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Abstract 20 

In this study, we constructed a set of scenarios for land use and land cover (LULC) change in the 21 

Colombian Amazon by 2040 using coherent narratives within the framework of the current, post-22 

conflict stage. Three scenarios were designed: trend, extractivist, and sustainable development. 23 

The transitions between land covers in the years 2002 and 2016 and their relationship with 29 24 

driving factors were analyzed using Artificial Neural Networks. The Markov model was 25 

calculated for the transitions, and the change allocation model was parameterized to spatially 26 

simulate the scenarios. The results showed that the LULC model calibration and validation were 27 

satisfactory (0.91). The sustainable development scenario considered strong policies for the 28 

conservation of forests and implementation of sustainable production projects to encourage the 29 

conversion of agricultural landscapes to multifunctional landscapes in recovery. As a result, 30 

areas with conserved forests and secondary vegetation in recovery could add ~ 42 million 31 

hectares by 2040. The other scenarios show that the Colombian Amazon will lose ~ 2 million 32 

hectares of forests in the trend scenario and ~ 4.3 million hectares in the extractivist scenario 33 

with respect to the reference year (2016). In the trend scenario, pastures and crops could increase 34 

by 48%, and, in the extractivist scenario, they would increase by 117%, going from ~ 3.9 to ~ 8.6 35 

million hectares. We hope that the scientific contribution of this study will be relevant for 36 

informed discussion in decision-making and provide a framework for building a peaceful 37 

territory. 38 

 39 

 40 

 41 



3 

 

Introduction 42 

Land use and land cover (LULC) change scenarios are a tool for territorial planning, especially 43 

in tropical regions with high biodiversity conserved in large forests 1–3. LULC change scenarios 44 

are useful for visualizing and analyzing the effect of different development pathways, helping 45 

decision-makers to formulate scientific strategies and implement plausible policies that conserve 46 

natural ecosystems and provide ecosystem services4–6. 47 

In Colombia, after a long history of civil war, the current conservation of intact forests is 48 

threatened by accelerated deforestation7,8. In forested regions such as the Colombian Amazon, 49 

the historical armed presence of FARC-EP guerrillas limited deforestation, restricting the 50 

expansion of illegal activities such as coca and illegal cattle ranching, as well as the advance of 51 

commercial and subsistence crops9. After the peace accords in 2016 between the government of 52 

Colombia and FARC-EP, the dynamics of the occupation in this territory, which were hidden 53 

during the conflict, became more evident, accelerating changes in natural covers and land uses9. 54 

In the Amazon, activities such as illegal mining, timber extraction and land grabbing play an 55 

important role in the illegal economy in the territory, increasing speculation on the value of 56 

cleared lands in public zones and protected areas10,11. 57 

Data derived from satellite monitoring of the coverage of the Colombian Amazon show that, 58 

from 2017 to 202012, the loss of forests and the frequency of forest fires increased, even in 59 

protected areas, giving way to extensive areas with pastures, secondary vegetation and 60 

fragmented forests7,8,13, putting the regional connectivity of the Amazon with the Andean 61 

mountain system and the Orinoquía region at risk8,14. 62 
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This post-conflict period provides prospective tools for local decision-makers for the future of 63 

the territory so they can prioritize: i) strategies in the territory that prevent deforestation, ii) 64 

control illegal expansion of pastures, iii) establishment of productive alternatives and sustainable 65 

forest management, and iv) productive restoration in agricultural landscapes, facilitating 66 

reconciliation of economic growth and local livelihoods with conservation of the environment 67 

and providing ecosystem services of vital importance for life on the planet through lasting social 68 

agreements15. Therefore, evaluating the effects of development trends and alternatives under 69 

different scenarios of land use changes in the context of a post-conflict stage is important for 70 

making informed decisions. 71 

One of the approaches for the construction of scenarios is the so-called “history and simulation” 72 

“SAS”16, in which scenarios are elaborated from plot stories called narratives that contain the 73 

hypotheses that underlie potential changes in the future. Based on this framework, LULC change 74 

scenarios have been developed to explore the effect of different biophysical and socioeconomic 75 

factors on the future of land use17–19. In this study, a set of LULC change scenarios was 76 

elaborated for 2040 in the Colombian Amazon, based on story lines prepared by experts with 77 

environmental and scientific issues in the region, which briefly narrate events and contextualize 78 

factors that should be present. The analysis of these narratives allowed to translate a qualitative 79 

model into a quantitative model and subsequently create spatially explicit simulations of future 80 

land uses. 81 

The study area was the Amazon region of Colombia, an area that represents 7.9% of the Greater 82 

South American Amazon20 and has one of the higher deforestation rates in the last 5 years21. In 83 

this study, changes in land covers and land uses and transitions between covers (e.g., amazon 84 

forest to pastures and crops) were analyzed using two maps obtained from the interpretation of 85 
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Landsat images by the SINCHI Institute for the years 2002 and 2016, at a scale of 1:100,00022 86 

and resampled at a pixel size of 60m. The probability of change was calculated for the 14 most 87 

relevant transitions between coverages, using Artificial Neural Networks-Multilayer Perceptron 88 

(ANN-MLP) in TerrSet23, from 29 driving factors associated with the changes. The hypotheses 89 

of the future conditions for each scenario within the narratives were translated into quantitative 90 

parameters to elaborate the maps of future LULC changes, including modifications in the 91 

Markov probability matrix and incentives and constraint, and spatial incentives within the model 92 

to produce the space simulations until 2040. 93 

This research showed novel advances in the following aspects: 1) different views of experts for 94 

the developing a new set of contrasting scenarios for land use changes in the Colombian 95 

Amazon, unlike previous studies that developed simulations of changes in land covers based on 96 

global development hypotheses or policies based on the country's environmental regulations14,24, 97 

2) the set of variables, the selected spatial resolution, and the ANN-MLP approach satisfactorily 98 

explained the factors of transformation and produced a model with a high predictive capacity for 99 

changes in the territory in the different transitions, 3) the simulated maps of the future until 2040 100 

showed the potential effects of different socioeconomic development pathways in the post-101 

conflict stage, providing the most sustainable development for the conservation of forests and 102 

ecosystem services in the Colombian Amazon. The scientific contribution of this study will be 103 

relevant for informed discussions in decision-making, providing a framework of thought to build 104 

a peaceful territory, prosperity and conservation of intact forests in one of the most important 105 

areas for biodiversity, water production, and carbon sequestration on a global scale. 106 

Methods 107 

Study Area  108 
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In Colombia, the Amazon region represents 42.3% of the territory. Its surface is estimated at 109 

483,164 km2. 14% of the area is dominated by agricultural lands, secondary vegetation and 110 

fragmented forests. Currently, 86% of the area corresponds to natural areas in a good state of 111 

conservation, where forests are the dominant coverage12. In the northwest area, the region 112 

borders the Andean Cordillera and the Orinoquia region at the north. The political-administrative 113 

division includes the departments Amazonas, Caquetá, Guainía, Guaviare, Putumayo and 114 

Vaupés, and part of the departments Cauca, Meta, Nariño and Vichada. The human population is 115 

estimated at ~ 1.4 million, with a density of 2.5 inhab/km2. Internal conflict and poverty make 116 

this region one of the most important population dynamics in the country in terms of 117 

displacement25. The geographical location of the study area and the spatial pattern of the loss of 118 

forests that occurred between 2002 and 2016 are shown in Fig. 1. 119 

Coverage maps and source of variables 120 

The thematic land cover maps used in this research were produced by the Colombian Amazon 121 

Land Cover Monitoring System (SIMCOBA) of the Amazon Institute for Scientific Research 122 

SINCHI (https://siatac.co/simcoba/ ). Coverage monitoring has made it possible to prepare seven 123 

maps at a scale of 1:100,000 for 2002, 2007, 2012, 2014, 2016, 2018 and 202012,22. The maps 124 

were generated from the visual interpretation of a mosaic of Landsat 5 Thematic Mapper (TM) 125 

and Landsat 8 Operational Land Imager (OLI) images, using the PIAO technique (Photo 126 

Interpretation Assistée par Ordinateur). The classification categories of the land cover maps were 127 

based on the Corine Land Cover methodology adapted for Colombia26. 128 

The change analysis was carried out in the Land Change Modeller (LCM) module of TerrSet23, 129 

using the maps for 2002 and 2016 (Fig. 2). The 2018 map was used to validate the simulation 130 

model of land use changes. To facilitate the interpretation of changes and covers’s transition, the 131 

https://siatac.co/simcoba/
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classification categories of the maps were re-categorized into 7 types: "amazon forests", 132 

"floodplain forests", "fragmented forests and secondary vegetation", "grasslands and 133 

shrublands", "water bodies and wetlands", "pastures and crops" and " urban and artificialized 134 

cover ". The coverage maps were resampled at a resolution of 60m x 60m to facilitate the 135 

computational analyses of the explanatory model, the simulations of the scenarios, and to keep 136 

the detailed spatial resolution of the coverage and explanatory variables4. 137 

A geospatial database was created with a set of variables in the cover changes to create an 138 

explanatory model for each transition. Driving factors of change can be grouped into variables: 139 

1) accessibility, 2) climatic, 3) landscape features, 4) production practices and environmental 140 

degradation, 5) landscape management, 6) socioeconomic, and 7) soil characteristics. 41 141 

explanatory variables were considered (see supplementary information Table S1). 142 

The accessibility variables, such as roads, and navigable rivers, were obtained from the 143 

geodatabase at a scale of 1:100,000 at the Agustín Codazzi Geographical Institute of Colombia 144 

(IGAC). The bioclimatic temperature data was obtained from worldclim27. The cover variables 145 

(e.g., size of forest patches and distance to grasslands and crops) were generated in ArcGis 146 

10.7.128 from the 2002 land cover map. 147 

The degradation variables, such as advance of the agricultural frontier, were obtained from the: 148 

Territorial Environmental Information System of the Colombian Amazon (SIAT-AC)29, 149 

livestock density data came from the Colombian Agricultural Institute (ICA), the fire density 150 

were processed from MODIS and VIIRS images (https://siatac.co/puntos-de-calor/ ), and the 151 

location of mining titles was obtained from the National Mining Agency. 152 

https://siatac.co/puntos-de-calor/
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The information on the landscape features and socioeconomics variables was obtained from 153 

different sources: the limit of the protected natural areas was provided by the National System of 154 

Protected Areas (SINAP)30, the Amazon Forest Reserve areas (Second Law of 1959) were 155 

obtained from the Ministry of Environment and Sustainable Development (MADS), the location 156 

of the indigenous reservations was provided by the Ministry of the Interior, and the limits of the 157 

areas of Indigenous Reservations and Legal Status of the Territory were obtained from the 158 

SINCHI cartographic database29. 159 

The socioeconomic information was spatialized from data obtained in the National 160 

Administrative Department of Statistics (DANE). Soil type data were obtained from IGAG, and 161 

topographic and altitude variables were derived from a DEM at 100m resolution from the 162 

Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER V003) sensor31. 163 

All explanatory variables were resampled at a resolution of 60m. 164 

Patterns of cover changes and transitions  165 

The patterns of transformation of the territory are mainly defined by human intentions and the 166 

activities that these groups plan to develop after the changes, as well as the dynamics of 167 

vegetation regeneration32. 14 transitions of greater importance in terms of area were considered 168 

(transitions with an area <5,000 ha were ignored) to reduce the complexity in the analysis of land 169 

use changes from the multiple possibilities of transitions that can be configured (Table 1). Three 170 

sub-models of change that grouped transitions were considered14: sub-model of degradation: 171 

defined by the changes that "amazon forests" and "floodplain forests" may experience towards 172 

"fragmented forests and secondary vegetation " and “grassland and shrubland”, either from 173 

selective logging, fire or small-scale activities such as the establishment of crops or pastures 174 

amid continuous blocks of intact forests. Sub-model of substitution includes the transition from 175 



9 

 

"amazon forests ", " floodplain forests" and "fragmented forests and secondary vegetation" to 176 

"pastures and crops", generally illegally, giving rise to extensive areas of pasture for livestock. 177 

The sub-model of regeneration groups the transitions that show recovery from a degraded cover 178 

to a forest cover or areas with abandoned “pastures and crops” towards “fragmented forests and 179 

secondary vegetation” in recovery. 180 

The results show that the sub-model of substitution was the most important transformation 181 

pattern in the Colombian Amazon from 2002 to 2016 because the transition to “pastures and 182 

crops” was ~ 1.85 million hectares (Table 1). The Sub-model of degradation was dominated by 183 

the transition from "amazon forests" and "floodplain forests" to "fragmented forests and 184 

secondary vegetation" with ~ 0.66 million hectares. In the Sub-model of regeneration, the most 185 

significant process occurred on "pastures and crops" where 0.38 million hectares transitioned to 186 

"fragmented forests and secondary vegetation", giving rise to important areas of vegetation in 187 

recovery. 188 

 189 

Neural network analysis and land use change factors 190 

The Artificial Neural Network Multi-Layer Perceptron (ANN-MLP) is a multivariate statistical 191 

algorithm of machine learning widely used in the analysis of factors associated with changes in 192 

land use33–36. ANN-MLP is a suitable classification method to solve non-linear relationships in 193 

complex data sets37,38 such as those in this study. ANN-MLP is made up of the elements shown 194 

in equation (1): 195 

𝑦𝑦 = 𝑓𝑓(𝑧𝑧) 𝑎𝑎𝑎𝑎𝑎𝑎 𝑧𝑧 = ∑𝑛𝑛𝑖𝑖=0 𝑤𝑤𝑖𝑖𝑥𝑥𝑖𝑖                         (1) 196 
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Where, 𝑥𝑥𝑖𝑖 are the input values or training data of the variables, 𝑤𝑤𝑖𝑖 are the weights of the 197 

respective variables in the neural network, and n is the number of variables42. To resolve the 198 

relationship between the explanatory variables and the response variable, the network adds one 199 

or more hidden layers of neurons connected by nodes (multi-layer) to find the most appropriate 200 

solution in the model (learning phase). The performance of the algorithm is controlled by two 201 

training parameters that are key for the application of an ANN-MLP (the learning rate and the 202 

“momentum”) because they control the speed and efficiency of the learning process39. Finally, 203 

the values of 𝑧𝑧 are multiplied by the transfer function or sigmoidal activation function 𝑓𝑓, whose 204 

output values, 𝑦𝑦, are the probability of change for each transition40. To avoid including 205 

slightly relevant information during the learning phase of the neural 206 

network, Cramer's V Coefficient test was performed, which indicates 207 

the degree of association of each driving factor with the distribution 208 

of the land cover categories, those variables with V ≥ 0.1523. Under this 209 

criterion, the relationship of the land use change factors for the 14 transitions was analyzed using 210 

ANN-MLP in TerrSet23, starting with a reduced set of driving factors. 211 

The results were evaluated using two precision statistics: the “accuracy rate” (AR) and the “skill 212 

measure” (SM), using a subset of validation data (50% training / 50% testing). The “accuracy 213 

rate” evaluates the ability of the algorithm to predict the correct classes of validation pixels after 214 

each iteration to train the network23. AR values greater than 70% indicate that the model has 215 

good explanatory power. The "skill measure" indicates whether the prediction results are better 216 

than chance. SM values vary from +1 (perfect prediction) to -1 (worse than chance); a value of 0 217 

indicates that the results are not better than chance23. The analyses were developed in the sub-218 
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module “transition potentials” of the Land Change Modeller (LCM) of TerrSet. For each 219 

transition, a transition potential map was produced, whose pixels reported continuous values 220 

from 0.0 (no probability of change) to 1.0 (high probability of change) and evaluation metrics. 221 

Simulation in LCM and Validation 222 

Before projecting the simulation of scenarios, it is necessary to evaluate the precision of the 223 

model to simulate changes in land/use cover. A spatial simulation was projected to 2018 and was 224 

compared with the land cover map for 2018 made by SINCHI. 225 

The precision of the model was evaluated based on two indices: i) general Kappa index41,42, 226 

which assesses the concordance of the simulation in general for all covers with respect to the real 227 

data provided by the coverage map for 2018, expressed in values of 0.0-1.0; a Kappa greater than 228 

0.80 is a reasonable level of agreement. 229 

The Kappa Concordance Index (KIA) for land cover is a statistical measure of the difference 230 

between an observed agreement between two classifications versus agreement by chance43. KIA 231 

goes from 0-1; values of 0 mean no better than chance, and 1 means perfect match. 232 

Narratives for the scenarios and parameterization of the simulations 233 

Grasslands and crops have been expanding in forests of the study area at an accelerated rate since 234 

the Peace Agreement44. The rapid loss of tropical rainforests is threatening the integrity of 235 

protected areas and connectivity within the Amazon and other natural regions14. Based on this 236 

outlook, a set of visions for the future of the Colombian Amazon was built with the participatory 237 

approach using interviews45. A group of 6 experts on environmental issues was consulted to 238 

identify the factors in the region that will drive the future of the Amazon in the next 20 years. 239 
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Based on the interviews, three narratives were defined to build three scenarios: trend scenario 240 

(BAU), extractivist scenario and sustainable development scenario (see Table 2). 241 

In the trend scenario simulation, the Markov model was used to obtain the probability matrix and 242 

was projected until 2040. Because the narrative gives importance to the current conservation 243 

agreements that are developed in the study area51, a map was generated for rural associations that 244 

have a conservation and production program as an incentive in the transition from "pastures and 245 

crops" to "fragmented forests and secondary vegetation" using this transition as an 246 

approximation of the effect on the recovery of vegetation in these areas. 247 

Two external models of probability of change were created from the Markov matrix of trend 248 

scenarios, one for the extractivist scenario and the other for the sustainable development 249 

scenario. The probability values were repeatedly modified to meet the projected land use 250 

demands in each scenario (Fig 2a y 2b). In the extractivist scenario simulation, the 251 

parameterization includes the spatial delimitation of the areas of mining titles as an incentive for 252 

the potential loss of amazon forests that may occur in this scenario. The sustainable development 253 

scenario implies the total restriction of the loss of forests in protected areas, indigenous 254 

reservations and on land slopes greater than 100%. Similarly, sustainable development actions 255 

would have an effect on productive reforestation in prioritized restoration areas and on properties 256 

that make up rural associations where conservation agreements are developed. 257 

Results 258 

Selection of driving factors 259 

The Cramer’s V test evaluated the influence of each of the 41 driving factors on the distribution 260 

of each category of land use in the 2016 land cover map. The Cramer’s V tests global show that, 261 
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in the Colombia Amazon region, the driving factors that are most closely associated with all 262 

classes of LULC are: distance to floodplain forests, distance to amazon forests and amazon 263 

forests patch sizes (Cramer’s V ≥ 0.35). Next come other driving factors that are useful to 264 

explain the process of land transformation: distance to pastures and crops, distance to major 265 

rivers, distance to connected agricultural areas, cumulative distance of the agricultural landscape 266 

advancement between 2002 and 2016 and physiographic landscape types (Cramer’s V ≥ 0.30). 267 

The explanatory variables that obtained the highest values of the Cramer's V Global (≥ 0.15) 268 

coefficient were chosen. The 29 selected variables and the associated coefficients are in Table S2 269 

(supplementary information). 270 

 271 

Performance of the ANN-MLP model 272 

The number of driving factors varied in each transition model, taking into account that not all the 273 

29 driving factors influence all land cover change processes. The driving factors for each 274 

transition model were selected based on the specific influence of the variable on the coverage 275 

transition process and by the scientific literature46,47. The driving factors and the precision 276 

statistics of each transition model are in Table S2 (supplementary information). 277 

In general, the ANN-MLP analysis presented satisfactory precision statistics in all cover 278 

transitions, indicating a high predictive capacity of the land use change model. The “accuracy 279 

rate” values for the Transition models were between 70 - 98.2%, while the “skill measure” 280 

values ranged from 0.41 to 0.97, considering, in both cases, adequate performance results for the 281 

transition models of changes in land covers. In the Sub-model of regeneration, the transition 282 

from "pastures and crops" to "grasslands and shrubs" with 21 explanatory variables showed the 283 
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highest AR, with a value of 98.2%, and SM, 0.97. On the other hand, in the Submodel of 284 

substitution, the transition from "fragmented forests and secondary vegetation" to "pastures and 285 

crops" with 23 explanatory variables, presented the lowest AR with a value of 70.5% and an SM 286 

of 0.41. Finally, in the Sub-model of degradation, the transitions showed AR values above 93% 287 

and SM values between 0.86-0.95 (Table S2) (supplementary information). 288 

Validation of the simulation of the changes in the coverage until 2018 289 

The results of the concordance indices to validate the simulated coverage map for 2018 with the 290 

SINCHI coverage map for 2018 indicated that the coverage prediction model produced by the 291 

LCM is useful for projecting scenarios until 2040. The general Kappa index, which evaluates the 292 

agreement in terms of quantity and spatial location of changes in coverage between maps, 293 

showed a value of 0.91, which is considered satisfactory, indicating a high degree of agreement 294 

between the maps. 295 

The results of the Kappa index of Concordance by coverage (KIA) indicated that the highest 296 

values of concordance between the maps corresponded to the categories of "floodplain forests" 297 

and "water bodies and wetlands" (0.99), "grasslands and shrubs" (0.98) and “amazon forest” 298 

(0.97). The lowest concordance was in the covers "fragmented forest and secondary vegetation" 299 

and "pastures and crops", with a KIA of 0.65 and 0.77, respectively (Table 3). 300 

Simulation of the scenarios until 2040: from the narrative to maps of land use change 301 

The land use demands for the coverage in the extractivist and sustainable development scenarios 302 

were entered into the LCM through external model matrices, which were made from the Markov 303 

probability matrix of the trend scenario until 2040 (Table 4). The probability matrices included 304 

in each scenario are shown in Tables 5 and 6. The coverage projections in each scenario were 305 
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estimated based on the expectations derived from the elaborated narratives. The spatial 306 

parameterization of each scenario was adjusted, which included the main constraints or 307 

incentives mentioned in the narratives that acted on the coverage. Subsequently, the spatial 308 

distribution of the coverage was predicted until 2040. The results of the simulation of the 309 

scenarios are shown in Table 7 and Figures 4a and 4b. 310 

Pattern of changes in future land-use and coverage 311 

As shown in Table 7, the area of “pastures and crops” increased in the trend and extractivist 312 

scenarios (48 % and 117%, respectively). While, in the sustainable development scenario, the 313 

area of "pastures and crops" is stabilized, even decreased by a small percentage (-4.1%). The 314 

most notable dynamics of change occurred in “fragmented forests and secondary vegetation”, 315 

which, depending on the scenario, may be involved in a process of replacement or regeneration. 316 

The dynamics of land overuse implies that large areas of "fragmented forests and secondary 317 

vegetation" are converted into "pastures and crops", while a sustainable territorial ordering 318 

would conserve "fragmented forests and secondary vegetation" present in 2016 and generate new 319 

areas of secondary vegetation in the transformed areas, which are the basis for recovery of 320 

Amazonian forests by 2040. On the other hand, the trend scenario predicted an increase in 321 

"fragmented forests and secondary vegetation" through degradation of intact forests. The 322 

connectivity of forest cover with other natural regions was affected in all scenarios, especially 323 

towards the Andean region where the loss of forests was notable in the trend and extractivist 324 

scenarios. However, in the extractivist scenario, the model identifies significant changes that 325 

would radically alter the mountain landscape through high loss and forest fragmentation. 326 

Trend Scenario (BAU) 327 
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Colonization of forest ecosystems continues in the Colombian Amazon, with ~ 2 million hectares 328 

of intact forests lost by 2040. “Pastures and crops” are expanding over forests located on the 329 

banks of the Caquetá and Caguán rivers, affecting the municipalities of Solano, Cartagena del 330 

Chairá and San Vicente del Caguán. In the municipalities of San José del Guaviare, El Retorno, 331 

Calamar and Miraflores, in the Department of Guaviare, the loss of forests to "pastures and 332 

crops" is increasing, strengthening the deforestation corridor on the banks of the Vaupés River. 333 

In the transformed areas of the Department of Caquetá, the landscape was simplified through 334 

deforestation of the remaining forest fragments. In the Department of Putumayo, large tracts of 335 

intact forests are transformed into “fragmented forests and secondary vegetation”. In the 336 

Andean-Amazon region, the headwaters of the main rivers that flow into the Amazon plain, the 337 

area of "pastures and crops" and "fragmented forests and secondary vegetation" increased, and 338 

forest cover in this mountain area has been reduced. In the municipality of Santa Rosa, 339 

Department of Cauca, deforestation affects the forests at the source of the Caquetá River. 340 

Extractivist Scenario 341 

The spatial pattern of hedging changes is similar to the trend scenario. The extent of Amazon 342 

forests (amazon forests and floodplain forests) was reduced to 73.5% (~ 35.6 million hectares), 343 

with a loss of ~ 4.3 million hectares. Crops and pastures increased 117%, from ~ 3.97 million 344 

hectares in 2016 to ~ 8.61 million hectares in 2040. The agricultural landscape was further 345 

simplified by the replacement of “fragmented forests and secondary vegetation” by "Pastures and 346 

crops". In this scenario, the advance of deforestation near the Caquetá, Caguán and Putumayo 347 

rivers will cause large blocks of continuous forests to separate and become isolated. In the 348 

Andean-Amazon region, there is the breakdown of large extensions of forests along the mountain 349 

range. This causes the Sierra de la Macarena National Natural Park to be divided, and one of the 350 
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most important areas of structural connectivity between Amazonian and Andean forests, is 351 

interrupted (figure 4a). Deforestation is consolidating along the Vaupés river, increasing 352 

“pastures and crops” around the municipality of Miraflores in the Department of Guaviare and in 353 

the municipality of Mitú in the Department of Vaupés. The advancement of "pastures and crops" 354 

that enter the Orinoquia region leads to the loss of large extensions of "grasslands and shrubs" 355 

with a natural origin, characteristic coverage in the Orinoquia-Amazonia transition. 356 

Sustainable Development Scenario 357 

In this scenario, 2.1% (~0.87 million hectares) of the forests are lost between 2016 and 2040. 358 

There is a significant reduction in the transformation of forests to "pastures and crops" in the 359 

departments Caquetá, Meta, Guaviare and Putumayo, which increases the permanence of a large 360 

part of Amazonian forests by 2040. Proper management of the transformed areas encourages the 361 

permanence of “fragmented forests and secondary vegetation” in the departments Putumayo and 362 

Guaviare, as well as along the Andean mountain range. These recovering forests compensate for 363 

deforestation events. Around populated centers, areas of “pastures and crops” are enriched with a 364 

dominant matrix of “fragmented forests and secondary vegetation”, especially in Florencia-365 

Caquetá; Miraflores- Guaviare (figure 3b); and Mitú-Vaupés, where productive restoration 366 

programs and silvopastoral systems are implemented. Around the Sierra de la Macarena National 367 

Park, the landscape is simplified by deforestation of small fragments of forests; however, within 368 

the PA, the integrity of forests is maintained, guaranteeing the Andes-Amazonia structural 369 

connection. 370 

Discussion 371 
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In this research, land use and land cover changes were modeled using ANN-MLP combined with 372 

a Markov chain model and the design of a set of story lines for the future, effectively simulating 373 

three scenarios of land-use change by 2040 for the Colombian Amazon: Trend, Extractive and 374 

Sustainable Development. The results can be used by the Colombian government and 375 

environmental authorities as a scientific tool to guide decision-making on deforestation control, 376 

identify areas where the expansion of pastures and crops could occur, and implement actions at 377 

the limits of the protected areas to avoid deforestation. Likewise, the sustainable development 378 

scenario showed that the implementation of sustainable productive restoration practices in 379 

transformed lands and the protection of vegetation, would provide secondary fragmented forests 380 

and increase these covers, which are key to provide a carbon sink to reduce the climate change 381 

effects, biodiversity recovery and ecosystem services48–51. 382 

The narrative construction technique is notable because it is useful for understanding how socio-383 

political and economic factors, ancestral human populations (indigenous peoples), and historical 384 

and recent colonization processes will determine the future of forests and natural ecosystems in 385 

the Colombian Amazon. A key factor in the narratives is the fulfillment or not of the peace 386 

agreement and the commitments for Comprehensive Rural Reform and substitution of illicit coca 387 

crops. These decisions could mark paths for the construction of territory development and point 388 

towards an optimistic or pessimistic scenario in the current post-conflict stage. The narratives 389 

and coverage maps simulated until 2040 made this research an adequate tool for territorial 390 

planning at different scales for the Colombian Amazon in the near future. 391 

The high resolution of the scenarios (60m pixel) made them useful at the municipal level, where 392 

they are key to discuss the future of the region in land-use planning plans. Other scenarios for the 393 

Colombian Amazon that address the future impact of agricultural policies (pasture expansion) on 394 
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intact forests with a pixel resolution of 100m14 showed that forest losses may be even greater by 395 

2030 (~ 3 million hectares) than reported in this research until 2040 (~ 2 million hectares). 396 

However, in this research, the extractivist scenario showed that the loss of forests can reach ~ 4.3 397 

million hectares by 2040. This implies a higher demand for land than expected in the trend 398 

scenario because changes in global consumption patterns could increase the environmental 399 

degradation of the Amazon, increasing social conflicts and economic inequality in the region. 400 

The approach to modeling changes in covers obtained high precision in the analyzed transition 401 

sub-models. However, in the LCM, it was not possible to visualize the behavior of the 402 

explanatory variables in each transformation process. Therefore, to improve the understanding of 403 

the factors that influence changes in covers, transitions should be analyzed with another method 404 

that analyzes non-linear relationships and obtains the visual response and contribution of the 405 

variable in each submodel. 406 

Conclusion 407 

Based on the analysis of the change transitions in the coverage between 2002-2016 using ANN-408 

MLP combined with the Markov model and using a set of plausible narratives for the future, a 409 

set of spatially explicit scenarios for land-use cover in the Colombian Amazon until 2040 was 410 

created. The scenarios and simulations developed in this research are strategic in nature and, as 411 

such, they provide a general guide for the aspects of coverage "on average” under different 412 

management policies. The characteristics of the narratives and changes in land cover under each 413 

scenario for 2040 are as follows: 414 

(1) It was possible to consolidate a reduced set of contrasting scenarios that allowed 415 

understanding the consequences of different alternatives in the future of forests in the Colombian 416 
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Amazon. The knowledge of experts on driving forces that transform the Amazon made the 417 

scenarios plausible, with a high level of credibility. 418 

(2) Under the three scenarios, the resulting simulations revealed the strong effect of deforestation 419 

in the foothills, Sierra de la Macarena, and disconnection with the Andean forests in the trend 420 

scenario, as in the extractivist scenario. Similarly, in addition to the deforestation arc in Caquetá, 421 

the deforestation fronts would expand in Guaviare, Meta, Vichada and Putumayo. Similarly, in 422 

the Vaupés region, near Mitú, the deforestation border could expand, which already has a history 423 

of doing so. 424 

(3) Under the sustainable development scenario, “fragmented forests and secondary vegetation” 425 

are of great importance because management decisions aimed at increasing their permanence 426 

favor the natural restoration of advanced successional forests. Similarly, conservation actions 427 

will promote secondary vegetation matrices in restoration areas, improving friction surfaces in 428 

transformed areas and encouraging structural and functional connectivity in intervened areas. 429 

Preserving the intact forests that currently cover the Colombian Amazon is, in all cases, the best 430 

conservation scenario. 431 
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Table 1. Patterns of landscape transformation and Land-use and cover transition between 2002 and 2016 576 

Patterns of 

landscape 

transformation 

Land-use and cover transition Area (ha) 

DEGRADATION 

Floodplain Forests to Grasslands and Shrublands 8,909 

Floodplain Forests to Fragmented Forests and Secondary Vegetation 48,740 

Amazon Forests to Grasslands and Shrublands 8,935 

Amazon Forests to Fragmented Forests and Secondary Vegetation 664,181 

SUBSTITUTION 

Grasslands and Shrublands to Pastures and Crops 164,121 

Water bodies and wetlands to Pastures and Crops 33,356 

Floodplain Forests to Pastures and Crops 45,562 

Fragmented Forests and Secondary Vegetation to Pastures and Crops 681,206 

Amazon Forests to Pastures and Crops 923,154 

REGENERATION 

Grasslands and Shrublands to Fragmented Forests and Secondary Vegetation 23,678 

Pastures and Crops to Grasslands and Shrublands 15,927 

Pastures and Crops to Fragmented Forests and Secondary Vegetation 385,628 

Fragmented Forests and Secondary Vegetation to Floodplain Forests 13,706 

Fragmented Forests and Secondary Vegetation to Amazon Forests 75,832 

 577 

 578 

 579 

 580 

 581 

 582 

 583 

 584 

 585 
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Table 2. Alternative scenarios and brief narratives  586 

Tool for land use 
planning 

Methodology 
Alternative 
scenarios  

Narrative 

Scenarios of LULCC Participative interview Trend Bussines as usual 

 The dynamics of transformation of natural covers are 
maintained. Government interventions are not enough to 
stop deforestation and fires. Extensive cattle ranching and 
land grabbing continue to be the main drivers of 
transformation of primary and secondary forests to 
grasslands; however, initiatives such as conservation 
agreements promote landscape-scale improvements. The 
commitments of the peace agreement regarding land 
restitution and replacement of illicit crops were not 
consolidated 

Sustainable 

Development 

Forests and Peace 

 Policies are put in place to completely stop deforestation 
and control forest fires. Property titles are not granted for 
deforested lands. Cattle ranching is reduced. Conservation 
agreements transform deforested areas into resilient 
landscapes through agroforestry, fish farming and 
silvopastoral systems. Secondary vegetation is used for 
forest restoration to accumulate carbon, biodiversity and 
obtain goods and services. The governance of the territory 
has a solid citizen participation. Agreements on land 
redistribution and support for the substitution of illicit 
crops are implemented. Violence in the territory is 
reduced 

Extractivist Violence, livestock, and grains 

 There is no control over deforestation and fires. An 
increase in demand and prices for grains and meat is 
causing large areas of untouched forests to be illegally 
converted to cattle ranching and a growing agribusiness of 
soybean, corn, and oil palm crops. Deforestation increases 
to 40% of the trend rate. Extractive activities such as 
mining, and logging are strengthened in the territory. New 
settlements are created in jungle areas, strengthening road 
infrastructure. Violence impacts the community 
leadership that demands fairer conditions for the 
conservation and development of the territory. 

 587 

 588 

 589 

 590 

 591 

 592 
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Table 3. Validation statistics. Observed map 2018 vs Simulated map 2018 593 

LULC Classes 

SINCHI 

2018  

KIA 

Predicción 

2018 

KIA 

Floodplain Forests 1.00 0.99 

Amazon Forests 0.97 0.97 

Fragmented Forests and 
Secondary Vegetation 

0.60 0.65 

Grasslands and Shrublands 0.92 0.98 

Pastures and Crops 0.84 0.77 

Urban and artificialized cover 0.89 0.91 

Water bodies and wetlands 0.98 0.99 

Kappa Overall 0.91 

 594 

 595 
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 601 

 602 
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 605 

 606 

 607 

Table 4. Markovian prediction for 2040 based on LULC cover maps of 2002 and 2016. Scenario BAU 608 

LULC Classes (FpF)   (AF)    (Ff-Sv)  (Gl-Sl)   (P-C)   (UAC)   (Wb-Wl) 

Floodplain Forests (FpF) 

Amazon Forests (AF) 

0.95       0.00       0.01      0.00     0.02     0.00      0.00  
0.00       0.67       0.12      0.00     0.20     0.00      0.00  
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Fragmented Forests and Secondary Vegetation (Ff-Sv) 

Grasslands and Shrublands (Gl-Sl) 

Pastures and Crops (P-C) 

Urban and artificialized cover (UAC) 

Water bodies and wetlands (Wb-Wl) 

0.01       0.06       0.32      0.00     0.59     0.00      0.00  
0.00       0.00       0.02      0.84     0.12     0.00      0.00  
0.00       0.00       0.19      0.01     0.78     0.00      0.00  
0.00       0.00       0.02      0.04     0.03     0.90      0.00  
0.00       0.00       0.00      0.00     0.08     0.00      0.90 

 609 

LULC Classes (FpF)   (AF)    (Ff-Sv)  (Gl-Sl)   (P-C)   (UAC)   (Wb-Wl) 

Floodplain Forests (FpF) 

Amazon Forests (AF) 

Fragmented Forests and Secondary Vegetation (Ff-Sv) 

Grasslands and Shrublands (Gl-Sl) 

Pastures and Crops (P-C) 

Urban and artificialized cover (UAC) 

Water bodies and wetlands (Wb-Wl) 

0.87      0.00     0.01       0.00      0.10      0.00      0.00  
0.00      0.88     0.02       0.00      0.08      0.00      0.00  
0.01      0.06     0.15       0.00      0.75      0.00      0.00  
0.00      0.00     0.02       0.84      0.12      0.00      0.00  
0.00      0.00     0.09       0.01      0.88      0.01      0.00  
0.00      0.00     0.00       0.00      0.07      0.92      0.00  
0.00      0.00     0.00       0.00      0.08      0.00      0.90 

Table 5. Markovian prediction for 2040. External model. Extractivist Scenario 610 

 611 

 612 

 613 

Table 6. Markovian prediction for 2040. External model. Sustainable Development Scenario 614 

 615 

LULC Classes (FpF)   (AF)    (Ff-Sv)  (Gl-Sl)   (P-C)   (UAC)   (Wb-Wl) 

Floodplain Forests (FpF) 

Amazon Forests (AF) 

Fragmented Forests and Secondary Vegetation (Ff-Sv) 

Grasslands and Shrublands (Gl-Sl) 

Pastures and Crops (P-C) 

Urban and artificialized cover (UAC) 

Water bodies and wetlands (Wb-Wl) 

0.95     0.00      0.03      0.00        0.01     0.00       0.00      0.00     
0.97      0.00      0.00        0.02     0.00       0.00  
0.07     0.17      0.73      0.00        0.01     0.00       0.00  
0.00     0.00      0.02      0.96        0.01     0.00       0.00  
0.00     0.00      0.27      0.01        0.71     0.00       0.00  
0.00     0.00      0.02      0.04        0.03     0.90       0.00  
0.00     0.00      0.00      0.00        0.08     0.00       0.90 

 616 

 617 

 Scenarios 2040 

LULC Classes Reference 

year 2016 
% BAU % Extractivist % 

Sustainable 

development 
% 

Floodplain Forests 4288790 8.9 4142512 8.5 3780879 7.8 4210149 8.7 

Amazon Forests 35673007 73.9 33779460 70.0 31826314 65.7 35123495 72.8 

Fragmented Forests and 

Secondary Vegetation 
1824387 3.8 2223369 4.6 1773849 3.6 2681416 5.5 

Grasslands and 

Shrublands 
1895873 3.9 1678145 3.5 1653770 3.4 1882283 3.9 

Pastures and Crops 3970030 8.2 5878568 12.2 8617274 17.8 3804739 7.8 

Urban and artificialized 

cover 
13380 0.1 13380 0.1 13380 0.1 13380 0.1 

Water bodies and 

wetlands 
581340 1.2 531372 1.1 581340 1.2 531344 1.1 

 618 

Table 7. Area (ha) of LULC classes in the reference year (2016) and under three scenarios until 2040 619 

 620 
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Figure 1. Study area 621 

 622 

 624 

 625 
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 627 
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 629 

 630 



33 

 

Figure 2. Land use and land cover maps 2002, 2016 and 2018, produced by the Colombian Amazon Land 631 

Cover Monitoring System (SIMCOBA) of the Amazonian Research Institute SINCHI. 632 

 633 

 634 

 635 

 636 

 637 

 638 

 639 

 640 

 641 

 642 

Figure 3a. Projection of the annual forest loss until 2040. Trend scenario: based on losses observed between 643 

2002-2016. Extractivist scenario: based on losses observed between 2008-2018 plus an annual increase of 644 

40%. Sustainable development scenario: based on an 80% reduction in average forest loss (2002-2016) to 645 

a 99% reduction in 2040. *Source: SIMCOBA-SINCHI 646 

 648 
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Figure 3b. Projection of the Amazon Forests to 2040 based on projected annual forest loss for each scenario 649 

(Fig. 2a). *Source: SIMCOBA-SINCHI 650 

 652 
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Figure 4. a)  Land use and land cover changes under different scenarios from 2016 to 2040. Details of land 666 

cover in the different scenarios in a) sector of the Sierra de la Macarena and Tinigua national natural park 667 

in the department of Meta, and in the natural savannahs of Yarí in the department of Caquetá. b) 668 

Surrounding area of the municipality of Miraflores in the department of Guaviare. 669 

a) 670 
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b) Sierra de la Macarena and Savanas del Yarí          c) Miraflores Municipality 689 
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