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The areas of industrial forest plantations have expanded enormously in recent years
across tropical and subtropical regions, in particular tropical monsoon Asia. For example, there
are ~10 million ha of rubber plantations in the world, and about 97% of global natural rubber
supply comes from Southeast Asia. Since 1990, the harvested area of oil palm in Indonesia and
Malaysia has expanded by 6.5 million ha and accounts for ~87% of global palm oil production.
Forest plantations in tropical monsoon Asia are significant components of rural livelihoods and
national economies. Conversion of natural forests, secondary regrowth and non-forested lands to
monoculture forest plantations has a profound impact on water resources, carbon cycles, and
biodiversity. The primary goal of this project is to identify and map the area, spatial distribution
and temporal dynamics of industrial forest plantations in tropical monsoon Asia.

Here we briefly summarize the outcomes under the support of this project. We have
developed a set of new approaches to identify and map the spatio-temporal dynamics of forest,
evergreen forest, industrial plantations, and biomass in southeast Asia. We have published 24
peer review journal papers, including Nature Sustainability, Nature Plants, Nature
Communications. The project trained three postdoc and support two students who completed
graduate study with Ph.D. degree at the University of Oklahoma.

A. Algorithm development, application, and data products

Here we highlight three major outputs of this project: (1) forest maps: PALSAR + time
series MODIS/Landsat-based forest mapping approach, (2) industrial forest maps: PALSAR +
Sentinel-1 + time series Landsat-based industrial forest mapping approach, and (3) deciduous
rubber plantation maps: PALSAR+Landsat plantation mapping approach.

Al. Improved forest maps.

Algorithm development and products. We developed a pixel-, phenology-based approach and
generated PALSAR/MODIS forest map in monsoon Asia (Figure 1) through the integration of
structure- and biomass-relevant information from active microwave remote sensing imagery
(ALOS PALSAR) and greenness-relevant information from time series optical remote sensing
imagery (MODIS) (Qin et al. 2016; Qin et al. 2015). This product reduces the uncertainties in
forest maps, in comparison to those forest maps that were developed by using only optical or
active microwave remote sensing images. We also carried out the area and spatio-temporal
changes of forests during 2007-2015 using the PALSAR and Landsat images (Chen et al.
2018b).
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Figure 1. The PALSAR and time series MODIS imagery-based forest map in monsoon Asia.

Based on the PALSAR/MODIS forest map (50-m spatial resolution), we developed an
evergreen forest mapping approach (Qin et al. 2016; Qin et al. 2019) based on the greenness-
related Enhanced Vegetation Index (EVI) and water-related Land Surface Water Index (LSWI)
derived from daily MOD09A1 (MODIS/Terra Surface Reflectance 8-Day L3 Global 500 m SIN
Grid) observations. The evergreen forest mapping approach has been successfully applied in
monsoon Asia (Figure 2), showing improvement to current evergreen forest maps (Qin et al.
2016). The PALSAR/MODIS forest mapping approach and the evergreen forest mapping

approach provide robust forest mapping tools and high accuracy baseline maps to identify and
map industrial forest plantation maps.
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Figure 2. The area fraction of evergreen forests within individual gridcells in monsoon Asia.

Applications: Our PALSAR/MODIS forest mapping approach was further evaluated and
successfully applied to map annual forests in South America (Figure 3) (Qin et al. 2017b). Our
evergreen forest mapping approach was successfully applied to track the area and spatio-
temporal dynamics of forests in the Brazilian Amazon during 2000-2017 (Figure 4), which is
published in Nature Sustainability (Qin et al. 2019). The comparison between our
PALSAR/MODIS forest maps and evergreen forest maps with several major forest cover maps
clearly highlights the potential of our approaches in improving map accuracy and reducing map
uncertainty in the tropical zone (Qin et al. 2019; Qin et al. 2017b).
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Figure 3. Forest frequency and dynamics of the PALSAR/MODIS forest maps in South America.
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Figure 4. Spatial distributions of forests in the Brazilian Amazon during 2000—2017.

To improve the understanding of the tropical forest phenology and biomass changes, high
accuracy forest maps are urgently needed. Our evergreen forest maps have been used to support
another study that aimed to address the debate if Amazon forests greens up during the dry
season, which was published in PNAS journal by our group (Doughty et al. 2019). Our evergreen
forest maps have also been used to analyze the inter-annual relationship between tropical forest
area change and biomass change, which was published in Nature Plants (Fan et al. 2019) and
Drs. Xiao and Qin are co-authored in this paper.

Our PALSAR/MODIS forest maps have been used as the baseline map to identify and
map industrial plantations in Southeast Asia. Please see details in section A2. Besides, the
PALSAR/MODIS forest maps help the algorithm development for mapping urban areas (Qin et
al. 2017a) and rice paddy (Zhang et al. 2020; Zhang et al. 2017) in monsoon Asia. The resultant
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paddy rice maps were published in a recent paper in Nature Communications (Zhang et al.
2020).

On-going studies. We have generated annual global PALSAR/MODIS forest maps at 50 m
spatial resolution. We are working on the data analysis and manuscript writing (Qin et al., in
preparation). We also completed an analysis of evergreen tropical forests in recent 20 years and
are writing a manuscript (Qin et al., in preparation).

A2. Industrial forest plantation mapping.

Algorithm development and products. We developed an approach to identify and map industrial
forests from Myanmar and Indonesia (Figure 5) using three new datasets, including PALSAR-2,
Sentinel-1, and Landsat-8 (Torbick et al. 2016). We used over ten variables, including common
ratios, vegetation indices, and texture indices, and then used the CART-Random Forest approach
to map industrial forest plantations.
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Figure 5. Industrial forest maps and deciduous rubber plantation maps in typical regions (A) in
monsoon Asia. (B-D) are deciduous rubber plantation maps and (E-F) are industrial forest maps.

We developed annual maps of rubber plantation at specific years. We developed a
PALSAR + time series Landsat-based approach to identify and map deciduous rubber plantation



in China and southeast Asia (Figure 5) based on its unique phenology features (Chen et al. 2016;
Dong et al. 2013). We used field photos to track the phenology of deciduous rubber plantation,
which has a rapid defoliation and foliation process in January and February. We also analyzed
the phenology of deciduous rubber plantation using the temporal profiles of time series Landsat
NDVI, EVI, LSWI and Near-Infrared (NIR) reflectance. Compared with other types of natural
forests, deciduous rubber plantation is distinguishable in the defoliation stage or rapid foliation
stage, which was used to map deciduous rubber plantation.

We used the machine learning and developed an approach to identify tea plantations
using the PALSAR and time series Landsat images. We then analyzed the area and spatio-
temporal changes of tea plantation during 2010-2015(Figure 6).

We also developed a new classification algorithm to map mangrove forests in 2015 using
time series Landsat and Sentinel-1A images (Chen et al. 2017). More specifically, we map
mangrove forests by identifying: (1) greenness, canopy coverage, and tidal inundation from time
series Landsat data, and (2) elevation, slope, and intersection-with-sea criterion. The annual
mean NDVI was found to be a key variable in determining the classification thresholds of
greenness, canopy coverage, and tidal inundation of mangrove forests, which are greatly affected
by tide dynamics. In addition, the integration of Sentinel-1A VH band and modified Normalized
Difference Water Index (mNDWTI) shows great potential in identifying yearlong tidal and
freshwater bodies, which is related to mangrove forests.
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Figure 6. map of change in tea plantation area from 2010 to 2015 at 30-m spatial resolution.
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Applications: Based on the approach to identify deciduous rubber plantations, we developed an
approach to identify the establishment years of rubber plantations, as plantation stand

(establishment) age is an important factor in management and production. It is also important to
identify the pre-conversion land cover types for new rubber plantations (e.g., from older rubber
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plantations, forests, croplands). We have developed Landsat-based approach (Landsat 5/7/8,
TM/ETM+/OLI) to identify and map both establishment years (Figure 7) (Kou et al. 2015) (Chen
et al. 2018a; Kou et al. 2018) and pre-conversion land cover types of rubber plantations (Chen et
al. 2018a).
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Figure 7. (a) rubber plantations
in 2015 and (b) their
establishment year on Hainan
Island. (¢) The establishment
year of rubber plantations in
Xishuangbanna.
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On-going studies. We have generated deciduous rubber plantation maps in monsoon Asia, and
we are writing the manuscript (Chen et al., in preparation). We have developed robust models
(Figure 8) to estimate the biomass of rubber plantations in southeast Asia and are ready to submit
it to Remote Sensing of Environment (Chen et al. in preparation).
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Figure 8. Biomass of rubber plantation in Hainan Island estimated by (a) allometric equation
with stand age, (b) random forest model.



C. Service and contribution to the remote sensing community

We have organized several successful activities to communicate with worldwide
researchers and promote and deepen the studies in mapping industrial forest plantations. We
have organized a special issue "Mapping the Dynamics of Forest Plantations in Tropical and
Subtropical Regions from Multi-Source Remote Sensing" in Remote Sensing journal, American
Geographical Union (AGU) sessions in 2015-2019, and have published fifteen papers that
document the classification methodologies and data products of forests and industrial plantations
in tropical and subtropical regions. We have collected 25,000+ geo-referenced field photos as the
training and validation ground reference from crowdsourcing and local citizen scientists in
tropical monsoon Asia (http://www.eomf.ou.edu/photos/map/).
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