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Abstract 

In the three last decades, continental Ecuador biosphere reserves (CEBRs) 

have undergone important land cover transformations because of human-

managed systems such as agriculture, livestock, forestry, and urbanization. 

Thus, the native landscape structure has been altered, exhibiting a mosaic of 

patches with varying sizes and shapes. The resulting landscape could shape 

some patterns over time, reflecting the complex interactions between human 

activities and biotic-abiotic factors, such as soil, climate, and water availability. 

Quantifying the landscape patterns and their dynamics is essential for the 

monitoring and assessment of the ecological consequences of land-cover 

change in time. Based on the soil maps and raster land-cover maps from 1990 

to 2016 of two CEBRs, the spatial deforestation patterns were quantified 

through lacunarity and multifractal analysis. To conduct these analyses, the 

deforested areas were identified and overlapped to predominant soil types. The 

results showed that the deforestation process pattern and soil types interact 

through complex relations due to specific site characteristics. Thereby, both 

soil and land cover interacted in fractal structures. The patch area distribution 

of deforestation patterns linked to soil types reveals a power-law relationship 

in which, as the area of the deforested patches increased, their frequency 

decreased. Also, this relation presents self-similarity and multifractal behaviour 

over a wide range of scales from 46–2,674 pixels, with a pixel size of 30 m 

× 30 m. However, each CEBR showed varying degrees of heterogeneity and 

complexity, which were reflected through lacunarity and multifractal parame

ters. The dynamics of deforestation patterns linked to soil types can be spatially 

dependent on the initial patchiness state, the distance to the adjacent patches, 

and the suitability of the soil for agrarian activities. Altogether, these were the 

spatial underlying factors of the deforestation evolution in the two CEBRs. 
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1 | INTRODUCTION 

Deforestation is currently a human-induced process by 
which forested land is converted to non-forested lands, 
such as agricultural land, pasture and urban areas (FAO, 
2007; UNFCC, 2007). Its main drivers are agricultural 
expansion, urban growth, infrastructure development 
and mining (FAO, 2016). As a consequence of deforesta
tion, native landscape structure is modified, natural pat
ches are fragmented, the matrix is altered, and corridors 
are interrupted (Burgess, 1993). Changes then arise in the 
cycling of matter and energy, in the soil and in animal 
movement, endangering the survival of species and the 
sustainability of ecological goods and services from native 
forestland (Riitters, Wickham, O'Neill, Jones, & 
Smith, 2000). 

The landscape composition and configuration are 
some of the most fundamental metrics for studying land
scape patterns at both spatial and temporal scales (Li & 
Reynolds, 1994; Neel, McGarigal, & Cushman, 2004; 
Proulx & Fahrig, 2010; Riitters et al., 2000; Zurlini, 
Riitters, Zaccarelli, & Petrosillo, 2007). Composition is 
determined by the number and proportion of each type of 
patch (i.e., what type and how many are there), whereas 
the configuration is determined by the spatial arrange
ment of the patches: patch shape, patch neighbourhood 
and its connectivity (Li & Reynolds, 1994). 

The landscape could be defined as the spatial dimen
sion of the ecosystem, a key concept in ecology which 
means that living and non-living elements are amalgam
ated with a functional spatial scale. Consequently, other 
elements of the structure with its proper spatial dimen
sion could be linked to any pattern of landscape change; 
this is the case with soils. In a landscape, soils play a key 
role in supporting the composition and configuration of 
the land cover in ecosystems (Hossain, Saha, Aziz, & 
Hoque, 2010; Witcover, Vosti, Carpentier, & de Araújo 
Gomes, 2006). 

Soil-landscape systems are bounded by soil surface 
dynamics (Huggett, 1975), in which land cover is a key 
factor for understanding the external fluxes (i.e., air, 
water and nutrients) that move through the soil systems. 
In this context, land-use change analysis related to soil 
could be associated with deforested areas and soil types. 
This could shape spatial rules or deforestation patterns at 
different scales, suggesting a linkage with some of the 
soil-related characteristics; for example, slope, suitability, 
fertility and depth. 

The process of deforestation breaks the continuity of 
forested patches into discrete patches, increasing the level 
of patch isolation (Sun, Huang, Zhen, Southworth, & 
Perz, 2014); that is, fostering spatial heterogeneity in the 
landscape structure. The heterogeneity is a common prop
erty of ecological systems and is the result of complex 
interactions between biotic and abiotic factors (Forman, 
2014); it is usually positively evaluated and referred to as 
functional landscape heterogeneity. Nevertheless, in the 
context of land-cover change analyses where natural land
scapes are altered by human activities, heterogeneity is 
generally a signal of degradation (Catford, Jansson, & 
Nilsson, 2009). 

Scaling processes in nature have been cited as an 
example of characterization by a power law (Ewers & 
Laurance, 2006), which in turn reflects scale-dependent 
variation (Wang et al., 2010). Human-induced fragmenta
tion could also create complex, irregular patterns that 
cannot be described properly by traditional Euclidean 
geometry but can be measured by an alternative tool, i.e., 
fractal geometry (Mandelbrot, 1983). This means they 
will spatially appear with the same features, regardless of 
magnification or scales at which they are observed 
(Loehle & Li, 1996), and can be characterized by a single 
fractal dimension, or monofractal (Sun et al., 2014). How
ever, a single fractal dimension will not always be suffi
cient to represent complex and heterogeneous behaviour 
(Hentschel & Procaccia, 1983). 



An extension of the monofractal approach was intro
duced in landscapes to describe data with a set of fractal 
dimensions instead of a single value, known as 
multifractal analysis (MFA). Multifractal behaviour 
implies that a statistically self-similar measure can be rep
resented as a combination of interwoven fractal dimen
sions with corresponding scaling exponents (Danila, 
Hahuie, Georgescu, & Moraru, 2019). As stated earlier, 
heterogeneity of forest or deforested patches is the result 
of the individual or combined influence of several pro
cesses operating at different intensities and scales (Li & 
Reynolds, 1994). 

On the other hand, forest loss can be observed as a set 
of forest gaps over time in a landscape configuration. 
These are replaced by new components (i.e., land uses). 
The distribution of these gaps in the remaining forest can 
be assessed with lacunarity analysis. Lacunarity comple
ments multifractal theory by characterizing how the frac
tal objects (patch distribution) fill the space at several 
scales (Taubert et al., 2018). Thus, the multifractal and 
lacunarity analyses quantify forest loss patterns and how 
they fill the space. This relationship is still not 
approached from classical statistics or from ecological 
landscape indicators. 

The aim of this paper was to analyse and describe 
deforestation patterns that occurred between 1990 and 
2016 in two CEBRs located in the Republic of Ecuador 
(South America) and to explore the linkage of these pat
terns according to different soil types. For this purpose, 
first, the sets of deforestation patches for each CEBR over 
the years were localized. Then, the patch size distribu
tions were statistically described. Finally, the scaling 
properties of the deforestation pattern were studied using 
both lacunarity and MFA for intraperiods and for the 
whole period. In addition, the MFA was used to associate 
deforestation patterns by predominant soil type. 

2 | M A T E R I A L S AND M E T H O D S 

2.1 | Study area 

The study site considers two CEBRs, namely, (a) Sumaco 
with a size of 9,982 km2 and (b) Bosque Seco of 
5,010 km2, which were declared in 2000 and 2014, respec
tively. The first CEBR is located near Quito city (100 km) 
in western Napo Province and covers the region between 
the Andean highlands and the tropical amazon forest. 
Along this gradient, several ecosystems characterize the 
biodiversity of the tropical Andes. This topographic situa
tion allowed us to trace numerous watercourses through
out the terrain in the area, such as the Suno, Coca, 
Pitayacu, and Pusuno rivers. The area includes well-

preserved corridors of habitats from the lowlands to 
above the tree line and highly diverse fauna, such as 
mammals and birds. These corridors also shelter the 
Sumaco volcano (3,900 m above sea level) inside the 
legally protected area of the Napo-Galeras National Park. 
This volcano is a rather isolated peak lying to the east of 
the main Andean Mountain Range (Figure 1a). The 
Sumaco CEBR is home to approximately 100,000 people, 
including those of indigenous communities. The main 
economic activities are agriculture (i.e., coffee, 
naranjilla), agroforestry, forest exploitation, fisheries, 
and tourism (UNESCO, 2011). 

The second CEBR is part of the Bosques de Paz Trans-
boundary biosphere reserve, which was declared in 2014 
and comprises the territories of the western Andean foot
hills, with altitudes reaching up to 3,000 m, which have 
generated a biodiversity with a high degree of endemism, 
and the seasonally dry forests of Ecuador and Peru; these 
form the heart of the Endemic Region of Tumbes, one of 
the most important biodiversity hotspots of the world, as 
well as the mangroves of Tumbes (Figure 1b). There are 
also three dispersed legally protected forest areas. Bosque 
Seco is inhabited by more than 106,000 people, and its focal 
socioeconomic activities are livestock rearing and agricul
ture (i.e., coffee, diverse fruits, and maize) 
(UNESCO, 2015). 

The potential for economic and human sustainable 
development in the biosphere reserves is based on three 
different aspects: (a) traditional land uses, (b) sustainable 
use of natural resources, and (c) the use of the CEBRs as 
a place where socioeconomic conflicts and other prob
lems can be addressed. The rich sociocultural diversity in 
the region is believed to promote the economy of the peo
ple living there (Reed & Price, 2019). 

In both CEBRs, the soil-landscape relation shows an 
indivisible relationship in which the pedology and geo-
morphology of the region are strongly related through 
soil and vegetation spatial patterns. In Sumaco, the soils 
are often derived from sandstone, such as Aridisols, 
Inceptisols, Entisols, and the rock outcrops in the areas 
surrounding the Sumaco volcano; the associated pro
cesses of weathering occur with most soil pedogenesis. 
The weather conditions in this CEBR are a rainfall range 
from 1,750 mm/yr to 6,000 mm/yr and a temperature 
range from 14°C to 24°C; a high density of the river net
works and vegetation cover diversity are found and have 
influenced the soil evolution of the uplands of the Ama
zon basin in Ecuador. 

In contrast, Bosque Seco is a site in which the water
courses drain intermittently to the Pacific Ocean from 
the western Andean mountain range due to low precipi
tation rates during 5-6 months of the year, which range 
from 150 mm/yr to 1,500 mm/yr. This situation causes 



FIGURE 1 Location of the case study area composed of two of the continental Ecuador biosphere reserves (CEBRs): Sumaco and 

Bosque Seco 

some areas to be characterized as deciduous forest in this 
tropical area. The soils in Bosque Seco are predominantly 
sedimentary; in high sloped hills, there are frequently 
rocky soils such as Alfisols, Inceptisols, and Andisols (see 
Figure 2). 

2.2 | Data and forest loss detection 

The workflow followed for the analysis of the deforesta
tion in Sumaco and Bosque Seco CEBRs is shown in 
Figure 3. First, we used an official set of land-cover classi
fication maps from the Ministry of Environment of Ecua
dor (MAE, for its Spanish acronym) for the years 1990, 
2000, 2008, 2014 and 2016 (MAE, 2014a, 2014b, 2014c, 
2015, 2017a), represented in the workflow by Tn, …, Tnj 
land-cover maps in the blue box of Figure 3. This dataset 
was generated using satellite images from Landsat 
4, 5TM, 7 ETM and 8 OLI and from Aster and RapidEye. 
The effective date of the cloudless satellite images cor
responded to 2 years before and after the reference date. 

The land-cover classification has an overall accuracy of 
69%, 73%, 76%, 85% and 93.76% for 1990, 2000, 2008, 2014 
and 2016, respectively (MAE, 2016a, 2017b). The satellite 
image correction, land-cover classification, and validation 
processes can be more thoroughly consulted in MAE and 
MAGAP (2013). In this study, we used the land-cover 
classification at level 1. This level implies the 
categories: F, forest; AL, agricultural land; SH, shrub and 
herbaceous vegetation; WB, water bodies; Ot, other 
lands; BU, anthropic zones. 

Second, using the former dataset in raster format at a 
30 m × 30 m spatial resolution, we spatially located 
(cross-classification image) and quantified (cross-
tabulation table) the largest land-cover change of four 
intervals, 1990–2000, 2000–2008, 2008–2014 and 
2014–2016, which will be denominated as 2000, 2008, 
2014 and 2016, respectively, for the remainder of the text, 
as shown in the blue box of the workflow (Figure 3). This 
was carried out using the Terrset software developed by 
Clark Labs at Clark University, Worcester, Massachu
setts, USA (https://clarklabs.org/terrset/) (Eastman, 

https://clarklabs.org/terrset/


FIGURE 2 Soil types distribution of the continental Ecuador biosphere reserves (CEBRs): (a) Sumaco and (b) Bosque Seco 
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2015). The greatest expected change in the study area 
was from forest to agricultural land. A digital soil map of 
Ecuador at a 1:25,000 scale (MAGAP, 2014) was used to 
extract the soil types of both CEBRs, as shown in the 
orange box in the workflow data (Figure 3). The soil layer 
was later overlapped to assess the relationship between 
the deforestation process and the predominant soil types 
for each CEBR. 

Finally, maps of the four intervals of cumulative 
deforestation were converted to binary images in TIFF 
format; white for deforested areas, and black for non-def
orested. Two sets of binary images were defined: (i) eight 
images, corresponding to the deforestation for the four 
intervals for each CEBR; and (ii) six images, two for 
Sumaco and four for Bosque Seco, representing the defor
estation process by predominant soil type during the 
whole period 1900 to 2016. The binary image sizes for 
both sets are 4,026 × 4,667 and 3,606 × 2,892 pixels for 
Sumaco and Bosque Seco, respectively. 

2.3 | Statistics of forest area, 
deforestation patchiness, and soil types 

Initially, using the MAE image set we calculated the total 
area of the primary forest, total deforested area, and per
centages of the area covered by forest and deforested area 
with regard to the total areas of both CEBRs, as indicated 
in the grey box in the workflow diagram (Figure 3). Then, 
the landscape composition metrics in each CEBR were 
approached using classic statistics for deforested patchi-
ness evolution: the number of patches, minimum and 
maximum patch sizes, range, average, median, standard 
deviation, variance, kurtosis, and asymmetry. As a land
scape configuration metric, the Euclidean nearest-neigh
bour distance (ENN) was estimated. The overlapping of 
the MAE image set and soil map was used to determine 
the percentage of deforested areas by soil type in both 
CEBRs. Finally, following Purkis, Kohler, Riegl, and 
Rohmann (2007) and Purkis et al. (2008), we analysed 
the deforested patch frequency–area relationships to 
determine the behavioural of the distribution. 

2.4 | Scaling of binary images 

Both binary image sets were processed through the 
FracLac plugin (Karperien, 2013) of ImageJ software 
(Abràmoff, Magalh~aes, & Ram, 2004) and were imported 
using the BioFormats plugin (available at http://loci.wisc. 
edu/bio-formats/imagej). The first binary image set was 
used in lacunarity analysis (Slac module) and both in the 
multifractal analysis (MF module). 

2.4.1 | Lacunarity 

Lacunarity (X) is a metric used to describe the distribu
tion of occupied sites (gaps) in a fractal sequence. We 
applied the “gliding box” as an image scan method 
(Allain & Cloitre, 1991) to get exhaustive samples of the 
gaps’ size distributions. Scanning starts by placing a box 
of size L2 at one corner of the image Is, then glides over 
the image to identify the number of occupied sites within 
the box (box mass, s). The size of L increases until one 
box is equal in size to the gappiness extent. The total 
number of boxes of size L is defined as: 

N(L) = (Is-L+1)2 (1) 

In this study, the box glides after every five pixels along 
the image. The box size length ranges from L = 10 to 3,695 
pixels, by multiples of 36 for the Sumaco case. In Bosque 
Seco, L ranged from 10 to 2,883, by multiples of 28 pixels. 
These arrangements were set as a compromise between the 
sampling density and efficient image processing. The result 
is a histogram of the number of boxes with mass s with a 
certain length size L (n(s, L)), varying s from 0 to L2. This 
frequency distribution is later converted into a probability 
distribution Q(s, L) by dividing by the total number of 
boxes of size L (N(L)). The first and second moments of the 
distribution Q(s, L) are defined as: 

Z(1) = Y~sQ(s,L), (2) 

Z(2) = 2_,s2Q(s,L), (3) 

Thus, the relation between Z(1) and Z(2) serves to 
define lacunarity as: 

Z(2) 
ML) = (4) 

[Z(1)]2 

Therefore, Z(1) = M(L) and Z(2) =s2(L) +M(L)2 

where M(L) is the mean and s2 (L) is the variance of the 
number of sites per box, and the lacunarity can be rewrit
ten as: 

s2(L) 
A(L) = s 2T +1- (5) 

The scale relation between the different box sizes is 
more evident in a log-log plot of the lacunarity against 
the size of the gliding box (Figure 4). 

In scales, the box area (L2) becomes larger than any 
repeating spatial pattern in the landscape. Then, the vari
ance in the number of occupied sites in the gliding box 

http://loci.wisc.edu/bio-formats/imagej
http://loci.wisc.edu/bio-formats/imagej
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FIGURE 4 Bilog plot of lacunarity (λ) versus box size with 
their characteristics 

diminishes, and the lacunarity tends to one. In a log–log 
plot, this is the x-intercept (see Figure 4). When this situ
ation is reached, the image can be described as trans-
lationally invariant or homogeneous at these scales. On 
the other hand, the y-intercept of each line is the highest 
value of lacunarity, representing the inverse of the frac
tional coverage. At small spatial scales, the box area is 
much smaller than the size of the dominant textural com
ponents of the image (e.g., forest loss patches) and most 
boxes are either mostly full or totally empty, indicating 
high lacunarity values. 

The work conducted by Plotnick, Gardner, Hargrove, 
Prestegaard, and Perlmutter (1996) showed how the slopes 
of lacunarity curves vary in landscapes with different tex-
tural distributions, from random to regular. If the decline 
in lacunarity is linear (or quasi-linear) over a range of spa
tial scales, then the image exhibits self-similar or fractal 
properties over that range of scales (Plotnick et al., 1996; 
Ricotta et al., 2001; Solé & Manrubia, 1995; Sole, 
Manrubia, Benton, & Bak, 1997). At these scales, the slope 
of the log–log plot is equal to F -E, where F is the fractal 
dimension and E is the Euclidean dimension, and E = 2 
for a planar image of the object (Allain & Cloitre, 1991). 
Hence, the extent of self-similarity and the corresponding 
fractal dimension can be directly calculated from plots of 
lacunarity against L (see Figure 4). 

In the deforestation process analysis, a high lacunarity 
value means a heterogeneous deforested structure with a 
wide range of gap sizes, whereas a low lacunarity value 
usually indicates a less deforested area with a homoge
neous distribution of forest clearances or narrowed range 
of gap sizes. 

2.4.2 | Multifractal analysis 

The methodology implemented in this study for MFA 
is based on the formalisms developed by Hentschel 
and Procaccia (1983), Halsey, Jensen, Kadanoff, 

Procaccia, and Shraiman (1986), Callen (1988), 
Chhabra, Meneveau, Jensen, and Sreenivasan (1989) 
and Vicsek (1992). 

Firstly, the binary image is scanned using the box-
counting technique, dividing the image size with boxes of 
size L × L with varying length L. Then, generalized 
dimensions of the qth moment orders, D(q), for all scans 
are calculated for each of the different regions represen
ted in a certain range of q values, defined as 
(Hentschel & Procaccia, 1983): 

DðqÞ 
1 log μðq,LÞ 

lim q - 1 logL 
L!0 

(6) 

where μ(q, L) is the partition function defined as 
(Chhabra et al., 1989): 

NðLÞ 

μðq,LÞ = X P q i ðLÞ, 

i=1 

(7) 

and Pi is the probability within the ith region. 
The generalized dimension D(q) represents the qth 

distribution for a real interval of q values (-00, +00) and 
describes a monotone decreasing function. Some of those 
D(q) values are useful for MFA interpretation, such as 
D0, D1, and D2. The value of D0 is the capacity dimension 
representing the topological dimension of the geometric 
support of the measure. D1 corresponds to the informa
tion dimension or Shannon entropy quantifying the 
degree of disorder present in a distribution (López De 
Herrera, Tejedor, Saa-Requejo, & Tarquis, 2016). D2 cor
responds to the correlation dimension and calculates the 
correlation of measures contained in areas of size L2. 
These values must satisfy the inequality D2 < D1 < D0 

and be statistically different. An equality D2 = D1 = D0 

can occur only if the fractal is statistically or exactly self-
similar and homogeneous (Korvin, 1992). 

Secondly, the multifractal spectrum or singularity 
spectrum, f(a), should be also defined for a range of 
q values (Callen, 1988; Chhabra & Jensen, 1989; Halsey 
et al., 1986): 

f(a(q)) = qa(q)-T(q), (8) 

and the singularity index (α) is usually determined by the 
Legendre transformation of the τ(q) curve: 

x(q) = 
dτðqÞ 

dq 
(9) 

where τ(q) is the mass exponent of the qth order defined 
as (Halsey et al., 1986; Vicsek, 1992): 



T(q) = (q-1)D(q). (10) 

These three functions, f(α),are related through Legen-
dre transform. In the case of α(q) and D(q), there is a 
direct relation through τ(q) (Equation (9) and Equation 
(10)). If the resulting f(α) curve presents a concave down
ward parabolic shape, it means that the measure has a 
multifractal behaviour (see Figure 5). 

The multifractal spectrum can be characterized with 
several parameters: the amplitude (Δα) indicates the 
overall complexity of the structure (Tarquis et al., 2003; 
Tarquis, Losada, Benito, & Borondo, 2001); the asymme
try (Δf) indicates scaling domination of small or large 
values, to the right or left, respectively (Moreno, Alvarez, 
Requejo, & Tarquis, 2008), as indicated by binary image 
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FIGURE 5 Multifractal spectrum indicating the parameters 
involved in the analysis of the deforestation process 

examples at the extremes of the curve. The maximum 
value of f(α) (maxf(α)) corresponds with D0, represented 
by the central binary image corresponding to the capacity 
dimension, and for the case where q = 1 the three values 
are equal, f(q = 1) = α(q = 1) = D1 (see Figure 5). The sin
gularity index of second order (α(q = 2)) is related to D2. 

Multifractal parameters were evaluated for a qth range 
between - 5 and 5, with an increase of 0.1. The optimal 
spectrum for D(q) and f(α) was evaluated within 12 grid 
positions. 

3 | RESULTS 

3.1 | Global forest loss detection 

The spatial locations of the major land-cover changes 
from 1990 to 2016 are shown in Figure 6, and the quanti
fication of these changes in Table 1. The rows represent 
the land cover at the initial year and the columns repre
sent the land-cover change at the final year; both are 
expressed as percentages. The diagonal of Table 1 high
lights the percentage of land cover that did not change. 
In Sumaco, the forest loss was around 12%, and these 
areas shifted to agricultural land cover (AL). Approxi
mately 1.3% of the agricultural land (AL) was reforested 
(F). In the Bosque Seco, forest loss accounted for 18% of 
the area that transitioned to AL. However, there was a 
spatial land-cover shift from shrub and herbaceous vege
tation (SH) to AL of approximately 1.6%. The major land-
cover changes suggested that the forest and agricultural 

FIGURE 6 Cross-tabulation image of land-cover change for the period 1990–2016 in (a) Sumaco and (b) Bosque Seco continental 
Ecuador biosphere reserves (CEBRs). AL, agricultural land; SH, shrub-herbaceous vegetation; F, forest 



TABLE 1 Cross-tabulation table of the largest land-cover change for the period 1990–2016 in Sumaco and Bosque Seco continental 
Ecuador biosphere reserves (CEBRs). 

Sumaco 

AL 

AL 11.98 

SH 0.10 

WB 0.34 

BU -

Ot 0.03 

F 11.83 

SH 

0.01 

-

-

-

-

0.01 

W B 

0.18 

0.03 

1.23 

-

0.02 

0.07 

BU 

0.46 

-

0.02 

0.04 

-

0.13 

Ot 

0.04 

-

0.09 

-

0.14 

0.03 

F 

1.30 

-

-

-

0.02 

71.92 

Bosque Seco 

AL 

SH 

WB 

BU 

Ot 

F 

AL 

30.60 

1.62 

0.20 

-

0.21 

18.13 

SH 

1.63 

0.21 

-

-

-

0.13 

WB 

0.10 

0.01 

0.35 

-

-

0.05 

BU 

0.14 

-

-

0.07 

0.02 

0.01 

Ot F 

0.02 2.13 

0.01 0.06 

0.01 -

0.00 -

0.74 -

0.08 43.43 

Note: Italic and bold values indicate the major land-cover changes. 
Abbreviations: Land cover categories are: AL, agricultural land; SH, shrub-herbaceous vegetation; F, forest; WB, water body; BU, built-up; 
Ot, others; F, forest. 

TABLE 2 Forest and deforest areas evolution in Sumaco and Bosque Seco continental Ecuador biosphere reserves (CEBRs) from 1990 
to 2016 

Statistics 

FA (ha) 

% PF a 

TDA (ha) 

% DAa 

Δ DA (ha/year) 

Sumaco 

2000 

783,038 

78% 

70,413 

7% 

-

2008 

747,609 

75% 

114,283 

11% 

5,484 

2014 

738,935 

74% 

138,808 

14% 

4,087 

2016 

731,142 

73% 

147,323 

15% 

4,258 

Bosque Seco 

2000 

278,113 

55% 

41,910 

8% 

-

2008 

255,442 

51% 

73,640 

15% 

3,966 

2014 

231,438 

46% 

104,664 

21% 

5,171 

2016 

228,623 

46% 

109,051 

22% 

2,193 

Abbreviations: %DA, percentage of deforested area; ΔDA, deforested area variation; FA, forest area; PF, primary forest; TDA, total def
orested area. 
aCalculated with respect to the total area of CEBRs. 

land, F and AL, respectively, were the major drivers of 
the landscape dynamics in both CEBRs. 

3.2 | Forest area, deforestation 
patchiness, and deforested areas by 
soil type 

Table 2 and Table 3 show the statistical analyses of the 
forest, deforested area evolution and deforested patchi-
ness in both CEBRs without considering spatial factors, 
except for the Euclidean nearest-neighbour distance 
(ENN) in Table 3. In Sumaco, the forested area in 2000 
occupied 78% of the total area of the reserve before 
decreasing to 73% by 2016; this decrease was most evi
dent in 2008, with approximately 3%. The number of def
orested patches decreased in 2008 and then increased 
until 2016. 

The deforested area in Sumaco increased by 4% and 
3% in 2008 and 2014, respectively. The annual variation 

in the deforested area (Δ area (ha/year)) decreased in 
2014 and increased slightly by 2016. The minimum size 
of the deforested patches remained constant across the 
entire study period. The maximum size of the deforested 
patches increased until 2016. The average deforested 
patch size also increased from 14.5 ha to 27.7 ha, which 
was evident in 2008 and 2014 with 9.4 and 3.1 ha of 
increment, respectively. The patch variance increased 
along intervals, reaching the highest value in 2016. The 
kurtosis and asymmetry of the deforested patches distri
bution presented positive values that decreased through
out the intervals, particularly in 2008. These values 
suggested a leptokurtic distribution with positive asym
metry. This is in agreement with the differences found 
between average and median. 

In the Bosque Seco CEBR, with a similar trend to 
Sumaco, the forest area decreased and accounted for 5% 
of the total area of the CEBR in 2008 and 2014. The num
ber of patches decreased at all intervals, in contrast to the 
total deforested area, which increased by approximately 



TABLE 3 Descriptive statistics of deforest patchiness of Sumaco and Bosque Seco continental Ecuador biosphere reserves (CEBRs). 

Statistics 

No. patches 

Min. size (ha) 

Max. size (ha) 

Range (ha) 

Average (ha) 

Median (ha) 

SDEV 

Variance 

Kurtosis 

Asymmetry 

ENN (m) 

Sumaco 

2000 

4,866 

0.09 

5,093 

5,092 

14.5 

1.9 

98.1 

9,616.3 

1,634.9 

35.3 

194.4 

2008 

4,779 

0.09 

8,957 

8,956 

23.9 

2.3 

187.1 

35,010.6 

1,273.0 

31.4 

174.0 

2014 

5,140 

0.09 

12,183 

12,182 

27 

2.5 

247.2 

61,093.4 

1,306.59 

31.6 

178.5 

2016 

5,313 

0.09 

12,922 

12,921 

27.7 

2.5 

261.5 

68,383.3 

1,304.36 

30.6 

176.3 

Bosque Seco 

2000 

7,370 

0.09 

993 

992 

5.7 

1.3 

21.4 

457.9 

686.5 

19.2 

174.1 

2008 

7,068 

0.09 

3,429 

3,428 

10.4 

1.9 

56.9 

3,235.4 

1,916.7 

35.6 

152.1 

2014 

6,270 

0.09 

13,353 

13,352 

16.7 

2.3 

184.8 

34,149.2 

4,342.4 

61.3 

144.2 

2016 

6,297 

0.09 

13,674 

13,673 

17.3 

2.3 

190.3 

36,205.7 

4,232.6 

60.2 

143.7 

Abbreviations: CEBRs, continental Ecuador biosphere reserves; SDEV, Sample standard deviation; ENN, Euclidean nearest-neighbour 

distance. 

6% in 2008 and 2014. The variation in the annual def
orested area reached a maximum in 2014 (5,171 ha) and 
dropped to 2,193 ha in 2016. The minimum patch size 
was maintained at all intervals, whereas the maximum 
varied from 993 ha in 2000 to 13,674 in 2016; this increase 
in patch size was notable in 2008 and 2014. The average 
size of the deforested patches increased, starting in 2000, 
and in 2008 it almost doubled; in 2014, it stabilized at 
approximately 17 ha. The values of variance, asymmetry, 
and kurtosis increase markedly in 2014, again suggesting 
a leptokurtic distribution with positive asymmetry. The 
difference between average and median is again 
significant. 

The mean Euclidean nearest-neighbour distance 
(ENN) between the deforested patches changed through
out the study period, showing a continuous reduction 
from 2000 to 2016. In Sumaco, the distance was reduced 
by 10%, whereas in Bosque Seco, the 'reduction was 
approximately 18%. 

Regarding the patch frequency distribution, Figure 7 
shows the relationship between the patch area and the 
frequency of occurrence in a log–log plot, in which the 
frequency of the patches decreases as the patch area 
increases, following a power law (Purkis & Kohler, 2008) 
until the patch size exceeds approximately 256 ha. This 
relationship points to scaling law behaviour in the patch 
frequency distribution in a certain range of sizes, consid
ering no spatial arrangement. In this figure, we can 
observe that through the years, Sumaco has shown an 
almost constant maximum patch size, and Bosque Seco 
has shown an increased maximum patch size. 

The deforestation and soil type relationship follows a 
dynamic association between the surface vegetation cover 

and the physicochemical properties of soil, especially in 
the tropical rainforests (Liess, Glaser, & Huwe, 2009; 
Ließ, Hitziger, & Huwe, 2014). In Sumaco, the predomi
nant soils associated with deforestation processes were 
Inceptisols and Andisols (Table 4). These classes were 
represented until 2016 and accounted for 59% and 33% of 
the soils in the deforested areas, respectively. In Bosque 
Seco, the predominant soil types associated with defores
tation were Inceptisols, Alfisols, Entisols, and Ultisols, 
which represented 43%, 23%, 14%, and 13%, respectively, 
of the soils in the deforested areas until 2016. 

3.3 | Lacunarity 

The lacunarity log–log plots, λ(L) against box length (L), 
show three important aspects related to the deforestation 
process (Figure 8). The y-intercept value decreased gradu
ally for Sumaco and Bosque Seco from 2000 to 2016. The 
R2 obtained with the linear regressions, in both CEBRs, 
is higher than 95%, confirming a scaling behaviour across 
a wide range of box lengths: 46–2,674 pixels 
(1,380–80,220 m) and 38–1,718 pixels (1,140–51,540 m) in 
Sumaco and Bosque Seco, respectively. The slope of the 
linear regression decreased through the years, showing a 
smaller difference between 2014 and 2016 as only 2 years 
separate them. 

3.4 | Multifractal analysis 

The multifractal spectrum represents the deforestation 
process, which is shown in Figure 9, and its relationship 
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FIGURE 7 Plots for the frequency–area relationship for the deforested patchiness of Sumaco (left) and Bosque Seco (right). The 

associated binary images of the two continental Ecuador biosphere reserves (CEBRs) are placed in the upper left of each graph. The 

frequency of small patches (< 255 ha) is shown in orange and large patches (> 255 ha) in violet. (a) 2000, (b) 2008, (c) 2014, (d) 2016 



Sumaco Bosque Seco 

Soil type 

Alfisols 

Entisols 

Inceptisols 

Mollisols 

Swamp/wetland 

Ultisols 

Andisols 

Rock outcrop 

Aridisols 

Built-up 

Oxisols 

Vertisols 

2000 

-

1.56 

62.88 

0.03 

0.72 

4.22 

29.35 

1.25 

2008 

-

1.55 

59.76 

0.02 

0.78 

3.47 

32.87 

1.55 

2014 

-

1.59 

59.90 

0.01 

0.76 

3.21 

32.98 

1.54 

2016 

-

1.60 

59.49 

0.01 

0.77 

3.16 

33.40 

1.57 

2000 

24.99 

14.23 

38.56 

1.36 

0.47 

17.00 

-

-

- - - - 0.89 

- - - - 0.27 

- - - - 0.37 

- - - - 1.88 

2008 

24.58 

13.13 

41.17 

1.09 

0.47 

15.06 

-

-

2.26 

0.55 

0.34 

1.35 

2014 

23.24 

14.26 

43.31 

1.59 

0.46 

12.66 

-

-

2.54 

0.48 

0.31 

1.15 

2016 

23.27 

14.28 

43.19 

1.55 

0.48 

12.71 

-

-

2.55 

0.53 

0.31 

1.13 

T A B L E 4 Percentage of deforested 
areas by soil type in Sumaco and Bosque 
Seco continental Ecuador biosphere 
reserves (CEBRs), with respect to the 
total deforested area (TDA) 
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F I G U R E 8 Lacunarity plots of deforestation patches in Sumaco (blue empty circle) and Bosque Seco (grey empty square) continental 
Ecuador biosphere reserves (CEBRs). (a) 2000, (b) 2008, (c) 2014, (d) 2016 

with the predominant soil type (Figure 10). The spec-
trums allow illustration of the symmetry and amplitude 
characteristics and their evolution over the four time 
intervals. These characteristics are detailed in Table 5, 
showing the differences between the extreme singulari
ties (Δα = αmax – αmin) and the differences between their 

f (α) values (Δf = f(αmax) – f(αmin)). In the case of the 
deforestation patches by soil type from 1990 to 2016, the 
spectrum characteristics are shown in Table 6. 

The symmetry of the curve of the deforestation pat
ches in Sumaco for 2000 presents differences regarding 
the following intervals through the positive q values 
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FIGURE 9 Multifractal spectrum of deforestation patches in Sumaco (blue) and Bosque Seco (grey) CEBRs. (a) 2000, (b) 2008, (c) 2014, 
(d) 2016 
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FIGURE 10 Multifractal spectrum for cumulative patches of deforestation by predominant soil types in (a) Sumaco and (b) Bosque 
Seco CEBRs for the period 1990–2016 

(left). In Bosque Seco, the curves were asymmetric for all 
intervals, showing that the scaling was driven by 
q negative values (right). 

The values of the amplitude and range of the 
multifractal spectrum in Sumaco for the year 2000 were 
greater than those in the following intervals, whereas in 
Bosque Seco these values had a more dynamic behaviour 
(biased approximately 0.9). Both CEBRs showed an 
increase in α(1) and α(2). In the case of α(0), it 

progressively increased in Sumaco, whereas in Bosque 
Seco it decreased in 2014. 

The predominant soils of deforestation patches in 
Sumaco present multifractal behaviour. This is in concor
dance with the multifractal characteristics of the defores
tation curve. However, the spectrum amplitude and its 
range differentiate the deforestation in Andisols and 
Inceptisols. The amplitude of the spectrum in Inceptisol 
patches influences the complexity of deforestation, 

2 2 



TABLE 5 Parameters extracted from the multifractal spectrum of deforestation patches in Sumaco and Bosque Seco biosphere reserves 

f (α m i n ) 

0.809 

1.149 

1.218 

1.238 

1.038 

1.281 

1.251 

1.289 

Per iod α m i n 

Sumaco 

2000 1.236 

2008 1.410 

2014 1.450 

2016 1.463 

Bosque Seco 

2000 1.400 

2008 1.535 

2014 1.500 

2016 1.539 

D 0 

1.590 

1.622 

1.643 

1.651 

1.626 

1.716 

1.693 

1.727 

α (q = 1) 

1.500 

1.555 

1.578 

1.587 

1.584 

1.633 

1.667 

1.674 

α (q = 2) 

1.395 

1.499 

1.529 

1.538 

1.522 

1.584 

1.621 

1.624 

αmax 

2.276 

2.305 

2.316 

2.326 

2.385 

2.377 

2.429 

2.396 

1.040 

0.895 

0.866 

0.863 

0.985 

0.842 

0.929 

0.857 

f (α m a x ) 

0.985 

0.978 

1.014 

1.033 

0.931 

0.949 

0.953 

0.930 

Δf 

0.176 

-0.171 

-0.204 

-0.205 

-0.107 

-0.332 

-0.298 

-0.359 

Range 

0.780 

0.644 

0.629 

0.618 

0.587 

0.435 

0.442 

0.437 

Note: D 1 is represented by α(q = 1). 

TABLE 6 Parameters extracted from the multifractal spectrum of deforestation patches by predominant soil type in Sumaco and Bosque 
Seco biosphere reserves for the cumulative period 1990 to 2016 

Soil type 

Sumaco 

Inceptisols 

Andisols 

Bosque Seco 

Inceptisols 

Alfisols 

Entisols 

Ultisols 

αmin 

1.273 

1.135 

1.362 

1.236 

1.052 

1.305 

D 0 

1.599 

1.460 

1.620 

1.524 

1.455 

1.516 

α (q = 1) 

1.482 

1.346 

1.531 

1.437 

1.317 

1.462 

α (q = 2) 

1.379 

1.247 

1.456 

1.360 

1.192 

1.413 

αmax 

2.506 

2.280 

2.248 

2.205 

2.199 

2.276 

Aa 

1.234 

1.145 

0.885 

0.969 

1.148 

0.970 

f (α m i n ) 

0.978 

0.822 

1.088 

0.882 

0.660 

1.001 

f (αm a x ) 

0.844 

0.794 

1.076 

0.970 

0.939 

0.732 

Δf 

-0.134 

-0.028 

-0.012 

0.088 

0.279 

-0.268 

Range 

0.622 

0.638 

0.532 

0.642 

0.795 

0.516 

Note: D 1 is represented by α(q = 1). 

mainly because these are in the Amazonic flatten flank, 
whereas the spectrum of deforested Andisol patches 
exhibits a less complex structure over mountainous areas 
and hillsides in the Andes (Table 6). In Bosque Seco, the 
predominant soils were more diverse (Figure 10). All of 
them present multifractal behaviour, and the Inceptisols 
and Entisols showed substantial differences concerning 
the amplitudes and ranges in the multifractal spectrum, 
whereas the Alfisols and Ultisols presented similar char
acteristics (Table 6). Except for Ultisols and Entisols, the 
rest of the soil types present symmetry of the f(α) curves. 

4 | DISCUSSION 

4.1 | Deforestation process and soil types 
in Sumaco and Bosque Seco 

The results showed that from 1990 to 2016, there was a 
profound change in the forest ecosystem, which was 

replaced by agricultural land (agricultural mosaics, grass
land and annual, seasonal and perennial crops), as 
shown in Table 1. The detailed forest dynamics of both 
CEBRs for each period suggested that most of the forest 
loss occurred up to 2014 in both Sumaco and Bosque 
Seco, as shown in Table 2. 

The statistical results showed the key facts 
explaining the deforestation process in both CEBRs. 
These results suggested the interaction of three defor
estation patterns: (a) the growth of pre-existing patches 
without fusion with the adjacent patches. (i.e., the def
orested area grew without increasing the number of 
patches), (b) the growth and fusion of pre-existing pat
ches (i.e., the pre-existing deforested patches grew until 
they merged with the adjacent patches, decreasing the 
number of patches and increasing the area), (c) the 
appearance of new deforested patches (i.e., due to the 
fragmentation of pre-existing patches through natural 
or induced reforestation processes or due to new 
deforestation). 



In the first two patterns, the deforestation processes 
over a previous time influenced the subsequent intervals 
of the processes because the deforested areas grew 
around these existing patches. This situation was accen
tuated in two important zones of the CEBRs, the buffer 
and transition zones. In contrast, we can state that the 
core areas were well preserved from deforestation pro
cesses in both CEBRs. 

The socioeconomic situation of the inhabitants, tim
ber extraction, expansion of the agricultural frontier and 
policies favouring agricultural and livestock productivity, 
among others, promoted and characterized the first and 
second deforestation patterns (Pichón, 1996). In this 
sense, the socioeconomic situation motivated the defores
tation processes because of two main circumstances: food 
demand and the distance to the transportation network. 
This is because of the precarious economic situation of 
the people who are forced to live in the national forests. 
They start to create new livelihoods to survive in very 
remote places. Later, the need to connect the local econ
omy with small commercial networks causes them to link 
their small land developments through small roads. The 
specialization over time of those small roads constitutes 
the expansion of the new transportation networks, which 
enhance the socioeconomic livelihoods fostering the 
national wastelands exploitation, and consequently, the 
deforestation expansion is consolidated (deforested patch 
growth). This pattern was also reported by Delgado-
Aguilar, Hinojosa, & Schmitt (2019). 

Timber extraction in the area is selective because of 
the diversity of uses of the materials or wood sub-
products extracted from the forest. The main use of tim
ber is for firewood and wood in household buildings. 
However, other important uses are wood to fence the 
newly deforested patches and for rural tools that are used 
in the new agricultural expansion areas. Therefore, the 
deforestation processes in the CEBRs are progressive and 
cumulative over time. 

From the expansion of the agricultural frontier, we 
identified a common sequence in this land-cover change, 
and a similar finding has been reported previously 
(Delgado-Aguilar et al., 2019; Lehmann, Chamorro, 
Torres, & Chapalbay, 2010; Pan, Carr, Barbieri, 
Bilsborrow, & Suchindran, 2007). The first step of the 
sequence was when the grasslands near the forests started 
to develop agricultural activities due to the usability of the 
soils (Witcover et al., 2006). In particular, forest loss 
occurred in less evolved soils, which are very shallow but 
have high organic matter content, such as Inceptisols, as 
shown in Table 4 for both CEBRs. However, the soil types 
such as Andisols in Sumaco and Alfisols and Ultisols in 
Bosque Seco were also useful for most agricultural activities. 
The second step of the sequence was when deforested areas 

were consolidated, and the road networks were strength
ened and served to connect the deforested core areas with 
the main urban settlements (Manchego et al., 2018; Mes
sina, Walsh, Mena, & Delamater, 2006). Thus, the land
scape showed a gradient from primary forests to small 
roads and then from road networks to urban areas as an 
incipient fragmentation process of the landscape (Freitas, 
Hawbaker, & Metzger, 2010; Pan et al., 2004). The agricul
tural practices in the area are not well supported by appro
priate technological practices, making the agriculture in 
deforested patches only useful and economically profitable 
for a couple of years (Sierra-Maldonado, 1994). Hence, the 
land is forced into the last state in the sequence of the 
deforestation process, in which plots are left to lie fallow 
and give way to a land cover of herbaceous species and 
shrubland that results from the agricultural abandonment 
(Potthast, Hamer, & Makeschin, 2010). The augmentation 
of the herbaceous species and shrubland land cover (Table 
1) was evident from 2000 to 2016 in Bosque Seco. 

The second deforestation pattern identified was the 
merging of deforested patches. The patches grew radially 
to the nearest neighbour patch to consolidate a more 
profitable area for agricultural and livestock activities. 
The merging process occurred in two main spatial con
texts. The first spatial context was in areas in which small 
patches appear near large deforested patches, and then 
the small patches were absorbed by the large patches. 
The second context was in mosaics of small deforested 
patches (salt-pepper effect or low aggregated patch level), 
which started to merge with each other, consolidating 
into larger patches from various small patches; similar 
processes were found in the deforestation in Brazil 
(Ortega, Bermudez, Happ, Gomes, & Feitosa, 2020). The 
average distance to the nearest patch (ENN) (Table 3) for 
this growth pattern of the patches was approximately 
175 m in Sumaco and 195 m in Bosque Seco in 2000. 
These distances shortened until 2016, reaching values of 
144 m and 176 m for Sumaco and Bosque Seco, respec
tively. This suggested that the growth pattern of the 
deforestation process constantly decreased the average 
patch distance. This meant that forest loss was progres
sive and that the patch distance can be an important met
ric for the assessment of deforestation progress. 

The third pattern is essential for deforestation pro
gress. This is, in most of the cases, the vector to foster the 
merging and growing patch process. 

Based on Table 4, the deforestation by soil type 
remains almost invariant over time. This situation and 
the variation of deforestation (TDA of Table 2) suggest 
the deforestation process follows spatial rules. According 
to the above, the soil types could serve as a guide to pre
dict suitable areas for deforestation process development. 
This could improve several land-use change studies of 



critical areas, as reported by Andronache et al. (2016, 
2019). Other characteristics such as slope, closeness to 
roads, river network, proximity to villages and pre
existing deforested patches are additional characteristics 
that will allow an explanation of the deforestation pro
cess in CEBRs. 

4.2 | Lacunarity of the deforestation 
process and the landscape implications 

Lacunarity detected variation in the deforestation pro
cess when analysing the image series in the CEBRs 
through the patch density distributions. The y-intercept 
decreasing in both CEBRs means a reduction of the het
erogeneity of deforested patch distribution because of 
the deforestation augmentation. Lacunarity diminution 
can be understood as a more homogeneous range of the 
gaps in the binary image. This is due to the growing and 
fusion of the patches producing a shortened range of 
gaps or a more uniform gap distribution. In Sumaco, the 
y-intercept declined by 20% during the study period, 
which was associated with the growth of pre-existing 
patches without the fusion of the adjacent patches and 
the appearance of new deforested patches (i.e., the first 
and third deforestation patterns). In Bosque Seco, the 
y-intercept decreased by 25% until 2016 due to the merg
ing process (i.e., second deforestation pattern). Similar 
lacunarity characteristics were found in southern Mol
dova (Danila et al., 2019). 

The linear behaviour of the deforestation patterns 
across the different scales is given by the slope in Figure 
8. The slope of the linear regression decreased in both 
CEBRs from 2000 to 2016. This indicated that the range 
of patch sizes varied over time. In Bosque Seco, the merg
ing process of the patches decreased the patch distribu
tion to a deforested homogeneous area characterized by 
larger patch sizes in 2016 and consequently decreased the 
slope in all intervals. This was explained by a decrease of 
15% in the number of patches in 2016; nevertheless, the 
deforested area increased by 1.6 times in 2016. In con
trast, the number of deforested patches in Sumaco 
increased by 9.2% in 2016, and the deforested area 
increased by 1.1 times. However, in Sumaco, the defores
tation process also drove some patches to create homoge
neous deforested areas due to the distribution of gaps 
without the fusion of the adjacent patches. 

Whatever the patch distribution of deforestation, it 
was influenced by the core of the initial patch in relation 
to those of the adjacent patches. This suggests that the 
initial spatial distribution and size of the deforested pat
ches or gaps could facilitate the medium and large patch-
merging process. According to the results, there was a 

notable variability in the distribution of deforested pat
ches in the two CEBRs. In this sense, the deforested 
structure in Sumaco was more heterogeneous than in 
Bosque Seco because the patch size range was much 
wider. Therefore, the merging of the deforested patches 
in Sumaco was less frequent than in Bosque Seco. In addi
tion, the linear (or quasi-linear) decrease in lacunarity 
with increasing scale exhibited self-similar or fractal 
properties that were generally at a range of scales, as 
described in section 3.3. In this range of scales, it was 
possible to identify the repetitive spatial patterns of the 
deforested structure. 

Within these ranges, we suggest using these box sizes 
as a threshold for further analysis of the deforestation 
process. This could be a useful hint for studies conducted 
by administrations, environmental agencies and scien
tists. For this it is necessary to use binary images with a 
minimum spatial resolution of 30 m and with box sizes 
starting at 38, equivalent to 1,140 m. This box size is com
patible with the “parroquias” administrative units, which 
are the smallest administrative spatial units in Ecuador 
(Sierra, 1999). However, this approach needs to be 
assessed through more case studies to confirm its utility 
at national scales. 

Scale is one of the most important points in geograph
ical information science and an essential issue for many 
applications. There are several references in the literature 
acknowledging the importance of scale effects and show
ing how relationships and processes operate differently at 
different scales (Hallett et al., 2004; Solé & Bascompte, 
2012; Sornette, 2006; Taubert et al., 2018). The observa
tional scale provides details on the scale of the data, and 
the analysis of the scale of the data points out the charac
teristic scales that are related to levels of organization or 
the patterns in which the distinctive and dominant pro
cesses operate. Therefore, the patterns extracted from the 
data are directly related to the process. In this case, the 
deforestation process exhibits self-similarity properties 
through the three identified patterns in the CEBRs 
described in section 4.1. This was confirmed through the 
lacunarity graphs shown in Figure 8. 

The above-described patterns foster the lack of func
tional forest connectivity, and hence a heterogeneous 
landscape without ecological gradients. This results in a 
reduction of the capacity for species movement. This situ
ation in CEBRs could cause losses in species, because local 
extinctions of certain species not mitigated by immigrant 
populations from neighboring patches, could interfere 
with the processes of pollination, seed dispersal, wildlife 
migration and breeding (Estreguil & Mouton, 2009). 

From the lacunarity analysis, it was possible to infer 
the complexity of the process by getting from it the fractal 
dimensions, but this analysis was not enough to totally 



describe the complexity of the process. For this reason, 
the lacunarity complemented the MFA by determining 
how the fractal objects filled the space, thereby differenti
ating the spatial patterns at different scales (Imani, Yao, 
Chen, Rao, & Yang, 2019; Olsson, Niemczynowicz, & 
Berndtsson, 1993). 

4.3 | Multifractal spectrum of 
deforestation process and linked soil types 

The multifractal spectrum showed a concave downward 
parabolic curve (Figure 9), which confirmed the 
multifractal behaviour of the deforested patches in 
Sumaco and Bosque Seco and, therefore, the existence of 
spatial patterns in both. 

The maximum value of f(α) is approximately when q 
= 0; this value is considered the dimensional capacity of 
the measure's support, D0, which in the case of image 
analysis could achieve a value of 2. The dimensional 
capacity values show the complexity of the fractal object, 
which in this case characterizes the process of deforesta
tion. Figure 9 shows an increasing tendency of D0 in 
Sumaco along time, resulting in a progressive gain of the 
shape complexity. This was due to the increase in patch 
number and patch size. The D0 for Bosque Seco showed a 
similar tendency, but in 2014, the shape complexity of 
the fractal object decreased, possibly due to the imple
mentation of the reforestation programme “Socio Bosque” 
between 2009 and 2014, which resulted in reforestation 
of 8,340 ha (MAE, 2016b). It is also noticeable that in 
Bosque Seco in 2014, D0 slightly decreased as the same as 
the number of deforested patches during the merging 
process, but the augmentation tendency was recovered in 
2016. However, this occurred before Bosque Seco was offi
cially included as a World Biosphere Reserve in 2014 
(UNESCO, 2014). 

In relation to the information dimension, D1, this 
shows a hierarchical increase in the evolution from 
one period to the other in both CEBRs. This means 
that the ranges of deforested patch distribution and its 
spatial dispersion were increasing over time. Similar 
findings were reported for D1 in soil degradation from 
tillage operations in olive orchards (López De Herrera 
et al., 2016) and plant transects of diversity scaling 
laws (Wei et al., 2013). 

The singularity with q = 2, α(2) shows the same ten
dency as D1. The evolution of α(2) indicates the increase 
in the probability of finding deforestation patches that 
belong to the same fractal object. Overall, the increases in 
D1 were because of two aspects, the consolidation of 
larger patches and the appearance of new dispersed pat
ches. The increase in deforested patches in number and 

size confirmed this between 2008 and 2016 in both 
CEBRs. 

The amplitude (Δα) of the multifractal spectrum in 
Sumaco indicated a greater scaling complexity of the 
structure studied in 2000 and later progressively 
decreased until 2016, whereas in Bosque Seco, the level 
of scaling complexity of the structure varied between 
intervals and was greater in 2000 and 2014. The overall 
behaviour of the amplitude (Δα) for both CEBRs was 
narrowed in time, indicating a reduction in pattern var
iability, which was understood as a transition from a 
heterogeneous (forest cluster loss) to a homogeneous 
pattern (random patches of the primary forest). Similar 
results were reported by Tapia-Armijos, Homeier, 
Espinosa, Leuschner, & De La Cruz (2015). The oppo
site situation was also reported for the natural regenera
tion of the forest using a multifractal approach in the 
Valeni forest (Danila et al., 2019). 

The asymmetry (Δf) of the multifractal spectrum in 
Sumaco was opposite to that of Bosque Seco in 2000; the 
first suggested that negative values of q were predomi
nant in the fractal structure, and the second suggested 
the predominance of positive values of q. This behaviour 
of the spectrum for Sumaco in 2000 suggested that the 
number of deforested patches in the size range 14,5 ha – 
5,000 ha influenced the scaling behaviour, serving as a 
threshold to scan binary images of the forest gaps over a 
deforested area. However, from 2008, three circum
stances drove the scaling behaviour in both CEBRs: 
(a) the increase in small new patches in the range of 0,09 
ha–3 ha, (b) the growth of the initial patches from 5 ha to 
75 ha and (c) the merging of patches across the patch size 
classes >5 ha. This implied that, in general, small new 
patches and patch growth drove scaling. Even though the 
deforestation process is related to other ecological pro
cesses (i.e., the danger of erosion, preserving animal habi
tat, fires, the spread of disease, etc.), we cannot affirm 
that these processes present similar multifractal parame
ters or related threshold values. 

The multifractal spectrum of deforestation patches 
linked and not linked to the soil type can be compared for 
the same period (Figure 9d and Figure 10, respectively). 
The former shows a higher heterogeneity than the latter; 
the same can be also verified with the D0 values in Table 5 
for 2016 and Table 6 for soil types. The variation in hetero
geneity is because the first set is made up of all the def
orested patches without distinguishing the soil type, 
referred to as an overall heterogeneity, whereas the sec
ond set is split by predominant soil type. The range values 
of the multifractal spectrum of deforestation patches are 
narrowed with respect to the range values for each spec
trum by soil type. This suggests that multifractality in the 
deforestation process by the predominant soil types, can 



be slightly higher and more heterogeneous (i.e., ordered, 
complex and clustered); this was similar to that reported 
in Illinois for the variability of spatial soil properties 
(Kravchenko, Boast, & Bullock, 1999). 

In the case of asymmetry, Sumaco keeps the nega
tive sign for the two soil types, increasing the right 
shift asymmetry. Looking at the inner map in Figure 
10a, Inceptisols and Andisols present areas of high-
density patches and the scaling of the small patches in 
low-density areas; these last characterize the scaling of 
both sets. When the set of deforestation patches 
includes the soil sets, the scaling character increases 
the asymmetry (Δf) and reduces the complexity (Δα). 
In the Bosque Seco case, we observe a similar behav
iour but the asymmetry of each curve by soil type 
shows different signs. Inceptisols and Alfisols are very 
close to the asymmetry value, with Δf closer to zero. 
Entisols present a positive asymmetry, meanwhile, 
Ultisols had a negative one. Including all of them in 
the set of deforestation patches creates a more homo
geneous set, with respect to Sumaco, and the small 
patches in low-density areas drive the spectrum-scaling 
character. 

5 | CONCLUSIONS 

In this work, we explored the spatial scaling of defores
tation patterns from a complementary approach to land
scape ecology theory. This was made possible by 
combining spatial and statistical metrics of the deforesta
tion process. The lacunarity and multifractal approaches 
supported the deforestation configuration and its linkage 
to soil types, whereas the landscape ecology theory 
supported the characteristic of the deforestation patch 
pattern metrics. Together, these techniques were used to 
complement the understanding of the deforestation 
structure as a novel approach to landscape ecology 
theory. 

The spatial scaling was identified from the 
lacunarity and geometric complexity from multifractal 
metrics of the singularity spectrum. Accordingly, we 
have identified and characterized the patterns associ
ated with the deforestation processes in both CEBRs at 
different times. 

Using the lacunarity analysis, we identified the scales 
at which the spatial structure showed self-similarity char
acteristics. Although the images come from different sen
sors and the classification accuracy bias was large, the 
patterns of the deforestation process in both CEBRs 
showed a strong degree of consistency across the different 
scales. The lacunarity analysis showed a feasible method 
for assessing deforestation at the “parroquias” scale in 

Ecuador because this scale overlaps with the size at 
which deforestation also affects the landscape. The defor
estation patterns were spatially dependent on the initial 
deforested patchiness state, the distance between the 
adjacent patches and soil suitability for agrarian activi
ties, which together were the key drivers of the pattern 
expansion trajectory. The abundance of suitable soil for 
agriculture in the CEBRs partly motivated the expansion 
of deforestation. In Sumaco, Andisols and Inceptisols can 
consolidate the agricultural production areas, but higher 
soil degradation rates can also be expected due to the cli
matic conditions (e.g., rainfall rates) in the Amazonian 
basin highlands. On the other hand, in Bosque Seco, the 
Andisol and Inceptisol soil types have high potential for 
agricultural production, and Entisols and Alfisols have 
minimal agricultural significance. The latter soil classes 
were also highly associated with deforestation for 
intended agricultural activities. The deforested areas with 
Entisol and Alfisol soils, after some agricultural crop 
cycles, were abandoned due to fertility loss, which 
increased the grass and shrubland area. Therefore, the 
deforestation relationship with soil types in both CEBRs 
can provide valuable insights to drive forest conservation 
and agricultural expansion programmes in a more 
sustainable way. 

Also, the MFA supported the integrative effect of 
deforestation variables on the complex structure in both 
CEBRs and the perception that deforestation could possi
bly be reversed by knowing the core pattern structure. 
Thus, this study offers insights for further research to 
drive alternatives for reforestation programmes such as 
Socio Bosque and reveals crucial factors for reversing 
deforestation in Ecuador. At the same time, it will be 
interesting to develop a quantitative comparison of scal
ing properties for forest patchiness that is linked to soil 
types. 
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