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Abstract: The Ecuadorian Amazon is considered a biodiverse region, and at the same time contains
the largest number of oil blocks and oilfields in the country. Oil exploitation requires the implementa-
tion of oil facilities and related infrastructure, such as roads, water, and energy supply, for operation.
These large engineering works can alter the dynamics of the Amazonian natural ecosystems. This
paper analyzes the land use and land cover (LULC) change and relates spatial patterns within an
oil block located in the province of Orellana, Ecuador. The study was processed in two phases, the
first corresponding to the collection and classification of LULC classes within the oil block. The
second phase concerned the calculation of landscape metrics, with the purpose of quantitatively
characterizing each class. This analysis was carried out for the pre-concession, post-concession
scenarios of the oil block and the current scenario of the region. The results revealed that the low
predominance of forest cover within the study region is not directly associated with the beginning of
the Block 47 concession. On the other hand, a significant reduction of the Coca River was evidenced
for the 2018 scenario.

Keywords: Ecuadorian Amazon; LULC; oilfields; petroleum exploration; spatiotemporal analysis;
landscape metrics; environmental impact

1. Introduction

In Ecuador, oil exploration and exploitation began in the 1920s, when the first oil well
was discovered in the parish of Ancon in the province of Santa Elena. It was operated
by the English company Anglo-Ecuadorian Oilfields Limited [1,2]. Later, the oil crisis
of the 1970s and the discovery of oilfields under the Ecuadorian Amazon motivated the
implementation of the Trans-Ecuadorian Oil Pipeline System (SOTE), which transports oil
from the Amazon to the vicinity of the Pacific Ocean [3–5]. For this reason, the Ecuadorian
Amazon has been experiencing an expansion of hydrocarbon projects in order to satisfy
international demand for hydrocarbons and to consolidate Ecuador’s insertion into the
global economic market [3].

Ecuador’s crude oil reserves are estimated to be exploitable for the next 20 years.
Most of them are located in the Ecuadorian Amazon, with 8.27 billion barrels [6]. The oil
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reservoirs contain volumes of 1632 MMBls (Million barrels) of proven reserves, 314 MMBls
of probable reserves, and 749 MMBls of possible reserves, representing a total volume of
2695 MMBls [7]. Approximately 79% of daily oil production is operated by the state-owned
company Petroamazonas EP [8], which qualifies the oil sector as one of Ecuador’s main
sources of foreign exchange, with a 10.1% share in the Gross Domestic Product (GDP) [9].

The Ecuadorian Amazon is considered one of the most biodiverse regions in the
world, with a large number of flora and fauna species [10–12]. It is a space of coexistence
of different indigenous communities, whose population dynamics are directly related to
the tropical forest and its ecosystem services [13]. It is also the territory inhabited by the
country’s only indigenous peoples in voluntary isolation, the Tagaeri and Taromenane [14,
15]. The Amazon region, however, is not adequately supervised by the state, which
exposes it to potential environmental and social impacts, mainly linked to natural resource
extraction activities [13,16].

Between the 1960s and 1990s, about 59 billion liters of toxic waste were dumped in
Lago Agrio, in the province of Sucumbíos. Forests and rivers were contaminated during
30 years of exploitation and exploration of oil wells by a private company [17–20]. This
evidenced a deficiency in the monitoring and conservation of the Ecuadorian Amazon.
In order to have better control and management of operations and exploration in areas
with oil reserves in Ecuador, the Hydrocarbons Secretary of Ecuador (SHE) along with
the Petroleum Information Bank of Ecuador (BIPE) classified these reserves into 60 oil
blocks [21,22]. Around 25 of these blocks are located in the province of Orellana, one of
which corresponds to the Paraíso Biguno Huachito and Intracampos Block (PBHI). This
block is also known as Block 47. This block was granted since 2003 to the subsidiary Sipetrol,
of the Chilean company Empresa Nacional del Petróleo (ENAP), with an investment of
$90 million for its oil exploration and exploitation [23,24]. By 2019, Block 47 registered an
annual production of 7,688,858 barrels and estimated reserves of 4.4 MMBls [25,26].

The implementation of large engineering projects in tropical rainforest areas can alter
the spatiotemporal dynamics of the surrounding forest cover. Labor mobility, demand for
housing and basic services, implementation of complementary works to the project such
as access to roads, water, and energy available for the operation of these infrastructures,
etc. can contribute to these alterations [27,28]. This can lead to tropical forest deforestation,
changes in land use, fragmentation, and loss of primary forests [29–32].

The importance of land use and land cover (LULC) pattern analysis is therefore
highlighted as a mechanism to identify and spatialize possible alterations in LULC within
oil blocks. In this study, the landscape was analyzed to evaluate the LULC patterns within
Block 47 during an 18-year period. This period was divided into three phases consisting
of pre-operation, oil exploitation, and a current scenario corresponding to the years 2000,
2008, and 2018, respectively.

2. Materials and Methods
2.1. Study Area

The study area corresponds to the Paraíso Biguno Huachito and Intracampos Block
(PBHI), better known as Block 47 (0◦12′27” and 0◦29′40” S, 76◦53′14” and 77◦5′28” W),
northwest of the province of Orellana. It covers part of the parishes of Lago San Pedro, Joya
de los Sachas, San Carlos, El Dorado, Nuevo Paraíso, San José de Guayusa, San Sebastián
del Coca, and the cantonal capital of Puerto Francisco de Orellana, known as El Coca
(Figure 1). The study area is > 38,000 ha, and it is located within a tropical rainforest region
with a humid tropical climate (according to the Köeppen classification), with consistent
rainfall throughout the year, and annual precipitation of 3319 mm [33,34]. This region is
mostly covered by forest and agricultural land. It has high influence of activities related to
oil extraction, and as a result, human activities linked to the oil industry and agricultural
activities represent almost half of the employment sources in the region [35].
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Figure 1. Location of the study area: Block 47.

2.2. Acquisition and Processing of Data

For data acquisition, a map of oil blocks was used. The map was acquired from the
web page of the Secretary of Hydrocarbons of Ecuador [36]. Next, a project was created
in ArcGIS Pro (version 2.6). The UTM projection datum/spheroid WGS 1984 Zone 18S
was defined, and the oil block map was georeferenced with 26 control points. After that,
the vector corresponding to Block 47, shown in Figure 1, was delineated. The LULC maps
were obtained from the geoportal of the Ministry of Environment and Water of Ecuador
(MAE), corresponding to the years 2000, 2008, and 2018. They are classified by a level 1
categorization defined by the MAE [37]. These maps were overlaid to determine LULC
within the area defined by Block 47.

Next, the classes of LULC were grouped as follows: (1) Forest, corresponding to pri-
mary forests, forest plantations and arboreal ecosystems regenerated by natural succession
and characterized by the presence of trees of different species; (2) agricultural land, formed
by areas related to human activities such as agriculture, livestock, and occupation mosaics;
(3) urban area, consisting of the spots of populated areas and infrastructure; (4) water
bodies, comprising natural and artificial surface water such as rivers and lakes; (5) exposed
soil, encompassing areas without vegetation cover related to alluvial plains and sandbanks.

2.3. Landscape Structure Metrics

The landscape structure within Block 47 was quantified using FRAGSTATS soft-
ware [38], in which class and landscape metrics were determined. In order to analyze the
spatiotemporal patterns of landscape change, some of the metrics used in similar studies
were considered to identify and spatialize deforestation patterns, influenced by infrastruc-
ture and urban areas [39,40]. The metrics of class fragment area (CA), the number of class
fragments (NP), the class fragment density (PD), and the class fragment mean size (MPS)
have been calculated by tabulating the data obtained in Table 1. After getting the index
values, a comparative analysis was done with respect to landscape fragmentation between
the years 2000, 2008, and 2018.
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2.4. Detection of Transitions

In order to identify and analyze the systematic changes, as well as the differences
in quantity and location of LULC dynamics within Block 47, a transition matrix was
made between the study periods. With the data obtained, the methodology proposed by
Pontius [41,42] was adapted to determine the persistence, losses, and total gains in relation
to the areas occupied by each class within the landscape for the periods 2000–2008 and
2008–2018.

Table 1. LULC (land use and land cover) transition matrix from 2000–2008 and 2008–2018 within Block 47, with areas in
hectares (ha).

2008

2000 Forest Agricultural Land Water Bodies Urban Area Exposed Soil Total (b) Permanence

Forest 10,032 2739 0 43 0 12,814 78%
Agricultural land 2092 20,608 0 386 0 23,086 89%

Water bodies 0 0 2245 1 0 2246 100%
Urban area 0 0 0 399 0 399 100%

Exposed soil 0 0 0 0 32 32 100%

Total (a) 12,124 23,347 2245 829 32 38,577
Variation (a–b) −690 261 −1 430 0

2018

2008 Forest Agricultural Land Water Bodies Urban Area Exposed Soil Total (b) Permanence

Forest 8616 3396 21 70 21 12,124 71%
Agricultural land 1571 21,247 130 395 3 23,346 91%

Water bodies 5 414 1573 8 245 2245 70%
Urban area 0 0 0 829 0 829 100%

Exposed soil 3 10 15 0 5 33 15%

Total (a) 10,195 25,067 1739 1302 274 38,577
Variation (a–b) −1929 1721 −506 473 241

3. Results and Discussion

Thematic maps of LULC within the PBHI Block were generated for the years 2000, 2008,
and 2018 (Figure 2). The maps facilitate the identification of the geographic distribution of
LULC classes and related the spatial patterns of LULC change within the oil block, over the
18 years of study. From the analysis of the LULC maps, slight alterations in the landscape
are observed. Table 1 presents the LULC transition matrix between the years analyzed. The
data demonstrates that since the 2000 scenario, the forest is fragmented, with a prevalence
of exposed soil classes and water bodies for the period 2000–2008 within Block 47, while
this prevalence is not maintained during the period 2008–2018.

For the 2000 scenario, two urban spots of 49 ha and 290 ha were identified, referring to
the cities of San Sebastián del Coca and part of Puerto Francisco de Orellana, respectively,
which are the main population centers of the province of Orellana. By 2008, these urban
spots had expanded approximately twice as much as in 2000, with the section correspond-
ing to Puerto Francisco de Orellana increasing to 679 ha and the one of San Sebastián del
Coca expanding to 92 ha. In the 2018 scenario, the expansion of these spots was 1.57 times
greater than in 2008, with 919 ha and 177 ha of area occupied by each city, respectively.
These cities are interconnected by the Troncal Amazónica Alterna highway (E45A), where
small population centers are also identified around the highway. This configuration consol-
idates the two cities as a space for commercial exchange and the provision of services in
the region. These services are largely linked to oil activity [43].

According to the National Institute of Statistics and Census (INEC), in 2001 the
province of Orellana had a population of 86,493 inhabitants, by 2010 it had 136,396 inhabi-
tants [44], and the projection for 2018 was 157,520 inhabitants [45]. In the first period of
analysis, land cover classes in Block 47 did not undergo major variation (Table 1), with
the exception of urban spots that were duplicated. During the last period, transitions
were evident for all classes, especially a continuous expansion of urban areas, a sudden
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extension of exposed soils, and an increase in agricultural land (Table 1). These changes, in
particular the continuous expansion of populated zones, are related to the consolidation
of settlement as a manifestation of the mobility of people working in the region, linked
directly and indirectly to the oil industry.

Figure 2. Thematic maps of LULC within Block 47, referring to the years 2000 (a), 2008 (b), and 2018 (c).

It should be noted that the northern region of the Ecuadorian Amazon is the area with
the greatest presence of oil activity, which means it represents the main source of economic
income for the country’s GDP [46]. In this regard, the development of this activity in places
with fragile ecosystems and settlements of indigenous peoples means that the human and
environmental cost is high [46]. The human impact attributed to oil activity includes the
spread of several cases of cancer in the indigenous population [47].

In 2000, only 33.22% (12,814 ha) of Block 47 was covered by tropical forest, while in
2008 and 2018 the region experienced the loss of 690 ha and 1929 ha of forest, respectively
(Table 1). During the study period, 22% of the landscape remained as forest. The effect of
lesser loss of forest areas during the first period (2000–2008), in relation to the second period
(2008–2018), may be associated with fluctuations in labor concentration by the oil industry.
A phenomenon of natural restoration is evident in areas abandoned by the resignation
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of local agricultural practices [48]. In the middle of the last decade, the price of a Brent
oil barrel experienced a sharp fall [49], which caused the return of labor to the fields, as a
temporary solution to unemployment in the region. This effect may have influenced the
loss of forest cover in the second period of analysis.

The study area is also involved in agricultural activities, with significant production
of cocoa, coffee, oil palm, corn, and bananas [50]. There are also more than 600 fishponds,
making aquaculture the third most important economic activity in the province. These
activities, together with hunting and forestry, represent 1.5% of the provincial GDP [50]. In
this context, agricultural land over time experienced little variation in its extension, with
23,086 ha (59.85%) in 2000 and an increase to 23,346 ha (60.52%) and 25,067 ha (64.98%) of
surface in 2008 and 2018, respectively (Table 1). It is important to mention that during the
last period of analysis the local government invested in the improvement of road networks
for the conversion of forests into areas of agribusiness in the region [35]. It is possible that
this type of investment has motivated a greater growth of agricultural areas during the last
period analyzed.

The Coca River crosses Block 47. Its flow feeds the Coca Codo Sinclair hydroelectric
plant, located upstream of the study area [51]. In Figure 2, the Coca River is represented
by the class of water bodies, which remained constant during the 2000 and 2008 scenarios.
However, by 2018, the water bodies presented a significant reduction of 22.5% (506 ha)
(Table 1). This reduction may be linked to the operation of the Coca Codo Sinclair hydro-
electric plant, built since July 2010 and inaugurated in November 2016. It has an installed
capacity of 1500 MW, making it the main source of energy and the largest hydroelectric
plant in Ecuador [51,52]. The effect of the reduction of the water surface for the year 2018
caused the appearance of sandbanks in the Coca riverbed (Figure 2). The total area of
exposed soil in the 2018 scenario confirms the 8.56-fold increase in this class, directly linked
to the new sandbanks (Table 1). In contrast, in the first two scenarios, the area occupied by
the exposed soil class remained constant at 32 ha.

The continuous expansion reduces tropical forests in the region, which is supported by
the number of fragments and relative participation of the forest class presented in Table 2.
According to the data in Table 2, 12.58% of the landscape was covered by 2 large forest
fragments (>1000 ha) in 2000. Similarly, by 2008, the same forest fragments were identified
with a slight decrease in land cover (12.35% of the landscape). In the last scenario, however,
only one large forest fragment was preserved, covering 7.27% of the landscape (Table 2).
This last result provided evidence for the reduction of tropical forest within Block 47,
producing fragmentation of large forest areas and an increase in smaller fragments (<0 ha),
presenting more fragments in fewer forest areas. This is supported by the number of
smaller fragments (< 5 ha and 5- < 10 ha) present between 2008 and 2018, which increased
from 53 to 116 forest segments, with landscape coverages of 0.83% and 1.85%, respectively.

Table 2. Number of fragments and relative land cover share of forest fragments within Block 47 for
the years 2000, 2008, and 2018.

Size of Fragments. [ha]
Number of Fragments Relative Land Cover

2000 2008 2018 2000 2008 2018

<5 45 38 91 0.30 0.17 0.71
5–<10 17 15 25 0.31 0.66 1.14

10–<500 69 61 74 12.8 12.02 11.3
500–<1000 3 4 4 7.18 6.24 6.03

>1000 2 2 1 12.58 12.35 7.27

Total 136 120 195 33.22 31.43 26.43

The landscape metrics reveal the 2018 scenario as the most fragmented (Table 3),
because it presents the smallest mean forest patch size (MPS = 111.20 ha), which relates the
number of patches and occupied area of the entire forest. It can be inferred that numerous
fragments of deforested areas replaced the large patches of tropical forest. On the contrary,
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the year 2008 exhibits the lowest density of forest patches (PD = 0.63 frag./100 ha) and the
highest mean forest fragment size (MPS = 158.39 ha), which presents a lower number of
fragments (NP = 271) of large size within the landscape, providing evidence for the greater
consolidation of the forest. The previous results support that the greatest fragmentation
of the landscape occurred during the last period of analysis, which implies the loss of
large forest patches, thus making room for the predominance and greater connectivity of
deforested areas.

Table 3. Number (NP), density (PD), and mean size (MPS) of forest fragments in 2000, 2008, and 2018.

Year NP [unit.] PD [frag./100 ha] MPS [ha]

2000 312 0.73 137.58
2008 271 0.63 158.39
2018 386 0.90 111.20

From the data in Table 1, the graphs in Figures 3 and 4 were obtained. These graphs
show the differences in quantity, exchange, displacement, location, and percentage of
dominance of the different classes throughout the analysis period [41].

Figure 3. Quantity, exchange, and displacement components in relation to the percentage of predominance by class,
referring to the periods 2000–2008 (a) and 2008–2018 (b).

Figure 4. Gain, persistence, and loss in relation to the percentage of dominance for each class, referring to the periods
2000–2008 (a) and 2008–2018 (b).

During the period 2000–2008, the greatest variation in the percentage of class domi-
nance was evident (Figure 3a). The forest class was the only one that experienced a negative
difference in quantity, with about a 2% decrease in landscape cover. Meanwhile, the urban
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areas and agricultural land classes experienced a positive variation, increasing by less than
1% of their area within Block 47. These exchange differences highlight the relationship
between the classes of agricultural land and forest, in which both classes exchange their
spaces within the landscape with a slight displacement of the agricultural land to the forest.

The period 2008–2018 shows a greater interaction between the existing classes within
Block 47 (Figure 3b). The forest and agricultural land classes present this interaction, with
high area gains for agricultural areas and area losses for forests. Likewise, the pattern of
exchange difference between forests and agricultural land is again evident, but to a lesser
extent compared to the 2000–2008 period. On the other hand, the classes of exposed soil
and urban areas experienced slight differences in quantity, increasing their area by less
than 2%.

The negative variation experienced by water bodies indicates the loss of dominance
of this class within the study area. During the entire period of analysis, the classes that
suffered the greatest negative variation were forests and agricultural land, with a greater
loss of dominance of the forest.

Figure 4a shows the dominance and the persistence disposition of the agricultural
land class compared to the other classes within Block 47. At the same time, the gains and
losses of the areas corresponding to agriculture are linked to the exchange transitions with
the forest (Figure 3a). In relation to the other classes, urban areas show a slight gain in the
percentage of dominance within the landscape, accounting for population growth in the
region. In contrast, the class of water bodies persisted throughout the 2000–2008 period.

During the 2008–2018 period, the growth of agricultural land continued, with more
than 10% gain in dominance within the landscape (Figure 4b). The forests land cover
suffered a 4% reduction and urban areas only showed gains in the percentage of dominance,
compared to the 2000–2008 period. Finally, the class of water bodies experienced a loss
in the percentage of dominance within the landscape, as a result of the modification of
the Coca River flow, linked to the beginning of the operation of the Coca Codo Sinclair
hydroelectric plant. As a consequence, this effect gave way to a gain in the percentage of
dominance of the exposed soil class that is directly linked to the appearance of sandbanks
in the Coca riverbed.

From the persistence and gain of agricultural land in both periods, it is possible to
infer its dominance trend for the coming years. This behavior, linked to the increased
fragmentation of tropical forests, produces a reduction in the abundance of plant and
animal species. These effects are more noticeable in the last scenario of analysis, with about
twice the number of smaller forest fragments (< 10 ha), compared to the 2000 scenario
(Table 2). Other studies addressing deforestation in Ecuador found that 99.4% of the areas
deforested between 2000–2008 were transformed into agricultural areas. Likewise, 0.23%
of these deforested areas were converted into urban areas and rural settlements [28]. The
increase in forest fragmentation has adverse effects on Amazonian ecosystems, such as
changes in population size and dynamics, and alteration of ecosystem processes due to the
degradation of smaller forest fragments [53,54]. There are also physical changes, such as
the loss of primary trees replaced by new species of flora of lower height, which causes a
greater penetration of sunlight through the fragmented spaces [53].

4. Conclusions

The results obtained made it possible to evaluate the changes in forest cover within
Block 47 in a period prior to the beginning of the oil operations and two subsequent
periods. It was identified that over time, the areas of forest cover were displaced mainly by
agricultural land and urban areas, which fragmented the few segments of tropical forest
present in the region. However, these impacts are not directly associated with the beginning
of the operations of the oil company Sipetrol, since in the first period analyzed, only 33%
of the landscape was covered by forest fragments. This represents a low predominance of
forest cover within Block 47 in the pre-operation and oil exploitation period.
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Deforestation rates within Block 47 were found to be 86.25 ha/year and 192.9 ha/year,
for the periods 2000 to 2008 and 2008 to 2018, respectively. The metrics’ results revealed that
the greatest landscape fragmentation occurred in the 2018 scenario, with approximately
twice as many forest fragments smaller than 10 ha, compared to the 2000 scenario. This
implies the loss of large forest patches, resulting in the dominance and greater connectivity
of deforested areas.

It is important to highlight the significant reduction of the Coca River water surface in
the 2018 period, linked to the loss of the river flow caused by the operation of the Coca
Codo Sinclair hydroelectric power plant, inaugurated in November 2016. It is known that
hydroelectric energy is clean, efficient, and renewable, however, it is necessary to know the
adverse effects in the region that may be caused by the hydrological alteration of the Coca
River, detected in this study.
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