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Abstract
This study aimed to identify priority areas for the passive restoration of the Arauaí river basin, municipality of Moju, 
Pará, using a multicriteria model. This basin is located in a region with intense land use dynamics and expansion of 
oil palm cultivation, and with high forest loss and fragmentation. The Weighted Linear Combination method was 
used, with the aggregation of five criteria (Natural Erosion Vulnerability, Potential Land Use and Cover to Passive 
Restoration, Proximity to the Primary Forest, Forest cover deficit in PPAs, and Distance from Roads and Highways). 
This analysis allowed to evaluate different biophysical classes and types of land use that affect the selection of areas 
for restoration. A total of 207.82 km² of priority areas for passive restoration were identified in the studied basin, 
with about 80% of its priority areas having medium to very high priority. The final map generated proved to be a 
useful instrument in the environmental management of restoration plans in the Amazon watershed.
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1. INTRODUCTION AND OBJECTIVES

The historical process of Amazonian occupation by 
large agricultural enterprises resulted in intense spatial and 
structural changes in the regional landscape (Toledo et al., 
2015). Reduction in natural forest areas is a clear consequence 
of the influence of economic activities, which contributes to 
the increase of forest fragmentation and biodiversity loss in 
this region. In eastern Pará, intense occupations and changes 
in land use have led to the conversion of about 65% of the 
existing original primary forest (Almeida & Vieira, 2010) and 
the formation of secondary forests that dominate nearly 35% 
of the deforested areas (INPE, 2014). The Arauaí river basin, 
located in the municipality of Moju, is relevant in the context 
of the land use changes due to its insertion in the expansion 
zone of oil palm cultivation (Elaeis guineensis Jacq.) in the 
State of Pará. This basin is subject to intense pressures on its 
natural resources and land use (Almeida & Vieira, 2014), 
dominated by different agricultural uses, isolated fragments 
of native vegetation, secondary vegetation, and areas under 
degradation process (Silva et al., 2016). Ongoing degradation 

of this region leads to the increasing fragmentation, isolation 
and reduction of the forest remnants (Almeida et al., 2020).

In a scenario of high rates of deforestation and forest 
fragmentation, Amazon faces the challenge of establishing 
the restoration of 4.8 million hectares by 2050 (Brasil, 2017). 
To achieve this goal, it is necessary to adopt strategies and 
test methodologies for prioritizing the areas to be restored. 
In this regard, the deforested areas in the Amazon, occupied 
largely by secondary vegetation and pastures at different stages 
of degradation (INPE, 2014), have high potential for natural 
regeneration, which is seen as major passive restoration 
strategies based in a process of natural succession with the 
least human intervention (Chazdon, 2008; Holl & Aide, 2011).

In recent years, much attention has been given to the 
methodologies that seek to determine priority areas for the 
adoption of restoration practices (Chazdon & Laestadius, 
2016). Thus, multi-criteria analysis have been used by several 
authors, focusing on prioritizing areas for forest restoration 
(Francisco et al., 2008; Orsi & Geneletti, 2010; Valente et 
al., 2017) adding criteria that represent the biophysical 
characteristics of the landscape.
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This study applies an advanced analysis technique with 
Geographic Information System (GIS) to support decision-
making and to identify potential priority areas for passive 
restoration in the Arauaí river basin, municipality of Moju, 
State of Pará.

2. MATERIALS AND METHODS

2.1. Study area

The Arauaí river basin is located in the municipality 
of Moju, northeastern region of Pará (Figure 1) and has a 

surface area of 465.82 km², representing about 5.12% of the 
municipality. The basin is within the oil palm production 
zone in Pará, a region that presents the most appropriate 
climatic conditions for oil palm cultivation in Brazil 
(Ramalho Filho et al., 2010).

The Arauaí River constitutes a sub-basin of the river Moju 
(Middle Moju), situated in its right margin. The surrounding 
region has a hot and humid climate with average monthly 
temperatures of 25 °C to 27 °C. The rainfall varies between 
2,000 to 3,000 mm/year, and the rainy season is from January 
to June. Relative humidity is about 85% (IDESP, 2013).

Figure 1. Location of Arauaí river basin, Moju, Pará.

2.2. Digital processing 

The land cover and land use map was generated from the 
processing with ENVI software version 4.5, Landsat-8 image, 
OLI sensor, orbit-point 224/062, and spatial resolution of 
30 m, acquired on August 8, 2016. The spectral bands were 
R (6) G (5) B (4) combined, and aggregated panchromatic 
band 8 for best spatial resolution (15 m).

It was applied supervised classification (Maximum Likelihood 
– MaxVer). Classification validation was obtained from an error 
matrix, where the field data with the classification was crossed, 
generating the Global Accuracy and Kappa Index calculation 

(Hudson & Ramm, 1987). The vector data were edited in the 
UTM (Universal Transverse Mercator) Coordinate System, 
WGS-84 datum, Zone 22S, in the ArcGIS 10.1 software.

2.3. Multicriteria analysis

The Weighted Linear Combination method was employed 
for aggregating the criteria. This method is one of the employed 
in multi-criteria analysis (Sartori et al., 2012; Valente et al., 
2017; Voogd, 1983). The aggregation is done by multiplying 
each map (i.e. each cell or pixel) by its weight and subsequently 
summing the results.
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2.4. Definition and weighting of criteria

Five criteria were defined related to the biophysical aspect 
of the landscape and to the great contribution for the passive 
restoration of degraded or in process of degradation areas. The 
criteria were weighted taking into account extensive revisions 
of works produced in the area (Amiri et al., 2013; Chandio & 
Matori, 2011; Geneletti & Duren, 2008; Valente et al., 2017; 
Vettorazzi & Valente, 2016), including extensive knowledge of 
the authors about the basin of the Arauaí river (Mateo, 1984; 
Perim & Cocco, 2016). The subject of each test was normalized 
on a scale from 1.0 to 3.0. Values close to 1.0 indicate low 
priority for restoration, close to 2.0 are considered as medium 
priority, and values close to 3.0 are thematic assigned as high 
priority to passive restoration (Table 1).

Table 1. Weighting of priority criteria for passive restoration of 
Arauaí river basin, Moju, Pará.

Criterion Classification Weight

Natural Erosion 
Vulnerability (NEV)

Very low 1.0
Low 1.5
Middle 2.0
High 2.5

Potential Cover and Land 
Use for Passive Restoration 
(PCPR)

Degraded Forest 3.0
Secondary Vegetation 2.5
Extensive pasture 1.2
Intensive pasture 1.0

Proximity to the Primary 
Forest (Prox_PF)

0 – 35 m 3.0
35 – 100 m 2.5
100 – 200 m 2.0
200 – 300 m 1.5
≥ 300 m 1.0

Forest Cover Deficit in 
PPAs (FD_PPA)

00 – 20% 1.0
20 – 30% 1.5
30 – 40% 2.0
40 – 70% 2.5
70 – 100% 3.0

Distance from Roads and 
Highways (Dist_ROA)

0 – 10 m 1.0
10 – 25 m 1.2
25 – 50 m 1.5
50 – 100 m 2.0
100 – 150 m 2.2
150 – 200 m 2.5
≥ 200 m 3.0

2.4.1. Criterion: natural erosion vulnerability (NEV)

For the elaboration of the NEV criterion, the methodology 
of Crepani et al. (2001) was used, considering the following 
themes: declivity, vegetation cover and land use, pedology, 
geology, and geomorphology (Table 2).

Table 2. Themes related to natural erosion vulnerability of the 
Arauaí river basin, Moju, Pará.

Theme Class Weight

Declivity

< 2% 1.0

2 – 6% 1.5

6 – 20% 2.0

20 – 50% 2.5

Vegetation 
Cover and 
Land Use

Primary forest 1.0

Degraded forest 1.1

Secondary vegetation 1.3

Oil palm 1.5

Agriculture 2.8

Extensive pasture 2.9

Intensive pasture 3.0

Exposed soil 2.5

Campinarana 2.6

Water 0.0

Pedology

Dystrophic Yellow Latosol 1.0
Hydromorphic Ferrihumiluvic 
Spodosol 2.0

Dystrophic Plintosol Argilúvico 3.0

Geology Pleistocene Detrito-Lateritic Cover 3.0

Geomorphology

Retocado Inumado Pediplain 1.0

Plans Abaciados Inundation 2.0

Fluvial Terrace Plain 3.0

2.4.1.1. Declivity
We used the SRTM/Topodata (scene 02S495) altimetry 

database, with spatial resolution of 30  m, obtained from 
the vector grid of the National Institute of Space Research 
(INPE) database. This subject presents its values in percentage 
classified and weighted in five intervals.

2.4.1.2. Vegetation cover and land use 
This theme was weighted according to the vegetation 

cover degree of the landscape unit, which consists of a 
protection factor against erosive processes. Environments 
with high density cover were assigned weights near 1.0 
(representing stability), intermediate density weights to 
around 2.0 vegetation, and low-density assign weights close 
to 3.0 (representing instability).

2.4.1.3. Pedology (soil type), geology and geomorphology 
These subjects were obtained from the database of the 

Brazilian Institute of Geography and Statistics (IBGE), on a 
1: 250,000 scale. Subject pedology was weighted according to its 
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erosion resistance capacity (Mannigel et al., 2002). The sandier, 
the more susceptible to erosion and greater vulnerability.

In the geology theme, only one geological unit was found, 
represented by the Pleistocene Detrito-Lateritic Cover, which 
was assigned a 3.0 weight. This weight was assigned due to 
geological unit consisting mainly of sandy materials and that 
have come from intense agricultural activity.

On geomorphology, the values for vulnerability were 
weighted according to the type of relief, considering the 
morphometric parameters of the relief and drainage forms 
(Corvalán & Garcia, 2011). Fluvial Terrace Plain class received 
higher weight (3.0) as they were areas of river valleys bordering 
water courses, partly flooded, and flat lands. On the other 
hand, Retoca do Inumado Pediplain class was attributed the 
lowest weight (1.0).

Each theme represents a thematic map and for each map a 
weight (values) was applied, being 2.5 for declivity, 3.0 for vegetation 
cover and land use, 2.2 for pedology, 1.3 for geomorphology, 
and 1.0 for geology. These weights represent the importance of 
each theme for the NEV criterion. The integration of these issues 
resulted in the natural vulnerability to erosion map.

2.4.2. Criterion: potential vegetation cover and 
land use for passive restoration (PCPR) 

From the vegetation cover and land use map, we extracted 
and weighted the degraded forest, secondary vegetation, dirty and 
clean pasture classes, considered potential for passive restoration. 
Weights of 3.0 were applied to classes with a higher degree of 
vegetation cover, which indicated high resilience potential 
in relation to the other classes and high natural regeneration 
capacity. In contrast, classes of land use with little or no natural 
vegetation cover received weights close to 1.0 indicating that 
these classes are of low priority for passive restoration.

2.4.3. Criterion: proximity to the primary forest 
(Prox_PF)

In this criterion, we used polygons (shapefile) of the 
primary forest class and clean and dirty pasture classes. We 
selected the forest polygons above 10  ha and established 
a minimum distance of 35 meters—assuming that at this 
distance the seed dispersal is high and constant (Dias et al., 
2014)—between the primary forest and the land use classes.

Distance was calculated using the Near 10.1 tool from 
the ArcGIS (ESRI, 2014), software resulting in a proximity 
map (distance) and the file was converted to raster format. 
As proposed by Reich & Francelino (2012), 3.0 weights were 
assigned to close land use classes (0 – 35 m) from the primary 
forest and distant land use classes were assigned 1.0 weight.

2.4.4. Criterion: forest cover deficit in PPAs  
(FD_PPA)

We used the shapefile file drainage of Araiuaí River basin, 
available on the website of the Department of Environment 
and Sustainability of Pará (SEMAS-PA), in a 1: 100,000 scale.

Only the PPAs of watercourses and springs were considered. 
The delimitation was accomplished to create a buffer zone from 
the regular bed of the watercourses. The area covered by the 
buffer was established in accordance with the Native Vegetation 
Protection Law, called the New Brazilian Forest Code Art. 4 
(Law 12,727/2012). For the PPAs around springs were created 
buffers of 50 m at points located in forest areas and 15 m on 
those entered in consolidated areas that have suffered some 
kind of change in accordance with the established definition 
in Art. 61A, § 5 of the Law 12,727/2012.

After spatialization, the dissolve tool was used to correct 
overlapping PPAs along watercourses and springs, making it 
possible to measure the total area corresponding to the PPAs. 
The primary forest in the PPAs was cut, and then the forest 
area (km²) and the primary forest deficit (%) in the PPAs 
were calculated. The deficit was weighted according to the 
classification performed by Sparovek et al. (2011) adapted to 
the study area, applying a higher weight (3.0) in PPAs that 
presented a forest cover deficit of more than 70%.

2.4.5. Criterion: distance from roads and 
highways (Dist_ROA)

In this criterion, the polygons (shapefile) of roads and 
highways and the PCPR criterion were used. Using the Near 
tool (ArcGIS 10.1 software), a distance map was generated 
between the road vectors and PCPR, adopting a maximum 
limit of 200 m distance from the road network (Francisco et 
al., 2008). We established that the greater the distance of the 
PCPR criterion in relation to roads and highways, the greater 
the priority (weight 3.0) of passive restoration.

2.5. Aggregation of criteria 

Each criterion was represented by a map, which in turn, 
was weighted. We attributed a weight (value) 2.8 for the PCPR 
map; 2.7 for Prox_PF; 1.9 for FD_PPA; 1.1 for Dist_Roa; and 1.5 
for the NEV map. These weights were applied according to the 
importance of each criterion in the indication of priority areas 
for passive restoration in the Arauaí river basin. The criteria 
maps were aggregated as shown in Equation 1 (Malczewski 
& Rinner, 2015).

APpassive = (PCPR*p + Prox_PF *p + FD_PPA *p + Dist_ROA *p + NEV*p) (1)        
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Where APpassive: areas for the passive restoration; PCPR: potential 
cover and land use for passive restoration map; Prox_PF: proximity 
to the primary forest map; FD_PPA: forest cover deficit in 
PPAs map; Prox_ROA: distance from roads and highways 
map; NEV: natural erosion vulnerability map; p: weight or 
importance value to passive restoration.

3. RESULTS AND DISCUSSION

3.1. Vegetation cover and land use diagnosis

The vegetation cover and land use map presented ten classes 
for the Arauaí river basin (Figure 2). According to the confusion 

matrix report, 90.1% overall accuracy and a Kappa index value 
of 0.9 were attained for the 2016 classification-map. These 
values met the minimum accuracy requirements to be used for 
subsequent post-classification analyses (Wrublack et al., 2012).

Economic activities represented by pasture and agriculture 
guide the degree of occupation and land use in the region, 
occupying about 40% of the total area of the basin, as shown 
in Figure 3.

The remaining native forest (primary forest and degraded 
forest) occupies almost 50% of the Arauaí River basin. 
Degraded forest is a forest type in which most or all of the 
commercial timber has been removed by conventional logging. 
Almeida et al. (2020) reveal that there is an increase of 15% 
from 1991 to 2013 of degraded forest in the Moju region, 
due to the ongoing effects of fires and unregulated logging 
activities. Forest degradation leads to impoverishment of 
the forest in terms of biodiversity and carbon stocks, and it 
is thus important that it be evaluated. Secondary vegetation 
resulting from natural regeneration and the process of 
ecological succession in abandoned areas after cultivation, 
occupies 9.16%. Arauaí river basin follows the deforestation 
rate of the Moju municipality, showing conversion of forests to 
agricultural areas (Almeida & Vieira, 2014). In fact, dramatic 
increase of deforestation in Moju region from 1991 to 2013 
leads to 50% of forest loss and reflects the substitution of this 
vegetation by expanding oil palm plantations and ranching 
operations (Almeida et al., 2020). 

The dominant land use in the studied basin is oil palm, 
occupying 92.31  km² (19.82%). The oil palm crop still 
continues to rise economically, due to high demand for palm 
oil in the national and international markets. The dynamics 
established in this region public policies to encourage such 
culture causing significant changes in the landscape (Nahum & 
Santos, 2016). As reported by Almeida et al. (2020), the palm 
oil producers in the eastern Amazon destroyed large areas 
of forests to expand plantations, which brought landscape 
changes such as increasing fragmentation, isolation and 
reduction in the area of forest remnants.

3.2. Priority areas for passive restoration

Analysis of priority areas identified 207.82 km² of potential 
areas for passive restoration, with 66% having medium priority, 
followed by 16.35% and 15.15% with low and high priorities 
for passive restoration, respectively (Table 3). The modeled 
landscape scenario of the Arauaí river basin indicated a 
medium potential to apply the natural regeneration method 
associated to the presence of numerous fragments of degraded 
forest surrounded by secondary vegetation that contribute 
to seed dispersal of tree species.
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Figure 2. Vegetation cover and land use map of the Arauaí river 
basin, Moju, Pará.

Figure 3. Quantification of land cover and land use classes of the 
Arauaí river basin, Moju, Pará.
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Table 3. Distribution of priority classes of passive restoration 
according to the multicriteria analysis used for the Arauaí river 
basin, Moju, Pará.

Priority Class Degree of Priority Area (km²) %

Restrictions – 258.00 –

Very Low 1.00 – 1.35 0.09 0.04

Low 1.35 – 1.75 33.98 16.35

Medium 1.75 – 2.25 138.45 66.62

High 2.25 – 2.65 32.28 15.15

Very Tall 2.65 – 3.00 3.02 1.45

Total – 465.82 100

In the passive restoration map (Figure 4), the restrictions 
represented 258 km² of the Arauaí river basin. These restrictions 
represent areas that were not considered a priority for the 
passive restoration of forest cover. In the NEV criterion there 
were no restrictions. Primary forest classes, campinarana, oil 
palm cultivations, temporary crops, exposed soil, and water 
were considered restrictions on PCPR criteria Prox_PF and 
Dist_ROA. As for the FD_PPA criteria, we considered restrictions 
all map classes of vegetation cover and land use because the 
aim of restoring this criterion is only the track related to PPAs.

PRIORITT LEVEL/ CLASSES
1.00 - 1.35 / Very Low
1.35 - 1.75 / Low
1.75 - 2.25 / Medium
2.25 - 2.65 / High
2.65 - 3.00 / Very High
Restriction
Arauai River Basin Limit

Coordenate System UTM
Datum WGS-84

Zone 22 Sul - South
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Figure 4. Map of priority areas for the passive restoration of the 
Arauaí river basin, Moju, Pará.

3.2.1. Very low priority (1.00 – 1.35) 

Characterized by the dark blue color, this class occupied 
a small area of the basin, classified as very low natural 
vulnerability to erosion. In this area, fragments of secondary 
vegetation and dirty pasture are included, located more than 
200 m away from the primary forests, therefore outside the 
PPA limit and distant 10 m to 25 m of roads and highways. 
These situations give this class a very low degree of priority 
because there is no influence of primary forests to seed rain, 
affecting the natural regeneration process.

3.2.2. Low priority (1.35 – 1.75) 

This class is represented by the light blue color, presenting 
medium natural erosion vulnerability (NEV criterion). 
This class includes as potential land use and land cover for 
passive restoration (PCPR criterion) fragments of degraded 
forest, and secondary vegetation, clean and dirty pastures. 
Concerning the proximity of the passive potential areas for 
restoration to the primary forest (Prox_PF criterion), this 
class has 89.1% of the area (29.45 km²), between 0–35 m, of 
primary forests. The criteria described above give this class 
a low priority. The FD_PPA and Prox_Roa criteria were not 
representative in this class.

3.2.3. Medium priority (1.75 to 2.25)

The green color characterizes this class. Most of it presents 
natural erosion vulnerability (NEV) ranging from low to medium, 
corresponding to 77.02% (106.54 km²). Regarding the PCPR 
criterion, a large part (40.29%) is represented by fragments of 
degraded forests. The average degree of priority is also due to 
98.58% of the potential areas for passive restoration being near 
seed source areas (0 – 35 m). The total PPA area in this class 
corresponds to 1.95 km2, and 1.58 km2 are 70 – 100% of deforested 
area. The roads and highways are beyond 200 m (64.12%).

3.2.4. High priority (2.25 – 2.65)

Indicated by the orange color, this class presents high 
VNE (88.38%). Degraded forest is the dominant vegetation 
cover, corresponding to 82.56% (17.93 km²). The high degree 
of priority is also reinforced by the Prox_PF criterion, whose 
potential areas for passive restoration are very close (0 – 35 m) 
to the primary forest. Regarding the APP, this class has APPs of 
3.86 km2, and 2.75 km2 (71.26%) corresponds to a forest deficit 
ranging between 70 – 100%. Roads and highways also show a 
great distance (≥ 200 m) from the power areas to the passive 
restoration, representing about 88.66% (17.9 km²) of this class.
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3.2.5. Very High Priority (2.65 – 3.00)

Represented by the red color, this class has low natural 
erosion vulnerability, presenting about 73.39% (1.74 km²) 
of area occupied by degraded forest and potential areas for 
passive restoration, which are almost 100% close to the primary 
forest. The high priority of this class is also associated to 
1.8 km² of PPA in need of restoration and further to 1.96 km² 
(89.97%) of power areas which are distant from roads and 
highways (≥ 200 m). 

On the western side of the Arauaí river basin, there is a 
relative dominance of more unstable areas, presenting large 
areas occupied by pasture and agriculture, occupying 39.26% 
(182.88 km²) of the Arauaí river basin area. The deconstruction 
process of the structure of the protective plant cover directly 
contributes to the degradation of the landscape of the Arauaí 
basin since small soil cover provided by agricultural pastures 
and crops are not sufficient to protect and conserve soil 
characteristics (Fantinel & Benedetti, 2016). 

On the eastern side, there are reduced fragments of 
primary forest surrounded by fragments of degraded forest, 
suppressed by logging and fire practices, which modified the 
tree structure of the vegetation. This is due to the disorderly 
growth of the means of production, resulting in the availability 
of natural resources, compromising environmental services, 
and directly affecting biodiversity (Lees et al., 2015). 

Finally, the Arauaí river basin shows the priority areas for 
passive restoration with the following characteristics. Areas 
with medium vulnerability to erosion, degraded forest sites 
and secondary vegetation, being close to native vegetation and 
distant from roads or highways, as well as the deficit of forest 
cover ranging from 0% to 40% in permanent preservation 
areas (PPAs). These features make it possible to implement 
a quick recovery without human intervention and the need 
for emergency recovery restoration projects.

The PPAs were those that obtained the highest restoration 
priority, as they are directly affected by changes in land use. 
The study of land use and land cover in the Arauaí river 
basin showed that agricultural occupations do not respect 
the legislation that protects the PPAs, which worsens the 
situation of environmental degradation observed in the 
basin in this study.

The criterion Prox_PF presented great relevance for the 
construction of the priorities map. This criterion, in conjunction 
with the DF_PPA criterion, allowed the definition of a large 
number of areas suitable for passive restoration.

The prioritization of areas in the basin in this study provided 
a better understanding of the restoration capacity and areas 
that can be retrieved by natural regeneration, considering 

the proximity of primary forest fragments larger than ten 
hectares. The regions of the basin where these fragments 
are distant from potential areas for passive restoration were 
associated with the lowest priority values (weight 1.0), and 
by contrast, the greater proximity of these fragments was 
associated with higher priority values (weight 3.0).

4. CONCLUSIONS

Application of the weighted linear combination multi-
criteria method has made it possible to allocate, in a simplified 
way, areas for the passive restoration in the Arauaí river basin 
and can be an alternative for decision-making in river basin 
restoration projects. Weighting of five biophysical criteria and 
their variables classified the Arauaí river basin as medium 
priority for the passive restoration method. The PPAs were 
those that obtained the highest restoration priority, as they 
are directly affected by changes in land use. The study of the 
land use and cover in the Arauaí river basin showed that 
this occupation does not respect the legislation that protects 
the PPAs, which worsens the situation of environmental 
degradation verified in the basin in this study.

The use of natural regeneration also plays an important 
role in the recovery of degraded primary forests by logging 
and fire since this basin has a high value for restoration.
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