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Abstract: Landscape modification and habitat fragmentation are key drivers of global species and
biodiversity loss, as well as a major threat to the conservation of forest ecosystems. Mexico is one of the
five biologically richest countries in the world. This study first generated a national level assessment
of the fragmentation of temperate and tropical forests in Mexico for 2002, 2008, and 2013. Then,
using these results, it explores how transitions to non-forest or to other fragmentation classes have
evolved within the previous date fragmentation classes for the 2002-2008 and 2008-2013 periods. The
Morphological Spatial Pattern Analysis (MSPA) method was used to assess the forest fragmentation.
The results show that high fragmentation classes are more likely to transition to no-forest land
covers in tropical than in temperate forests and that these conversions were larger during 2002-2008
than during the 2008-2013 period in both forest types. When analyzing the transitions between
fragmentation classes, a higher percent of the forest area remained the same fragmentation class
between 2008 and 2013 than from 2002 to 2008. Transitions between forest fragmentation classes
were relatively small compared to transitions to no-forest land covers, and transitions to higher
fragmentation classes were slightly larger in tropical than in temperate forests.

Keywords: Mexico forests; fragmentation; fragmentation transitions

1. Introduction

Landscape modification and habitat (including forests) fragmentation are key drivers of global
species and biodiversity loss, and are believed to negatively affect virtually all taxonomic groups of
animals and plants, as well as key ecosystem components and functions of temperate and tropical
forests for long periods of time [1-5]. Studies have shown that more than a century after forests stabilize
at some level of fragmentation a deficit still persists in the number of plant species that originally
occupied those forests [2], and that the processes of species colonization of second-growth and
fragmented forests may continue for centuries with 100-200-year-old recent forests still having lower
species richness of forest herbaceous vegetation than ancient forests [2,6-8]. Increase in fragmentation
has also been identified as a major threat to the conservation of forest ecosystems and their functions
as a whole [9-13]. For example, it is known that fragmentation and edge effects strongly affect forest
microclimate, tree mortality, carbon storage, fauna, flora, and forest structure [12,13].
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This issue of forest fragmentation, and more generally habitat fragmentation, is complex and it is
one of the most extensively studied topics in conservation biology [3-9,13-21]. Habitat fragmentation
consists of both reduction in the total area of the original habitat and change in the spatial pattern
of what remains. Several factors contribute to the complexity in defining fragmentation and its
effects [9,22-26]. All natural environments are fragmented to some degree and they are subject to
continuous change due to natural processes. Different single species, groups of species, and ecological
systems experience and respond to the degree of fragmentation of a particular environment in different,
even contradictory ways. Numerous temporal and spatial scales must be considered since the relevant
scales for different single species, group of species, ecosystem processes, geographic regions, and types
of environments are likely to be different. There is a lack of focus on the processes and mechanisms
underlying and giving rise to the emergent fragmentation patterns. There is not yet a clear standard for
assessing human-caused fragmentation. Lastly, lack of consistency in study design and methodologies
used to analyze habitat fragmentation makes comparisons, integration of information and results, and
replication of studies difficult.

Despite this complexity, there is agreement among forest scientists and ecologists that forest
fragmentation should be quantified and monitored in order to track changes in landscape patterns
and better understand interactions between human activities, forest features, and ecological
processes [9,27-30]. For the purposes of this study, forest fragmentation can be defined as a process
during which, “a large expanse of habitat is transformed into a number of smaller patches of smaller
total area, isolated from each other by a matrix of habitats unlike the original” [31]. There have been
efforts to estimate the level of fragmentation of the temperate and tropical forests at the global [32,33]
and national levels [34-39]. Since these studies, a new generation of methods and software tools for
the assessment of pattern and fragmentation has emerged [27] and we make use of them in this study.

Mexico is considered to be “megadiverse” and is one of the five biologically richest countries [40].
Studying the effects and evolution of forest fragmentation in Mexico is fundamental to protecting
the country’s rich biodiversity, as well as its forest ecosystem functions and services. National level
assessments on patterns of forest fragmentation in Mexico have been performed in the past [37-39].
Moreno-Sanchez et al. [34,35] provide numerical metrics of fragmentation in tabular form on the change
in forest fragmentation in Mexico over time. However, this information has no explicit spatial reference.
Moreno-Sanchez et al. [36] provided a national level assessment on changes of forest fragmentation in
Mexico using a methodology that produces maps of the levels of fragmentation. Since then, updated
land use/cover data for Mexico have been released and a new methodology for characterizing the
spatial pattern of the forests has been sanctioned and agreed upon by a large number of national and
international forestry agencies. We make use of both in this study.

The purpose of the present study is twofold, first to assess the level of fragmentation of the
temperate and tropical forests in Mexico at the national level for three dates 2002, 2008 and 2013 using
the latest available land cover data sets, as well as the newest methods and tools for the analysis of the
fragmentation of forests. Second, to explore the evolution of the fragmentation during the 2002-2008
and 2008-2013 periods by cross-referencing the fragmentation classes identified for one date with
the fragmentation classes of the subsequent date. The resulting cartographic and tabular information
assist in better understanding the evolution of the fragmentation of the forests in the country, and
in identifying potential relations of the level of forest fragmentation to transitions to no-forest land
covers, as well as to future fragmentation conditions of the forests.

2. Methods

2.1. Data Sets

The data sets used in this study were the Series III (2002), Series IV (2008) and Series V (2013)
land use/cover data sets produced by the National Institute of Geography and Informatics (INEGI)
in Mexico [41-43]. Each of these data sets is at a scale of 1:250,000 and is provided in the Lambert
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Conical Conformal projection. INEGI has homogenized the land use/cover classes in these layers,
hence temporal changes can be evaluated. The original land use/cover classes contained in these data
sets where reclassified as detailed in Appendix A to create two forest classes: temperate and tropical.
The temperate and tropical forest layers were converted to raster format using a cell size of
250 m x 250 m. The cell size was chosen based on the scale of the original data layers (1:250,000), the
level of locational certainty of the features in the original layers, and the consideration that, although
responses by plants, animals and ecosystem functions to edge effects vary widely, 250 m represents a
conservative estimate of the level of penetration of edge effect for many species and processes [12].

2.2. Assessing Forest Fragmentation Levels in 2002, 2008 and 2013 Using the MSPA Method

The Morphological Spatial Pattern Analysis (MSPA) (version 2.3) [44] (http:/ /forest.jrc.ec.europa.
eu/download/software/guidos/mspa/) was used to define the levels of fragmentation of the
temperate and tropical forest in Mexico for 2002, 2008 and 2013. This method is easily implemented
using the freely available GUIDOS Toolbox (version 2.3) (http:/ /forest.jrc.ec.europa.eu/download/
software/guidos/). Major national and international forestry and conservation agencies use this
method and toolbox around the world (e.g., http:/ /forest.jrc.ec.europa.eu/partners-and-customers/;
United Nations Food and Agriculture Organization; International Union of Forest Research
Organizations; United States Forest Service). The MSPA determines forests fragmentation classes based
on the geometry and connectivity of the input image as well as user-specified input parameters [45].
The MSPA results in seven basic fragmentation classes [45,46]: Core, Islet, Loop, Bridge, Perforation,
Edge, and Branch. Table 1 presents definitions of each of these fragmentation classes. Figure 1
illustrates the spatial arrangement of these fragmentation classes for a hypothetical location.

Table 1. Definition of the basic fragmentation classes created by the Morphological Spatial Pattern
Analysis (MSPA) method.

Fragmentation Class Description

Defined as those foreground (i.e., forest) cells surrounded in all sides by foreground cells
Core and a distance from the background (i.e., non-forest) greater than the edge width
parameter specified for the MSPA analysis.

Islet Composed of connected forest cells that do not contain any Core cell.

Perforation class is composed of cells that form the transition between forest and
non-forest areas for interior regions of forest areas. Imagine a group of forest cells in the

Perforation shape of a doughnut; the cells forming the inner edge of the doughnut would be classified
as Perforation, whereas those forming the outer edge would be classified as Edge.
Edge Composed of forest cells that form the transition between forest and non-forest areas.
Bridge Bridge class is composed of forest cells that connect two or more disjointed areas of Core.
Loop Loop is composed of forest cells that connect an area of Core to itself.
Branch Composed of forest cells that extent from an area of Core, but do not connect to another

area of Core.

. Core

. Edge

. Perforation
. Bridge

|:| Loop

D Branch
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Figure 1. An illustration of the definition of the seven fragmentation classes resulting from the MSPA
analysis for a hypothetical area and foreground (forest) patches. Cells in grey color represent the
background (non-forest) areas [47].
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The geographic information system ArcGIS 10.2 (ESRI, Redlands, CA, USA) was used to create
layers in the input format required to run the MSPA analysis in the GUIDOS toolbox. The raster layers
representing temperate and tropical forests in 2002, 2008 and 2013, were first reclassified to contain a
value of one for cells representing non-forest areas (background for the MSPA analysis) and a value of
two for cells representing forest areas (foreground for the MSPA analysis). Then these binary raster
layers were exported to 8-bit GeoTiff format with no compression for input into the MSPA method
in the GUIDOS Toolbox. In the GUIDOS Toolbox, a MSPA batch process was run for the temperate
and tropical forests in 2002, 2008, and 2013. Finally, the cartographic outputs of the MSPA which are
in GeoTiff format were converted back to ArcGIS rasters to calculate areas and carry out transition
analyses as will explained in the next section.

The parameters for the MSPA runs were set as follows ([45,47] for details on the definition and use
of each of these parameters): The foreground (forest) cells connectivity was set to eight, meaning that
forest cells are considered connected if they touch on the cell side or only on a cell corner. The edge
width parameter was set to one cell (250 m). This value was chosen because it represents a conservative
estimate of the level of penetration of edge effect for many species and processes [12]. The transition
parameter was set to “On”, meaning all detected connections are reported. The statistics parameter
was set to “On” which creates a text file summarizing the statistics of the results of the MSPA analysis.
The intext parameter was first set to “Off” for six runs (two forest types for three dates). Later, intext
was set to “On” for the same six runs resulting in a total of 12 runs of the MSPA analysis.

The intext parameter allows for differentiating between internal and external features. Internal
features are defined as those being enclosed by cells classified as Perforation (i.e., they are found in
gaps in Core areas; see Figure 2). When the intext = “On”, internal and external features are classified
into different fragmentation classes. Internal fragmentation classes are assigned a numeric identifier
value that adds 100 to the values identifying each of the basic fragmentation classes (see Figure 2
legend). The purpose of changing the intext parameter from “Off” to “On” was to explore if there are
differences in fragmentation levels and the behavior of the fragmentation-class transitions between
internal and external forest areas.

Intext=1 Intext=0
Class Color Value . Value
external | internal
Core 17 117
Islet 109
Perforation 5 105
Edge 3 103
Loop 65 165
Bridge 33 133
Branch 1 101
Background 0 100
Missing 129 129

Figure 2. Illustration of the fragmentation classes that are generated when setting the intext parameter
to on (value of 1) or off (value of 0) for a hypothetical area and foreground (forest) patches. Cells in grey
color represent the background (non-forest) areas. The numbers correspond to the values assigned to
each fragmentation class as unique identifiers [47].
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2.3. Analyzing Transitions between Fragmentation Classes and between These and Non-Forest during the
2002-2008 and 20082013 Periods

The ArcGIS raster layers showing fragmentation classes resulting from the MSPA method were
used to analyze the transitions between fragmentation classes, and between these and non-forest,
during the 2002-2008 and 2008-2013 periods for both tropical and temperate forests. First, the
transitions between fragmentation classes generated without differentiating between internal and
external classes (intext = “Off”) were analyzed. Then the transitions between fragmentation classes
when differentiating between internal and external classes (intext = “On”) were analyzed.

The analysis of transitions consisted of the following (here we describe the processes using the
case of intext = “Off” for the 2002-2008 period): First, in ArcGIS 1-NoData raster masks were created
for each forest fragmentation class from the MSPA results for 2002 (1 = forest fragmentation class x;
NoData = everything else). Then, the 2008 forest areas classified into fragmentation classes (see Table 1)
were clipped using each of the 1-NoData masks created for each of the 2002 forest fragmentation
classes. This process extracts the 2008 fragmentation classes (and 2008 non-forest areas) that fall within
each of the 2002 fragmentation classes, and hence their areas can be calculated (see results in Table Bl
for tropical forests and Table 2 for temperate forests for the 2002-2008 period). The same procedure is
repeated for the 2008-2013 period to extract and calculate the areas of 2013 fragmentation classes (and
2013 non-forest areas) that fall within each of the 2008 fragmentation classes (see results in Table C1 for
tropical forests and Table 2 for temperate forests for the 2008-2013 period).

Next, the same procedure previously described for the case of fragmentation classes with intext =
“Off” was repeated with the intext parameter set to “On”. This results in the generation of internal and
external fragmentation classes (see Table D1 for tropical forests and Table 2 for temperate forests for
the 2002-2008 period; and see Table E1 for tropical forests and Table 2 for temperate forests for the
2008-2013 period).

It is important to note that the previously described procedures do not account for areas that
might have transitioned from non-forest (where fragmentation is not assessed) to forests between the
dates considered in the study. This would be the case where plantations or natural afforestation have
occurred. These areas at the national level are relatively small compared with the transitions from
forest to non-forest [48], or to the areas that remained during the periods analyzed.
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Table 2. Areas in each fragmentation class (intext = “Off”) for the tropical forests in 2002, 2008 and 2013. The differences in area in each fragmentation class and
percent changes between dates are presented in the last columns on the right-hand side.

Tropical Forests (Intext = Off)

2002-2008 2008-2013
Change of % Change Change of % Change
Fragmentation 2002 Area Percent of 2008 Area Percent of 2013 Area Percent of Area in Class 2002-2008 Area in Class 2008-2013
Total Forest Total Forest Total Forest
Class (ha) Area in 2002 (ha) Area in 2008 (ha) Area in 2013 from 2002 to Based on Class from 2008 to Based on Class
2008 (ha) Area in 2002 2013 (ha) Area in 2008
Branch 781,794 4.33 827,375 4.61 847,975 4.60 45,581 5.83 20,600 2.49
Edge 3,108,631 17.20 3,087,438 17.19 3,078,619 16.71 —21,193 —0.68 —8819 —0.29
Perforation 531,331 2.94 529,050 2.95 545,919 2.96 —2281 —0.43 16,869 3.19
Islet 67,088 0.37 80,475 0.45 79,594 0.43 13,387 19.95 —881 -1.09
Core 13,240,831 73.27 13,030,538 72.56 13,447,188 72.98 —210,293 —1.59 416,650 3.20
Bridge 252,962 1.40 296,582 1.65 308,794 1.68 43,620 17.24 12,212 4.12
Loop 87,625 0.48 106,451 0.59 116,925 0.63 18,826 21.48 10,474 9.84
T‘”ii‘:e“ 18,070,262 17,957,907 18,425,013 112,355 —0.62 467,106 2.60
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3. Results

3.1. Assessment of Fragmentation Levels in 2002, 2008 and 2013 without Differentiating between Internal and
External Classes (Intext = “Off”)

Figure 3 shows a sample of the cartographic products obtained from the MSPA analysis when
setting the intext parameter to “Off” for a zoomed-in area of the tropical forests in 2002. Similar
cartographic outputs were generated for both the temperate and tropical forest in 2002, 2008, and 2013.

Fragmentation Classes

E Branch
- Edge
|:| Perforation
L Islet
- Core
- Bridge
\:] Loop

Figure 3. Sample of the map output of MSPA fragmentation classes generated with the intext parameter
set to “Off” for an area of the tropical forests in 2002.

Tables 2 and 3 present the forest fragmentation classes resulting from the MSPA method (intext =
“Off”) for tropical and temperate forests, respectively. Each table shows for the 2002, 2008 and 2013
dates the area in hectares in each fragmentation class, the percent of the total forest area that falls
within each fragmentation class, and the difference in area classified into each fragmentation class
between 2002 and 2008 and between 2008 and 2013. The percent change in each fragmentation class
between dates was calculated using the formula:

(t1 — )/t 1

where t is the forest area classified into fragmentation class x in date 1 and f; is the forest area classified
into fragmentation class x in subsequent date 2.

Results for the Tropical Forests: At the national level there were a total 18,070,262 (in 2002), 17,957,907
(in 2008) and 18,425,013 (in 2013) hectares of tropical forests (Table 2). For each date, approximately
72.7% of the total tropical forest area was classified as Core, followed by Edge (approximately 17%), and
a total of about 10% fell in the Branch, Perforation, Bridge, Loop, and Islet classes (around 4.5%, 2.9%,
1.5%, 0.5% and 0.42%, respectively). During the 2002-2008 period at the national level, the tropical
forest areas decreased by 112,355 hectares (a 0.62% decrease based on the 2002 total tropical forests
area). During the 2008-2013 period at the national level, there was a total gain of 467,106 hectares
(a 2.6% increase based on the 2008 total tropical forests area).

During the 2002-2008 period the fragmented classes Loop, Islet, Bridge and Branch saw the largest
percent increases based on the area in each of those categories in 2002 (21.4%, 19.9%, 17.2% and 5.8%,
respectively). The lowest percent change occurred in classes representing compact areas (Core —1.5%
and Edge —0.6%), or the edges of perforations in Core areas (Perforation —0.4%). In absolute terms,
the loss of 112,355 hectares in the total area of tropical forests was concentrated on the loss of Core and
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Edge areas, while the fragmented classes Branch, Bridge, Loop and Islet had increases in area. These
results suggest that the fragmentation of the tropical forest increased during the 2002-2008 period.
The reduction in Core and Edge left behind narrow peninsulas of forests (Branch 45,581 hectares)
and narrow bands that fortunately connect Core areas (Bridge 43,620 hectares). The increase in
fragmentation is also reflected on the percent increase of small isolated forest patches (Islet) that were
created during this period.

During the 2008-2013 period the percent changes based on the 2008 area in each fragmentation
class were much smaller than their equivalents during the 20022008 period. The Loop (9.8%) and
Bridge (4.1%) classes saw the largest percent increases based on the areas of forest classified into
those classes in 2008. Core and Perforation increased by almost the same proportion (around 3.2%).
The lowest percent changes occurred in the Edge (—0.2%) and Islet (—1.9%) classes. In absolute terms,
the gain in total tropical forest area at the national level by 2013 (467,106 hectares) was mostly classified
as Core (416,650 hectares), Branch (20,600 hectares) and Perforation (16,869 hectares), followed by
Bridge and Loop. These results point to a reduction in the level of fragmentation of the forests during
the 2008-2013 period. The increase in Core hectares accompanied by a decrease in Edge suggests
that the majority of forest areas that were added during this period had relatively simple shapes
with some level of gaps in them (Perforation increase). Although narrow bands of forests increased
(Branch, Bridge and Loop), these increases are half of the hectares added to these classes during the
previous period which experienced a total forest area loss (—112,355 hectares) instead of the gain of
467,106 hectares that occurred during 20082013 period.

Results for the Temperate Forests: At the national level there were a total of 22,126,451 (in 2002),
21,222,037 (in 2008) and 21,271,030 (in 2013) hectares of temperate forests (Table 3). For each date,
approximately 69.5% of the total temperate forest area was classified as Core followed by Edge
(approximately 19%), and close to a total of 10% fell in the Branch, Perforation, Bridge, Loop, and
Islet classes (around 5.6%, 2.5%, 1.8%, 0.67% and 0.63%, respectively). During the 2002-2008 period at
the national level, the temperate forest areas decreased by 904,414 hectares (a 4.09% decrease based
on the 2002 total temperate forests area). During the 20082013 period, there was a total gain of
48,993 hectares (a 0.23% increase based on the 2008 total temperate forests area).

During the 2002-2008 period, the Perforation class had the largest percent change based on the
area in that class in 2002 (—14.9%). The Loop class had a 9.5% increase and Core had a 5.5% decrease.
The other fragmentation classes experienced small percent changes (most around 1%). In absolute
terms, the loss of 904,414 hectares in the total area of temperate forests concentrated on reduction
of area in the Core (—862,470 hectares) and Perforation (—90,081 hectares) classes, while Edge and
Loop had the largest hectare increases. Overall, these results indicate that the loss of forest area
affected mostly contiguous compact areas (Core) and the gaps within them (Perforation), and that the
remaining forest areas have more complex shapes (increase in Edge) and more narrow bands of forests
that connect Core areas to themselves (Loop).

During the 2008-2013 the percent changes based on the 2008 area in each fragmentation class were
much smaller than their equivalents during the 2002-2008 period. The Perforation class (—2.4%) had
the largest percent change based on the areas of forest classified into that category in 2008. The rest of
the fragmentation classes had a less than 1% change based on the areas in each class in 2008. In absolute
terms, Edge and Core had the largest increases (30,712 and 29,443 hectares respectively), while the
fragmented classes experienced reductions in the forest area classified into each of them, except
for Branch that had a small increase of 5100 hectares. These results suggest that during 2008-2013
the temperate forest areas became more compact (increase in Core hectares) with less perforations
(decrease in Perforation), but with more complex shapes (increase in Edge) and with less narrow
bands of forests (decreases in Bridge and Loop with small increase in Branch). The results for the
temperate forests for both periods 2002-2008 and 2008-2013 indicate that the fragmentation of the
temperate forests at the national level increased during the 2002-2008 period and later decreased
during 2008-2013.
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Table 3. Areas in each fragmentation class (intext = “Off”) for the temperate forests in 2002, 2008 and 2013. The differences in area in each fragmentation class and

percent changes between dates are presented in the last columns on the right-hand side.

Temperate Forests (Intext = Off)

2002-2008 2008-2013
Change of % Change Change of % Change
Fragmentation 2002 Area Percent of 2008 Area Percent of 2013 Area Percent of Area ingClass 2002—20(g)8 Area ingClass 2008—20%3
Total Forest Total Forest Total Forest
Class (ha) Area in 2002 (ha) Area in 2008 (ha) Area in 2013 from 2002 to Based on Class from 2008 to Based on Class
2008 (ha) Area in 2002 2013 (ha) Area in 2008
Branch 1,234,488 5.58 1,217,513 5.74 1,222,613 5.75 —16,975 —1.38 5100 0.42
Edge 4,074,182 18.41 4,117,194 19.40 4,147,906 19.50 43,012 1.06 30,712 0.75
Perforation 602,025 2.72 511,944 241 499,644 2.35 —-90,081 —14.96 —12,300 —2.40
Islet 134,444 0.61 138,550 0.65 138,288 0.65 4106 3.05 —262 -0.19
Core 15,549,201 70.27 14,686,731 69.21 14,716,174 69.18 —862,470 —5.55 29,443 0.20
Bridge 394,613 1.78 399,538 1.88 397,463 1.87 4925 1.25 —2075 -0.52
Loop 137,500 0.62 150,569 0.71 148,943 0.70 13,069 9.50 —1626 —1.08
Total Forest Area 22,126,451 21,222,037 21,271,030 —904,414 —4.09 48,993 0.23
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Overall, the results in this section for the tropical and temperate forests indicate that the rate
of change in the extent and spatial pattern of both forest types have slowed down between the two
periods analyzed. Both types of forests increased their fragmentation during the 2002-2008 period and
later decrease it during the 2008-2013 period.

3.2. Assessment of Fragmentation Levels for 2002, 2008 and 2013 Differentiating between External and
Internal Classes (Intext = “On”)

Figure 4 shows a sample of the cartographic products obtained from the MSPA analysis when
setting the intext parameter to “On” for a zoomed-in area of the tropical forests in 2002. Similar
cartographic outputs were generated for both the temperate and tropical forest in 2002, 2008, and 2013.

Fragmentation Classes
\:l External Branch
B cxternal Edge
|:] External Islet
I Exemal Core
B cxtemal Bridge
\:] External Loop
I:l Internal Branch
- Internal Edge
I:] Internal Perforation
|:| Internal Islet
\:| Internal Core
‘:’ Internal Bridge

10 !
Kilometers [ internal Loop

Figure 4. Sample of the map output of MSPA fragmentation classes generated with the intext parameter
set to “On” for an area of the tropical forests in 2002.

Tables 4 and 5 present the forest fragmentation classes resulting from the MSPA method for
the tropical and temperate forests, respectively. These results were generated with the MSPA intext
parameter set to “On”. Each table shows for the 2002, 2008 and 2013 dates the area in hectares in each
fragmentation class, the percent of the total forest area that falls within each fragmentation class, and
the difference in area classified into each fragmentation class between 2002 and 2008 and between 2008
and 2013. The percent change in each fragmentation class between dates was calculated using the
formula presented in Section 3.1.

From the outset, it can be pointed out that only a very small proportion (around 3%) of the total
national forest area (of both tropical and temperate forests) is classified into internal fragmentation
classes. This means that at the national level, at the scale of the source data, with the definition
of forest types, and with the cell size used for the analyses, the forest areas are relatively compact
with proportionally few gaps in Core areas. However, the results in this section for both forest types
indicate that based on the areas classified within the same class during the periods analyzed, more
percent changes occur in internal fragmentation classes than in external ones (see last columns in
Tables 4 and 5). These results indicate that proportionally, forests within gaps in external Core areas
are changing more than those external to those areas.
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Table 4. Areas in each fragmentation class (intext = “On”) for the tropical forests in 2002, 2008 and 2013. The differences in area and percent changes between dates are

presented in the last columns on the right-hand side.

Tropical Forests (Intext = On)

2002-2008 2008-2013
. Percent of Percent of Percent of Change of % Change Change of % Change
Fragmentation 2002hArea Total Forest 2008hArea Total Forest 201:;Area Total Forest Area in Class 2002-2008 Area in Class 2008-2013
Class (ha) Area in 2002 (ha) Area in 2008 (ha) Area in 2013 from 2002 to Based on Class from 2008 to Based on Class
2008 (ha) Area in 2002 2013 (ha) Area in 2008
External Branch 742,894 411 779,788 4.34 796,106 4.32 36,894 497 16,318 2.09
External Edge 3,085,494 17.07 3,064,719 17.07 3,053,500 16.57 —20,775 —0.67 —11,219 —0.37
External Islet 66,313 0.37 79,688 0.44 79,069 0.43 13,375 20.17 —619 —0.78
External Core 13,217,810 73.15 13,011,530 72.46 13,424,288 72.86 —206,280 —1.56 412,758 3.17
External Bridge 244,694 1.35 283,275 1.58 294,306 1.60 38,581 15.77 11,031 3.89
External Loop 71,051 0.39 82,319 0.46 88,213 0.48 11,268 15.86 5,894 7.16
EX_IT(])E_EAI?ILAL 17,428,256 96.45 17,301,319 96.34 17,735,482 96.26 —126,937 —0.73 434,163 2.51
Internal Branch 38,900 0.22 47,588 0.26 51,869 0.28 8688 22.33 4281 9.00
Internal Edge 23,138 0.13 22,719 0.13 25,119 0.14 —419 —1.81 2400 10.56
Internal 531,331 2.94 529,050 295 545,919 2.96 —2281 —043 16,869 319
Perforation
Internal Islet 775 0.00 788 0.00 525 0.00 13 1.68 —263 —33.38
Internal Core 23,019 0.13 19,006 0.11 22,900 0.12 —4013 —17.43 3894 20.49
Internal Bridge 8269 0.05 13,306 0.07 14,488 0.08 5037 60.91 1182 8.88
Internal Loop 16,576 0.09 24,132 0.13 28,713 0.16 7556 45.58 4581 18.98
INTERNAL 642,008 3.55 656,589 3.66 689,533 3.74 14,581 2.27 32,944 5.02
TOTAL
Total Forest Area 18,070,262 17,957,907 18,425,013 —112,355 —0.62 467,106 2.60
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Table 5. Areas in each fragmentation class (intext = “On”) for the temperate forests in 2002, 2008 and 2013. The differences in area and percent changes between dates
are presented in the last columns on the right-hand side.

Temperate Forests (Intext=On)

2002-2008 2008-2013
Change of % Change Change of % Change
Fragmentation 2002 Area Percent of 2008 Area Percent of 2013 Area Percent of Area in Class 2002-2008 Area in Class 2008-2013
Total Forest Total Forest Total Forest
Class (ha) Area in 2002 (ha) Area in 2008 (ha) Area in 2013 from 2002 to Based on Class from 2008 to Based on Class
2008 (ha) Area in 2002 2013 (ha) Area in 2008
External Branch 1,171,469 5.29 1,165,412 5.49 1,172,244 5.51 —6057 —0.52 6832 0.59
External Edge 4,046,650 18.29 4,097,744 19.31 4,130,775 19.42 51,094 1.26 33,031 0.81
External Islet 132,863 0.60 137,381 0.65 137,244 0.65 4518 3.40 —137 —-0.10
External Core 15,526,460 70.17 14,671,090 69.13 14,702,307 69.12 —855,370 —5.51 31,217 0.21
External Bridge 375,100 1.70 385,163 1.81 384,044 1.81 10,063 2.68 -1119 —0.29
External Loop 101,319 0.46 116,644 0.55 116,400 0.55 15,325 15.13 —244 —0.21
EX,I:F(])E_EAI?ILAL 21,353,861 96.51 20,573,434 96.94 20,643,014 97.05 —780,427 —3.65 69,580 0.34
Internal Branch 63,019 0.28 52,100 0.25 50,369 0.24 -10,919 -17.33 —1731 -3.32
Internal Edge 27,531 0.12 19,450 0.09 17,131 0.08 —8081 —29.35 —2319 -11.92
Internal 602,025 2.72 511,944 241 499,644 2.35 —90,081 ~14.96 ~12,300 —2.40
Perforation
Internal Islet 1581 0.01 1169 0.01 1044 0.00 —412 —26.06 —125 —10.69
Internal Core 22,738 0.10 15,644 0.07 13,869 0.07 —7094 —31.20 —1775 -11.35
Internal Bridge 19,513 0.09 14,376 0.07 13,419 0.06 —5137 —26.33 —957 —6.66
Internal Loop 36,181 0.16 33,926 0.16 32,544 0.15 —2255 —6.23 —1382 —4.07
IN,Eg};ES L 772,588 3.49 648,609 3.06 628,020 2.95 —123,979 —16.05 —20,589 -3.17

Total Forest Area 22,126,451 21,222,037 21,271,030 —904,414 —4.09 48,993 0.23
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3.2.1. Results for the Tropical Forests

Table 4 shows that of the tropical forests at the national in 2002, a total of 17,428,256 hectares
(96.4%) were classified into external fragmentation classes and a total 642,008 hectares (3.5%) were
classified into internal fragmentation classes. The numbers for 2008 were a total of 17,301,319 hectares
(96.3%) in external classes and a total of 656,589 hectares (3.6%) in internal fragmentation classes;
while for 2013 the numbers were a total of 17,735,482 hectares (96.2%) in external and a total of
689,533 hectares (3.7%) in internal fragmentation classes. These results indicate that for the three dates
at the national level, a very small proportion (around 3.6%) of the tropical forests are located in gaps in
Core areas. They also indicate that there has been a very small increase in gaps in Core areas during
the dates studied (3.5% to 3.7% between 2002 and 2013).

More specifically in regard to the external fragmentation classes, for all dates, the largest
proportion of the total area of tropical forests at the national level is classified into the External
Core class (73.1%, 72.4%, and 72.8% in 2002, 2008 and 2013, respectively), followed by External Edge
(around 17%), and External Branch (around 4.2%) for the three dates. The External Loop and External
Islet classes have the lowest allocation of areas (around 0.4% each) for the three dates.

In regard to the internal fragmentation classes, for all dates, the largest proportion of the total area
of tropical forests at the national level is classified into the Internal Perforation class (around 2.95%
for all three dates), followed by Internal Branch (around 0.25% for the three dates). Internal Core and
Internal Edge have both an allocation of only around 0.1% of the total national tropical forest area for
the three dates studied. These results indicate that there are very few internal patches of forests that
are large enough to contain Internal Core areas with their corresponding Internal Edge areas. The very
small area classified into the Internal Bridge class (only around 0.07% for the three dates) indicates
that there are few connections between Internal Core areas or between these and External Core areas.
More common are areas classified into Internal Branch (around 0.24% for the three dates), which are
arranged as narrow bands of forests. The areas arranged as small isolated patches in Core perforations
(Internal Islet) are practically negligible (0% for the three dates).

When observing the percent changes in areas classified into each fragmentation class based on
the class area at the beginning of each 20022008 and 2008-2013 periods (last columns in Table 4), the
following information is interesting. The percent changes in both external and internal fragmentation
classes have decreased from the 2002-2008 to the 2008-2013 period. Overall, the percent changes
occurring in the internal fragmentation classes (e.g., see Internal Bridge, Internal Loop in 2002-2008)
are larger than those occurring in the external classes for both periods studied.

Based on the tropical forest areas classified into each fragmentation class at the beginning of
the 2002-2008 period, the following internal classes had the largest percent changes: Internal Bridge
(60.9%), Internal Loop (45.5%), Internal Branch (22.3%), and Internal Core (—17.4%). The large percent
increase in Internal Bridge suggest that although Internal Core areas were reduced, connectors between
Internal Core areas, and between these and External Core areas were left behind, as well as loops
connecting Core areas to themselves. For the same period, the external classes that had the largest
percent changes were: External Islet (20.1%) as well as External Bridge and External Loop (both around
15%). In absolute terms, the loss of tropical forests area during this period was concentrated in the
External Core (—206,280 hectares) and External Edge (—20,775 hectares) classes. All these results mean
that during the 2002-2008 period the fragmentation of the tropical forests increased with more percent
changes occurring in areas internal to Core forests.

During 2008-2013 period, the percent changes based on the area in each class at the beginning of
the period were much smaller than those that during the 2002-2008 period both external and internal
classes. Like in the previous period, larger percent changes occurred in the internal classes than in
the external ones. Internal Islet (—33.3%), Internal Core (20.4%) and Internal Loop (18.9%) had the
largest percent increases based on the areas classified into these classes at the beginning of the period.
The largest areal change occurred in the forests classified as External Core (gain of 412,758 hectares)
followed by External Branch (16,318 hectares), Internal Perforation (16,869 hectares) and External
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Bridge (11,031 hectares). These results mean that the fragmentation of the tropical forest decreased
during the 2008-2013 period with most of the tropical forest areal gains classified as compacted Core
areas, followed by narrow bands of forests, and internal edges of External Core areas (Perforation).

3.2.2. Results for the Temperate Forests

Table 5 shows that of the area of temperate forests in 2002, a total of 21,353,861 hectares (96.5%)
were classified into external fragmentation classes and a total 772,588 hectares (3.4%) were classified
into internal fragmentation classes. The numbers for 2008 were a total of 20,573,434 hectares (96.9%)
in external classes and a total of 648,609 hectares (3%) in internal fragmentation classes; while for
2013 the numbers were a total of 20,643,014 hectares (97%) in external and a total of 628,020 hectares
(2.9%) in internal fragmentation classes. These results indicate that for the three dates at the national
level, a very small proportion (around 3.2%) of the temperate forests at the national level are located
in perforations in Core areas. They also point to a very small decrease in perforations in Core areas
during the dates studied (3.5% to 2.9% between 2002 and 2013).

More specifically in regard to the external fragmentation classes, for all dates, the largest
proportion of the total area of temperate forests at the national level is classified into the External
Core class (70.1%, 69.3%, and 69.1% in 2002, 2008 and 2013, respectively), followed by External Edge
(around 18.7%), and External Branch (around 5.3%) for the three dates. The External Loop and External
Islet classes have the lowest allocation of areas (around 0.5% and 0.6%, respectively) for the three dates.

In regard to the internal fragmentation classes, for all dates, the largest proportion of the total
area of temperate forests at the national level is classified into the Internal Perforation class (around
2.5% for all three dates), followed by Internal Branch (around 0.25% for the three dates). Internal Core
and Internal Edge have both an allocation of only around 0.1% of the total national temperate forest
area for the three dates studied. These results indicate that there are very few forest patches in Core
perforations that are large enough to contain Internal Core areas with their corresponding Internal
Edge areas. The very small area classified into the Internal Bridge class (only around 0.07% for the
three dates) indicates that there are few connections between Internal Core areas or between these
and External Core areas. More common are areas classified into Internal Branch (around 0.26% for
the three dates), which are arranged as narrow bands of forests. The areas arranged as small isolated
patches in Core perforations (Internal Islet) are negligible (less than 0.01% for the three dates).

When observing the percent changes in areas classified into each fragmentation class based on
the class area at the beginning of each 2002-2008 and 2008-2013 periods (last columns in Table 5), the
following information is interesting. The percent changes in both external and internal fragmentation
classes have decreased from the 2002-2008 to the 2008-2013 period. Overall, the percent changes
occurring in the internal fragmentation classes are larger than those occurring in the external classes
for both periods studied.

The changes in areas classified into each fragmentation class during the 2002-2008 period suggest
that although there were large losses of External Core (—855,370 hectares), this reduction in the forest
cover was not predominantly in the form of perforations of Core areas (notice that all the internal
fragmentation classes experienced reductions during this period). During the 2008-2013 period there
was a total gain of almost 49,000 hectares of temperate forests, most of these gains were classified as
External Core and External Edge; all the internal fragmentation classes experienced reductions in the
areas allocated to them. These results indicated that the fragmentation of the temperate forest was
reduced during 2008-2013 period.

In summary, the results in this section (differentiating between internal and external classes)
indicate that for both types of forests their levels of fragmentation have decreased over time. In addition,
for both forest types, the large majority of their areas are classified into the external fragmentation
classes, meaning that there are a relatively small number of gaps in Core areas at the national level.
For both types of forests, and for the two periods studied, the percent changes based on the area in
each class at the beginning of each period are larger in the internal fragmentation classes than in the
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external classes. This means that proportionally more changes are occurring inside gaps in Core forest
areas than outside of them. The forest area losses that occurred during the 2002-2008 period in both
temperate and tropical forests concentrated in losses of External Core areas. These losses were not
accompanied by increases in areas classified into internal fragmentation classes. These results suggest
that the deforestation processes that occurred during the 2002-2008 period predominantly occurred
in the external edges of the forests rather than in the form of perforations in Core forest areas. The
gains in forest extent that occurred during the 2008-2013 period in both tropical (467,106 hectares) and
temperate (48,993 hectares) forests were primarily additions to external classes. However, the increase
in tropical forest area was accompanied by an increase in the gaps in Core areas (Internal Perforation
class increased by 16,869 hectares; see last columns in Table 4), while the increase in temperate forest
area was accompanied by a reduction in all the internal fragmentation classes (see last columns in
Table 5). This means that the areal increases in the temperate forests were more contiguous than in the
tropical forests.

3.3. Transitions between Fragmentation Classes during the 2002-2008 and 2008-2013 Periods without
Differentiating between Internal and External Fragmentation Classes (Intext = “Off”)

Figure 5 shows a sample of the type of cartographic products that were created to assess the
transitions between fragmentation classes, and between them and non-forest. The narrow band in the
zoom-in insert corresponds to the areas classified into one of the fragmentation classes (in this case
Edge in 2002). The colors in the 2002-Edge band correspond to each of the fragmentation classes and
non-forest areas in 2008 that fall within the 2002-Edge band. Similar cartographic results were created
for each fragmentation class in the year 2002 to analyze the 2008 fragmentation classes that fall within
each of the 2002 fragmentation classes. The same results were generated for the 2008-2013 period and
for both types of forests (tropical and temperate).
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Figure 5. Example of fragmentation classes in 2008 that fall within the 2002-Edge class for a sample
area of tropical forests.

Appendices B and C present the transition matrices between fragmentation classes (intex = “Off”)
for the 20022008 and 2008-2013 periods, respectively. Table B1 shows the results for the tropical
forests from 2002 to 2008 and Table B2 for the temperate forests. Similarly, Table C1 presents the results
for the tropical forests for the 2008-2013 period and Table C2 presents the results for the temperate
forests for the same period.
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3.3.1. Results for the Tropical Forests

From 2002 to 2008 in the tropical forests (Table B1), the percentage of the area classified into each
2002 fragmentation class changing to non-forest by 2008 is much higher than the percent change to
another 2008 fragmentation class. The Islet and Branch classes had the highest percent of their 2002 area
changing to non-forest (around 26% for both), and Core had the lowest (6.6%). These results coincide
with empirical evidence that forests arranged in small isolated patches (Islet) or narrow bands (Branch,
Bridge and Loop) are more like to be deforested or to evolve to other fragmentation classes than large
compacted Core areas. In absolute terms, the largest transitions of area were from Core and Edge to
non-forest (880,081 and 519,288 hectares respectively), followed by Core to Edge (407,163 hectares).
These areal changes indicate that the largest areas affected by deforestation processes were contiguous
compact forest areas.

From 2008 to 2013 (Table C1), tropical forests again experienced a higher percent change of the
area classified into each 2008 fragmentation class turning into non-forest by 2013 than transitions to
other 2013 fragmentation classes. However, we must remember that during this period there was a
net gain of 467,106 hectares of tropical forests (see Table 3). Islet forests experienced the most percent
change to non-forest (10.4% by 2013), followed by Perforation areas (8%), while Core forests saw
the least amount (3%). In absolute terms, the largest transitions of area were from Core and Edge to
non-forest (397,594 and 129,331 hectares respectively), followed by Core to Edge (132,419 hectares),
and a transition in the opposite direction from Edge to Core (130,594 hectares). These results indicate
that some areas loss forest mostly in the form of Core and Edge areas, but that forest areal gains
concentrated in Core gains.

3.3.2. Results for the Temperate Forests

From 2002 to 2008 (Table B2), temperate forests also experienced a higher percent change of
the areas classified into each 2002 fragmentation class into non-forest by 2013 than transitions into
other 2008 fragmentation classes. The Branch class (15.8%) followed by Loop and Perforation (both
around 13%) experienced the most change to non-forest. Again, these results coincide with empirical
evidence that narrow bands of forests (Branch and Loop), as well as the borders of the forests
(Perforation) are more likely to be deforested than large contiguous Core areas. Interestingly there
was a proportionally larger percent change of Perforation to Edge (13%). This suggests that many
forest areas encircling perforations in Core areas were broken and the cells that used to be Perforation
became Edge. In absolute terms, the largest transitions of area were from Core and Edge to non-forest
(768,475 and 469,275 hectares respectively), followed by Core to Edge (417,769 hectares). These areal
changes indicate that the largest areas affected by deforestation processes were contiguous compact
forest areas.

During the 2008-2013 period (Table C2) the temperate forests experienced very little transitions.
All the fragmentation classes retained most of their areas by 2013 (around 97%). Even though very
small, Islet forests experienced the largest percent change of their area in 2008 to non-forest by 2013
(83%). In absolute terms, the largest transition was from Core and Edge to non-forest (65,900 and
36,356 hectares, respectively), followed by transitions from Edge to Core (32,894 hectares). These
results indicate that some areas lost forest mostly in the form of Core and Edge areas, but that forest
areal gains (48,993 hectares at the national level) were concentrated in Core gains.

3.4. Transitions between Fragmentation Classes during 2002-2008 and 2008-2013 Periods Differentiating
between Internal and External Fragmentation Classes (Intext = “On”)

Figure 6 shows a sample of the type of cartographic products that were created to assess the
transitions between fragmentation classes, and between them and non-forest when the intext parameter
is set to “On”. The narrow band in the zoom-in insert corresponds to the areas classified into the
External Edge class in 2002. The colors in the 2002-Edge band correspond to each of the internal and
external fragmentation classes and non-forest areas in 2008 that fall within the 2002-External-Edge
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band. Similar cartographic results were created for each internal and external fragmentation class
in the year 2002 to analyze the 2008 internal and external fragmentation classes that fall within each
of the 2002 fragmentation classes. The same results were generated for the 2008-2013 and for both
tropical and temperate forests.
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Figure 6. Example of internal and external fragmentation classes in 2008 that fall within the
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2002-External-Edge class for a sample area of tropical forests.

Appendices D and E present the transition matrices between fragmentation classes (differentiating
between internal and external classes) for the 2002-2008 and 2008-2013 periods, respectively.
Table D1 shows the results for the tropical forests and Table D2 for the temperate forests during
the 2002-2008 period. Similarly, Table E1 presents the results for the tropical forests for the
2008-2013 period and Table E2 presents the results for the temperate forests for the same period.
Next we will highlight the results that are particular to the differentiation between internal and
external fragmentation classes.

3.4.1. Results for the Tropical Forests

From 2002-2008 (Table D1), the External Islet forests experienced the most percent change to
non-forest (25.8%) and External Core experienced the least (6.6%). For the internal classes, Internal Islet
(25.8%) experienced the most percent change to non-forest and Internal Core (13.1%) the least. These
results mean that proportionally, Islets (internal and external) are more likely to be deforested, and
Core areas the least likely. In terms of retention of areas within the same class by the end of the period,
in general external classes retained more of their area with the same fragmentation class than internal
classes, for example, External Core (88.5%) and External Edge (67.8%) versus Internal Core (26.9%)
and Internal Edge (32.9%). This suggests that in general internal classes changed more to non-forest
or other fragmentation classes than external classes. In absolute terms, the largest areal transitions
occurred from External Core to non-forest (877,056 hectares) and to External Edge (402,213 hectares),
followed by transitions from Internal Perforation to External Core (97,444 hectares) and to External
Edge (63,025 hectares). These results suggest that the deforestation that occurred during 2002-2008
affected more heavily contiguous compacted Core areas, with the consequent increase in External
Edge. The relative large transitions from the Internal Perforation to other classes (e.g., External Core
and External Edge) indicate a closing of gaps in Core areas.
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For the 2008-2013 period (Table E1), internal classes continue to have larger percent transitions
to other fragmentation classes or to non-forest than the external classes (see percent of each area that
remains the same class by 2013). The largest percent transition to non-forest occurred in the Internal
Islet class (44.4%), followed by Internal Edge (12.5%). In absolute terms, the largest areal transitions
occurred from External Core to non-forest (396,275 hectares) and to External Edge (128,988 hectares),
followed by External Edge to External Core (126,831 hectares). These results suggest that the gain
in total tropical forest area in 2008-2013 (approximately 467,000 hectares) was distributed among
fragmented classes more than in Core or Edge classes, or that they fell outside the area covered by
each of the fragmentation classes created for the tropical forest cover reported for 2008.

3.4.2. Results for the Temperate Forests

From 2002-2008 (Table D2), both the internal and external fragmentation classes transitioned
in larger proportion to non-forest than to other fragmentation classes. In general the internal
fragmentation classes experienced larger percent transitions than the external classes. Internal Islet
(38.7%) and Internal Bridge (28.1%) had the largest percent transitions to non-forest, followed by
Internal Edge, and Internal Branch (all around 25%). The lowest percent transition to non-forest was
in External Core areas (4.9%). These results mean that proportionally, internal fragmented classes
are more likely to be deforested than External Core areas. In terms of retention of areas within the
same class by the end of the period, in general external classes retained more of their area with the
same fragmentation class than internal classes. For example, External Core (91.1%) versus Internal
Core (43.3%). This suggests that in general internal classes changed more to non-forest or other
fragmentation classes than external classes. In absolute terms, the largest areal transitions occurred
from External Core (764,700 hectares) and from External Edge (462,263 hectares) to non-forest. These
results suggest that the deforestation that occurred during 2002-2008 affected more heavily contiguous
compacted Core areas.

For the 2008-2013 period (Table E2), the percent transitions of external and internal classes were
smaller and more similar to each other than their equivalents during the 2002-2008 period (see percent
of each area that remains the same class by 2013). The largest percent transition to non-forest occurred
in the Internal Islet class (10.2%). The rest of the external and internal classes had much smaller percent
transitions to non-forest (most around 1%). In absolute terms, the largest areal transitions occurred
from External Core (65,838 hectares) and from External Edge (36,306 hectares) to non-forest. These
results suggest the gain in 2008-2013 in total temperate forest area (approximately 49,000 hectares)
was distributed among fragmented classes more than in External Core or Edge classes, or that they fell
outside the area covered by each of the fragmentation classes created for the temperate forest cover
in 2008.

4. Discussion

In regards to the first objective of our study (the assessment of the level of fragmentation of the
forests), the following major points can be made. The temperate forests are slightly more fragmented
than the tropical forests, and the level of fragmentation in both types of forests have decreased from the
first to the second time period analyzed. Although there is more total area of temperate than tropical
forests, a lower proportion of the temperate forests are in the Core class across all dates compared to
their equivalents for the tropical forests. Additionally, across all dates, temperate forests contain a
higher percent of their total area in the fragmented classes (Branch, Bridge, Loop, and Islet) than the
tropical forests. Across all dates, a slightly larger percent of the total area of the temperate forest is
classified as Edge compared with their equivalents for the tropical forests. This suggests that at the
national level, the temperate forest patches have more complex shapes than the tropical forest patches.
One factor that might be contributing to this finding is the way we defined tropical forests. In this
forest type we included the tropical forest secondary growth in arboreal stage. In tropical forests with
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rapid successional stages, perforations in Core areas and changes at the edge of the forests are more
likely to be rapidly filled or smoothed out by secondary growth.

These results support the findings from a previous national-level study of the fragmentation
of the forests that applied the same definition of tropical and temperate forests, but used different
land cover data sets, dates, and fragmentation assessment methodology [36]. However, our findings
differ from the results of other forest fragmentation studies in Mexico carried out at the national
level, but that used different groupings of forest types [34], or studies that have concentrated on more
specific tropical forest types at different geographic scales [49-51]. These studies report that more
specific types of tropical forests (e.g., tropical evergreen forests) have high levels of fragmentation [34].
This difference emphasizes the complexity in assessing forest fragmentation since it is context and
species dependent and the need for methodologies and tools that facilitate the rapid generation of
comparable fragmentation estimates that are easy to replicate for different forest types, dates, and
geographic scales.

The exploration of the informational value of differentiating between internal and external
fragmentation classes (intext = “On”) resulted in the finding that, proportionally, internal forest areas
are experiencing more transitions to non-forest or other fragmentation classes than external forest
areas. This finding supports empirical evidence and reports that land use allocations are stabilizing,
and that changes on the external edges of the forests are not as prevalent as they used to be during
the times when the agricultural and cattle ranching frontiers were expanding into the edges of the
forest areas [52,53]. However, this outcome must be considered in the context that only a very small
proportion (around 3%) of the total tropical and temperate forest areas were classified into internal
fragmentation classes for the three dates analyzed. This small proportion is in part due to the scale
of the original data sets (1:250,000), the generalization effects created when grouping several forest
types into the broader tropical and temperate forest classes used in this study, and the cell size used
in the analyses (250 m x 250 m). Under these conditions, small perforations and fine details in the
internal edges of the forest areas are difficult to detect and report in the source data sets used in this
study. Future studies conducted over smaller geographical areas and/or at higher resolutions would
be able to support or refute the existence of differences in transition rates between internal and external
fragmentation classes.

In regard to the second goal of our study, when analyzing the transitions between fragmentation
classes and between fragmentation classes and non-forest during the 2002-2008 and 2008-2013 periods,
clear trends were identified. For both periods and forest types analyzed, the percent change from any
of the fragmentation classes to non-forest is high compared to the change from one fragmentation
class to another fragmentation class. The islet fragmentation class (internal and external) is the most
vulnerable to transition to non-forest, followed by classes that represent elongated narrow forest
areas (i.e., Branch, Bridge, and Loop), while core forests are consistently the least likely to change to
non-forest. This is to be expected, as smaller isolated forest patches, as well as elongated narrow forest
patches, are more likely to change to other land uses than forests that are farther from edges and span
large compacted areas (i.e., Core class). Generally, the Edge class shows less of a tendency to change to
non-forest than the elongated forest patches. Another evident trend is that transitions from forest to
non-forest are decreasing over time across both temperate and tropical forests. The percent of each
fragmentation class that changed to non-forest is much higher from 2002-2008 than it is from 2008-2013.
During the 2002-2008 period, five to 26% of each fragmentation class changed to non-forest, while
from 2008-2013 about 0% to 10%of each fragmentation class changed to non-forest. This reduction
in the loss of forests and natural areas in general has also been reported in previous studies at the
national and regional levels [48,54,55]. Two processes that might help explain this trend are: First,
some areas of the country have reached maturity in terms of land use/cover allocations. For example,
easily accessible forest areas suitable for agriculture have already been converted to this use for some
time. Second, several studies report a growing trend in Mexico whereby farmers are abandoning
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low-productivity agricultural/cattle-ranching activities due to migration to urban centers putting less
pressure on converting forests to anthropogenic land uses [48,52,56-58].

Differences in fragmentation of tropical and temperate forests are also evident across both periods
analyzed. Overall, tropical forests are more likely to transition to non-forest than temperate forests.
Tropical forests from 2002-2008 changed from a minimum of seven percent to a maximum of 26% to
non-forest, while temperate forests from 2002-2008 changed a minimum of 5% to a maximum of 16%
to non-forest (see Tables B1 and B2). Similarly, from 2008-2013, tropical forests changed between 3%
and 10% to non-forest, while temperate forests changed between 0% and 3% (see Tables C1 and C2).
This information reinforces empirical knowledge and results of studies stating that tropical forests,
more than temperate forests, are in closer proximity to population centers and anthropogenic land
uses, and they face larger risks of deforestation [35,54].

When analyzing the transitions between fragmentation classes, it is evident that there is more
change from 2002-2008 than there is from 2008-2013. Across all fragmentation classes, higher
percentages of the forest areas classified within a fragmentation class remained within the same
fragmentation class from 2008-2013 than from 2002-2008. Core forests consistently changed the least
in both tropical and temperate forests during both periods. This result is to be expected as these forests
are buffered from edge effects and represent large compacted forest areas.

We used the national level land use/cover data sets that are the most recent, authoritative,
comparable, and with the highest levels of quality control published to date by the Mexican federal
government [41-43]. However, when considering the results and discussion presented above, the
following potential sources of uncertainty should be kept in mind: First, there could be errors in the
land use/cover classifications between the Series III, IV and V. These data sets have been reviewed
and homogenized recently, and hence the likelihood of these errors has been reduced. The original
land use/cover data sets are at a scale of 1:250,000. At this scale, small forest areas are difficult to
detect and the reporting of the shape of the forest area borders is not extremely accurate. Second,
the generalization effects introduced by using a 250 m x 250 m cell size may decrease the amount of
detail defining the edges of forests. Third, there is a generalization effect when grouping more detailed
forest cover classes into the broader tropical and temperate forests types used in this study. This could
indirectly contribute to losing detail on the shape of the forest area borders. Finally, we acknowledge
the difference in length between the 20022008 period (six years) and 2008-2013 period (five years).
However, this difference is nominal as the INEGI's Series III, IV and V were created using inputs
(e.g., satellite images) collected over a period of time around the official date of publication [41-43,59].
While we acknowledge these possible sources of uncertainty, it is important to note that none by itself
or in combination is large enough to change the clear trends identified at the national level in the
results of this study.

5. Conclusions and Recommendations

The fragmentation of the forests influences ecological processes, the provisions of goods and
services, and impacts the sustainability of the remaining forest areas in Mexico. Therefore, assessments
and monitoring of the level of fragmentation of the forests should be incorporated into national forest
inventories and forest ecosystems health reports. This information can enhance the prioritization and
targeting of conservation efforts and management interventions in the remaining forests in the country.

The most appropriate use of the results of our study is to support strategic-level, national-scale,
monitoring and decision-making processes because of the scale of the source land use/cover data sets
we used, the aggregation we did of the specific forest types into the broader tropical and temperate
forest types, and the resolution at which we carried out the fragmentation analyses. The results
presented were generated using the latest authoritative national-level land cover data sets, as well as
fragmentation analysis methodology sanctioned and used by multiple forest agencies. They form a
quantitative baseline (in tabular and cartographic form) to support the systematic monitoring of the
levels and evolution of the fragmentation of the forest in Mexico.



Forests 2016, 7, 48 21 of 31

This study provides insights into how forest fragmentation levels and transitions between
fragmentation classes, and between these and non-forest areas, have evolved in the tropical and
temperate forests between the 2002-2008 and 2008-2013 periods at the national level. Clear trends
were identified at the national level: The fragmentation levels and transitions of both forest types are
larger in 2002-2008 than in the 2008-2013 period; high fragmentation classes (Branch, Bridge, Loop
and Islet) are more likely to transition to non-forest; tropical forests fragmentation classes are more
likely to transition to non-forest than fragmentation classes in the temperate forests; and proportionally,
more transitions are occurring in internal fragmentation classes than in external ones. The reduction in
transitions between fragmentation classes, and between these and non-forest, observed from the first
to the second period points to an increased stabilization of the shape of forest patches and extent of the
tropical and temperate forest covers at the national level.

Future studies can use (yet-to-be-developed) higher resolution, larger scale, land cover data
sets, and/or concentrate on smaller geographic areas or more specific forest types to compare
and integrate their results with the findings in this study. We suggest the consistent use of a
fragmentation analysis methodology across multiple scales and forest types to facilitate comparisons
and multi-scale integration.

Using the MSPA to identify forest fragmentation levels has several advantages. It is conceptually
simple to understand by diverse stakeholders, and computationally easy to implement using freely
available software; these features facilitate the periodical replication of fragmentation assessments at
the national level, as well as at smaller geographical areas. The MSPA method produces cartographic
products that allow the exploration of the spatial relationships of forest fragmentation over time, as
well as the analysis of the potential relationships between fragmentation patterns to environmental
(e.g., topography) or anthropogenic factors (e.g., adjacency or distance to agricultural areas). The
MSPA results provide scientists, managers and the general public a visual representation of the forest
fragmentation that they can explore and relate to their empirical knowledge and on-the-ground
experiences in the forests. Finally, the MSPA output assigns unique identifiers to each fragmentation
class, which facilitates further analysis, such as the cross-referencing of fragmentation classes between
dates as it was done in this study.

This study does not differentiate between natural and anthropogenic causes of forest
fragmentation, which is important for conservation purposes. Future studies can use GIS systems
to overlay the cartographic results of this study with maps of anthropogenic activities such as urban
developments, agricultural uses, and cattle ranching to better understand the driving factors of
forest fragmentation in different geographic areas. Additionally, the fragmentation classes can
be cross-referenced with socioeconomic data at the county or state level in order to enhance the
understanding of the relationships between socioeconomic factors (e.g., poverty levels) and activities
(e.g., dominant economic activity) with land use change and forest fragmentation processes, and
their impacts on forest ecosystems over time. Lastly, since the beginning of this study, an updated
version of the Guidos Toolbox containing the MSPA has been released (Guidos Toolbox 2.3, Revision 1).
The newer version incorporates more fragmentation analysis tools that can provide further information
such as differentiating between forest areas natural edge interface and an anthropogenic/artificial edge
interface. This is valuable information that would enhance the results of this study and contribute to
better targeting forest conservation efforts.
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analysis of the results, and provided local expertise regarding the forests in Mexico.
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Vegetation types from INEGI's Series III, IV and V included in the definition of temperate forests

and tropical forests.

Temperate Forests

INEGI's CVE_UNION code Description
BA Bosque de Oyamel
BB Bosque de Cedro
BC Bosque Cultivado
BG Bosque de Galeria
BI Bosque inducido
BJ Bosque de Tascate
BM Bosque Mesofilo de Montana
BP Bosque de Pino
BPQ Bosque de Pino-Encino
BQ Bosque de Encino
BQP Bosque de Encino-Pino
BS Bosque de Ayarin
Tropical Forests
SAP Selva Alta Perennifolia
SAQ Selva Alta Subperennifolia
SBC Selva Baja Caducifolia
SBK Selva Baja Espinosa
SBP Selva Baja Perennifolia
SBQ Selva Baja Subperennifolia
SBS Selva Baja Subcaducifolia
SG Selva de Galeria
SMC Selva Mediana Caducifolia
SMP Selva Mediana Perennifolia
SMQ Selva Mediana Subperennifolia
SMS Selva Mediana Subcaducifolia
VSA/PT Vegetacion Secundaria de Selvas Arborea/Vegetacion de Peten
VSA/SAP Vegetacion Secundaria de Selvas Arborea/Selva Alta Perennifolia
VSA/SAQ Vegetacion Secundaria de Selvas Arborea/Selva Alta Subperennifolia
VSA/SBK Vegetacion Secundaria de Selvas Arborea/Selva Baja Espinosa
VSA/SBQ Vegetacion Secundaria de Selvas Arborea/Selva Baja Subperennifolia
VSA/SG Vegetacion Secundaria de Selvas Arborea/Selva de Galeria
VSA/SMQ Vegetacion Secundaria de Selvas Arborea/Selva Mediana Subperennifolia
VSA/SMS Vegetacion Secundaria de Selvas Arborea/Selva Mediana Subcaducifolia
VSA/BS Vegetacion Secundaria de Selvas Arborea/Bosque de Ayarin
Appendix B

Fragmentation classes transition matrices for tropical and temperate forests in the 2002-2008
period without differentiating between internal and external classes.
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Table B1. Fragmentation classes transition matrices for tropical forest in the 2002-2008 period without

differentiating between internal and external classes.

Tropical Forests Transitions 2002-2008 (Intext = Off)

% Change to Each 2008 Fragmentation Class/Hectares Changed to Each 2008 Fragmentation Class

Flgﬁg:%gtzion 5 ngr i;a) Non-Forest Branch Edge Perforation Islet Core Bridge Loop
Branch 781,794 192A:4,2800 4559%%14 64%21275 3%550 7(1199 29?;1819 162,.7169 5(;179
Edge 3,108,631 51196,'2788 872,5875 2,16()7%?531 571,59414 4%;8 283;206 381,5219 130,6L50
Perforation 531,351 6;,2028 st 6:'7,27.30 28533:5325 158 9;?8.41;9 #4713
Islet 67,088 1§,6}go 6%30 24724 060 32,7;;8 91;2 615% 2561
Core 13,240,831 888;881 51(?'1494 40;;163 112;281 2%23 11,;355294 45%369 18(),9175
Bridge 252,963 45,93;;5 166,féS 22?824 1(()).;18 g:—% 20%263 13522,325 5%?9
Loop 87,625 1?3;57;1 671§0 91%3 2%1.?1 gé% 6'7550 8%33 33,3(;215

Table B2. Fragmentation classes transition matrices for temperate forest in the 2002-2008 period

without differentiating between internal and external classes.

Temperate Forests Transitions 2002-2008 (Intext = Off)

% Change to Each 2008 Fragmentation Class/Hectares Changed to Each 2008 Fragmentation Class

Fragmentation

Area

Class 2002 2002 (ha) Non-Forest Branch Edge Perforation Islet Core Bridge Loop
Branch 1,234,488 19155,3850 9376?8975 554,4531 2506 mo  nm 100,5944 85

Edge 4,074,182 46191/'2575 711,.7881 3,28702.?463 10(3'7331 5(;119 202;219 290,5737 10(3'9356
Perforation 602,025 7;2524 92163 72,22?14 37682,5906 %f 49%?363 4%679 617‘(}6
Islet 134,444 1;2723 436616 321'139 060 1088(36825 3578 féll §i23

Core 15,549,201 76:;‘;275 51(3;1388 41%69 91(),%650 2%30 14,?61;750 35(),5200 19?9119
Bridge 394,613 4%,1131 143,6625 225,57238 gé%) gé%) 174,'1475 29703,6500 4234

Loop 137,500 1;,23;28 5%59 7%5% 227?0 géé 5224 752.338 9?,65?5

Appendix C

Fragmentation classes transition matrix tropical and temperate forests in the 20082013 period

without differentiating between internal and external classes.
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Table C1. Fragmentation classes transition matrices for tropical forest in the 2008-2013 period without

differentiating between internal and external classes.

Tropical Forests Transitions 2008-2013 (Intext = Off)

% Change to Each 2013 Fragmentation Class/Hectares Changed to Each 2013 Fragmentation Class

Flgﬁg:%gtsion 5 OA(/]\8r i;a) Non-Forest Branch Edge Perforation Islet Core Bridge Loop
Branch 827,375 496,4088 738;8619 141,.2769 275 1006 151,6969 5 a0
Edge 3,087,438 123;531 22575 2,;3?5,6475 451,i556 2%0 133?94 13(?;175 4(;321
Perforation 529,050 42%.6131 5068 529,5950 33602,;156 151 91,755 2?6?3 1256
Islet 80,475 8120%) 3??6 111? 3 (ig 62,2928 910%) f725 ;)ZA;
Core 13,030,538 39%94 20(3'7225 13;219 81?i656 o7 12;;4(,)356 14(?.6188 8625
Bridge 296,581 13%.6606 625'629 103:;156 1(;560 _2;6 727.868 258(;1,5669 5%888
Loop 106,450 6%:1 222§1 33;54 222';5 gé:; 4@?1 54(1)?9 83,5728

Table C2. Fragmentation classes transition matrices for temperate forests in the 2008-2013 period

without differentiating between internal and external classes.

Temperate Forests Transitions 2008-2013 (Intext = Off)

% Change to Each 2013 Fragmentation Class/Hectares Changed to Each 2013 Fragmentation Class

Fragmentation

Area

Class 2008 2008 (ha) Non-Forest Branch Edge Perforation Islet Core Bridge Loop
Branch 1217513 121,5113 1,19879.,7625 7706 188 1056 091 1538 506
Edge 417,154 355956 s 4,3372,9788 2%215 gd% 32(3.8894 7 f?é%
Perforation 511,944 7% o 15?:1069 48924,.7306 ) 3419 23 300
Islet 138,550 4?;21 1,1321 gé% 060 13915,8275 §%35 07; %g
Core 14,686,731 65(3.9400 1 270,.6269 110,.9163 he 14,2?5925 ye 1756
Bridge 399,557 2(;179 2?54 512'133 fég (;g 3%586 38936,5187 1%?3
Loop 150,569 %04 544 261 7o T 2416 1819 14913,4925
Appendix D

Fragmentation classes transition matrix tropical and temperate forests in the 20022008 period
differentiating between internal and external fragmentation classes.
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Table D1. Fragmentation classes transition matrix tropical forests in the 2002-2008 period differentiating between internal and external fragmentation classes.
Tropical Forests Transitions 2002-2008 (Intext = On)

% Change to Each 2008 Fragmentation Class/Hectares Changed to Each 2008 Fragmentation Class
External Classes Internal Classes
Fragmentation Area 2002 Non-Forest External External External External External  External  Internal Internal Internal Internal Internal Internal Internal
Class 2002 (ha) Branch Edge Islet Core Bridge Loop Branch Edge Perforation Islet Core Bridge Loop
External 742 893.8 25.14 58.34 8.47 0.99 3.33 2.15 0.69 0.53 0.02 0.27 0.00 0.01 0.03 0.02
Branch o 186,787.45  433,406.30  62,943.75 7325.00 24,762.50 15,975.00 5162.50 3906.25 162.50 1975.00 6.25 68.75 256.25 156.25
External 3,085,494 16.73 2.76 67.84 0.15 8.87 1.22 0.39 0.04 0.12 1.81 0.00 0.01 0.02 0.02
Edge [ 516,324.95 85,225.00  2,093,331.00 4587.50 273,668.80 37,743.75  12,187.50 1337.50 3562.50 55,887.50 0.00 387.50 500.00 718.75
E 11l 66,3125 26.47 8.99 4.14 57.23 1.44 1.01 0.59 0.00 0.00 0.00 0.13 0.00 0.00 0.00
xternal Islet — 17,550.00  5962.50 274375 3795000  956.25 668.75 393.75 0.00 0.00 0.00 87.50 0.00 0.00 0.00
External 13217 810 6.64 0.32 3.04 0.02 88.47 0.31 0.09 0.06 0.03 0.86 0.00 0.07 0.03 0.05
Core e 877,056.30 42675.00 402,212.50  2356.25 11,693,780.00 41,162.50  12,331.25 8281.25 413750  114,331.30 6.25 9412.50  3475.00 6587.50
External 244 693.7 19.81 6.48 10.74 0.30 7.90 52.13 1.75 0.04 0.04 0.25 0.00 0.04 0.44 0.09
Bridge o 48,462.50 15,862.50 26,287.50 731.25 19,318.75 127,556.25 4293.75 100.00 93.75 600.00 0.00 93.75 1075.00 218.75
External 71.050 19.64 7.13 12.20 0.45 7.11 10.24 39.53 0.27 0.00 1.17 0.00 0.09 0.20 1.96
Loop ! 13,956.25 5068.75 8668.75 318.75 5050.00 7275.00 28,087.50 193.75 0.00 831.25 0.00 62.50 143.75 1393.75
Internal 38.900 19.06 12.48 222 0.03 11.66 0.63 0.14 45.44 1.30 5.08 0.19 0.13 0.76 0.88
Branch ’ 7412.50 4856.25 862.50 12.50 4537.50 243.75 56.25 17,675.00 506.25 1975.00 75.00 50.00 293.75 343.75
Internal Edee 231375 12.80 0.73 13.05 0.00 25.85 0.73 0.00 2.78 32.93 7.16 0.00 1.59 1.76 0.62
8 e 2962.50 168.75 3018.75 0.00 5981.25 168.75 0.00 643.75 7618.75 1656.25 0.00 368.75 406.25 143.75
Internal 5313312 12.62 0.71 11.86 0.02 18.34 0.47 0.34 0.94 0.50 53.32 0.00 0.07 0.26 0.55
Perforation T 67,037.50 3756.25 63,025.00 125.00 97,443.75 2512.50 1787.50 4975.00 2675.00  283,325.00 12.50 375.00 1356.25 2925.00
I | slet 775 25.81 0.00 0.00 12.10 0.00 0.00 0.00 4.84 0.00 0.00 52.42 0.00 0.00 4.84
nternal Isle 200.00 0.00 0.00 93.75 0.00 0.00 0.00 37.50 0.00 0.00 40625  0.00 0.00 37.50
I Ic 2301875 13.14 0.43 1.68 0.00 51.81 0.54 0.00 0.60 1.85 1.52 0.00 26.85 1.33 0.24
nternal Core e 3025.00 100.00 387.50 0.00 11,925.00 125.00 0.00 13750  425.00 350.00 000 618125 30625 56.25
Internal 8268.75 11.04 091 242 0.00 15.50 8.09 0.68 5.14 3.17 529 0.08 2.04 40.21 5.44
Bridge : 912.50 75.00 200.00 0.00 1281.25 668.75 56.25 425.00 262.50 437.50 6.25 168.75 3325.00 450.00
Internal 16,575 14.63 1.21 4.11 0.00 8.26 3.36 10.90 4.15 0.23 9.65 0.11 0.41 2.34 40.65
Loop ’ 2425.00 200.00 681.25 0.00 1368.75 556.25 1806.25 687.50 37.50 1600.00 18.75 68.75 387.50 6737.50
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Table D2. Fragmentation classes transition matrix temperate forests in the 2002-2008 period differentiating between internal and external fragmentation classes.

Temperate Forests Transitions 2002-2008 (Intext = On)

% Change to Each 2008 Fragmentation Class/Hectares Changed to Each 2008 Fragmentation Class

External Classes

Internal Classes

Fragmentation Area 2002 Non-Forest External External External External External  External  Internal Internal Internal Internal Internal Internal Internal

Class 2002 (ha) Branch Edge Islet Core Bridge Loop Branch Edge Perforation Islet Core Bridge Loop
External 1171469 15.3 76.6 45 0.6 1.7 0.8 0.3 0.1 0.0 0.0 0.0 0.0 0.0 0.0
Branch O 179,575 896,975 52,725 7356 19,763 9894 3569 875 94 419 0 25 81 119
External 14.046.650 11.4 1.7 80.5 0.1 5.0 0.7 0.3 0.0 0.0 0.2 0.0 0.0 0.0 0.0
Edge (e 462,263 70,588 3,256,119 5063 202,081 28,706 10,638 313 819 9563 0 163 175 163
12.2 34 23 81.1 0.7 0.1 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0

External Islet 132,863 16,150 4538 3075 107,769 981 131 213 0 0 0 6 0 0 0
External 15.526.460 49 0.3 2.7 0.0 91.1 0.2 0.1 0.0 0.0 0.6 0.0 0.0 0.0 0.0
Core e 764,700 45,681 414,550 2113 14,141,320 33,638 13,575 5506 2069 91,375 19 3888 1813 6219
External 375,100 10.6 35 5.8 0.1 42 74.6 0.9 0.0 0.0 0.1 0.0 0.0 0.1 0.0
Bridge ' 39,700 13,131 21,694 488 15,819 279,769 3431 113 19 213 0 75 544 106
External 101319 11.6 38 6.4 0.3 3.5 5.0 68.7 0.1 0.0 0.4 0.0 0.0 0.1 0.2
Loop ’ 11,731 3838 6450 319 3506 5081 69,563 106 13 400 0 6 75 231
Internal 63,019 25.0 9.9 32 0.3 2.1 0.8 0.5 52.0 0.9 3.3 0.2 0.2 0.6 0.9
Branch ’ 15,775 6256 2038 213 1331 475 313 32,769 575 2088 131 113 394 550
25.5 16 15.4 0.0 5.6 13 0.0 1.6 41.0 42 0.2 2.0 1.1 0.5

Internal Edge 27,531 7013 450 4250 6 1531 356 13 431 11,275 1169 50 544 300 144
Internal 602,005 12.8 0.8 12.3 0.0 8.2 0.5 0.4 0.8 0.3 62.9 0.0 0.0 0.2 0.7
Perforation ’ 76,894 4738 74,156 13 49,538 3156 2475 4775 2088 378,506 19 225 1213 4231
: L Lelet 1581 38.7 0.8 0.0 2.0 0.0 0.0 0.0 3.6 2.8 0.0 51.8 0.4 0.0 0.0

nternal Isle 613 13 0 31 0 0 0 56 44 0 819 6 0 0
| Ic 22738 16.6 0.7 34 0.0 29.4 13 0.0 0.6 1.7 1.6 0.1 433 0.7 0.5
nternal Core ’ 3775 156 763 0 6688 294 6 144 388 375 19 9856 156 119
Internal 19513 28.1 2.1 29 0.0 5.5 8.1 0.8 1.9 1.6 33 0.0 1.1 415 3.1
Bridge ’ 5481 419 569 6 1069 1588 156 363 306 638 6 213 8100 600
Internal 36181 155 1.1 33 0.0 5.2 33 75 2.1 0.3 6.5 0.0 0.2 2.5 52.7
Loop ' 5606 381 1188 6 1875 1194 2725 744 100 2350 13 56 888 19,056
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Appendix E

Fragmentation classes transition matrix tropical and temperate forests in the 2008-2013 period differentiating between internal and external
fragmentation classes.

Table E1. Fragmentation classes transition matrix tropical forests in the 2008-2013 period differentiating between internal and external fragmentation classes.

Tropical Forests Transitions 2008-2013 (Intext = On)

% Change to Each 2013 Fragmentation Class/Hectares Changed to Each 2013 Fragmentation Class

External Classes Internal Classes
Fragmentation Area 2008 Non-F ¢ External External External External External External Internal  Internal Internal Internal Internal Internal Internal
Class 2008 (ha) on-rores Branch Edge Islet Core Bridge Loop Branch Edge Perforation Islet Core Bridge Loop
External 779 788 5.6 89.2 1.7 0.5 14 0.6 0.2 0.5 0.0 0.2 0.0 0.0 0.0 0.0
Branch ’ 43,844 695,456 12,981 3950 11,250 4925 1256 4106 56 1700 6 38 106 113
External 3064719 4.1 0.8 88.8 0.1 4.1 04 0.1 0.0 0.1 14 0.0 0.0 0.0 0.0
Edge Y 126,494 24,994 2,720,375 2081 126,831 12,881 4019 638 2775 42,838 6 125 125 538
118l 79 688 10.1 4.0 1.8 82.3 1.1 0.2 0.4 0.0 0.0 0.0 0.1 0.0 0.0 0.0
External Islet ’ 8050 3175 1413 65,569 881 169 325 6 0 0 100 0 0 0
External 13.011.530 3.0 0.1 1.0 0.0 94.9 0.1 0.0 0.0 0.0 0.6 0.0 0.1 0.0 0.0
Core e 396,275 16,050 128,988 894 12,350,330 12,444 5044 4450 2400 80,756 50 8463 1875 3513
External 283075 4.4 2.1 3.3 0.1 2.3 85.4 1.5 0.0 0.0 0.3 0.0 0.0 0.4 0.1
Bridge 4 12,331 5981 9463 350 6506 241,831 4338 56 31 900 0 19 1075 394
External 82319 5.5 1.8 3.8 0.3 3.1 5.4 77.8 0.1 0.0 0.8 0.0 0.0 0.1 14
Loop 4 4563 1463 3113 238 2531 4419 64,038 56 6 681 0 0 63 1150
Internal 47588 119 12.3 1.6 0.1 8.7 0.6 0.4 57.6 1.0 39 0.0 0.6 0.5 0.9
Branch ’ 5644 5856 744 31 4119 275 213 27,400 488 1875 19 263 219 444
12.5 1.2 13.3 0.1 13.0 1.0 0.3 2.5 41.0 10.2 0.0 3.0 15 0.4
Internal Edge 22,719 2838 281 3019 13 2963 238 75 563 9306 2319 0 675 331 100
Internal 529 050 8.1 0.4 9.2 0.0 17.2 0.2 0.3 0.6 0.7 62.4 0.0 0.1 0.3 0.5
Perforation ! 42,631 1900 48,825 81 90,975 1088 1425 3188 3525 330,356 50 650 1525 2831
118l 788 444 0.8 0.0 6.3 24 0.8 0.0 8.7 0.0 24 34.1 0.0 0.0 0.0
Internal Islet 350 6 0 50 19 6 0 69 0 19 269 0 0 0
1 19.006 6.9 0.3 1.7 0.2 35.8 0.7 0.2 0.9 3.7 2.1 0.0 46.1 1.2 0.2
Internal Core ’ 1319 63 319 31 6806 131 31 163 713 400 0 8756 238 38
Internal 13,306 9.6 0.7 1.5 0.0 7.0 l16.4 0.5 33 3.5 6.4 0.0 2.5 442 44
Bridge ’ 1275 94 194 6 925 2188 69 438 469 850 0 338 5875 588
Internal 24131 9.0 14 24 0.0 8.0 0.8 9.6 1.6 0.4 6.6 0.0 0.3 2.2 57.7
Loop ’ 2169 331 575 0 1925 194 2319 381 100 1594 0 75 538 13,925
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Table E2. Fragmentation classes transition matrix temperate forests in the 2008-2013 period differentiating between internal and external fragmentation classes.

Temperate Forests Transitions 2008-2013 (Intext = On)

% Change to Each 2013 Fragmentation Class/Hectares Changed to Each 2013 Fragmentation Class

External Classes

Internal Classes

Fragmentation Area 2008 Non-Forest External External External External External  External  Internal Internal Internal Internal Internal Internal Internal
Class 2008 (ha) Branch Edge Islet Core Bridge Loop Branch Edge Perforation Islet Core Bridge Loop
External 165412 1.1 97.6 0.7 0.1 0.3 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Branch 720 12,644 1,137,787.00  7706.25 1056.25 3993.75 1537.50 481.25 162.50 0.00 43.75 0.00 0.00 0.00 0.00
External 1097 744 0.9 0.17 97.95 0.02 0.80 0.09 0.02 0.00 0.00 0.06 0.00 0.00 0.00 0.00
Edge et 36,306 7050.00  4,013,588.00  793.75 32,862.50 3706.25 881.25 12.50 0.00 2537.50 0.00 0.00 0.00 6.25
. el 137381 2.9 1.01 0.47 95.23 0.27 0.05 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00
xternal Islet ’ 4013 1381.25 650.00 130,825.00  375.00 75.00 62.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00
External 14.671.090 0.4 0.03 0.19 0.00 99.21 0.02 0.01 0.00 0.00 0.08 0.00 0.00 0.00 0.00
Core it 65,838 3731.25 2751250 41875  14,555,800.00  2656.25 1143.75 587.50 125.00  11,962.50 0.00 643.75  75.00 593.75
External 385 163 0.7 0.57 1.35 0.02 0.84 54.60 0.30 0.00 0.00 0.01 0.00 0.00 0.00 0.01
Bridge ' 2706 2193.75 5181.25 75.00 3218.75 210,281.25  1143.75 0.00 0.00 43.75 0.00 0.00 0.00 37.50
External 116,644 0.6 0.32 2.19 0.02 1.38 1.36 93.78 0.04 0.00 0.13 0.00 0.00 0.00 0.15
Loop ’ 738 368.75 2556.25 18.75 1612.50 1587.50  109,387.50  43.75 0.00 156.25 0.00 0.00 0.00 175.00
Internal 5100 03 5.46 0.00 0.00 0.17 0.00 0.00 93.73 0.00 0.28 0.00 0.00 0.00 0.05
Branch ’ 169 2843.75 0.00 0.00 87.50 0.00 0.00 48,83125  0.00 143.75 0.00 0.00 0.00 25.00
Internal Edge 19.450 03 0.03 13.91 0.03 0.16 0.00 0.00 0.22 84.80 0.45 0.00 0.00 0.13 0.00
8 ’ 50 6.25 2706.25 6.25 31.25 0.00 0.00 43.75 1649375  87.50 0.00 0.00 25.00 0.00
Internal 511944 0.7 0.05 2.93 0.00 1.64 0.01 0.06 0.08 0.10 94.29 0.00 0.00 0.02 0.10
Perforation ’ 3750 243.75 14,975.00 0.00 8412.50 31.25 287.50 431.25 49375  482,706.20 0.00 6.25 93.75 512.50
: | Lelet 1169 10.2 0.00 0.00 0.53 0.00 0.00 0.00 0.00 0.00 0.00 89.30 0.00 0.00 0.00
nternal Isle 119 0.00 0.00 6.25 0.00 0.00 0.00 0.00 0.00 0.00 1043.75  0.00 0.00 0.00
; Lc 15,644 0.4 0.04 0.08 0.00 14.50 0.00 0.08 0.04 0.12 0.00 0.00 84.46 0.24 0.04
nternal Core ’ 63 6.25 12.50 0.00 2268.75 0.00 12.50 6.25 18.75 0.00 0.00 1321250 37.50 6.25
Internal 14375 0.1 0.00 0.22 0.00 0.96 6.57 0.00 0.00 0.00 0.61 0.00 0.00 90.26 1.30
Bridge ’ 13 0.00 31.25 0.00 137.50 943.75 0.00 0.00 0.00 87.50 0.00 0.00  12975.00  187.50
Internal 33,905 08 0.13 0.22 0.00 2.36 0.06 2.87 0.26 0.00 1.66 0.00 0.02 0.63 91.05
Loop ’ 256 4375 75.00 0.00 800.00 18.75 975.00 87.50 0.00 562.50 0.00 6.25 21250  30,887.50
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