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Abstract: Estimating deforested areas and deforestation rates have become key steps for 
quantifying environmental services of tropical rain forests, particularly as linked to 
programs such as Reduced Emissions from Deforestation and Forest Degradation (REDD). 
In Southeastern Peru, reliable estimates of land-cover change (LCC) are important for 
monitoring changes in the landscape due to agricultural expansion, pasture creation and 
other socio-economic influences triggered by the Inter-Oceanic Highway (IOH). Our study 
reports a land-use/land-cover change (LULCC) analysis during a 15-year period from 1996 
to 2011 in the Province of Tahuamanu, Madre de Dios. We draw on multiple years of 
observations of LULCC to relate changes in land cover to the use of natural resources 
(pasture, timber, crops and forest products) and tenure types based on their distances from 
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the highway and the Tahuamanu River. We are able to distinguish titled areas for 
agriculture close to the IOH from other land tenure types such as timber concessions. The 
findings show that LULCC varies among different types of land tenure and by distance 
from the highway. Agricultural areas close to transportation infrastructure within 1 km to  
5 km buffers have gradually increased in non-forest areas, whereas timber concession areas 
away from 1 km buffer of secondary roads have maintained forest cover. Riverine 
settlements show a similar distance effect in forest clearance along rivers as along roads.  

Keywords: land use; land cover change; change detection; Madre de Dios; Amazon; Peru 
 

1. Introduction 

The global community is increasingly facing a new level of global climatic threats that is affecting 
landscapes at unprecedented rates. Better monitoring of deforestation and improved collaborative 
research efforts to understand the causes of changes in the landscape are critical. The land-change 
science and global change research communities have made clear that a continued assessment of the 
dynamic nature of current changes is indispensable [1–6]. Estimating deforested areas and deforestation 
rates are key steps for quantifying the value of environmental services of tropical rain forests. In 
particular, understanding biomass carbon stocks and fluxes is key to creating incentives for programs 
such as Reduced Emissions from Deforestation and Forest Degradation (REDD).  

In tropical Latin America, LULCC has been related to policies that prompted the development of 
the agricultural frontier [7–11]. Related to policies for expansion of agricultural frontiers in tropical 
forest areas are projects to build or pave roads [12,13]. In the Brazilian Amazon, major transportation 
infrastructure projects have been implemented to incorporate the region with the national economy and 
to open the Amazon frontier [10,14]. Road paving has encouraged regional growth and economic 
development by reducing transport costs, potentially making local economic activities viable for 
competition in markets, and increasing forest clearing beyond that needed for subsistence production [15]. 
However, infrastructure projects have also led to massive deforestation and increased carbon emissions 
that have contributed to global climate change [16–18]. Consequently, more than 60 percent of 
deforestation in the Brazilian Amazon has occurred within 50 km of major paved highways [19].  

Conversely, in many areas of the Peruvian Amazon, the absence of infrastructure projects has 
hampered economic development [20,21], keeping deforestation rates relatively low, compared to 
those in neighboring countries [22]. Hence, in the case of Peru, the paucity of roads has preserved the 
world’s eighth largest tropical forest area by country globally, with nearly 70 million hectares of 
natural forests or approximately 55% of the total national territory [23,24]. Nonetheless, the deforestation 
that has taken place in the Peruvian Amazon has occurred in close proximity to roads [22,25,26].  

The recent rise in deforestation in the Peruvian lowlands may be explained by new road 
infrastructure such as the paving of the Inter-Oceanic Highway (IOH) [27,28]. The IOH passes through 
the tri-national “MAP” frontier (comprising Madre de Dios, Peru; Acre, Brazil; and Pando, Bolivia) in 
southwestern Amazonia and includes a 400-km section in the Peruvian lowland region of Madre de 
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Dios. Paving of the IOH has stimulated debate as to its likely impacts, both on the regional economy 
and on LULCC [29,30]. 

In addition to expansion of transportation infrastructure, land tenure has played a key role in the 
way LULCC has evolved across space and over time [15,31,32]. Studies have shown how land tenure 
security has been associated with forest conservation and non-participation in timber extraction, while 
enforcement of protected areas has been used as a proxy for conservation success and avoided 
deforestation [33,34]. However, a defined land tenure system does not guarantee successful conservation 
of forests, and more empirical work on the impacts of land use, land cover, and resource tenure on 
LULCC is required [29,33]. 

These observations raise questions as to how land tenure institutions condition land use dynamics. 
For example, different resources within a given area may be held under different property rights 
regimes, leading to confusion and/or a lack of control over resource use. Rapidly changing conditions, 
such as the paving of the IOH, may lead to increased migration, which fosters land tenure overlap and 
conflict. In some parts of the Peruvian Amazon such as Madre de Dios Region, land tenure and 
resource boundaries of agricultural and mining areas, protected areas, timber and Brazil nut 
concessions have for long co-existed without proper enforcement of their legal boundaries, which has 
led to land invasions and unsustainable resource extraction [34]. 

There remains a scarcity of information about deforestation trends in the Peruvian lowlands [35]. 
Official data on forest cover for the Peruvian Amazon imply that forest cover had hardly changed 
through the 1980s; nonetheless, deforestation has increased significantly since the early 1990s [36]. On 
the other hand, deforestation data for Peruvian forests have been inconsistent [37,38]. The accuracy of 
deforestation estimates has been controversial and questions endure due to the lack of an adequate 
monitoring system. While national and international measurements of deforestation are essential for 
credibility and quality assurance, local and regional deforestation estimates are critical because they 
guide the local actions on which future payments for environmental service (PES) programs such as 
REDD efforts will succeed. Efforts toward data standardization should allow for improved monitoring 
of spatial variation and temporal dynamics of deforestation. 

This paper has three objectives. First, it shows how infrastructure and tenure serve as key examples 
of the effects of public policies on LULCC. Second, it presents a spatial analysis of LULCC by 
examining the effects of distance from the IOH, as well as logging roads and rivers, to evaluate the 
importance of accessibility on LULCC. And third, the paper provides a temporal analysis that 
compares LULCC before, during and after paving of the IOH on lands with distinct tenure types, 
particularly agricultural lands and forest concessions.  

2. Study Region 

The study area is located in the province of Tahuamanu within the Peruvian Region of Madre de 
Dios (Figure 1). Tahuamanu Province had an estimated human population of 10,742 in 2007 (Source: 
National Institute of Statistics and Informatics [39]) and encompasses the Districts of Iñapari 
(1,485,300 ha), Iberia (254,900 ha) and Tahuamanu (379,300 ha). The region’s vegetation consists 
largely of alluvial and terra firme forests with low hillside bamboo forest (Guadua sp.) [20,40]. 
Alluvial forests cover low terraces located alongside the borders of the major rivers and their areas 
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change due to river migration. Terra firme forest is found above the alluvial terrain away from river 
courses and lakes and is typified by a diversity of forest types of relatively flat topography.  

Our research design is based on the analysis of how policies for infrastructure (road paving) and 
land tenure categories in Tahuamanu likely affect LULCC. We will employ a spatio-temporal analysis 
of LULCC from 1996 to 2011 in three specific target areas (Figure 1, see I to III) in order to evaluate 
nonlinearities in LCC over time (due to road paving) as well as spatial differences (due to 1 km, 2 km, 
and 5 km distances from the highway, secondary roads, and rivers, and among different types of land 
categories). Our three target areas and spatio-temporal LULCC analysis and LULCC expectations are: 

 Target Area I. Agricultural lands along the IOH and its secondary roads 

LULCC Expectations: We expect an increase in non-forest areas in private titled properties for 
agricultural use close to the paved IOH, as well as in agricultural properties located adjacent to 
secondary roads after the paving of the IOH.  

 Target Area II. Timber Concession areas and Protected Areas 

LULCC Expectations: We expect that timber concessions, protected areas, and indigenous 
communities near the IOH will maintain their forested areas. Despite their accessibility from the 
highway and secondary roads, we anticipate that users of these areas will follow tenure rules and 
conserve forest cover. 

 Target Area III. Tahuamanu River Watershed Area 

LULCC Expectations: Farther away from the IOH, along the Tahuamanu River, we expect that 
timber concessions, protected areas, and indigenous communities will also maintain their forest areas 
compared to agricultural areas. 

2.1. Policy Shifts and LULCC  

Policy shifts and a series of economic boom-bust cycles have influenced LULCC in the region of 
Madre de Dios [41]. Rubber was important between the early 1900s and 1950s in the District of Iberia, 
attracting the first wave of migrants to the area [42]. Since the 1980s, the Province has been a key area 
for logging concessions, and a timber boom began in the late 1990s [43]. Furthermore, between 1985 
and 1990 the Garcia regime launched policy incentives for cattle and pasture expansion [41]. Increased 
access to agricultural credit and support for cattle acquisition facilitated forest clearing, especially for 
cattle pasture during this time period [25,35]. In addition, in 1986, colonization policy efforts 
organized by Special Project of Madre de Dios (PEMD) sent 120 families from Arequipa and Puno to 
be settled in the communities of Primavera and Chilina along the IOH in the districts of Iñapari and 
Iberia. Most migrants in the Province of Tahuamanu came from the Andean Regions of Cusco, Puno 
and Apurimac and even from neighboring Brazil [44]. These colonization projects never received the 
promised support from the government such as basic housing, education and medical facilities. 
Consequently, an estimated 70% of migrants arriving with these colonization programs relocated or 
returned to their regions of origin [21].  
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Figure 1. The Province of Tahuamanu (shaded yellow) in Madre de Dios Region showing 
the three areas where analysis was conducted (I–III). 

 

Furthermore, the agricultural credit programs that existed between 1985 and 1990 could not be 
sustained due to the worsening fiscal crisis in Peru. As a result, during the 1990s, pasture incentives 
and agricultural credit were withdrawn. Some areas deforested during 1985–1990 reverted back to 
forest in the 1990s, resulting in an increase in secondary forests [41,44]. During the early 2000s, 
government incentives were reintroduced, this time to help farmers expand production, improve 
product quality, and pursue processing and marketing of crops such as coffee, cacao, and peppers. At 
the same time, some policies included incentives for reforestation and seed improvement [45]. 
Currently, while no policies support commercial agriculture or ranching, farmers continue to open up 
land for pasture and agriculture. The District of Iberia has seen the establishment and expansion of the 
agrarian religious community Arca Pacahuara since 1995. These migrants from the Andean region 
have doubled in population from 2007 to 2010 close to the town of Iberia and are opening vast areas of 
land for agriculture [46]. At the present time, Arca Pacahuara reports 6,300 ha of titled land, which has 
been distributed in 30 ha plot for each household. The community holds land possession certificates 
for another 2,700 ha which are distributed the same way (Personal communication, resident from Arca 
Pacahuara). Some of Arca Pacahuara’s land overlaps timber concessions and is currently in dispute.  
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2.2. Tenure Categories, Land Uses and Their LCC Impacts 

The Province of Tahuamanu presents five clearly differentiated land tenure categories: (1) private 
landholdings for agriculture; (2) timber concessions; (3) castaña (“Brazil nuts,” Bertholletia excelsa) 
concessions; (4) Indigenous Communities; and (5) natural protected areas (Alto Purus National Park 
and Purus Communal Reserve) and the Territorial Reserve for Indigenous People in Voluntary 
Isolation (Territorial Reserve of Madre de Dios) [47] (Figure 2). These tenure categories are related to 
the economic base of the population in the Province of Tahuamanu which is centered on six main 
activities: subsistence farming, cattle, fish farming, timber extraction, castaña extraction, and tertiary 
services [48]. For the purpose of our analysis, we focus on the following land uses: subsistence farming, 
fish farming, cattle, timber extraction, and castaña extraction. In this section, we will describe these land 
uses and explain problems of overlap among tenure types and their implications for LULCC analysis. 

Figure 2. Land Tenure Distribution in the Provinces of Tahuamanu and adjacent areas in 
Madre de Dios (Source: Instituto Nacional de Recursos Forestales (INRENA) and Proyecto 
Especial de Titulación de Tierras (PETT)). 
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2.2.1. Agricultural Properties 

Lands designated for agriculture exhibit very different LULCC than the other tenure categories in 
Tahuamanu. There is considerable potential for agricultural expansion to greatly impact LULCC in 
Madre de Dios. However, commercial agriculture has not historically played a major role in the 
region’s economy [21]. The most important annual and perennial crops include: rice, maize, plantain, 
manioc, beans, citrus, and coffee. Table 1 shows that the most important crops by area in 2009 in 
Tahuamanu were maize and rice, with 22% and 14% respectively. However, most agricultural land 
(53%) was devoted to pasture. While livestock in the Province of Tahuamanu represents approximately 
21% of the overall regional production, the District of Iñapari has seen the largest increase in cattle [49]. 
For example, cattle statistics reported in 2009 for the Province of Tahuamanu are 12,231 heads in 
comparison to the latest statistics on human population in 2007 of 10,742 (Source: National Institute of 
Statistics and Informatics [39,40]). 

Table 1. Agricultural Crop Production with Pasture for Livestock Forage in 2009 for the 
Province of Tahuamanu, Madre de Dios, Peru (Source: Adapted from [50]). 

Agricultural Land Use Area in ha Percentage 
Brachiaria Grass 3,453 53 

Maize 1,451 22 
Rice 902 14 

Plantain 150 2 
Beans 135 2 

Manioc 130 2 
Yaragua Grass 116 2 

Papaya 35 0.5 

Fish farming is not listed as a major economic activity in the Province of Tahuamanu. Fish farming 
gradually started in the early and mid 2000 when PEMD granted machinery equipment and technical 
support to farmers. Fish farming has seen a steady increase along the IOH and less along the rivers, 
and is considered a growth activity in Tahuamanu, especially in the District of Iñapari [51,52]. While 
fish farming has benefited from highway paving, maintaining young fish is costly and demands 
substantial start-up capital [51]. Fish farming areas are expected to increase cleared areas along the 
IOH and to impact LULCC. 

There is an increasing problem of overlap among tenure types and consequent conflicts among 
LULCC. In Peru, different institutions have been in charge of granting property rights. Rural land 
titling for agricultural purposes and for indigenous lands have been executed via the Ministry of 
Agriculture, via the Special Land Titling and Rural Cadastre Project (PETT) from 1992 to 2008. The 
major objectives of PETT were to encourage land titling, create a cadastre database, and formalize land 
ownership. Since 2008, the Commission for the Formalization of Informal Property (COFOPRI) has 
taken over management of titling procedures and began to transition responsibilities to regional 
governments. Nonetheless, titling procedures have been highly complex, inconclusive, and thus 
unclear in rural settings. In this context, increased land occupation has created conditions for overlaps 
among land claims with differing land uses. For example, the expansion of agricultural land into 
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timber concessions or vice versa has opened forested lands and affected LULCC. On the other side, 
tenure conflict overlap has been reported between mining, and Brazil nut and timber concession areas. 
These conflict overlaps are less pronounced in our study area.  

2.2.2. Timber and Castaña Concessions and Protected Areas 

In contrast to agricultural properties, other tenure categories in Tahuamanu exhibit largely forest-based 
LULCC. One key example concerns timber concessions. Table 2 gives an overview of recent timber 
production in Madre de Dios. These overall numbers do not include timber extracted from agricultural 
lands, indigenous communities and reforestation concessions, which would add substantially more to 
the reported timber production [53]. In the case of Iberia District, timber extracted from titled 
agricultural lands is seven times the official amount reported from timber concessions [49]. 

More recently, Iñapari District has seen negotiations for sustainable forest management (SFM) 
through the production of certified wood for the sale of environmental services derived from avoided 
deforestation under REDD [54–56]. While certification for SFM is intended to encourage forest 
conservation and thus avoid deforestation, certification and actual practices may nonetheless diverge.  

Table 2. Roundwood and Sawn Timber Production in cubic meters from 2000 to 2010 for 
the Region of Madre de Dios, Peru (Source: INEI Perú: Anuario de Estadísticas Ambientales 
2011/MINAG-INRENA/MINAG-DGFFS: Perú Forestal en Números 2000–2010). 

Year Roundwood Production in m3 Sawn Timber Production in m3 
2000 266,611 138,105 
2001 132,191 68,475 
2002 163,629 85,223 
2003 175,376 91,341 
2004 158,530 72,316 
2005 191,410 86,728 
2006 251,636 84,405 
2007 196,652 99,665 
2008 253,498 128,377 
2009 290,449 139,315 
2010 330,659 134,614 

The granting of concessions for timber and non-timber extraction was regulated by the National 
Institute of Natural Resources (INRENA) until 2010 when the regional governments began to take 
charge after a two-year transition period. Overall, the demarcation of specific land uses, such as timber 
and castaña concessions, private agricultural lands, as well as mining concessions all relevant to Madre 
de Dios are still under the jurisdiction of different agencies, pursuant to transfer of governmental 
functions from national agencies to regional government departments. This has led to a mixture of 
regional and governmental claims to jurisdiction and unclear control over resources. The result has 
been weak monitoring and sanctions systems that in turn foster negative ramifications for LULCC. 

Protected areas are regulated by the Natural Protected Areas System (SINANPE), which was managed 
until 2008 by the Ministry of Agriculture, when its functions were reassigned to the National Service for 
Natural Protected Areas (SERNANP) under the newly created Ministry of Environment [57,58]. Resource 
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use within protected areas and indigenous communities include subsistence agriculture, hunting, 
fishing, gathering, and to some extent timber and non-timber extraction [58]. However, natural 
protected areas have long been impacted by illegal logging and mining, and land use conversion for crops 
and pasture areas. The impact of illegal logging for LULCC is very difficult to assess. 

2.3. Transportation Routes and Their LULCC Impacts 

Aside from land tenure, new infrastructure is likely to affect LULCC in Tahuamanu. Tahuamanu 
has long benefitted from closer relationships with western Brazil than with government departments 
and agencies in Peru. Brazil has sought trade with Peru since the late eighteenth century, when river 
traders from Brazil exchanged crude manufactured goods such as steel and clothing for Peruvian salted 
fish, wood resins, balsams, and wax [59]. Transport infrastructure long consisted of dirt roads and 
mule trails, which were passable only during the dry season. The main alternative, rivers, also afforded 
transport, but that option was limited by non-navigable stretches [21,45].  

Beginning in the 1960s, Madre de Dios saw its first overland transportation route opened via the 
road from Puerto Maldonado, the capital of Madre de Dios, to the neighboring regional capital of 
Cusco. However, it was not until 1981, when the Madre de Dios Special Project (PEMD) was created, 
that the construction of a dirt road between Puerto Maldonado to Tahuamanu and the frontier town of 
Iñapari was initiated. PEMD is a governmental institution that was created in 1981 with the objective 
to foster development in the region between Puerto Maldonado and the border town of Iñapari. During 
the 1990s, segments of the prospective IOH were surveyed, leveled, and maintained. However, they 
allowed safe passage only during the dry season.  

In the 2000s, the unpaved road from Puerto Maldonado to Iñapari was compacted, surfaced with 
gravel and prepared for paving, which began at the end of 2005 [60]. These investments occurred in 
the context of the Initiative for Integration of Regional Infrastructure in South America (IIRSA), led by 
Brazil [27,28]. The route through Tahuamanu became part of the Inter-Oceanic Highway, a premier 
project under the first phase of IIRSA [61]. 

Table 3. Selected demographic data for Madre de Dios Region and Tahuamanu Province 
(Source: Adapted from: [52]). 

 
Iñapari 
District 

Iberia 
District 

Tahuamanu 
District 

Tahuamanu 
Province 

Madre de 
Dios Region 

Population 1972 504 4,015 817 5,336 25,174 
Population 1981 812 3,013 1,103 4,928 35,788 

Growth Rate 1972–1981 5.4 −2.4 3.4 −0.2 3.9 
Population 1993 870 3772 1,744 6,443 71,636 

Growth Rate 1981–1993 0.6 1.9 3.9 2.3 6.1 
Population 2007 1,288 6,715 2,739 10,742 109,600 

Growth Rate 1993–2007 2.8 4.2 3.3 3.7 3.1 

The IOH has however raised concerns about increased migration, new land settlement, social 
conflicts, and rapid LULCC [27,28]. The paving of the IOH has increased the network of secondary 
roads and has accelerated population growth in Tahuamanu Province. As Table 3 shows, population 
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growth accelerated in Tahuamanu from the 1981–1993 period to the 1993–2007 period (Source: 
National Institute of Statistics and Informatics [21,39]). Indeed, whereas growth had been faster 
elsewhere in Madre de Dios during 1981–1993, during paving of the IOH, it became faster in 
Tahuamanu Province than elsewhere in Madre de Dios. This raises questions about recent LULCC 
accompanying this rise in population in the context of paving the IOH.  

2.4. Remote Sensing and Survey Data 

To evaluate LULCC in Tahuamanu over time, we used Landsat TM 5 images for the years 1996, 
2006, 2010, and 2011 and ETM+ for the year 2001 which fall within the Landsat World Reference 
System (WRS) Path 003 and Row 68. These satellite images were chosen based on cloud-free image 
availability during the dry season from June to September (Table 4). 

Table 4. Landsat image acquisition information. 

Sensor Image Date 
Landsat 5 TM 23 July 1996 

ETM+ Landsat 7 29 July 2001 
Landsat 5 TM 16 May 2006 
Landsat 5 TM 30 July 2010 
Landsat 5 TM 3 September 2011 

All image preprocessing and analysis was conducted with ERDAS Imagine 9.2. Geometric 
rectification and registration were completed using the nearest-neighbor resampling technique with a 
Root Mean Square (RMS) error between 0.1 and 0.4 pixels for all images. The images were 
radiometrically calibrated following the CIPEC (Center for the Study of Institutions, Population, and 
Environmental Change) calibration method [62].  

In this study, we employed tasseled cap indices in order to detect changes in LC categories across 
observation dates. Several change detection studies report landscape changes by employing Tasseled 
Cap (TC) transformed Landsat data [63–68]. Change detection using multi-date TC improves the 
recognition of spectral transformation change [69,63] by linking data contained in discrete spectral 
bands with the physical attributes of landscape features. Brightness, wetness, and greenness  
(BWG) indices are sensitive to phenological changes and enhance vegetation classification [70,71]. 
Greenness distinguishes the near-infrared and visible bands, and determines the occurrence of green 
vegetation [72]. Wetness separates the infrared and near-infrared reflectance and is associated with soil 
moisture content and vegetation density, providing a more accurate demarcation between sites 
becoming greener and those that are senescing [71]. Further, the wetness band is linked to shadows 
and forest stand density and improves the identification of matured and well-established forest  
stands [73]. Notably, these correlations improve the distinctions between forest classes and within 
vegetation structure [74,75].  

According to [73], brightness and greenness indices decrease for mature or primary forest due to 
shadowing effects stemming from canopy height differences in the later stages of succession. Reports 
by [69] demonstrate high values of wetness for primary forest areas and stable regrowth sections. 
Regenerating forests show increased values of greenness, while brightness is dependent on soil color 
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and moisture content, making seasonal variations a determinant factor. TC transformations have been 
successful in discriminating close to 95 percent of the total variability in the visible and near infrared 
spectrum, revealing variation in forest conditions [69], making it useful for the identification of forest 
classes even in tropical forests [71,76]. 

We therefore calculated tasseled-cap indices for the images for each date and used the results to 
detect changes in forest, non-forest, and water. We produced BWG indices for all Landsat images 
using Landsat 5 TM coefficients for 1996, 2006, 2010 and 2011. We also produced Landsat 7 
coefficients for the 2001 image following [70,77,78]. TC classifications and distinctions within 
vegetation structures were based on studies by [75] and TC performance for the Amazon by [69].  

Each Landsat image (visible and near-infrared bands) was stacked with its respective TC images to 
generate a nine-band composite [69]. We used a combination of unsupervised and supervised 
techniques through maximum likelihood classification and ground-data training signatures to assemble 
spectrally similar classes into a “forest,” “non-forest,” and “water” classification map for each year for 
which we have imagery. The finalized classes are defined as follows. “Forest” includes alluvial and 
terra firme forest, secondary forest, and low hillside bamboo forest (Guadua sp.). Our understanding of 
forest classes is based on [79] which defines a forest as having a canopy closure of more than 30%, 
within an area of more than 0.5 ha and accounting for tree heights of more than 5 m. “Non-forest” 
includes urban areas (towns), roads, crops and pasture. We count opening of logging roads, secondary 
roads, skid trails, and milling operations as non-forest in timber concessions. We also classify as  
non-forest those areas less than 10% canopy closure [80]. Forest classes between 10% and 30% 
canopy closure range were assigned in our analysis to forest, since they represent in most cases 
different stages of secondary forest. Finally, “water” includes rivers, creeks and riverbanks. 

To evaluate the classifications, we collected training sample for each land cover during field visits 
in 2003, 2004, 2005, 2008, 2010, and 2011. In total, we collected 788 training samples over the years 
that included information on the land cover class, canopy closure, and vegetation height. We further 
benefited from extensive field surveys of farmers and small-scale timber concession owners that 
reported on past LULCC dynamics [44]. We used training samples collected in 2003, 2005 and 2008 
for creating initial land cover signatures of the 2001 and the 2006 classifications, and training samples 
collected in 2010 and 2011 for creating land cover signatures of the 2010 and 2011 classifications. The 
accuracy of the classified 2010 image was evaluated by choosing approximately 50 of the training 
samples for each forest, non-forest, and water class as determined by [81]. Training samples would 
always be excluded in the classifications). We followed a rigorous accuracy validation for the 2010 
image since we were able to corroborate field data from the same year samples were taken with the 
corresponding 2010 classified image. The validation for the 2001, 2006, and 2011 classifications 
included a lower number of training samples collected in 2003, 2005, and 2011. Accuracies for the 
2001 and 2006 classifications are 87% and 90%, respectively [44], and 88% for the 2011 
classification. The reported overall accuracy for the 2010 classification is 92% (Table 5).  

We analyzed changes in forest, non-forest, and water in the three target areas noted above: 
(1) agricultural private lands along the Inter-Oceanic Highway and its secondary roads; (2) timber 
concession areas along timber concession roads; and (3) along the Tahuamanu River. We created 
1 km, 2 km, and 5 km-buffers around the IOH and Tahuamanu River and analyzed changes in 
forest/non-forested areas.  
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Finally, after classifying the images, we performed simple change detection through pixel-based 
image differencing on the classified images 1996–2001, 2001–2006, and 2006–2011 to provide 
general information about changed areas [82].  

Table 5. Error matrix for the 2010 classified forest/non-forest data accuracy assessment. 

2010 Reference Data 

20
10

 C
la

ss
ifi

ed
 D

at
a  FOREST NON-FOREST WATER Classified Total User’s Accuracy 

FOREST 60 4 2 66 0.90 
NON-FOREST 2 54 1 57 0.95 

WATER 5 1 38 43 0.88 
Reference Total 67 55 41 166  

Producer’s Accuracy 0.89 0.98 0.93   
Overall Accuracy = 0.915 

3. Results and Discussion 

3.1. Results on Temporal and Spatial Variation in LULCC Based on before, during, and after Paving 

In order to understand the changes in LULCC in the Province of Tahuamanu we provide a general 
overview of the temporal dynamic, followed by the spatial variation. We then break down the study 
area by distance from highway and land tenure type. 

The results of the temporal dynamics at the provincial level are shown in Figure 3. Deforestation is 
not very advanced at the provincial level. There has been a very slight decline of approximately 2% in 
the forest area between 1996 and 2010. The results reveal that non-forest areas increase with the 
planning of the IOH in the early 2000, and progressively thereafter in the mid-2000 with the 
completion of the paving of the IOH.  

Figure 3. Forest, non-forest and water land-cover change temporal dynamic for 1996, 
2001, 2006, 2011 for the Province of Tahuamanu. 

 

Detection of change areas through image differencing are shown in Figure 4 which highlight areas 
of pixelwise subtraction of the 1996–2001, 2001–2006, and 2006–2011 images. A gradual increased 
change from 7,770 ha in the 1996–2001 to 19,516 ha in the 2006–2011 change trajectory periods 
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provide further evidence as to how road pre- and post-paving have influenced the temporal dynamics 
in LULCC. 

Figure 4. 1996–2001, 2001–2006, and 2006–2011 image differencing change detection in 
the study area within the WRS Path/Row 368. 
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A sequence of forest, non-forest and water class maps produced for 1996, 2001, 2006, 2010, 2011 
confirm that deforestation is not very extensive for the overall Province of Tahuamanu (Figure 5). That 
said, it is locally important along roads and rivers. It is here, where non-forest areas increased fourfold 
from 1996 to 2011. This finding corresponds to previous work on accessibility and LCC. 

Figure 5. Forest, non-forest and water class maps for 1996, 2001, 2006 and 2011 for the 
Province of Tahuamanu. Areas of each class (in ha) are provided in the accompanying table.  
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Spatial variation in forest loss, both by distance from the IOH and other roads as well as rivers, and 
by land tenure type provides greater detail in understanding how accessibility affects LULCC in 
Tahuamanu. Non-forest areas decline with distance from the IOH and other roads. Changes from 2010 
to 2011 are much higher in comparison to more gradual changes of previous years. For example,  
non-forest areas almost doubled in size from 13,714 ha to 21,710 ha in 2011 (Figure 5). These trends 
reveal an increase in private titled agricultural lands along the IOH.  

3.2. Results on Temporal Variation and Spatial Variation in LULCC Based on Distance from 
Highway, Timber Concession Roads, and Tahuamanu River Watershed  

Comparisons of LULCC among specified distance buffers from the IOH and secondary roads  
(1 km, 2 km, and 5 km) show that there is more non-forest cover closer to infrastructure. Figure 6 
confirms this relationship for agricultural properties while Figure 7 does so for timber concessions. 

Figure 6. Forest, non-forest and water land-cover change dynamic of 1 km, 2 km, and  
5 km road buffer within agricultural titled land for 1996, 2001, 2006, 2011 for the Province 
of Tahuamanu.  
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According to Figure 6, non-forest areas increased between 1996 and 2010 along the IOH and its 
secondary roads, from about 3% (1996 approximately 5% non-forest at 1 km and 2% at 5 km) to about 
12% in 2010 (approximately 75% at 1 km and 87% at 5 km). Further changes in 2011 show an 
increasing trend. The areas with the highest LULCC correspond to agricultural lands along the IOH 
with the highest population density. In particular, the areas within the town of Iberia and its increased 
secondary road networks have seen an increase in land conversion mainly for pasture and to a lesser 
extend for crops and fish farming. As expected, LULCC was much greater within the 1 km buffer 
zones within private titled agricultural lands.  

Figure 7. Forest, non-forest and water land-cover change dynamic of 1 km, 2 km, and  
5 km road buffer within timber concession areas for 1996, 2001, 2006, 2011 for the 
Province of Tahuamanu.  

 

Land cover composition within the concession areas resembles that of the whole study area and the 
Tahuamanu province. In contrast to private agricultural titled lands, LULCC remained relatively stable 
across concession road network buffers throughout the years. Forest areas were dominant and non-forest 
areas were held constant within 1km buffer until 2010, with a noticeably slight increase in 2011. Few 
changes were visible between the 2 km and 5 km buffer zones (Figure 7). The results suggest that 
timber concession have been effective in stopping most forest clearance adjacent to timber concession 
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roads since there has been very little change in percentage change over time. However, SFM actual 
practices could nonetheless diverge [83].  

Overall, deforestation dynamics were more pronounced in agricultural lands along the IOH than in 
forest concessions and protected areas farther from the IOH. In this sense, land tenure categories and 
their use rules themselves reflect distance to the IOH. While agricultural properties along the highway 
involve forest conversion, timber concessions and the Indigenous Community of Bélgica still preserve 
large tracts of intact forest. Overall, the changes seem to be moderate and driven by distance to major 
roads and secondary road accessibility. This occurs because roads have given access to areas for 
expanded agriculture use such as mechanized crops and in special pasture, whereas SFM have tried to 
keep agricultural expansion out of their areas. All that said, the tenure-distance correspondence is not 
universal. Forest conservation has not been successful around the town of Iberia, where agriculture has 
advanced into timber concession areas. Rule-breaking of this sort however has its own explanation in yet 
another factor operating: timber concession boundaries overlap with private agricultural lands [34]. Hence 
rule-breaking is itself tied to a lack of clarity concerning boundaries of lands with different use rules. 

Changes along the Tahuamanu River show an almost stable forest ranging from 94% to 92% along 
the 1 km buffer throughout the analyzed timeline and a gradual increase in forested areas away from 
the river up to the 5 km buffer (Figure 8). Non-forest areas gradually increased from 2% to 5.5% 
within the 1 km buffer suggesting an increase in pasture and mechanized agriculture areas since 2006 
around Iberia and specifically within the religious agrarian community Arca Pacahuara. The most 
discernible changes occurred close to the river while the 2 to 5 km buffers only changed slightly over 
the years. 

The results suggest a very interesting trend for riverine settlements in the Amazon. The graphs 
show a similar distance decay effect in forest clearance along rivers than along roads however the 
development is less slowly than for roads. LULCC dynamics along rivers and closer to urban centers 
and road networks may unfold the same way than for roads. More research is needed to assess the 
trajectory of change for riverine settlements and if they vary according to land tenure and infrastructure 
polices [25–27,31,84]. So far, policies of infrastructure and tenure have spared LULCC changes within 
timber concessions and protected areas located away from road and river networks. 

Figure 8. Forest, non-forest and water land-cover change dynamic of 1 km, 2 km, and  
5 km river buffer along the Tahuamanu River for 1996, 2001, 2006, 2011 for the Province 
of Tahuamanu.  
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Figure 8. Cont. 

 

The pattern of LULCC resulting from road network expansion as described here has been reported 
in several studies from the Amazon [85–87]. In our case study, policy environments, land tenure 
categories, new infrastructure, and landholder characteristics are important determinants to what is 
happening and may continue to happen in the province of Tahuamanu. These determinants have been 
observed in other case studies sharing similar characteristics [12,13,18,33]. The paving of IOH and the 
expansion of a secondary road network facilitated the development of land areas for ranching, 
agriculture via mechanized crops, and fish farming [18,19,30,88–90]. Although farmers have often 
converted land for pasture, this does not necessarily mean that they will engage in a cattle economy. 
Research on successful cattle expansion in other parts of the Amazon has shown that the presence of 
market opportunities, state-supported technology transfer, and research on improved pasture 
management techniques are essential conditions for efficient livestock production [9,91]. These 
conditions have long been lacking in Peru. Large investments for sustaining a cattle economy have not 
taken place in Peru, although an improved local cattle economy is slowly growing in the District of 
Iñapari. A contributing factor is the strategic location of the Province of Tahuamanu next to Brazil, a 
leading beef producer and exporter country.  

While in most frontier areas, LULCC has been accompanied by technology transfer via enhanced 
market access [92], this is still missing in Tahuamanu Province. New policies at the regional 
governmental level have started to promote some planning and monitoring of a more specialized 
technological and economic frontier corridor [52]. Despites this initiative, investment, new market 
centers, and secondary transformation production systems are still absent in Tahuamanu Province [46]. 
Nonetheless, landholders with superior productive capacity (i.e., more land, labor and/or capital) will 
be in a better position to benefit from policies and increased market opportunities by new infrastructure 
and thus modify their land use [11,93–95].  
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3.3. Discussion on Variation in LULCC among Tenure Types and Overlaps 

We have provided results on spatial and temporal variation in forest loss, both by distance from the 
IOH and other roads as well as rivers, and by land tenure type. Although the findings shed light into 
how transportation infrastructure and land tenure have played a key role in the way LULCC has 
evolved across space and over time, the reality is by far more complex. Results in Figure 9 address  
the issue of overlap and unclear control access to resources within land tenure types and how it  
affects LULCC. 

Figure 9. Overlap of agricultural areas and timber concession close to the town of Iberia 
and the Tahuamanu River.  

 

The detection of 2006–2011 change areas in Figure 9 confirms overlap between agricultural areas 
and timber concessions especially next to the town of Iberia and along the Tahuamanu River. The 
imprecise boundary conflicts between tenure types noticeably increases the uncontrolled expansion of 
cleared areas into timber concession areas. According to reports from the field, timber concessions 
have increasingly entered into agricultural lands benefitting from the lack of surveillance of the 
corresponding authorities. By doing so, timber concessions have been circumventing the legal 
requirements faced as concession holders to pay harvest and yearly area-based fees. On the other side, 
colonists have increasingly extracted timber from their agricultural lands in cooperation with timber 
concessions. It is well known in the Iberia District that timber extracted from titled agricultural lands is 
much higher than the official amount reported from timber concessions [49]. In these cases, logging 
occurs as a precursor to clearing for planting or ranching. Although we are not able to separate logging 
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clear-cuts from agriculture clearing as a result of our classification, further research on this issue is 
needed to understand the implications for LULCC.  

Concerns about the regulatory environment, together with a growing population of colonists, have 
increased exploitation of standing timber through clear cutting. According to [34], land tenure claimed 
rights for agriculture areas and acquired rights for timber concessions have long affected LULCC 
patterns. A step forward toward an improved framework of territorial rearrangement has been the 
preparation and analysis toward an Economic Ecological Zoning (EEZ). The EEZ of the Peruvian 
Amazon Region is a legal norm under the Peruvian Constitution Art. 69, which defines a dynamic and 
flexible process for the identification of diverse alternatives to the sustainable use of a territory based 
on the analysis of its potentials and limitations through the assessment of physical, biological, social, 
economic and cultural criteria. EEZ is intended as a form of land use planning tool that takes into 
consideration all aspects of the physical-biotic environment on the one hand and the socio-economic 
environment on the other. In Madre de Dios, the EEZ has been finalized in 2009 and should be used as 
an unbiased tool for the various land users to arrive at a consensus on the optimal use or non-use of the 
land and subsequent execution of legislative, administrative and institutional action on demarcated 
spatial units. For the Peruvian case, it is still unclear how the EEZ will influence already established 
land tenure systems into planning procedures that incorporate actual use and occupation of the territory 
and regularizes tenure overlaps. However, a first step is to acknowledge overlap areas at jurisdictions 
of different instances within the Regional Governments and work toward an integrated land tenure 
regularization process that reduce the effects on LULCC. As our case study reports, a defined land 
tenure category does not guarantee a clear control access of resources.  

4. Conclusions  

The study has contributed to the monitoring and evaluation of temporal patterns, spatial variation 
and spatio-temporal dynamics of deforestation in the Province of Tahuamanu. Deforestation is low 
overall in Tahuamanu, but exhibits non-linearities in its temporal trend. Forest loss occurred while 
preparations for paving the IOH were underway, and while deforestation does not seem to have 
occurred during paving, there was another decline in forest cover following paving. Spatially, 
deforestation is locally important adjacent to roads and rivers, which confirms previous work linking 
accessibility to LULCC. This study has confirmed that LULCC varies among land tenure types 
according to rules concerning land use and forest clearing; agricultural properties exhibit greater 
deforestation than other lands such as forest concessions and protected areas.  

In terms of spatio-temporal dynamics, deforestation occurred primarily within buffers along roads, 
but especially around the time of highway paving. Hence, deforestation transpired mostly along roads 
and especially with paving of the IOH. While the strongest spatio-temporal dynamics are evident 
closer to roads, the acceleration in deforestation with paving can still be detected out to 5 km. Given 
the acceleration after 2010, it appears that expansion of non-forest areas will continue even further 
away than the 5 km distance buffer.  

The paper suggests a very interesting trend for riverine settlements in the Amazon. A similar 
distance decay is in effect in forest clearance along rivers than along roads, however the development 
is less slowly than for roads. LULCC dynamics along rivers and closer to urban centers and road 
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networks may unfold the same way than for roads. More research is needed to assess the trajectory of 
change for riverine settlements and if they vary according to land tenure and infrastructure polices. 

Emphasis on clear land tenure demarcation should be a policy priority in Tahuamanu Province. The 
paving of the IOH has accelerated deforestation, including in forest concessions where boundaries 
overlap with agricultural lands. The interaction of highway paving and unclear tenure is thus a direct 
threat to efficient land use as well as forest conservation. Hence, lack of land demarcation and weak 
implementation of tenure policies are likely to hamper sustainable development.  

The conclusion of paving of the IOH in Tahuamany raises additional questions about ensuing 
LULCC. While considerable previous work has shown that infrastructure construction and 
improvements yields short-run shifts in land use as via deforestation, there remains a need for attention 
to downstream dynamics such as intensification. There are incipient signs of this in Tahuamanu in the 
form of fish farming, which has very different implications for LULCC than, say, ranching. Prior work 
on land use intensification and LULCC has however produced mixed findings for frontier areas; in the 
case of the Amazon, the tendency has been for intensification along roads and near markets to coincide 
with expanding forest loss farther out, given conditions of land abundance in frontiers. More recent 
efforts to implement zoning plans have sought to combat this phenomenon by protecting ecologically 
sensitive areas and implement forest concessions with specific forest resources like timber and castaña. 
A key unresolved question in areas receiving infrastructure upgrades is thus whether the pressures to 
intensify while also expanding land use will ultimately outweigh land use regulations via establishment 
of protected areas and concessions. This topic deserves further attention as IIRSA unfolds in the 
context of zoning plans in many parts of the Amazon and elsewhere. 
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