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Abstract: Forest conservation is of particular concern in tropical regions where a large refuge of
biodiversity is still existing. These areas are threatened by deforestation, forest degradation and
fragmentation. Especially, pressures of anthropogenic activities adjacent to these areas significantly
influence conservation effectiveness. Ecuador was chosen as study area since it is a globally rele-
vant center of forest ecosystems and biodiversity. We identified hotspots of deforestation on the
national level of continental Ecuador between 1990 and 2018, analyzed the most significant drivers
of deforestation on national and biome level (the Coast, the Andes, The Amazon) as well as inside
protected areas in Ecuador by using multiple regression analysis. We separated the national system
of protected areas (SNAP) into higher and lower protection levels. Besides SNAP, we also considered
Biosphere Reserves (BRs) and Ramsar sites. In addition, we investigated the rates and spatial patterns
of deforestation in protected areas and buffer zones (5 km and 10 km outwards the protected area
boundaries) using landscape metrics. Between 1990 and 2018, approximately 4% of the accumulated
deforestation occurred within the boundaries of SNAP, and up to 25.5% in buffer zones. The highest
rates of deforestation have been found in the 5 km buffer zone around the protected areas with
the highest protection level. Protected areas and their buffer zones with higher protection status
were identified as the most deforested areas among SNAP. BRs had the highest deforestation rates
among all protected areas but most of these areas just became BRs after the year 2000. The most
important driver of deforestation is agriculture. Other relevant drivers differ between the biomes. The
results suggest that the SNAP is generally effective to prevent deforestation within their protection
boundaries. However, deforestation around protected areas can undermine conservation strategies
to sustain biodiversity. Actions to address such dynamics and patterns of deforestation and forest
fragmentation, and developing conservation strategies of their landscape context are urgently needed
especially in the buffer zones of areas with the highest protection status.

Keywords: conservation; driving forces; forest; loss; human pressure; land use change; landscape
metrics; protection status; spatial analysis
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1. Introduction

Forest ecosystems provide essential ecosystem services such as climate and water
regulation, erosion prevention, carbon storage, timber, non-timber products, tourism
and recreation [1-3]. For example, mountain forest catchments play an important role
in runoff generation [4] and tropical rainforest influences the global carbon cycle [5,6].
About one-third of the global human population is directly dependent on forests and
forest products as food, shelter, and income [5]. Forests also provide important habitat for
flora and fauna. Approximately 80% of known amphibian species, 75% of all bird species
and 68% of all mammal species have their habitat in forests [5,7]. However, many forest
ecosystems are threatened by land use changes. Deforestation causes for example loss
of species [8,9], carbon emissions and other greenhouse gases [10], soil erosion, and loss
of organic matter [11]. In addition, climate variability causes diseases, climate stress for
trees, and indirectly causes higher fire frequencies [12-15]. More than 20,000 tree species
are on the International Union for Conservation of Nature (IUCN) Red List of Threatened
Species [1,7,16]. Between 1990 and 2020, forests worldwide decreased from 32.5% to 30.8%
of the total land area [5]. On average, 4,740,000 hectares of forest have been lost per year
between 2010 and 2020. Highest forest losses occurred in South America and Africa (ibid.).

Forest ecosystems in South America are especially affected by high demand for timber,
oil and minerals, food, and biomass [17-19]. Forest carbon loss between 2003 and 2016,
for instance, was almost twice as large as carbon gains in the Amazon Basin [20] and soil
organic matter on the surface was reduced by up to 60% in the Ecuadorian Amazon [21].
Furthermore, forest areas that are assigned to human land uses or strict protection cannot be
clearly distinguished, especially in the Amazon Basin [22]. About 50% of the Amazon Basin
is currently protected or indigenous territory but governmental concessions for mining
and oil extraction overlap with about 24% of all official indigenous territories [20,23].
Indigenous people maintain forest as a source of their traditional livelihood and therefore
contribute to nature conservation [24,25] and reducing forest loss [26,27]. In Ecuador for
instance, government has allotted 48% of indigenous territories and protected areas (PAs)
to oil mining companies, which hampers nature conservation [28].

Ecuador is a hotspot of global biodiversity and belongs to the top ten countries on
the global level with the highest number of tree species [29]. However, Ecuador lost
about 12% of its natural forest cover between 1990 and 2018 (ibid.). Forests in Ecuador are
mainly affected by land use changes due to agricultural cultivation, pastures for livestock,
urbanization, infrastructure, mining, and oil extraction [30,31]. The national system of
protected areas (Sistema Nacional de Areas Protegidas, SNAP) conserves biologically important
areas and covers approx. 20% of the Ecuadorian land area [32]. Even though these areas
are nationally protected, their buffer zones receive major anthropogenic pressure. Andrade-
Nufiez and Aide [33] analyzed nighttime light as an indicator of infrastructure and human
activity inside and next to PAs in South America between 2001 and 2011. Ecuador and
Venezuela had the highest infrastructural expansion in and around PAs, assuming pressure
on PAs due to missing buffer zones and corridors. Currently, 22% of the forest ecosystems
in Ecuador are threatened according to the IUCN Red List of Ecosystems [34]. Sierra
et al. [35,36] and Gonzalez-Jaramillo et al. [37] conducted spatial analyses of deforestation
on national level. They identified the coastal biome as the most affected area of deforestation.
Sierra et al. [35,360] suggested therefore the establishment of additional protected areas
especially in the coastal biome and for dry ecosystems. Rivas et al. [38] is supporting
this recommendation. They have focused on seasonal dry forest in the coastal biome
and its protection levels. They showed that especially semi-deciduous forest represented
highest fragmentation levels and need more effective protection. Currently existing PAs
could partly prevent deforestation but would not be sufficient to conserve seasonal dry
forests. Tapia-Armijos et al. [39] also analyzed seasonal dry forest but in addition montane
evergreen forest, premontane evergreen forest, and shrubland. Besides continuous forest
loss, they found more isolated and irregular forest patches and decreasing patch size in
the Loja and Zamora Chinchipe Provinces in southern Ecuador since 1989, which could be
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related to better accessibility by new road constructions. Regarding the protection of forests
in Ecuador, Van der Hoek [40] compared the effectiveness of PAs against deforestation by
generalized linear models between 2000 and 2008. There were no differences between the
age, size, and level of protection but he identified in general higher forest loss outside PAs.
Our analysis reflects on multiple aspects of deforestation. More investigation is needed
regarding the type(s) of pressure and the spatial patterns of deforestation in and around
PAs on the national level of continental Ecuador. The analysis of causes and patterns of
deforestation and forest fragmentation are important to monitor changes, to conclude for
land use trends, to assess the effectiveness of the national protection status, to inform
decision-making, and to counteract the negative impacts on biodiversity and human
livelihood [34,35,41]. Geographical Information Systems (GIS) are of great support in
detecting changes in the amount and distribution of forest, especially on a larger landscape
scale and have been used in this study. This paper is guided by the following questions:

o Where are the accumulated areas of deforestation (hotspots) in Ecuador between 1990
and 2018?

e  Which are the most significant driving forces of deforestation in Ecuador on national
and biome level; and especially in protected areas?

e  Which patterns of deforestation occur in and around protected areas? Do these
patterns differ in buffer zones (5 km and 10 km buffer) and in protected areas of
different protection status?

e Is the current protection system effective to maintain forest in protected areas?

2. Methods and Study Area

We started the analysis with the detection of hotspots of native forest losses on national
level in Ecuador from 1990 to 2018 (method Section 2.4.1 and results Section 3.1) by using
GIS. We analyzed changes in native forest cover according to the different IUCN equivalent
categories (eq. cat.; Section 2.3) inside PAs, a 5 km buffer and 10 km buffer around
PAs and identified fragmentation levels by using different landscape metrics (method
Section 2.4.2 and results Section 3.2). Major drivers of deforestation were identified by
multiple regression analyses (method Section 2.4.3 and results Section 3.3).

“Ecuador” in this study means continental Ecuador (without the Galapagos Islands).
“Forest” indicates native forest. The land cover class “native forest” includes natural
forest types such as cloud forest, dry forest, and manglar; excluding forest plantations [42].
Paramo as alpine highland shrubland is included in this analysis due to their ecological
importance and the vulnerability caused by degradation and deforestation [43].

2.1. Ecuador

Ecuador is located in northwestern South America at the Pacific Ocean and demarcated
by Peru and Colombia. The capital of Ecuador is Quito with approx. 1.6 million people and
being with an altitude of 2850 m the second-highest capital city in the world. Continental
Ecuador has three distinct biomes: The Coast, Andes and Amazon biome (Figure 1). The
coastal biome is the lowland between the Pacific Ocean and the western part of the Andes.
Soils are fertile due to sediments from rivers such as the Guayas that have transported fertile
silts from the highlands to the floodplains. Its climate is influenced by the intertropical
convergence zone and can therefore be impacted by the weather phenomenon, El Nifio.
The Andes biome covers the highest elevations within Ecuador and the western and eastern
foothills of the Andes [44]. Many mountains are volcanoes. The Chimborazo volcano is the
highest elevation in Ecuador with 6310 m. The eastern part of the Andes is transitioning
to the rainforest of the Amazon basin. This area is influenced by the tropical air mass that
often causes abundant rainfall (ibid.). Due to the high variation in biophysical and climatic
conditions, Ecuador has a high variety of different ecosystems, e.g., rainforest, cloud forest,
mangroves, and Paramo. Associated with the variety of ecosystems, Ecuador has a high
biodiversity and many species are endemic [45,46].



Land 2022, 11, 268

4 0f 26

Ecuador’s economy highly depends on mineral fuels and oil accounting with
US $8.7 billion for about 39% of all exports. In addition, agriculture is the fourth most
important economic sector for the country. It represents 9.63% of Ecuador’s GDP and 26.8%
of employment by the economically active population [47]. The main uses of agricultural
areas are pastures cultivated for livestock, permanent and transitory crops, e.g., banana,
cocoa, coffee, sugar cane, corn, rice and potatoes [48]. Furthermore, 66.8% of the raw
material used by the timber industry in 2014 came from forest plantations, 10.4% from
native forests, 12.5% from pioneer formations, and 10.3% from agroforestry systems [49].
Ecuador’s main forest plantations are African palm, teak, melina, balsa, eucalyptus, pine,
cedar and laurel [50].

PACIFIC OCEAN

COLOMBIA

Projection
WGS84 UTM Zone 17s

LEGEND

O Major cities
"1 Province boundaries
[J Biome boundaries

LULC types 2018
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Bl Forest Plantations
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Area without Vegetation
Glacier
Agricultural Land
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Shrub Vegetation
I Herbaceous Vegetation
Il Anthropogenic Areas

Biomes
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SLYLD 2. THE ANDES
3. THE AMAZON

Figure 1. Continental Ecuador with major cities, land use and land cover (LULC) types from 2018
and the main biomes. Anthropogenic areas include settlements and infrastructure.

2.2. Selection of Data

The basic data required for this study were collected from official national and interna-
tional sources of continental Ecuador. Official national data were sourced from the Ministry
of Environment, Water and Ecological Transition (MAATE; renamed in 2021; before, it
was named as the Ministry of Environment of Ecuador—MAE) and the national Military
Geographic Institute (IGM). These data included information about PAs, land use/land
cover, and deforestation. International data were sources from, e.g., Open Street Map
from Humanitarian Exchange Data. Table 1 indicates the characteristics of the data used.
This data is the main input for the analysis of the landscape pattern, the estimation of
the percentage of forest change over time, and the identification of main driving forces of
deforestation in the country. For all data, the most updated available version was used.
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Table 1. Basic data collected for the analysis of deforestation in continental Ecuador with a focus
on protected areas. Data was provided by the Ministry of the Environment, Water and Ecological
Transition (MAATE), the Energy and Non-Renewable Natural Resources Regulation and Control
Agency (ARCERNNR), the Ministry of Tourism (MINTUR), and the Military Geographic Institute
(IGM). International sources were Open Street Map from Humanitarian Exchange Data (HDX)
and the Shuttle Radar Topography Mission (SRTM) from NASA (National Aeronautics and Space
Administration).

Data Format Scale Date of Source
Reference
Protected areas Polygon shape file 1:250,000 2020 [51]
Deforestation from the periods
1990-2000, 2000-2008, 2008-2014, Polygon shape files 1:100,000  1990-2018 [51]
2014-2016, and 2016-2018
Land Use/Land Cover Polygon shape file 1:100,000 2018 [51]
Roads Line shape file - 2020 [52]
Rivers Line shape file 1:250,000 2013 [53]
Lakes Polygon shape file 1:250,000 2013 [53]
Mining concessions Polygon shape file - 2021 [54]
Touristic infrastructure Point shape file - 2002 [55]
Slope Raster file 30 m 2000 [56]

2.3. Selection of Protected Areas Categories

The national system of protected areas in Ecuador (SNAP) has several protection
categories [57]. The categories without or little human impact are national parks, wildlife
refuges, ecological reserves, marine reserves, biological reserves, and geobotanical reserves.
In contrast, Flora and Fauna Production Reserves and natural recreation areas allow hu-
man interventions. In order to follow international standards, we categorized the PAs
of SNAP into the classes of IUCN (IUCN, 2021): Strict Nature Reserve Category (Cate-
gory Ia), Wilderness Area (Category Ib), National Park (Category II), Natural Monument
or Feature (Category III), Habitat/Species Management Area (Category 1V), Protected
Landscape/Seascape (Category V), and protected area with sustainable use of natural
resources (Category VI). We followed the suggestion of MAATE [58] for the classification
of SNAP to the IUCN equivalent. We further based our selection on PA descriptions in
Boitani et al., Dudley, and Leroux et al. [59-61]. Higher protection status was assigned to
national parks, and PAs that serve only for biodiversity and ecosystem protection. Highest
protection status is assigned to Biological and Ecological Reserves (Reserva Ecologica and
Reserva Biological). The aims of these protected areas are for biodiversity and ecosystem
protection managed mainly by scientific research (IUCN cat. Ia/b) and directed manage-
ment practices (IUCN cat. II-IV) in order to preserve the natural condition [58]. PAs with
lower protection status were recreational areas and botanical gardens, among others (see
Table 2). These PAs are areas that offer a combination of protection and human land use,
e.g., recreation and sustainable land management. In addition, there exist 6 internationally
designated Biosphere Reserves (BR) and 18 Ramsar sites (RAMs) in Ecuador. BRs belong
to the intergovernmental Man and the Biosphere Programme by UNESCO. BRs have a
core zone (area of high protection level), a buffer zone and a transition area (development
area). Their primary aim is the conservation of nature while allowing sustainable economic
development. Local stakeholders can be involved in planning and management of the
BR [62]. RAMs are internationally important wetland areas. The management of RAMs is
guided by the corresponding international Convention [63]. BRs and RAMs were included
in this list as Internationally Designated Areas (IDAs) and categorized as mixed protection
status since high and low protection levels of PAs are overlapping inside these areas. Due to
the overlapping areas, IDAs were analyzed separately from the IUCN equivalent categories.
Other areas with effective area-based conservation measures such as the Socio Bosque
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Program were excluded because they are not legally protected areas. For our analysis of
landscape metrics, only PAs were chosen that were established until 2018 (Table 2).

Table 2. Protection level classification of the Ecuadorian protected areas recognized by the national
system of protected areas (SNAP = Sistema Nacional de Areas Protegidas), according to [59-61]. The
categories are equivalent to the International Union for Conservation of Nature (IUCN, [64]) and
were based on MAATE [58]. Biosphere Reserves (BRs) and Ramsar sites (RAMs) were included in
this list as Internationally Designated Areas (IDAs) and categorized as mixed protection. Number
of areas > 1 km?, which is equivalent to 17.2% of the total number of areas (1 = 2701) under this
category. This table shows the selected protected areas for our analysis of landscape metrics that were
established until 2018.

Protection National and International Number of Internationally Recognized
Level Designations Areas Equivalent Categories
High Reserva Biologica 5 IUCN-Ia/b

Reserva Ecologica 8 IUCN-Ia/b
Parque Nacional 12 TUCN-II
Reserva Geobotanica 1 TUCN-II
Refugio de Vida Silvestre 10 TUCN-1V
Low Area Nacional de Recreacion 6 TUCN-V
Area EcologlFa de 3 [UCN-VI
Conservacion
Reserva de Produccién de 3 TUCN-VI
Flora y Fauna
Mixed Biosphere Reserves 6 IDAs
Ramsar Sites 18 IDAs

2.4. Analyses
2.4.1. Deforestation Hotspots

Deforestation hotspots were defined as areas that experience deforestation on more
than 70% of the area ina 1 x 1 km? cell. We derived this information by overlaying a grid
of 1 x 1 km? on the deforestation grid, showing the deforested areas detected between
1990 to 2018 in continental Ecuador. For each 1 x 1 km? cell, the proportion of deforested
cells was calculated and classified as “low” (0 to 0.7) or “high” (>0.7 to 1).

2.4.2. Deforestation Rates and Patterns Inside Protected Areas and Buffer Zones

We assessed the effect of the protection status against deforestation by comparing
deforestation occurrences inside PAs and the contiguous buffer areas in a 5 and 10 km buffer.
The buffer distances were selected to maintain a similarity in the natural and environmental
conditions for assessing the land cover change dynamics driven by anthropogenic activities
(i.e., tourism, agriculture, and infrastructure) at local scale [65,66]. The information such
as native forest cover, deforestation, and delineation of PAs was taken from MAATE (see
Table 1). The total area of forest within buffer zones was quantified. The land cover classi-
fication of the year 1990 by MAATE was used as the baseline. Deforestation occurrences
from year 2000, 2008, 2014, 2016, and 2018 were spatially intersected along buffer zones
on forest cover range in order to quantify the amount of deforested area according to the
range of buffer zone, year, and PA class. Overlapping buffer zones were merged together.
Since BRs and RAMs are overlapping with nationally protected areas and in order to avoid
double counting, we separated these in IDAs in our analysis from the analysis of PAs with
IUCN equivalent categories.

In this study, the landscape metrics Number of Patches (NumP), Mean Patch Size
(MPS), and Patch Size Coefficient of Variance (PSCoV) were calculated according to Mc-
Garigal and Marks [67]; NumP refers to the total number of forest patches in the landscape,
MPS is a function of number of forest patches and total landscape area, and PSCoV mea-
sures relative variability about the mean. Using this metrics, we applied a fragmentation
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index (FI) proposed by the Andean Community of Nations [68] and previously used by
MAATE [69] to measure the structure of forested ecosystems described as follows:

FI=Y"" E’; withi = {NumP, MPS, PSCoV} (1)

E — Emin ,

Emax — Emin E @
where, E,;;; equals the minimum value for variable E, E;;x equals the maximum value for
variable E, and E’ equals the normalized value of the variable E. For each zone (PAs, 5 km,
and 10 km) landscape metrics NumP, MPS, and PSCoV where normalized and summed up
to obtain an FI value ranging from 0 (low fragmentation) to 3 (high fragmentation). These
values were averaged to provide an overview of the fragmentation index among the three
zones, using the Jenks optimization method.

For assessing the effectiveness of PA establishment overall, we compared forest (loss)
before and after PA establishment. We categorized the SNAP and IDAs into PAs established
<1989, 1990-1999, 2000-2007, 2008-2013, 2014-2017, and >2018. For IDAs established
<1989 and >2018 only one IDA was available, respectively.

2.4.3. Analysis of the Main Drivers of Deforestation

Identifying the drivers of deforestation is important to develop appropriate policy and
measures to address the problems of ecosystem and biodiversity loss [8,70]. We analyzed
selected direct drivers of deforestation according to Geist and Lambin [71]. Selection was
based on availability of data. In this study, a multiple regression model was performed
to determine the correlation of the direct drivers of deforestation on national and biome
level. A multiple regression analysis is a statistical technique that allows to determine the
correlations between more than two variables. Multiple regression models describe the
response of a single variable Y that depends linearly on the behavior of several predictor
variables X, [72,73]. The multiple regression model is formulated as follows:

Y=B0+pB1X1+...+BuXn+e 3)

where Y is the dependent variable, X;; are the independent variables, B is the interception
in Y when all other parameters are 0, 8, are the coefficients of each independent variable,
and ¢ is the model error. For the multiple regression analysis, deforestation in Ecuador
between 1990 and 2018 was used as dependent variable. The deforestation shape file from
1990-2018 was transformed into a raster (100 m) with the “feature to raster” tool from
ArcGIS 10.8.1. This deforestation raster contained pixel values of 0 (no deforestation) and
1 (deforestation). This binary raster was aggregated to a spatial resolution of 500 m to
obtain pixel values of deforestation rate (continuous values between 0 and 1). The raster
(500 m) was resampled at a spatial resolution of 100 m using bilinear method. Finally,
the 100 m-raster was reclassified into 11 classes from no deforestation (class value 0) to
full deforestation (class value 10) using raster calculator in ArcGIS to obtain the same
number of sample points for the model [74]. The 11 deforestation classes are built on the
specific deforestation rates and the class thresholds are: 0, 0-0.1, 0.1-0.2, 0.2-0.3, 0.3-0.4,
0.4-0.5,0.5-0.6, 0.6-0.7, 0.7-0.8, 0.8-0.9 to 0.9-1 deforestation rate values. Nine independent
variables were used: the terrain slope and eight distance measures to the land use categories
settlements, roads, forest plantations, agricultural areas, permanent rivers, lakes, mining
concessions, touristic infrastructure. For most of the independent variables, the raster of the
distance to the respective potential driver of deforestation (e.g., urban settlements, roads,
and rivers) was calculated using the “Euclidean distance” tool in GIS. Only for slope, the
raster was resampled from 30 m to 100 m using the “resample” tool from ArcGIS 10.8.1 with
bilinear resampling. Table A1 shows the details of data preprocessing for the regression
analysis. Once the inputs were obtained, the multiple regression model was applied using
R project software. Due to the different biophysical and socio-economic characteristics of
Ecuadorian biomes [75-77], multiple regression models were performed for each biome.
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This basic data, together with GIS tools were the main elements for the preprocessing of
the model inputs.

3. Results
3.1. Deforestation Hotspots

Deforestation hotspots (high deforestation densities) are located along the northern
coastline, along the Andes slopes throughout the country and in the northern Amazon
Basin (Figure 2). In Ecuador’s PAs under SNAP, deforestation is happening mainly along
the PA boundaries but also inside the PAs, as in the Mache-Chindul Ecological Reserve and
Los Illinizas Ecological Reserve. In addition, protection from deforestation of Ecuador’s six
mainland BRs is weak. Five BRs represent major national deforestation hotspots. Among
the BRs, only Yasuni BR seems to be less affected.

LEGEND
O Major cities D PAs-High protection level
Forest cover (1990) :] PAs-Low protection level

Biosphere reserves  Deforestation density
RAMSAR sites

COLOMBIA

0 100

List of PAs names by protection level:

High protection level:

1 Antisana

2 Arenillas

4 Cajas

5 Cayambe Coca

6 Cerro Plateado

8 Cofan Bermejo

9 Colonso Chalupas

11 Cotacachi Cayapas

12 Cotopaxi

14 El Angel

16 El Condor

17 El Pambilar

18 El Quimi

19l Zarza

22 Islas Corazon y Las Islas Fragatas
24 La Chiquita

25 Limoncocha

26 Llanganates

27 Los llinizas

29 Machalilla

30 Mache Chindul

31 Manglares Cayapas Mataje

32 Manglares Churute

33 Manglares El Morro

35 Manglares Estuario del Rio Esmeraldas
36 Manglares Estuario del Rio Muisne
38 Pacoche

List of IDAs names:

53 BR Yasuni

54 BR Podocarpus El Condor
55 BR Sumaco

56 BR Choco Andina

57 BR Macizo Del Cajas

58 BR Bosque Seco

59 RAM Santa Clara

60 RAM Rucanchi Turupamba
61 RAM Santay

62 RAM Cube

63 RAM Llanganati

64 RAM Podocarpus

40 Pasochoa

42 Podocarpus

43 Pululahua

45 Rio Negro Sopladora
46 Samama Mumbes

47 Sangay

49 Sumaco Napo-Galeras
51 Yacuri

52 Yasuni

Low protection status:

3 Bellavista

7 Chimborazo

10 Cordillera Oriental de Carchi
13 Cuyabeno

15 El Boliche

20 ICHUBAMBA YASEPAN
21Isla Santay

23 La Bonita

28 Los Samanes

34 Manglares El Salado

37 Marcos Perez de Castilla
39 Parque Lago

41 Plazas de Villamil

44 Quimsacocha

48 Siete Iglesias

50 Tambillo

65 RAM Limoncocha

66 RAM Segua

67 RAM Cuyabeno Lagartococha Yasuni
68 RAM Cayapas Mataje

69 RAM Yacuri

70 RAM Tembladera

71 RAM El Angel

72 RAM Abras De Mantequilla
73 RAM Machalilla

74 RAM Churute

75 RAM Don Goyo

76 RAM Cajas

Figure 2. Hotspots of deforestation in continental Ecuador from 1990 to 2018. Protected areas (PAs)

< 1 km? are excluded due to resolution. The delineation is taken from MAATE (2021). The map

shows the native forest area of the year 1990. Biosphere reserves (BRs) and Ramsar sites (RAMs)

have been classified as areas with lower protection status. The PAs Bellavista (no. 3), Cordillera

Oriental de Carchi (no. 10), Ichubamba Yasepan (no. 20), and Marcos Perez de Castilla (no. 37) were
established just after 2018 and excluded in our analysis of landscape metrics but included in the map
for completeness. IDAs = Internationally Designated Areas.

3.2. Deforestation Rates and Patterns Inside Protected Areas and Buffer Zones

Among the PAs of SNAP, those with the highest protection level (IUCN eq. cat. Ia/b
and II, including buffer zones) had the highest share of national deforestation between 1990
and 2018 (see Table 3; and Figure 3 for the total accumulated deforested area in PAs in km?).
However, the overall highest share of national deforestation was found for BRs where
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almost 20% of the total deforestation of Ecuador occurred (Table 3). Approximately 4%
(approx. 1163 km?) of the accumulated deforestation of PAs with TUCN eq. cat. occurred
inside PAs, and up to 25.5% in their buffer zones. Including IDAs in the accumulated
deforestation rate, the value increased to 24% inside PAs and 39% in their buffer zones.
The three zones analyzed in this study (within PAs, 5 km and 10 km buffer) had different
levels of fragmentation. In all cases, the number of deforestation patches were higher in
buffer zones implying a higher prevalence of deforestation outside the boundaries of PAs
(see Figure 4). The annual deforestation rates ranged from 0.30% to 0.75% during 1990
to 2018, the decreasing mean patch size and the increasing number of patch isolation of
forest fragments showed that the most proximate areas to the PAs boundary (5 km buffer
zone) have suffered a major amount of deforestation, especially in the year 2018. This
means that next to native forest areas left for conservation, small fragments of forest have
tended to disappear being replaced by other land cover types, while the large fragments
have been degraded into smaller patches, drastically increasing the amount of pressure
on native forests. The fragmentation index (FI) shows that the highest fragmentation took
place inside BRs. The Fl is also higher for PAs of IUCN eq. cat. Ia/b and II than for PAs
with lower protection level (Figure 5). In addition, the FI shows that fragmentation has
mainly increased in 2018 in relation to 1990, apart from RAM buffer zones and the 5 km
buffer of lower PAs. Specific PAs among SNAP that experienced major deforestation inside
and next to the PAs were Mache-Chindul Ecological Reserve and Los Illinizas Ecological
Reserve as seen in Figure 2 and Table A5. In addition, high values of the FI were shown
for the Cotacachi Cayapas National Park and Sangay National Park among SNAP. Lowest
fragmentation was shown for the recreational area El Boliche.

®PA ®5km ™ 10km

la/ib R —
Il _7
5 mh
(& ] -
=
Q
= v b )
V e
VI h .
0.0 2000 4000 6000 8000 1000.0 12000 14000 1600.0

Area (km?2)

Figure 3. Total accumulated deforested area in protected areas (of the national system of protected
areas—SNAP) and buffer zones (5 and 10 km), between 1990 and 2018 in continental Ecuador.
TUCN cat. = Protected area categories equivalent to the International Union for Conservation of
Nature (IUCN).
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Figure 4. Boxplot of landscape metrics Number of Patches (NumP), Mean Patch Size (MPS), and Patch
Size Coefficient of Variance (PSCoV) of: (a) IUCN protected areas categories (from top to bottom)
Ia/b,II, IV, V, and VI as a function of their zones of protection; and (b) international designated areas
Biosphere reserves (BR) and Ramsar sites (RAM). PAs of the category III were not considered as there
is only one area within this class. Paired t-test significance level (symbol above the bar, * p > 0.05,
**p>0.01) is provided only for paired variable with significant differences between years. Outliers
were identified by interquartile range and the 5% marginal values of outliers were removed for better
visualization. Figure A1 also shows the correlation between the number of patches and the mean
patch size. Figure A2 presents the distribution of PSCOV and NumP.
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Table 3. Proportion of deforested area to total deforestation from 1990 to 2018, in protected areas

(PAs) according to IUCN equivalent categories, and international designated areas (IDAs = Biosphere

reserves—BR and Ramsar sites—RAM). See Figure 3 for the total accumulated deforested area in PAs

in km?. SNAP= Sistema Nacional de Areas Protegidas.

. Zone
Protection IUCN eq. cat.

Level Within PAs, in % 5km, in % 10 km, in %

High Ia/Ib 227 4.20 3.46

I 1.23 4.78 5.03

1T 0.03 0.09 0.11

v 0.07 1.29 1.61

Low \Y 0.01 0.30 0.55

VI 0.28 1.27 1.58

TOTAL SNAP 3.89 11.93 12.34

Mixed BR 19.37 4.69 4.51

RAM 0.62 1.94 3.53

TOTAL IDAs 19.99 6.63 8.04

The bold highlights the summary of SNAP and the summary of IDAs (in order to distinguish two differ-

ent/independent results in one table).
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Figure 5. Comparison of average fragmentation index between 1990 and 2018 in terms of protection

status (high and low) of: (a) Protected areas and protection zone (inwards protected area border, 5

km and 10 km buffer), and (b) international designated areas (IDAs) Biosphere reserves (BR) and

Ramsar sites (RAM) with mixed protection status. Paired t-test significance level (symbol * above the

bar, * p > 0.05) is provided only for paired variable with significant differences between years.
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Regarding PA effectiveness, deforested area before and after PA establishment were
compared. Table 4 shows the differences per time period of PA establishment period
(average deforested area in km? per year and share of deforested area of total PA area per
year). Comparing the average deforested area per year for SNAP, values for PAs established
<1989 and 1990-1999 were higher than for PAs established in other time periods. The total
deforested area of PAs established <1989 was 446.5 km? and for PAs established 1990-1999,
the deforested area was 428.3 km? after PA establishment. The total PA area that was
established in these specific time periods were also larger than in other time periods but the
normalized values show that still, in average, the deforestation was higher than in other
PA establishment time periods. For IDAs, deforestation after PA establishment decreased
but were in total much higher than for SNAP.

Table 4. Changes in deforested area before and after protected area (PA) establishment according to
IUCN equivalent categories (SNAP = Sisterna Nacional de Areas Protegidas) and international designated
areas (IDAs = Biosphere reserves and Ramsar sites). Changes are displayed in average deforested
area in km? per year and share of deforested area (%) of total PA per year.

Before PA Establishment: After PA Establishment:
Protected Areas (PA) Group Average Deforested Area in Average Deforested Area in
km? per Year (%) km? per Year (%)
PA established < 1989 - 15.9 (0.05)
PA established 1990-1999 - 15.3 (0.17)
PA established 2000-2007 0.3 (0.03) 0.8 (0.08)
PA established 2008-2013 0.9 (0.04) 0.6 (0.03)
PA established 2014-2017 0.3 (0.02) -
PA established > 2018 0.7 (0.11) -
TOTAL SNAP average 0.6 (0.05) 8.2 (0.08)
IDA established < 1989 * - 0.9 (0.01)
IDA established 1990-1999 - 1.82 (0.29)
IDA established 2000-2007 132.7 (0.58) 84.2 (0.37)
IDA established 2008-2013 30.1 (0.36) 23.5(0.22)
IDA established 20142017 67.2 (0.53) -
IDA established > 2018 * 17.9 (0.62) -
TOTAL IDAs average 62.0 (0.52) 27.6 (0.22)

* only one protected area.

3.3. Analysis of the Main Drivers of Deforestation

The multiple regression analysis has shown that the distance to agricultural area has
the highest correlation to deforestation on national level (correlation coefficient of 0.32)
and inside PAs only (correlation coefficient of 0.45; Tables 5 and 6). On the national level,
deforestation is also more prevalent in the proximity of roads (0.26) and mining concessions
(0.20). Each independent variable presents a high level of significance for the model and an
adjusted R-squared of 0.1306. In PAs, besides agricultural areas, deforestation occurs more
often next to roads (0.34), settlements (0.28), plantations (0.27) and tourist infrastructure
(0.27). The adjusted R-squared is 0.2308.

Agriculture is also the main driver of deforestation on biome level (Tables A2-A4).
For the coastal biome, agriculture shows a correlation coefficient of 0.20, followed by lakes
and roads with coefficient values of 0.15 and 0.11, respectively (Table A2). For the Andes
biome, agriculture has a correlation coefficient of 0.31, followed by forest plantations,
lakes, and mining concessions with a coefficient value of 0.13 (Table A3). For the Amazon
biome, agriculture has a correlation coefficient of 0.41, followed by roads, settlements,
tourist places, and mining concessions with coefficient values of 0.36, 0.33, 0.32, and 0.30
respectively (Table A4).



Land 2022, 11, 268

13 of 26

Table 5. Results of the multiple regression analysis at a national scale. The results of the biome levels
are shown in the Tables A2-A4.

Explanatory t

Coefficients Share Estimate Std. Error Value Pr(>Itl)
Roads 0.26 —5398 x 105  3.627 x 10°  —14.883 <2 x 1016 ##=
Settlements 0.17 3.644 x 10° 3.370 x 106 10.814 <2 x 1016 #*+
Agriculture 0.32 —4.260 x 10* 8161 x 10°  —52.197 <2 x 10%6
Plantations 0.06 7.142 x 10° 3239 x 107  22.053 <2 x 1016 #x+
Rivers 0.01 5918 x 10° 7.339 x 10° 8.064 7.53 x 1016 ##+
Lakes 0.04 8.177 x 10° 4783 x 107 17.097 <2 x 1016 ##+
_ Touristic 0.18 1650 x 105 9293 x 107  —17.758 <2 x 1016 ***
infrastructure
Mining 0.20 _7537x 105 1225 x10°  —6.152  7.71 x 1010 #**
concessions
Slope 0.06 1912 x 102 1.363 x 103 —14.023 <2 x 1016 ***
(topography)

Significance levels: 0 “***’.

Table 6. Results of the multiple regression analysis in protected areas in Ecuador.

Coefficients Explanatory Estimate Std. Error t Value Pr(>1tl)
Share
Roads 0.34 —6.387 x 10°  3.251 x 10° —19.644 <2 x 1016 %
Settlements 0.28 —2548 x 10°  2.506 x 10° —10.170 <2 x 1016 **=+
Agriculture 0.45 —3.826 x 10*  5.432 x 10° —70.441 <2 x 106
Plantations 0.27 —9.805 x 106 3.802 x 107 —25.787 <2 x 1016 ##x
Rivers 0.13 —2920 x 10°  1.092 x 10° —2.675 0.00748 **
Lakes 0.08 6.753 x 10° 5.978 x 107 11.296 <2 x 1016 ###
_ Touristic 0.27 1630 x 105 1.118 x 10° 14587 <2 x 1016 #*
infrastructure
Mining 0.19 3641 x 10° 1535 x 100 23713 <2 x 1016 %
concessions
Slope 0.01 ~1.689 x 102 1207 x 108 —13.999 <2 x 1016 ***
(topography)

Significance levels: 0 “***” 0.001 **’.

4. Discussion
4.1. Deforestation and Protected Areas in Ecuador

The analysis of PA effectiveness has shown that deforested area marginally increased
for SNAP and decreased for IDAs after PA establishment. The deforested area was in
general higher for IDAs than for SNAP. Therefore, the results suggest that PAs of SNAP
are generally effective at preventing deforestation within their boundaries. However,
forest fragmentation is higher inside PAs with higher protection status than areas of lower
protection status. This finding is in contrast to van der Hoek [40] where no effects were
found between the age, size, and level of protection but he considered only the time frame
between 2000 and 2008 and 19 national PAs.

Especially the Ecological Reserves Mache-Chindul and Los llinizas (IUCN cat. equiv.
Ia/b) have high deforestation rates. Mache-Chindul is confronted with high population
densities and human activities inside and next to the PA [78]. In addition, the National
Parks Sangay and Cotacachi Cayapas (IUCN cat. equiv. II) have high protection sta-
tus but receive major forest fragmentation. This development could be related to better
accessibility due to roads as it is the case in the Amazon biome [79]. A fragmentation
analysis by the Ministry of Environment has revealed that fragmentation in the Amazon
is mainly along the rivers that are used as main transportation routes and accessibility
in dense forest [69]. In addition, landowners retain their ownership of areas within PAs
where nature conservation might not be the primary aim [80]. A lack of protection and
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control might be also explained historically, where the national government was lacking
funding to regulate human activities within PAs as a consequence of a crisis in 2000 ([80];
citing [81]). Other national parks in Ecuador seem to have a relatively good protection
status. Negru et al. [82] analyzed the management effectiveness of Ecuador’s national
parks where Galapagos National Park had the highest management effectiveness and Rio
Negro Sopladora National Park had the lowest because of a lack of management plans,
among others. However, the findings might be related to the fact that the National Park
Rio Negro Sopladora has been just established in 2018 [83]. The reason for its newly
established protection was also the high threat of human activities, especially by cattle
farming [84]. Galapagos National Park had the highest resources available. In contrast,
Sangay National Park had the second lowest values of all management effectiveness in-
dicators (context, planning, inputs, process, outputs and outcomes; for more details, see
Leverington et al. [85]) which also reflects our findings that deforestation is entering the PA
zone in this case. In addition, BRs belong to the deforestation hotspots in Ecuador. BRs are
areas with lower protection status where a balanced human land use besides ecosystem
protection is allowed. However, it has to be considered that conservation was not in place
for a long time because most of the BRs of continental Ecuador were established just after
the year 2000, except for Yasuni BR (established in 1989 [86]) and Sumaco BR (established in
2000 [87]). Furthermore, some IDAs and SNAP are overlapping in their conservation status
that may result in a decreased effectiveness of conservation measures and a lack of clarity
around the governance and enforcement of management actions, hindering their purpose
for conserving biodiversity [88]. Despite the fact that SNAP covers a considerable area of
Ecuador’s natural forest, still large gaps remain in their coverage of global biodiversity
hotspots (i.e., Tumbes-Chocé-Magdalena [89]), either with no or only a few PAs and BRs
with low protection status [90].

We identified agriculture as the main driver of deforestation on national level, biome
level and in PAs. This variable has the highest correlation coefficient in all the models
with 0.32 at national scale, 0.31 for the Andes, 0.20 for the Coast, and 0.41 for the Amazon.
Agriculture is a prominent driver of deforestation in South America. For example, in Brazil,
especially soy production is causing deforestation today [91]. The global map of forest loss
by Curtis et al. [92] shows in Ecuador, Peru, Bolivia, Colombia, Venezuela, and northern
Brazil a forest loss due to shifting cultivation and commodity production. Agriculture is also
the main driver of deforestation in PAs, confirmed by Jayathilake et al. [93] who analyzed
28 tropical conservation landscapes. Agricultural activities within the Ecuadorian Amazon
make up almost 60% of income ([94] citing [95]). The main uses of agricultural areas in
this biome are pastures cultivated for livestock and permanent and transitory crops. For
instance, permanent crops as main drivers of deforestation are the African palm, cocoa, and
palm heart, while transitory crops are the corn and cassava in the Amazon [48]. According
to the United States Department of Agriculture, Ecuador is the eleventh-largest palm oil
producer worldwide. In South America, Ecuador is the second largest, after Colombia [96].
Most of the palm oil from Ecuador comes from the Coast/Choco region [94]. Agricultural
activities in the coastal biome are especially concentrated in Esmeraldas Province [36,97]
and mainly related to pastures for livestock and permanent crops/plantations of African
palm, cocoa, and banana for international trade [48]. In the case of the Andes, deforestation
is mainly caused by agriculture such as pastures cultivated for livestock but on a smaller
scale than in the Amazon and the Coast, followed by transitory crops, fallow lands, and
permanent crops [36,48]. For instance, transitory crops such as corn, potatoes, and barley,
and permanent crops such as sugar cane, cocoa, tree tomato, and piedmont heart palm are
characteristic in this biome.

The other drivers of deforestation identified in the multiple regression analysis were
distances to mining concessions, settlements, touristic infrastructure, plantations, and
roads. For example, for mining concessions, in 2016, the national government allowed
mining exploration of about 13% of continental Ecuador resulting in more deforestation [44].
However, already before 2016, there was in the Amazon a major forest loss between 2000
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and 2015, especially in indigenous lands, due to the legal and illegal mining [98]. The
largest number of mines are situated in the south of the country, both in the provinces
of Morona Santiago and Zamora Chinchipe in the Amazon, and in the province of Loja
in the Andes [23,54]. This corroborates the results obtained in the model, where the
Amazon and the Andes are the biomes with high impact of deforestation by mining.
In addition, urban expansion and demographic development play an important role in
deforestation. Forests are directly affected by the high demand for land and resources
for the development of settlements and infrastructure [99-101]. Roads also play a role in
improved accessibility to forests for logging. The multiple regression analysis indicated
that forests are affected by these driving forces at national scale, especially on the Coast
and in the Amazon [79]. Plantations and touristic infrastructure were additional drivers
especially in PAs. The development of tourism is often an issue where mass tourism and
tourism without ecological considerations can potentially occur. The construction of tourist
infrastructure and facilities such as lodging is the main cause of deforestation, especially in
the vicinity of protected areas [102]. For example, the Guayacanes forest and the forest of
Puyango in the south of the country are negatively affected by tourism [103,104]. Regarding
forest plantations, in almost thirty years, teak, melina, balsa, eucalyptus, and pine have
tripled and have affected the native forest. Approximately, 180,000 hectares of commercial
forest plantations have been registered in 2019, especially on the Coast and the Andes
of the country [50,105]. Another pressure in PAs that may not cause deforestation but a
loss of biodiversity is hunting. Naughton-Treves et al. [22] detected hunting as the most
widespread human forest use besides logging, livestock and mining in 15 forest parks in
Ecuador and Peru even though PAs were partially assigned with strict protection status.

Our findings can serve as input for a National Ecosystem Assessment in Ecuador and
ecosystem protection programs, e.g., the development of National Biodiversity Strategies
and Action Plans of the Convention on Biological Diversity (CBD [106]), the United Nations
Framework Convention on Climate Change (UNFCCC; in the frame of REDD+ [107]), as
national input for the Intergovernmental Platform on Biodiversity and Ecosystem Services
(IPBES [108]) and to reach the Sustainable Development Goals (SDGs), specifically Goal
15.2 by “2020, promote the implementation of sustainable management of all types of
forests, halt deforestation, restore degraded forests and substantially increase afforestation
and reforestation globally” [109]. The findings could also support assessments regarding
the effectiveness of PAs of different protection status. Forest loss, fragmentation, and
degradation are still continuing. More political commitment is needed to reverse the
negative trend of forest loss. More substantive protection of ecosystems in general but
specifically for forest ecosystems is needed [34,110]. Even though conservation control
might be improved, it could shift deforestation to other places that are not or less protected.
These leakage patterns on areas surrounding PAs can undermine conservation strategies
to sustain biodiversity [111]. The Socio Bosque Program (SBP) is one of the national
financial incentives to protect biodiversity but also to improve people’s living conditions.
Owners of private and communal lands are paid for the conservation and management
of protected areas [112]. Cuenca et al. [40] assessed the SBP on the national level and
they could detect that this program avoided about 1.5% deforestation in areas of direct
payments. Furthermore, Cuenca et al. [40] reported that individual SBP beneficiaries had
a more significant impact on avoiding deforestation than community PSB beneficiaries.
This was due to the fact that individual beneficiaries were located closer to the hotspots
of deforestation.

4.2. Methodological Discussion

The methodological approach of this study could support, for example, the mea-
surement of the progress of the SDGs. The “forest area annual net change rate” and the
“proportion of forest area within legally established protected areas” belong to the SDG
Global Monitoring Indicators [113]. National forest monitoring systems can complement
international efforts [114]. However, the spatially explicit approach is highly dependent
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on data availability, access and accuracy [115,116]. Data gaps occurred for drivers of
forest loss that are not easily identified by remote sensing or where data was not avail-
able, e.g., climate change, hunting and soil pollution. However, regarding climate change,
Manchego et al. [117] identified that annual forest loss rate due to human land conver-
sion was significantly higher than the losses in an extreme climate change scenario in the
Tumbes-Piura dry forests. Furthermore, indirect drivers could play a role but they are
difficult to be identified by remote sensing and GIS. Indirect drivers of change are complex
interactions of social, economic, political, cultural, and technological processes that might
be related to international, national, or local levels, e.g., political incentives and economic
interest [118,119].

Additional data uncertainties might have been occurred in the assessment of defor-
estation before and after PA establishment (Table 4) because of missing information about
deforestation before 1990 and after 2018. And for IDAs established <1989 and >2018,
there was only one IDA considered respectively. Uncertainties also exist in the data of
the multiple regression analysis where only one-time step and potentially outdated data
was used due to missing spatial information about the current status, e.g., for touristic
infrastructure generated in 2002 or rivers and lakes updated in 2013. On the other hand,
most of the spatial information obtained is referenced to 2018 or the current year, e.g.,
LULC data from 2018, deforestation rate between 1990 and 2018 and updated roads in 2020.
Nevertheless, these temporal differences in datasets could lead to uncertainty in the results.

Spatial analyses could be combined with field data and stakeholder interviews in
order to identify in more detail the complex interactions between the location and level of
deforestation, drivers and consequences [120,121]. The spatial assessment of the effective-
ness of PAs could be expanded to other indicators such as human population density and
the percentage of agricultural area inside PAs [122]. The assessment of PA effectiveness
could be further combined with surveys, e.g., evaluation criteria for BRs [123].

For the classification of PAs according to the IUCN categories, we followed the sug-
gestions by Boitani et al., Dudley, and Leroux et al. [59-61]. However, classification is not
standardized. For example, Naughton-Treves et al. [22] assigned the IUCN-VI category dif-
ferently but the paper was published before the suggestion provided by MAATE [58]. The
publication of MAATE [58] is to our knowledge the last updated version about Ecuador ‘s
PA assignment according to the IUCN classification. Furthermore, national and interna-
tional protection status of some PAs are overlapping. For example, Yasuni was a national
park but at the same time part of a BR. The same for the RAMs Cayapas Mataje and El
Angel that have also a high protection status in SNAP.

5. Conclusions

The spatial analysis of deforestation (Section 3.1) and fragmentation analyses (Section 3.2)
have shown that highest levels of deforestation between 1990 and 2018 was taking place
inside BRs but findings might be biased because most of the areas that are BRs today were
not PAs in 1990. However, PAs that are part of BRs today were already PAs of higher
protection levels in 1990. Therefore, even though PAs were in place in 1990, deforestation
was higher than expected in our analysis between 1990 and 2018. Considering SNAP, the
prevention from deforestation of most of the PAs is effective when comparing deforestation
rates inside PAs and their buffer zones. Interestingly, those areas of SNAP with higher
protection levels received more deforestation than those areas with lower protection that
contradicts the protection efficiency. Agriculture was identified as the main driver of
deforestation on national and biome level as well as in PAs (Section 3.3). Other drivers of
deforestation were mining concessions, settlements, touristic infrastructure, plantations,
roads and slope. This signifies that more political commitment is needed to reverse the
negative trend of forest loss. There should be further consideration on how to address
uncertainties of our analysis, for example, due to the classification of SNAP into IUCN
equivalent categories.
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Appendix B

Table Al. Required data and its preprocessing for the multiple regression analysis.

. . Input for the Spatial .
Basic Data Preprocessing PMo del Resl:lution Pixel Values
First, this shape file was transformed into a
raster (100 m) with the “feature to raster” tool
from ArcGIS 10.8.1. This deforestation raster
contained pixel values of 0: no deforestation
and 1: deforestation. Deforestation from
Deforestation from Second, this binary raster was aggregated to a 19902018 Deforestation rate
1990-2018 spatial resolution of 500 m to obtain pixel raster file 100 m (continuous values
shape file values of deforestation rate (continuous values . from 0 to 1)
from 0 to 1). (Deforestation)
Later, this raster (500 m) was resampled at
spatial resolution of 100 m.
Finally, this raster (100 m) was reclassified into
11 classes from 0 to 10.
First, the settlement class was extracted from Distance to
Land Use/Land Cover the LULC shape file using ArcGIS 10.8.1. settlements Distance to settlements
from 2018 shape file: Second, the raster of the distance to urban raster file 100 m in meters
Settlements settlements was calculated using the previous (Settlements)
shape file and the “Euclidean distance” tool.
First, the agricultural land class was extracted Distance to
Land Use/Land Cover from the LULC shape file using ArcGIS 10.8.1. agricultural areas Distance to agricultural
from 2018 shape file: Second, the raster of the distance to agricultural & raster file 100 m areas in rie ters
Agriculture areas was calculated using the previous shape (Agriculture)
file and the “Euclidean distance” tool. &
First, the forest plantation class was extracted Distance to forest
Land Use/Land Cover from the LULC shape file using ArcGIS 10.8.1. lantations Distance to forest
from 2018 shape file: Second, the raster of the distance to forest praster file 100 m lantations in meters
Plantations plantations was calculated using the previous (Plantations) P
shape file and the “Euclidean distance” tool.
Road shape file The raster of the distance to roads was DIStf;CtZ;cf)if:adS 100 m Distance to roads
calculated using the “Euclidean distance” tool. in meters
(Roads)
First, permanent rivers were extracted from the
complete shape file using ArcGIS 10.8.1. Distance to rivers Distance to rivers
River shape file Second, the raster of the distance to rivers was raster file 100 m in meters
calculated using the previous shape file and the (Rivers)
“Euclidean distance” tool.
) The raster of the distance to lakes was Distance to. lakes . .
Lake shape file . P . . ” raster file 100 m Distance to lakes in meters
calculated using the “Euclidean distance” tool.
(Lakes)
First, only mines that are already registered
have been extracted from the complete shape Di .

o . . . istance to mines . .
Mining concession file using ArcGIS 10.8.1. raster file 100 m Distance to mines
shape files Second, the raster of the distance to mines was (Mines) in meters

calculated using the previous shape file and the
“Euclidean distance” tool.
First, touristic places that do not intersect with
urban settlements were extracted from the Distance to touristic
Touristic infrastructure complete shape file using ArcGIS 10.8.1. ) raster fil 100 m Distance to tourist places
shape file Second, the raster of the distance to tourist p ac?rs as et € in meters
places was calculated using the previous shape (Tourist)
file and the “Euclidean distance” tool.
Slope raster file This raster was resampled from 30 m to 100 m Slope raster file 100 m Percentage

(topography)

using the “resample” tool from ArcGIS 10.8.1.

(Slope)
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Table A2. Results of the Multiple Regression Analysis of the coastal biome.
Coefficients Explanatory Estimate Std. Error t Value Pr(>1tl)
Share
Roads 0.11 —7404 x 10°  1.111 x 10° —6.665 2.67 x 1011 ##+
Settlements 0.05 4.807 x 10° 3.901 x 100 12.323 <2 x 1016 ###
Agriculture 0.20 —5.359 x 10*  1.665 x 10° —32.190 <2 x 1016 ***
Plantations 0.07 —1.742 x 10°  1.755 x 10° —9.926 <2 x 1016 #x+
Rivers 0.01 5.727 x 10° 5.248 x 100 10.913 <2 x 1016 #*+
Lakes 0.15 1.200 x 10° 5.152 x 107 23.303 <2 x 1016 #*#
_ Touristic 0.06 2140 x 105 1.566 x 10° 13.666 <2 x 1016 ##
infrastructure
Mining 0.06 —2318 x 10° 1449 x 10°  —15991 <2 x 1016 ***
concessions
Slope 0.06 1.867 x 10> 1.583 x 103 11.791 <2 x 1016 ##
(topography)

Significance codes: 0 “***.

Table A3. Results of the Multiple Regression Analysis of the Andes biome.

Coefficients Explanatory Estimate Std. Error t Value Pr(>1tl)
Share
Roads 0.01 —7.026 x 10°  8.850 x 10° —7.939 2.07 x 1015 ##=
Settlements 0.07 9.506 x 10° 3.458 x 100 27.491 <2 x 1016 ##+
Agriculture 0.31 —1.315 x 103 2.053 x 10° —64.056 <2 x 1016 ***
Plantations 0.13 6.764 x 10° 1.850 x 10° 36.567 <2 x 1016
Rivers 0.09 —4125 x 10* 1926 x 10° —21.416 <2 x 1016 ##+
Lakes 0.13 6.943 x 10° 6.488 x 107 10.701 <2 x 1016 #*#
_ Touristic 0.04 —3166 x 105 1837 x 10°  —17.236 <2 x 106 **
infrastructure
Mining 0.13 ~8439 x 105 3581 x 105 —23565 <2 x 1016
concessions
Slope 0.06 5248 x 10> 1.251 x 103 4195 274 x 105 ***
(topography)

Significance codes: 0 “***.

Table A4. Results of the Multiple Regression Analysis of the Amazon biome.

Explanatory

Coefficients Estimate Std. Error t Value Pr(>1tl)
Share
Roads 0.36 —7.404 x 10°  1.111 x 10° —6.665 2.67 x 1011 ##
Settlements 0.33 4.807 x 10° 3.901 x 100 12.323 <2 x 1016 #x+
Agriculture 0.41 —5.359 x 10*  1.665 x 10°  —32.190 <2 x 1016 **
Plantations 0.06 —1.742 x 10°  1.755 x 100 —9.926 <2 x 1016 #*+
Rivers 0.02 5.727 x 10° 5.248 x 100 10.913 <2 x 1016 ##+
Lakes 0.06 1.200 x 10° 5.152 x 107 23.303 <2 x 1016 =
_ Touristic 0.32 2140 x 10°  1.566 x 10° 13.666 <2 x 1016 **
infrastructure
Mining 0.30 —2318 x 10° 1449 x 105  —15991 <2 x 1016 ***
concessions
Slope 0.08 1.867 x 10> 1.583 x 103 11.791 <2 x 1016 ##
(topography)

Significance codes: 0 “***.
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Table A5. Fragmentation index calculated for protected areas of SNAP (the national system of
protected areas) and international designated areas (IDAs) of continental Ecuador; for each zone
(inside PAs, 5 km buffer, 10 km buffer). These values were averaged and classified as Low (<1)-
Medium (<2)-High (>2) to provide an overview of the fragmentation index among the three zones.
The fragmentation index was calculated by normalizing and adding the landscape metrics NumP
(Number of patches), MPS (Median Patch Size), and PSCOV (Patch Size Coefficient of Variance).
The date of establishment was taken from http://ide.ambiente.gob.ec/mapainteractivo (delineation
and information about protected areas in Ecuador provided by the Ministerio del Ambiente, Agua 'y
Transicion Ecolégica de la Republica del Ecuador; accessed on 31 August 2021). IDAs = Biosphere
Reserves (BRs) and Ramsar sites (RAMs). RAM Santa Clara is a marine/coastal PA and not mentioned

here.
Pesignation Name Est;l).)?it:h‘zxf\ent In PAs :(1):: 10 km Average Fraglll.l::etlaﬁon

SNAP Antisana 1993 0.38 0.42 0.43 0.41 Low
Arenillas 1994 0.19 0.46 0.33 0.33 Low
Cajas 1977 0.3 0.68 0.79 0.59 Low
Cayambe Coca 1970 1.13 0.98 0.52 0.88 Low
Cerro Plateado 2010 0.27 0.26 0.3 0.28 Low
Chimborazo 1987 0.27 0.42 0.47 0.39 Low
Cofan Bermejo 2002 0.48 0.46 0.24 0.39 Low
Colonso Chalupas 2014 0.49 0.29 0.23 0.34 Low

Cotacachi Cayapas 1968 0.69 1.35 1.57 1.20 Medium
Cotopaxi 1975 0.3 0.29 0.41 0.33 Low
Cuyabeno 1979 0.7 0.67 1.03 0.80 Low
El Angel 1992 0.22 0.54 0.54 0.43 Low
El Boliche 1979 0 0.03 0 0.01 Low
El Condor 1999 0.08 043 0.27 0.26 Low
El Pambilar 2010 0.1 0.25 0.27 0.21 Low
El Quimi 2006 0.3 0.28 0.36 0.31 Low
El Zarza 2006 0.11 0.23 0.31 0.22 Low
Isla Santay 2010 0.09 0.03 0 0.04 Low
Islas Corazon y Las Islas Fragatas 2002 0.13 0.32 0.26 0.24 Low
La Bonita 2017 0.36 0.32 0.16 0.28 Low
La Chiquita 2003 0.12 0.35 0.45 0.31 Low
Limoncocha 1985 0.18 0.29 0.24 0.24 Low
Llanganates 1996 0.52 0.69 0.4 0.54 Low

Los Ilinizas 1996 1.1 1.45 1.05 1.20 Medium
Los Samanes 2010 0 0.09 0.17 0.09 Low
Machalilla 1979 0.62 0.55 0.48 0.55 Low

Mache Chindul 1996 1.09 115 0.95 1.06 Medium
Manglares Cayapas Mataje 1995 0.4 0.45 0.3 0.38 Low
Manglares Churute 1979 0.22 0.24 0.12 0.19 Low
Manglares El Morro 2007 0.11 0.35 0.46 0.31 Low
Manglares El Salado 2003 0.15 0.31 0.26 0.24 Low
Manglares Estuario del Rio Esmeraldas 2008 0.04 0.14 0.2 0.13 Low
Manglares Estuario del Rio Muisne 2008 0.4 0.75 0.29 0.48 Low
Pacoche 2008 0.33 0.3 0.37 0.33 Low
Parque Lago 2003 0.17 0.21 0.29 0.22 Low

Pasochoa 1996 0.8 0.75 0.79 0.78 Low
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Table A5. Cont.

Plazas de Villamil 2011 0 0.29 0.56 0.28 Low
Podocarpus 1982 0.64 1.25 0.93 0.94 Low
Pululahua 1966 0.12 0.31 0.32 0.25 Low
Quimsacocha 2012 0.11 0.38 0.57 0.35 Low
Rio Negro Sopladora 2018 0.24 0.44 0.46 0.38 Low
Samama Mumbes 2016 0.06 0.21 0.15 0.14 Low
Sangay 1975 1.14 1.9 1.66 1.57 Medium
Siete Iglesias 2012 0.2 0.67 0.81 0.56 Low
Sumaco Napo-Galeras 1994 0.65 0.78 0.84 0.76 Low
Tambillo 2018 0.13 0.29 0.46 0.29 Low
Yacuri 2010 0.41 0.65 0.46 0.51 Low
Yasuni 1979 1.35 0.71 0.83 0.96 Low
IDAs BR Yasuni 1989 1 0.18 0.3 0.49 Low
BR Sumaco 2000 1.48 0.43 0.21 0.71 Low
BR Podocarpus El 2007 179 047 025 0.84 Low
BR Macizo Del Cajas 2013 1.59 0.22 0.22 0.68 Low
BR Choco Andino 2018 0.66 0.44 0.23 0.44 Low
BR Bosque Seco 2014 1.26 0.98 0.83 1.02 Medium
RAM Yacuri 2012 0.68 0.87 0.74 0.76 Low
RAM Tembladera 2011 0.06 0.18 0.46 0.23 Low
RAM Segua 2000 0.13 0.16 0.19 0.16 Low
RAM Santay 2000 0.22 0.2 0.15 0.19 Low
RAM Podocarpus 2012 0.68 1.6 1.48 1.25 Medium
R‘}giﬁﬁgm 2006 1.04 0.71 0.72 0.82 Low
RAM Machalilla 1990 0.33 0.97 0.65 0.65 Low
RAM Llanganati 2008 0.75 0.78 0.73 0.75 Low
RAM Limoncocha 1998 0.3 0.48 0.58 0.45 Low
RAM El Angel 2012 0.67 0.86 0.89 0.81 Low
RAM Don Goyo 2012 0.29 0.44 0.41 0.38 Low
Lagﬁgig:iﬁm 2017 233 13 117 1.60 Medium
RAM Cube 2002 0.2 0.41 0.7 0.44 Low
RAM Churute 1990 0.57 0.43 0.28 0.43 Low
RAM Cayapas Mataje 2003 0.75 0.72 0.57 0.68 Low
RAM Cajas 2002 1.19 1.12 1.46 1.26 Medium
Rﬁtﬁnﬁ’lﬁﬁe 2000 0 0.14 0.05 0.06 Low
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