 2 to 6% and increased the connectivity over the study period by 27% 269 

in 2015, 4% in 2017 and 8% in 2020. 270 

 271 

Figure 6. (a) Cumulative effect of secondary vegetation on TCA (100m) and CONNECT in 2020; (b) Effect of secondary 272 

vegetation on TCA (100m) and CONNECT for the three periods. 273 

 274 

4 Discussion  275 

 276 

Contemporary forests have accumulated an increasing footprint of the cumulative effects of land 277 

use over decades and even centuries, visible in the high proportion of secondary forests (Arroyo-278 

Rodríguez et al., 2017; Rudnick et al., 2012), which implies a rethinking of the management and 279 
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conservation of forest landscapes (Gullison and Hardner, 2018). This study exemplifies this 280 

phenomenon for the northern Amazon in Colombia. Although time series analysis of LULCC in 281 

tropical forest demonstrate a tendency towards forest loss (Figure 3.), at the same time remnant 282 

forests increasingly make-up a larger proportion of remnant forests. Various studies (Armenteras et 283 

al., 2006; Etter, Mcalpine, et al., 2006; Meyfroidt & Lambin, 2011; Soler et al., 2014) have 284 

documented the drivers behind deforestation and found a direct relationship between this process 285 

and socio-economic factors such as agriculture, infrastructure projects (roads), livestock (pasture 286 

creation) and illicit crops, among others. This multitemporal approach has been helpful in 287 

monitoring forest cover change over the last 20 years in this colonization front. Revealing the 288 

importance of secondary vegetation in the connectivity of remnant forest must include a 289 

consideration regarding variation between forest clearing and regeneration processes (Etter et al., 290 

2005). 291 

Deforestation and land use are a constant threat towards intact forests (Potapov et al., 2017), yet 292 

the contribution of vegetation regrowth is key to countervail forest loss in addition to stabilizing 293 

secondary forest. In particular, secondary vegetation is known for its potential to become a source 294 

of habitat for fauna and flora (Arroyo-Rodríguez et al., 2017; Meyfroidt and Lambin, 2011). In 295 

addition, the first decade of succession in tropical forests endorse pronounced transformations in 296 

the vegetation structure and composition and can generate a canopy closure (Chazdon, 2008). 297 

Therefore, it is important to deepen the research emphasizing in vegetation regrowth by exploring 298 

the patterns and configurations at the landscape level of the ages and mosaic distribution of 299 

vegetation regrowth (Etter et al., 2005; Prates-Clark et al., 2009).  300 

Contributing to the focus of previous literature on the effects of secondary vegetation on landscape 301 

configuration of tropical forests, this study highlights its effect on core area and connectivity of 302 

remnant forest. Specifically, this study diverts from the previous interest in the extent, distribution, 303 
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and drivers of change (Sloan et al., 2016) and instead emphasizes on the emerging patches of 304 

different SF ages (Nunes et al., 2020) which configure a complex mosaic. The findings suggest an 305 

overall increase over the core area and connectivity of remnant forest in the presence of SF. Similar 306 

findings were reported by Etter et al., (2005) in that improving the spatial structure of the remaining 307 

mature forests is directly related to the presence of SF. Is important to highlight that the 20-year 308 

window proposed in this study is unable to descry a trend regarding the potential of SF to become 309 

a mature forest within the AOI, because an effective regeneration process takes between 60 to 80 310 

years (Brown and Lugo, 1990). 311 

Studies in the Brazilian rainforests vary depending on the area where the data was taken (Atlantic 312 

vs Amazon). Where Atlantic forests are dominated by young secondary forest resulting from high 313 

dynamics of both deforestation and regeneration (Teixeira et al., 2009). Conversely, in the Amazon 314 

forests, the extent of SV is affected by increasing rates of deforestation in these areas which in turn 315 

compromise forest regeneration (Carvalho et al., 2019). The explanation rests on policies that 316 

promote concentrated forest clearing in SV areas to prevent the agricultural frontier from expanding 317 

(Soler et al., 2014). These findings add to the trend that this study follows concerning SF after 318 

deforestation peaks (2015-2017) depicting a positive relation between forest loss and SV clearing, 319 

as well as a parallel decrease in rates of change.  320 

The results give an insight into the performance of both PA and IR as conservation figures. The 321 

cumulative results shed some light on the overall superior performance of IR in terms of mitigating 322 

deforestation for the time period studied. During the 20 years studied IR showed a neutralizing 323 

effect between forest clearing and forest regeneration (Figure 5.), opposing to the overall trend 324 

within PA that followed the general trend of the AOI, where deforestation stood out. Refuting the 325 

results of  Armenteras et al., (2009) given that PA performed better than IR, where the forest loss 326 

within IR was approximately six times greater than within PA during 1985 to 2002. 327 
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The peak of forest loss coincides with the peace accord in 2016, paradoxically increasing 328 

deforestation inside PA, changing the paradigm that raised them as great barriers against forest loss 329 

(Barber et al., 2014). This result agrees with the statistics exposed by Clerici et al., (2020) postulating 330 

that approximately 79% of Colombian PA experienced increased forest loss in post-conflict years. 331 

The tendency of forest loss applies similarly for IR between 2017 and 2020, but in a smaller extent. 332 

Deforestation inside PA is alarming because of the extent and the acceleration of the process, 333 

challenging this type of conservation measures. Gonzáles-Gonzáles et al., (2021) suggest 334 

implementing complementary top-down governance measures for conservation with regionally 335 

adapted policy. 336 

The different trajectories for PA and IR concerning deforestation rates can relate to the finding that 337 

indigenous territories may be less likely to be affected by external drivers and more likely to be 338 

affected by internal factors (Nolte et al., 2013). The case of Brazilian amazon, highlights that all types 339 

of conservation figures have been successful to avoid deforestation, mainly by their remoteness 340 

(Gullison and Hardner, 2018; Nepstad et al., 2006; Nolte et al., 2013). Nonetheless, forest loss in IR 341 

was related towards invasions from nonindigenous populations increasing natural resource 342 

exploitation. 343 

Furthermore, deforestation within PA and IR was lower than outside of both figures, proving that 344 

legal protection is not always an effective way to mitigate the future forest loss (Potapov et al., 345 

2017). Given that the access to them may change over time, making them available for the 346 

expansion of colonization front, hence research concerning socio-economic drivers at a finer scale 347 

is recommended.  348 

5 Conclusions  349 
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Secondary forests are becoming more and more prominent, therefore, reevaluating the actual 350 

conservation and management strategies is important. In order to favor the development of 351 

secondary vegetation and ensure the conservation of intact forests. Over the 20- year period cover 352 

by this study, there has been changes in land covers manifested primarily by a reduction of the 353 

forest cover that parallelly increased the cleared area. The overall forest loss within the AOI 354 

represented 5% of the forest cover, the same tendency was evidenced within PA, while IR had a 355 

neutralizing effect and presenting a better performance. The peak of deforestation occurred 356 

between 2015-2017 triggered by the offset of the peace accord in 2016.  357 

Forest clearing and forest regeneration dynamics were influenced by the persistence of secondary 358 

vegetation occupying an intermediary stage. Secondary vegetation plays an important role in forest 359 

change, by increasing the core area and connectivity of remnant forest. Studies concerning the 360 

quality of SV are necessary to compliment the results presented in this research. The secondary 361 

forest in 2020 consists of a mosaic configurated by patches of SV of different ages (3, 5, 20 years of 362 

age).  363 
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ANEXO B. Marco Teórico extendido 

El marco teórico que fundamenta este trabajo se compone de las teorías y los conceptos de 

referencia presentados a continuación. Con la intención de presentar una base teórica para el mejor 

entendimiento de las dinámicas espaciales que se desarrollaron en el trabajo. La síntesis de 

relaciones entre los conceptos de referencia, se presentan en el diagrama conceptual de la Figura 

A. 1, que representa el problema de investigación. 

Teoría del cambio de cobertura y uso del suelo (LULCC) 

Los paisajes altamente dinámicos dan la oportunidad de estudiar el cambio de cobertura y uso del 

suelo LCLUC por sus siglas en inglés (Wu and Hobbs, 2002), una de las formas más destacadas de 

cambio global ambiental (Hersperger et al., 2010), ya que permite caracterizar y analizar los cambios 

multitemporales en el paisaje. En primer lugar, las coberturas terrestres hacen referencia a las 

características biofísicas de la superficie terrestre, incluyendo la distribución de la vegetación, 

fuentes de agua, suelo, entre otras (Liping et al., 2018). Las coberturas pueden ser determinadas 

por el análisis de imágenes satelitales diferenciando diversos tipos y su extensión (NOAA, n.d.). 

Por otro lado, el uso del suelo es el proceso de la interacción entre factores biofísicos y 

socioeconómicos, que resulta en la manera en que los humanos administran su hábitat con fines 

funcionales vinculados al desarrollo de actividades económicas, este no puede ser visto por 

imágenes satelitales (Etter, McAlpine, et al., 2006; Liping et al. 2018; NOAA, 2020). En otras palabras, 

el uso del suelo es el reflejo de las decisiones individuales de las personas y se evidencia en una 

escala local (Geist and Lambin, 2001).  

Los motores de cambio o “drivers” son fuerzas que generan cambios observables en los paisajes, 

guiando sus diferentes trayectorias (Bürgi et al., 2004). Estas fuerzas impulsoras están inmersas 

dentro de un sistema complejo de interacciones y dependencias, afectando varios niveles 

temporales y espaciales (Bürgi et al., 2004; Hersperger et al., 2010).  

Ecología del paisaje 

La ecología del paisaje es una subdisciplina de la ecología, enfocada en amplias escalas espaciales, 

estudia cómo la estructura del paisaje afecta la abundancia y la distribución de los organismos, a 

través del análisis de la influencia de los patrones espaciales sobre los procesos ecológicos (Fahrig, 

2005; Turner et al., 1989). Este enfoque teórico se compone por dos dimensiones: espacial 

descriptiva (cuantitativa) y funcional (cualitativa), abordadas por tres aspectos: la estructura, el 

funcionamiento y la temporalidad (Etter, 1991). 

La estructura y los patrones presuponen heterogeneidad espacial, a través la composición 

entendida como la cantidad de diferentes entidades posibles y la configuración siendo el arreglo 

espacial (Fahrig, 2005). Mientras que el funcionamiento y los procesos hacen referencia a la 

interacción entre los elementos espaciales expresados en flujos de materia y energía entre los 

ecosistemas (Turner et al., 1989). 

La fragmentación es una variable que altera la configuración de las coberturas espaciales (Etter, 

1991; Fahrig, 2005). El proceso de fragmentación ocurre con la aparición de parches dentro de una 

matriz, las características más importantes para analizarlos son el tamaño, la forma, el tipo, la 

cantidad y la configuración (Forman et Gordon, 1981). La conectividad o el grado de aislamiento de 
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los fragmentos incide en la función ecosistémica de los mismos y en una escala más amplia puede 

llegar a afectar en diferentes niveles la configuración y composición de la matriz en la que están 

inmersos (Etter, 1991). Un paisaje se considera en estado fragmentado con menos del 60% de la 

vegetación nativa restante (Etter et al., 2008). 

Para el caso concreto de la deforestación de los bosques tropicales Geist & Lambin (2001, pp. 5–13) 

plantean tres factores directos de cambio producidos por el uso del suelo en un nivel local: 

expansión agrícola, extracción de madera y expansión de infraestructura. También señalan cinco 

categorías de fuerzas conductoras subyacentes (o procesos sociales) que actúan en nivel local y 

secundariamente desde nivel nacional o global: factores demográficos, económicos, tecnológicos, 

políticos/ institucionales y culturales o sociopolíticos. 

La deforestación es uno de los principales problemas ambientales globales asociado a la destrucción 

de los bosques (Armenteras et al., 2013). Este proceso ha llevado a la fragmentación de los 

ecosistemas naturales resultando en mayor pérdida de los bosques y disminución de la conectividad 

de los fragmentos (Etter et al., 2006b). Puede ser permanente o transitoria, además, tiene 

consecuencias deletéreas para los nutrientes de los suelos tropicales siendo eliminados de los suelos 

después de dos años (Rodríguez Becerra, 2019). La deforestación en los trópicos está impulsada por 

la acción conjunta de factores económicos, demográficos, institucionales, naturales y políticos 

(Armenteras et al., 2013). 

La deforestación se puede abordar desde el concepto de disturbio, ya que este proceso nace de un 

evento momentáneo o acumulativo que cambia el bosque e inicia nuevas trayectorias sucesionales, 

además, el disturbio puede ser natural o antropogénico. De acuerdo con Johnson and Miyanishi 

(2020) el disturbio esta intrínsecamente relacionado con los procesos de sucesión del bosque 

haciendo posible el crecimiento de vegetación secundaria.  

Los procesos de regeneración son la consecuencia de la transición de la sucesión secundaría a un 

bosque y no se da directamente de un claro de bosque (Etter et al., 2006b). De acuerdo con Soares-

Filho et al., (2013), tras la deforestación algunos sitios serán abandonados, dando pie al proceso de 

regeneración, los factores más importantes para que ocurra son la distancia al bosque y la zoocoria 

por medio de animales tales como aves y murciélagos (entre otros mamíferos), estos vectores 

necesitan estar cerca a los bosques, ya que no pueden dispersar semillas a ciertas distancias. El 

proceso de regeneración puede ser detenido por disturbios como consecuencia de prácticas de 

mantenimiento de las pasturas e incendios. 

Chazdon (2008) plantea que el proceso de sucesión secundaria que genera un bosque secundario 

se divide en tres fases. La primera etapa o etapa de iniciación ocurre después del disturbio y tarda 

de 0 a 10 años en el cual empiezan a llegar especies primarias. La segunda etapa va de los 10 a 25 

años de crecimiento secundario, en este periodo ocurren los cambios más drásticos de la 

composición y estructura de las especies vegetales, además se llega a el cierre de los doseles de los 

árboles. La tercera etapa va de 25 a 200 años donde se complejizan los procesos del bosque 

secundario, por otro lado Brown y Lugo (1990) plantean que el bosque secundario se consolida 

desde los 60 a 80 años de crecimiento.  

 

Ecología de bosque húmedo tropical 
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Los bosques son sistemas complejos que inciden en la integridad del planeta por su alta 

biodiversidad y gran biomasa que albergan (Potapov et al., 2017). El ecosistema de bosque húmedo 

tropical se encuentra entre las latitudes 10°N y 10°S, la precipitación anual sobrepasa la suma de 

agua pérdida mediante la evaporación y la transpiración (Ofosu-Asiedu, 2008). En el caso del bosque 

amazónico se registra un sistema de lluvias unimodal influenciado por el paso de la Zona de 

Convergencia Intertropical (ZCIT), una precipitación media multianual de 3.307mm, temperatura 

media de 25.3 °C, cuenta con una de las cuencas más grandes del mundo, alimentándose de algunos 

de los ríos que nacen en la cordillera de los Andes (SINCHI, 2007). Otras característica relevante son 

que el suelo amazónico es mayormente ácido, pobre en nutrientes (Rodríguez Becerra, 2019) y la 

dispersión de semillas está a cargo de los animales, principalmente aves y mamíferos, influyendo en 

la regeneración de la vegetación (Soares-Filho et al., 2013). 

Figuras de conservación  

Las áreas protegidas AP nacen como una apuesta a la conservación de la biodiversidad, al tiempo 

contribuyen a los medios de vida de las personas, especialmente a nivel local (IUCN, 2008). La red 

mundial de AP está compuesta por redes nacionales de obras que tienen diferentes historias, 

incluyendo diversas motivaciones por las cuales se estableció su conservación (Joppa and Pfaff, 

2011). La eficacia de la gestión de las áreas protegidas y los territorios indígenas de la Amazonía 

depende de su contexto y vulnerabilidad (Gullison and Hardner, 2018). Se ha probado que son útiles 

a la hora de mitigar los procesos de pérdida de bosque en regiones tropicales aunque este no sea 

un objetivo central, de igual forma las AP están distribuidas de manera no aleatoria, en lugares 

remotos usualmente alejados de vías de acceso como carreteras o ríos (Clerici et al., 2020).  

 

Figura A.1 Diagrama conceptual 

Antecedentes  

El monitoreo de las dinámicas que transforman los bosques tropicales por medio de sensores 

remotos (SR) es una forma eficaz y práctica de revelar la correlación entre las acciones 
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antropogénicas y la transformación forestal a lo largo del (Brovelli et al., 2020; Hansen et al., 2010; 

Senf et al., 2020). Con el fin de avanzar y mejorar el alcance de la conservación de la biodiversidad, 

la modelización espacial de la conectividad estructural y funcional del paisaje resulta (Bennett, 2003; 

Crooks and Sanjayan, 2010; Lira et al., 2012; Rudnick et al., 2012). Dado que varios estudios 

demuestran que los cambios del paisaje pueden dar lugar a una transformación permanente o a un 

cambio temporal de la cobertura boscosa (véase, por ejemplo: D. Armenteras et al., 2017; Etter et 

al., 2005; Hamunyela et al., 2020; Nunes et al., 2015) es fundamental valorar el papel de la 

vegetación secundaria en la configuración del paisaje (Etter et al., 2005; Nunes et al., 2020). 

Un estudio realizado Etter et al., (2005) en áreas del bosque húmedo colombiano que habían sufrido 
una transformación del paisaje, encontró una tendencia creciente en la cobertura de bosque 
secundario. Del mismo modo, Teixeira et al., (2009) en su estudio de la selva brasileña se documentó 
una tendencia hacia un bosque secundario más joven en áreas que habían estado sujetas a altas 
tasas de deforestación y regeneración. Sin embargo, estudios recientes han arrojado nueva luz 
sobre las diferentes vías que siguen las zonas de vegetación reagrupadas una vez que disminuyen 
las tasas de deforestación. Es el caso del estudio de Carvalho et al., (2019), cuyos hallazgos reportan 
que cuando las tasas de deforestación disminuyen, aumenta la transformación de la vegetación 
secundaria en cubierta terrestre no forestal. Algunos de los usos más comunes de la vegetación 
secundaria transformada son la ganadería, la agricultura y las plantaciones de aceite de palma  
(Nunes et al., 2020). 
 
Otro enfoque del monitoreo forestal es la conservación, específicamente en la evaluación de la 
eficacia de las áreas protegidas (AP), siendo una figura utilizada frecuentemente para reducir la 
deforestación (Andam et al., 2008). Varios autores (Barber et al., 2014; Cabral et al., 2018) han 
demostrado que las AP actúan como una barrera contra la pérdida de bosque, pero a menudo se 
debe a su ubicación remota e inaccesibilidad. Por el contrario, Bray et al. (2008) encontraron en su 
estudio que las AP no se desempeñan bien en los frentes de colonización activa. En este sentido, 
Armenteras et al. (2009), un estudio encontró que los bosques tropicales de tierras bajas de 
Colombia han estado sometidos a presiones crecientes en su entorno durante los últimos 30 años. 
El mismo estudio destacó la variabilidad en el desempeño entre AP y reservas indígenas (IR), 
mostrando que AP funcionan mejor. 
 
En la Amazonia colombiana los procesos de deforestación no son aleatorios pero sí espontáneos, 

impulsados por diversos factores de accesibilidad al bosque como los ríos, además, la destrucción 

del bosque está asociada a actividades económicas como la ganadería y los cultivos de coca 

(Armenteras et al., 2006; Etter et al., 2006b). Otro aspecto relevante sobre esta región es que los 

núcleos de biodiversidad pueden coincidir con los centros de deforestación (Etter et al., 2006b). 

Gracias a la colonización, la región noroccidental de la Amazonia presenta dinámicas aceleradas de 

intervención humana, expresadas en incendios y cicatrices, estratos de intervención, frontera 

agrícola y rondas hídricas (zonas prioritarias de restauración) (SIAT-AC, 2020). Desde la década de 

los 2000 se registran conflictos socioambientales alrededor de la tenencia y acaparamiento del 

territorio, por lo cual en la región es común encontrar la figura de latifundios, haciendo referencia 

a grandes áreas de tierra bajo la administración de pocas personas (SINCHI, 1999). 

Referencias 

Andam, K.S., Ferraro, P.J., Pfaff, A., Sanchez-Azofeifa, G.A., Robalino, J.A., 2008. Measuring the 



52 
 

effectiveness of protected area networks in reducing deforestation. Proc. Natl. Acad. Sci. U. 
S. A. 105, 16089–16094. https://doi.org/10.1073/pnas.0800437105 

Ang, M.L.E., Arts, D., Crawford, D., Labatos, B. V., Ngo, K.D., Owen, J.R., Gibbins, C., Lechner, A.M., 
2021. Socio-environmental land cover time-series analysis of mining landscapes using Google 
Earth Engine and web-based mapping. Remote Sens. Appl. Soc. Environ. 21, 100458. 
https://doi.org/10.1016/j.rsase.2020.100458 

Armenteras-Pascual, D., Rodríguez Eraso, N., Alumbreros, J.R., 2013. Land use and land cover 
change in the Colombian Andes: Dynamics and future scenarios. J. Land Use Sci. 8, 154–174. 
https://doi.org/10.1080/1747423X.2011.650228 

Armenteras, D., Gibbes, C., Anaya, J.A., Dávalos, L.M., 2017. Integrating remotely sensed fires for 
predicting deforestation for REDD+. Ecol. Appl. 27, 1294–1304. 
https://doi.org/10.1002/eap.1522 

Armenteras, D., Murcia, U., González, T.M., Barón, O.J., Arias, J.E., 2019. Scenarios of land use and 
land cover change for NW Amazonia: Impact on forest intactness. Glob. Ecol. Conserv. 17. 
https://doi.org/10.1016/j.gecco.2019.e00567 

Armenteras, D., Rodriguez, N., Retana, J., 2013. Landscape Dynamics in Northwestern Amazonia : 
An Assessment of Pastures , Fire and Illicit Crops as Drivers of Tropical Deforestation 8. 
https://doi.org/10.1371/journal.pone.0054310 

Armenteras, D., Rodríguez, N., Retana, J., 2009. Are conservation strategies effective in avoiding 
the deforestation of the Colombian Guyana Shield? Biol. Conserv. 142, 1411–1419. 
https://doi.org/10.1016/j.biocon.2009.02.002 

Armenteras, D., Rudas, G., Rodriguez, N., Sua, S., Romero, M., 2006. Patterns and causes of 
deforestation in the Colombian Amazon. Ecol. Indic. 6, 353–368. 
https://doi.org/10.1016/j.ecolind.2005.03.014 

Arroyo-Rodríguez, V., Melo, F.P.L., Martínez-Ramos, M., Bongers, F., Chazdon, R.L., Meave, J.A., 
Norden, N., Santos, B.A., Leal, I.R., Tabarelli, M., 2017. Multiple successional pathways in 
human-modified tropical landscapes: new insights from forest succession, forest 
fragmentation and landscape ecology research. Biol. Rev. 92, 326–340. 
https://doi.org/10.1111/brv.12231 

Barber, C.P., Cochrane, M.A., Souza, C.M., Laurance, W.F., 2014. Roads, deforestation, and the 
mitigating effect of protected areas in the Amazon. Biol. Conserv. 177, 203–209. 
https://doi.org/10.1016/j.biocon.2014.07.004 

Barragán Alvarado, L., 2008. Pueblos Indígenas y Áreas Protegidas en América Latina 58. 

Bennett, A., 2003. Linkages in the Landscape: The Role of Corridors and Connectivity in Wildlife 
Conservation. IUCN, Gland, Switzerland and Cambridge, UK. 

Bray, D.B., Duran, E., Ramos, V.H., May, J.F., Velazquez, A., McNab, R.B., Barry, D., Radachowsky, 
J., 2008. Tropical deforestation, community forests, and protected areas in the Maya Forest. 
Ecol. Soc. 13. https://doi.org/10.5751/ES-02593-130256 

Brovelli, M.A., Sun, Y., Yordanov, V., 2020. Monitoring Forest Change in the Amazon Using Multi-
Temporal Remote Sensing Data and Machine Learning Classification on Google Earth Engine. 



53 
 

ISPRS Int. J. Geo-Information 9, 580. https://doi.org/10.3390/ijgi9100580 

Brown, S., Lugo, A.E., 1990. Tropical secondary forests. J. Trop. Ecol. 6, 1–32. 
https://doi.org/10.1017/S0266467400003989 

Bürgi, M., Hersperger, A.M., Schneeberger, N., 2004. Driving forces of landscape change – current 
and new directions. Kluwer Acad. Publ. 30, 261–268. https://doi.org/10.5792/ksrr.17.008 

Cabral, A.I.R., Saito, C., Pereira, H., Laques, A.E., 2018. Deforestation pattern dynamics in 
protected areas of the Brazilian Legal Amazon using remote sensing data. Appl. Geogr. 100, 
101–115. https://doi.org/10.1016/j.apgeog.2018.10.003 

Carvalho, R., Adami, M., Amaral, S., Bezerra, F.G., de Aguiar, A.P.D., 2019. Changes in secondary 
vegetation dynamics in a context of decreasing deforestation rates in Pará Brazilian Amazon. 
Appl. Geogr. 106, 40–49. https://doi.org/10.1016/j.apgeog.2019.03.001 

Chazdon, R.L., 2008. Chance and Determinism in Tropical Forest Succession, in: Carson, W., 
Schnitzer, S. (Eds.), Tropical Forest Community Ecology. Wiley-Blackwell, pp. 388–408. 

Chazdon, R.L., Broadbent, E.N., Rozendaal, D.M.A., Bongers, F., Zambrano, A.M.A., Aide, T.M., 
Balvanera, P., Becknell, J.M., Boukili, V., Brancalion, P.H.S., Craven, D., Almeida-Cortez, J.S., 
Cabral, G.A.L., De Jong, B., Denslow, J.S., Dent, D.H., DeWalt, S.J., Dupuy, J.M., Durán, S.M., 
Espírito-Santo, M.M., Fandino, M.C., César, R.G., Hall, J.S., Hernández-Stefanoni, J.L., Jakovac, 
C.C., Junqueira, A.B., Kennard, D., Letcher, S.G., Lohbeck, M., Martínez-Ramos, M., Massoca, 
P., Meave, J.A., Mesquita, R., Mora, F., Muñoz, R., Muscarella, R., Nunes, Y.R.F., Ochoa-
Gaona, S., Orihuela-Belmonte, E., Peña-Claros, M., Pérez-García, E.A., Piotto, D., Powers, J.S., 
Rodríguez-Velazquez, J., Romero-Pérez, I.E., Ruíz, J., Saldarriaga, J.G., Sanchez-Azofeifa, A., 
Schwartz, N.B., Steininger, M.K., Swenson, N.G., Uriarte, M., Van Breugel, M., Van Der Wal, 
H., Veloso, M.D.M., Vester, H., Vieira, I.C.G., Bentos, T.V., Williamson, G.B., Poorter, L., 2016. 
Carbon sequestration potential of second-growth forest regeneration in the Latin American 
tropics. Sci. Adv. 2. https://doi.org/10.1126/sciadv.1501639 

Clerici, N., Armenteras, D., Kareiva, P., Botero, R., Ramírez-Delgado, J.P., Forero-Medina, G., 
Ochoa, J., Pedraza, C., Schneider, L., Lora, C., Gómez, C., Linares, M., Hirashiki, C., Biggs, D., 
2020. Deforestation in Colombian protected areas increased during post-conflict periods. Sci. 
Rep. 10, 1–11. https://doi.org/10.1038/s41598-020-61861-y 

Crooks, K.R., Sanjayan, M., 2010. Connectivity conservation: maintaining connections for nature. 
Connect. Conserv. 1–20. https://doi.org/10.1017/cbo9780511754821.001 

Dias, L.C.P., Macedo, M.N., Costa, M.H., Coe, M.T., Neill, C., 2015. Effects of land cover change on 
evapotranspiration and streamflow of small catchments in the Upper Xingu River Basin, 
Central Brazil. J. Hydrol. Reg. Stud. 108–122. 
https://doi.org/https://doi.org/10.1016/j.ejrh.2015.05.010 

Esri, 2008. ArcGIS Desktop. 

Etter, A., 1991. Introducción a la Ecología del Paisaje: un marco de integración para los 
levantamientos ecológicos, Landscape Ecology. https://doi.org/10.13140/2.1.4464.5121 

Etter, A., Andrade, A., 1989. Seguimiento a la colonización en el Guaviare (Amazonía Colombiana). 
Memorias del Simp. Latinoam. Sensores Remotos. 



54 
 

Etter, A., Mcalpine, C., Phinn, S., Pullar, D., Possingham, H., 2006a. Characterizing a tropical 
deforestation wave: A dynamic spatial analysis of a deforestation hotspot in the Colombian 
Amazon. Glob. Chang. Biol. 12, 1409–1420. https://doi.org/10.1111/j.1365-
2486.2006.01168.x 

Etter, A., McAlpine, C., Phinn, S., Pullar, D., Possingham, H., 2006b. Unplanned land clearing of 
Colombian rainforests: Spreading like disease? Landsc. Urban Plan. 
https://doi.org/10.1016/j.landurbplan.2005.03.002 

Etter, A., McAlpine, C., Possingham, H., 2008. Historical patterns and drivers of landscape change 
in Colombia since 1500: A regionalized spatial approach. Ann. Assoc. Am. Geogr. 98, 2–23. 
https://doi.org/10.1080/00045600701733911 

Etter, A., McAlpine, C., Pullar, D., Possingham, H., 2005. Modeling the age of tropical moist forest 
fragments in heavily-cleared lowland landscapes of Colombia. For. Ecol. Manage. 208, 249–
260. https://doi.org/10.1016/j.foreco.2004.12.008 

Fahrig, L., 2005. When is a landscape perspective important? Austral Ecol. 31, 669–670. 
https://doi.org/10.1111/j.1442-9993.2006.01634.x 

FAO & UNEP, 2020. The State of the World’s Forests 2020. Forest’s, Biodiversity and People. 
Roma. https://doi.org/https://doi.org/10.4060/ca8642es 

Geist, H., Lambin, E., 2001. What drives tropical deforestation? LUCC International Project Office, 
Brussels. 

Gonzáles-Gonzáles, A., Villegas, J.C., Clerici, N., Salazar, J.F., 2021. Spatial-temporal dynamics of 
deforestation and its drivers indicate need for locally-adapted environmental governance in 
Colombia. Ecol. Indic. 126. https://doi.org/10.1016/j.ecolind.2021.107695 

Gorelick, N., Hancher, M., Dixon, M., Ilyushchenko, S., Thau, D., Moore, R., 2017. Google Earth 
Engine: Planetary-scale geospatial analysis for everyone. Remote Sens. Environ. 202, 18–27. 
https://doi.org/10.1016/j.rse.2017.06.031 

Grantham, H.S., Duncan, A., Evans, T.D., Jones, K.R., Beyer, H.L., Schuster, R., Walston, J., Ray, J.C., 
Robinson, J.G., Callow, M., Clements, T., Costa, H.M., DeGemmis, A., Elsen, P.R., Ervin, J., 
Franco, P., Goldman, E., Goetz, S., Hansen, A., Hofsvang, E., Jantz, P., Jupiter, S., Kang, A., 
Langhammer, P., Laurance, W.F., Lieberman, S., Linkie, M., Malhi, Y., Maxwell, S., Mendez, 
M., Mittermeier, R., Murray, N.J., Possingham, H., Radachowsky, J., Saatchi, S., Samper, C., 
Silverman, J., Shapiro, A., Strassburg, B., Stevens, T., Stokes, E., Taylor, R., Tear, T., Tizard, R., 
Venter, O., Visconti, P., Wang, S., Watson, J.E.M., 2020. Anthropogenic modification of 
forests means only 40% of remaining forests have high ecosystem integrity. Nat. Commun. 
11, 1–10. https://doi.org/10.1038/s41467-020-19493-3 

Gullison, R.E., Hardner, J., 2018. Progress and challenges in consolidating the management of 
Amazonian protected areas and indigenous territories. Conserv. Biol. 32, 1020–1030. 
https://doi.org/10.1111/cobi.13122 

Hamunyela, E., Brandt, P., Shirima, D., Do, H.T.T., Herold, M., Roman-Cuesta, R.M., 2020. Space-
time detection of deforestation, forest degradation and regeneration in montane forests of 
Eastern Tanzania. Int. J. Appl. Earth Obs. Geoinf. 88, 102063. 
https://doi.org/10.1016/j.jag.2020.102063 



55 
 

Hansen, M.C., Defries, R.S., 2004. Detecting Long-term Global Forest Change Using Continuous 
Fields of Tree-Cover Maps from 8-km Advanced Very High Resolution Radiometer ( AVHRR ) 
Data for the Years 1982 – 99 695–716. https://doi.org/10.1007/s10021-004-0243-3 

Hansen, M.C., Stehman, S. V, Potapov, P. V, 2010. Quanti fi cation of global gross forest cover loss 
107, 8650–8655. https://doi.org/10.1073/pnas.0912668107 

Hersperger, A.M., Gennaio, M.P., Verburg, P.H., Bürgi, M., 2010. Linking land change with driving 
forces and actors: Four conceptual models. Ecol. Soc. 15. https://doi.org/10.5751/ES-03562-
150401 

Hurni, K., Heinimann, A., Würsch, L., 2017. Google Earth Engine Image Pre-processing Tool : 
Background and Methods. 

Hurtado-M, A.B., Echeverry-Galvis, M.Á., Salgado-Negret, B., Muñoz, J.C., Posada, J.M., Norden, N., 
2021. Little trace of floristic homogenization in peri-urban Andean secondary forests despite 
high anthropogenic transformation. J. Ecol. 109, 1468–1478. https://doi.org/10.1111/1365-
2745.13570 

Instituto Geografico Agustin Codazzi IGAC, 2020. Datos Abiertos Cartografía y Geografía | 
GEOPORTAL. [WWW Document]. 

International Union for Conservation of Nature IUCN, 2008. Protected Areas [WWW Document]. 
URL https://www.iucn.org/theme/protected-areas/about/protected-area-categories 
(accessed 4.28.21). 

Jensen, J.R., 2015. Introductory digital image processing : a remote sensing perspective, 4th ed. 
Pearson Series In Geographic Enformation Science. 

Johnson, E.A., Miyanishi, K., 2020. Disturbance and Succession: Chapter 1, in: Plant Disturbance 
Ecology: The Process and the Response. https://doi.org/https://doi.org/10.1016/C2018-0-
04691-5 

Joppa, L.N., Pfaff, A., 2011. Global protected area impacts. Proc. R. Soc. B Biol. Sci. 278, 1633–
1638. https://doi.org/10.1098/rspb.2010.1713 

Liping, C., Yujun, S., Saeed, S., 2018. Monitoring and predicting land use and land cover changes 
using remote sensing and GIS techniques — A case study of a hilly area , 1–23. 

Lira, P.K., Tambosi, L.R., Ewers, R.M., Metzger, J.P., 2012. Land-use and land-cover change in 
Atlantic Forest landscapes. For. Ecol. Manage. 278, 80–89. 
https://doi.org/10.1016/j.foreco.2012.05.008 

Marsik, M., Stevens, F.R., Southworth, J., 2011. Amazon deforestation: Rates and patterns of land 
cover change and fragmentation in Pando, northern Bolivia, 1986 to 2005. Prog. Phys. Geogr. 
35, 353–374. https://doi.org/10.1177/0309133311399492 

McGarigal, K., Cushman, S., Ene, E., 2012. FRAGSTATS v4: Spatial Pattern Analysis Program for 
Categorical and Continuous Maps. 

Meyfroidt, P., Lambin, E.F., 2011. Global forest transition: Prospects for an end to deforestation, 
Annual Review of Environment and Resources. https://doi.org/10.1146/annurev-environ-
090710-143732 



56 
 

Meza, M.C., Armenteras, D., 2018. USO DEL SUELO Y ESTRUCTURA DE LA VEGETACIÓN EN 
PAISAJES. Colomb. For. 21, 205–223. https://doi.org/dx.doi.org/10.14483/2256201X.12330 

Nepstad, D., Schwartzman, S., Bamberger, B., Santilli, M., Ray, D., Schlesinger, P., Lefebvre, P., 
Alencar, A., Prinz, E., Fiske, G., Rolla, A., 2006. Inhibition of Amazon deforestation and fire by 
parks and indigenous lands. Conserv. Biol. 20, 65–73. https://doi.org/10.1111/j.1523-
1739.2006.00351.x 

NOAA, n.d. What is the difference between land cover and land use? National Ocean Service 
Website [WWW Document]. URL https://oceanservice.noaa.gov/facts/lclu.html#:~:text=Land 
cover indicates the physical,land use trends and changes.&text=Water types include 
wetlands or open water., 12/09/20 (accessed 9.15.20). 

Nolte, C., Agrawal, A., Silvius, K.M., Britaldo, S.S.F., 2013. Governance regime and location 
influence avoided deforestation success of protected areas in the Brazilian Amazon. Proc. 
Natl. Acad. Sci. U. S. A. 110, 4956–4961. https://doi.org/10.1073/pnas.1214786110 

Norden, N., Angarita, H.A., Bongers, F., Martínez-Ramos, M., Cerda, I.G.D. La, Van Breugel, M., 
Lebrija-Trejos, E., Meave, J.A., Vandermeer, J., Williamson, G.B., Finegan, B., Mesquita, R., 
Chazdon, R.L., 2015. Successional dynamics in Neotropical forests are as uncertain as they 
are predictable. Proc. Natl. Acad. Sci. U. S. A. 112, 8013–8018. 
https://doi.org/10.1073/pnas.1500403112 

Nunes, S., Oliveira, L., Siqueira, J. o., Morton, D.C., Souza, C.M., 2020. Unmasking secondary 
vegetation dynamics in the Brazilian Amazon. Environ. Res. Lett. 15. 
https://doi.org/10.1088/1748-9326/ab76db 

Nunes, S.S., Barlow, J., Gardner, T.A., Siqueira, J. V., Sales, M.R., Souza, C.M., 2015. A 22 year 
assessment of deforestation and restoration in riparian forests in the eastern Brazilian 
Amazon. Environ. Conserv. 42, 193–203. https://doi.org/10.1017/S0376892914000356 

Olofsson, P., Foody, G.M., Herold, M., Stehman, S. V., Woodcock, C.E., Wulder, M.A., 2014. Good 
practices for estimating area and assessing accuracy of land change. Remote Sens. Environ. 
148, 42–57. https://doi.org/10.1016/j.rse.2014.02.015 

Potapov, P., Hansen, M.C., Laestadius, L., Turubanova, S., Yaroshenko, A., Thies, C., Smith, W., 
Zhuravleva, I., Komarova, A., Minnemeyer, S., Esipova, E., 2017. The last frontiers of 
wilderness: Tracking loss of intact forest landscapes from 2000 to 2013. Sci. Adv. 3, 1–14. 
https://doi.org/10.1126/sciadv.1600821 

Prates-Clark, C.D.C., Lucas, R.M., Dos Santos, J.R., 2009. Implications of land-use history for forest 
regeneration in the Brazilian Amazon. Can. J. Remote Sens. 35, 534–553. 
https://doi.org/10.5589/m10-004 

Puyravaud, J.P., 2003. Standardizing the calculation of the annual rate of deforestation. For. Ecol. 
Manage. 177, 593–596. https://doi.org/10.1016/S0378-1127(02)00335-3 

Richards, J.A., Jia, X., 2006. Remote Sensing Digital Image Analysis, 4th ed, Remote Sensing Digital 
Image Analysis. Springer Germany. https://doi.org/10.1007/978-3-662-02462-1 

Rodríguez Becerra, M., 2019. Nuestro Planeta Nuestro Futuro. Penguin Random House Grupo 
Editorial, Bogotá. 



57 
 

Rudnick, D.A., Ryan, S.J., Beier, P., Cushman, S.A., Dieffenbach, F., Epps, C.W., Gerber, L.R., Hartter, 
J., Jenness, J.S., Kintsch, J., Merenlender, A.M., Perkl, R.M., Preziosi, D. V., Trombulak, S.C., 
2012. The role of landscape connectivity in planning and implementing conservation and 
restoration priorities. Issues Ecol. 1–23. 

RUNAP, n.d. Departamento Guaviare [WWW Document]. URL 
https://runap.parquesnacionales.gov.co/departamento/944 (accessed 9.19.20). 

Saatchi, S.S., 1994. Mapping Deforestation and Land Use in Amazon tlainforest by Using SItl-C 
Imagery 4257. 

Senf, C., La, J., Okujeni, A., Heurich, M., Linden, S. Van Der, 2020. Remote Sensing of Environment 
A generalized regression-based unmixing model for mapping forest cover fractions 
throughout three decades of Landsat data 240. https://doi.org/10.1016/j.rse.2020.111691 

SIAT-AC, 2020. Departamendo del Guaviare [WWW Document]. URL https://siatac.co/siatac/ 
(accessed 9.20.20). 

SINCHI, 2007. Balance anual sobre el estado de los ecosistemas y el ambiente de la Amazonia 
colombiana 200. Instituto Amazónico de Investigaciones CientíficasSinchi, Bogotá. 

SINCHI, 1999. Guaviare Población y Territorio. Bogotá. 

Sistema Nacional de Información Cultural Sinic, n.d. Población- GUAVIARE [WWW Document]. URL 
http://www.sinic.gov.co/SINIC/ColombiaCultural/ColCulturalBusca.aspx?AREID=3&COLTEM=
216&IdDep=95&SECID=8 (accessed 4.28.21). 

Sloan, S., Goosem, M., Laurance, S.G., 2016. Tropical forest regeneration following land 
abandonment is driven by primary rainforest distribution in an old pastoral region. Landsc. 
Ecol. 31, 601–618. https://doi.org/10.1007/s10980-015-0267-4 

Soares-Filho, B., Moutinho, P., Nepstad, D., Anderson, A., Rodrigues, H., Garcia, R., Dietzsch, L., 
Merry, F., Bowman, M., Hissa, L., Silvestrini, R., Maretti, C., 2010. Role of Brazilian Amazon 
protected areas in climate change mitigation. Proc. Natl. Acad. Sci. U. S. A. 107, 10821–
10826. https://doi.org/10.1073/pnas.0913048107 

Soares-Filho, B., Rodrigues, H., Follador, M., 2013. A hybrid analytical-heuristic method for 
calibrating land-use change models. Environ. Model. Softw. 43, 80–87. 
https://doi.org/10.1016/j.envsoft.2013.01.010 

Soler, L.S., Verburg, P.H., Alves, D.S., 2014. Evolution of land use in the Brazilian Amazon: From 
frontier expansion to market chain dynamics. Land 3, 981–1014. 
https://doi.org/10.3390/land3030981 

Souza, C.M., Shimbo, J.Z., Rosa, M.R., Parente, L.L., Alencar, A.A., Rudorff, B.F.T., Hasenack, H., 
Matsumoto, M., Ferreira, L.G., Souza-Filho, P.W.M., de Oliveira, S.W., Rocha, W.F., Fonseca, 
A. V., Marques, C.B., Diniz, C.G., Costa, D., Monteiro, D., Rosa, E.R., Vélez-Martin, E., Weber, 
E.J., Lenti, F.E.B., Paternost, F.F., Pareyn, F.G.C., Siqueira, J. V., Viera, J.L., Neto, L.C.F., Saraiva, 
M.M., Sales, M.H., Salgado, M.P.G., Vasconcelos, R., Galano, S., Mesquita, V. V., Azevedo, T., 
2020. Reconstructing three decades of land use and land cover changes in brazilian biomes 
with landsat archive and earth engine. Remote Sens. 12. 
https://doi.org/10.3390/RS12172735 



58 
 

Spanowicz, A.G., Jaeger, J.A.G., 2019. Measuring landscape connectivity: On the importance of 
within-patch connectivity. Landsc. Ecol. 34, 2261–2278. https://doi.org/10.1007/s10980-019-
00881-0 

Teixeira, A.M.G., Soares-Filho, B.S., Freitas, S.R., Metzger, J.P., 2009. Modeling landscape dynamics 
in an Atlantic Rainforest region: Implications for conservation. For. Ecol. Manage. 257, 1219–
1230. https://doi.org/10.1016/j.foreco.2008.10.011 

Turner, M.G., O’Neill, R. V., Gardner, R.H., Milne, B.T., 1989. Effects of changing spatial scale on 
the analysis of landscape pattern. Landsc. Ecol. 3, 153–162. 
https://doi.org/10.1007/BF00131534 

United Nations Office for Drug Control UNODC, 2014. Monitoreo de Cultivos de Coca 2013. United 
Nations Office for Drug Control and Government of Colombia, Bogotá. 

Wang, Y., Ziv, G., Adami, M., Mitchard, E., Batterman, S.A., Buermann, W., Schwantes Marimon, B., 
Marimon Junior, B.H., Matias Reis, S., Rodrigues, D., Galbraith, D., 2019. Mapping tropical 
disturbed forests using multi-decadal 30 m optical satellite imagery. Remote Sens. Environ. 
221, 474–488. https://doi.org/10.1016/j.rse.2018.11.028 

Wu, J., Hobbs, R., 2002. Key issues and research priorities in landscape ecology. Landsc. Ecol. 17, 
355–365. 

Young, N.E., Anderson, R.S., Chignell, S.M., Vorster, A.G., Lawrence, R., Evangelista, P.H., 2017. A 
survival guide to Landsat preprocessing. Ecology 98, 920–932. 
https://doi.org/10.1002/ecy.1730 

Zhang, L., Hou, G., Li, F., 2020. Dynamics of landscape pattern and connectivity of wetlands in 
western Jilin Province , China. Environ. Dev. Sustain. 22, 2517–2528. 
https://doi.org/10.1007/s10668-018-00306-z 

Zhu, Z., 2017. Change detection using landsat time series: A review of frequencies, preprocessing, 
algorithms, and applications. ISPRS J. Photogramm. Remote Sens. 130, 370–384. 
https://doi.org/10.1016/j.isprsjprs.2017.06.013 

 

 

 

 

 

 

 

 

 

 



59 
 

ANEXO C. Metodología extendida 

Esta sección presenta la versión extendida de la metodología aplicada en el trabajo.  

Área de estudio 

El departamento del Guaviare está ubicado en el noroeste de la Amazonia ocupando una superficie 

de 53. 460 km2 que corresponde al 5% del territorio colombiano, y está dividido en cuatro 

municipios: Calamar, El Retorno, Miraflores y San José del Guaviare (United Nations Office for Drug 

Control UNODC, 2014). El área de interés (AOI) de este estudio ocupa 39. 130 km2. Este territorio 

es conocido como un foco de deforestación, presentando procesos de colonización desde 1970 

(Armenteras et al., 2019). Las principales actividades económicas asociadas al desmonte de tierras 

son la ganadería y los cultivos ilícitos de coca (Erythroxylum coca), el segundo ha sido un motor 

fundamental para la transformación de la cubierta terrestre en la región en las últimas dos décadas 

(Armenteras et al., 2013, 2019; Etter et al., 2005; Etter, McAlpine, et al., 2006). Esta región 

comprende un amplio sistema de bosques tropicales, caracterizados por tener sistemas complejos 

de comunidades de fauna y flora, lo que se refleja en una gran riqueza y abundancia de especies 

(Meyfroidt and Lambin, 2011; Nunes et al., 2020; Wang et al., 2019). El área de interés comprende 

una serie de 5 áreas protegidas (1. 510. 104 ha) y 28 resguardos indígenas (465. 888 ha) constituidos 

con el fin de proteger la biodiversidad. 

Guaviare es el departamento amazónico que presenta menor precipitación media multianual con 

2.500 mm., presentando una temporada seca (diciembre-marzo) y una de lluvias (abril-noviembre). 

Este departamento es recorrido por numerosos ríos, quebradas y caños que se dividen en dos 

grandes cuencas: la del Orinoco y la del Amazonas (United Nations Office for Drug Control UNODC, 

2014).La temperatura media en la región es de 25.3 °C y la humedad varía entre el 80% y 90% a lo 

largo del año (SIAT-AC, 2020). Los suelos se caracterizan por ser muy pobres en nutrientes y 

altamente susceptibles al deterioro, su capa orgánica es delgada, compuesta por hojarasca en 

distintos grados de descomposición (SIAT-AC, 2020). 

Hace parte de la reserva forestal de la Amazonia (Ley 2 de 1959), del área de protección regional 

Ariari-Guayabero y de la Zona de Reserva Campesina del Guaviare (ZRCG) (INCODER & 

COOAGROGUAVIARE, 2012). En el Registro Único de Áreas Protegidas (RUNAP, n.d.) se encuentran 

inscritas nueve áreas protegidas ocupando 1,958,868.53 ha del departamento, las más extensas 

son: el Parque Nacional Natural Serranía de Chiribiquete con 1,063,019 ha, la Reserva Nacional 

Natural Nukak (I Reserva natural estricta) 875,650.56 ha, la Reserva Forestal Protectora Nacional 

Serranía La Lindosa-Angosturas II (VI Área protegida con recursos administrados) 28,224.00 ha. 

Adicionalmente, el departamento comprende cerca de 30 asentamientos indígenas con diferentes 

culturas (Sinic, n.d.) 

Preprocesamiento de imágenes satelitales 

El preprocesamiento de los datos espaciales fue hecho en Google Earth Engine GEE, se eligió esta 

plataforma debido a que es de libre acceso y online (Gorelick et al., 2017), además, se conecta con 

el servicio de nube de Google facilitando el almacenamiento de los productos. Por otro lado, es una 

herramienta de procesamiento muy rápida.   
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Se utilizaron imágenes satelitales para elaborar mapas coberturas de los años 2000, 2015, 2017 y 

2020, respectivamente. Estos años se eligieron de acuerdo con la calidad de las imágenes y el 

porcentaje de nubes (menor que 20%). Entre 2000 y 2015 no se encontraron imágenes que 

cumplieran con los criterios propuestos y que a su vez cubrieran toda el área de interés, lo que 

explica la diferencia de 15 años entre el primer y el segundo año analizado. Las imágenes satelitales 

utilizadas en este estudio se obtuvieron vía GEE (Gorelick et al., 2017; Hurni et al., 2017), 

específicamente utilizando Landsat 5 Thematic Mapper (TM) para el año 2015, Landsat 7 Thematic 

Mapper Plus (ETM+) para el año 2000 y Landsat 8 Operational Land Imager (OLI) para 2017 y 2020. 

Se utilizó la colección de reflectancia de superficie Tier 1, que tiene imágenes del fondo de la 

atmosfera (BOA por sus siglas en inglés) con datos corregidos que tienen radiometría bien 

caracterizada y están Inter calibrados entre los diferentes instrumentos del Landsat. El geo-registro 

de escenas del nivel 1 es coherente y se encuentra dentro de las tolerancias prescritas de imagen a 

imagen de ≦ 12-error cuadrático medio (Gorelick et al., 2017; Young et al., 2017). 

Consecuentemente, la corrección geométrica se descarta para la detección de cambios, en la 

medida en que se utilicen solamente imágenes L1T de Landsat, por lo que se consideran las más 

adecuadas para el análisis multitemporal (Hamunyela et al., 2020; Zhu, 2017). 

Para cada año se generó un mosaico filtrado por el área de interés utilizando el valor de la mediana 

de los píxeles de cada imagen para crear un compuesto homogéneo, se procesaron 54 imágenes en 

total, 10 para el año 2000, 8 para el año 2015, 27 para el año 2017 y 9 para el año 2020. Igualmente, 

se aplicó una función de máscara de nubes utilizando los atributos de calidad de píxeles basados en 

el algoritmo CFMASK (Hamunyela et al., 2020). 

Con el fin de analizar las dinámicas de deforestación y regeneración a lo largo de los años, se crearon 

mapas de coberturas para cada año, según lo propuesto por Etter, Mcalpine, et al.,( 2006). Se realizó 

una clasificación supervisada mediante interpretación visual de las imágenes satelitales (Jensen, 

2015; Richards and Jia, 2006) utilizando el algoritmo Random Forest RF en GEE (Brovelli et al., 2020). 

Este algoritmo es ideal para clasificar más de dos clases a diferencia del clasificador CART por 

ejemplo, que se desempeña mejor en clasificaciones binarias (Ang et al., 2021). RF es ideal para este 

trabajo debido a su sistema basado en árboles de decisión que acelera y afina el proceso de 

selección de pixeles (Wang et al., 2019), además, minimiza la redundancia mediante la selección 

efectiva de propiedades espectrales relevantes de una clase al clasificar características de interés 

(Ang et al., 2021).  

 El clasificador se aplicó a cinco amplias clases de coberturas: bosque, vegetación secundaria, tierra 

despejada, cuerpos de agua y afloramientos rocosos. Los sitios de entrenamiento se seleccionaron 

mediante muestreo aleatorio  (Hamunyela et al., 2020; Jensen, 2015; Olofsson et al., 2014), se 

seleccionaron más de 1. 000 píxeles para cada fecha. Para probar el modelo, se realizó una 

evaluación de precisión creando nuevos sitios de validación, obteniendo matriz de error, precisión 

global, precisión del productor, precisión del usuario y coeficiente kappa. Los errores de clasificación 

pueden atribuirse a la confusión espectral entre bosques regenerados y cultivos (Prates-Clark et al., 

2009) explicando por qué la clase de vegetación secundaria obtuvo la menor precisión de 

clasificación. Después de la clasificación, se aplicó un filtro mayoritario por medio de una ventana 

móvil 3X3 para eliminar los píxeles aislados y reducir el ruido de los mapas de cobertura (Jensen, 

2015; Wang et al., 2019). Todos los mapas fueron proyectados bajo el mismo sistema de proyección, 
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fijados a la extensión del departamento del Guaviare con la resolución de 30m en ArcMap 10.7.1 

(Esri, 2008).  

Modelamiento espacial 

Para determinar la pérdida y regeneración de bosque durante las dos décadas estudiadas, se 

elaboraron mapas de bosque-no-bosque (1,0) para cada año. Obteniendo mapas de cambio (Figura 

A.2.) para los períodos 2000-2015, 2015-2017 y 2017-2020, posteriormente fueron reclasificados 

para identificar la deforestación y la vegetación regenerada durante cada periodo. Estos datos 

también se calcularon dentro de 5 áreas protegidas y 28 reservas (Armenteras et al., 2009; Nepstad 

et al., 2006; Soares-Filho et al., 2010),midiendo el impacto de las dinámicas del paisaje dentro y 

fuera de estos límites. La información sobre áreas protegidas y resguardos indígenas se obtuvo del 

Instituto Geográfico Colombiano Agustín Codazzi (IGAC, 2020). Se cuantificaron las tasas de cambio 

para cada figura de conservación con el fin de comparar la eficacia de cada figura individualmente, 

al igual que determinar su efecto conjunto. 

Las tasas anuales de cambio de las coberturas se calcularon según la fórmula propuesta por 

Puyravaud (2003): 

𝑟 = (
1

𝑡2−𝑡1
) 𝑋 ln (

𝐴2

𝐴1
) , 

Donde r equivale a la tasa de cambio por clase para cada año, t1 y t2 son el tiempo inicial y el 

último, y A1 y A2 son las áreas de clase para el inicio y el final del período. 

Se creó un mapa de edades del bosque para el año 2020 en ArcMap 10. 7. 1 (Esri, 2008), con el fin 

de identificar las edades de regeneración de la vegetación dentro del mosaico de bosque 

secundario. Este mapa se basó en los mapas de bosque-no-bosque obtenidos para las cuatro fechas 

estudiadas, centrándose en los cambios (presencia vs ausencia) de píxeles de vegetación secundaria 

desde cada período hasta el año 2020. Adicionalmente, se reclasificaron las clases de edad como 

propusieron Etter et al., (2005), superponiendo los mapas de bosque-no-bosque de los cuatro años 

estudiados. Los píxeles de vegetación secundaria que persistieron de los años 2000 a 2020 se 

tomaron como 20 años de regeneración, el mismo cálculo se hizo para 2015-2020 (5 años de VS) y 

2017-2020 (3 años de VS). El bosque maduro corresponde a los píxeles forestales que persistieron 

intactos a lo largo del período estudiado. 



62 
 

 

Figura A.2. Mapas deforestación y regeneración 

Conectividad 

Se implementaron métricas de paisaje adaptadas de (Etter et al., 2005; Zhang et al., 2020) para 

entender el efecto del bosque secundario sobre la conectividad de los mosaicos de bosques 

remanentes, se aplicaron profundidad fija de 100m y umbral de conexión de 100m utilizando 

FRAGSTATS 4. 2 (McGarigal et al., 2012). Los valores de 100m fueron elegidos bajo criterio experto, 

teniendo en cuenta que se busca evaluar la conectividad entre clases del paisaje. Las métricas 

elegidas para este estudio fueron: número de parches (NP), Tamaño medio del parche (MPS), área 

total del núcleo (TCA) e índice de conectancia (CONNECT), su utilidad para analizar dinámicas de 

coberturas terrestres ha sido reiterada (Spanowicz and Jaeger, 2019). Todas las métricas propuestas 

se calcularon para las diferentes edades del bosque secundario, mientras que TCA y CONNECT se 

calcularon para los tres periodos de transición con y sin presencia de VS. 

El efecto de los bosques secundarios sobre la conectividad y área núcleo total de la cobertura 

boscosa se midió en primer lugar para los años 2015, 2017 y 2020 individualmente, y en segundo 

lugar se calculo su efecto acumulativo hasta el año 2020, entendiendo el efecto acumulativo como 

los pixeles que eran no-bosque en el año 2000 y pasaron a ser bosque del 2015 en adelante. En este 

sentido se calcularon inicialmente las métricas TCA y CONNECT para los mapas binarios compuestos 

por bosque (bosque maduro y bosque secundario) y no bosque (cuerpos de agua, afloramientos 

rocosos, áreas despejadas), luego se hizo el mismo calculo para mapas binarios de los mismos años 

con la reclasificación de las categorías de bosque (sólo bosque maduro) y no bosque (vegetación 

secundaria, cuerpos de agua, afloramientos rocosos, áreas despejadas). Una limitación de 

FRAGSTATS es que al no utilizar el 100% del potencial de la memoria del computador los cálculos 

pueden tardar mucho tiempo, más de una hora por mapa, para el caso de este trabajo.   
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Figura A.3. Diagrama metodológico  
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