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1 Introduction 

1.1 General background 
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1.3 Field methods for data collection 
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1.4 Remote sensing 
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1.6 Motivation 
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2 Materials and methods 

2.1 Study area description 
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2.2.1 Literature review 
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2.2.2 Field survey 
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2.2.3 Remotely sensed data  
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2.3 Data analyses 
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3 Results and discussion 

3.1 Feasibility of using UASs for forest monitoring in Ethiopia 
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3.2 Manual image interpretation for forest area and CC 
estimation 
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3.3 Enhancing AGB estimation using optical RS data 

3.3.1 Relationship of image-derived variables with AGB 
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3.3.2 Variable selection for the AGB prediction models 
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3.3.3 Selected AGB models by image type 
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3.4 Digital photography for forest CC estimation 

3.4.1 Photo-based methods for CC estimation 
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3.4.2 Evaluation of the photo-based estimates of CC 
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5 Identified gaps for future study 
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6 Conclusion 
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ABSTRACT
Application of unmanned aerial systems was limited to the military until the last decade when
we see dramatic growth of interest by civilian users. Among the many fields of application of
unmanned aerial vehicles (UAVs), forestry has diverse uses ranging from forest cover assess-
ment to species classification and real-time forest fire monitoring.

Inspired by the potential uses of the technology, this study is a review of literature on the
types and uses of UAVs, the challenges and opportunities, current experiences and the future
prospects of using UAVs for forest resources monitoring in Ethiopia.

The study has identified potential uses of UAVs for forestry applications. It has also shown
that there is perceived need for accurate, demand-based and cost-effective tools for forest
resources monitoring in developing countries including Ethiopia. Hence, the use of small
UAVs in the forestry sector in Ethiopia is believed to be a supplementary method to the
existing methods of spatial data capture for filling the gap of information and improving the
quality of forest information that is needed to comply with international standards.

The results of this study indicate that Ethiopia can make use of the technology and
improve its forest information system. However, while doing so, rules and regulations must
be put in place to avoid the challenges that come along with introducing the technology. If
properly used, the technology will enhance the forest management decision-support system
of the country.
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Introduction

Drone or unmanned aerial vehicle (UAV) is a light-
weight flying device similar to an aircraft; however,
different from an aircraft since it is not operated by a
pilot on-board. Based on how its movement is con-
trolled, it can be an autonomous or a remotely
piloted type. Broadly classified, small unmanned aer-
ial systems (UAS) use a platform less than 10 kg in
weight (Watts, Kobziar, & Percival, 2010). There are
different models of UAV; however, most of them are
hand-launched and operated remotely. A UAV is the
aerial platform component of UAS, which also has a
ground control station and communication compo-
nents. Based on the types of wing, UAVs might
broadly be classified as fixed-wing or rotary-wing
type. The fixed-wing UAS move horizontally and
need a larger open space for take-off and landing.
On the other hand, the rotary-wing UAS move verti-
cally; thus, requiring a small open space for landing.

Originally, UAS were used for military applica-
tions like reconnaissance and surveillance.
Furthermore, a significant part of the civil applica-
tions of UAS technologies has been aerial photogra-
phy and remote sensing for many decades (Colomina
& Molina, 2014). However, they are becoming widely

used in civil applications, especially in recent years.
Now, UAS are becoming important in many fields
like agriculture, cultural heritage management, search
and rescue missions, infrastructure inspection, nat-
ural resources management and urban planning.
These diverse applications are linked with the recent
advances in the platform and sensor technologies
(Budiyono, 2008). Image handling and processing
systems have also shown improvement and provide
opportunity for increasing interest in the use of UAS
in many sectors. Therefore, such a huge interest in
the use of UAS has grown because of the improve-
ments in the technology and the increasing demand
for timely and accurate information to cope up with
the changing environment (Puliti, Ørka, Gobakken,
& Næsset, 2015).

Because of climate change, sustainable forest man-
agement is becoming a global concern. Consequently,
countries are encouraged to generate accurate forest
information on a continuous basis to ensure that they
have reduced net greenhouse gas emissions to the
atmosphere. That is the reason for the institutionali-
zation of the Reducing Emissions from Deforestation
and forest Degradation plus (REDD+) schemes and
other international conventions. Those conventions
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require the member countries to quantify and report
the reduced greenhouse gas emission because of
reducing deforestation and forest degradation as
well as ensuring sustainable forest resources manage-
ment. For many years, this task has been carried out
using the complementary methods of ground-based
surveys and remote sensing data analysis. However,
the use of UAS maybe a much better method since it
provides accurate, flexible and cost-effective techni-
ques (Banu, Borlea, & Banu, 2016; Colomina &
Molina, 2014; Puliti et al., 2015).

Located in the horn of Africa very close to the
Sahara desert, Ethiopia is one of the countries that
has suffered from the impacts of climate change. The
country is one of the signatories of the REDD+ nego-
tiations and other international environmental con-
ventions. Ethiopia has been striving to combat the
impacts of climate change since it is vulnerable to
recurrent drought and other environmental crises. As
a result, it has designed and implemented a strategy
that emphasizes restoring degraded lands and sus-
tainable forest management called the Climate
Resilient Green Economy strategy.

In response to the international conventions,
Ethiopia needs to generate reliable forest information
that conforms in quality to the international stan-
dards and can be ready to be reported whenever
required. The existing ground-based methods of for-
est data collection are costly and slow to meet the
time limit of reporting. On the other hand, satellite
remote sensing methods based on the freely available
Landsat images do not meet the quality criteria. This
is mainly because Landsat images have too small
spatial resolution to correctly identify and interpret
trees. As a result, the information generated using
these images has low accuracy.

Cognizant of the current trend of development, it
seems that Ethiopia can benefit from the emerging
UAS technologies to generate reliable forest informa-
tion at the required time frames. Hence, this study
was intended to explore the existing facts about appli-
cations of UAS technologies in forestry in various
parts of the world to identify the potentials of the
technology and initiate case studies to test if they can
be adapted to the settings in Ethiopia.

Methods

This study focuses on review of the recent scientific
publications in the field of UAS and their applica-
tions, particularly in forestry. Then, significance of
the technology for forest resource monitoring in
Ethiopia was evaluated based on the international
experiences and existing realities in the country. A
systematic approach was employed to search for all
relevant scientific papers that relate to the topics.

A bibliographic survey on the Google Scholar and
Scopus databases of scientific publications has been
carried out. The keywords used in the search process
include various combinations of the alternative
nomenclatures of the system, fields of application
and the name Ethiopia, which is the focus of this
paper. The options of nomenclature that were used
as keywords include “unmanned aerial systems”,
“unmanned aircraft systems”, “unmanned aerial vehi-
cles” and “drone” since these are the commonly used
terms in scientific papers. The various application
areas related to the interest of this study were agri-
culture, flood control, wildlife monitoring, wildland
forest fire management, forestry, hazard manage-
ment, remote sensing, coastal wetland mapping, map-
ping of invasive species and environment.
Furthermore, the keyword “Ethiopia” was used to
specify existing literature related to the uses of UAS
in the country.

The review was organized according to the appli-
cations. The papers in each category were reviewed in
accordance with these sections. A synthesis of the
established global knowledge base in the use of UAS
for various applications with emphasis on forestry has
been made. The current experiences, legal frame-
works, possible challenges and opportunities of
using UAS in Ethiopia were reviewed. The existing
methods of forest inventory in the country, their
limitations and the prospects of future inventories
were examined. Finally, feasibility of the technology
in forest monitoring was evaluated based on interna-
tional experiences and the local settings.

Types of UAV

UAVs are classified into various types based on dif-
ferent criteria. Most of the criteria for classifying
UAVs include size and payload, flight endurance,
flight range, altitude and capabilities. These charac-
teristics are interrelated. Most of the time, large UAS
carry more payload, fly at a higher altitude, move a
longer distance and hence have better flight endur-
ance and capability than small ones.

Based on wing types, UAVs are classified into the
following five major types. The first type are the
rotary-wing UAVs, which use batteries and have
shorter flight times (Paneque-Gálvez, McCall,
Napoletano, Wich, & Koh, 2014). This type of UAV
includes the helicopter, quadracopter, octocopter and
other varieties of multicopters. This type of UAV has
the advantage that it needs small space for landing as
compared to the fixed-wing UAV.

The second type of UAV are the fixed-wing UAVs,
which are more suited to applications that demand
longer flight endurance. They require large space for
take-off and landing. As a result, they are not suitable
for areas crowded with tall objects like buildings,
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trees, wind farm vanes and other infrastructures.
However, they have simple structure, which is easy
for maintenance (Klimkowska, Lee, & Choi, 2016).

The third type of UAV are the groups of light-
weight aerial systems called blimps such as balloons
and airships, which are lighter than air and have long
flight endurance, fly at low speeds and generally are
large sized (Gupta, Ghonge, & Jawandhiya, 2013).The
fourth group of UAV are the flapping-wing UAVs,
which have flexible and morphing small wings, simi-
lar to birds and flying insects.

The fifth class of UAV are the Vertical Take-Off &
Landing (VTOL) UAVs, which do not require take-
off or landing run (Watts, Ambrosia, & Hinkley,
2012). These UAVs are typically used in situations
where limitations of terrain require this specialized
capability. However, high power requirements for
hovering flight limit the flight durations for VTOL
UAV, except in the large sizes for which increased
lifting capabilities accommodate large fuel capacity.
The advantages of VTOL UAV are the portability of
the platforms for remote area operations without the
necessity for runway complexes. These platforms are
useful in rescue operations in a complex urban struc-
ture environment (narrow streets, buildings, etc.).

Thus, there is a choice to select the most appro-
priate technology that conforms to the prevailing
environmental settings and purpose.

UAS sensors

Most of the UAS have inbuilt sensors, which record the
red, green and blue (RGB) part of the electromagnetic
spectrum. However, in recent years, introduction of
additional sensors has enhanced the efficiency of cap-
turing additional data. This was achieved by including
the red-edge, near infrared and thermal infrared spec-
tral bands and laser scanning systems (Colomina &
Molina, 2014; Zahawi et al., 2015).

Innovations in sensor technology have fostered
the successful implementation of UAS for forestry
applications. For example, infrared sensors, including
the thermal imaging systems, were used for forest fire
monitoring (Allison et al., 2016; Hoffmann et al.,
2016; Martínez-De Dios, Merino, Caballero, &
Ollero, 2011; Merino, Caballero, Martínez-de-Dios,
Maza, & Ollero, 2012; Scholtz et al., 2011).
Predicting canopy cover and studies related to wood
volume and biomass estimation became possible
using laser scanners (Getzin, Nuske, & Wiegand,
2014; Zahawi et al., 2015).

This development in sensor technology has paved
additional opportunity for studying the status of natural
resources and the challenges facing them. This will
enhance the potential uses of UAS technologies for
multiple user groups, including forestry professionals,

by providing more spectral data that can be applied to a
wide range of uses.

General applications of UAS

The original purpose of UAS technologies was for
military, patrolling international borders and govern-
ance (Budiyono, 2008; Callam, 2015; Finn & Wright,
2012; Gregory, 2011; Muchiri & Kimathi, 2016; Wall
& Monahan, 2011). Through time, UAS technology
has become important in many application fields. It is
applied in management of crops, fisheries, forests and
other natural resources among others (Jeanneret &
Rambaldi, 2016).

In the agricultural sector, UAS have gained interest
in precision agriculture to increase production
(Simelli & Tsagaris, 2015). Scientists used UAS to
study nutrient content of crops. For instance, UAS
were used to estimate the amount of nitrogen status
of turf-grasses in the University of Pisa, Italy
(Caturegli et al., 2016). According to Shi et al.
(2016), UAS technology was used to measure plant
height of crops like maize and sorghum. UAS were
also used in different countries to study plant bio-
physical properties like leaf area index and yield, and
the growing environment. The technology has been
used to investigate weed, pest and disease infesta-
tions. For example, small UAS were used to detect
symptoms of disease and pest attacks on oil-bearing
trees in Greece (Psirofonia, Samaritakis, Eliopoulos,
& Potamitis, 2017). Planting patterns in sugarcane
were supervised using UAS imagery in Nicaragua,
Central America (Luna & Lobo, 2016). Promising
results were obtained indicating huge potential of
the technology in precision agriculture in the future
(Felderhof, Gillieson, Zadro, & Van Boven, 2008).

The use of UAS is also becoming common in flood
control; natural hazard management and infrastruc-
tural changes (Galarreta, Kerle, & Gerke, 2015;
Giordan, Manconi, Remondino, & Nex, 2017; Perks,
Russell, & Large, 2016). Studies show that UAS were
used to identify disaster damages and serve humani-
tarian response services during disaster events in
flood-affected Asian countries like Taiwan and
China (Feng, Liu, & Gong, 2015; Popescu, Ichim, &
Stoican, 2017; UNOCHA, 2014).

Moreover, the emerging technology has been
applied for coastal wetland mapping and environmen-
tal management (Boon, Greenfield, & Tesfamichael,
2016; Klemas, 2015). Due to the excellent spatial reso-
lution of products from UAS, they are preferred
choices for cadastral mapping (Crommelinck et al.,
2016).

UAS have also attracted wildlife ecologists in many
parts of the world, including those in African coun-
tries, for wildlife monitoring and rangeland manage-
ment (Christie, Gilbert, Brown, Hatfield, & Hanson,
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2016; Hodgson, Baylis, Mott, Herrod, & Clarke, 2016;
Rango et al., 2009; Wich, 2015; Wolf, 2017). This
approach was found to be a cheaper and safer tech-
nique of studying a vast area of wildlife and their
habitats than ground-based techniques (Gonzalez
et al., 2016; Linchant, Lisein, Semeki, Lejeune, &
Vermeulen, 2015).

Forestry applications of UAS

This paper emphasizes on assessing the possible areas
of application of UAS in the forestry sector. Several
studies carried out in various parts of the world
indicate that UAS have ample potential in assessing
forest resources. This is mainly because UAS provide
the possibility of making a non-destructive and accu-
rate measurement of many attributes of trees (for-
ests). The current growth of the UAS technologies
has put great hope that the technology can be used to
study forest dynamics, stand species composition,
disturbances and other attributes of forests (Banu
et al., 2016). The following paragraphs explain some
of the most common uses of UAS in the forestry
sector, which are thought to be good lessons for
Ethiopia and other countries of similar desire.

Several research works done by different scholars
reveal that UAS were applied in estimation of den-
drometric parameters. Studies in Canada and
European countries (Goodbody, Coops, Marshall,
Tompalski, & Crawford, 2017; Hird et al., 2017;
Puliti et al., 2015; Torresan et al., 2017) have shown
that UAS were capable of estimating tree height,
crown width, basal area, stem number; and modelling
gross stock volume and above ground biomass. The
research findings of Zahawi et al. (2015) revealed that
UAS technologies are viable for monitoring tropical
forest restoration in Costa Rica. Findings of this study
revealed that UAS are able to predict canopy height
and above-ground biomass at the same level of pre-
cision as LiDAR systems.

UAS are also used for tree species classification
and quantification of spatial gaps in forests.
Burchfield (2014) used UAS for mapping of invasive
trees and shrubs in Eastern Kansas of the US.
Similarly, multi-temporal UAS imagery differentiated
tree species in southern Belgium (Michez, Piégay,
Lisein, Claessens, & Lejeune, 2016). The possibility
to fly at any required time and acquire high spatial
resolution imagery provides the opportunity to study
plant identification, which has been difficult using
ordinary satellite remote sensing systems. Getzin
et al. (2014) used UAS images to analyse canopy
gap patterns of forests in Germany. Such a study of
spatial gap patterns of forest canopy is relevant as a
biodiversity indicator. In addition, UAS were used to
determine canopy height of a mixture of uneven-aged
broadleaved stands with a predominance of oaks and

even-aged coniferous stands in Belgium and the US
(Dandois & Ellis, 2013; Lisein, Pierrot-Deseilligny,
Bonnet, & Lejeune, 2013).

Other studies have indicated that UAS have
potential for post-fire recovery monitoring and for-
est protection. Scientific investigations indicated
that UAS have contributed to wildland fire moni-
toring, especially in difficult topographic settings
(Cruz, Eckert, Meneses, & Martínez, 2016; Ollero
& Merino, 2006). It is used to generate information
about the vegetation condition, water stress and risk
indices before a fire happens. During the fire inci-
dence, UAS that have infrared and visible sensors
are important for fire detection and monitoring. In
recent studies, these sensors were mounted on UAS
to study the structure of ongoing forest fires
(Casbeer, Beard, McLain, Li, & Mehra, 2005;
Martínez-De Dios et al., 2011; Merino et al.,
2012). In these studies, UAS were used to detect
real-time behaviour of forest fire like the location
and shape of the fire front, the rate of spread, and
the fire flame height. A recent study indicated that
UAS helped to monitor forest health and to map
forest diseases. For example, the visible and infrared
sensors were used to produce pest infestation maps
in Germany (Lehmann, Nieberding, Prinz, &
Knoth, 2015).

Furthermore, researchers have found that UAS are
vital tools for 3D reconstruction for growth model-
ling (Gatziolis, Lienard, Vogs, & Strigul, 2015) and
studying biodiversity (Sandbrook, 2015). The tech-
nology helped to study seasonal patterns of change
of wetland vegetation (Marcaccio, Markle, & Chow-
Fraser, 2015). Thus, UAS have significance in study-
ing habitat conditions and understanding the status
of biodiversity.

UAS can also support participatory forest manage-
ment efforts, particularly in developing countries. It
can serve as a means of evaluating the impacts of
intervention and as a planning tool for new actions.
These applications of UAS are believed to enhance
community-based forest management schemes in the
tropics given external assistance and funding is pro-
vided to the poor communities living in these parts of
the globe (Paneque-Gálvez et al., 2014).

Opportunities for using UAS

In recent years, UAS technologies are evolving
rapidly and becoming appropriate for multiple appli-
cations. There are various reasons that make the
technologies relatively preferred. UAS applications
research carried out in many sectors has shown that
the emerging interest in these technologies is related
to the reduced size of the vehicles, affordability in
terms of cost, low energy consumption, flexibility,
minimizing of risks and the resulting high spatial
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resolution data (Banu et al., 2016; Christensen, 2015;
Colomina & Molina, 2014; Gaitani, Burud, Thiis, &
Santamouris, 2017; Hird et al., 2017; Puliti et al.,
2015). As a result, a diverse range of end users
including foresters makes use of these technologies.

Advances in UAV platform design have contribu-
ted to innovation of small UAS that fly at low alti-
tudes to provide very fine spatial resolution images
(Anderson & Gaston, 2013; Yuan, Zhang, & Liu,
2015). The cost of data collection and processing
using UAS is lower than that of equivalent methods
that provide the same accuracy as terrestrial LiDAR
and airborne laser scanning systems (Lisein et al.,
2013; Puliti et al., 2015).

Besides, UAS technologies are important because
they are flexible (Yuan et al., 2015). Mission planning
and flight altitude are controlled based on real needs
of users. The flight paths are designed to meet the
objectives of the flight mission (Colomina & Molina,
2014). Hence, this technology is an efficient method
of spatial data collection for a multitude of applica-
tions in the forestry sector ranging from species clas-
sification to forest fire monitoring and volume or
biomass modelling. The technique attracts attention
of many professionals since it has the ability to gen-
erate data to study a wide area of land with lower cost
and better efficiency than ground-based systems.

The other advantage of UAS relates to low energy
consumption (Banu et al., 2016). Small UAS use
either fuel (gas) or battery as a source of energy.
Although the batteries or fuel needs to be charged
frequently, the energy required for a mission is small.
Therefore, its low energy requirement contributes to
the wide acceptance of the technology.

However, the main reason for the growing interest
in using UAS technologies stems from the fact that
they provide high spatial resolution images based on
a demand-based temporal pattern. Applications like
cadastre, urban planning, species classification and
yield estimation that require detailed information
benefit from these technologies (Colomina &
Molina, 2014; Gaitani et al., 2017).

Moreover, the use of UAS is a safer method. It
does not risk causalities since no human life is endan-
gered during the process. This characteristic of UAS
is ideal for military applications. The lack of on-board
operators allows UAVs to be used in politically sen-
sitive areas in which the deployment of human sol-
diers would create too much controversy. Hence,
UAS are considered as a highly preferred technology
for risk management (Banu et al., 2016; Muchiri and
Kimathi, 2016). Therefore, UAS are important in
monitoring forest fire and disease outbreaks, espe-
cially in areas with rough topography where terres-
trial movement is restricted (Watts et al., 2010).

The current use of UAS in forestry applications is
under experimental phase and its contribution to the

sector will be realized in the near future (Banu et al.,
2016). Furthermore, most of the experiments were
carried out in European countries and the US.
Based on these lessons, further studies have to be
conducted in the local settings of developing coun-
tries as well so that the UAS can provide service to all
potential users. This tests the appropriateness of the
technology and provides feedback for further mod-
ifications in the UAS to meet local conditions.

Challenges associated with using UAS

UAS could play an important role in complex huma-
nitarian emergency services as they can be used for
surveillance in difficult or inaccessible areas.
However, there are also risks associated with human
welfare if they are misused (Boyle, 2015). Legal and
ethical restraints have to be maintained to make use
of the potentials of UAS. Some of the potential risks
of UAS technologies are mentioned later.
Furthermore, this section explains the possible
means of mitigating the challenges to use the poten-
tials of the technology properly.

Environmental challenges

Topography and winds on the high mountains might
disturb the system or create noise in the products.
The UAS platforms may collide with tall buildings
and trees and cause problems unless governed by
specific regulations.

Big data problem

The speed at which we convert data into meaningful
information does not balance with the trend of data
generation. The available analysis techniques are not
efficient in making use of all the contents in the UAS-
collected data. The often unstructured, heterogeneous
big data require a smart interplay between skilled
data scientists and domain experts (Wolfert, Ge,
Verdouw, & Bogaardt, 2017). Therefore, skill capacity
development to process and extract relevant informa-
tion is a requirement for organizations to make the
best use of the potentials of the technology.

Responsibility

UAS, like any aerial remote sensing system, require
detailed flight planning. Although, it is an unmanned
system, the crewmembers involved in the flight mis-
sion have to be known and responsible for what will
happen during the flight.
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Legal issues

There should be strict rules and regulations that
govern how the UAS should function. A study
conducted in Africa, Caribbean and Pacific coun-
tries indicates that some countries have well devel-
oped regulations that provide a workable
environment for UAS operations while other coun-
tries do not have rules and regulations designed for
UAS that are operational in their territories
(Jeanneret & Rambaldi, 2016). Absence of regula-
tions will open up room for misuse of the technol-
ogy. The study has indicated that other countries
have banned the use of UAS, which will influence
their benefits from the technologies. This measure
might be taken because of observed challenges of
misuse of the technology. We suggest that well-
established regulations will bring the extreme
views of different countries together as long as the
technologies provide service and are properly used
to benefit the community.

Air safety and security issues

The military uses unmanned aircraft for intelligence,
surveillance and reconnaissance, as well as direct attack
on targets. When everybody can buy and fly UAS, it
will be a convenient situation for misuse like terrorist
attacks. The UAS may also collide with other flying
objects or among themselves unless properly regulated.
Therefore, we anticipate that the government of
Ethiopia take the issue seriously and develop regula-
tions that inhibit misuse of the technology. Otherwise,
it will be a disaster to allow them to fly everywhere.

Privacy

The use of UAS might be disturbing when they fly
over an area where people do not want to recognize
their presence. The fact that they fly at low altitude
close to the earth’s surface enhances the effect. Rules
and regulations should address this issue.

UAS regulation of every country should address all
these challenges (Anderson, 2012). Each country has
to set well-thought-out regulations to avoid human-
induced problems and reduce the effect of natural
challenges. The UAS regulations should take into
account the international laws and be enforced
accordingly. This technology will create misery to
the global community unless regulated by national
and international laws.

Anderson (2012) stated that there will be good
uses and bad ones, but the same is true of any tool.
The user has to exploit the good things and regula-
tions need to limit the associated challenges. Our
experience with regard to the current situation of
UAS conforms to the suggestion. Hence, we

recommend country-specific functional rules need
to answer these issues so that the technologies can
provide the anticipated services without being influ-
enced by the suspected challenges.

Current uses of UAS in Ethiopia

Limited literature exists about the application of UAS
in Ethiopia. Few reports indicate that UAS have been
used in Ethiopia for various purposes. For instance,
the US deployed surveillance UAS in Ethiopia to
monitor the security of many African countries in
2011 (Ahmed, 2013; Sudan Tribune, 2013; UN,
2013). The US established a UAS military base in
Arba Minch, a town about 500 km south of Addis
Ababa (Whitlock, 2012; The Japan Times:
14 January 2016). However, it was also reported that
the US stopped its mission at the beginning of 2016
(The Japan Times: 14 January 2016). A similar report
indicated that UAS technologies helped the fight
against tsetse fly in Ethiopia (Engadget, 2016).
Drones have also been used to map and support the
construction of railway systems in Eastern part of the
country (Lopez, 2016).

The use of UAS in forestry in Ethiopia has not
been recognized despite the huge potential that they
can provide to the sector. Therefore, this study
suggests that Ethiopia should learn from experi-
ences of other countries and use the technology to
supplement the efforts of enhancing its forest infor-
mation system, which has suffered from the limita-
tions of ground-based and satellite remote sensing
technologies. The ground-based techniques,
although excellent in terms of accuracy, require
long time to collect data and are expensive. On
the other hand, satellite remote sensing techniques,
especially those with low and medium resolution
sensor systems have limited image quality (i.e. spa-
tial, spectral, temporal and radiometric) and are
influenced by environmental conditions like the
atmosphere. In addition, products of some satellite
remote sensing are expensive to be used for
national forest inventories (NFI) in the context of
developing countries like Ethiopia.

When using UAS, the country has to make sure
that there is no misuse of the technology. Hence,
proper legal systems have to be set and implemented
to limit the use of the technology for development
endeavours only. Currently, Ethiopia does not have
formalized regulation for managing the use of UAS
(Jeanneret & Rambaldi, 2016) except that a permit
should be applied for from the ministry of commu-
nication prior to a flight. This is valid both for com-
mercial and private UAS use. Due to volcanic activity
in many parts of the country, particularly along the
rift valley system, recalibrating the flight compass is
required before each flight. The maximum flight

EUROPEAN JOURNAL OF REMOTE SENSING 331



altitude for a drone in Ethiopia is conventionally
limited to be 150 m (Drone Traveller, 2016). These
are the working principles in Ethiopia as far as UAS
are concerned; however, the country has not yet
declared a formal regulation.

Potential forestry applications of UAS in
Ethiopia

The country had conducted only two NFI in its
history. The older one, which was carried out from
1994 to 2004 was almost a lost opportunity. The
inventory is known as the Woody Biomass
Inventory and Strategic Planning Project or the
woody biomass inventory for short. The data are
non-existent and there is no responsible body to the
sources of data. There is no officially documented
data to be referred to currently. As a result, change
monitoring becomes impossible. A new NFI project
has been implemented since 2013 and is underway.
This new NFI was initiated from scratch and has its
own limitations. The field-based data collection had
very few sampling sites, which are less than 650 for a
country of more than 1 million square kilometres of
land area. Moreover, the remote sensing data used for
this NFI were Landsat 8 images, which have limited
spatial resolution. The use of UAS will solve the
problem of getting high-resolution images for
selected resource rich hotspot areas and enhance the
quality of the NFI data. The anticipated system
requirements for the NFI are the remote sensing
technologies that provide quality images, which in
turn are less costly, flexible and frequently acquired
to provide time-series imagery for change detection
and growth monitoring. While medium resolution
images like Landsat products provide a wall to wall
coverage, UAS data will be used to get detail informa-
tion about forest attributes.

On the contrary, the country needs to produce ver-
ifiable information to be reported for the international
REDD+ Measurement, Reporting and Verification
(MRV) systems and other conventions. Data quality is
a requirement in these systems. This implies that there
should be some innovative techniques to enhance the
drawbacks of the conventional data acquisition techni-
ques in terms of cost, time and accuracy.

Hence, the emerging UAS technologies have huge
potential to contribute to the effort towards generat-
ing reliable forestry information in the country. This
is mainly because UAS have great potential to pro-
vide high spatial resolution data at the required time.
Studies show that other African countries like Zambia
and Tanzania have identified UAS as potential tools
for MRV of REDD+ activities (Day, Gumbo,
Moombe, Wijaya, & Sunderland, 2014; Mauya et al.,
2015). Thus, we are convinced that UAS can enhance

the efficiency and quality of the forest information
systems of Ethiopia.

We suggest that Ethiopia should adopt the UAS
technologies for supporting the NFI and do its best to
generate as much detail information as possible.
Research institutions and universities should conduct
experiments and provide evidence to support the
optimal use of the system.

Conclusions

The use of UAS is critically required in Ethiopia due to
the poor situation of forest information in the country.
The field-based forest inventory, although accurate, has
limitations of exaggerated costs of finance and time.
On the other hand, local estimates using satellite
remote sensing have suffered from accuracy problems
and lack of coherence. Therefore, the new UAS tech-
nology will contribute to improving accuracy of esti-
mates and reducing data collection costs.

Globally, there is ample evidence on the possible
uses of UAS in forestry. Those lessons can be adopted
and customized to the Ethiopian conditions and need
to be used to supplement the existing methods.
However, care should be taken into account when
using UAS in rough topographic settings as the sys-
tems have very limited range of flight altitude.
Besides, UAS regulations should also be set explicitly
so that the national security is not endangered.
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Abstract: Forests, particularly in the tropics, are suffering from deforestation and forest degradations.
The estimation of forest area and canopy cover is an essential part of the establishment of a
measurement, reporting, and verification (MRV) system that is needed for monitoring carbon stocks
and the associated greenhouse gas emissions and removals. Information about forest area and canopy
cover might be obtained by visual image interpretation as an alternative to expensive fieldwork.
The objectives of this study were to evaluate different types of satellite images for forest area and
canopy cover estimation though visual image interpretation, and assess the influence of sample
sizes on the estimates. Seven sites in Ethiopia with different vegetation systems were subjectively
identified, and visual interpretations were carried out in a systematical design. Bootstrapping was
applied to evaluate the effects of sample sizes. The results showed that high-resolution satellite
images (≤5 m) (PlanetScope and RapidEye) images produced very similar estimates, while coarser
resolution imagery (10 m, Sentinel-2) estimates were dependent on forest conditions. Estimates based
on Sentinel-2 images varied significantly from the two other types of images in sites with denser forest
cover. The estimates from PlanetScope and RapidEye were less sensitive to changes in sample size.

Keywords: land cover; land use; visual interpretation; high resolution imagery; estimation;
design-based inference

1. Introduction

Forests constitute the largest terrestrial ecosystem, and they provide a variety of services
and functions [1,2]. One of the services that forests offer is carbon sequestration; approximately
2.5 billion tons carbon are absorbed annually [3–5]. Despite their contributions to carbon sequestration,
much of the world’s forests, particularly tropical forests, are suffering from severe deforestation and
degradation, contributing to increased carbon emission [5–7]. About 12% of the total anthropogenic
carbon emissions come from deforestation [5,8]. The pressure from deforestation and degradation on
forests is larger particularly in tropical, developing countries due to heavy dependence on the resource
for livelihoods [9].

The world has been acting continuously from the Kyoto Protocol in 1992 to the recent Paris
Agreement in 2015 to halt the global warming through various means, one of which is the REDD+
mechanism (Reducing Emissions from Deforestation and forest Degradation). The REDD+ mechanism
gives financial incentives to countries decreasing their deforestation and forest degradation. Ethiopia is
one of the tropical countries that has lost much of its forest resources in the past [10]. Historically,
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the forest cover of Ethiopia was reported to be more than 30–40% of the area [10,11]. However,
the origin of this number is uncertain, and the amount itself is questionable [12]. Either way, there has
been severe deforestation and forest degradation in the country the last century [11–14]. The pressure
to convert forests into land for food production to support the increasing human population and
provide socio-economic benefits to the nature-based livelihoods of the majority of the people has been
huge. The use of wood for fuel has also aggravated the rate of deforestation [10,11].

Ethiopia is currently in the process of implementing REDD+, and one of the prerequisites for
implementing the REDD+ mechanism is to develop a robust measuring, reporting, and verification
(MRV) system following the Intergovernmental Panel on Climate Change (IPCC) Good Practice
Guidelines [15]. Information about forest area and canopy cover are required for a MRV system in
the REDD+ process and sustainable forest management practices. Forest area is the proportion of
an area that is covered with trees and other perennial components of a forest land. The definition of
forest varies among countries, the contexts of institutions, and of course the purpose [16]. The Food
and Agriculture Organization (FAO) of the United Nations defines forest as land spanning more than
0.5 hectares with trees higher than 5 m and a canopy cover of more than 10%, or trees that are able to
reach these thresholds in situ [17]. In Ethiopia, the working definition of forest describes it as any land
spanning at least 0.5 hectares covered by trees (including bamboo) attaining a height of at least 2 m
and a canopy cover of at least 20%, or trees with the potential to reach these thresholds in situ in due
course. Canopy cover is the proportion of the forest floor covered by the vertical projection of the tree
crowns [15,18,19]. Canopy cover plays a significant role in forest management for various decisions
related to silviculture and the utilization of the forests [20].

In REDD+, developing countries rehabilitate and preserve their forests, and in turn get paid
for the extra amount of CO2 sequestered beyond a certain agreed level following MRV after their
commitment [21]. The REDD+ system, of course, requires accurate measurement and estimation
methods to be carried out through a properly established MRV system [22]. In the course of quantifying
the amount of CO2 by sink and source, reliable forest area and canopy cover estimations are key
attributes [15,23]. However, according to the IPCC, information on forest area and deforestation in
tropical countries is highly uncertain, often up to 50% of error [24]. This is because tropical countries
are constrained by a lack of technical capacity and lack of both trained human power as well as
infrastructure. In such situations, when and where there are technical inefficiencies, it would be
important to critically scrutinize and choose the most feasible methods and technologies [23].

Past and current practices of forest cover assessment as well as land-use and land-cover (LULC)
mapping in Ethiopia, digital image classification, and mapping methods are practiced, such as
supervised, unsupervised, and object-based classification (e.g., [13,14]). However, digital image
classification and mapping methods in general require a high level of technical skill, and in most cases,
technical software [25,26]. Furthermore, the spectral similarity of land-cover classes is also challenging.
As a result, the wider application and use of such methodologies for large-scale activities such as
nationwide assessment could be problematic. For instance, Ethiopia’s historical data on LULC changes
between 2000–2013 for forest reference level (FRL) submission to the United Nations Framework
Convention on Climate Change (UNFCCC) were generated through digital image classification and
mapping using Landsat data. Nevertheless, the report underlined the need for the further reduction
of uncertainties of the estimates [27]. In response to the drawbacks of digital image classification
and mapping mentioned above, some platforms of free and open source software such as Geo-Wiki,
VIEW-IT, and Sky Truth are developed by different bodies, including academic institutions [26,28].
The software support visual satellite image interpretation and LULC map validation by non-remote
sensing experts, while some of the programs can also be used for other advanced applications by
professional users [26,29]. The application of these software packages is associated with the use of
very high-resolution images, which are often known to have a small geographic scope and an irregular
time interval of acquisition, in turn limiting its utility for large areas. On the other hand, using Landsat
images will provide a global coverage with bi-monthly acquisitions; however, interpretation is limited
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by its low spatial resolution. FAO designed the software system Collect Earth as an open source tool
that helps to collect, analyze, and compile reports on LULC through visual image interpretation based
on freely available satellite images mainly with the Google Earth platform [25]. The tool has been
adopted, and many countries have used it around the world for activities such as national forest
inventory, LULC mapping, and the estimation of activity data for REDD+ [25].

The mentioned software supporting visual satellite image interpretation are efficient tools for
gathering reference data. Such reference data gathered using interpretation of satellite imagery with
different spatial resolutions under different forest conditions has been used to provide forest area
and forest cover change estimates [30,31]. However, forest conditions and properties of the imagery,
such as spatial resolution and revisit times, could potentially influence estimates. Hence, it is important
to evaluate different types of satellite images under different forest conditions in order to provide
guidelines for using such tools at a national level.

Thus, the aim of this study was to identify and evaluate different and alternative types of satellite
images to minimize the level of uncertainties of the estimation of forest area and canopy cover in
different forest conditions in Ethiopia. The specific objectives of the study were to: (1) evaluate
the use of PlanetScope, RapidEye, and Sentinel-2 satellite images for forest area and canopy cover
estimation through visual interpretation; and (2) assess the influence of sample sizes on the estimates.
Accordingly, efforts were made to see if there is variation in the pattern of the estimates and the
uncertainty of estimates from the three types of satellite images over the different areas of interest (sites
of the study), which are characterized by having different biomes. Thus, such efforts would provide
insight on the robustness of the method when applied to different forest conditions. The time elapsed
for interpretation was assessed to evaluate the effectiveness of the method. In general, the study
sites were selected so that they covered the important carbon storage areas of the country. Therefore,
the study is helpful for gaining knowledge and contributing to improving Ethiopia’s REDD+ MRV
system in practice.

2. Materials and Methods

2.1. Description of the Study Sites

Ethiopia is located in eastern Africa, geographically extending from 3◦ to 15◦ north latitude and
from 33◦ to 48◦ east longitude. It is known for its topographic diversity, stretching from the lowest
Danakil depression 125 m below sea level to the highest peak of the Simien Mountains, which is
over 4500 m above sea level. The great East African rift valley that runs from northeast to southwest
divides the country into north, northwest, and southwest highlands and the western lowlands on one
side, and the eastern and southeastern highlands and the associated lowlands on the other side [32].
This topographic diversity favored the country to have a wide range of climate and a diverse flora and
fauna, with a considerable amount of it being endemic [33].

For this study, seven sites were identified to represent the major biomes of the country, as well
as their tree gain or loss conditions (Table 1). The selection of sites was subjective in order to have
sites covering a range of forest conditions. The size of each site was 2052 km2 (36 km × 57 km).
The major biomes were used in activity data compilation for FRL submission to the UNFCCC, and
stratification during the national forest inventory planning and implementation [27]. The major
biomes include (1) Dry Afromontane: includes undifferentiated Afromontane forest; dry single
dominant Afromontane forest of the Ethiopian highland; Afromontane woodland, wooded grassland,
and grassland. In addition, transition between Afromontane vegetation and Acacia-Commiphora
bushland on the eastern escarpment, as well as Ericaceous and Afroalpine belts, are included. (2) Moist
Afromontane: comprises mainly primary or mature secondary moist evergreen Afromontane forest.
Also contains edges of moist evergreen Afromontane forest, bushland, woodland, and wooded
grassland, as well as transitional rain forest. (3) Combretum-Terminalia: Combretum-Terminalia woodland
and wooded grassland is a major component. Furthermore, it includes wooded grassland of
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the western Gambela region. (4) Acacia-Commiphora: Acacia-Commiphora woodland and bushland
proper; Acacia wooded grassland of the rift valley as well as desert and semi-desert vegetation [32].
Accordingly, dry Afromontane forests cover the north, central, and eastern highlands of the country;
moist Afromontane forests dominate the southwest and south-central areas. Combretum-Terminalia
covers the northwest, west, and southwest lowlands; Acacia-Commiphora includes the northeast, east,
and south lowlands of the country, while the rest that is categorized as others included water bodies
and wetlands (Figure 1).

Table 1. Description of the study sites.

Site Biome Type Condition of Forest in the Area *

A Acacia-Commiphora and partly dry Afromontane Both tree gain and loss of similar magnitude
B Moist Afromontane Characterized by tree loss
C Partly moist Afromontane and partly Acacia-Commiphora Characterized by tree loss and very little gain
D Moist Afromontane Characterized by tree loss
E Moist Afromontane Both tree gain and loss of similar magnitude
F Dry Afromontane Characterized by tree gain
G Combretum-Terminalia Characterized by tree loss

* Source: Global Forest Watch (www.globalforestwatch.org).

Figure 1. The major biomes in Ethiopia and the seven sites (A, B, . . . , G) selected for the study.

2.2. Satellite Imagery

Satellite images upon which the visual interpretation was based were PlanetScope, RapidEye,
and Sentinel-2, which were all in their true color image (red, blue, and green).
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2.2.1. PlanetScope

PlanetScope image products are available in three different forms. PlanetScope Basic Scene
(1B) is a product with radiometric and sensor corrections only, which is designed for users with
advanced knowledge of image processing. PlanetScope Ortho Scene (3B) is an orthorectified product
that is projected to a cartographic projection. PlanetScope Ortho Tile (3A) products are orthorectified
as individual 25 km × 25 km tiles, and can serve a wide range of applications that need accurate
geolocation and cartographic projection. PlanetScope satellite imagery is state-of-the-art optical
products with up to 3-m spatial resolution. Unlike other optical satellites, the PlanetScope satellite
constellation consists of multiple launches of groups of individual satellites (also called “Doves”)
with continuous improvements of on-orbit capacity. The complete PlanetScope constellation of about
175 satellites (by 2 April 2018) covers the entire earth’s landmass every day, and has a daily collection
capacity of about 300 million km2. PlanetScope Ortho Tile images of the study sites were downloaded
from the Planet Explorer Beta website in June 2017. Only images with cloud cover <50% and images
acquired between January–May 2017 were used. On average, 13.0 images were available for each
location. The minimum number of images per location was four, and the maximum was 24.

2.2.2. RapidEye

RapidEye and PlanetScope imagery products are currently acquired and supplied by the same
private company, Planet Labs Inc. RapidEye provides optical imagery from a constellation of five
earth-imaging satellites. It has a large area coverage with frequent revisit time (one-day interval),
which allows one to get cloud-free images for almost all areas. The images have high spatial (5-m pixel
size) resolution. RapidEye image products can be obtained in different forms (RapidEye basic (1B):
least processed product; RapidEye Ortho (3A): orthorectified and other required corrections made at
individual 25 km × 25 km tiles; and RapidEye Ortho Take (3B): large-scale orthorectified product based
on RapidEye Image Takes), depending on the users’ needs and image processing capability (Planet,
2017). Recent RapidEye Ortho Take (product level 3B) images of the study sites were obtained from the
same source as PlanetScope. Only images with a cloud cover <50% and images from December 2015 to
May 2017 were used. The minimum number of images per location was one, and the maximum was
12 images; on average, 4.5 RapidEye images were available for interpretation for each location.

2.2.3. Sentinel-2

Sentinel-2 is owned by the European Space Agency (ESA); it was launched to support activities
such as land monitoring, emergency management, security, and climate change issues. In order to
fulfill such objectives, the mission was designed in such a way that it has high revisit frequency
(five days at the equator), high spatial resolution (up to 10 m in some bands), and having wider swath
(290 km). It has been providing unprecedented freely available data to the public since June 2015.
The Sentinel-2 product level 2A images (Table 2) used for this study were also downloaded from the
Planet Explorer Beta. Only images with a cloud cover <50% and images from December 2016 to May
2017 were used. The average number of Sentinel-2 images available for interpretation at each location
was 5.6 with a range from two to 10 images.

Table 2. Satellite images used in this study.

Satellite Spatial Resolution (m) Product Level

Planet Scope 3 3B
RapidEye 5 3B
Sentinel-2 10 2A
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2.3. Data Collection Techniques

For each of the seven sites, a 3 km × 3 km grid of systematically distributed points were prepared
and overlaid the images. This resulted in 228 sample points within each site. Systematic sampling
design was used because of its potential to uniformly cover the entire sites and thereby produce
more precise estimates [15]. Each of the two observers interpreted a total of 4788 observation points
(228 observation points per site per image type × seven sites × three image types). Having the grid
point at the center, a square of 0.5 ha (about 70 m × 70 m) was created for all of the 228 grid points
within each site. This cell layer was the unit of interpretation of the LULC class. This cell size was
chosen to match with the minimum area of the national and FAO definitions of forest. Within these
0.5 ha cells, a systematic grid consisting of 49 squares of 2 m × 2 m in size, was arranged. These small
squares were used in the visual interpretation to observe the presence/absence of tree crowns, and then
used for canopy cover determination. The canopy cover of a single cell of 0.5 ha was determined using
the count of points that coincided with the crowns of trees divided by 49. The images were clipped to
1 km × 1 km tiles for each of the 228 points, and centered at each point to have a better overview of
the surrounding land cover during the interpretation. A package was written in R language to develop
a graphical user interface that was used to display images for each point in a completely randomized
manner, and record and save the results of the image interpretation. The 0.5-ha cell with 49 grid points
was enabled to be zoomed in and displayed together with the clipped image (Figure 2). In addition,
the land-cover type, time of acquisition for the selected image, and elapsed time (time from launching
a location to saving results) were recorded.

A given LULC type within the 0.5 ha was determined visually based on the IPCC definitions
of LULC categories [15] i.e., forest land, cropland, grassland, wetland, settlements, and other land;
see the IPCC guidelines for details. The thresholds for forest land were 0.5 ha area and 20% canopy
cover in the current study. Furthermore, interpretation decisions were made following a hierarchy
of rules [34] (Figure 3). The proportions of points that fell on tree crowns (if any) were determined,
regardless of the LULC class types. Among the potential images for interpretation, the newest image
was used. Two persons performed the interpretation, and the average of the interpretation results was
used in further analyses.

Figure 2. The graphical user interface used for visual image interpretation. (A) A window for opening
new image and recording the interpreted data; (B) 1 km × 1 km image with a point at the center;
(C) a zoomed into 0.5-ha cell with the 49 points (2 m × 2 m squares).
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Figure 3. Decision tree based on the hierarchy of rules.

2.4. Estimation

Forest area estimates were computed for the three image types in all seven sites. Observation
points were coded as 1 if they were forest and 0 otherwise, and then the mean forest area was estimated
using the expression in Equation (1). Canopy cover estimates were also computed for the different
image types in the seven respective sites, as well as each LULC class, applying the estimator in
Equation (2):

X̂i =
∑n

j=1 xij

n
, (1)

where X̂i is the mean forest area estimate of site i; xij is the proportion of forest area observed in site i
at sample point j; and n is the number of observations in a site i.

Ŷi =
∑n

j=1 yij

n
, (2)

where Ŷi is the estimated mean canopy cover of site i; and n is the number of observations.
The uncertainty of each estimate was computed using Equations (3) and (4) for forest area and

canopy cover, respectively. The standard error (SE) of the mean of each estimate was computed by
taking the square root of the error variance. An analysis of variance was then performed to assess
the presence of significant differences among the forest area and canopy cover estimates from each
image type.

(
X̂i

)
=

∑n
j=1

(
xij − X̂i

)2

n(n − 1)
, (3)

where
(

X̂i

)
is the estimated error variance of the mean forest area estimate of site i.
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(
Ŷi

)
=

∑n
j=1

(
yij − Ŷi

)2

n(n − 1)
, (4)

where
(

Ŷi

)
is the error variance of the mean canopy cover estimate of site i.

Analysis was carried out on the data that were averaged between the two observers, as given in
Table 3.

Table 3. Observation results of forest and non-forest classes from the three image types.

Observation PlanetScope RapidEye Sentinel-2

Forest 819 824 602
Non-Forest 774 772 947

NA * 3 0 47
Total 1596 1596 1596

* Not recorded due to clouds or missing imagery.

In order to assess the effects of the number of observations, bootstrap sampling was carried out
for each of the forest area and canopy cover estimates of the three image types and the seven respective
sites. Four different resample sizes (m = 50, 100, 150, and 200) were used in the bootstrapping with
replacement, and the standard deviation of the boot statistics (Equation (5)), which is an estimate of
the standard error [35], was computed and compared with the standard error of the original sample:

SEboot, x =

√
1

m − 1 ∑ (x ∗ − 1
m ∑ x∗)

2
(5)

where SEboot, x is the standard error of an estimate, and x∗ is the mean of each resample.

3. Results

3.1. Dates and Time Elapsed for Interpretation

There was a substantial difference between the acquisition dates of the images selected for
interpretation for the different image types. For PlanetScope imagery, 85% of the images used were
from May 2017, and only 2.4% were from March and earlier. For Sentinel-2 imagery, 51% were from
May and April, and only a marginal number were from pre-2017 (<1%). Meanwhile, for RapidEye,
none of the images interpreted was from April and May 2017, and only 23% were acquired in 2017.
However, most of the images were acquired during the dry season (December–May), except for 13% of
the images from RapidEye, which were acquired in October and November. There was no identified
effect of any differences in the time of acquisitions.

On average, 83 s were used for each location to record the LULC class and canopy coverage.
The difference between RapidEye and Sentinel-2 was minor (68 s versus 73 s), while for PlanetScope,
107 s on average were needed to carry out the interpretation for each location. The seven sites were
forming three clusters with respect to time consumption. The time consumption for the three groups
were 67–75 s (sites A, F, and G), 87–89 s (sites C, D, and E) and 103 s (site B).

3.2. Forest Area Estimation

Mean forest area estimates from the three image types for all of the study sites are displayed
in Figure 4. Sites B, D, and E were the three densely forested sites with estimated proportions of
forest area of 0.89, 0.77, and 0.60 from PlanetScope, 0.88, 0.76, and 0.56 from RapidEye, and 0.55,
0.48, and 0.41 from Sentinel-2, respectively. On the other hand, site F has the least forest cover, with
an estimated proportion of forest area of 0.03, 0.07, and 0.05 from the PlanetScope, RapidEye, and
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Sentinel-2 images, respectively. Forest area estimates from PlanetScope and RapidEye images showed
similarities consistently over the seven study sites, although there were marginal differences, where
estimates from RapidEye image were smaller in most cases. The estimates from Sentinel-2 images
differed from the other two image types in most of the study sites, and these differences in mean forest
area were much larger and statistically significant (p < 0.01) for sites B, D, E, and G. However, the
magnitude of the differences in mean forest area estimates decreased as the overall forest cover of the
sites decreased. Thus, no significant differences were observed among the different image types for the
three study sites A, C, and F, which had relatively smaller forest cover. It appears that when an area
has a small proportion of forest such as sites A, C, and F, Sentinel-2 images, having relatively coarser
resolution than PlanetScope and RapidEye images, would produce a reasonably comparable estimate.

Figure 4. Forest area (proportion) estimates from PlanetScope, RapidEye, and Sentinel-2 images for
each study site (A–G). Error bars represent the estimated standard error of the mean.

3.3. Canopy Cover Estimation

Estimates of proportions of canopy cover from the three image types for all of the study sites are
shown in Figure 5 and for LULC classes in Figure 6. The largest canopy cover estimate was recorded
for site B as 0.59, 0.56, and 0.34 using PlanetScope, RapidEye, and Sentinel-2 images, respectively.
By contrast, site F showed the smallest estimates of all of the sites with canopy cover estimates of 0.05,
0.09, and 0.07 from PlanetScope, RapidEye, and Sentinel-2 images. Estimates from PlanetScope and
RapidEye images again appeared to be comparable, with a slightly larger difference between them than
those of the forest area estimates. Nevertheless, no statistically significant difference was seen in any
site between the two software packages. In sites A, C, and F, all of which had less forest cover, Sentinel-2
produced quite similar estimates to the other image types. In contrast, in sites B, D, E, and G, which
had large forest cover where one also could expect large canopy cover, the estimates from Sentinel-2
significantly varied (p < 0.01) from the rest. This shows that the estimates from Sentinel-2 images
provided smaller canopy cover values where forests tended to be denser compared to PlanetScope
and RapidEye. In terms of overall performance, when taking into account the magnitude of the
standard errors of canopy cover estimates of all of the sites, although the differences were not that big,
PlanetScope seemed to produce a precise estimate since it on average had the smallest value, whereas
RapidEye and Sentinel-2 resulted in slightly less precise estimates (Figure 7).
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Figure 5. Canopy cover (proportion) estimates from PlanetScope, RapidEye, and Sentinel-2 images for
each study site (A–G). Error bars represent the estimated standard error of the mean.

When analyses of estimates of tree canopy cover were carried out for each LULC class using the
three image types (Figure 6) the largest proportion of canopy cover estimate was, as expected, obtained
in the Forest land category, with a magnitude of 0.57 from PlanetScope, 0.59 from RapidEye, and 0.58
from the Sentinel-2 images. According to the estimates from PlanetScope, Settlements (0.10), Cropland
(0.09), and Grassland (0.08) were the second, third, and fourth LULC classes in terms of their canopy
coverage. Within each LULC class, the different image types resulted in estimates that were very
similar to each other except for the Settlements, Wetlands, and Other land classes. However, even in
these classes, the differences were not significant in the statistical sense. It seems that if a given LULC
class is a homogenous one such as Forest land, Cropland, or Grassland, then any of these images could
produce reasonably comparable estimates of canopy cover. Whereas on the contrary, in heterogeneous
LULC scenarios, coarser resolution images tended to either overestimate or underestimate canopy
cover as compared with estimates from finer resolution images. Considering overall standard errors
for each image type, it was observed that PlanetScope resulted in a smaller overall variability, showing
a better precision of estimates, whereas the largest variability of estimates was seen for RapidEye
(Figure 7).

Figure 6. Canopy cover (proportion) estimates from PlanetScope, RapidEye, and Sentinel-2 images by
land-use and land-cover (LULC) classes. Error bars represent the estimated standard error of the mean.
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Figure 7. Average standard error for forest area and canopy cover estimates by sites as well as for
canopy cover estimates by LULC classes from the three image types.

3.4. Optimal Sample Size Determination

The results from the bootstrapping showed increasing standard errors as the sample size
decreased for both forest area and canopy cover estimates, regardless of site and image type (Figure 8).
Resampling with a sample size of 200 observations resulted in estimates that were very close to
the original sample size of 228, followed by 150, 100, and 50 as the second, third, and fourth
closest estimates, respectively. On average, the increase in standard error when using 200 instead
of 228 sample observations was 6.7%, 6.5%, and 4.9% for forest area and 8.7%, 6.0%, and 4.2% for
canopy cover estimates from PlanetScope, RapidEye, and Sentinel-2, respectively. Similarly, samples
of 150 observations on average generated estimates with a standard error inflation of less than 24.0%
for all of the image types and both forest area and canopy cover estimations. Furthermore, when the
sample size was reduced to 100 observations, the standard error increased almost by 50%.

The standard errors were consistently smaller for site F than for the rest of the study sites.
In addition, the standard error values of sites A and F were entirely below the average curve, while
those of sites D and E were constantly above the average curve for both the forest area and canopy
cover estimates of the three image types (Figure 8). Reducing the sample size to only 50 observations
resulted in a steeper curve and increased the standard errors by more than 100% in all of the cases.
In general, considering the sample sizes, overall estimates of PlanetScope and RapidEye were found
to be less sensitive to the reduction of sample size for forest area and canopy cover estimations, and
the ranges of percentage increment across the sites were smaller in each respective case. Meanwhile,
the Sentinel-2 estimates were highly sensitive in both cases with larger range values across the sites,
regardless of having some smaller values.
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Figure 8. Standard error (y-axis) for forest area and canopy cover estimates in connection with sample
size (x-axis). The results were determined through bootstrapping, except for 228 obtained from the
original sample. (a–c) are for forest area; and (d–f) are for canopy cover estimates from PlanetScope,
RapidEye, and Sentinel-2 images, respectively.

4. Discussion

4.1. Visual Image Interpretation in a REDD+ MRV

Visual image interpretation was adopted in this study to estimate the proportion of forest
area and crown cover in seven subjectively selected sites in Ethiopia that have different forest and
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vegetation types. Satellite images of PlanetScope, RapidEye, and Sentinel-2 were examined for their
performance of producing estimates of forest area and canopy cover across the variety of site conditions.
In addition, the study evaluated how sample size affected the uncertainty of the estimates from different
image types.

The proportion of forest cover within an area of interest can be used to estimate the area
of the forest by multiplying it with the total size of the area. Such information are of paramount
importance for LULC change analysis as well as the quantification of emissions and removals for
REDD+ activities [23,36]. Likewise, canopy cover information is used in several forest management
applications. For instance, it serves as an important ecological indicator such as for habitat,
microclimate, and light condition assessment [18], and it is used as a criterion in forest definitions [17].

In the current study, it was possible to record data representing 390 km2 per hour on average.
Meanwhile, for field surveys, only moving to a field plot representing 9 km2 could be difficult within
the same amount of time. Thus, the efficiency of visual interpretation is the major advantage. However,
a disadvantage is the amount of subjectivity that is allowed in the interpretation. In this study,
the average interpretation between two interpreters was used. However, if multiple interpreters are
available, the difference between them could be calculated and thus calibrated for. Hence, multiple
interpreters can mitigate systematic errors occurring due to individual decisions. In addition, it is
problematic that the interpreted value could also have errors when trained and experienced interpreters
are carrying out the work. Experience form Tanzania showed that tree cover and the amount of woody
biomass is not necessarily a good indicator of land-use or land-cover classification in field [37]. Thus,
a major confine of the current study is that we did not have any ground-measured value. However,
indicating that differences between the imagery exist is important. A natural assumption is that higher
resolution imageries provide a more accurate interpretation.

In this study, design-based estimates were the focus, and only the interpretations for the
observation points were used to create estimates. The next step for implementing REDD+ MRV
could be to include complete cover information e.g., from PlanetScope, RapidEye, or Sentinel, and
combine the complete cover information with the interpretations making a wall-to-wall map that can
be used in model-assisted estimation [37,38]. This will be a natural extension of the current study,
as capacity building are taking place in the REDD+ countries.

4.2. Factors Influencing Estimates

Proportions of forest area estimated using PlanetScope and RapidEye images were very similar
across the seven sites, regardless of their differences in spatial resolution. On the other hand, estimates
from Sentinel-2 images for most of the sites differed significantly from those of both PlanetScope
and RapidEye images. Exactly the same pattern of similarities and differences occurred as well for
canopy cover estimates. It seemed that PlanetScope and RapidEye estimates were robust and capable
of producing reliable results in different biomes with different forest types and magnitudes of forest
coverage. However, the performance of Sentinel-2 images seemed to be dependent on the magnitude
of forest cover. It produced similar estimates to those of PlanetScope and RapidEye for areas with
less forest cover, and varied as the forest cover of the area increased. Each land-cover category has
its own property that needs to be considered when selecting methods, including the images to be
used for land-cover classification and mapping [39]. Accordingly, the discrepancy among estimates
from these image types is perhaps due to a number of factors, one of which is the differences in
the resolution of the images. Draksler [40] investigated the effect of satellite image resolution and
minimum mapping unit on the accuracy of forest cover mapping in two different sites using RapidEye,
Sentinel-2, and Landsat-8, and reported a declining trend in overall accuracy as the resolution got
coarser. A similar trend was reported by Churches et al. [41], who compared forest cover estimates of
Haiti using different satellite images.

Another factor contributing to the differences could be missing data, which will reduce the
number of observations and hence affect the quality of estimates [42]. Most of the missing data during
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image interpretation (NAs) were recorded for Sentinel-2 images (Table 3). Out of the total NAs in
Sentinel-2, more than 70% were in sites B and D. These are the sites that are known to have denser forest
cover and be accompanied by the presence of heavy cloud cover during most of the year. Therefore, its
relatively coarser resolution coupled with the cloud cover might have affected the interpretation result,
since it failed to sufficiently capture the existing variability within the study sites. The revisit frequency
also directly influences the availability at cloudy locations. The frequent revisits of PlanetScope is
highly favorable for REDD+ MRV, since 85% of the images used for the interpretations were acquired
within a time period of one month, May 2017, while for RapidEye and Sentinel-2, a maximum of 34%
and 40% of the images originated from one single month, respectively.

The majority of the images used for interpretation was acquired during the dry season. One reason
for this is that cloud coverage is smaller in this season compared with the rainy season. It is likely that
the phenology of the trees and other vegetation influences the interpretation. A tree crown with more
leaves could potentially lead to a larger interpreted crown cover compared with when the tree has less
or no leaves. The design of this study did not provide data to analyze the effect of seasonality in a
statistical sense.

Satellite imagery used for the visual interpretation of forest area and canopy cover should be
carefully selected. For low-density forest areas, say, somewhere below 30% canopy cover, Sentinel-2
images may be safely used, whereas for denser forest areas, higher resolution images such as
PlanetScope and RapidEye should be considered. Of course, the choice may depend on the purpose
of the study and available resources. To reduce costs, sampling instead of large-scale wall-to-wall
observation could be used [43,44]. The method used in this study is such an alternative to obtain
reliable estimates at a lower cost of image procurement, especially for dense forest areas where
low-resolution images have deficiencies, and the quality of information pays off.

4.3. Sample Size

When resources allocated for data collection are limited, it is important also to apply appropriate
sampling designs and use adequate sampling intensities [45,46]. Hence, it would be necessary to
look for and determine optimal sample sizes that will result in a precise estimate with the possible
minimum resource [45]. The bootstrapping technique allowed us to repeatedly sample from a given
set of observations and assess the uncertainty of an estimate under certain circumstances, such as
for example with different sample sizes, as in our case. As indicated in Figure 8, the precision of the
estimates is sensitive to changes in the number of observations in the sample. The sensitivity also
differs depending on the parameter of interest to be estimated as well as the types of images to be used.
Hence, depending on the purpose of the study, the available resources, and the precisions that are
required, one may decide on the number of observations accordingly. From the analysis of sample size
in the current study, it seems possible to reduce the sample size slightly without substantially affecting
the obtained accuracy. Perhaps a sample plot spacing of 3.5 km or 4 km between sample locations
could have been considered.

5. Conclusions

Forest area and canopy cover estimates are among the most essential information in any forest
management practice. One of the approaches to derive such information is through visual image
interpretation techniques using satellite images. The technique is particularly quick, less costly, and
helpful when the technical capacities to use digital image classification and mapping are limited.
In this study, visual image interpretation was applied, and the use of PlanetScope, RapidEye, and
Sentinel-2 satellite images for forest area and canopy cover estimation was evaluated. PlanetScope
and RapidEye images produced similar estimates for all of the study sites and all of the LULC classes.
Sentinel-2 image estimates varied significantly from the two other types of images in study sites with
relatively denser forest cover, but resulted in similar estimates in sites with less dense forests. In visual
image interpretation practices, very high-resolution images should be given priority. The choice of
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image type can be influenced by the condition of the forest on the ground as well as the costs of the
images. In case of using expensive and very high-resolution images, a sampling approach could reduce
the overall costs compared to wall-to-wall acquisitions. Furthermore, the precision of the estimate
is dependent on the sample size. Therefore, by taking the purpose of the assessment as well as the
available resources into account, one should aim for sample sizes that balance the inventory costs and
the required precision of an estimate.
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Abstract: Periodic assessment of forest aboveground biomass (AGB) is essential to regulate the
impacts of the changing climate. However, AGB estimation using field-based sample survey (FBSS)
has limited precision due to cost and accessibility constraints. Fortunately, remote sensing technologies
assist to improve AGB estimation precisions. Thus, this study assessed the role of remotely sensed
(RS) data in improving the precision of AGB estimation in an Afromontane forest in south-central
Ethiopia. The research objectives were to identify RS variables that are useful for estimating AGB and
evaluate the extent of improvement in the precision of the remote sensing-assisted AGB estimates
beyond the precision of a pure FBSS. Reference AGB data for model calibration and estimation were
collected from 111 systematically distributed circular sample plots (SPs) of 1000 m2 area. Independent
variables were derived from Landsat-8, Sentinel-2 and PlanetScope images acquired in January
2019. The area-weighted mean and standard deviation of the spectral reflectance, spectral index and
texture (only for PlanetScope) variables were extracted for each SP. A maximum of two independent
variables from each image type was fitted to a generalized linear model for AGB estimation using
model-assisted estimators. The results of this study revealed that the Landsat-8 model with the
predictor variable of shortwave infrared band reflectance and the PlanetScope model with the
predictor variable of green band reflectance had estimation efficiency of 1.40 and 1.37, respectively.
Similarly, the Sentinel-2 model, which had predictor variables of shortwave infrared reflectance and
standard deviation of green leaf index, improved AGB estimation with the relative efficiency of 1.68.
Utilizing freely available Sentinel-2 data seems to enhance the AGB estimation efficiency and reduce
cost and extensive fieldwork in inaccessible areas.

Keywords: aboveground biomass; Sentinel-2; generalized linear model; model-assisted estimation;
relative efficiency

1. Introduction

Forests are paramount in regulating the global environment, mainly through sequestering
carbon [1]. They are particularly important these days to combat the changing climate, which affects
people’s lives in many aspects. Due to the multiple significance of forest resources, information
about the resource base, its spatial distribution and spatio-temporal changes have become a global
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concern. The information is a basis to make decisions when planning and assessing impacts
regarding mitigation and adaptation to global climate change [2–4]. Following a series of international
dialogues, the conference of the parties to the United Nations Framework Convention on Climate
Change (UNFCCC) has passed several decisions to combat the impacts of climate change through
sequestering carbon in the living biomass, which mainly includes forests. Incentivizing the REDD+
(Reducing Emission from Deforestation and Forest Degradation, Sustainable Forest Management and
Conservation) programs was one of the main issues in the Paris agreement in 2015 [4]. All these
programs, initiatives and treaties require information about the resource stock and trends of changes
over time.

Many forest types, which the dry Afromontane forest type is one of them, contribute to the REDD+
programs through storing carbon for mitigating the impacts of climate change. The dry Afromontane
forests in Ethiopia are attributed to areas with an altitude range from 1500 to 3400 m above sea level;
mean annual temperature of 14–25 ◦C; and mean annual precipitation of 400–1700 mm [5]. These forests
are of great ecological and economic importance [6,7]. They contribute to the national and international
initiatives towards biodiversity conservation, soil erosion control and the mitigation of the global climate
change [6]. Although these forests are important forest types in Ethiopia and have various benefits [8],
they are under pressure from the local community for expansion of agriculture, settlement and fuelwood
collection [7,9].

Among the forest variables, aboveground biomass (AGB) estimation is of great importance due
to its multiple uses. AGB of trees is the weight of all living materials of trees above the soil surface
including the stem, stump, branches, bark, seeds and leaves. A change in AGB stock can be used to
monitor forest dynamics. AGB estimates, which can be converted to carbon stock estimates, are required
in forest management, particularly in the implementation of the REDD+ programs that are underway
in Ethiopia. Despite growing requirements for a precise estimation and timely reporting, the current
tradition of measurement, monitoring and change estimation for forest resources in Ethiopia relies
mainly on field-based sample surveys (FBSSs). These methods are not suitable for biomass monitoring
in large areas. The FBSS methods are constrained by high costs, logistical challenges and limited
field access [10]. As a result, many of the national forest inventory programs in developing countries
including Ethiopia are dependent on field inventories conducted with relatively small sample sizes and
thus, have high uncertainties in the estimates [11]. Studies about uncertainties of emission reduction
in Ethiopia indicated that the estimates based on FBSSs with small sample size are not sufficiently
precise to support decision-making [12]. The sources of uncertainties for biomass estimation using
remotely sensed (RS) data can be tree measurement, allometric models or RS-based model predictions.
Therefore, it is important to look for alternative approaches that can reduce costs and contribute to
improving the precision of estimates from pure FBSSs.

In recent years, RS data and associated estimation techniques have become viable options
to support quantification of resource stocks cost-effectively in areas inaccessible for FBSS [13–15].
Previous research has shown that RS data can help reducing FBSS efforts without loss of precision
of estimates [16]. Following the improvements in RS data and technologies, there are many sources
of useful satellite RS data for estimation of forest variables including AGB. Landsat and Sentinel are
examples of such satellite programs, which provide freely available data [17,18]. Images of Landsat-8
(L8) and Sentinel-2 (S2) are useful for AGB estimation in various forest ecosystems [19–23]. However,
data with higher spatial resolution are often considered better [24,25]. PlanetScope (PS) images are
among potentially applicable commercial satellite RS data, which have 3 m spatial resolution and been
acquired daily. These image characteristics make the PS data suitable for REDD+MRV (measurement,
reporting and verification) systems [25]. Compared to the L8 and S2 images, fewer studies have been
carried out on biomass estimation using the PS images [26].

Various studies used either spectral band (SB) reflectance, spectral indices (SIs) or texture variables
solely or in combination for AGB modelling. For example, a study by [27] on AGB estimation using
Landsat TM data in the Brazilian Amazon indicated that a combination of SB and texture variables
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improved AGB estimation. The study showed the importance of texture information particularly in
primary forests, which have complex canopy structures. The most commonly used SBs that correlate
strongly with AGB, particularly in forests with simple stand structure, are the visible, near-infrared
and shortwave infrared bands (e.g., [27,28]).

Existing scientific works found that some types of SIs contribute greatly to AGB estimation in
different forest types. A study of AGB estimation using Landsat images in Northwestern Turkey
revealed that SIs were better in estimating AGB in that forest type as compared to SB reflectance [29].
However, the sensitivity of SIs to biomass vary between environments and forest types [30–33].
According to the research findings by [30] in India, a significant correlation was observed between
AGB and simple ratio (SR), difference vegetation index (DVI), normalized difference vegetation index
(NDVI), soil adjusted vegetation index (SAVI) and modified soil adjusted vegetation index (MSAVI).
Gizachew et al. [19] found that NDVI, enhance vegetation index (EVI), SAVI, MSAVI, and normalized
difference moisture index (NDMI) had significant correlations with total AGB in the Miombo woodlands
of Tanzania. Furthermore, atmospherically resistant vegetation index (ARVI) of L8 imagery was
used for AGB estimation in Mount Tai, China [22]. A similar study in southern Portugal indicated
that SIs are useful as predictors of AGB [34]. Imran et al. [35] in their study in Pakistan found that
red-edge normalized difference vegetation index (RENDVI) had greater correlation with AGB than the
individual SBs. Together with other SIs mentioned above, the red-edge simple ratio (SRRE) index was
used for estimating AGB of mangrove forest in the Philippines [26]. Motohka et al. [36] studied the
normalized difference green index (NDGI) as a good phenological indicator of various ecosystems in
Japan. According to the study by [37], data collected using unmanned aerial vehicles for monitoring
the post-fire recovery of pine forests in the Mediterranean areas indicated excessive green index (ExGI)
as a useful variable for estimating diameter at breast height (DBH), which is a default predictor of
AGB allometry. In another study, ExGI was used for discriminating vegetation types in the USA and
Canada [38]. Furthermore, SIs that are indicators of leaf greenness and used in different applications
including crop monitoring and discriminating vegetation types, like the green leaf index (GLI) and
vegetation index (VI), were included in the current list of potential predictor variables to test if they
relate to AGB. See Table 2 for detailed descriptions of the SIs explored in this study.

The other group of potentially useful variables for AGB estimation are the texture data derived
from the high-resolution PS images. These variables describe the role of pixel resolution in identifying
spatial variations of image values. The texture information of L8 and S2 images were not used due to
the coarser resolution of these images as compared to the PS images. Several studies indicated that
image texture variables could improve AGB estimation, especially in dense tropical forests [22,27,39].
The most common method of calculating image texture variables is the grey level co-occurrence matrix
(GLCM). Table 3 shows how the GLCM variables were calculated.

Some studies (e.g., [16,19,40]) evaluated the use of RS data for biomass estimation in small study
areas in the region of east Africa. However, to the best of our knowledge, except some efforts related
to the use of Landsat images for land cover classification and mapping, data from the mentioned
satellite missions subject to analysis in the current study have never been used to assess AGB of the
dry Afromontane forests in Ethiopia.

Because there is little current experience with what types of variables extracted from the satellite
systems in question that would be useful for AGB modelling in this forest type, the first objective of
this study was to explore what kind of variables extracted from the different satellite programs might
be useful for AGB modelling in the dry Afromontane forest. The second objective was to evaluate to
what extent such RS data could help improving the precision of AGB estimates beyond the precision of
a pure FBSS in these forests.
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2. Materials and Methods

2.1. Description of the Study Area

The study was conducted in the Degaga-Gambo forest in south-central Ethiopia. It belongs to a
state-owned enterprise, Oromia Forest and Wildlife. The study area is located on the eastern escarpment
of the central rift valley of Ethiopia, in the Horn of Africa (Figure 1). It extends geographically from
38◦45′ to 38◦56′ E longitude and from 7◦13′ to 7◦33′ N latitude. The forest has an area of 14,176 ha.
The altitude of the study area ranges from 2100 to 2730 m above sea level. The study area has a bimodal
rainfall distribution. The main rainy season is from July to September while the short rainy season is
from March to May [41]. The mean annual precipitation and temperature in the area are 1245 mm and
14.9 ◦C, respectively.

 

Figure 1. Location of the study area and distribution of the field sample plots (SPs). A band combination
of SWIR-NIR-R (in the order of R-G-B) of L8 image was used to enhance the appearance of vegetated
areas (in green).

The forest area has both natural and plantation forest types. The major species of plantation forest
compartments, which are mostly found in the lower elevations, are Cupressus lucitanica, Pinus patula,
Grevillea robusta and different Eucalyptus species. The natural forest has high tree species diversity.
The dominant tree species observed in the natural forest include Syzygium guineense, Afrocarpus falcatus,
Juniperus procera, Pitosporum viridiflorum, Maesa lanceolate, Millettia ferruginea, Croton macrostachyus and
Maytenus arbutifolia. The objectives of the enterprise are the production of lumber and poles from the
plantations and conserving the natural forests. The natural forests are home to a wide range of wildlife
species and are sources of water for the downstream areas. Nevertheless, the forests are under severe
pressure. Illegal cutting of trees and land-use change for settlement and farmland expansion are the
common problems in the area.

The forest has complex vertical and horizontal structures. Besides the species diversity, there is
large variability in tree height and wood basic density of the study forest. The mean (and range) of
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observed tree height was 13.90 m (4.90–40.10 m); while the mean (and range) of wood basic density
(g cm−3) for tree species in the forest was 0.59 (0.43–0.98) [42].

2.2. Field Data Collection

The sampling frame was defined to include the Degaga-Gambo forest territory, which contains
both the natural and plantation forest types. Circular sample plots (SPs) of 17.85 m radius aligned in a
systematic grid at an interval of 1.18 km were used for field data collection (Figure 1). One hundred
and eleven plots (from the natural forests, plantation forests and other categories like clear-cut,
cropland, settlement and grassland cover types) were sampled from February 2018 to January 2019.
Handheld global positioning system (GPS) receiver was used to navigate to the pre-defined locations
of the SPs. Then, the precise coordinates of the plot centers were determined using differential
GPS and global navigation satellite system (GLONASS) measurements. Two Topcon legacy-E + 40
dual-frequency receivers were used for this purpose [43]; one serving as a base station and the other as
a rover field unit. The receivers record pseudo-range and carrier phase of GPS and GLONASS.

The base station was set up at Wondo Genet College of Forestry and Natural Resources campus.
The Euclidean distance between the base station and the plot centers ranged between 21.70 and
57.20 km with an average distance of 41.80 km. To determine the position of the base station using
precise point positioning, the GPS and GLONASS data were recorded continuously for 24 h [44].
At the plot centers, the rover was mounted on a 2.98 m carbon rod and recorded for 41.50 min on
average using a one-second logging rate. The recordings were post-processed using the Magnet tools
software [45]. The standard error of the post-processed planimetric plot coordinates ranged from 0.02
to 1.11 m with a mean of 0.23 m.

In each of the SPs, we recorded species names and measured DBH, i.e., the diameter of trees at
1.3 m above the ground, for all the trees with DBH ≥ 5 cm. Caliper or diameter tape was used for DBH
measurement depending on tree size. Tree height measurements were carried out for 10 trees selected
systematically in each of the plots using a Haglöf vertex laser 5 instrument [46]. Heights of the trees for
which height was not measured were predicted using height-diameter models developed based on the
sample trees [16,19,47].

2.3. Plot-Level AGB Estimation

Plot-level AGB was estimated by aggregating the predicted individual tree AGB in the respective
plots. For predicting tree AGB in the natural forests, the allometric model constructed by [42] was
used. This model has DBH, height and wood basic density as predictor variables. Wood basic density
values were obtained from [48]. For plantation forests, tree AGB was estimated using species-specific
allometric models. Accordingly, for Cupressus lusitanica, we used the model by [49] with DBH and
height as predictor variables. For Eucalyptus species and Grevillea robusta, models by [50,51] were used,
respectively, having DBH and height as predictor variables. The plot-level AGB data in units of kg m−2

were converted to Mg ha−1 (megagrams per hectare) since the data were collected from large plots
(1000 m2). The plot-level AGB values ranged from 0 to 845.70 Mg ha−1 with a mean and standard
deviation of 184.35 Mg ha−1 and 155.10 Mg ha−1, respectively.

2.4. Satellite Image Acquisition

Satellite images acquired in January 2019 were considered since this is the dry season when most
of the undergrowth vegetation dries up and is easier to distinguish from the trees. This time window
was also within the field inventory period. Additionally, selected images were restricted to those with
cloud cover < 5%. A detail description of the images used in this study is given in Table 1.

Single tiles of each of the L8 and S2 products were downloaded from the USGS Earth Explorer
website [52]. Both images were Level-1C products, which means that the images were corrected for
any possible topographic and geometric errors. The processing level of the L8 image used in this study
was L1-TP, which is a Level-1 precision and terrain corrected product. Besides terrain and topographic
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correction, radiometric correction has already been done for S2 products before delivery. The SBs
used in this study (i.e., blue (B), green (G), red (R), near-infrared (NIR), shortwave infrared-1 (SWIR1)
(for both L8 and S2), red-edge (RE) (only for S2)) have spatial resolutions of 30 m for L8 and 10 or 20 m
for S2 (see Table 1 for details of the resolutions of individual bands).

We downloaded the PS Ortho Scene Product (Level-3B) from the Planet Explorer website [53].
Six scenes of orthorectified scaled Top of Atmosphere Radiance (at sensor) images were downloaded
to cover the study area. These images contain information about the B, G, R and NIR SBs.

Table 1. Major characteristics of Landsat-8 (L8), Sentinel-2 (S2) and PlanetScope (PS) systems and
properties of images used in this study.

Satellite Sensor a Path/Row or
Tile Number

Date of
Acquisition

Cloud Cover
(%)

Product
Processing

Level

Spectral
Bands b

Spatial
Resolution

L8 OLI 168/055 16 January
2019 0 L1-TP B, G, R, NIR,

SWIR1 30 m: all SB

S2 MSI T37NDJ 14 January
2019 3 Level-1C B, G, R, RE,

NIR, SWIR1

10 m: visible,
NIR; 20 m: RE,

SWIR1

PS
4-band frame
imager; NIR

filter

Scene-based
frames

27 January
2019 0 3B-Analytic-MS B, G, R, NIR 3 m: all SB

Source: USGS Earth Explorer [52] for L8 and S2; Planet Explorer [53] for PS. a OLI and MSI stand for operational
land imager and multispectral instrument sensors of L8 and S2, respectively. b B, G, R, NIR, SWIR1 and RE represent
the blue, green, red, near-infrared, shortwave infrared-1 and red-edge spectral bands (SBs), respectively.

2.5. Image Processing and Independent Variable Definition

In the current study, we first evaluated a great number of potential candidate variables that
could be useful for AGB modelling. A series of image processing techniques were applied to the
satellite images to get the independent variables. First, atmospheric correction was done using
the QGIS software version 3.1.0 [54] and python codes. For L8 and S2 images, the semi-automatic
classification plugin (SCP) of QGIS was used for running the dark-object subtraction (DOS-1) algorithm,
which removes the dark pixels that result from atmospheric scattering. The satellite images were
transformed from spectral radiance to top of atmosphere reflectance values based on the conversion
factors in the metadata file that comes along with the image files. However, the PS images were
processed using the empirical line correction for conversion of radiance to reflectance values indicated
in Equation (1):

Reflectance = coefficient×Radiance (Input data) (1)

The radiances of the input images were converted to reflectance values and atmospheric correction
applied since variables from multiple images were compared. In addition to variation in the sensors,
the three sets of images were acquired on different dates although within 13 days of maximum gap
among them. Furthermore, six scenes of the PS imagery covered the area of interest. After atmospheric
correction, all the images became Level-2A products, which have pixels with surface reflectance values
suitable for calculating SIs and texture variables used in this study. Atmospherically corrected SBs,
which were used for creating SIs and texture variables shown in Table 2 and Table 3, respectively,
were selected for this study.
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Table 2. Description of spectral indices (SIs) used as candidate independent variables for aboveground
biomass (AGB) modelling in this research.

SI Expression c Reference(s)

General Relationship with AGB

NDVI (NIR−R)
(NIR+R) [55,56] [19,30]

SR NIR/R [57] [30,34]
VI G/R [58]

DVI NIR−R [59] [30]
ExGI 2×G− (B + R)
GLI (G− R)+(G−B)

2×G+ R+B
[60]

EVI 2.5× (NIR−R)
(NIR+6×R−7.5×B+1) [61] [19]

SAVI (NIR−R)
(NIR+R+0.5) × (1.5) [62] [30]

MSAVI 2×NIR+1−
(√

(2(NIR)+1)2−8(NIR−R)
)

2
[63] [30]

NDMI (NIR−SWIR1)
(NIR+SWIR1) [64] [19]

NDGI (G− R)
(G +R) [36]

ARVI (NIR −(2×R−B))
(NIR+(2×R−B)) [65] [22]

SRRE NIR/RE [66,67] [26]

RENDVI (NIR−RE)
(NIR+RE) [68] [35]

c See Table 1 for description of the acronyms of the SBs used in the expressions of the SIs in this table.

Table 3. General description of the grey level co-occurrence matrix (GLCM) texture features used in
this study.

GLCM Texture d Expression e Description

Contrast
N−1∑
i, j=0

pi, j × (i− j)2 Contrast and dissimilarity indicate the amount
of local grey level (GL) variation in an image.
Large values indicate the presence of edges,

noise or wrinkled features.Dissimilarity
N−1∑
i, j=0

pi, j ×
∣∣∣i− j

∣∣∣
Homogeneity (IDM)

N−1∑
i, j=0

pi, j

1+(i−j)2
Measures the smoothness (homogeneity) of the

GL distribution of an image.

ASM
N−1∑
i, j=0

(pi, j)
2 ASM measures the degree of orderliness of

pixel values in an image.

Energy
√

ASM Energy is a measure of uniformity.

Maximum probability maximum
(
pi, j

)
Maximum probability of the GL values.

Entropy
N−1∑
i, j=0

pi, j ×
(
− lnpi, j

) It measures the degree of randomness of pixel
values in an image. Entropy is inversely related

to uniformity.

GLCM mean μi =
∑N−1

i, j=0 i×
(
pi, j

)
; μj =

∑N−1
i, j=0 j×

(
pi, j

)
Mean of GL distribution of the image.

GLCM variance
s2

i =
∑N−1

i, j=0 pi, j × (i− μi)
2;

s2
j =

∑N−1
i, j=0 pi, j ×

(
j− μj

)2
GLCM variance is a measure of the dispersion

of GL distribution.

Correlation
N−1∑
i, j=0

pi, j × [
(i−μi)×( j−μj)√

s2
i×s2

j
]

Correlation indicates the linear dependency of
GL on their neighboring pixels.

d IDM and ASM stand for inverse difference moment and angular second moment, respectively.
e Where pi, j is the probability of finding the GLCM relationship at cell (i, j) and is calculated as pi, j =

Vi, j∑N−1
i, j=0 Vi, j

;

such that
∑N−1

i, j=0

(
pi, j

)
= 1, N = Number of grey levels in the image as specified by the number of levels in the

quantization, Vi, j = grey level value in a cell (i, j) of the image window.

Table 2 shows the expressions used to derive spectral index values from each satellite image type
used in this study and references to scientific evidences on the use of the indices in general and for
biomass estimation in particular.

Descriptions of the GLCM image texture data derived from the PS images are presented in
Table 3. Texture information of the L8 and S2 images were not used due to the coarse spatial
resolutions. Sentinel Application Platform (SNAP) software version 7.0.0 [69] was used for calculating
the texture variables. Processing parameters of window size of 11 × 11 pixels, angle in all directions,
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probability quantization with level of 128 were set to obtain the texture data used in the current study.
This processing window size was set to provide an equivalent area to the field SPs.

Area-weighted mean and standard deviation (hereafter referred to as mean and standard deviation,
respectively) of all the variables were extracted to each SP using QGIS. These were used as independent
variables of the models constructed from each RS data type, the details of which are explained in the
following sections.

2.6. Variable Selection and Model Fitting

The purpose of the AGB regression modelling was to construct models with variables from the RS
data as predictors and which could be used to enhance the precision of the overall AGB estimates for
the study area. For the AGB estimation, we used a model-assisted approach to inference (see details in
Section 2.8) because that would allow a direct comparison of the uncertainty of the AGB estimate with
similar uncertainty estimates obtained for the pure field-based estimate. In model-assisted estimation,
the model form and the predictors selected for the model should be determined independent of the
sample at hand [70]. In model-assisted inference, no claim of a true model is necessary. A poor choice
of model form and predictors would have negative consequences in terms of efficiency [71] (p. 238),
but would not invalidate the unbiasedness of the estimator. If, however, the choice of model form and
the choice of predictors were sample-based, e.g., by choosing predictors by optimizing the predictive
power of the model for the sample at hand, there would be a risk of overfitting and underreporting of
uncertainty [72].

On this background, we found ourselves in a dilemma in this study. On one hand, we had no
prior information about useful variables derived from the given RS data for AGB modelling for the
particular forest types under study. Neither had we any experience with suitable model forms for the
study area. On the other hand, if model selection and variable selection were optimized for the given
sample, overfitting would be a likely consequence.

To balance these conflicting requirements, we first did a screening of the variables mentioned
above to gain first-hand experience with the three types of satellite data for the current forest types.
We then chose a model-form a priori, and allowed only a small number of predictors to be included in
the model. In the modelling phase, we paid special attention to any sign of overfitting.

Thus, in the first phase of the analysis, Pearson’s correlation coefficient was used to explore the
relationships of individual independent variables with AGB. Those variables that had a significant
correlation with AGB were used as potential variables for the AGB model fitting. Furthermore,
correlation analysis was done for each pair of independent variables within each satellite data source
to evaluate the level of intercorrelation between them. Results of the correlation analysis indicated
that most of the variables were strongly intercorrelated (Figure 2). Hence, variable screening was
employed to reduce the redundant information emanating from those strongly intercorrelated variables.
Results of the initial analysis using more complex models showed overfitting problems, which was
manifested in precision difference between training and validation results for each model. Such severe
overfitting was observed for models with more than two variables. Because of the risk of overfitting,
we restricted the selection of independent variables in the models to a maximum of two variables only.
The results from the analysis of models with more than two variables are not documented any further.
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Figure 2. Intercorrelation among independent variables derived from (A) L8, (B) S2, and (C) PS images.
See Table 4 for the descriptions of the notations used to represent the independent variables.

Table 4. Correlation of relevant independent variables (see Tables 1–3 for definitions) derived from L8,
S2 and PS images with AGB. The notations for SB and SI variables of all the image types are MMM_mean
or MMM_std representing the mean and standard deviation of the variable MMM, in respective order.
For texture variables of the PS data, BnXXX_mean is the mean of the mentioned (XXX) texture variable
of the SB Bn where n = 1, 2, 3, 4 for B, G, R, NIR, respectively. Similarly, BnXXX_std is the standard
deviation of the texture variable as described above for the BnXXX_mean, except replacing ‘mean’ by
‘std’. VAR and MEA stand for the GLCM variance and mean, respectively.

L8 S2 PS

Variable Correlation Variable Correlation Variable Correlation

NDMI_mean 0.39 *** GLI_std 0.44 *** VI_mean 0.44 ***
ARVI_mean 0.27 ** NDGI_std 0.43 *** NDGI_mean 0.44 ***
NDVI_mean 0.23 * VI_std 0.43 *** B4ASM_std 0.37 ***

SR_mean 0.19 * NDMI_mean 0.31 *** B4ENE_std 0.35 ***
NIR_mean −0.38 *** NIR_mean −0.42 *** NIR_mean −0.38 ***

B_mean −0.41 *** R_mean −0.43 *** B3VAR_mean −0.39 ***
R_mean −0.42 *** B_mean −0.46 *** B2VAR_mean −0.39 ***
G_mean −0.45 *** RE_mean −0.48 *** B1VAR_mean −0.39 ***

SWIR1_mean −0.48 *** G_mean −0.49 *** B3MEA_mean −0.40 ***
SWIR1_mean −0.49 *** B2MEA_mean −0.40 ***
ExGI_mean −0.51 *** B1MEA_mean −0.40 ***

B_mean −0.46 ***
R_mean −0.46 ***
G_mean −0.48 ***

* p-Value < 0.05; ** p-value < 0.01; *** p-value < 0.001.

The relevant variables of each satellite data source were related to plot-level AGB using the
logarithmic link function in a generalized linear model (GLM) of the form:

ln(yi) = β0 +
i∑

i=1

βiXi (2)

where yi is ground reference AGB (Mg ha−1), β0 is intercept, βi is the coefficient of the independent
variable (Xi), and i is the index of an individual independent variable.

This model form was chosen since it provides valid estimates where true zeroes are included in
the estimate of AGB, which has positive continuous numerical values. A study of AGB prediction
using topographic variables in human-impacted tropical dry forest landscapes of Mexico indicated that
GLM estimation technique improved predictions [73]. Thus, the mean of SBs and SIs of L8 image were
candidate independent variables for the L8 model. The mean and standard deviation of the SBs and
SIs of the S2 image were candidate independent variables for the S2 model. The mean and standard
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deviation of SBs, SIs and texture features of PS bands were used as candidate independent variables
for the PS model.

2.7. Model Validation

We evaluated the performance of the models using a leave-one-out-cross validation technique.
The cross-validation was used to assess overfitting. Each model was validated in terms of coefficient
of determination (R2), root mean squared error (RMSE, %), mean deviation (MD, %), and Akaike
Information Criterion (AIC) as determined by Equations (3)–(8). The AIC was used to evaluate the
maximum likelihood of the model parameters. The maximum likelihood estimation enables choosing
the parameter that makes the likelihood of having the observed data a maximum fit with the dependent
variable (AGB) without causing an overfitting issue. When comparing models, the model with a
smaller AIC is better than the one with a higher AIC.

R2 = 1− Residual deviance
Null deviance

(3)

RMSE =

√√
1
n

n∑
i=1

(
yi − ŷi

)2
(4)

RMSE% =
RMSE

y
× 100 (5)

MD =
1
n

n∑
i=1

(
yi − ŷi

)
(6)

MD% =
MD

y
× 100 (7)

AIC = −2 ln L
[
β̂(k)

]
+ 2k (8)

where yi and ŷi are the ground reference and predicted AGB (Mg ha−1) in the ith SP; y is the mean of
ground reference AGB ( Mg ha−1) of all SPs; n is the sample size; L

[
β̂(k)

]
is the likelihood function of

the observations, β̂(k) is the maximum likelihood estimation of the parameter β given the number of
parameters of k within the model.

In addition to the validation metrics indicated above, we did qualitative evaluation based on
a visual comparison between the predictions using the selected models in each satellite data source
and false-color composite (i.e., band combination of NIR-R-G in the R-G-B channels) depiction of the
S2 image.

2.8. Population-Level Estimation and Efficiency Assessment

Based on the SP inventory data, for the sample size of 111 plots of about 1000 m2 area, the estimators
of the mean AGB for the population and its variance were calculated by Equation (9) and Equation (10),
respectively [71]:

μ̂field =
1
n

n∑
i=1

yi (9)

ˆvar(μ̂field) =
1

n(n− 1)

n∑
i=1

(yi − μ̂field)
2 (10)

where yi is AGB (Mg ha−1) of the ith SP in the sample and n is the sample size.
The 95% confidence interval (CI) of μ̂field was calculated using Equation (11):

CI = μ̂field ± t× SE(μ̂field) (11)
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where SE(μ̂field) =
√

ˆvar(μ̂field) is the standard error (SE) of μ̂field and t is student’s t at a significance
level of 0.05.

Similarly, we estimated the mean AGB for the entire study area using the selected regression
model for each satellite data source. For this purpose, the study area was tessellated into grid cells
of 31.64 × 31.64 m providing a total of N (141,604) population units. The size of the grid cells was
chosen to be equivalent to that of the SPs. Area-weighted mean and standard deviation of the variables
used in the regression models were extracted for each grid cell using QGIS. AGB was predicted for
each population unit (i) in the map of the tessellated granules using the selected regression models
for each satellite data source and is represented by ŷi. Because the prediction relied on field data
collected based on probability sampling inside the population of interest, we adopted generalized
model-assisted regression estimators. The mean and the variance estimates were computed using
Equation (12) and Equation (13), respectively [71] (p. 231):

μ̂image =
1
N

N∑
i=1

ŷi +
1
n

n∑
i=1

(
yi − ŷi

)
(12)

where μ̂image is the mean remote sensing-assisted estimate of AGB (either L8, S2 or PS). The first term
in this estimator ( 1

N
∑N

i=1 ŷi) is the mean of the model predictions (ŷi) for all population units, and the
second term ( 1

n
∑n

i=1

(
ŷi − yi

)
) is an estimate of the mean error calculated over the sample units and

compensates for systematic model prediction errors.

ˆvar
(
μ̂image

)
=

1
n(n− 1)

n∑
i=1

(εi − ε)2 (13)

where εi and ε are the estimates of error at each data point (i) and the average, respectively.
The SE of the mean AGB estimators (i.e., SE(μ̂field) and SE

(
μ̂image

)
) were calculated by taking the

square root of the respective variance estimators ˆvar(μ̂field) and ˆvar
(
μ̂image

)
.

The study assessed the gain in precision of AGB estimation with the use of the three types
of RS data. The measure of quantifying such a gain in precision of using RS data over the pure
field-based estimates was expressed using relative efficiency (REf). REf quantifies the magnitude
of estimated variance of a remote sensing-assisted estimate of mean AGB to a field-based estimate.
It was computed by Equation (14) as the ratio of the variance of the field-based estimates to the remote
sensing-assisted estimates:

REf =
ˆvar(μ̂field)

ˆvar
(
μ̂image

) (14)

When REf is greater than one, it is interpreted as the amount of additional precision gained due to
the use of the RS data for estimating mean AGB.

3. Results

3.1. Relationship of Independent Variables with AGB

Statistical test for significance of correlation coefficients of the relationship of individual RS
variables with AGB demonstrated that many of the candidate variables were reasonably related to AGB.
Correlation coefficients were translated to descriptors like ‘weak’, ‘moderate’ and ‘strong’ relationships
according to the scheme used by [74]. The mean SB reflectance values of the three satellite data sources
had negative moderate correlation with AGB (Table 4). On the other hand, the mean values of most SIs
tend to show moderate positive relationships with AGB with some exceptions (for instance, mean ExGI
of S2). It was revealed from the exploratory analysis that standard deviation of SIs of S2 and PS images
and texture variables of PS images had moderate relationships with AGB.
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For the L8 category of independent variables, the mean SIs were less correlated with AGB as
compared to those of the SBs. Table 4 shows that from the SIs, the mean NDMI had considerable
relationship while that of ARVI, NDVI and SR have weaker performance. The mean values of all
SBs were moderately related to AGB with correlation coefficients ranging from −0.38 (NIR_mean) to
−0.48 (SWIR1_mean). The strength of the association of AGB with NIR_mean was equivalent to that
observed with the strongly correlated SI (i.e., the NDMI_mean), which was 0.39.

From the S2 variables, the mean of both SBs and SIs showed reasonable association with AGB.
Similar to the L8 variables, the mean of SBs had a stronger relationship than that of the SIs except the
mean ExGI, which had the strongest relationship. The peculiar behavior of ExGI comes from the fact
that it is just a difference of SBs. Likewise; the standard deviation of the SIs (namely GLI, NDGI and
VI) had strong positive associations with the dependent variable.

Similarly, for the PS variables, the mean of SBs of G, R and B showed the strongest relationship
with AGB followed by that of VI and NDGI SIs. The mean and standard deviation of the texture data
had moderate relationships with AGB (Table 4).

3.2. Variable Selection for the Prediction Models

Correlation analysis indicated that independent variables of each satellite data source were
strongly intercorrelated (Figure 2). Therefore, the variables that fit well with AGB in the GLM,
and which had no significant collinearity problem, were selected for the AGB prediction models. As a
result, the means of NDMI and NIR variables were less intercorrelated and became predictor variables
for one of the L8 models. Besides, a simple model with the most strongly correlated variable (SWIR1)
with AGB was considered as another candidate model in this category.

Similarly, the mean of SWIR1 and standard deviation of GLI were selected as predictor variables
for the two-variable S2 model. The standard deviation of GLI had a strong positive correlation with
AGB (Table 4) and was less correlated with the mean of SWIR1 variable (Figure 2), which was already
in the model. Moreover, the single variable model with a predictor variable of mean of ExGI and
another one with the mean of SWIR1 SB were other candidate models of the S2 category.

From the PS data, the mean of G reflectance had the strongest correlation with AGB. Thus, one of
the PS models contains independent variables composed of the mean reflectance of G SB and the
standard deviation of the ASM texture variable of the NIR SB. The mean of B4ASM was the least
intercorrelated with the mean of G SB. The other simple model was the model with a predictor variable
of the mean of G SB reflectance only.

3.3. Selected AGB Models for Each Image Type

Table 5 shows a detailed description of the candidate AGB models for each image type.
Two candidate models were obtained from the L8 data. There was a marginal difference between the
single and two-variable models with AIC of 1403.31 and 1402.68, respectively. The model calibration
RMSE of the single and two-variable models were 70.22% and 71.06% of the mean AGB, respectively.
Likewise, the respective model validation RMSE values were 73.23% and 73.31% of the mean AGB.
As clearly revealed in these model metrics, there is concern of less responsiveness of the selected
variables for the AGB estimates in the two-variable model. The presence of two variables in the model
did not significantly improve the model performance. Therefore, the model with the mean of SWIR1
reflectance as the only predictor variable was selected for AGB estimation.

Three models were selected as candidates from the S2 variables. Two of them were with a single
predictor variable while the third has two variables (Table 5). The model with the mean of ExGI
as a predictor variable had a larger validation RMSE (73.80%) than the other models. The model
with the predictor variable of the mean of SWIR1 was better than the one with the mean of ExGI.
However, the two-variable model had even greater performance among the S2 category of models.
The two-variable S2 model with predictor variables of the mean of SWIR1 and standard deviation of
GLI had the least AIC value among the models (1385.06) and minimal overfitting problem (Table 5).
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Additional indicators of the model fit and validation results of this model were better than the other
models in the category. This model explained 40.96% of the variability in the ground reference AGB
unlike the selected L8 and PS models, each of which explained less than 30%.

Two candidate models were obtained from the PS data. The two-variable PS model contains the
mean of G reflectance and the standard deviation of B4ASM texture as predictor variables. However,
this model revealed a severe overfitting problem. The model RMSE and validation RMSE were 70.19%
and 79.48%, respectively. Thus, the single-variable model with the mean of G reflectance was selected
for AGB estimation in this category. It had model calibration and validation RMSE of 71.79% and
75.17%, respectively. Overall performance of the selected PS model was slightly lower than the selected
S2 model but similar to that of the selected L8 model (Table 5).

The validation results of all the three selected models for AGB estimation indicated that the
models have sensible performance in predicting AGB for the data with which they were not trained.
The scatter plot of fitted versus ground reference AGB values shown in Figure 3 indicates a reasonable
predictive power of the models given the complex settings of the study area. Pearson’s correlation
coefficients of the model predicted and ground reference AGB in the SPs revealed that the S2 model
predictions were more correlated with the ground reference AGB than the other two models. The S2
model predictions had a correlation coefficient of 0.64 with the ground reference AGB.

The L8 and PS models had equivalent performance and explained a considerable amount of the
variation in the FBSS estimate of mean AGB with R2 of 29% and 27%, respectively, given the complex
forest structure and topography in the study area.

Although the general trend of the error distribution of the three selected models looks similar,
prediction errors of the L8 and PS models spread out at small and large AGB more than the S2 model
did (Figure 3). The extents of deviation of predicted values from the ground reference AGB differ
for each model especially at the smaller and larger AGB values. With this variability maintained,
the selected models of all the three-image data inflated predictions of small AGB, particularly those
below approximately 300 Mg ha−1. For SPs with large AGB, the predictions using all the three models
were smaller than the ground reference values.

The L8 and S2 models had smaller prediction error at the small AGB end than at the large AGB
levels. Generally, the predictive power of the S2 model prevailed over that of the other models.

3.4. Estimation and Mapping of AGB Using the Selected Models

Table 6 shows the estimated mean AGB, estimates of mean deviation, SE of the mean AGB estimates
and REf for the selected models of the three image categories presented in Table 5. The estimates
of mean AGB were 179.67 Mg ha−1, 177.79 Mg ha−1 and 184.27 Mg ha−1 when using the L8, S2 and
PS model predictions, respectively. The model-assisted estimates of the mean AGB for all the
three categories of models were within 95% CI of the mean AGB estimate based on the field data
only (i.e., 155.15–213.76 Mg ha−1). The estimated mean AGB using the PS model was closer to
the field-estimated mean AGB (i.e., 184.35 Mg ha−1) than the estimates using the other models.
The estimated mean AGB using the L8 and PS models had the largest and smallest MDs, respectively.
The AGB estimate based on the PS model was relatively less precise followed by the L8 model.
The estimation results revealed that the L8 and PS models resulted in equivalent estimation efficiencies
(i.e., 1.40 and 1.37, respectively).
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Table 6. Estimated mean AGB (Mg ha−1), mean deviation (MD) in Mg ha−1, standard error (SE) of
the mean estimates (Mg ha−1) and relative efficiency (REf) when using the selected models to assist in
the estimation.

Estimator Data Source Estimated Mean AGB Estimated MD SE Ref

Model-assisted; L8-model 179.67 1.71 12.49 1.40
Model-assisted; S2-model 177.79 0.62 11.40 1.68
Model-assisted; PS-model 184.27 -0.13 12.62 1.37

Field-based 184.35 — 14.79 —

The estimate based on the S2 model was the most precise among the three model-assisted AGB
estimates with SE of 11.40 Mg ha−1. As a result, the REf of the mean AGB estimate using the S2 model
(i.e., 1.68) was greater than what we obtained by using the other two models.

Visual inspection of the predicted AGB using the three selected models and the false-color
composite of the S2 image shows convincing AGB distribution across the landscape. As expected,
the patches of bare land (non-forest areas) in the study area (shown in different shades of grey in
Figure 4D) have small AGB predictions using all the models (shades of yellow in Figure 4A–C) while
the dense forest areas (colored red in Figure 4D) yielded greater predicted AGB values (shades of
green in Figure 4A–C). The map revealed that AGB predictions using the selected models of the three
satellite image types had many similarities, which also was confirmed by similarities in the estimated
uncertainties (Table 6). The distribution patterns of AGB predictions in the maps (Figure 4A–C)
indicated the spatial consistency of AGB predictions across the area for the selected models.

 

Figure 4. Visual representation of a portion of the predicted AGB using the selected models of (A) L8,
(B) S2, (C) PS and (D) false-color composite (NIR-R-G in the R-G-B channels) of the S2 image of the
study area acquired on 14 January 2019. The 95% CI for the mean AGB estimates of the respective
model predictions for the population are shown in the table.
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4. Discussion

4.1. Variable Exploration for Estimating AGB and Model Selection

The observed moderate relationships of independent variables of the RS data with AGB
demonstrated the potential of optical RS data for developing models to enhance AGB estimation.
The observed negative correlation coefficients between the mean of SB reflectance and AGB agree
with results of similar studies conducted in various forest types [19,75,76]. The negative correlation
coefficients indicate the inverse relationship between reflectance values from the SBs and AGB.
This relationship in the current study could be explained by a shadow effect within the complex forest
stands where AGB is large [77,78]. The presence of scattered big trees in SPs with large AGB results in
large shadows. Additionally, such an effect might be related to large canopy water content, which is
directly linked to photosynthetic efficiency [79]. The reflectance of the SBs from uniform forest stands
like young plantations is large but they have relatively small AGB.

The positive relationship of most of the SIs with AGB found in this study is in accordance with
previous research findings [19,34,76]. Besides the mean of SIs, the standard deviation of some SIs
had also remarkable potential to relate with AGB. Næsset et al. [16] got similar results in Tanzania.
Reviewed literature indicated that application of some of the SIs like the GLI, ExGI and NDGI have
been limited to assessing grass biomass and crop cover or yield estimation. However, the current study
showed that they had great potential to predict AGB in this type of forest. Thus, an in-depth study is
required to understand the potential of such SIs for AGB estimation in different forest types.

It was revealed from the correlation analysis that most of the predictor variables in each satellite
data type were intercorrelated. Lu et al. [80] found a similar result for estimation of AGB in wheat using
an unmanned aerial vehicle. Among the different SBs the visible and SWIR bands, which are affected
by atmospheric interference and shadow, were more strongly intercorrelated [78]. Besides, the SIs and
texture variables were derived from these interrelated SBs. Therefore, the observed intercorrelation
among the independent variables was likely to happen. This suggests the importance of a careful
screening of RS variables for AGB modelling.

Furthermore, inter-resolution comparison of SBs showed that the limited spectral properties of
the PS images might have restricted their potential to characterize AGB. For example, AGB correlated
similarly with the G SB from each of the three image sources regardless of the differences in spatial
resolution. The study results showed that the same SB across the resolution gradient characterized
AGB similarly, indicating only a minor impact of pixel resolution on the quality of the AGB models if
only SBs are related to AGB (Table 4). We observed that the S2 data contain a range of SBs that were
more sensitive to AGB than the PS data, which have a higher spatial resolution.

Based on the relationship of the independent variables with AGB, we identified useful variables and
models for each satellite data source. For example, exploration of the L8 data revealed that the NDMI
showed a stronger correlation with AGB than other SI variables including the NDVI. This might be due
to the improvements in the NDMI to detect leaf water content at the canopy level [7]. Previous research
indicated that NDMI is useful for predicting forest attributes, including biomass [35,81]. The NDVI,
which is the most popular SI for AGB modelling mostly in the temperate and boreal forests, was not a
good predictor of AGB in the current study. Sader et al. [32] got similar results indicating unsuitability
of NDVI for estimating AGB in tropical dense forests.

However, for the L8 data, AGB had a stronger correlation with SBs than the SIs mentioned above.
Even among the SBs, AGB strongly correlated with the mean of SWIR1. The significance of the SWIR1
variable for AGB modelling was according to the results of other studies [23]. A study of biomass
estimation using RS data in India indicated that biomass models using the SWIR bands were more
reliable than those using short-wavelength SBs like the visible bands, which are more sensitive to
atmospheric effects [82,83]. For green vegetation, reflectance in the SWIR spectral regions is controlled
by the amount of water in the leaf biomass of the canopy. There is low diffuse of light at the SWIR
wavelengths, and hence shadows are contrasted. The presence of thick layers of fragmented tree
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canopy and shadows in SPs with large AGB yielded low reflectance in the SBs, including the SWIR1 SB
as indicated with the negative coefficient in the selected model.

The S2 model used for AGB estimation was the two-variable model with the independent variables
of the mean of SWIR1 and standard deviation of GLI. Inclusion of the standard deviation of the GLI
variable in the S2 model indicates the ability to capture spatial variation in canopy structure in the forest
as the GLI can identify green leaves and stems from the background soil surface [60]. This variable
may reflect the level of disturbance, terrain variation or presence of very big scattered trees in the
natural forest. This variable signifies the importance of using measures of variability derived from
higher resolution images in AGB modelling. The mean of ExGI was also another variable from the S2
data sensitive to AGB variability.

Besides the SBs and SIs, texture variables of the PS images had considerable potential for AGB
modelling. The standard deviation of B4ASM that was included in one of the PS models, indicating the
importance of high-resolution images for AGB modelling. Image texture variables like the ASM,
describe the spatial arrangement of pixels with varying intensities that resulted in different AGB.
The texture variables were able to differentiate between heterogeneous and homogenous surfaces,
which prevailed in the disturbed natural forest patches and young plantation forests, respectively.
This might be the reason for the observed strong positive relationship of the standard deviation of
B4ASM with AGB. Improvement in the model performance by including this texture variable was in
line with the findings of other studies [24,39,84]. Nevertheless, the two-variable model containing the
standard deviation of B4ASM was subject to overfitting as compared to the reduced model with the
mean of the G reflectance variable (Table 5).

4.2. Model Characteristics and Their Contribution to Enhance AGB Estimation

Generally, the selected L8 and PS models explained some proportion of the variability in the
ground reference AGB that was better than the results from [16] although the nature of the current
forest and terrain configuration was complex. The calibration RMSEs of the L8 and PS models were
71.06% and 71.79% of the mean of the ground reference AGB, respectively. This was comparable with
the results of other studies conducted even in intermediate vegetation cover conditions where it is
easier to get a stronger relationship between image data and AGB [70]. The REf of the AGB estimates
based on the selected L8 and PS models were 1.40 and 1.37, respectively. That means the selected L8
and PS models could reduce sample sizes to 71% and 73%, respectively, of the field sample size to get
the same precision with the FBSS estimates. These amounts (or proportions) of the variability in the
field estimates remained unexplained when the model-assisted estimation was applied. Consequently,
there was a similarity in improving the mean AGB estimates based on the L8 and PS models. The REf
when using the L8 model in this study was slightly larger than the findings by Næsset et al. [16] for
Miombo woodlands in Tanzania using the global Landsat products.

The selected S2 model contributed more strongly to improve the precision of the AGB estimates
than the L8 and PS models. This improvement in estimation efficiency contributes to reducing the
number of field SPs required to attain the same precision, to approximately 59% of the sample size
required for a pure FBSS estimate. The REf when using the S2 model was smaller than that of the
RapidEye images used for AGB estimation in the Miombo woodlands in Tanzania [16]. This might be
attributed to the heterogeneity of the forest in the current study or the interaction effect of forest types
and spatial resolution of the images. Besides, [16] stated that the small study area covered in their
study might have resulted in overly optimistic results because the RS data were very homogenous
since they came from only a single scene. On the other hand, the results of the current study were
similar to the findings by Navarro et al. [21] who studied AGB of mangrove plantations using S2
images in Senegal. Thus, the findings of the current study are reasonable given the heterogeneity of
the terrain and forest conditions, which influence the relationship of image data and AGB [83].

Although there might be some variations between the models in this regard, they were able to
predict only to a limited range of the ground reference AGB. This shows a saturation problem for
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which canopy shadow is mainly responsible in the SPs with large AGB. Similar studies in primary
and successional forests in Brazil indicated that shadows were among the main factors resulting in
data saturation, particularly in natural forests with large AGB [77]. Modelling of tree heights might
also contribute to the low/moderate estimation efficiencies in these models. There is uncertainty
inherent in the field measurements of AGB, which could be caused by the AGB estimation procedure
(e.g., errors in measurement and in the allometric models). The error in the height-DBH models could
increase the uncertainties and limit performance of the models. Therefore, future efforts should focus
on synchronizing other auxiliary variables like canopy density and canopy height from airborne laser
scanning data with the identified variables to improve the model performances.

During the fieldwork, understory vegetation was observed in SPs (see Figure 5). The inflated
predictions at SPs with small AGB might be attributed to this phenomenon. The field inventory was
limited to trees with DBH ≥ 5 cm and did not account for the understory vegetation. Dense understory
vegetation composed of saplings, shrubs, lianas and herbaceous species covered most of these SPs and
challenged our movement during the fieldwork. The biomass in the understory vegetation, which was
not accounted for in the ground reference AGB, could have had a major influence on the SB reflectance
values and hence in all the RS variables. This might partly explain the moderate improvement in
the precision of the model-assisted estimates of AGB compared to the pure field-based estimate.
As shown in Table 6, the PS model-assisted estimates had negative MD indicating the greater effect of
the inflated predictions at SPs with small AGB than the reduced predictions at the SPs with large AGB.
Thus, the effect of understory vegetation on the relationship between image-derived variables and AGB
was more obvious when using the high-resolution PS images. A greater compliance of the RS data with
AGB would happen for homogeneous forests in which the understory vegetation cover is minimal and
the forest canopy cover is uniform. Therefore, further studies are needed in pure plantation forests to
attain an optimum efficiency of RS data for AGB estimation beyond the ones we got in this study.

 

Figure 5. Understory vegetation in a forest SP. The understory vegetation that was not measured during
the forest inventory could have influenced the image values and thus their relationship with AGB.

Generally, the findings of the current study were encouraging. We identified relevant variables
extracted from RS data for AGB estimation. The selected models of each satellite data source based on
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the identified variables provided reasonable improvements in AGB estimations, which were reinforced
by other research findings. The freely available S2 data were particularly useful. The research results
revealed that S2 images possess sensible spectral and spatial properties for AGB estimation. The results
of this study will help to satisfy the existing demand for forest carbon stock assessment by the national
REDD+ program in Ethiopia. Enhanced forest information using the freely available data sources like
the S2 would help to improve sustainable forest management and encourage results-based payments
for those who properly manage their forest resources according to established principles like the
REDD+ schemes.

5. Conclusions

Optical RS images from L8, S2 and PS satellites were studied to identify relevant RS predictor
variables that could be used to enhance AGB estimation in a dry Afromontane forest. Most of the
SBs, some SIs and texture variables (listed in Table 4) were found to be promising variables for
predicting AGB. Although some of them were not selected in the models used for assisting AGB
estimation, we identified variables including the mean of GLI, ExGI and NDGI that were seldom used
for AGB modelling but are highly correlated with AGB. We recommend a detailed investigation of the
importance of these variables for AGB assessment in various forest conditions.

The simple models selected for each satellite data source enhanced AGB estimation. Of the
variables used in the models, the SWIR1 SB, which lacks in the PS data, was a useful variable of the L8
and S2 images for AGB estimation in this forest type despite the huge differences in pixel resolution
among the image types. The study suggested that the additional spectral information of L8 and S2
images was more determinant of AGB estimation than the small pixel size of the PS images.

The use of RS data for AGB estimation improved the precision of estimates. Thus, the remote
sensing-assisted estimation techniques used in this study will complement the FBSS estimates of AGB
by improving precision. The model-assisted estimation will reduce sample sizes to obtain a similar
estimation efficiency with the field survey. However, the models used for AGB estimation in this study
revealed saturation problem. Therefore, future studies should focus on refining these limitations using
a synergy of different data sources to enhance the estimation efficiency of AGB models beyond the
ones achieved in the current study.

The methods used in this study could be adopted to similar conditions in forests that have limited
application of RS data. The potential predictor variables derived from optical satellite images for
biomass estimation were identified from studies showing global experiences. Exploratory data analysis
was used to identify relevant predictor variables for biomass estimation in the current study site.
Choice of a model form that is important for biomass required understanding the characteristics of
data types. The selected models for each image type predicted biomass with estimation efficiencies
comparable with those obtained in other forest types. These methods contain a unique mix of
techniques capable of using satellite images for biomass estimation in a data scarce forest type.
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Abstract 

Canopy cover (CC), which is one of the attributes of the horizontal forest structure, has multiple 

ecological significances. Although data about forest CC provides multiple uses, its measurement 

has remained a time-consuming process or vulnerable to subjectivity and is seldom included in 

forest inventories. Recent advances in digital technology have brought opportunities for objective 

measurement of CC. This study was initiated to develop a methodology for analysing near-vertical 

digital photos for quick and precise estimation of forest CC. A photo processing routine was 

developed to derive CC data from digital photos. Otsu thresholding was used to segment the blue 

band digital photos. Then, the segmented photos were sliced radially inward into different sizes of 

concentric square sections to test the effect of field of view on the precision of CC estimates. The 

canopy fractions of the resulting photos were further classified into canopy and non-canopy classes 

based on different thresholds. The effects of photo size, thresholds and their interactions on the CC 

estimation were compared. The precision and mean difference of the photo-based estimates using 

the optimum criteria were evaluated against that of the point-based data. The results of this study 

indicated that digital photography offered ample flexibility for controlling photo sizes and 

thresholds that optimizes the precision of CC estimates. The central 1-3% of the photos classified 

with 10% and 20% thresholds gave CC estimates that had correlation coefficients of more than 

92% compared with the point-based data. Therefore, a narrow-angle camera lens is recommended 

for canopy photography. The use of smallest threshold (i.e., 10%) improved the precision of the 

estimates. The new method is suitable for large-scale forest monitoring and inventory. 

 

Keywords: photography; canopy cover; Afromontane forest; Otsu thresholding; classification 

threshold; photo size 
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1. Introduction 

Description of forest canopy structure is of great importance in forest ecology and management. 

The descriptions of forest canopy structure encompass analyses of the vertical and horizontal 

arrangement of the tree crowns. While the vertical canopy structure emphasises the arrangement 

of tree crown heights, the horizontal canopy structure deals with the spatial arrangement of tree 

crowns and gaps on a horizontal plane. Canopy cover (CC), which is one of the descriptors of the 

horizontal forest canopy structure, is the proportion of the ground surface covered by the vertical 

projection of tree canopy (Jennings et al., 1999). The term CC has often been confused with crown 

cover and canopy closure in the literature (Gonsamo et al., 2013). Jennings et al. (1999) and 

Gonsamo et al. (2013) distinguished crown cover as a non-transparent crown envelope of the forest 

crown elements above the forest floor, and canopy closure (canopy density), which is the 

proportion of the sky hemisphere obscured by vegetation when viewed from a single point. Canopy 

closure is a perspective projection of the crown from a point whereas CC is a parallel projection of 

tree crowns and canopy gaps from respective point locations. Crown cover does not account for 

the gaps within a crown. It only assumes the gaps between crown envelopes. However, observation 

of within-crown gaps is useful for estimating the lighting conditions at the point of observation 

(Anderson, 1964; Rich, 1990; Jennings et al., 1999). In reality, the crown has both foliage fraction 

and gap fraction when viewed upward to the zenith. Thus, this research tried to align with the 

concept of CC that accounts for the distinction of foliage and gap fractions in a tree crown. The 

foliage component is the aerial layer of branches, stems, reproductive structures (i.e., seeds, pods 

and flowers) and leaves of trees in a forest. 

Forest CC is one of the most important variables in forest characterization and is a basis for the 

definition of the forest entity itself. The united nations’ food and agriculture organization (FAO) 

defines forest as “land spanning more than 0.5 hectares with trees higher than 5 meters and a CC 

of more than 10%, or trees able to reach these thresholds in situ” (FAO, 2000).  Countries around 

the world have adopted different thresholds of minimum CC for forest ranging between 10% and 

30% (UNFCCC, 2001). CC is also a useful criterion for land cover classification using remotely 

sensed data (Pratt et al., 1966; Korhonen, et al., 2015). 

Information about the density and distribution of forest canopy has many environmental benefits. 

As an outer envelope of the forest, characteristics of a forest canopy determine the amount of solar 

radiation that reaches the forest floor and affect the local microhabitat conditions (Rich, 1990). 
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This, in turn, influences the forest ecosystem functions and the nature of interaction among the 

ecosystem components. Particularly, the heterogeneous canopy structure in tropical forests 

influences the understory light availability, which affects photosynthesis, plant morphology and 

fluxes of carbon, water, and energy between the atmosphere, pedosphere, and biosphere (Calder, 

2001; Ligot et al., 2014). Interaction of the forest canopy with solar radiation makes it one of the 

determinants of forest reflectance from optical passive remotely sensed data (Dawson et al., 1999). 

Thus, field estimates of canopy structure using digital photos are useful for validating remotely 

sensed information (Gemmell, 1999; Korhonen et al., 2006). 

Information on CC helps to support sustainable forest and land management (Akike and Samanta, 

2016; �osovi� et al., 2020). Agroforestry practices including for example the traditional coffee 

production systems in Ethiopia require information about the amount and spatial arrangement of 

CC to determine the availability of adequate shade trees. CC has also a profound importance for 

setting forest management prescriptions (Kern et al., 2017; Vilanova, 2020), upon which canopy 

manipulation silvicultural methods are undertaken to enhance forest productivity by improving 

light penetration to the understory vegetation. Monitoring of CC can be used to evaluate the impact 

of forest use manipulations (e.g. thinning, forest degradation, regeneration, forestation, 

deforestation, and forest fire). It helps to plan pruning activities for controlling the spread of forest 

fires and assess its effects (Fitzgerald, 2005; Bellows et al., 2016). Some studies indicated that CC 

is also a useful variable for estimating timber volume (Næsset, 1997; Zhang et al., 2017). 

Furthermore, recent research results indicated CC is a better predictor of aboveground biomass 

than tree height in some tropical forests (Singh et al., 2016). The importance of trees for watershed 

management is mainly attributed to the contribution of tree canopies for replenishing groundwater 

and reducing soil erosion (Calder et al., 2008; Cao et al., 2017). 

Although CC is a good indicator of forest ecosystem stability and is a critical factor of the formal 

forest definitions, this variable is not included in many national forest inventories (NFI) in tropical 

countries (e.g. Ethiopia), maybe due to practical reasons related to attaining a balance between the 

financial cost, time for fieldwork, and precision using the existing measurement techniques. 

Measurement of CC is difficult particularly in tropical forests that are composed of several species 

with structurally complex canopies (Taubert et al., 2015; Palace et al., 2016; Hofhansl et al., 2020).  
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A precise estimate of CC is of paramount importance to improve the quality of forest information. 

Several methods, which range from using simple handheld mirrors to sophisticated analysis of 

digital photos captured using smartphones and other digital devices, have been used to estimate 

CC (Johansson, 1985; Tichý, 2016; Bianchi et al., 2017). Many of the field estimation techniques 

like the use of the Cajanus tube are too expensive requiring a substantial amount of fieldwork, 

particularly difficult to implement over a large area (Korhonen et al., 2006). Large-scale forest 

monitoring like the NFI requires methods that ensure consistency between measurements made by 

different people at different times and in different forest types. Ocular (visual) estimation is a 

simple and quick technique but it measures canopy closure (Goldsmith, 1991; Jennings et al., 1999; 

Paletto and Tosi, 2009; Goodenough and Goodenough, 2012). There is also high interobserver 

variability and a lack of precision with the use of this method (Paletto and Tosi, 2009). The CC 

estimates can be more objective by running the observation at many points in systematic grid 

locations within the boundary of the plot and estimating plot CC as the average of the observations 

made for each point (Jennings et al., 1999; Korhonen et al., 2006). However, this incurs an 

increased time in fieldwork. Remote sensing technologies like the airborne LiDAR (light detection 

and ranging) provide precise CC data but they are slightly biased that require calibration for wide 

scan angles (Korhonen et al., 2011). Following the recent advances in mobile technology, new 

smartphone applications like HabitApp, GLAMA (gap light analysis mobile application) and 

CanopyApp allow a quick estimation of CC but with limited processing options (Landert, 2016; 

MacDonald & MacDonald, 2016; Tichý, 2016; Bianchi et al., 2017; Deichmann, et al., 2017).  

Besides maintaining high precision, large-scale forest monitoring demands fast and cheap retrieval 

of CC data. Indirect methods such as the use of digital photography with a narrow field of view 

increase objectivity and precision (Chianucci, 2016; FVC, 2020). Previous studies in this regard 

focused on the use of hemispherical and digital cover photography for assessing forest canopy. 

Hemispherical photography (HP) or the fisheye method has been the most widely used 

photographic method. It has the advantage of sampling large areas that helps to minimize the time 

and labour requirements. However, parts of the hemispherical photo close to the edges suffer from 

distortion, coarse pixel resolution, and blurring problems (Brown et al., 2000; Gonsamo et al., 

2010; Gonsamo et al., 2013; FVC, 2020). HP is used to estimate canopy closure, not CC. Therefore, 

the use of an ordinary digital camera is more useful for CC estimation than that of the HP. In 

addition, there is flexibility in the photo processing techniques used for analysing digital 
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photographs (Goodenough and Goodenough, 2012). Furthermore, digital cameras are becoming 

cheaper, have a high image resolution, and help to collect archival records that can be stored and 

reanalysed later for change detection. This method has huge potential combining different 

advantages since the data capture is fast, easy, and requires less human judgement to get an 

objective, reliable, and replicable estimate that is needed for forest monitoring (Chianucci, et al., 

2014; Alivernini et al., 2018). However, the feasibility of the photo processing methods to get a 

good estimate of CC has not been investigated in the forest type under this study. Hence, it is 

important to test a method that is faster, cheaper, and operationally easier for multipurpose forest 

inventory. Developing a photo processing routine and automating its implementation are believed 

to enhance CC estimation efficiency, which then improves its practicability for large-area forest 

monitoring. Therefore, the aims of this study were: 1) to determine optimum photo processing 

techniques for CC estimation, and 2) to evaluate the performance of the selected optimum photo-

based methods for estimating CC. 

 

2. Materials and methods 

2.1. Study area description 

The study was carried out in the Degaga-Gambo forest, which is found in the eastern escarpment 

of the central rift valley of Ethiopia. Geographically, the forest lies between 38°45’ and 38°56’ E 

longitude and between 7°13’ and 7°33’ N latitude (Figure 1). The study area has a natural forest in 

the upland rugged topography and plantation compartments in the lower elevations where access 

is relatively easier. The CC data were collected from both the plantation and natural forests. The 

study forests in general, particularly the natural forest, is under pressure due to the increasing 

human population. The main economic activity of the local people relies on crop production, 

animal husbandry, and ecotourism activities. Rural villages and small townships are surrounding 

the forest. The main source of household energy in these settlements comes from the wood 

collected in the forest illegally. People are regularly encroaching into the forest territory for 

collecting wood, expanding farmlands and establishing illegal settlements inside the forest. As a 

result, some of the sample plot (SP) locations fell inside farmlands, harvested compartments, and 

home gardens with no CC or with potential risk of accessing them. 
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Figure 1. Location of the sample plots (SPs) in the study area. The background satellite image in the map 

is the false-colour composite (SWIR-NIR-R band combination) of L8 image in the order of R-G-B band 

rendering for enhancing the visualization of vegetation cover. (Note: SWIR, NIR, R, G and B are shortwave 

infrared, near-infrared, red, green and blue bands, respectively). 

  

2.2. Forest canopy cover data collection 

A spatially aligned systematic sampling design was used for locating the centre of the circular SPs 

in this study. The systematic sampling design was chosen due to its simplicity. It keeps a spatial 

balance of the samples making them representative of the entire population (Penman et al., 2003). 

It minimizes the spatial correlation among observations and hence increases the statistical 

efficiency of estimates as compared to other sampling designs (Mello et al., 2015). Furthermore, a 

systematic sampling design has the advantage to optimize the precision of estimates for multiple 

variables simultaneously (McRoberts et al., 2015). Thus, we adopted the systematic sampling 

design in this study since we are interested in optimising the estimation efficiency of two 



7 

 

measurement methods. The shape of the SPs was circular with a requirement of only one control 

point, which is the plot centre. A circular plot has a small perimeter compared to other shapes that 

demand a few number of decisions to include or exclude a tree during measurement. The field SPs 

were positioned at intervals of 1.18 km in both east-west and north-south directions to optimise the 

requirements of fieldwork and precision of the estimates. The spatial correlation of measurements 

is very weak at these distances. We used handheld Garmin 78 GPS to navigate to the location of 

the SPs. Precise positions of the plot centres were measured using differential GNSS with rover 

and base units of Topcon legacy-E dual-frequency receivers (Topcon Positioning Systems Inc.). 

The standard error of the post-processed planimetric plot coordinates ranged between 0.02 and 1.11 

m with a mean of 0.23 m. 

Not all of the systematically distributed point locations were sampled since some of the locations 

did not represent the forest. The CC data were gathered at SPs that fell in the forest. At each of the 

SP locations, a systematic line network of 3 m interval was created in the east-west and north-south 

directions. This distance provided more than 102 data points within the circular plot that offered 

similar estimates with a sample size of 195 in the study by Korhonen et al. (2006). The 3 m spacing 

gave 109 observations per SP of 1000 m2. Canopy observation points were located at the 

intersections of the line networks within a radius of 17.85 m from the SP (Figure 2). The point 

count sampling (or simply, point-based) method of canopy cover estimation combines the 

advantages of the grid (line transect) method, ocular estimation, and the use of point sampling 

instruments like the Cajanus tube. The use of several sampling points enhances the precision of 

estimates (Korhonen et al., 2006) while the use of a level gauge for supporting the visual judgement 

reduces the inherent bias in visual estimation (FVC, 2020). 
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Figure 2. Design of the sampling locations (dots) within a circular SP of 17.85 m radius. The canopy cover 

(CC) data were gathered at the intersections of the broken lines within the circular plot at an interval of 3 m 

in both north-south (north is upwards) and east-west (east is rightwards) directions from the centre of the 

SP, which is represented by the intersection of the broken red lines. 

 

As one of the direct methods of canopy measurement, point count sampling has limitations of 

efficiency since it is a time-consuming data collection method (Chianucci, 2016). Taking several 

observations (with a sample size of 109, in this case) in a plot yields a high precision (Jennings et 

al. 1999; Korhonen et al., 2006). In this method, at each of the point count sampling locations, an 

experienced forestry professional observed if the sky vertically above the point was obscured by 

forest canopy (1) or not (0). The method is a modification of the systematic point sampling 

technique using the Cajanus tube by Korhonen et al. (2006). Instead of the Cajanus tube, we used 

visual observation assisted with the level gauge of a digital camera that we used for photo capture 

(see section 2.3). The level gauge was used to keep the sighting angles within a very small deviation 

from the vertical. Leaves, twigs, and branches that obscured the sky in the zenith direction from 
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the observation point characterised the cover components while the clear sky or clouds formed the 

gap component. The binary count data (i.e. counts of 1 or 0) of the point observations were 

converted to CC, which is the proportion of obscured (1) counts to the total (109), using Equations 

1 and 2. 

�$%& � '�% () "*��!+,�-./0��	/(1"�2�(1�	3/"�+�(!�4-1/	,�/.!456�#
�%�� ��� ��/"*�67(!����������� ��� ���������������� ��� ��� ������������������ ��� � ���������������

(1) 

where �$%& is the binary variable representing the occurrence of canopy element above the point 

location j (1, 2, 3, …, 109) in SP k (1, 2, 3, …, 76). 

The occurrences of canopy components were used for calculating the plot-level CC estimates using 

the point count sampling method (�&, in %). 

�& � �8 �$%&9$:;
< � ���� (2) 

where m is the number of observation points in each SP (i.e., m=109 in this case). 

The variance for the point estimates of the point-based CC was also calculated as: 

0-6
�&� � � �&
� � �&�
<  

(3) 

where 0-6
�&� is the variance estimator of the binary data for each SP. This same equation was 

also used to compute the variance of the binary output of the photo-based method, =>?
@A%B%C�, 

which is described in section 2.5. 

The distribution of the point-based CC data is skewed to the small values (Figure 3). There is a 

maximum CC (100%) for most SPs but a few observations skewed the mean CC to the left. 
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Figure 3. Distribution of point-based CC (n=76) fitted to the normal curve (dashed blue line) with centre at 

the mean (red broken vertical line), which was 80.55%. 

2.3. Digital photo acquisition and processing 

Vertical photos were captured at point locations where count data were collected. The camera was 

held at a constant height (at about 2m above the ground) since two persons of equivalent height 

captured the photos and the level of the camera was consistent by holding it as straight as possible. 

The camera was oriented upwards to the zenith to be able to acquire near-vertical photos. The level 

gauge display was used to control the vertical orientation of the optical axis. Automatic exposure 

and shutter speed were set throughout the photo capture as suggested by Paletto and Tosi (2009). 

The camera flash was turned off since there was enough light at the time of exposure. To avoid 

potentially confounding variables, both techniques of CC data collection (i.e., the point-based and 

photo-based) were done simultaneously to ensure the presence of comparable light and weather 

conditions. 

The digital photos were captured with an Olympus Tough TG-5 camera, which has a lens with an 

actual focal length of 4.5 mm (which is equivalent to 25 mm of a 35 mm lens focal length). A focal 

length of 4.5 mm in this camera lens provides the same field of view as 25 mm compared to a 35 

mm camera, which is the field of view for a full-frame sensor (Bosiers et al., 2003; Piper and Pelc, 

2020). Thus, the camera used in this study has a wide-angle lens. Such a wide-angle lens was used 

to assess canopy fractions in different land-use types (Hwang et al., 2020). The Tough TG-5 camera 
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has an aspect ratio of 1.33 and captures photos with dimensions of 4000 × 3000 pixels (i.e., it has 

a 12 megapixels sensor) when taken without zooming. Since the photo periphery is prone to be 

obscured (i.e., radial inward distortion), the photos were cropped to 3000 × 3000 pixels before any 

further processing. Python programming language version 3.7 (Python Software Foundation) was 

used for photo processing and data analysis. Different python libraries were used in this study. 

Photo processing was undertaken using the OpenCV library. NumPy, SciPy, pandas, and 

statsmodels libraries were used for data analysis and statistical testing while matplotlib and seaborn 

libraries were used for data visualization. 

The digital camera provides RGB (red-green-blue) colour images. The blue band was thresholded 

into canopy and sky since it gives a relatively higher contrast between the canopy elements and the 

sky even in the presence of clouds (Frazer et al., 2001; Nobis and Hunziker, 2005, Paletto and Tosi, 

2009). This enhanced colour contrast in the blue band is because a clear sky tends to scatter blue 

light while the tree canopy absorbs most of it. Hence, there is a low level of blue scattering from 

leaves (Cescatti, 2007; Chianucci, 2020). Light passing through the forest canopy gaps was 

dominated either by blue in the clear sky or by equal intensities of red, green, and blue wavelengths 

in an evenly overcast sky (Frazer et al., 2001). The background noise is relatively smaller for the 

blue band because the brightness difference between the blue sky and white clouds is small 

(Korhonen and Heikkinen, 2009). 

The photo processing procedure had two phases; i.e., the determination and the quantification 

phases as highlighted in section 2.5. The determination phase dealt with photo pre-processing and 

identifying atypical photos that would incur wrong results due to abnormally segmented outputs 

because of cloud cover, sunlight flecks or photos without tree canopy components that resulted in 

wrong canopy segments. The photo pre-processing included filtering the original photos with a 

5×5 Gaussian kernel to remove noise and enhance the structure of the canopy and sky elements. 

Gaussian filtering was applied as a guarantee to remove any potential errors related to photo 

acquisition, which might be caused by poor or uneven illumination. Assessment of the results of 

the median and Gaussian filtering with 5 pixels dimension revealed only slight changes in the 

segmented photos from the unfiltered ones. 

The second phase of photo processing implemented in this study was the quantification of canopy 

fraction from the photos in the selected plots. These photos used for quantification were not 
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severely affected by cloud cover and flecks of sunlight problems. Quantification of CC required 

segmenting the photos into the canopy and non-canopy classes for which the Otsu thresholding 

algorithm was used (Otsu, 1979). Previous studies indicated that Otsu thresholding is an effective 

technique for segmenting a bimodal distribution of pixel values, as it happens in the canopy photos 

(Otsu, 1979; Sezgin and Sankur, 2004; Zhang and Hu, 2008; Makkar and Pundir, 2014; Borlaf-

Mena et al., 2019). It automatically searches for a threshold value for each photo that minimizes 

intra-class variance (Otsu, 1979). An automatic selection of thresholds in the Otsu method enables 

objective photo processing and eliminates bias (Nobis and Hunziker, 2005). 

Otsu thresholding was compared with other methods like the simple binary thresholding and 

adaptive thresholding to identify an appropriate photo segmentation method. The visual 

comparison of the results of segmentation with the original photos indicated that the Otsu 

thresholding gave better results in differentiating the canopy and sky segments. The simple binary 

thresholding was not easy to apply for all the photos since it requires exploring the distribution of 

pixel values of individual photos for defining the optimal global threshold values. Besides, this 

process suffers from subjectivity. The adaptive thresholding was able to offer automatic local 

thresholds, which might contribute to misclassifications. The various intensities of cloud in a photo 

were segmented into either of the classes during adaptive thresholding, indicating the lack of 

appropriateness of local thresholds for such data. Therefore, Otsu thresholding, which objectively 

sets a photo-specific global threshold, was chosen to segment the photos into canopy and sky. 

Preliminary test results showed that correctness of the results of Otsu thresholding into the canopy 

and background classes varied according to the presence of tree crowns in the photo, cloud cover, 

and flecks of sunlight, of which the latter is mainly influenced by the time of the day (Rich, 1990). 

Such segmentation errors were examined manually by comparing the results of segmentation with 

the original photos. Sometimes the dark blue sky was misclassified to the canopy class while at 

another time due to sun flecks on the vegetation, some canopy components were misclassified to 

the sky. Based on these preliminary test results, restrictions were made to exclude atypical photos 

in the selection of plots for the quantification of CC. The plots containing photos contaminated by 

the above sources of misclassification were identified and removed. Some photos of the 14 SPs out 

of the total 90 SPs measured in the field had such defects. Thus, only the remaining 76 SPs were 

selected for the final analysis. 
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2.4. Analysis of the effect of photo size on canopy cover estimates 

Canopy fraction was calculated from each of the segmented photos. Analysing the entire photo size 

could not be effective for the precise estimation of canopy fraction. Existing literature suggested 

the use of narrow-angle of view digital photos if the focus is on CC estimation (Korhonen et al. 

2006; Paletto and Tosi, 2009). Therefore, the canopy fractions were calculated for photos with 

concentric squares sliced inward with side lengths of 3000 pixels (full size), 2000 pixels, 1000 

pixels, 500 pixels, 400 pixels, 300 pixels, 200 pixels, and 100 pixels to get the central parts, which 

are getting less distorted and closer to the sampling location (Figure 4). In terms of area, the 

resulting segmented photos represented 100%, 44.4%, 11.1%, 2.8%, 1.8%, 1.0%, 0.4%, and 0.1%, 

respectively, of the full size (3000 × 3000 pixels) photos. A comparison of these photo sizes was 

needed to determine an appropriate view angle for canopy photography. 
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Figure 4: An example of the original RGB photo (at the centre of the subplot) and segmented photos with 

different sizes (border subplots). The green concentric squares in the central subplot indicate the extents to 

which the original image was sliced. The red line indicates the direction of change in the size of the photos. 

2.5. Threshold sensitivity analysis for classifying the canopy fractions 

Different canopy variables can be estimated from the segmented photos. In this study, we were 

interested in comparing the photo-based estimates of CC with the labour-intensive and time-

consuming point-based data. We had a count of either 1’s or 0’s in the point-based data at each of 
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the photo capture locations. However, the canopy fraction values determined above could not be 

directly translated to CC estimates and compared with the point-based data because the canopy 

fractions underestimated the plot level CC for all the photo sizes.  

Figure 5 indicates that most of the extreme low-density and high-density forest plots had canopy 

fraction estimates beyond the 95% prediction interval limits compared with the point-based data. 

This result suggested that these ranges of values are less likely to contain the mean CC at a 95% 

confidence interval. It was also observed that the canopy fractions from all the photo sizes 

underestimated CC. While the point-based CC ranged from 33.9 to 100% with a mean of 80.6%, 

the canopy fraction values fell between 29.7 and 75.2% and mean of only 56.5%. 
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Figure 5: confidence interval (red lines) and prediction interval (blue lines) limits of predicting point-based 

CC from the photo-based canopy fraction. The green line shows the linear model fit. The vertical and 

horizontal dashed cyan lines represent the means. 

Thus, the canopy fraction values of each photo underwent binary classification (classification for 

simplicity) into 1’s or 0’s, as shown in Equation 4. This classification resulted in the same data as 

the point-based data to make a direct comparison. To determine the effect of a classification 

thresholds on the resultant CC estimates, the canopy fractions of the photos in each photo size were 

reclassified using seven canopy fraction thresholds (i.e. 10%, 20%, 30%, 40%, 50%, 60%, and 

70%). These thresholds were set to vary at intervals of the threshold of CC in the formal forest 
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definitions by the FAO and Ethiopia (FAO, 2000; FDRE, 2016). We tested a broader range of 

thresholds even beyond 50% to examine their effects on the resultant CC estimates. 

,D%$%&%9 � '�% ()�4)D%$%& E <
�% /"*�67(!������

(4) 

where ,D%$%&%9 is the classified value of photo i (1, 2, 3, …, 109) within size class j (100 × 100 pixels, 

200 × 200 pixels, …, 3000 × 3000 pixels) in SP k (1, 2, 3, …, 76) classified with a threshold of m 

(10%, 20%, …, 70%); 4)D%$%& (which was obtained in section 2.4) is the canopy fraction of photo i 

of size class j in plot k. 

The resulting values (,D%$%&%9) of the classified of the canopy fraction represent absence or presence 

of canopy component at the zenith of the photo acquisition locations. These new values were in 

agreement with the point-based data, with which we made the comparison. The results of the 

classification were used for calculating photo-based CC at the plot level as shown in Equation 5. 

,$%&%9 � �8 ,D%$%&%9FD:;
1 � ���� (5) 

where ,$%&%9is the photo-based CC estimate (in %) of photo size j and threshold k in plot m; n is the 

number of photos of respective photo size and threshold combinations in each plot m (i.e., 109). 
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Figure 6. Flowchart for CC estimation using digital photo processing. The steps within the blue box (left 

side) gave canopy fraction for each photo size. The steps in the green box (right side) are for classification 

of the canopy fraction to get the plot-level estimates of CC for the combinations of photo sizes and 

classification thresholds. Otsu thresholding uses automatic threshold T(i) to segment each photo (i) in the 

SP into canopy and sky segments while T(m) in the classification refers to the use of m (i.e., 10%, 20%, …, 

70%) thresholds to further classify the canopy fractions. See section 2.4 for detail descriptions of the photo 

sizes and the above paragraphs in section 2.5 for the classification thresholds. 

 

2.6. Statistical analysis 

The Chi-squared test was used to test the relationship between the two methods for detecting the 

presence of canopy at the observation points. To determine if there were significant effects of the 

photo sizes and thresholds on the estimates, the two categorical variables (i.e., the 8 factors of photo 
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size and 7 factors of threshold; see sections 2.4 and 2.5 for details) were compared using analysis 

of variance. This helped to assess the importance of these variables and their interaction effects for 

processing digital photos to get relatively more precise and less biased CC estimates. 

The plot-level estimates of the point-based method were used to evaluate the performance of that 

of the photo-based method. The combinations of the different levels of photo size and classification 

threshold that yielded the closest estimates of plot-level CC with the point-based data were 

evaluated based on the Pearson’s correlation coefficient (r), relative root mean square difference 

(RMSD%) and relative mean difference (MD%) estimates (Willmott, C.J., 1981; Curran-Everett, 

2010; Rex et al., 2020). Pearson’s correlation analysis was used to determine whether there was a 

statistically significant relationship between the methods. Evaluation of the sample variances using 

Levene’s test indicated the appropriateness of the use of the two-sample t-test with equal variances 

to determine whether statistically significant differences existed in the mean CC between the two 

methods used for measurement at every SP. The extent of deviation of data points from the mean 

CC estimates derived from the different combinations of photo sizes and thresholds was evaluated 

using the estimated coefficient of variation (Brown, 1998). In all the statistical analyses, a 

confidence level of 95% was used for testing the statistical significances. 

 

3. Results 

3.1. Photo-based methods for canopy cover estimation 

The photo-based estimates of CC rely on correct segmentation of the photo pixel values into the 

canopy and sky segments. Determination of an appropriate threshold for segmentation is vital. 

Figure 7 shows the optimal thresholds of photo segmentation using Otsu thresholding in the SPs. 

The appropriate thresholds for segmenting the pixel values of 109 photos in each SP ranged 

between 111.9 and 145.6 with a median of 128.1. 
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Figure 7. Distribution of the Otsu thresholds for segmenting the photos in the SPs. The dashed red vertical 

line represents the median of the thresholds (i.e., 128.1). 

 

This study was conducted in a dense canopy cover condition where the minimum and average CC 

estimates using the point-based method were 33.9 and 80.6%, respectively (Table 1). The variances 

for the point-based estimates for each SP ranged between 0 and 22.9%. However, the range of 

variances of the photo-based estimates for individual SPs varied based on the specific combination 

of photo sizes and thresholds. All of the photo-based variances for each SP estimate were within 

the range of the point-based variances for the SPs. The CC estimates using the photo-based method 

were compared with the point-based data to identify the appropriate photo processing techniques 

for estimating CC. A summary of the statistics of the estimates of CC in the study area for each of 

the photo size and threshold variables is shown in Table 1. The results indicated that the mean CC 

estimates using digital photos increased with photo size, ranging from 64.3 to 77.9%. The standard 

deviation of the CC estimates increased with photo size from 16.4 to 26.9%. Despite the increase 

in the mean CC with an increase in photo size, all of the estimates were smaller than the mean CC 

using the point-based method. 

The CC estimates based on the threshold classes (regardless of the photo size) indicated that they 

decreased by more than 50% (from 85.3 to 41.6%) with the increase in thresholds while their 

standard deviations increased (from 13.5 to 17.4%). 
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Table 1. The plot-level minimum, maximum, mean, and standard deviation (SD) of the canopy cover (CC, 

in %) estimates from digital photo processing using different photo sizes and thresholds and the estimates 

of the point-based method. Analysis of variance of the effects of the photo size, classification threshold, and 

their interactions is also shown for the photo-based method. 

Variable Factor Minimum CC Maximum CC Mean CC SD F-score b p-value

Photo size a 

(pixels) 

100 13.8 99.1 64.3 16.4 56.2 <0.001  

200 8.3 99.1 65.4 17.4 

300 6.4 100.0 66.2 18.2 

400 2.8 100.0 66.8 18.8 

500 2.8 100.0 67.2 19.4 

1000 0.9 100.0 69.3 22.0 

2000 0.0 100.0 74.0 25.6 

3000 0.0 100.0 77.9 26.9 

Threshold of 

classification (%) 

10 36.7 100.0 85.3 13.5 721.8 <0.001 

20 35.8 100.0 82.2 14.2 

30 34.9 100.0 78.3 14.9 

40 33.0 100.0 73.4 15.7 

50 24.8 100.0 66.0 16.5 

60 1.8 100.0 55.4 17.4 

70 0.0 86.2 41.6 16.5 

Interactions c ---   --- --- 8.0 < 0.001 

Point-based 

estimation 

--- 33.9 100.0 80.6 13.4 --- --- 

a photo size refers to the length of one side of the square-shaped photos (in number of pixels). 
b significant at 95% confidence level. 
c details of estimated CC for the interaction of photo size and threshold variables are presented in Table 2. 

 

The observed differences in the rates of change in mean CC estimates for the photo size and 

threshold variables encouraged us to test the interaction effect, which was significant at 95% 

confidence level (Table 2 and Figure 8). Table 2 indicated that the mean CC estimates ranged 
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between 34.8 and 98.5% for the different combinations of the photo sizes and thresholds considered 

in this study. The photo-based CC estimates that strongly correlated with the point-based estimates 

originated from only a few combinations of the photo sizes and thresholds. Photos with sizes of 

300 × 300 pixels, 400 × 400 pixels, and 500 × 500 pixels (which represented 1, 1.8, and 2.8% of 

the original photo size) offered better estimates of CC at 10% and 20% thresholds.  

Table 2. Effect of photo size and classification threshold on mean CC estimates from digital photos. 

 

Photo size 

Threshold 

10% 20% 30% 40% 50% 60% 70% 

100 × 100 pixels 76.9 74.0 70.4 66.5 61.2 54.5 46.6 

200 × 200 pixels 78.9 76.0 72.6 68.1 62.1 54.8 45.5 

300 × 300 pixels 80.4* 77.3* 73.8 69.3 63.0 54.8 44.5 

400 × 400 pixels 81.5* 78.6* 74.8 70.4 63.8 54.8 43.6 

500 × 500 pixels 82.5* 79.6* 75.7 71.0 64.1 54.6 42.9 

1000 × 1000 pixels 88.0 83.7 79.6** 73.8 66.0 54.3 39.8 

2000 × 2000 pixels 95.9 92.0 87.1 80.7** 71.0 55.9 35.4 

3000 × 3000 pixels 98.5 96.2 92.7 86.9 76.6 59.4 34.8 

* These values, which are at the logical thresholds of CC for forest definition (FAO, 2000; FDRE, 2016), 

are very close to the point-based mean CC (i.e., 80.6%). Therefore, the combinations of photo sizes and 

thresholds that gave these estimates were discussed in detail in this paper. 
** These estimates are also closer to the point-based CC but they had large standard deviations compared 

to the previous group (section 3.2. for more details). Therefore, these were not the focus of discussion. 
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Figure 8. Interaction effect of photo size and classification threshold on the photo-based mean CC. The 

dashed red horizontal line is the overall mean of the point-based CC. 

3.2. Evaluation of the photo-based estimates of canopy cover 

Figure 9 shows the patterns of RMSD% and MD% of the photo-based estimates of CC from the 

point-based estimate. The combinations of the three photo sizes (i.e., 300 × 300 pixels, 400 × 400 

pixels, and 500 × 500 pixels) with 10% and 20% thresholds yielded the smallest deviation in terms 

of RMSD% and MD%. With an increase in the thresholds, both the RMSD% and MD% values 

deviated from zero, which is the ideal minimum for both indicators. The figure shows the negative 

effect of very large photos at very small and larger classification thresholds. The larger photos tend 

to perform better at medium thresholds. For, instance, at 30% and 40% thresholds, estimates were 

better for the photo sizes of 1000 × 1000 pixels and 2000 × 2000 pixels, respectively. However, 

we did not emphasize these since the standard errors of these estimates were too large to consider 

them (i.e. greater than that of the point-based data).  
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Figure 9. (A) RMSD% (relative root mean square difference) and (B) MD% (relative mean difference) of 

the photo-based CC data using the different photo sizes (different colours; see legend) and classification 

thresholds (x-axes) compared with the point-based data. The dashed red horizontal lines represent the ideal 

values for the absence of any differences in CC between the photo-based and point-based methods. 

 

Figure 10 shows a very strong relationship in the mean CC estimates between the point-based and 

photo-based methods using the identified photo sizes and thresholds. The photo-based estimates at 

the 10% threshold had stronger correlations with the point-based data (0.95, 0.96, and 0.96 for the 

photo sizes of 300 × 300 pixels, 400 × 400 pixels, and 500 × 500 pixels, respectively). The estimates 

using the same respective photo sizes at the 20% threshold had correlation coefficients of 0.92, 

0.94, and 0.95 with the point-based data (Pearson’s correlation test; p-value < 0.05 for all). 
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Figure 10. Relationship of the point-based and photo-based estimates of CC using 10% threshold for the 

photo sizes of (A) 300 × 300 pixels, (B) 400 × 400 pixels, and (C) 500 × 500 pixels and 20% thresholds for 

photo sizes of (D) 300 × 300 pixels, (E) 400 × 400 pixels, and (F) 500 × 500 pixels. The dashed red diagonal 

lines represent the identical (1:1) lines of each subplot. 

 

In Table 3, we see that the results of the 10% threshold of the canopy fractions from the photo sizes 

of 500 × 500 pixels slightly overestimated the CC (82.5%) but was not significant. This was a more 

precise estimate than the other options (with a standard deviation of 12.6%). The use of a 20% 

threshold underestimated CC for all of the three photo sizes compared with their 10% equivalents. 

Similarly, the estimates with a 20% threshold for all the three photo sizes were less precise than 

their counterparts with the 10% threshold were. The CV for the 500 × 500 pixels photo size with a 

10% threshold was the smallest of all the possible combinations. The MD% followed a similar 

pattern. For the identified optimum photo sizes, the estimates with a 10% threshold had a relatively 

smaller MD% than the 20% threshold equivalents. The CC with 10% threshold for photo sizes of 

400 × 400 pixels and 500 × 500 pixels were 0.9% and 1.9% (respectively) beyond the point-based 
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CC. However, the 20% threshold had negative MD% for all the three optimum photo sizes 

indicating underestimation. Generally, the results showed an underestimation of CC for thresholds 

greater than or equal to the 20% and photo sizes smaller than or equal to 500 × 500 pixels, which 

represent the relatively less distorted sections of the digital photos. The MD% of all the identified 

optimum combinations of the photo sizes and thresholds were not significantly different from zero 

at a 95% confidence level. The results for the photo size of 300 × 300 pixels at the 10% threshold 

had the least MD% (-0.13). 

Table 3. The estimates of mean, SD, and coefficient of variation (CV) of the photo-based CC using the 

selected photo sizes and thresholds and their relative mean differences (MD%) from the point-based data. 

The unit of all the estimators is percentage. 

Optimum combinations of thresholds 

and photo sized for CC estimation 
Mean CC SD CV MD% d 

10% threshold and 300 × 300 pixels 80.4 13.0 16.1 -0.1 

10% threshold and 400 × 400 pixels 81.5 12.7 15.6 0.9 

10% threshold and 500 × 500 pixels 82.5 12.6 15.3 1.9 

20% threshold and 300 × 300 pixels 77.3 13.1 17.0 -3.3 

20% threshold and 400 × 400 pixels 78.6 13.0 16.6 -2.0 

20% threshold and 500 × 500 pixels 79.6 13.1 16.5 -1.0 

Point-based data 80.6 13.5 16.8 --- 

d the MD% were insignificant at 95% level of confidence. 

4. Discussions 

4.1. Otsu thresholding for photo segmentation and time of canopy photography 

A visual check of the performance of the Otsu thresholding method indicated that it misclassified 

atypical photos. This could be because the timing of photo capture in those SPs where the atypical 

photos were taken was not in the ideal diffuse sky condition as recommended by Anderson (1964). 

A direct penetration of sunlight through the forest canopy influenced the quality of the photos. 

These results were in agreement with the recommendations of previous studies (Rich, 1990; 

Chianucci, 2020). The fieldwork for canopy photography should be adjusted during the time of the 

day when the sky is uniformly overcast or when there is a perfectly diffuse sky condition although 
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this may increase inventory costs. Cloudy days, overhead sun and darkness/shadow should be 

avoided during photo taking for canopy cover estimation to eliminate possible discard of data. 

Therefore, inventory planning should account for appropriate scheduling for enhancing technical 

and financial efficiency. 

4.2. Effect of photo size and classification threshold on canopy cover 

The results indicated that photo size had a significant effect on the forest CC estimates. The increase 

in CC with increasing photo size might be due to the distortions in the outer sections of the photos. 

The photos towards the edges have distorted geometries, coarse pixel resolutions, and are blocked 

by tree trunks, which minimize the canopy gap fraction (Gonsamo et al., 2010; Gonsamo et al., 

2013). The results revealed that removing the distorted outer parts of the photos significantly 

affected the CC estimates. The bigger photos gave larger estimates of CC, which is in line with 

previous studies that exhibited similar patterns when using digital photos for CC estimation 

(Korhonen et al., 2006; Gonsamo et al., 2013; Bianchi et al., 2017). Despite the increasing trend 

with an increase in photo size, all of the photo-based estimates across the photo sizes were smaller 

than the point-based CC. The deviation might be because the point-based estimates were based on 

counts of either 1 or 0 at each sampling location whereas the processed photos, most of which 

represented dense CC, had gap elements that contributed to smaller canopy fractions above the 

point of observation. The canopy fractions computed from the digital photos with all the different 

sizes were less precise and deviated from the point-based data. This was the motivation for the 

classification of the canopy fraction values. 

Classification of the canopy fraction data with the different thresholds gave a logical comparison 

of the CC estimates and enabled the identification of feasible thresholds for a more precise 

estimation of CC. When photo size is not taken into consideration, the CC estimates at 10% and 

20% thresholds were slightly larger than the point-based CC. This could be because the photos that 

had a significant amount of canopy gaps were classified as canopy (1) since the thresholds were 

small. This effect of overestimation at the specified thresholds increased tremendously with an 

increase in the size of the photos. The CC estimates from the full-size photos analysed with 

different thresholds had extreme values, indicating the huge uncertainty associated with the use of 

the entire photo for CC estimation. 
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The CC estimates using the central slices of the photos were more precise than the larger photos 

indicating the higher confidence associated with the use of these portions of the photos for 

generating information about forest CC. This was supported by the small MD% and RMSE% 

values associated with estimates using these photo sizes. Only a small central part of the vertical 

photo (less than 3% of the size of the original photo) was useful for CC estimation. Objects in this 

central portion of the photos are relatively free from distortion and the CC estimates had a strong 

coherence with the point-based method. They preserved the geometry of canopy gaps and resulted 

in a minimal deviation from the point-based data. This result was supported by other research 

findings that recommended a narrow-angle of view to obtain a reliable CC estimation using 

photographic techniques (Korhonen et al., 2006; Paletto and Tosi, 2009; Chianucci, 2016). Paletto 

and Tosi (2009) described the advantages of using narrow-angle photographic methods that they 

are simple to perform and suitable for CC estimation. 

Photo sizes smaller than 300 × 300 pixels underestimated CC for all the thresholds. This could be 

due to under-sampling of the canopy fractions in which the canopy elements were not adequately 

represented (Gonsamo et al., 2013). Hence, these small photo sizes could not provide comparable 

estimates of CC with the point-based method. This may also be attributed to greater vulnerability 

to the effect of solar illumination close to the nadir location that exaggerated canopy gap fraction 

estimates (Gonsamo et al., 2013). The effect was more pronounced in the photos acquired during 

midday when the sun was overhead. This could be a critical challenge as Rich (1990) indicated 

that sunlight shining through tiny holes in a forest canopy could make it difficult to find a consistent 

estimate of CC. 

Underestimation of CC for distortion-free photo sizes when the threshold values were greater than 

or equal to 30% suggests the irrelevance of such thresholds for classifying the canopy fraction into 

canopy and sky (non-canopy) classes in such dense forests. The suitability of 10% and 20% 

thresholds for classifying the canopy fractions could be attributed to the fact that most SPs had 

large CC. The photos had a significant proportion of canopy that did not contribute to omission 

error for the canopy class, which could enhance correct classification at these thresholds. Therefore, 

the main concern in the use of these small thresholds should be controlling misclassification of 

non-canopy photos into the canopy class (commission error) that could easily be made. Therefore, 

cautions such as careful planning of the fieldwork and adhering to schedules of photo acquisition 

are needed for conducting canopy photography (Frazer et al., 2001). 
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4.3. Evaluation of the selected photo-based canopy cover estimates 

The observed strong linear relationship between the point-based data and the selected photo-based 

estimates of CC indicates the potential of digital photography for CC assessment in the study forest 

type. The possibility of choosing different combinations of photo sizes and thresholds for optimum 

estimation of CC offers flexibility to the photo-based methods. This in turn improved the precision 

of the estimates. The optimum photo sizes and thresholds were able to yield standard deviations 

smaller than that of the point-based data. This might be due to the objective sampling and photo 

processing in the photo-based methods. 

Among the optimum variable combinations, the slightly overestimated CC at 10% threshold for 

the point-based method could be due to the presence of inter-crown gaps that might be recorded 

open (gap fraction) in the point-based method while it could be misclassified into the canopy 

fraction in the photo-based method at this small (10%) threshold level (i.e., commission error). The 

results of the evaluation of the photo-based estimates of CC with the point-based data revealed that 

smaller thresholds provide estimates with better precision. This could also justify the 

appropriateness of the photo segmentation using Otsu thresholding.  

The strong intercorrelation among the photo-based CC estimates using the identified optimum 

thresholds and photo sizes revealed the suitability of the photo-based method for precise estimation 

of CC. The photo-based method introduced in this study provided flexibility to choose a range of 

photo sizes and classification thresholds to enhance the precision of CC estimates. 

5. Conclusions 

Setting up a strict photo processing procedure is important for estimating CC from photos captured 

using ordinary digital cameras. The use of the central less distorted section of digital photos for CC 

estimation demands setting a reasonable threshold for classification of the canopy fractions into 

canopy and sky classes. For dense forests like the ones in this study area, 1-3% of the central part 

of the photos and 10% or 20% thresholds were found to yield a meaningful relationship with the 

point-based data. The photo-based techniques using the optimum photo sizes and thresholds 

showed a very strong correlation with the point-based data, which ranges from 0.92 to 0.96, 

indicating the possibility of using digital photography for precise estimation of CC. These photo 

sizes and classification thresholds provided a more precise estimation than the intensive-sampling 
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point-based method. Further research is needed to test the efficiency of this method against other 

accurate measurement techniques like the use of the Cajanus tube. 

The camera lens used in this study was so wide that there were canopy gap distortions in the photos, 

which affected the quality of the photo-based CC data. For this technique to be effective, narrow-

angle camera lenses are recommended for capturing relevant canopy photos. This is particularly 

useful for avoiding distortion close to the edges and improving sampling resolution at the central 

sections of the canopy photo (Gonsamo et al., 2010; Chianucci, 2020). Therefore, further research 

is needed to identify suitable focal length ranges for a more efficient assessment of canopy cover 

in different forest canopy conditions. The photo processing and data analysis workflow should also 

be automated to avoid subjectivity. The recent advances in digital cameras and data processing 

applications can contribute to improving the data quality and automating the processing routines 

of a large number of photos. 

The methods of CC estimation used in this study could be relevant for supporting silvicultural 

management in tropical species-rich forests where light competition is severe. It can also provide 

useful information like the availability of adequate shade trees for agro-forestry systems like the 

traditional forest-coffee production practices in Ethiopia. The method is important for supporting 

forest monitoring and inventory in developing countries. It can also contribute to advancing the 

techniques of CC estimation in different forest types. 
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