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Abstract: Natural ecosystems are declining and fragmenting globally at unprecedented rates. Frag-
mentation of natural ecosystems leads to decline in functions and services with severe impact on
people. In Ecuador, despite establishment of the nationwide ecosystem classification, this baseline
information has not been fully exploited to generate a monitoring system for ecosystem changes.
Forest ecosystems are altered daily in Ecuador by human impact, but the relationship between forest
fragmentation and human land use has not been adequately explored. To provide an overview of
how recent forest fragmentation at the national and ecosystem level was affected by practices in
human land use, we quantified the degree of forest fragmentation using the forest fragmentation
index (FFI). The relationship between the degree of forest ecosystem fragmentation and human land
use of 64 natural forest ecosystems was analyzed during the time period 1990 to 2014. At the national
level, the expansion of pasture and inhabited area significantly increased forest fragmentation. The
regression models based on the FFI value indicated that the forest fragmentation was highly corre-
lated to pastures in forest ecosystems with low, moderate, and high fragmentation in 2014 due to a
progressive increase in pastures. This study showed the critical gaps between forest conservation
strategies and actual practices in human land use.

Keywords: ecosystem changing patterns; deforestation; human impact; land use; forests fragmenta-
tion; tropical Andean

1. Introduction

Over the past 50 years, humans have altered ecosystems more rapidly and extensively
than in any comparable period in human history, mostly in order to meet the fast growing
demand for food, fresh water, timber, fiber, and fuel [1]. These global changes have
huge implications for ecosystem functioning and services [2]. Some of these pressures on
ecosystems cause ecosystem fragmentation which can initiate novel landscape elements and
functions, whereas larger changes could result in ecosystem collapse and replacement [3].

In forest ecosystems, the impact of system fragmentation can be manifested as biotic
or abiotic changes, or a combination of both, including species extinction, disruption of
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trophic interactions, and increased susceptibility to disturbances [4–7]. Forest fragmentation
induced by land use is occurring at an alarming rate, which highly impacts ecological func-
tions and services, and negatively affects natural recovery processes after disturbances as
catalysts of rapid environmental change [8–10]. Furthermore, it can lead to the exacerbation
of poverty for people who heavily rely on natural resources and products [11].

Forest fragmentation is usually defined as a landscape-scale process of land cover
changes in the patterns of forest that are independent of forest loss [12]. Results of empirical
studies on forest fragmentation led to ambiguous conclusions regarding the limitations of
interpretation because (1) many researchers measure the degree of fragmentation at the
patch level, not the landscape level [13,14], and (2) most studies measured fragmentation
without differentiating meanings between forest loss and forest fragmentation per se [15,16].
Because many studies advocate that forest fragmentation, per se, mitigates negative effects
on biodiversity than forest loss, forest fragmentation must be measured independently of
forest loss.

The effect of land use on forest fragmentation has been widely studied, which was
analyzed and interpreted by using landscape metrics, such as mean patch size, edge density,
and mean shape index [17]. As not all landscape metrics can capture the entire extent of
forest fragmentation in a particular landscape [18], most studies about forest fragmentation
have described the relationship with human land use using landscape metrics. For instance,
regarding the studies on ecosystem fragmentation, an increase in the number of patches, a
decrease in patch size, and increased patch isolation were used as quantitative measures
of fragmentation [10,19,20]. Although these studies have often magnified the controversy
due to correlations between different landscape metrics (e.g., edge, isolation, and area),
together with these correlative observations, Ibáñez et al. [21] revealed that fragmentation
has multiple simultaneous effects that are interwoven in complex ways and potentially
operate across longer time periods [22–24].

Some studies have received much attention to understand forest fragmentation and
human activities over the last three decades [22–24]. However, only a few studies showed
the relationship at the ecosystem level. One of the main reasons is related to a lack of
universally accepted global taxonomy of ecosystems [25]. Specifically, the classification
and delimitation of ecosystems have been rarely investigated and are not available in many
countries. In addition, studies on analyzing the relationship between fragmentation and
land use are lacking in a commonly accepted method for quantifying fragmentation [26].
For example, Butler et al. [26] have produced a forest fragmentation index for western
Oregon and western Washington that combined measures of forested area, percentage
edge, and interspersion. Likewise, Abdullah and Nakagoshi [27] developed a single forest
fragmentation index based on a combination of three landscape metrics, (i) non-forest area,
(ii) forest edge, and (iii) patch size coefficient of variation, in the state of Selangor, Malaysia.
A main benefit of quantifying forest fragmentation through a single index is that it is
feasible to be statistically correlated to different human land use types. Such identification
of the impact of human land use on specific forest ecosystem fragmentation can support
political justifications for sustainable landscape planning and management [28].

Studies of forest ecosystem fragmentation conducted in the tropical Andes were
initiated in the late 1980s [29–32]. For example, Armenteras et al. [29] have incorporated the
degree of fragmentation for ecosystem conservation planning, using five landscape metrics,
patch number, largest patch index, mean patch size, mean nearest neighbor distance, and
landscape shape index, in the eastern Andes of Colombia.

Ecuador is located in the tropical Andes and known to have one of the largest biodiver-
sity per surface units on Earth, with up to 1250 plant species/km2 belonging to 136 different
families [33,34]. Ecuador also covers highly diverse terrestrial ecosystems that exhibit high
levels of endemism [35]. Despite its ecological importance, the rate of forest decline and
fragmentation has been reported to be the highest in the last 30 years, induced by man-
made structures including cities, agricultural land, and oil derricks [36–39]. The awareness
of this situation is promoting a collective shift in empirical studies on biodiversity and
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biological conservation in the country [40–43]. From the perspective of natural conserva-
tion, one of the most remarkable achievements in Ecuador might be the establishment
of an official identification, classification, and delimitation of ecosystems at the national
level [44], after an initial framework of the ecosystem classification by Sierra et al. [45] and
Josse et al. [46]. However, existing studies indicate that this baseline information regarding
the ecosystem classification has not yet fully been exploited, for instance, for generating
a monitoring system of national ecosystem changes. Specifically, Cuesta et al. [42] used
this ecosystem map and species distribution models to identify focus areas for biodiversity
protection in Ecuador. Likewise, MAE [47] attempted to assess ecosystem fragmentation
and risk based on the ecosystem map [44], using patch numbers, mean patch size, and
a coefficient of variation of patch size. These studies can support current conservation
efforts but cannot provide any information regarding the relationship between the degree
of forest ecosystem fragmentation and human land use at the ecosystem level, which is
useful for the better design of conservation strategies integrated into land use planning
and management in Ecuador.

Against this background, we aimed to (i) quantify and schematize the degree of forest
fragmentation of 64 natural forest ecosystems in mainland Ecuador during 1990–2000–2008–
2014 and (ii) relate the degree of forest fragmentation to human land use at the ecosystem
level on different spatial scales. In this study, “ecosystem” was considered as a standard
reporting unit for national level assessment, and landscape metrics were utilized to analyze
forest fragmentation. This study focused on addressing the following research questions:
(i) How has forest fragmentation in the tropical Andes occurred at the ecosystem level
over recent decades? (ii) What types of human land use led to the current forest ecosystem
fragmentation in the tropical Andes?

By understanding the knowledge gaps between forest conservation strategies and
actual practices employed in human land use, we suggested ecosystem-level conservation
implementation for land-use-related planning and sustainable development.

2. Materials and Methods
2.1. Dataset for the Ecosystems and Land Cover Classification

The baseline information applied in this study is based on satellite images (Landsat–
5 TM) obtained in 1990, 2000, 2008, and 2014. They were classified by the Ecuadorian
Ministry of Agriculture (MAGAP), Ministry of the Environment and Water (MAE; renamed
in 2021 to the Ministry of Environment, Water and Ecological Transition - MAATE), and
National Spatial Institute (IEE), using LANDSAT 4 and 5 TM for 1990, LANDSAT ETM+
for 2000, LANDSAT ETM+ and ASTER for 2008 [48], and LANDSAT 8 OLI, LANDSAT
ETM+, and RapidEye satellite images for 2014 [49]. The maps of 1990, 2000, and 2008 were
generated by unsupervised classification [50], except the thematic map of 2014, which was
classified by supervised classification using field survey data regarding monitoring results
of land use types in at least 30 sites. The supervised classification was carried out by the
MAE, which contemplated the grouping procedures of the pixels of an image according to
their spectral similarity, the level of detail, and the thematic legend established a priori. For
this purpose, pixels of a group were selected and delimited on the original image, which
represented the patterns of the different thematic classes. The error was minimized by
editing the classes that grouped values belonging to others by comparing the classification
with the image. Finally, the vegetation cover layers and ecosystems obtained from the
satellite images were validated in the field through 421 calibration and validation points in
the years 2011 and 2012 [44].

In a large scale, continental Ecuador is divided into the three natural regions (biomes):
Coast, Andes, and Amazon [51] (Figure 1). In each region, the livelihood strategies and
land use patterns vary according to the climate and vegetation [52,53]. In this study, 15 land
cover types were considered for the land use change analysis (Table 1). Furthermore, human
land uses were distinguished by seven different land cover types: industrial plantation
(PLT), pasture (PST), annual crops (AFM), permanent crops (PFM), semi-permanent crops
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(SFR), inhabited area (HBT), and infrastructure (IFR). In this study, land use was considered
as a categorical variable that describes the main activity type. Due to separating pasture
from natural grassland and/or abandoned agricultural land, uncertainty in the results
might have occurred due to classification errors or shifts in categories. To conduct the
analysis of ecosystem-level deforestation and forest fragmentation, this study included
four sub-classes of native forest, which cover about 14 million hectares:

1. Higher mountain forest: The height of trees reaches 10–15 m with thick and sometimes
gnarled trunks and adventitious roots occupying up to 70 m2 [45,54].

2. Cloud mountain forest: The height of trees reaches 15–25 m. The underwood is very rich,
and epiphytes and mosses are very abundant. Persistent presence of fog at the vegetation
level significantly reduces incident solar radiation and evapotranspiration [55].

3. Lower mountain forest: The height of canopy can reach 20–35 m and trees of 40 m
are sporadically located. The forest is composed of different layers such as canopy,
sub-canopy, shrub, and herbaceous species [34].

4. Foothill forest: Forest transition occurs between the foothills of eastern and western
ranges and Amazonian forests. Substrate is mainly composed of volcanic rock and
sediment of recent origin. The height of the canopy reaches 30 m and sub-canopy and
understory are very dense [56].
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Figure 1. (A)Three natural regions of continental Ecuador. (B) The major land cover types within
the mapped extent of 64 forest ecosystems in 1990, 2000, 2008, and 2014. (C) Distribution of each
ecoregion’s elevation. (D) The major land cover types by ecoregions (n = 7) based on imagery from
four time periods (1990, 2000, 2008, and 2014). The legend of land use types in Figure 1B correspond
to colors of land use types in Figure 1D.
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Table 1. Description and source of land cover types defined in the study area.

Main Land Use No. Land Cover Type Description Source

Forest 1 Native forest
Vegetation with native tree species, including higher
mountain forest, cloud mountain forest, lower mountain
forest, and foothill forest.

[44,57]

Shrub/Grassland

2 Shrubland
Area with a substantial component of non-tree native
woody species. It includes degraded areas in transition
to dense shrub layer.

[44,57]

3 Grassland
Native grassland with spontaneous growth which do not
receive special care, and use for sporadic grazing
or protection.

[44,58]

4 Páramo Typical ecosystem of the tropical Andes, located above
3400 m.a.s.l. Vegetation can reach 50 cm in height. [44,58]

Industrial
plantation 5 Industrial plantation (PLT) Vegetation with exotic/non-native species, including

young and harvested plantations. [58]

Pasture 6 Pasture (PST) Cultivated grassland, dominated by introduced species
of Gramineas and Legunimosas, for feeding livestock. [58]

Agriculture
7 Annual crops (AFM) Cultivated land for annual crops. [58]
8 Permanent crops (PFM) Mainly orchards and permanent crops and vegetables. [58]
9 Semi-permanent crops (SFM) Cultivated land for 2- or 3-year-cycle crops. [58]

Urban
10 Inhabited area (HBT) Land mainly occupied by housing and buildings for

communities and public services. [58]

11 Infrastructure (IFR) Land occupied by roads, industry, and other
anthropogenic surfaces (e.g., shrimp fishery). [58]

Others

12 Natural water Land occupied by natural water bodies such as small
lakes and ponds. [58]

13 Artificial water Land or flowing water associated with anthropic
activities and water resource management. [58]

14 Bare ground Cleared land, rocks, and river beds. [58]
15 Glacier Snow and ice. [58]

We followed the selection of forest ecosystems as described in Noh et al. [8]. The
definition, classification, and delimitation of a total 91 national territorial ecosystems were
established and completed on the basis of the following factors (87 natural ecosystems
with 4 other systems such as areas of human intervention, water, other areas, and no
information): (1) physiognomy, (2) bioclimate, (3) biogeography, (4) geoform, (5) general
flooding, (6) phenology, (7) bioclimatic floor, and (8) substratum [44].

According to the vegetation physiognomic classification (forest, shrubland, and grass-
land), we selected 64 forest ecosystems, including 2 mangroves (Table 2), among the
87 natural territorial ecosystems in all of Ecuador.

2.2. Deforestation Rate, Land Cover Change Rate, and Forest Fragmentation

The annual deforestation rate was calculated by the formula proposed by Puyravaud [59]:

P =
100

t2 − t1
ln

A2

A1

where P is the annual deforestation rate (in%/year), A1 and A2 are the forest cover at time
t1 and t2.
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Table 2. Spatial scale (region–ecoregion–ecosystem) and altitudinal range of 64 natural forest ecosystems.

Region Ecoregion Code Forest Ecosystems (Forest Vegetation Type) Altitudinal Range (m)

COAST

Equatorial-Chocó

E1 Flood alluvial plain forest of the Equatorial Chocó 50–200
E2 Equatorial Chocó mangrove 0–20
E3 Evergreen forest of the Equatorial Chocó lowland 0–300
E4 Flood intertidal plain forest of the Equatorial Chocó 0–50
E5 Seasonal evergreen forest of Equatorial Chocó lowlands 0–300

E6 Piedmont seasonal evergreen forest of the Chocó
coastal range 200–400

E7 Low montane evergreen forest of Chocó coastal range >400

Equatorial-Pacific

E8 Semideciduous forest of the Jama-Zapotillo lowland 0–300

E9 Semideciduous forest of the Equatorial Pacific
coastal range >200

E10 Low forest and deciduous shrubland of the
Jama-Zapotillo lowland 0–400

E11 Piedmont seasonal evergreen forest of the Equatorial
Pacific coastal range 200–400

E12 Low montane seasonal evergreen forest of the Equatorial
Pacific coastal range 400–860

E13 Seasonal evergreen forest of the Jama-Zapotillo lowland 0–400
E14 Deciduous forest of the Jama-Zapotillo lowland 0–400
E15 Deciduous forest of the Equatorial Pacific coastal range >200
E16 Jama-Zapotillo mangrove 0–10

E17 Seasonal flood alluvial plain evergreen forest of the
Jama-Zapotillo 0–300

ANDES

Western-range

E18 Piedmont evergreen forest of the western Andean range 300–1400

E19 Low montane evergreen forest of the western
Andean range 1400–2000

E20 Montane evergreen forest of the western Andean range 2000–3100

E21 High montane evergreen forest of the western
Andean range 3100–3600

E22 Piedmont seasonal evergreen forest of the western
Andean range 300–1400

E23 Piemontano seasonal evergreen forest of the
Catamayo-Alamor 400–1600

E24 Low montane seasonal evergreen forest of the
Catamayo-Alamor 1600–2000

E25 Montane evergreen forest of the Catamayo-Alamor 2200–2900
E26 High montane evergreen forest of the Catamayo-Alamor 2900–3400
E27 Low montane evergreen forest of the Catamayo- Alamor 1600–2200
E28 Piedmont evergreen forest of the Catamayo-Alamor 400–1600
E29 Piedmont semideciduous forest of the Catamayo-Alamor 400–1600
E30 Low montane semideciduous forest of the

Catamayo-Alamor 1600–2200
E31 Piedmont deciduous forest of the Catamayo-Alamor 400–1600
E32 Low montane deciduous forest of the Catamayo- Alamor 1600–2200

Valley, Alpine E33 Semideciduous forest and shrubland of the North Valleys 1200–2600
E34 Semideciduous forest and shrubland of the South Valleys 1200–2000
E35 Páramo evergreen forest 3200–4100

Eastern-range

E36 High montane evergreen forest of the north-eastern
Andean range 3000–3700

E37 Montane evergreen forest of the north-eastern
Andean range 2000–3000

E38 Low montane evergreen forest of the north-eastern
Andean range 1200–2000

E39 Piedmont evergreen forest of the north-eastern
Andean range 400–1200

E40 Low montane evergreen forest of the south-eastern
Andean range 1660–2200

E41 Montane evergreen forest of the south-eastern
Andean range 2200–3000

E42 High montane evergreen forest of the south-eastern
Andean range 3000–3400

E43 Piedmont evergreen forest of the south-eastern
Andean range 400–1650

E44 Piedmont semideciduous forest of the south-eastern
Andean range 500–1300
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Table 2. Cont.

Region Ecoregion Code Forest Ecosystems (Forest Vegetation Type) Altitudinal Range (m)

AMAZON

Range

E45 Low montane evergreen forest of Galeras 1300–1700
E46 Piedmont evergreen forest of Galeras 600–1300
E47 Piedmont evergreen forest of the Cóndor-Kutukú range 350–1400

E48 Low montane evergreen forest of the
Cóndor-Kutukú range 1400–1900

E49 Montane evergreen forest of the Cóndor-Kutukú range 1900–2400

E50 Piedmont evergreen forest on sandstone plateaus of the
Cóndor-Kutukú range 350–1400

E51 Montane evergreen forest on sandstone plateaus of the
Cóndor range 1900–2700

E52 Piedmont evergreen forest on limestone outcrops of the
Amazonian range 600–1400

E53 Low montane evergreen forest on sandstone plateaus of
the Cóndor-Kutukú range 1400–1900

E54 Evergreen forest on sandstone plateaus of the Cóndor
range in the lower Ecuadorian Amazon 243–550

Plain

E55 Evergreen forest of the
Aguarico-Putumayo-Caquetá lowland 168–350

E56 Flood alluvial plain palm forest of the Amazon 171–350

E57 Flood river (originated in the Andean and Amazonian
ranges) alluvial-plain forest 164–350

E58 Lowland evergreen forest of the Napo-Curaray 170–350
E59 Flood alluvial plain forest of the Amazon 158–350

E60 Flood forest and lacustrine-riparian vegetation of the
Amazonian black water 170–350

E61 Flood river (originated in the Amazon) alluvial plain forest 158–350
E62 Evergreen bamboo forest of the Amazonian lowland 196–500
E63 Evergreen forest of the Tigre-Pastaza lowland 166–350
E64 Evergreen forest of the Pastaza fan-shaped lowland 197–350

In order to calculate the change rate of land cover types, a cross-tabulation procedure
between the different land cover types was processed with ArcGIS 10.5; gains and losses
were calculated as proposed by Pontius et al. [60]. Fragmentation analyses were performed
using the approach presented in existing studies [61,62]. Specifically, Forest Area Density
(FAD) is a simple metric of fragmentation which is calculated as the percentage of forest
pixels in a fixed-area neighborhood. In the present study, we evaluated FAD with a moving
window size of 27 × 27 pixels and the FAD values were classified into the following five
classes (Table 3).

Table 3. Summary of Forest Area Density (FAD) fragmentation class thresholds, names, and color
assignment according to Vogt [63].

FAD Class Color FAD Range
1 Rare
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To characterize forest fragmentation in each forest ecosystem, we redefined the thresh-
olds for the continuous forest (≥40%) and non-continuous forest (<40%) [63]. Accordingly,
forest fragmentation index (FFI) was defined as a proportion of non-continuous forest in
each ecosystem.
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2.3. Analysis

The relationship between FFI and current human land use was tested through a
regression analysis based on Abdullah and Nakagoshi [27]. The independent variables
were the percentage of the 7 human land use types in each forest ecosystems in 2014
(Table 1). The dependent variables were FFI of grouping ecosystems that share a common
set of the following biogeographic characteristics and forest fragmentation rate: (1) region
and (2) FFI degree in 2014. All statistical analyses were conducted by using the open-source
software R (version 3.2.2).

3. Results
3.1. Land Use Change in Forest Ecosystems

Between 1990 and 2014, approximately 454,000 hectares of native forests were cleared
in the analyzed 64 forest ecosystems of mainland Ecuador, averaging 7100 hectares per
single ecosystem (Figure 2b). An increase in the deforestation rate between 1990–2000 and
2000–2014 in the 64 forest ecosystems was statistically significant. The mean difference
in deforestation rate was 0.6%, 95% CI for mean = −0.15, 0.45; student’s paired sample
t test, t = 2.18, df = 63, ρ < 0.01. In the 64 forest ecosystems, E44 showed the highest
annual deforestation rate of 3.95%, followed by 1.34% in E23 and 1.30% in E32. In 2014, the
percentage of forest cover was below 10% in six forest ecosystems: E33 (0.11%), E35 (1.7%),
E34 (3.44%), E32 (5.65%), and E17 (7.4%) (A.2). During the whole study period, forest area
was recovered in five forest ecosystems: E4 (8.3%), E33 (1700%), E35 (29.69%), E56 (0.70%),
and E64 (0.03%).
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Figure 2. Scatter diagrams of forest ecosystems annual deforestation rate for the periods 1990–2000
and 2000–2014. (a) Changes in annual deforestation rate of single forest ecosystem (n = 64) for the
periods 1990–2000 and 2000–2014 (a). Each point represents one forest ecosystem. Solid black outline
is zoomed out (b). (b) Changes in annual deforestation rate of single forest ecosystem (n = 59),
excluding extreme data (n = 5). (Inset) The distribution of the ecosystem’s differences in deforested
area between 1990 and 2014. The vertical dotted line marks zero shifts, and the vertical solid line
marks the median shift. The arrow describes the direction of the shift. This figure is based on the
previous study Noh [64].
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In forest ecosystems, human land use (agriculture, industrial plantation, urban, and
pasture) showed a rapid increase of 54% over 24 years (Figure 1B). Agriculture was the
major anthropogenic land use in 1990 (4.3%), 2000 (5.4%), and 2008 (6.1%), but it declined to
2.6% by 2014. In 2014, pasture, rising from 1.1% in 2008 to 5.4% in 2014, became the largest
single human land cover class. The other notable features of the data are the relatively
stable proportion of the natural shrubland/grassland (≈2%) during 1990 to 2008 and an
increase (≈3%) in 2014. A slowly increased tendency over the whole study period was
shown for industrial plantation and urban area.

Land cover changes did not occur at equal rates during all time intervals in the
three regions (Figure 3). The most intensive changes were observed in the Coast, where
frequent exchanges between pasture and agricultural land as well as pasture, shrubland,
and agricultural land (particularly rotations between pastures, herbaceous crops, and fallow
cycles) were found. The most consistent trend of inter-class changes between 2008 and
2014 was a progressive increase in pasture at the expense of agriculture and native forest.
On the other hand, a slight increase in urban area was shown in all regions over the entire
study period.

3.2. Degree of Forest Fragmentation

By 2014, continuous fragmentation became the dominant process, owing to a decline
in the number of interiors, dominant FAD, and a slight increase in patchy and rare FAD in
the Coast and Andes (Figure 4). In the Amazon, forest fragmentation was accompanied
by the rapid increase in the number of patchy and rare FAD. Amount of interior FAD
decreased following the introduction of these disturbed fragments into the matrix.

According to the different degree of forest fragmentation across 64 forest ecosystems
(A.1 in Annex), the FFI varied between 0.67 (non-fragmented) and 68.76 (highly fragmented)
in 2014. The FFI in 2014 was highest for the Semideciduous forest and shrubland of the North
Valleys (E33), while the lowest FFI was observed in Evergreen bamboo forest of the Amazonian
lowland (E62).

3.3. Relationship between Forest Fragmentation and Human Land Use

Increasing human land use had a significantly positive correlation on forest fragmen-
tation in all forest ecosystems of Ecuador (Table 4). At the national level, a significantly
positive relationship was constantly found between forest fragmentation and two human
land uses: pasture (PST) and inhabited area (HBT). Additional results at the regional level
were presented in more detail because of its practical utility for conservation management
(Table 4). In the Andes, we could detect a statistically robust effect of pasture (PST) and in-
habited area (HBT) in forest ecosystems. The regional regression model indicated that forest
fragmentation was mostly explained by permanent (PFM) and semi-permanent crops (SFM),
and inhabited area (HBT) in the Andes, and pasture (PST) in the Amazon, respectively.

Table 4. Standard coefficients of multiple regressions testing the relationship between forest fragmen-
tation index (FFI) and human land use for 2014 in national and regional level.

Human Land
Use/Cover

All Coast Andes Amazon

(n = 64, p < 0.001,
R2 = 0.646)

(n = 17, p < 0.05,
R2 = 0.572)

(n = 27, p < 0.01,
R2 = 0.854)

(n = 20, p < 0.01,
R2 = 0.003)

PLT 2.52 0.126 0.7 -
PST 1.30 *** −0.47 1.31 *** 1.08 **

AFM 1.45 −5.64 0.44 −26.97
PFM 0.18 2.58 . −4.1 −9.53
SFM 1.23 4.61 . 3.67 16
HBT 59.78 *** 59.74 . 106.48 ** −87.06
IFR 6.57 54.47 −358.21 −98.74

PLT: industrial plantation; PST: pasture; AFM: annual crops; PFM: permanent crops; SFM: semi-permanent crops;
HBT: inhabited area; IFR: infrastructure. . p < 0.1, ** p < 0.01, *** p < 0.001.
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The regression models based on the FFI value indicated that forest fragmentation had
a mostly positive relationship with pasture (PST) in forest ecosystems with low, moderate,
and high fragmentation in 2014 (Table 5). Forest fragmentation in highly fragmented
ecosystems was additionally explained by permanent (PFM) and semi-permanent crops
(SFM) and infrastructure (IFR). Forest ecosystems with low fragmentation also showed
a positive significant relationship between forest fragmentation and several additional
human land uses, industrial plantation (PLT) and annual crops (AFM).

Table 5. Standard coefficients of multiple regressions testing the relationship between forest frag-
mentation index (FFI) and human land use for 2014 in forest ecosystems divided by FFI value (low:
FFI ≤ 10, moderate: 10 < FFI ≤ 60, high: FFI > 60).

Human Land
Use/Cover

Low Moderate High

(n = 22, p < 0.001,
R2 = 0.936)

(n = 31, p < 0.1,
R2 = 0.302)

(n = 11, p < 0.01,
R2 = 0.995)

PLT −2.08 * 1.9 9.23
PST 1.20 *** 0.63 * 0.37 *

AFM 46.67 *** 1.55 . 0.43
PFM −3.51 0.43 −0.61 *
SFM 3.33 0.34 1.28 .
HBT −63.78 4.92 10.3
IFR 0.88 8.21 93.33 *

PLT: industrial plantation; PST: pasture; AFM: annual crops; PFM: permanent crops; SFM: semi-permanent crops;
HBT: inhabited area; IFR: infrastructure. . p < 0.1, * p < 0.05, *** p < 0.001.

4. Discussion

The understanding of the interactions between forest structure changes in forest ecosys-
tems and land use should be based on the information regarding what changes happen as
an initial step [65]. This study aimed at providing some of this relevant information using
comparative analyses across different spatial scales of the forest ecosystems in Ecuador.

4.1. Forest Fragmentation at Regional Level

With respect to the three regions of mainland Ecuador, the coastal forest ecosystems
showed the most severe changes from significant forest conversion by land use in this
study, even though we could not detect any statistically robust effect of land use on forest
structure change (Figures 1 and 3). This region is characterized by the agriculture expansion
and the increase in urban area [45,66,67]. Specifically, the equatorial pacific is under higher
transformation trends from native forest to human land use than the equatorial Chocó.
The Andes is the region which showed the largest gap between human land use and
conservation efforts. Even though many studies set priorities for forest conservation
efforts in the tropical Andes [35,68], we observed that natural forest ecosystems in Andean
valley and alpine (paramo) have a very low proportion of native forests due to land use
changes [69]. Because the western Andes areas are less protected than the eastern Andes,
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human land use occupied the west more than the east Andes where forest fragmentation
was caused by cattle grazing which resulted in pastures (Table 1). The expansion of
agropastoral land use was recognized as the main reason for deforestation and forest
conversion in the Andes [70,71]. Because a higher rate of deforestation was recently
reported in the Amazonian region [49], we expected a significant impact of human land use
on native forest ecosystems in this region. In our analysis, human land use was observed
less than expected in the Amazon region. This unpredictability of human land use in forest
ecosystems in the Amazon may be explained by the larger forest extension of the region
compared to the Coast and the Andes.

Results using species as conservation targets may differ from the studies using an
ecosystem level approach. For example, from a species-based perspective, Lessmann
et al. [43] suggested that more conservation efforts are needed in the northern Amazon that
represents high species richness. Since not all areas with high conservation importance are
under the same level of threat from transformation or degradation [72,73], it is noteworthy
that ecosystem level conservation should be acknowledged apart from a species-only
approach (e.g., based on richness or endemism). Based on these considerations, our results
show that mainly natural ecosystems on the Coast and in the Andes are at risk.

4.2. Patterns of Forest Ecosystem Changes

Our most remarkable finding is identifying the different patterns and rates of forest
ecosystem changes at the nationwide ecosystem level. Although slight forest loss and
fragmentation was observed between 1990 and 2014 in the 64 natural forest ecosystems of
Ecuador, we identified seriously modified systems among them. For example, the share
of native forest in several ecosystems is alarming: only 0.11% of native forest in Semidecid-
uous forest and shrubland of the North Valleys remained in 2014 (Table S1). Along with the
decline of forest distribution, the ecosystem seems to have undergone a transformation of
identity over the entire range. Likewise, the results revealed non-linear dynamic changes
in forest structure in many ecosystems of Ecuador (Table S2). Importantly, Suding and
Hobbs [74] addressed that such a critical threshold of rapid and unexpected change in
natural ecosystems could be observed when, for the most part, human activities cause
frequent land-use changes. As Ecuador is dominated by patterns of small-holder land
use that reflects fragmented and heterogeneous livelihood strategies, our results seem
to be explained by frequent land use change by human activities. These non-linearly
changing ecosystems (Table S2) can be characterized by pressure on resource use and short
fallow shifting cultivation as a type of rotational land use (e.g., forest–pasture–shrubland
or forest–shrubland–pasture-crop) [75]. Forest conversion to pasture for cattle grazing
has been one of the main reasons for deforestation in tropical forests [76–79]. In southern
Ecuador, a high deforestation rate is reported by the conversion to pastures, despite its
highly diverse forest ecosystems. Although these cultivated or fallow lands are abandoned
after several years, the very slow natural regeneration is detected by increasing forest
fragmentation [80,81]. Zahawi and Augspurger [82] found that herbaceous species domi-
nated in early plant succession of abandoned pastures in the Ecuadorian Andes, whereas
a successional trajectory toward a forested condition (secondary forests) was estimated
between 20 and 30 years. Therefore, in most Ecuadorian forest ecosystems, losses and gains
of native forests are treated as equal when calculating net change, but the loss of primary
native forest is qualitatively different from the gain of early-successional secondary forests.

4.3. Conservation Implications and Recommendations

Bearing in mind the above, Ecuadorian policies were developed in response to the issue
of forest loss and change from the 2000s. Although Ecuador is a relatively small country, it
has 44 nationally protected areas that cover approximately 19% of the entire surface [36,83].
Ecuador is also known as a leader in the debate to have avoided deforestation credits
“recognized by international climate-change conventions” [9]. In addition, the Ecuadorian
government has invested approximately 56 million USD in the direct payment program
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“Socio Bosque” to achieve native forest conservation. Regarding the government´s goal of
avoiding deforestation, there are three important lessons that can be learned from this study.
First, it is important to optimize the protection efficiency in forest ecosystems. We observed
a lack of protection in ecosystem types with small extension and/or high fragmentation,
which may result in conservation gaps for species and ecosystems in the country [43].
Although establishing a new area under protection is a long and difficult process linking to
conflicting interests of all relevant stakeholders, it will be necessary to create appropriate
conditions for the participation and cooperation of the private sector in the planning
and implementation of conservation initiatives in these forest ecosystems. Secondly, the
main conservation challenge in the highly fragmented forest ecosystems is the extensive
transformation of the natural ecosystems by human activities. However, small patches of
native forest remain in these ecosystems. Therefore, forest structure in highly fragmented
ecosystems could improve by following landscape approaches: (1) creating buffers around
native forests to mitigate forest fragmentation trends, (2) connecting fragments of native
forests in order to enhance landscape connectivity, and (3) identifying and developing
adapted land use plans based on the remnant small-size patches to enhance ecosystem
persistence and resilience [84]. Finally, multilateral collaboration among relevant ministries
is vitally important to provide a national strategic opportunity, not only to share ideas
but to identify critical issues for sustainable development. For example, results of this
study, which indicated the forest transition to pasture, can be related to the establishment of
regulation of payment for quality of raw milk (RPQM) issued and implemented in Ecuador
by Regulation 1042 from 2008 [85]. Because the implementation of the RPQM defined
fixed payment per liter [86], this economic opportunity may have caused unintended
deforestation due to small and medium producers’ land use decisions in recent decades.

5. Conclusions

This study is based on a broad analysis of how forest fragmentation at the ecosystem
level has been affected by land use on different spatial scales. Our analysis provides a
better understanding the changes in ecosystems influenced by human land use in Ecuador.
By illuminating the critical gaps between forest conservation strategies and actual practices
employed in human land use, we suggested implementation of conservation efforts at
ecosystem level for adapted land use planning and sustainable development in Ecuador,
which requires significant changes in present policies, institutions, and practices that are
not currently under way.
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