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Abstract: Anthropogenic disturbances interacting with natural disturbances, ecological and socio-
economic factors can provoke forest degradation and modulate ecosystem resilience. In Haiti,
protected areas recently created to reduce forest loss, require studies about forest dynamics and
land use to assure the development of sustainable management policies. We combine field interview
with Landsat satellite images of the Macaya National Park collected between 1985 and 2021 to
investigate: 1) how much of the original forest area has been converted into agricultural or logged
area since 1985; and 2) how do elevation and slope influence the expansion of human-induced land-
use changes. Our results indicate an increase of 11.36% in forest cover and a reduction of 75.34% in
agriculture class cover, despite the passage of seven hurricanes in the region. Forest recovery was
apparently unrelated to elevation and slope, and likely reflected the implementation of new
environmental laws and policies with the creation of the Macaya National Park in 1983. Restoration
and protection programs contributed to ensure access to financial resources, technical assistance
and new technology, thus promoting a shift into a more resilient forest system. This study brings
hope for forest conservation in Haiti by showing that positive results can be achieved through
inclusive collaboration.

Keywords: shifting agriculture; logging; remote sensing; land-use change; resilience; social-
ecological system

1. Introduction

In the context of growing global population and their needs for natural goods and services,
forests ecosystems have been subject to increasing anthropogenic disturbances [1,2]. Logging and
shifting agriculture are two widespread and well-known human-induced disturbances in tropical
forests [3—-7]. These land uses are influenced by a complex interplay between socioeconomic, political,
demographic, technological, and biophysical variables and can generate either positive or negative
outcomes in the long term [8,9]. In addition, they operate in combination with natural disturbances
such as hurricanes, that can exacerbate their impacts [10,11]. Hurricanes are frequent disturbances in
Haiti, accompanied by intense wind and heavy rain that can induce massive tree mortality [12,13].
While human population growth or market demand can lead to expansion or intensification of
agriculture and logging at the expense of natural forests [14-16], hurricanes can reinforce the impacts
caused by these human activities as they intensify tree mortality through windthrow, floods and
landslides [17,18].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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When it comes to land-use change processes, particularly in mountain landscapes,
environmental factors such as elevation and slope play an important role as they place physical limits
on the types of land-use practices that are feasible in a region [19,20]. Higher terrains with steeper
slope are more unlikely to be used for agriculture given that their productivity is frequently lower
and greater resources and labor efforts are necessary to produce there, in addition to the fact that
these lands are often less accessible [15,21-23]. Similarly, logging is also less likely to be practiced in
higher and steeper forested areas for the same reasons [22]. Consequently, flatter areas at lower
altitude are expected to be impacted first and more intensely during land-use change [15,22]. Local
topography is also a complicating factor for hurricane-induced damage. Higher mountain slopes
exposed to wind are usually most vulnerable to hurricane damage, whereas lower areas sheltered
from the wind are generally least vulnerable [17,24].

Shifting cultivation is a diverse and dynamic land use [14,25]. By using fire, farmers open sites
in primary or secondary forests for cropping, and as soon as these sites begin to lose productivity,
other sites are opened [26-28]. Due to this typical rotation between fallowed and cropped periods,
forested land availability is fundamental to the sustainability of shifting agriculture [14]. Selective
logging is a more subtle human-induced disturbance than shifting agriculture [29]. Loggers degrade
primary forests by harvesting massive trees of commercially valuable species and often damaging
others in the process [30-32].

When forests are disturbed, changes in ecological and social processes may disrupt interactions
and feedbacks that maintained the system resilient, such as the ancient ecological knowledge of local
peoples that maintain forests rich in food resources [33]. These changes may trigger other types of
positive feedbacks [34], potentially arresting the ecosystem in a degraded state [35]. Positive
feedbacks are interactions in which the corresponding outcomes reinforce previous changes [34,36].
For instance, forest cover loss due to hurricane windthrow leaves the ecosystem vulnerable to topsoil
erosion which further intensifies forest degradation and reduces forest resilience [37]. Feedbacks play
an essential role in ecosystem dynamics as they are able to weaken ecosystem resilience and
consequently push them to alternative stable states [8,34,36,38]. Resilience is the capacity of social-
ecological system to absorb disturbance and reorganize while undergoing changes so as to still retain
essentially similar function, structure and feedbacks, thus assuring the continuous provision of
desired sets of ecosystem services to human societies [39,40]. Thereby, a good comprehension of the
main drivers of social-ecological change and how they interact with the underlying variables at
different levels is crucial for a proper management of forest ecosystems exposed to human and
natural disturbances [41].

Shifting agriculture and selective logging are the dominant human activities driving land use
changes in Southern Haiti highlands [42,43]. In this region, The Macaya National Park (MNP), created
in 1983, protects a substantial part of the last patches of primary mountainous vegetation in the
country [44,45]. The MNP is situated in an area which is frequently affected by hurricanes (Table 1)
[13,46,47] that can induce large-scale sudden tree mortality and changes in forest composition [12,48].
The combination of human disturbances such as shifting agriculture and logging, natural
disturbances such as hurricanes and the topographic complexity of the MNP that affects hurricane
exposure, makes this site a special opportunity to study the combined effects of such factors in the
tropical belt of the Americas. The mixed effects of land use changes and natural disasters can lead to
biodiversity loss [29,49], reducing ecosystem resilience [36] and consequently, threatening the
provision of essential ecosystem services to Haitian peoples. Forests in the Macaya National Park
provide substantially timber for construction and furniture making, firewood for cooking and
heating, foods, medicinal plants and water for domestic uses, livestock watering and crop irrigation
[42]. Due to its ecological importance and the pressures that threaten its existence, the MNP has
attracted the attention of several public institutions, non-governmental organizations (NGOs) and
other research institutions which began to participate at different levels in the governance of the park
[42].
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Table 1. Major hurricanes that hit southern Haiti from 1985 through 2021. Category on the Saffir-
Simpson hurricane wind scale. Sources: National Oceanic and Atmospheric Administration (NOAA)

and Weather Undergroung.

Hurricane Date Category

Gilbert September/88 5

Georges September/98 4

Lili September/02 4

Ivan September/04 5

Dean August/07 5

Sandy October/12 3

Matthew October/16 4

In this study, we combine satellite and field data to assess how the forest landscape of the
Macaya National Park in Southern Haiti has been changing under the combined effects of shifting
cultivation, selective logging and hurricanes from 1985 through 2021. To achieve this goal, we seek
to answer the following questions: (1) how much of the original forest area has been converted into
cultivated or logged area since 1985; and (2) how do elevation and slope — which affect accessibility,
hurricane and land-use exposure — influence the expansion of human-induced land cover changes.

2. Materials and Methods

2.1. Study area

The present study was conducted in the Macaya National Park (MNP) located in Southern Haiti
(Figure 1). The park was created in 1983 and presently compounds the central zone of “La Hotte”
Biosphere Reserve admitted by the United Nations Educational, Scientific and Cultural Organization
(UNESCO) in 2016 [44,50]. The area of the MNP was 8,166.34 hectares until 2013 when it was
extended to more than 13,000 hectares that protects the last fragments of original Southern Haiti
vegetation and its fauna [42]. For this study, we will consider only the older limits of the MNP as the
other part were under a different protection regime until 2013.
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Figure 1. Localization map of Macaya National Park. Here we show tree cover data from Hansen et
al. for the year of 2000 [51] and six selected villages for deeper analysis of land-use change.
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The topography of the MNP is quite hilly, with various steep slopes and ravines [52]. The MNP
climate has moderate temperatures ranging from 5 to 20° C and two rainy periods — one from April
to June, other from August to November — with an average of 2,500-3,000 mm of mean annual rainfall
[53]. The predominant soil types are dark red oxisols (with nearly neutral pH and moderate fertility
levels) that occupy mostly flat plains and lowest slopes, and brown ultisols (with slightly acid pH
and commonly deficient in nitrogen and phosphorus) present in many intermediate and upper slopes
[43]. Between 800 and 2000 meters of altitude, broadleaf forests predominate, whereas above 2000
meters, pine forests predominate in the landscape [42].

We selected six of the most populated local villages inside or near the borders of the park: Kay
Michel, Kadose, Mahodeme, Denord, Deglacis and Plymouth to assess land-use impacts with
interviews (Figure 1). We also selected two other locations inside the park: Pic Macaya and Pic
Formond which are uninhabited as control areas (Figure 1). The village Kay Michel is in the southern
part of the MNP at the end of one of the principal roads giving access to the park and has important
administrative infrastructures used by researchers and state agents. It belongs to the rural district of
Carrefour Canon which has a population of 10,433 inhabitants. The village Deglacis in the East of the
MNP has more than 2,000 inhabitants. It is a remote village accessed only by heavy trails starting
from the southern villages. Kadose in the northwest of the park belongs to the rural district of Randel
which has 6,550 inhabitants. Mahodeme in the western zone of the MNP belongs to the rural district
of Dejoie which has approximately 6,000 inhabitants. Denord is part of the rural district of Beaumont
which has a population of more than 12,000 inhabitants [42]. Pic Macaya (2,347 m) and Pic Formond
(2,219 m) are both uninhabited places located in the central part of the MNP and represent the highest
peaks in the region.

Although the Macaya region has been occupied since the colonial period in the 18th century,
local human population has increased mostly through in-migration in the 1960s [42,43]. Historically,
traditional shifting agriculture has been the most important economic activity for these communities
[42,43]. Farmers alternate cropped and fallowed periods in plots initially open in areas of primary or
secondary vegetation managing fire. They mostly grow annual crop species like Manihot esculenta
(cassava), Dioscorea sp.(yams), Xanthosoma sp. (malanga), Colocasia esculenta (taro), Ipomea batata
(sweet potatoe), Zea mays (corn) and a wide variety of beans [42,54]. They also grow perennial crop
species like Coffea arabica (coffee), Musa sp. (bananas) and some other fruits [54]. In addition, local
people practice livestock raising and logging to complement household income [55]. During the
fallow period, plots are used as pastures for livestock which is compound mostly by oxen and goats
[54]. Fallows are often characterized by a naturally grown herbaceous vegetation [43].

2.2. Data acquisition and pre-processing

To assess land-use change in the MNP, we selected Landsat images with low or without cloud
cover from 1985 through 2021 applying a cloud cover filter (below 10% cover) to all the available
Landsat images for this period [56]. The image selection process resulted in 136 suitable images that
were organized into four time periods of approximately 10 years: the first from 1985 through 1995
with 16 images; the second from 1995 through 2005 with 25 images; the third from 2000 through 2012
with 14 images and the fourth from 2013 through 2021 with 81 images. We computed the Normalized
Difference Vegetation Index (NDVI) [57] and Normalized Difference Water Index (NDWI) [58] for all
non-masked pixels for these images. These two indices are useful to define land cover classes and
have been previously used to assess land-cover changes in tropical forests [59,60]. Then, we
performed image collection reductions taking the median of the spectral indices values per pixel over
each time period, which resulted in four images representing the four time periods. This pre-
processing step was performed to reduce the influence of single outliers and to take the best pixels
available for each time-period [61]. All the images were cropped to the MNP area polygon to reduce
processing time.
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2.3. Data analysis

After the pre-processing step, we applied a supervised classification on the four images resulting
from the image collection reduction process and representing each time period from 1985 through
2021. First, we collected polygon samples by on-screen digitizing in Google Earth Engine [61] for four
land-use classes: agricultural land, forest, bare soil and water. Second, the polygon samples were
divided in two data sets: one with 70% of the samples as training data and another one with the 30%
remaining, to be used as validation data. We trained the RandomForest classifier using the training
data set and performed a supervised classification of the four images. We estimated classification
error with the independent validation data set [62]. We calculated the corresponding area of each
land-use class for each of the four time periods and compared the results to identify land use changes
across the MNP.

We delineated a 1,500 m buffer around the center of each selected local village (Figure 2) and
calculated the proportional area covered by the different land-cover/land-use classes for each period.

All these analyses were performed using Google Earth Engine platform [61], QGIS [63] and R
software [64], especially the packages sf [65], raster [66], ggplot2 [67], ggspatial [68] and networkd3
[69] were used for showing the resulting maps and graphics.

- = = - Ly . S >
d.Water - 3rd Period, Bare Soil —————— 4t Period, Bare Soil ||

Figure 2. Change in area covered by individual land cover class from 1985 to 2021 in Macaya National
Park. There was an increase in 11.36% of the area covered by forest from the first through the last
time-period. Most of this increase results from the regeneration of agricultural land that lost 75.34%
of its area during the same time interval.

3. Results

During the time span of this study (1985 - 2021), forest and agriculture land-use classes were
highly more representative than water and bare soil classes (Figure 2). We detected an increase in
11.36% of the area covered by forest while agriculture area decreased 75.34% between 1985 and 2021
(Figure 2, Figure Al). For the whole MNP, forest expanded from 84.35 km?2 in the first time-period
(1985-1995) to 93.94 km2 in the last one (2013-2021). At the same time, agriculture declined from 12.33
km?2 to 3.04 km2. For the two remaining land use classes bare soil and water, we observed that bare
soil increased from 0 to 1.76 km?2, while water reduced from 2.35 to 0.29 km?2 (Figure 2, Figure Al).

Analysis of the village surroundings revealed that forest and agriculture areas remained
relatively stable over time in Denord (Figure A2, b), Pic Formond (Figure A2, f), Pic Macaya (Figure
A2, h), Mahodeme (Figure A2, e) and Deglacis (Figure A2, a), whereas major land-use changes took
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place in Kadose, Kay Michel and Plymouth (Figure Al; Figure A2, ¢, d and g). In Kay Michel,
agricultural use that initially occupied 53% of the sampled area, dropped drastically to 3% in the last
time-period (2013-2021). At the same time, forest area expanded from 47 to 95% from the first (1985-
1995) to the last time-period (2013-2021) (Figure Al; Figure A2, d). In Kadose, forest area increased
from 66 to 86 % while agricultural area decreased from 17 to 2% (Figure Al; Figure A2, c). In
Plymouth village, agricultural land cover increased from 3 to 17% in the first decade of the 2000’s and
then decreased to 7% in the period of 2013-2021, whereas total forest cover decreased from 96 to 81%
and then increased again to 87% (Figure Al; Figure A2, g).

The highest zones (Figure 3A) and areas with steepest slopes (Figure 3B) in our study area, for
instance Pic Macaya and Pic Formond, remained relatively stable, with forest land cover dominance.
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Figure 3. Land-use changes (1985 — 2021) in relation to elevation (A) and slope (B) across the Macaya
Natural Park. Blue circles indicate areas with major land-use changes. Black circles indicate areas
remaining relatively stables, with low land-use changes.

4. Discussion

4.1. Socio-economic factors affecting land-use/land-cover changes

Our results revealed an increase of forest area within the MNP since 1985. This finding is
congruent to changes occurring in many tropical landscapes under forest transition, i.e., a shift from
forest loss to forest gain [70-72]. Forest transition has contributed to reduce tropical deforestation
although the rates at global scale remain alarmingly increasing [70,73]. A detailed analysis
demonstrated that major land-use changes occurred in Kay Michel, Kadose and Plymouth villages
situated respectively in Southern and Southeastern zones of the MNP, where important gain in forest
area occurred at the expense of agricultural land-use. To understand these changes, we examine a set
of social-ecological factors that might be influencing land-use dynamics in the MNP region.

The village of Kay Michel hosted the Macaya Biosphere Reserve Project (MBRP) headquarters
which had a crucial role for the conservation efforts in the MNP region. The MBRP got together a
diversified group of researchers, technicians and volunteers from the University of Florida (UF), the
Ministry of Agriculture and Natural Resources of Haiti (MARNDR) and local people in order to
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preserve and rehabilitate the unique relictual montane ecosystems in the Macaya region, thus
assuring its sustainable economic development [43]. The MBRP lasted four years — from October 1988
to May 1992 — and was financed by the United States Agency for International Development (USAID)
to an amount greater than US$ 1,5 million. With the MBRP progress, important restoration activities
in critical zones like steep slopes, springs and endangered habitats — that have been environmentally
degraded — were implemented. Such degraded areas in Kay Michel received direct seedlings of
native useful species such as Pinus occidentalis, Didymopanax tremulus, Micropholis polita ssp.
hotteana and Tabebuia conferta. Similar activities were also conducted in different villages dispersed
across the MNP [43].

Simultaneously to the restoration of degraded critical areas in the landscape, the MBRP carried
out policies aiming to reduce the impacts of human exploration on the natural vegetation without
forgetting to provide reasonable economic alternatives. For example, a new zoning of the MNP
established at the beginning of the MBRP strictly prohibited agriculture, grazing and logging in some
areas that were once used for such purposes. At the same time, local people were hired to maintain
and supervise seedling nurseries, to transplant seedlings and work as local guides for tourists and
researchers. Farmers also received financial and technical assistance to improve agricultural
productivity in areas where it was still allowed [43].

In addition to the MBRP, other projects have been executed in the MNP region, such as the
Environmental Education for Community Participation in Conservation of Macaya [74], and the
Ecosystem Threat Assessment and Protected Area Strategy for the Massif de la Hotte Key
Biodiversity Area [75] which addressed respectively the creation of local environmental committees
that advocate for a stronger participation of local communities in the management of natural
resources in the MNP area, and for developing self-sustaining education and public outreach
activities. These actors all actively contributed to improve forest conservation and sustainable
development as they brought financial resources, technical assistance, new sources of technology and
new ideas and networks of contacts to local communities [76,77]. Major challenges such as insufficient
funding, lack of continuity, political instability and the terrible quality of roads which hinder the
access to some targeted areas may have contributed to lessen the expected positive outcomes [76,78].
However, as our results show (Figure 2; Figure 3), these initiatives clearly had major positive impacts,
allowing tropical forests in that region to recover.

4.2. Ecological factors affecting land-use/land-cover changes

Elevation and slope have been identified as constraints to the expansion of human activities over
natural forests [15,19,20]. During degradation process, lowland forests on flatter terrains are more
likely to be impacted first and more intensely, particularly when near human settlements
[15,21,22,79]. Our results showed a similar pattern. The highest elevations (Figure 3A) and areas with
steepest slopes (Figure 3B) in our study area, for instance Pic Macaya and Pic Formond, remained
relatively stable, with forest land cover dominance. This observation can be explained by low
accessibility due to the inexistence of roads, but only narrow trails to reach such places, and also
difficulties created by steepness making logging and agriculture unprofitable there.

Local topography has also an important influence on damage pattern induced by hurricanes in
tropical forests [17,80]. The wind and rain that accompany hurricanes can cause massive tree
mortality, due to windthrow, floods and landslides [12]. Tree mortality is expected to be greater on
upper windward slopes than on leeward lower terrains as upper slopes are most vulnerable to
hurricane damage [24,80]. Given that part of elevated steep terrains in the MNP is also exposed to
logging and shifting agriculture, even to a lower level, combined impacts of hurricanes and land uses
can eventually induce unexpected changes that undermine the MNP resilience.

Nonetheless, the forest transition we observed in the region may have contributed to increasing
forests resilience to hurricanes. Well conserved forests are likely more capable of overcoming
disturbances by hurricanes because they often have higher biodiversity than degraded forests
[29,81,82]. Biodiversity allows ecosystems to maintain various species, with complementary and
redundant functions, which in the face of disturbances increase their response diversity; while some
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species die during hurricane event, others persist, keeping the ecosystem functioning [81,83].
Response diversity is therefore an important aspect of ecosystem resilience and by reducing
biodiversity, agriculture and logging undermine ecosystem resilience. These mechanisms may have
helped forests on higher elevations and steeper slopes, as well as restored forests to remain stable in
the face of several hurricane events (see Table 1). However, other forests in the MNP persisted
degraded and relatively more exposed to these disturbances.

When hurricanes, such as the powerful hurricane Matthew in 2016, hit degraded forests areas in
the MNP landscape, their impacts can be exacerbated as degraded forests are exposed to increasing
wind speed, turbulence and vorticity [17,84]. These factors intensify tree mortality and reduce forest
cover [84], which further increases ecosystem exposure to other disturbances, such as fire [85], and to
other degrading mechanisms, such as topsoil erosion [37]. As a result, forests may persist in a
degraded state [35,84], which may not provide the desired set of ecosystem services necessary to
ensure local people well-being. Although we observed an expansion of forests over agricultural land
cover in the MNP, since forest land cover was a broad category including agroforests and multi-aged
secondary forests, our study may have not detected ongoing homogenization and simplification
processes. Therefore, future studies using images with finer resolution, greater number of land use
classes, as well as accurate field information on species composition and diversity will help to
elucidate more detailed aspects of forest dynamics in the MNP region.

5. Conclusions

Tropical montane forests in southern Haiti have been exposed to increasing need for food,
timber and firewood in recent decades but this did not reflect on deforestation. The present research
revealed that forest area has expanded at the expense of agricultural area from 1985 to 2021 in the
MNP region. Such land-use changes in which forests expand are similar to the pattern observed in
many tropical landscapes under forest transition [70,71] and are mostly related to changes in
environmental laws and policies that provide access to financial and technical assistance and new
sources of technology. These positive changes were probably influenced by external intervention
from international institutions that increased local communities” adaptive capacity, allowing them to
reorganize their activities and initiate new forms of development, based on sustainable forest
management. However, because of the inherent complexity of social-ecological systems [39,77], such
as the tropical forests of Southern Haiti, more exhaustive studies assessing the feedbacks at play and
the changing drivers are crucial to reveal potential future scenarios that may guide proper
management in the MNP region under global change. Finally, this study brings hope for forest
conservation in Haiti by showing that, despite the numerous challenges that the country faces,
combined efforts of central government, local and international institutions have achieved promising
positive results.
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Figure A1l. Land use change in Macaya National Park in four time-periods from 1985 to 2021.
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Figure A2. Area covered by four land-use/land-cover classes in four time-periods, for the selected
villages from 1985 to 2021 in Macaya National Park. a) village of Deglacis; b) village of Denord; c)
village of Kadose; d) village of Kay Michel; e) village of Mahodeme; f) Pic Formond; g) village of
Plymouth; and h) Pic Macaya.
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