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Forest transitions (FT) have been observed in many developed
countries and more recently in the developing world. However,
our knowledge of FT from tropical regions is mostly derived from
case studies from within a particular country, making it difﬁcult to
generalize ﬁndings across larger regions. Here we overcome these
difﬁculties by conducting a recent (2001–2010) satellite-based analysis of trends in forest cover across Central America, stratiﬁed by biomes, which we related to socioeconomic variables associated with
human development. Results show a net decrease of woody vegetation resulting from 12,201 km2 of deforestation of moist forests
and 6,825 km2 of regrowth of conifer and dry forests. The Human
Development Index was the socioeconomic variable best associated
with forest cover change. The least-developed countries, Nicaragua
and Guatemala, experienced both rapid deforestation of moist forests and signiﬁcant recovery of conifer and dry forests. In contrast,
the most developed countries, Panama and Costa Rica, had net
woody vegetation gain and a more stable forest cover conﬁguration.
These results imply a good agreement with FT predictions of forest
change in relation to socioeconomic development, but strong asymmetry in rates and directions of change largely dependent upon the
biome where change is occurring. The FT model should be reﬁned by
incorporating ecological and socioeconomic heterogeneity, particularly in multicountry and regional studies. These asymmetric patterns
of forest change should be evaluated when developing strategies for
conserving biodiversity and environmental services.
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eforestation and forest degradation are among the world’s
most pressing land-change problems. Between 2000 and 2010,
there was an estimated global net loss of 521,080 km2 in forest
cover (1), an area about the size of Central America. However, in
many regions, forest cover is expanding, following a land-change
pathway known as forest transition (FT) (2). In its simplest form,
FT has been deﬁned as a shift or “transition” from net deforestation to net forest regrowth for a particular country or region, but
in actuality FT implies a gradual “pathway” of change instead of
threshold or a speciﬁc turning point (3). In the early stages of a
country’s development, forest area declines because of expanding
agricultural activity; in later stages, it gives way to net forest recovery because of a combination of factors, and ﬁnally the rate of
change slows down, tending toward a relatively stable land-cover
conﬁguration (Fig. 1A). Along this hypothetical pathway there are
periods of rapid net forest change (i.e., when deforestation or
reforestation clearly dominate), and periods when net change
approaches zero, in the turning point from net deforestation to
net reforestation and at the ﬁnal stabilization stage (Fig. 1B).
A salient feature of FT is its theoretical association with socioeconomic development and globalization (4–6), which implies
that advanced levels of development can be compatible with
certain levels of forest conservation and recovery. Changes in
forest cover have major ecological consequences by directly affecting biodiversity, carbon budget, and soil and watershed
www.pnas.org/cgi/doi/10.1073/pnas.1201664109

conservation (7). Therefore, understanding patterns and drivers
of forest change and possible FT trajectories is relevant to
a broader societal goal of achieving land-use sustainability in the
face of rapid global environmental and socioeconomic change.
Recent studies suggest that FT is associated with variables related to socioeconomic development, such as rural abandonment
and accompanying urbanization, agricultural intensiﬁcation, the
establishment of extensive tree plantations (often through statedriven policies), economic industrialization, growing education
and technical knowledge, and the strengthening of sociopolitical
institutions (8–20). However, these studies, including the seminal
descriptions of FT in Europe (21–25) and Southeast Asia (10, 26),
are mostly derived from case studies of a single country, usually
because data are only available at the national level, which limits
the potential for broad-scale extrapolation or generalization of
ﬁndings and has strong potential for biases because of arbitrary or
opportunistic site selection (27). Largely overlooked is the fact
that countries include signiﬁcant environmental heterogeneity
within their borders, with multiple biomes and forest types that
differ in size, location, distribution, and ecological characteristics.
Typical comparisons based on previously published material
usually do not discriminate among forest types and instead focus
on “forests” as an implicitly homogenous category, thereby ignoring forest variation and its effect on the spatial partitioning of
ecological and socioeconomic processes.
This study overcomes these limitations by conducting a recent
(2001–2010) satellite-based, quantitative analysis of trends in
forest cover in the seven countries that comprise Central America. We addressed the environmental heterogeneity found across
this region by including analyses at the biome level within each
country, and then relating patterns of forest change with national
socioeconomic variables associated with human development.
Several reasons make Central America a compelling region for
a multinational analysis that relates forest trends with socioeconomic development. First, the region comprises seven countries
that share important cultural features and have a similar physical
geography characterized by high biodiversity and strong ecological gradients associated with the volcanic mountain chain, which
separates moist forests on the Caribbean, dry forests on the Paciﬁc, and cooler montane forests in the highlands (including
conifers in the north). Second, during the past few decades, the
region experienced major changes associated with socioeconomic
globalization, including strong increases in foreign investment,
establishment of international free-trade agreements, and strong
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Fig. 1. Hypothetical pathway of forest cover (A) and forest cover change (B)
in the Forest Transition Model. Subboxes in B indicate the stage found in this
study for Central American countries: (c) whole countries, (d) moist forest life
zones, (e) Conifer and Dry forest biomes. The y axis of the ﬁgures are not
scaled because absolute values can vary among countries.

migration to developed countries (particularly to the United
States), with resulting economic inputs in the form of remittances
and tourism development. These effects, however, vary signiﬁcantly among the different countries because of their differing
levels of socioeconomic development spanning a range similar to
that observed across Latin America. Thus, Central America provides an excellent opportunity to assess land cover change along
a representative gradient of development.
Central America experienced rapid deforestation during the
20th century, particularly between the 1960s and 1980s, but more
recently several local case studies have shown forest recovery.
The most recent review of forest trends in Central America (28)
concluded that, although there is room for “cautious optimism”
in the sense that the region could follow a FT pathway; the
patterns are unclear and limited by the lack of up-to-date forest
monitoring. Studies of land change in Central America and other
regions in Latin America have identiﬁed many socioeconomic
factors favoring forest recovery, including: international remittances (29–31), migration (32–35), urban/rural population change
(36–39), rural abandonment and accompanying urbanization and
industrialization (18, 35, 40), foreign investment (41), tourism (4),
establishment of protected areas (42, 43), expansion of shade coffee
oriented to global markets (27), establishment of tree plantations
(17), and growth of the services economy (44, 45). These studies,
however, are mostly restricted to one country or a subnational
area, and do not discriminate among forest types or ecological
subnational regions. In addition, all but a few of these studies are
outdated because only one national-scale analysis (46) employs
imagery after 2000.
In this study we tested the general hypothesis that Central
America is following a FT pathway associated with socioeconomic development during the past decade, and that national
trends are inﬂuenced by ecological heterogeneity, which produces a complex dynamic of land-cover trajectories. To explore
this general hypothesis in detail, we focused on the following
objectives: (i) Compare trends in forest cover during the last
decade across the different countries and major biomes (moist
forest, conifer forest, dry forest) in Central America; and (ii)
Determine the relative importance of socioeconomic variables
[e.g., population;, remittances, foreign investment, human development, gross domestic product (GDP), migration, and poverty]
in explaining the patterns of forest cover change.
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Results
Geographic Patterns of Forest Cover Change. From 2001 to 2010,
Central America experienced a net loss of 5,376 km2 of woody
vegetation (trees and shrubs covering at least 80% of the pixel).
Percent of forest cover remaining at the end of the study period
in decreasing order was: Belize (63%), Costa Rica (46%), Panama (45%), Honduras (41%), Guatemala (37%), Nicaragua (29%),
and El Salvador (21%). In addition, trends in forest change
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varied among biomes (Fig. S1). The moist forest biome experienced a net loss of 12,201 km2 and more than 99% of woody
vegetation loss occurred in this biome. Forest loss was partially
offset by a net gain of 6,825 km2 of woody vegetation in the
coniferous (+4,730 km2) and dry (+2,054 km2) forest biomes.
Mangroves and Deserts showed net woody vegetation loss and
gain, respectively, but their relative contribution to regional
woody change was less than 1%; thus, we focus on results from
the moist forest, dry forest, and coniferous forest biomes.
In the moist forest biome, deforestation mainly occurred along
the Caribbean slopes of Nicaragua (−8,574 km2), Guatemala
(−4,816 km2), and Honduras (−263 km2) (Figs. S1 and S2).
Deforestation “hotspots” were concentrated along Nicaragua’s
northeastern Atlantic coast, northern Guatemala’s Petén, and
the Olancho and Mosquitia regions of northeastern Honduras
(Table S1). Belize lost 47 km2 in the moist forest biome, and El
Salvador and Panama experienced small net gains in moist forest
biome (+44 km2 and +31 km2, respectively). Costa Rica was the
only country that had substantial gains (+1,477 km2) in the moist
forest biome, largely near the borders with Panama and Nicaragua and in the central highlands (Table S1).
Forest regrowth dominated the coniferous forest and dry forest
biomes (Figs. S1 and S2), particularly in Honduras (+3,050 km2
and +673 km2, respectively), Nicaragua (+954 km2 in dry forests),
Costa Rica (+151 km2 in dry forests), and El Salvador (+360 km2
and +183 km2, respectively). No municipality gained more than
500 km2 of woody vegetation (Table S2). Areas of regrowth were
more dispersed than areas of deforestation, although two general
clusters emerge: (i) the highlands of the Central America Volcanic
Axis of Guatemala, Honduras, El Salvador, and Nicaragua; and
(ii) the Paciﬁc coastline of Nicaragua, Costa Rica, and Panama.
Deforestation in conifer and dry forest biomes was negligible.
Only Nicaragua’s conifer forest experienced overall net deforestation (−352 km2), but this was because of forest loss in two
municipalities where conifer forests occur at low elevation, adjacent to a hot spot of deforestation in the moist forest biome in the
northeastern Atlantic coast. Most of the other municipalities in
coniferous forest biome occur in the uplands of northwest
Nicaragua, and they experienced expansion of woody cover.
Relationship Between Forest Trends and Socioeconomic Variables.

The Human Development Index (HDI) was the variable with the
greatest linear correlation with net total forest change (Fig. 2A).
In general, variables positively associated with development—
HDI, GDP per capita, foreign investment per capita, international migration rate, percentage of urban population, urbanization rate, and remittances per capita—were correlated with
forest gains; whereas social and demographic variables mostly
associated with lower levels of development—infant mortality,
percentage of population below poverty line, country population,
population change between 1990 and 2010—were correlated with
forest losses. Associations with moist forest change show the same
general pattern as with total forest (Fig. 2B), whereas dry and
conifer forest expansion was positively correlated with a country’s
population and poverty level, and was negatively correlated with
HDI and GDP, indicating that net forest regrowth was more active in countries with lower levels of development (Fig. 2C).
Overall forest trends across Central American countries are
consistent with the FT model (Fig. 1B). Although the relationship was not statistically signiﬁcant, there was a general tendency
for less-developed countries, such as Guatemala and Nicaragua,
to be dominated by net deforestation, but the more developed
countries, such as Costa Rica and Panama, experienced net
woody vegetation recovery (Fig. S3A). Honduras showed a more
advanced stage of FT than expected based on its level of HDI.
Although El Salvador and Belize share a similar level of development, their forest trends differ in association with their
dominant biomes: Belize (moist forests, Atlantic coast) experienced
Redo et al.
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Fig. 2. Correlation coefﬁcient between country level socio-economic variables and types of forest cover change: (A) total forest change; (B) moist
forest change; and (C) conifer and dry forest change.
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net deforestation, and El Salvador (conifer and dry forest, Paciﬁc) experienced net forest regrowth. The positive correlation
between country HDI and forest change was stronger and statistically signiﬁcant (r2 = 0.71) for the moist forest biome (Fig.
S3B). In contrast, the association between HDI and forest
change in combined dry and conifer forests was slightly negative
(r2 = 0.13), which despite the small sample size for a correlation
analysis, suggests that less-developed countries in Central
America not only tend to show more deforestation in the moist
forest biome, but they also tend to recover more dry and conifer
forests (Fig. S3C). As a result of the patterns of deforestation
and regrowth in relation to HDI (less-developed countries experienced both more deforestation and regrowth), there is a
statistically signiﬁcant negative correlation between “forest instability” (an index of country-scale change in forest distribution)
and HDI (Fig. S3D).
Discussion
FT Model in Central America. Central America as a whole is not

undergoing a net forest recovery. However, when the countries
Redo et al.

are ordered according to their level of socioeconomic development, trends in forest cover change are consistent with the
predictions of the FT model (Fig. 1C, box c, and Fig. S3A), in
which less-developed countries (Guatemala, Nicaragua, present
study) are at a stage of net deforestation, and more developed
countries (Panama, Costa Rica) experienced net forest recovery.
Our study goes beyond case studies and informal comparisons
to present quantitative evidence of the association between FT
and socioeconomic development using a multinational approach.
Potential mechanisms behind these trends involve different factors derived from socioeconomic development including: (i)
more efﬁcient protected areas ﬁnanced by stronger economies
and by their association with international cooperation and tourism (47, 48); (ii) higher social perception of the beneﬁts of preserving forests as a source of environmental services, likely
associated with higher education levels (2); (iii) decreasing importance of low-input land uses (particularly extensive cattle
ranching) in favor of more intensive agriculture that could promote “land-sparing” mechanisms [e.g., Costa Rica (49)] or nonagriculture economic activities [e.g., Panama (47)]; (iv) stronger
institutions to regulate land uses in more developed countries
(50); and (v) a less-institutionalized land-tenure system in lessdeveloped countries, which makes it theoretically possible to
engage in larger land acquisitions and may lead to larger outmigration streams.
The relationship between national development and countryscale forest cover trends hides major differences within countries
that emerge when forest cover is analyzed at the biome level, which
are also associated with different levels of development. The moist
forest biome, particularly in the Caribbean lowlands, experienced
rapid deforestation in the less-developed countries, but the two
most-developed countries experienced forest regrowth, as predicted by the conceptual FT model (Fig. S3B). In contrast, highelevation conifer and Paciﬁc dry forests tended to have increasing
forest cover, which decrease in intensity with development level
(Fig. S3C). As a result of these contrasting trends related to ecological heterogeneity and a spectrum of intranational development, less-developed countries experienced signiﬁcant more forest
instability and forest redistribution at the country scale because
greater HDI was associated with more stable forest cover (Fig.
S3D). This trend toward forest stabilization can also be explained
by the FT model, especially when considering the different levels
of development at the subnational level. Overall, the moist forest
zones of Central America, largely located in the Caribbean slope,
have lagged behind in the development history of the different
countries, a situation that dates back to the pre-Colombian era
when settlement was concentrated in the highlands and the Paciﬁc
slope (47, 51–54). In the FT models, moist forests would ﬁt in the
stage at which less-developed countries, such as Nicaragua and
Guatemala, have rapid deforestation, whereas more-developed
countries, like Panama and Costa Rica, show incipient patterns of
regrowth (Fig. 1B, box d). In contrast, the dry and conifer forest
zones of comparatively more-developed countries show a more
advanced stage in the FT model (i.e., when forest dynamics
transition from forest expansion to a period of stability and little
change) (Fig. 1B, box e). In summary, there is an asynchronic
behavior of forest cover change across biomes, with both faster
deforestation (in moist forests) and regrowth (in dry and conifer
forests) trends in less-developed countries (Fig. S3D).
This study is unique in showing a multinational association
between country development and forest trends in a tropical region, with countries sharing comparable cultural and biophysical
characteristics. The quantitative associations between forest
trends and development should not be directly extrapolated to
countries with different ecological characteristics or cultural
settings, and the similarities among Central American countries
should not be overemphasized (Panama and Costa Rica do not
have conifer forests and Belize does not have dry forests).
PNAS Early Edition | 3 of 6
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However, the general pattern of distinctive land uses between
the highlands and the Paciﬁc and Caribbean slopes provided an
overall comparative framework. As a result, we were able to add
two signiﬁcant contributions to the study of FT. First, HDI
emerges as the most important predictor of forest cover change
in our study. Within the range of HDI in Central America,
countries tend to change from net deforestation to net forest
recovery as HDI increases. This pattern provides evidence of a
consistent association between development and land-use trends
leading to FT, and the fact that HDI has a stronger correlation
with FT than the other single variables analyzed suggests that
there are different components of socioeconomic development
that contribute to FT. Second, forest change has clear subnational geographic patterns with a strong asymmetry between
biomes. The reason behind these differences may be because of
the fact that the conifer and dry forests of the highlands and
Paciﬁc coast have a much longer colonization history, more developed socioeconomic conditions and, as a result, relatively less
remaining land to deforest. This issue is further compounded by
a lack of enforcement of land tenure in the less-developed countries (e.g., ranchers moving onto indigenous lands in Mosquitia in
Honduras and Nicaragua). The result of this asymmetry is that
less-developed countries have more dynamic forest cover, with
intense deforestation and regrowth processes in different biomes.
More-developed countries have a more stable forest cover conﬁguration, a scenario less-developed countries could be heading
toward. This asymmetry involves signiﬁcant ecological consequences and indicates that there are complex driving forces of
forest change operating at subnational scales, partially constrained
by environmental conditions. A major consequence of this pattern
for land-use management and policy is that, although less-developed countries need urgent actions to protect the most valuable
areas of rainforests (55), they also offer the greatest possibilities
for ecological restoration of conifer and dry forests (56, 57).
Proximate Forces of Deforestation and Regrowth. The net loss in
forest cover across the region is a result of the rapid deforestation in the Caribbean moist forests of the less-developed
countries. These are areas that have shown increasing agriculture
area from 2001 to 2010. For Guatemala, Nicaragua, and Belize,
our data show that agricultural/herbaceous vegetation increased
by 6,866 km2. Between 1966 and 1994, Guatemala lost 22% of its
forest cover to agricultural settlement (∼7% per decade), mainly
in the north (58), and we found this trend has continued during
the past decade, with a total loss of 7% (3,019 km2). It is also
worthwhile to note that similar patterns are also found in
neighboring areas of the Yucatan, thereby extending the area of
this deforestation hotspot (59). Because the latter 7% is over a
smaller, total remaining area, the absolute forest change rate
appears to be slowly decreasing, thus further supporting the idea
that Guatemala indeed ﬁts into Fig. 1B, box c. In northern
Guatemala, deforestation is associated with distance to human
settlements (60) and rapid population growth (from 1.9 million
to over 3 million in the four northern departments), factors related to forest conversion for subsistence maize farming and
pasture creation (61). Agricultural data from the Food and Agricultural Organizations of the United Nations (62) supports this
claim by showing that from 2001 to 2008, the area under maize,
sugarcane, and bananas increased by 3,581 km2 for all of Guatemala. Nicaragua experienced the highest decadal deforestation
rate, with a loss of 7,961 km2 of forest during the last 10 y. Although socioeconomic drivers of deforestation in Nicaragua may
be similar to those in Guatemala, national statistics (62) and
previous studies (63) suggest that a much lower proportion of
deforested areas go to agriculture, which may imply they are
mostly converted into extensive pastures.
Forest regrowth, on the other hand, is a result of secondary
succession following agricultural and pastureland abandonment.
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In Honduras and El Salvador, the area under agricultural and
herbaceous cover declined overall by a total 2,335 km2 from 2001
to 2010, and in general, areas of agriculture decline coincide with
areas of forest recovery. The largest losses among crops were, in
order of magnitude, sorghum, maize, and cocoa (62). These
losses were largely concentrated in the intermontane valleys and
the Paciﬁc highlands of conifer and dry forest biomes. In contrast, gains among crops were, in order of magnitude, sugar,
coffee, and rice, concentrated along Honduras’s north coast and
into Mosquitia. In Panama, the area under land-use also declined and was mainly attributed to the loss of rice, maize, and
bananas (62). Of the four countries with net forest regrowth,
Costa Rica was the only one with increases in cropland area
(present study and ref. 62); coffee, oranges, and maize decreased
in area, but this was outweighed by gains in sugarcane, fresh fruit,
and rice.
Agricultural area has declined in three of the countries with
regrowth (present study and ref. 62). This decline may be beneﬁcial for local natural ecosystems; however, as a country’s
population grows and agriculture declines, its reliance on food
imports increases, which may imply the transfer of agriculture
pressure to ecosystems in other parts of the world (64). Much of
the agriculture declines in Central America have occurred at the
expense of subsistence crops, such as maize, beans (or sorghum),
and squash—the staples of the regional diet—and is being
replaced by cash crops, such as sugarcane, bananas, and coffee.
In six of the seven countries in Central America (Panama being
the exception), sugarcane was one of the top three crops that
gained in area from 2001 to 2008; maize, on the other hand, was
one of the top three crops that lost area during the same time
period in four countries (62).
Drivers of forest expansion appear to involve different
mechanisms related to the level of development. In the mostdeveloped countries, such as Costa Rica (which had a relatively
high deforestation rate only two decades ago), efﬁcient protected
areas, such as the Guanacaste Conservation Area, have been
instrumental in favoring dry forest recovery (57) and preventing
further deforestation in moist forests (48). Similarly, Panama has
also reversed its historical deforestation trend (47). Today,
protected areas cover 21% of Costa Rica and 19% of Panama
(48, 65). Costa Rica has also initiated policies to promote reforestation and forest management (66) including, since 1996,
the “polluters pay principle” through a fuel tax, which is used to
promote reforestation and conservation activities.
In contrast, in the less-developed countries, the return of forest
is probably more related to mechanisms less directly related to
government policies, such as human out-migration and the impact
of remittances, with El Salvador as a well-studied example. Despite early claims that “nature had already been extinguished in El
Salvador” (67), more recent and nuanced analyses (29–31), have
shown that some primary forests persist and hundreds of square
kilometers of secondary forest have grown back. Our study supports these results by showing that woody vegetation has increased by 16% (586 km2) from 2001 to 2010. The gains we found
are comparable to the 22% increase found during the 1990s and
early 2000s (30), attributed to the mass exodus of Salvadorians
during the 1980s and 1990s, and the remittances sent by these
migrants to relatives remaining in El Salvador, which no longer
need to cultivate marginal agriculture lands for subsistence.
In addition to reforestation through secondary succession,
increases in woody cover can be attributed to shade coffee,
particularly in southern and western Honduras. In 2008, coffee
represented 32% of the total area harvested in Honduras, and
coffee in the uplands has nearly taken precedence over growing
traditional staple crops (68, 69). Cultivation of traditional shadegrown coffee, the main cash crop in western Honduras, leaves
parts of the original forest canopy or shade trees planted. A
substantial portion of the “regrowth,” which occurred in southRedo et al.

Conclusions and Implications for Forest Conservation. The analysis
of land cover change in Central America during the past decade
provides an excellent example of the association between socioeconomic development and forest cover change. Although
undoubtedly there are distal transnational inﬂuences on land-use
change that are not captured by development indices, we were
able to conduct a quantitative and updated multinational comparison that generally supported the FT model at a macro scale,
and provided a deeper understanding of FT complexities by
showing the importance of environmental heterogeneity in inﬂuencing patterns of forest cover change, with implications for
a country’s overall FT pathway. Our results showed that environmental differences between the Caribbean slope and lowlands (moist forests), the uplands (conifer forests in the north),
and the Paciﬁc slope (dry forests) of Central America were related to historical differences in development and resulted in a
strong asymmetry in the FT pathway, and an overall trend toward forest cover stabilization in more developed countries.
This asymmetry has implications both for the reﬁnement of
the FT model and its socioeconomic drivers, and for understanding
the consequences of forest cover change in relation to socioeconomic development and globalization. The FT model should incorporate ecological and socioeconomic heterogeneity, particularly in multicountry and regional studies where, as is usually the
case, ecological heterogeneity is associated with differences in
socioeconomic development. Furthermore, the model could be
enriched if statistics on socioeconomic indicators were available
at the municipal level.
There are also practical implications of these asymmetric patterns of forest change that should be evaluated when developing
strategies for conserving biodiversity and environmental services.
After decades of rapid deforestation the most developed countries
(Panama, Costa Rica) showed an increase in woody vegetation
and they have a relatively stable land cover conﬁguration, with
approximately 40% of the country covered by forests. These values are signiﬁcantly higher than the global average (approximately
30%) and similar to the values in Europe (1) after many decades
of forest expansion (2). However, these ﬁgures vary greatly and
rapidly deforesting countries, such as Guatemala and Nicaragua,
already have forest cover below these percentages, suggesting that
forest cover may reach percentages as low as the 20% of El Salvador. In addition, “forest” is not a homogenous category and
each biome experiences different rates and trajectories of land
1. FAO (2010) FAO Global Forest Resources Assessment Main Report: FAO Forestry Paper
#163 (FAO, Rome, Italy) (FAO, Rome, Italy).
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change because of different socioecological factors. Current forest
loss in Central America is mainly occurring in the moist forest
biome, with higher levels of biodiversity in comparison with the
recovering regions in the conifer and dry forest biomes. On the
one hand, deforestation in the moist forest is not only eliminating
high biodiversity habitat, but is also interrupting the connectivity
of the “Mesoamerican Biological Corridor,” which implies that
current forest losses in Central America may be having a disproportionally negative effect on biodiversity. On the other hand,
the long history of deforestation and land use in the conifer, and
particularly the dry forest biomes, has severely threatened the
biodiversity in these regions. Therefore, the current trends of
forest recovery should be helping to reduce any further biodiversity loss, and possibly allow wildlife populations to recover.
Materials and Methods
MODIS MOD13Q1 imagery was used to map land-use and land-cover trends
(71, 72). Reference data for classiﬁer training and accuracy assessment were
collected, with human interpretation of high-resolution imagery in Google
Earth using a Web-based tool called VIEW-IT (Virtual Interpretation of Earth
Web-Interface Tool) (72). The VIEW-IT tool uses a GE plug-in to allow users to
visually estimate percent cover of land-use and land-cover within a sample
grid deﬁned by a 250 m MODIS pixel overlaid on high-resolution GE satellite
imagery. A total of 4,560 samples were placed only in areas with high-resolution QuickBird imagery, with locations selected both randomly and manually within patch types for the corresponding land-cover classes (72). This
classiﬁcation procedure resulted in land-change maps with eight classes for
each year from 2001 to 2010. Average overall accuracy for the three biome
maps that covered Central America was 85.1%. For the purposes of this study,
only the woody vegetation (trees and shrubs that cover greater than or equal
to 80% of the pixel) and agricultural/herbaceous (annual crop, grasslands,
and pastures where cover is greater than 80%) classes were used. We focused
mainly on trends in the woody vegetation class, as it represents change associated with natural vegetation, such as deforestation or reforestation,
which has important implications for species habitat use, carbon dynamics,
and FT theory. For a full description of the classiﬁcation procedure and explanation of Random Forest classiﬁcation, see SI Materials and Methods.
To relate land-cover change with socioeconomic variables, we used
Pearson product-moment correlation coefﬁcients between the country level
measures and the aggregated net forest cover change during the 10-y period.
We show three measures of relative forest cover change by dividing the area
of forest cover change by country area: (i) relative total forest change, (ii)
moist forest cover, and (iii) forest cover in dry + coniferous forests. These
variables were regressed against the several socioeconomic variables, which
are listed and explained in full detail in the SI Materials and Methods.
ACKNOWLEDGMENTS. We thank George Riner at Sonoma State University
for his assistance with satellite image processing. This research was funded
by grants from the Dynamics of Coupled Natural and Human Systems
program of the National Science Foundation (0709598 and 0709645).

13. Rudel TK (2009) Tree farms: Driving forces and regional patterns in the global expansion of forest plantations. Land Use Policy 26:545–550.
14. Rudel TK, et al. (2009) Agricultural intensiﬁcation and changes in cultivated areas,
1970–2005. Proc Natl Acad Sci USA 106:20675–20680.
15. Meyfroidt P, Lambin EF (2009) Forest transition in Vietnam and displacement of deforestation abroad. Proc Natl Acad Sci USA 106:16139–16144.
16. Meyfroidt P, Lambin EF (2008a) The causes of the reforestation in Vietnam. Land Use
Policy 25:182–197.
17. Sloan S (2008) Reforestation amidst deforestation: Simultaneity and succession. Glob
Environ Change 18:425–441.
18. Klooster D (2003) Forest transitions in Mexico: Institutions and forests in a globalized
countryside. Prof Geogr 55:227–237.
19. Barbier EB, Burgess JC, Grainger A (2010) The forest transition: Towards a more
comprehensive theoretical framework. Land Use Policy 27:98–107.
20. de Jong W (2010) Forest rehabilitation and its implication for forest transition theory.
Biotropica 42:3–9.
21. Mather AS, Needle CL, Coull JR (1998) From resource crisis to sustainability: The forest
transition in Denmark. Int J Sust Dev World 5:182–193.
22. Mather AS, Fairbairn J, Needle CL (1999) The course and drivers of the forest transition: The case of France. J Rural Stud 15:65–90.
23. Mather AS, Fairbairn J (2000) From ﬂoods to reforestation: The forest transition in
Switzerland. Environ Hist 6:399–421.
24. Mather AS (2001) Agricultural Technologies and Tropical Deforestation, eds
Angelsen A, Kaimowitz D (CABI Publishing, Wallingford, U.K.), pp 35–52.

PNAS Early Edition | 5 of 6

ENVIRONMENTAL
SCIENCES

central Honduras during the 1990s, can be attributed to the
planting of trees for shade-grown coffee cultivation (27, 70), and
this process has likely continued into the last decade.

Downloaded by guest on November 30, 2021

25. Mather AS (2004) Forest transition theory and the reforesting of Scotland. Scot Geog
J 120:83–98.
26. Meyfroidt P, Lambin EF (2008b) Forest transition in Vietnam and its environmental
impacts. Glob Change Biol 14:1319–1336.
27. Redo DJ, Bass J, Millington AC (2009) Forest dynamics and the importance of place in
western Honduras. Appl Geogr 29:91–110.
28. Bray DB (2010) Reforesting Landscapes: Linking Pattern and Process, eds Nagendra H,
Southworth J (Springer, Dordrecht), pp 85–120.
29. Hecht SB, Kandel S, Gomes I, Cuellar N, Rosa H (2006) Globalization, forest resurgence, and environmental politics in El Salvador. World Dev 34:308–323.
30. Hecht SB, Saatchi SS (2007) Globalization and forest resurgence: Changes in forest
cover in El Salvador. Bioscience 57:663–672.
31. Valencia DH, i Juncà MB, Linde DV, Riera EM (2011) Tropical forest recovery and socioeconomic change in El Salvador: An opportunity for the introduction of new approaches to biodiversity protection. Appl Geogr 31:259–268.
32. Robson JP, Berkes F (2011) Exploring some of the myths of land use change: Can rural
to urban migration drive declines in biodiversity? Glob Environ Change 21:844–854.
33. Izquierdo AE, Grau HR, Aide TM (2011) Implications of rural-urban migration for
conservation of the Atlantic Forest and urban growth in Misiones, Argentina (1970–
2030). Ambio 40:298–309.
34. Carr DL (2009) Population and deforestation: Why rural migration matters. Prog Hum
Geogr 33:355–378.
35. Grau HR, et al. (2003) The ecological consequences of socioeconomic and land-use
changes in postagriculture Puerto Rico. Bioscience 53:1159–1168.
36. Carr DL, Suter L, Barbieri AF (2005) Population dynamics and tropical deforestation:
State of the debate and conceptual challenges. Popul Environ 27:89–113.
37. Perz SG, Aramburú C, Bremner J (2005) Population, land use and deforestation in the
Pan Amazon Basin: A comparison of Brazil, Ecuador, Perú and Venezuela. Environ
Dev Sustain 7:23–49.
38. DeFries RS, Rudel TK, Uriarte M, Hansen MC (2010) Deforestation driven by urban
population growth and agricultural trade in the twenty-ﬁrst century. Nat Geosci 3:
178–181.
39. Jorgenson AK, Burns TJ (2007) Effects of rural and urban population dynamics and
natural development on deforestation in less-developed countries, 1990–2000. Sociol
Inq 77:460–482.
40. Rudel TK, Perez-Lugo M, Zichal H (2000) When ﬁelds revert to forest: Development
and spontaneous reforestation in post-war in Puerto Rico. Prof Geogr 52:386–397.
41. Lambin EF, Meyfroidt P (2011) Global land use change, economic globalization, and
the looming land scarcity. Proc Natl Acad Sci USA 108:3465–3472.
42. Figueroa F, Sánchez-Cordero V (2008) Effectiveness of natural protected areas to
prevent land use and land cover change in Mexico. Biodivers Conserv 17:3223–3240.
43. Sánchez-Azofeifa GA, Quesada M, Cuevas-Reyes P, Castillo A, Sánchez-Montoya G
(2009) Land cover and conservation in the area of inﬂuence of the Chamela-Cuixmala
Biosphere Reserve, Mexico. For Ecol Manage 258:907–912.
44. Wright SJ (2005) Tropical forests in a changing environment. Trends Ecol Evol 20:
553–560.
45. Wright SJ (2010) The future of tropical forests. Ann N Y Acad Sci 1195:1–27.
46. Giri C, Jenkins JC (2005) Land cover mapping of Greater Mesoamerica using MODIS
data. Can J Rem Sens 31:274–282.
47. Wright SJ, Samaniego MJ (2008) Historical, demographic and economic correlates of
land use change in the Republic of Panama. Ecol Soc 13:17.
48. Sánchez-Azofeifa GA, Daily GC, Pfaff ASP, Busch C (2003) Integrity and isolation of
Costa Rica’s national parks and biological reserves: Examining the dynamics of landcover change. Biol Conserv 109:123–135.

6 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1201664109

49. Balmford A, Green RE, Scharlemann JPW (2005) Sparing land for nature: Exploring
the potential impact of changes in agricultural yield on the area needed for crop
production. Glob Change Biol 11:1594–1605.
50. Wright SJ, Sánchez-Azofeifa GA, Portillo-Quintero CA, Davies D (2007) Poverty and
corruption compromise tropical forest reserves. Ecol Appl 17:1259–1266.
51. Jones DRW (1970) The Caribbean coast of Central America: A case of multiple fragmentation. Prof Geogr 22:260–266.
52. McCreery DJ (1976) Coffee and class: The structure of development in liberal Guatemala. Hisp Am Hist Rev 56:438–460.
53. Meyer N, Tucker R (1987) Deforestation in Central America: Spanish legacy and North
American consumers. Environ Rev 11:55–71.
54. Sollis P (1989) The Atlantic Coast of Nicaragua: Development and autonomy. J Lat Am
Stud 21:481–520.
55. Harvey CA, et al.; Working Group on Biodiversity and Conservation Value of Agricultural Landscapes of Mesoamerica (2008) Integrating agricultural landscapes with
biodiversity conservation in the Mesoamerican hotspot. Conserv Biol 22:8–15.
56. Gonzales Espinosa M, Ramirez Marcia N, Camacho Cruz A, Rey Benayas JM (2008)
Restauración de Bosques en America Latina [Forest Restoration in Latin America], eds
Gonzales Espinosa M, Rey Benayas JM, Ramirez Marcia N (Mundi Prensa, D.F., Mexico), pp 137–162.
57. Janzen DH (2002) Handbook of Ecological Restoration, eds Perrow MR, Davy AJ
(Cambridge Univ Press, Cambridge), pp 559–583.
58. Bilsborrow RE, Carr DL (2001) Tradeoffs or Synergies? Agricultural Intensiﬁcation,
Economic Development and the Environment, eds Lee DR, Barrett CB (CABI Publishing, Wallingford, UK), pp 35–55.
59. Rueda X (2010) Understanding deforestation in the southern Yucatan: Insights from
a sub-regional, multi-temporal analysis. Reg Environ Change 10:175–190.
60. Bray DB, et al. (2008) Tropical deforestation, community forests, and protected areas
in the Maya Forest. Ecol Soc 13:56.
61. Carr DL (2005) Forest clearing among farm households in the Maya Biosphere Reserve. Prof Geogr 57:157–168.
62. FAOSTAT (2011) Available at http://faostat.fao.org/default.aspx. Accessed May 12,
2012.
63. Zeledon EB, Kelly NM (2009) Understanding large-scale deforestation in southern
Jinotega, Nicaragua from 1978 to 1999 through the examination of changes in land
use and land cover. J Environ Manage 90:2866–2872.
64. Walker RT (2012) The scale of forest transition: Amazonia and the Atlantic forests of
Brazil. Appl Geogr 32:12–20.
65. Daniels AE, Cumming GS (2008) Conversion or conservation? Understanding wetland
change in northwest Costa Rica. Ecol Appl 18:49–63.
66. de Camino Velozo R World Bank (2000) Costa Rica: Forest strategy and the evolution
of land use (World Bank, Washington, DC), pp 1–128.
67. Terborgh J (1999) Requiem for Nature (Island Press, Washington, DC).
68. Southworth J, Nagendra H, Tucker CM (2002) Fragmentation of a landscape: Incorporating landscape metrics into satellite analyses of land-cover change. Landscape
Res 27:253–269.
69. Nagendra H, Southworth J, Tucker CM (2003) Accessibility as a determinant of
landscape transformation in western Honduras: Linking pattern and process. Landscape Ecol 18:141–158.
70. Bass J (2006) Forty years and more trees: Land cover change and coffee production in
Honduras. Southeast Geogr 46:51–65.
71. Clark ML, Aide TM, Grau HR, Riner G (2010) A scalable approach to mapping annual
land-cover at 250-m using MODIS time-series data: A case study in the Dry Chaco
ecoregion of South America. Remote Sens Environ 114:2816–2832.
72. Clark ML, Aide TM (2011) Virtual interpretation of Earth Web-Interface Tool (VIEW-IT)
for collecting land-use/land-cover reference data. Remote Sens 3:601–620.

Redo et al.

