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Abstract: Forest monitoring is the recurrent measurement of forest parameters to identify changes
over time. There is currently a rising demand for monitoring, as well as growing capacities for it.
This study identifies recent research on tropical forest monitoring using a systematic literature review.
The research explores whether the location of these studies is in the countries where monitoring is
most needed. Three characteristics, biophysical conditions, anthropogenic influences, and forest
monitoring capacities were used to identify the need for tropical forest monitoring advances. This provided an understanding as to where research should be targeted in the future. The findings revealed
that research appears to be concentrated in countries with strong forest monitoring capabilities that
face challenges due to biophysical and anthropogenic influences (e.g., logistically difficult ground
sampling and rapid pace of forest change, respectively). Consequently, future research could be
targeted in countries with lower capacities and higher needs, in order to improve forest monitoring
and conservation.
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1. Introduction
1.1. Tropical Forests
Forests, which cover about 30% of the Earth’s surface, are among the most diverse
ecological environments on the planet. Tropical forests encompass almost half of these areas
and are located between the latitudes 23.5◦ North and South of the equator [1]. They play a
crucial part in the regulation of the climate by storing and absorbing carbon [2]. In addition,
they support the maintenance of water cycles, protect soils, reduce erosion, and provide
economic and social benefits [3].
Particularly in tropical regions, anthropogenic disturbances have led to land use and
land cover changes and related loss of forest area and resources [4]. This unsustainable
use of natural resources has resulted in a reduction in ecological services provided by
forests [5]. Worldwide, deforestation and degradation are arguably the greatest threats
to tropical forests, with conversion for agriculture being the most common driver [6].
Deforestation, additionally, causes degradation and biodiversity loss, loss of biomass, GHG
emissions, and reduction in mitigation potential (which leads to higher costs for decreasing
emissions) [7,8]. Prevention of deforestation and forest degradation, and sustainable forest
management which aims to protect forest biomass and related carbon stocks is particularly
relevant for climate change, and for the security and continuity of other forest functions [9].
1.2. Forest Monitoring
Forest monitoring is the consistent and frequent measurement of forest parameters,
which can be physical, biological, or chemical, and can be used to set standards for detecting
changes over time [10]. Monitoring is especially important in tropical forests which are
disappearing at an alarming pace [11]. REDD+, or “reducing emissions from deforestation
and forest degradation in developing countries, and the role of conservation, sustainable
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management of forests, and enhancement of forest carbon stocks in developing countries”
is an initiative set up to conserve forests in developing (often tropical) countries. In order
to track progress, monitoring, reporting, and verification systems are required as part
of REDD+ initiatives, of which forest monitoring is a key element. To obtain the best
results, monitoring must be carried out using reliable methodologies over a long period
of time. The regularity of monitoring, as well as the time it is in operation, increases its
value, by allowing the planning of actions based on monitoring results [12,13]. A complete
monitoring approach incorporates high-resolution remotely sensed data with observations
and ground measurements, offering a good foundation for evaluating forest dynamics and
for supporting sustainable forest management at different scales [14].
Recent technological advances, mainly regarding the availability of satellite data,
remote sensing tools, machine learning, and online processing resources have provided
new opportunities for forest monitoring [15]. Global and national forest monitoring capabilities are increasing fast. Moreover, stakeholders including research and academic
institutions, service providers, space agencies, and government agencies have been involved in the development of novel approaches and techniques that can be used to support
forest monitoring. This includes both organizations based outside tropical countries and
those within.
1.3. Needs and Challenges for Forest Monitoring
Forest monitoring systems are primarily concerned with tracking forest area and
area changes but also monitor variables related to forest welfare [11]. One challenge is
long-term monitoring of the structure and functioning of forests. This requires improving
knowledge and information on the variety and distribution of species and changes in
species composition in tropical forests. A better understanding of the impact on forest
dynamics of drivers such as climate, disturbances, and interactions, is vital to foresee
the future of forests [16]. Integration of data sources can support monitoring efforts.
For example, linking ground plots to Earth Observation (EO) information to evaluate
forest biomass can support the assessment of carbon stocks and fluxes, and, hence, the
forest reactions to anthropogenic alterations [17]. Finally, data science can be useful for
instance for modeling, which can provide insights into the dynamics of tropical forests
associated with environmental conditions and disturbances. Although additional advances
to eliminate significant systematic errors are needed [18], the application of correct statistical
approaches is also a challenge to produce monitoring results. The challenges include the
extraction of data from maps and uncertainty analysis [19].
1.4. Capacities for Forest Monitoring
Worldwide, there is a growing need for forest monitoring as well as increasing capacities for it. The needs for monitoring are mostly prompted by reporting requests for
international policies but are also triggered by compliance with voluntary endeavors in the
forest and land use sector, forest certification programs, and the necessity to evaluate forest
resources [20]. Several countries have obtained assistance from international organizations
in developing and improving their national forest monitoring systems.
The capacities of countries for forest monitoring are varied and can be relatively
limited [21]. The accessibility of remotely sensed data and tools by country is different,
and there are disparities regarding the level of access to electricity, the internet, computer
power, and software required for data access and analyses [22]. In certain countries, the
capacities, approaches, and methods need considerable enhancement prior to the accurate
estimation of forest area and change [23]. In these countries, there is a real need for efficient
strategies to monitor the condition of forests, so that stronger management decisions and
restoration endeavors can be employed [24]. Nonetheless, the development of capacities in
many countries is steadily increasing at a scientific, political, and functional level [25].
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1.5. Identifying Research Challenges
The purpose of this study is to identify through a literature review the approaches
and methods being used to monitor tropical forests. The aim is to also evaluate if those
are being applied to the countries with the greatest needs for monitoring. Needs will be
evaluated based on anthropogenic influences and disturbances. Consequently, reviewing
the studies performed over the last years, in combination with the specific needs and
challenges presented per country and their respective capacities, will contribute to the
understanding of where research should be targeted in future ventures.
The study has three objectives: (1) identify in literature research studies that address
different forest monitoring challenges and the location where they are being applied; (2) understand the relationship between the first authors and the location where the studies were
performed; and (3) explore if there is a link between the location of studies and challenges
faced by tropical countries in terms of forest changes and capacities for monitoring.
2. Materials and Methods
2.1. Literature Review
A literature review was used to identify methods and approaches for forest monitoring
in the 35 tropical countries with the most forest cover [24]. Papers submitted to specific
conferences on the topic and articles collected from a broader search on the Scopus citation
database were collected. The conference papers were gathered from the Living Planet
Symposium 2019, the ForestSAT 2018, the SilviLaser 2019, and the XXIVth ISPRS Congress.
A total of 219 papers were gathered from the chosen conferences and 460 papers came
up as a result of the search on Scopus. From the results in the Scopus search, 302 papers
were selected, and 158 were discarded due to the lack of relevance in relation to the predetermined categories pertinent to the research. From all papers, the country, the year
when the research was performed, the type of EO data used in the studies, as well as the
country with which the lead author of the study was affiliated were noted. Study categories
were also created as a way to classify all the reviewed studies (Table 1).
Table 1. Classification of the study categories observed with the literature review.
Category
Analysis-ready data
Activity data

Land use and land management
Biomass stocks and carbon emission
Near-real time alerting
Methods and platforms

Study Types Included in the Category
Studies related to analysis ready wall-to-wall satellite
data and analysis ready high-resolution imagery.
Studies related to the forest area and land use/cover
change (deforestation), forest degradation, afforestation,
and forest regrowth.
Studies related to forest dynamics data, forest types,
land use, management characteristics, and other
sustainability-related forest parameters.
Studies related to forest biomass stocks and change and
forest related GHG emissions and removals.
Studies related to the use of near-real time imagery.
Studies developing for example methodologies related
to uncertainty/accuracy assessment methods, and
extraction of map statistics, and studies related to the
exploration/development of platforms.

For the literature review performed using the Scopus citation database, the searches
were made using specific keywords and search criteria (Table 2). The articles were manually
refined to remove any which did not fit the forest monitoring theme (and aforementioned
categories). The search was made on the 24th of September 2020 and the results included
the papers published only up to this date. The location of the study was noted specifying
studies that had global, pan-tropical, or regional coverage (i.e., they were not performed in
one country or in adjacent countries where more similar biophysical conditions could be
expected, and algorithms tuned accordingly), as well as the country in studies performed
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with a smaller area coverage (individual and neighboring countries, including at subnational level).
Table 2. Search expression used in the Scopus database.
Criteria
What?
How?

Where?

When?

Keywords and Search Expression
“deforestation” OR “forest degradation” OR “forest disturbance” OR
“forest monitoring”
“remote sensing” OR “satellite imagery” OR “satellite data”
“forests” OR “tropical forests” OR “rain forest” OR “Angola” OR “Brazil”
OR “Bolivia” OR “Cambodia” OR “Cameroon” OR “Central African
Republic” OR “Colombia” OR “Cote d’Ivoire” OR “Democratic Republic
of Congo” OR “Ecuador” OR “Ethiopia” OR “French Guiana” OR
“Gabon” OR “Guyana” OR “India” OR “Indonesia” OR “Laos” OR
“Liberia” OR “Madagascar” OR “Malaysia” OR “Mexico” OR
“Mozambique” OR “Myanmar” OR “Nigeria” OR “Papua New Guinea”
OR “Paraguay” OR “Peru” OR “Philippines” OR “Republic of Congo”
OR “Suriname” OR “Tanzania” OR “Thailand” OR “Venezuela” OR
“Vietnam” OR “Zambia”
“2018” OR “2019” OR “2020”

2.2. Characterization of the Countries’ Conditions
The challenges and needs of each country for forest monitoring-related research were
characterized by open-source datasets. For the characterization, three criteria were identified. Firstly, the biophysical conditions were characterized, to represent the challenges
of performing research due to the countries’ natural environments. Secondly, the anthropogenic influences were characterized to represent the need to identify changes. This was
done using proxies of forest change. Lastly, the national forest monitoring capacity was
identified, which represents the capacities of the countries to monitor their forests and
report on their monitoring. The countries were ranked from least to most challenging, and
the assessment of the three criteria was as follows:
2.2.1. Biophysical Conditions
The biophysical conditions were assessed based on the identification of forest types
where monitoring is known to be challenging: mangroves [26], and dry forests [27]. Accurate and consistent information about mangroves and their dynamics is not easily
obtainable (fieldwork to gather ground data is particularly difficult), and, consequently, the
presence of this type of forest can be considered as a monitoring challenge [28]. For radar
EO data approaches, water in mangrove forests cause difficulties for monitoring, and in
some relevant products (for example land cover maps), water is masked out, which means
that information for some mangrove areas is not available [29]. Dry forests have been facing
high rates of degradation and deforestation all over the world, and their monitoring is
particularly challenging using EO data, because of the seasonal and inter-annual variation,
and their open canopy structure [30].
2.2.2. Anthropogenic Influences
The anthropogenic impacts, and related needs for monitoring forests and forest change
were evaluated using tree cover and biomass loss [31], as well as the carbon emissions [31]
and the burned area [32]. Evaluating tree cover loss and biomass loss in tropical forests
allows for the identification of deforestation, one of the most critical impacts. The release
of carbon dioxide into the atmosphere, important for mitigation initiatives can be assessed
through the aboveground biomass loss [33]. Fires present challenges to monitoring forests,
regarding their detection as dynamic events, and challenges in linking the burned area to
biomass loss and estimating related emissions [34].
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2.2.3. Forest Monitoring Capacities
The capacities for forest monitoring, and, thus, the need for research support, were
evaluated using three indicators of forest monitoring (forest area change and RS capacity, forest inventory capacity, and carbon pool reporting capacity) [11,21], access to the
internet [35], and participation in REDD+ programs. The indicator for forest area change
and RS capacity reveals the capacities of a country to monitor forest area, forest changes,
and the country’s ability to produce maps using remotely sensed data. The indicator for
forest inventory capacity concentrates on the country’s capacity to perform a national forest
inventory. The indicator for carbon pool reporting capacity concentrates on the reporting
of biomass and carbon stocks related to the carbon pools of forests: aboveground biomass,
belowground biomass, soil organic matter, deadwood, and litter. All indicators were used
to classify the countries regarding their capacities for monitoring. The indicators for forest
area change and forest inventory revised by [21] were used to include the most recent data.
The Forest Resources Assessment from FAO compiles several categories in which countries
report on forest monitoring [36]. From all the variables being reported, 36 were selected for
the comparison between countries. The more categories the country reports on, the higher
is the capacity and lower is the need for research assumed.
The main goal of REDD+ programs, such as UN-REDD, FCPF, CIF-FIP, and the GCF
Task Force, is to reduce the emissions from forest degradation and deforestation and
promote sustainable forest management. Therefore, monitoring is required to enable
progress to be assessed. The participation of each country in those programs, as well as
funding from regional REDD+ mechanisms, such as the Amazon Fund and the Congo
Basin Forest Fund, were considered for the classification. The higher the participation in
these programs, the greater is the support offered to the country to monitor their forests
and lower the need for research assumed. At the same time, access to the internet is of
extreme importance for downloading data and for computing on the cloud. Consequently,
the lack of it could be a real barrier to the monitoring of forests.
A new dataset was created with the information of all the variables related to each
of the three main criteria. The variables per category were summed so that a total score
per category could be obtained per country (Figure 1). The final classification of the need
for research per country was made by combining the summed score obtained for the three
categories, with each of the three criteria being equally weighted. Finally, the countries
were classified from least challenging to most challenging based on a quantile distribution.
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The key focus of the selected studies was the use of remote sensing for forest monitoring. The satellite data most frequently being used was multi-resolution studies (26%)
which combined satellites with different spatial resolutions, followed by the medium resolution studies, which had a spatial resolution between 10 and 50 meters/pixel (25%).
When considering only the research carried out in a country or in adjacent countries, most
studies used medium resolution (32%), and multi-resolution data (23%). This reflects the
massive use of Landsat alone or in combination with other satellites. Only 12% of the
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massive use of Landsat alone or in combination with other satellites. Only 12% of the
studies were performed using methodologies unrelated to remote sensing (such as surveys,
interviews, and inventories), showing the significance of the remote sensing techniques to
forest monitoring (and criteria used in the Scopus search).
The two satellites that were used the most in the observed studies were Landsat
followed by Sentinel, and for both, the distribution of their use was not equally spread
across the study area (Figure 3). Although the pattern is largely driven by the frequency of
studies in each country (Figure 2), there are some differences, and also variations in the
general pattern of more Landsat studies. One example is Peru, which has more Sentinel
studies than Landsat.
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one for which EO data can be especially useful. The next most common categories were
land use and land management, and biomass and carbon stocks. Biomass and carbon
stocks as potential inputs to emissions factor estimates, in combination with activity data,
to estimate emissions, or as direct estimates of emissions, are understandably prominent in
the literature review.
Although the number of studies was limited, there were studies identified which
were focused on method development such as uncertainty analysis. These studies can be
potentially crucial for improvements of emissions estimates — such as [37]. A number
of studies were identified which present platforms that can promote and improve public
access to information, and these platforms have also proved to be crucial for forest monitoring efforts [38,39]. Near-real-time (NRT) forest monitoring studies were less represented
in the results of the literature search, and some countries did not have a single study in this
category. NRT has some limitations, such as spatial accuracy [26], and due to their poor
spatial coverage according to this research, more studies are needed. The recent availability
of data suitable for NRT analyses could be the reason for the lack of NRT monitoring
studies in recent years.
Most of the studies are led by researchers affiliated with institutions from non-tropical
countries. The United States was the country with the highest number of first authors,
followed by Brazil and the United Kingdom. Brazil was the exception among the countries
in the tropical countries, but this is mainly a reflection of the fact that it was the country
with the highest number of studies overall, although the ratio of studies to affiliated authors
was also relatively high (0.77).
4.2. Needs and Challenges for Forest Monitoring
Overall, there was no relationship found between all the three criteria used to identify
the need for forest monitoring (biophysical conditions, anthropogenic influences, and
forest monitoring capacities). The comparison of the studies developed exclusively in each
country with the total classification of how the countries perform revealed that most of the
studies are not being done in the countries with the higher needs for them. The absence
of a pattern of where research is being done indicates that study areas have been possibly
chosen using drivers like funding and investments, other than by considering the needs of
each country (although funding and investments might be assumed to be somewhat driven
by country needs). When comparing the location of the studies with the characteristics
observed in each country, there is an indication that research tends to be performed in
countries with good forest monitoring capacity, which are generally affected by challenging
biophysical conditions. The intensity of anthropogenic influences did not seem to influence
the number of studies. In general, countries with good monitoring capacities are also
capable of establishing their own research through field support, ground data provision,
and even authoring their own research, which could be a reason for the more prominent
number of studies. Furthermore, more support should be provided to countries with lower
capacities for forest monitoring. In addition to research on the monitoring themes addressed
in this study, more awareness is needed over technical training, system maintenance, and
enhancing data gathering and approaches [27].
4.3. Implications for Future Research Efforts
There are cases in which countries with limited or intermediate capacities for forest
monitoring are the target of research, which will eventually translate into higher capacity
developments [40]. In the main, it was found that research is still concentrating on countries
with better monitoring capacities. One possibility for the greater number of studies in
countries with higher capacity for forest monitoring could be the fact that past research
led to an increase in capacity, and, consequently, the number of studies being performed
continued to increase. However, many research studies still focus on the countries with
better capacities, causing a lack of quality information required for climate related reporting
in some countries. Although capacities have been increasing recently, a number of countries
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still have a limited capacity for forest monitoring related reporting [21]. This study also
evaluated the FRA reports and found that almost 50% of the countries in this study report
on less than 23 out of the 36 variables selected. Based on the results of this research, future
research should be targeted to countries with lower capacities and higher needs—such as
Madagascar and Angola. In order to increase research, in-country capacities for leading
research (based on the first author affiliation of studies explored) should be increased.
There are several ways in which this can be done. Increased training and capacity-building
from donors and other initiatives, such as bi-lateral efforts, which are typically driven
by developed countries. In addition, South-South capacity building should be promoted,
which can take advantage of the counties in the Global South which already have high
capacities (for example India and Brazil). At the same time, global/pan-tropical and
large regional studies also have value in that they provide information that is comparable
across countries and can be useful for global reporting. Ultimately, better monitoring and
conservation of forest areas can be achieved, and stronger management decisions and
restoration endeavors can be employed in the whole tropical zone. Nationally driven
studies are also important, and there is a need for national ownership of research, which
can also lead to better acceptance of results and data at the national level.
In light of the urgent need to protect forests—as seen by the anthropogenic influences
explored in this study, there is a need for financial support, investments in training and
capacity growth, and inter-disciplinary collaboration in future research in order to protect
forests better. Research should target themes that are currently understudied, for instance,
the use of near-real time forest monitoring approaches, and monitoring forest types that
are particularly challenging, such as dry forests and mangroves. In the case of mangroves,
opportunities for combining data (i.e., optical and different radar bands) might provide
solutions for challenges related to inundation and wet soils. Even though it might be
assumed that researchers prefer to select case studies with more straightforward conditions
to demonstrate new concepts more clearly, this study did not find that research was
concentrated in countries with less challenging conditions, although other conditions,
such as cloud cover and hilly terrain, might also influence the choice of location and
these and other challenges were not considered. Ground data collection could also be a
focus of future research, particularly in areas which display these challenges (cloud cover,
which inhibits the use of high-resolution optical data, and hilly terrain for example) and
is something which would benefit from a study of its own to identify specific research
challenges. Since this study only looked at the national level, it could be that more difficult
forest types and research areas were avoided, and this could be explored by assessing
the exact location of the studies identified by the literature review. There was a lack of
previous studies similar to this, which meant methods for this research had to be tested
and could be further refined, but this also provides a unique and novel perspective on
forest monitoring research needs. The short duration of the search (2018–2020) means that
longer-term monitoring progress and advances are not well captured, and a study of older
and more recent literature would provide a better picture of the progress to date. On the
author affiliation, this study only looked at first author affiliations since the interest was in
research led by a specific country organization, however it could be that the other authors
in the paper had the country affiliation and also had a significant role in the development
and implementation of the study, and this is not captured by the results. Finally, the choice
of the 35 selected countries, instead of the use of the whole tropical zone, might provide
different findings than if the whole of the tropical zone was included. The findings of this
study can be seen in light of these and other limitations.
5. Conclusions
The research provided an overview of the type of studies being performed in the 35
countries in the tropical region in relation to challenges of implementing forest monitoring
research at the national level: their biophysical conditions, the anthropogenic influences
acting on their forests, and their capacities for monitoring it. Relevant studies published
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between 2018 and 2020 highlighted the dominance of northern countries leading research
developments in tropical countries.
There was no apparent relationship between the need for research (as determined by
higher human impacts or having biophysical conditions that are harder to monitor and
having more limited capacities for monitoring the forests) and the number of studies in
a country. There is, however, an indication that research tends to be performed in countries with good capacities for forest monitoring that face biophysical and anthropogenic
challenges. Quality information about the forests and their conditions is essential and
research can be a way to support this need. Currently, some countries in the tropical zone
have lower capacities for monitoring and do not have a representative number of studies
performed in their territories. Therefore, capacity development is needed to lead those
countries towards better forest monitoring.
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