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Abstract: The urgency to preserve tropical forest remnants has encouraged the development of remote
sensing tools and techniques to monitor diverse forest attributes for management and conservation.
State-of-the-art methodologies for mapping and tracking these attributes usually achieve accuracies
greater than 0.8 for forest cover monitoring; r-square values of ~0.5–0.7 for plant diversity, vegetation
structure, and plant functional trait mapping, and overall accuracies of ~0.8 for categorical maps
of forest attributes. Nonetheless, existing operational tropical forest monitoring systems only track
single attributes at national to global scales. For the design and implementation of effective and
integrated tropical forest monitoring systems, we recommend the integration of multiple data
sources and techniques for monitoring structural, functional, and compositional attributes. We also
recommend its decentralized implementation for adjusting methods to local climatic and ecological
characteristics and for proper end-user engagement. The operationalization of the system should
be based on all open-source computing platforms, leveraging international support in research and
development and ensuring direct and constant user engagement. We recommend continuing the
efforts to address these multiple challenges for effective monitoring.

Keywords: tropical forests; land use changes; plant diversity; carbon stocks; plant functional
traits; decentralization

1. Introduction

In the past decades, voices from the scientific community, international organizations,
and conservation practitioners have called the attention of the remote sensing scientific
community to help advance the capabilities to map and monitor tropical forests from space
in an effort to aid in their conservation and/or management [1–5]. From traditional decadal
wall-to-wall approaches to continuous near-real-time applications, the rapid progress of
this discipline has been impressive. In general, remote sensing-based tropical forest moni-
toring systems can be defined as the protocols, methodologies, and activities designed to
quantify and track changes in forest attributes at any spatial and temporal scale. Traceable
tropical forest attributes can range from vegetation structure (i.e., canopy cover extent
and distribution, tree density, tree height, vertical structure, basal area, carbon storage, or
biomass) to composition (i.e., plant diversity, species richness) and plant functional traits
(i.e., leaf area index, wood density, abundance of nitrogen fixing trees, among others) [6–10].

Since the launch of the first Earth observation satellites, the main interest has been
focused on monitoring tropical forest extent and distribution. More recently, international
agencies have encouraged the establishment of national monitoring systems for under-
standing the spatial and temporal patterns of biomass and carbon sequestration potential in
the context of climate change mitigation [11–14]. In the meantime, remote sensing scientists
have introduced and matured several techniques to measure and monitor essential tropical
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forest traits and properties, although these are rarely considered in monitoring systems
and mostly implemented as case studies [15–19]. There is, however, an increasing need
for integrating many structural, functional, and taxonomic traits into monitoring systems
given the urgent need for strategic planning to halt tropical biodiversity loss. Tracking all
these variables at once is, of course, a difficult undertaking that entails considerations of
scale; the integration of data sources; the selection of efficient spatial, spectral, and temporal
resolutions; and the design of field data collection campaigns for training and validation.
Operationalizing such integrated monitoring platforms requires establishing protocols
and pipelines for data ingestion, processing, and dissemination that are computationally
efficient and, preferably, low-cost. In addition, the geographic scale of these platforms
needs to match forest governance scales for true effectiveness. In this paper, we comment
on the past progress in the design and launch of tropical forest monitoring systems and
discuss further considerations regarding effectiveness and integration.

2. What Is the State of the Art?
2.1. Forest Cover Change

Tracking changes in forest cover extent and distribution has been a major application
of remote sensing data. The majority of case studies and national assessments apply wall-
to-wall comparisons at low temporal resolutions (every 5–10 years) to fill the information
gap on forest cover dynamics and establish a baseline for current national forest monitoring
systems. Frequent tracking, however, has gained a new meaning in the past two decades
as satellite data has become readily and widely available right after collection from space.

In 2001, the National Institute for Space Research in Brazil (INPE) created a unique
national monitoring system that uses frequent satellite imagery to detect and map forest
cover gain and loss over time. This program has combined publicly available imagery from
different sources including China–Brazil Earth Resources Satellite (CBERS), Indian Remote
Sensing (IRS), Moderate Resolution Imaging Spectrometer (MODIS), and Landsat imagery.
The INPE created two systems: Projeto de Monitoramento do Desmatamento na Amazônia
Legal por Satélite (PRODES) which provides annual forest cover maps for the Brazil-
ian Amazon, and Sistema de Detecção do Desmatamento em Tempo Real na Amazônia
(DETER), which uses MODIS monthly composites to detect and map deforestation events.

In PRODES, annual forest cover datasets are created for Landsat scenes that cover the
Brazilian Amazon. Their approach uses image transformation techniques to determine
the components of vegetation, soil, and shadow fraction before image classification using
the open-source TerraAmazon platform. Similarly, DETER tracks monthly changes in
the vegetation fraction component using MODIS 250-m imagery within the PRODES
annual forest cover mask. DETER is designed as an early warning system to support
surveillance and control of deforestation, mapping the occurrence of clear-cutting and
forest degradation areas greater than 25 ha and guiding law enforcement efforts on the
ground [20]. INPE created the TerraBrasilis web portal as a platform to provide access,
query, analysis, and dissemination of spatial data generated by PRODES and DETER.

The Global Forest Watch (GFW) and the University of Maryland followed a similar
approach to PRODES/DETER for a global forest monitoring system [21]. Forests are
monitored by tracking Landsat pixel-level tree cover (%) estimates from the year 2000.
Imagery and products are hosted and generated through Google Earth Engine, while
visualization and analytics are run by third-party applications (MapBox and Carto). The
platform was published in 2014 and provides forest cover maps annually for the whole
planet. It also provides an alert system based on monthly updates through MODIS-based
Terra-I and Landsat-based Global Land Analysis and Discovery (GLAD) products [22].
The system represents a state-of-the-art workflow and visualization scheme meant to be
adopted as a forest data source by national institutions and park managers. However,
given that the tree cover concept includes secondary vegetation, tree plantations, and some
crops as forests, further adaptation through refinement and processing is needed for its
local use [23–25]. Vargas et al. [26] reported that Terra-I and GLAD alerts underestimate
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the number and extent of deforestation events occurring on the ground due to persistent
cloud cover and a mismatch between MODIS spatial resolution and the small size of forest
clearings (for Terra-I). In general, the PRODES, DETER, and GFW systems provide forest
cover change information with ~80% accuracy when compared to ground data.

In order to eliminate the impact of cloud cover, radar-only deforestation monitoring
systems have also been developed. The JiCA-JAXA Forest Early Warning System in the
Tropics (JJ-FAST), for example, employs long-wavelength Advanced Land Observing
Satellite Phased Array L-band Synthetic Aperture Radar (ALOS-2 PALSAR-2) L-band radar
data with a spatial scale of 50 m, and provides event-based forest disturbance detection
for the pan-tropics updated every 1.5–3 months [27]. However, the spatial accuracy of this
system is still low, with user’s accuracy ranging from 59.9% to 66.7% [28]. The Radar for
Detecting Deforestation (RADD) alerts are also operational for 25 African countries and
six Asia–Pacific countries. RADD alerts are provided for primary humid tropical forest
at 10-m spatial scale and in near-real-time using Sentinel-1 data [29]. The system delivers
gap-free observations for the tropics consistently every 6 to 12 days.

Over the past several years, there have been significant advances in the design of alter-
native, open-source automated continuous land cover change (CLCC) mapping algorithms
that take advantage of the complete Landsat data archive that became freely available
in 2008 [30]. The availability of terrain and atmospherically-corrected data in near-real-
time through the Earth Resources Observation and Science Center (EROS) (USGS/NASA)
data distribution platforms has greatly benefited the development of CLCC algorithms
using diverse programming languages (R, Matlab, IDL) in local computing platforms.
CLCC algorithms can generate maps showing the location and extent of deforestation at a
continuous rate (daily, monthly) using diverse time-series analysis frameworks [30]. CLCC-
derived annual deforestation maps have been tested in various ecosystems, including
tropical forests, achieving spatial accuracies of >80% when compared to reference ground
data [26,30–38]. Temporal accuracies, however, can be much lower due to cloud cover
persistence, especially in tropical areas, with differences of up to 18 months between the
estimated time of occurrence of the deforestation event and the moment it happened [39].
Increasing the density of the time series by integrating Landsat data, Sentinel-2, and radar
data have resulted in better temporal and spatial accuracies [40]. The development of
Landsat Analysis Ready Data (ARD) as well as harmonized Landsat/Sentinel-1 time series
also aims to improve accuracy of CLCC outputs [41]. More recently, algorithms such as
LandTrendr and BFASTMonitor have been adapted to the Google Earth Engine (GEE) plat-
form, allowing their implementation without the need for local data storage and harnessing
the computing power of GEE for large area analysis. The GEE searchable data catalog
includes the entire EROS (USGS/NASA) Landsat catalog, numerous MODIS datasets, and
Sentinel-1 data.

2.2. Forest structure, Species Composition, and Functional Vegetation Attributes

Several techniques for modeling and mapping the spatial distribution and temporal
patterns of structural vegetation attributes such as forest cover, height, and biomass, as
well as taxonomic and functional diversity gradients, have been developed. NASA’s Earth
Science Data Systems Program (ESDS), for example, have promoted the generation of
long-term, global, consistent products that quantify ecosystem properties such as monthly
and annual primary productivity, phenology, respiration, biomass and carbon storage,
and carbon dynamics from diverse sensors at different spatial resolutions. Most of these
products are based on tested biophysical relationships between surface reflectance data
and ecosystem properties (i.e., surrogates) using parametric and nonparametric statistical
models and applied to atmospherically- and terrain-corrected imagery. Products are
not necessarily developed for any particular monitoring platform, but are offered as
downloadable products that would feed science applications and monitoring platforms.
These global-scale remote sensing products are dependent on quality ground data [42,43]
and are primarily used for regional to global analysis of ecosystem processes.
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Comprehensive reviews of past and emerging remote-sensing technologies in case-
study applications that look into taxonomic and functional diversity can be found in the
scientific literature [15,16,43–51], as well as biomass or carbon storage [16,18,19]. Numerous
applications have used the power of multispectral and hyperspectral optical, radar, and
LiDAR sensors for mapping ecosystem age, biomass and carbon stocks, alpha and beta
diversity, biochemical heterogeneity, tree height, vertical structure, and complexity, among
others. The accuracy of these products varies with the type of forest attribute mapped, the
type of ecosystem, functional types, successional stages, and spatial (pixel size) and tempo-
ral scale [52]. Several authors have also addressed the influence of ground-data collection
sampling size and GPS location errors on model accuracy [53–55]. Most of these studies
report regression coefficients as indicators of precision without assessing accuracy through
independent and randomized ground-validation efforts. In tropical forests, state-of-the-art
methodologies using multispectral, hyperspectral imagery and/or LiDAR usually achieve
R2 values of ~0.5–0.7 for canopy functional trait mapping [56–61], while categorical maps
of plant functional types can achieve overall accuracies of ~0.8 [62–64]. The difficulties
and costs associated with field data collection campaigns for implementing these methods
in tropical regions might explain the scarcity of attempts to implement frequent tracking
systems for taxonomic or functional forest traits.

2.3. New Data Sources

Unmanned aerial systems (UAS) and nano-satellites represent a new and exciting
source of imagery. Indeed, the advent of UAS was once seen as a solution for cloud-free
and high temporal resolution imagery acquisition. However, the need to perform image
co-registration, resampling, and sun-angle/sensor viewing geometry corrections for time-
series of UAS-derived orthomosaics results is unpractical. Instead, UAS along with wireless
sensor networks and super-sites can provide efficient field data collection for algorithm
training and product validation [42,43]. On the other hand, the recent announcement
of public availability of monthly high spatial resolution RGB imagery (<5 m) for the
entire tropics by Planet Labs’s constellation of nano-satellites with the support of the
Norwegian government [65], brings the possibility of implementing object-oriented and
deep learning approaches to the estimation and monitoring of important forest attributes
and the detection of change for larger areas at higher accuracies and temporal rates.

3. The Road to Effectiveness: Local Accuracy and System Engagement

Today, we can see operational monitoring systems for tracking patterns of biomass
and forest cover change deployed at national and global scales. In the future, we hope to
see monitoring systems that integrate different tropical forest attributes and alert managers
about emerging ecological changes and processes happening. These alerts could drive
strategic interventions to reverse negative trends. However, we believe there should be a
few additional considerations for achieving such systems.

In Figure 1, we present a schematic representation of elements that could help building
an effective and integrated tropical forest monitoring system. We define an “effective”
monitoring system as a system that is used by managers and the public, it is trusted among
all stakeholders, and drives decision-making on the ground. Such a system should affect
land use decisions and, in general, effectively help in the maintenance of carbon storage
and diversity of tropical forests. Therefore, an effective tropical forest monitoring system
should be a tool and an integral component of communication in the socioecological land
system management. This involves adapting to forest governance spatial and temporal
scales and defining what a forest is and what a traceable structural, functional, or taxonomic
trait constitutes. All these scales and concepts can be as diverse as the number of nations
(including indigenous communities or nations) in the tropics. An effective system also
involves optimized imagery ingestion and processing capabilities, high predictive power
and accuracy, and product dissemination tools that are comprehensive and intuitive,
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capable of providing not just data, but clear information and knowledge on forest dynamics
at a glimpse.

Figure 1. Schematic representation of key aspects in the design and implementation of effective and
integrated tropical forest remote sensing systems as conceptualized in this paper: the integration of
multiple data sources and techniques for mapping structural, functional, and compositional attributes;
its decentralized implementation for adapting methods to local climatic and ecological characteristics
and forest governance scales (FMS = forest monitoring system); and the operationalization of the
system using all open-source computing platforms, leveraging international support in research and
development and ensuring direct and constant user engagement.

A model in this direction is promoted by the Food and Agriculture Organization
(FAO) and exemplified by the REDDCopernicus framework for forest monitoring as part
of the United Nations Programme on Reducing Emissions from Deforestation and Forest
Degradation (UN-REDD) activities [66]; [https://www.reddcopernicus.info/, accessed on
21 January 2021]. National forest measurement, reporting, and verification (MRV) systems
are meant to be “domestic tools” that will provide annual, national estimates of changes in
forest carbon stocks and emissions. Methodologies and forest classification schemes are
tailored to each country’s specific needs and context. However, for large area countries,
national scale monitoring might not be fit for effectiveness. In order to create and maintain
the end-user trust in a forest monitoring system, remote sensing scientists need to provide
products with the highest possible accuracies, and for this, local-scale monitoring might
prove to be more feasible. Local-scale monitoring also allows remote sensing scientists
to have a better knowledge of the local sources of spectral variation leading to modeling
errors. This would allow designing better field validation schemes and increase product
accuracies. An example of this approach can be drawn from the “Mapbiomas” project in
Brazil (https://mapbiomas.org/en, accessed on 21 January 2021) which, for producing a
national land cover/land use map, organizes programmers, remote sensing specialists, and
ecologists into teams for mapping each biome independently through ecosystem-adapted
standardized methodologies.

Similarly, for tropical forests worldwide, rather than global and national systems (such
as the Global Forest Watch or the UN-REDD+ models), the operationalization of moni-
toring systems might be more effective as a network of smaller subnational monitoring
systems, each tailored to their own forest governance units (e.g., tropical forest reserves,
provinces, ecoregions, etc.). Decentralized approaches are important for understanding for-

https://www.reddcopernicus.info/
https://mapbiomas.org/en
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est dynamics at local and regional scales and identifying effective solutions [67]. Coupling
forest monitoring scales with forest governance scales will require the direct engagement
of remote sensing scientists with local forest management or conservation agencies in its
design and implementation from data ingestion to product dissemination. The feedback
could greatly improve the way remote sensing scientists design their monitoring systems,
approach accuracy measure reporting, and communicate their results. Ultimately, this type
of engagement will allow forest monitoring systems to be actors and not marginal tools
in the decision-making process. Local-scale remote sensing monitoring frameworks will
inevitably differ in remotely-sensed data sources, target forest attributes, and temporal
and spatial scale, but technologies for data ingestion, processing, and dissemination could
converge and lessons could be learned between each system.

Continuous local monitoring efforts with standardized field data and hyperspectral
remote sensing collection methods, such as those established by the National Ecological
Observatory Network (NEON-AOP) for its network of sites in the USA, can serve as an
example for local tropical forest monitoring systems elsewhere. NEON-AOP activities
embrace free and open-access data distribution, image processing algorithms, education,
and training. As another example, the Global Airborne Observatory (GAO) at Arizona
State University carries an integrated effort for frequent tracking of Ōhi’a tree (Metrosideros
polymorphadue) die-off due to fungus infestations using hyperspectral and LiDAR in Hawaii
and publishes annual maps that feed into local conservation efforts led by the University
of Hawaii (https://cms.ctahr.hawaii.edu/rod/, accessed on 21 January 2021).

The propagation of similar initiatives is possible given the wide range of sensors
available at no cost and the possibility of connecting custom-made run-time applications
to open data hubs. The progress made by NASA’s ESDS program on the development
of data distribution pipelines and their integration to cloud-based analysis platforms has
facilitated data acquisition, processing, and visualization of remotely-sensed data. Users
are now able to either extract and graph pixel values over long-term time series and
observe patterns in an online graphical user interface (e.g., AppEEARS); insert queries or
request for bulk download using their own scripts in different programming languages,
or use cloud-based applications such as Google Earth Engine. This should allow remote
sensing scientists to focus on understanding the impact of scale on model accuracies
and designing novel field validation schemes. Remote sensing scientists and technicians
can also devote more time to working on alternative simplified mapping workflows and
generating novel ways for communicating patterns and trends in the data to the public.
In terms of product dissemination, the development of intuitive graphical user interfaces,
such as INPE’s Terrabrasilis (http://terrabrasilis.dpi.inpe.br/en/home-page/, accessed
on 21 January 2021), adapted to the local language, culture, and capacities could be an
interesting endeavor for interdisciplinary teams of social scientists, graphic designers,
and programmers.

Finally, considerations in the matter of technological independence and autonomy are
necessary. Remote sensing protocols for a particular Landsat-based monitoring system in a
developing country might consider what would happen if the free and open access policy
by USGS EROS Data Center or the ESA ScienceHub data portals are dramatically changed
by political decisions [68,69]. At the country or provincial scale, dependency on state
resources could limit the independence and policy impact of their own scientific results. In
addition, the ability to migrate to all open-source image processing workflows using local
computing or open cloud-based services should be considered in the case that proprietary
platforms such as Google Earth Engine are terminated. In this context, a positive trend has
been the increase in international capacity building on the use of open-source software that
has arisen from interactions between programmers, remote sensing scientists, and the rest
of the scientific community in the past years; a trend that has been promoted through open
data policies and online community code sharing and collaborations.

https://cms.ctahr.hawaii.edu/rod/
http://terrabrasilis.dpi.inpe.br/en/home-page/
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4. Conclusions

The development of an integrated tropical forest monitoring system for structural,
taxonomic, and functional attributes of vegetation will require the implementation of
novel data ingestion, preprocessing, modeling, field validation, and data communication
techniques that fit the needs of conservation practitioners working on the ground. Today,
these efforts are scattered, and we recommend continuing the efforts to implement decen-
tralized, local-scale monitoring systems that address these multiple challenges for effective
practical monitoring.
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