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Abstract: Data gathered through community-based forest monitoring (CBFM) programs 
may be as accurate as those gathered by professional scientists, but acquired at a much 
lower cost and capable of providing more detailed data about the occurrence, extent and 
drivers of forest loss, degradation and regrowth at the community scale. In addition, CBFM 
enables greater survey repeatability. Therefore, CBFM should be a fundamental component 
of national forest monitoring systems and programs to measure, report and verify (MRV) 
REDD+ activities. To contribute to the development of more effective approaches to 
CBFM, in this paper we assess: (1) the feasibility of using small, low-cost drones (i.e., 
remotely piloted aerial vehicles) in CBFM programs; (2) their potential advantages and 
disadvantages for communities, partner organizations and forest data end-users; and (3) to 
what extent their utilization, coupled with ground surveys and local ecological knowledge, 
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would improve tropical forest monitoring. To do so, we reviewed the existing literature 
regarding environmental applications of drones, including forest monitoring, and drew on 
our own firsthand experience flying small drones to map and monitor tropical forests and 
training people to operate them. We believe that the utilization of small drones can enhance 
CBFM and that this approach is feasible in many locations throughout the tropics if some 
degree of external assistance and funding is provided to communities. We suggest that the 
use of small drones can help tropical communities to better manage and conserve their 
forests whilst benefiting partner organizations, governments and forest data end-users, 
particularly those engaged in forestry, biodiversity conservation and climate change 
mitigation projects such as REDD+. 

Keywords: unmanned aircraft systems; unmanned aerial vehicle; remote sensing; tropical 
forests; community-based forest management; REDD+; MRV; national forest monitoring 
and safeguard information systems; deforestation and degradation; conservation 

 

1. Introduction 

Tropical forests play a critical role in the global carbon cycle [1] and harbor around two-thirds of all 
known species [2]. Large tracts of tropical forests have long been inhabited by humans, thus leading to 
a significant overlap between linguistic, cultural and biological diversities [3]. Presently, tropical forests 
are also home to a significant proportion of the world’s poor [4], and therefore synergies between 
poverty alleviation and forest conservation strategies are essential for successful conservation [5].  
In tropical regions, it is claimed that community-based forest management has the potential to  
both alleviate poverty [6] and be more effective for forest conservation than protected areas [7,8]. 
Though such claims are not clearly supported by quantitative evidence [9], community-based forestry 
continues to be central to many development and conservation projects worldwide. In such efforts, 
sound community-based forest management strategies have to be developed in combination with 
community-based forest monitoring (CBFM) [10] strategies so that a range of assessments can be 
made over time and management can be adaptive. 

Likewise, CBFM will be essential to the successful implementation of the Reduced Emissions from 
Deforestation and Forest Degradation (REDD+) program [11] across tropical communities because 
CBFM has significant advantages over governments and other organizations working in community 
forests [12–14], and because local participation is essential to improving forest governance [15–17] 
and constitutes a fundamental safeguard under REDD+ [18,19]. Thus, for instance, forest data 
gathered by trained community members have been shown to be as accurate as those gathered by 
professional scientists, but at a much cheaper cost, and can provide greater survey repeatability and 
more detailed data about the occurrence, extent and drivers of forest loss, degradation and regrowth at 
the community scale [12,13,20–24]. CBFM can also supplement [25] existing national forest 
inventories in tropical countries [20,26] and should therefore be a fundamental component in national 
forest monitoring systems and in systems to measure, report and verify (MRV) REDD+ activities, 
which to date are inadequate in most REDD+ project sites [27]. Furthermore, CBFM could facilitate 
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the transition from centralized forest monitoring approaches to more transparent, independent and 
widespread models, which should deliver substantial benefits [28]. In addition, CBFM can help 
communities deter people (whether locals or abutters) from carrying out illegal activities in their 
territories, hence contributing to improved forest governance [29]. CBFM may also lead to the social 
and institutional strengthening of communities, empowered by the use of technologies and greater 
knowledge and awareness of policies, which in turn may enhance their ability to negotiate claims in 
REDD+ and to help achieve equitable, efficient and effective REDD+ outcomes [12,20,22,23]. For all 
these reasons, CBFM can improve forest monitoring in tropical countries, with potential co-benefits 
for biodiversity conservation, climate change mitigation and livelihood support [12,30]. 

CBFM is usually carried out through conventional ground surveys to gather forest data inventories 
by measuring variables in permanent plots such as diameter at breast height (dbh), tree height, 
percentage of canopy cover, number of trees and tree species. Such surveys cover a very small area 
and are usually costly, time-consuming, tedious, and plagued with logistical difficulties in the tropics 
(e.g., safety, access to remote sampling sites). In order to develop more effective approaches to CBFM, 
in this paper we assess: (1) the feasibility of using small, low-cost drones (remotely controlled aerial 
vehicles) in CBFM programs; (2) their key advantages and disadvantages for communities, partner 
organizations and forest data end-users; and (3) to what extent their utilization, coupled with ground 
surveys and local ecological knowledge, would improve tropical forest monitoring, particularly in light 
of the needs of REDD+ MRV systems, as compared to using only ground surveys or ground surveys 
coupled with other remote sensing approaches. Our assessments are timely and necessary because 
although drones are being increasingly used for a range of environmental monitoring tasks with 
reasonable success, we do not know of any programs now being developed to use small drones for 
CBFM. To our knowledge, this is the first paper that evaluates the prospects, challenges and 
opportunities of using small drones for CBFM in tropical areas as a way to improve forest monitoring, 
which is central to effective REDD+ implementation. The subject is very topical and relevant as 
reducing and preventing tropical deforestation and forest degradation is a vital global climate 
mitigation strategy [31,32], and key to sustain global biodiversity [2]. 

We reviewed both academic and non-academic literature dealing with the use of small drones [33] 
for environmental applications, including forestry. We first provide a brief overview of such uses, 
including the types of drones that could be employed specifically for CBFM. We then outline and 
briefly discuss the key advantages and disadvantages that we expect from the use of small drones for 
CBFM, according to how we envisage the whole process in the short-term, which includes some 
external training, assistance and funding from organizations working alongside communities (e.g., in 
REDD+ projects) so that drones can be operated by communities; we evaluate the pros and cons from 
the standpoint of communities, partner organizations and forest data end-users. In addition, we provide 
a brief assessment regarding the improvements we expect in forest monitoring by means of 
implementing this drone-assisted CBFM approach, particularly in relation to REDD+ MRV systems 
needs, and discuss the main prospects, challenges and opportunities for implementing this approach at 
present and in the near future. We ground our assessments on the authors’ own experiences in 
community forest management and monitoring in several tropical contexts as well as our expertise in 
the remote sensing of forests, a literature review of drone applications in environmental monitoring, 
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and firsthand experience flying small drones for mapping and monitoring tropical forests and training 
people to operate them. 

2. The Use of Small Drones for Environmental Mapping and Monitoring 

As with technologies such as GPS, small drones were initially developed for military use, but are 
increasingly being deployed in civilian applications [34], including mapping, monitoring and 
managing habitats and natural resources. Although small drones are not used widely in environmental 
applications yet, their use is likely to increase rapidly as their prices decrease and the technology 
becomes easier to use [35,36]. 

The earliest scientific publications of environmental data gathered with small drones were studies 
carried out by Tomlins, Lee and Manore using a hobby-grade model aircraft, and later a custom-designed 
small drone [37–39]. In his pioneer research, Tomlins identified as many as 46 environmental 
applications in which small drones could be useful [37]; yet this technology remains unexplored for 
most such applications [40]. Although some initial attempts were made to employ small drones in 
environmental research in the 1990s and early 2000s (e.g., [41,42]), researchers have only begun 
seriously investigating the use of drones over the last seven to eight years. Recent papers discuss the 
potential benefits of small drones for specific environmental applications (e.g., [43–46]), including a 
recent special issue on the topic published in 2011 in GIScience and Remote Sensing (see [47]).  

Although the development of environmental remote sensing technologies and methods has been 
closely related to the study of forests (e.g., [48–52]), the bulk of the academic literature published 
about the development and use of small drones for environmental applications is not concerned with 
forests. Instead, the focus is on the use of small drones in precision agriculture (e.g., [46,53,54]) and 
vegetation monitoring in rangelands (e.g., [44,55–59]). Other environmental research applications 
found in the literature include biodiversity monitoring [60–64], habitat monitoring [65–67], and soil 
properties [68,69]. Another application that can assist in environmental monitoring is the generation of 
high spatial resolution digital surface/elevation models from drone imagery [70,71]. 

Most drone research on forests has focused on mapping and monitoring fires [72–75], but some 
studies have aimed to monitor forest stands with small drones [60,76–84]. A pioneer study by Horcher 
and Visser [85] emphasized the potential use of small drones for forestry applications , and Koh and 
Wich recently published a paper that outlined some tasks geared toward tropical forest conservation 
that can be accomplished by “conservation drones” [86]. Our review of non-academic literature [87] 
suggests that small drones are increasingly being used by timber companies and government forestry 
agencies for applications such as tree crown/gap mapping, forest stand mapping, volume estimation, 
wind blow assessment, pest monitoring, and harvest planning. Additionally, conservation NGOs  
and staff of protected areas worldwide are becoming interested in using small drones for  
conservation-related tasks (e.g., surveillance of wildlife, monitoring of land-use change and illegal 
activities within reserves such as poaching and illegal game hunting) [88]. 

3. Small Drones Suitable for Community-Based Forest Monitoring 

Existing drone types can be classified according to a range of criteria, including size and  
payload [89], control systems, flight range, altitude and endurance. A very simple classification based 
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on flying altitude is provided by Everaerts [90], another based on flying altitude and range can be 
found in [40], and a more comprehensive classification following military-standard criteria (though 
focused on environmental applications) is provided by Watts et al. [45]. Most environmental 
applications use small drones that have light payloads, can cover relatively short distances, and are 
only able to fly missions over short periods of time and at low altitudes [91]. Within the category of 
small drones, we distinguish three main types according to their design and flight mode: (1) various 
balloons, blimps, kites and paragliders; (2) rotary-wing aircraft; and (3) fixed-wing aircraft (Figure 1 
shows rotary- and fixed-wing aircraft that we have used).  

Figure 1. Examples of rotary-wing (a,b) and fixed-wing drones (c–f) used  
by ConservationDrones. 
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For the purposes of CBFM, balloons, blimps, kites and paragliders are not suitable because it would 
be very difficult to cover large areas with these systems and therefore they are best utilized for very 
local monitoring needs (e.g., permanent monitoring at key areas for fire/smoke detection). Rotary-wing 
aircraft such as helicopters and multicopters (e.g., quadracopters, octocopters) may not be well suited 
for CBFM in large community forests because these drones can only cover short distances [92] for 
short durations (typically up to 30 or even 40 min) owing to their high power demand relative to their 
limited battery size. However, they may be more useful than fixed-wing drones in instances where 
canopy gaps are large enough for vertical ascent [93] and descent, but no landing strip is available.  
In contrast, fixed-wing aircraft have gliding capabilities that enables greater flight endurance than 
rotary-wing aircraft, which allows them to operate over the longer distances (up to 15–20 km) that 
CBFM frequently requires in tropical forests. In addition, many fixed-wing drones can be built from 
hobby-class model aircraft, which may significantly reduce their cost and provide greater payload 
flexibility [40,86]. Both rotary- and fixed-wing drones can either be flown fully manually by a ground 
operator with the assistance of live telemetry systems or be easily pre-programmed to fly fully 
autonomously when an autopilot system is fitted into the drone’s body (though partial ground control 
is recommended for safer landing and take-off). 

Given these advantages, we recommend the use of small fixed-wing aircraft for CBFM and our 
assessment here is primarily concerned with such drones [94], although many of the advantages  
and disadvantages we discuss in this paper apply to rotary-wing aircraft as well. We prioritize full or 
semi-automation of drone flights because a higher degree of autonomy implies that a community could 
begin monitoring with less training than that required by fully manual operation. However, some 
degree of manual operation will most likely be necessary in certain situations (e.g., to interrupt a 
mission if required). In such cases, a telemetry system would allow for active manipulation of the 
flight from a laptop, tablet, or special goggles, and such manipulation is relatively straightforward after 
training. If manual operation of a drone is necessary, the telemetry system can stabilize the flight 
altitude, thus avoiding significant geometric problems in the imagery acquired. 

4. Key Advantages of a Drone-Assisted Community-Based Forest Monitoring Approach 

In this section we outline and briefly discuss key advantages we have identified for communities, 
partner organizations and forest data end-users [95] to using small drones for CBFM to complement 
community ground surveys. In the subsequent section we examine the main disadvantages. In addition, 
we provide a qualitative assessment of the relative importance of every advantage to communities, 
partner organizations, and forest data users. 

The lists of advantages and disadvantages in this section and the next refer to the benefits and 
limitations we foresee for communities, partner organizations and forest data end-users wishing to 
implement a drone-assisted CBFM approach. This serves as a first assessment of the feasibility and 
desirability of this approach to CBFM in comparison with what could be achieved by ground surveys 
alone, or by ground surveys coupled with other remote sensing options (i.e., satellite or piloted aircraft 
imagery). Our lists are based on how we envision the entire CBFM process to proceed over the next 
few years. Specifically, we suggest that community members would be able to autonomously plan and 
acquire drone imagery to monitor their forests after receiving adequate training from a partner 
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organization, and would be able to mosaic and visually inspect the imagery to detect forest change and 
other information important to the community. We would, however, expect partner organizations to 
undertake more complex geospatial analyses. This approach would also entail external assistance for 
drone maintenance and repair [96], as well as continued funding to secure drone operation by 
community members.  

The key advantages identified are presented and discussed according to technical issues (e.g., 
sensing capabilities, drone operation and maintenance skills, image analysis, monitoring capabilities, 
potential to enhance and ease CBFM), social issues (implications for people in communities), and 
environmental issues (implications for the local environment). See Table 1a for a synopsis of all the 
advantages and their relative importance to communities, organizations and end-users. Although we 
are addressing CBFM in a broad sense, we discuss some specific issues with special reference to the 
needs of REDD+ MRV programs because we expect this drone-assisted CBFM approach to be 
particularly attractive to national and international organizations involved in REDD+ who will have 
the capacity to provide the necessary training, assistance and funding that communities would require.  

• Extremely high spatial resolution. The operational flying altitude of small drones, usually in the 
range of 50–300 m, permits the acquisition of extremely high spatial-resolution imagery, with 
pixels on the order of a few centimeters (rather than a few meters). This feature greatly 
enhances the visual analysis of imagery and thus can significantly improve CBFM. For instance, 
at this spatial resolution, specific trees and canopy gaps can be identified and easily monitored 
(see Figure 2). Furthermore, forest loss, degradation and regrowth processes could be accurately 
detected and monitored at this level of detail [97] by trained community members. Such data 
would not just be relevant for partner organizations and end-users, but also for communities 
themselves. For the former, the hyperspatial resolution of drone imagery would enable 
monitoring of many forest traits that currently are unachievable (at least accurately) through 
other remote sensing datasets. These include the identification of individual tree species by 
coupling imagery with botanical expertise, the detection of invasive plant species and pests, the 
estimation of aboveground biomass (where allometric equations exist for specific tree species), 
and the identification of different stages of forest regeneration or degradation, all of which are 
fundamental to assessing forest health condition, carbon storage and biodiversity levels, and 
hence to conservation and climate change mitigation policies. Although the retrieval of such 
information can be potentially accomplished by ground surveys alone, the use of small drones 
would also allow detailed mapping over much larger areas than ground surveys, and imagery at 
this spatial resolution should be much more meaningful to communities than ground survey data 
at the plot level. 

• Potential for high temporal resolution. The comparatively lower cost of operation and 
maintenance of small drones allows users to acquire imagery far more frequently than with 
conventional remote sensing technologies such as satellite and piloted aircraft imagery. This 
means that community drone users would have the potential to update their imagery and compile 
high-resolution time-series imagery that would allow thorough assessments of local forest 
condition at much shorter intervals. Survey frequency could be decided according to organizations’ 
and end-users’ needs (so long as there is agreement with communities beforehand). This key 
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feature would enable year-round monitoring of tropical forests, which is critical to improving 
tropical deforestation and degradation monitoring [98] because seasonal differences in canopy 
structure may be significant and therefore difficult to detect with single-date imagery. Tropical 
dry forests, for instance, exhibit a seasonal phenology associated with a long and severe dry 
season [99] and, therefore, require frequent observations to capture such phenological variations. 

Table 1. Qualitative assessment of the main advantages (a) and disadvantages (b) expected 
in the adoption of a drone-assisted community-based forest monitoring program, from the 
perspective of communities, partner organizations, and end-users. 

(a) Advantages c o u 
Extremely high spatial resolution 1 1 1 
Potential for high temporal resolution 1–2 1 1 
Insensitivity to cloud cover 2–3 1 1 
Potential for three-dimensional drone image generation 3 1–2 1 
Potential to ease CBFM and make it more attractive to communities 1 1–2 3 
Shallow learning curve of drone users 1 1 3 
Relatively low price of drone imagery 2–3 1 1 
High cost-effectiveness within the context of CBFM 2–3 1 2–3 
Data acquisition decentralization 1 1–2 2–3 
Enhanced monitoring of illegal activities 1 1–2 2–3 
Access to otherwise inaccessible areas 1 2–3 3 
Potential environmental benefits 1–2 2–3 2–3 
Potential social and institutional strengthening of communities 1 2–3 2–3 
Control of data acquisition and ownership would lie in community members’ hands 1 1–2 3 
(b) Disadvantages c o u 
Small payload 3 2–3 1–2 
Low spectral resolution 3 2–3 1 
Poor geometric and radiometric performance 3 2–3 1 
Low software automation 3 2–3 1 
Sensitivity to atmospheric conditions 2–3 1–2 1–2 
Short flight endurance 1–2 1 1 
Possibility of collisions 1 1 3 
Potential problems for repairs and maintenance 1 1 3 
Dependence on external assistance and funding 1 1 2–3 
Ambiguous or cumbersome regulatory environments for flying small drones 1 1 1 
Safety & security issues 1 1 1–2 
Debatable relevance for community conservation and socio-economic development 1–3 1 3 
Potential social impacts 1 1 2–3 
Ethical issues 1 1 1–2 

Notation: c = community, o = partner organization, u = end-user. Values refer to importance scores as 
follows: 1 = high, 2 = medium, 3 = low. More than one value (i.e., 1–2, 2–3, or 1–3) is also allowed and 
indicates that the importance of a particular advantage/disadvantage for c/o/u will be case-specific. For 
instance, the potential for high temporal resolution will be very important (value = 1) for communities with 
territorial problems because high re-survey frequency would allow for improved territorial surveillance, but 
not so important for other communities (value = 2). 
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Figure 2. Examples of imagery gathered by small drones that show the extremely high 
spatial resolution that can be achieved. (a) Danau Girang (Sabah, Malaysia); (b) Chitwan 
National Park (Nepal); (c) Palm oil plantation by river (Indonesia); (d) Recently logged 
forest (Indonesia). Imagery provided by ConservationDrones. 

 

• Insensitivity to cloud cover. Small drones typically fly below cloud level (e.g., 50–100 m), 
which gives them a significant advantage over conventional remote sensing platforms, particularly 
in habitats with frequent dense cloud cover such as lowland rainforests and montane tropical 
cloud forests. Data provided by CBFM with small drones could greatly improve digital imagery 
of these cloud-covered regions, which would also benefit forest agencies and data end-users. 

• Potential for three-dimensional drone image generation. Small drones are increasingly used for 
digital surface/elevation model generation [70,71]. The potential to apply 3-D imagery would 
seriously improve some tasks required to enhance forest monitoring strategies (e.g., the 
detection and quantification of forest degradation and regrowth stages). Also, the possibility of 
producing very accurate 3-D forest models with small drones would assist in the retrieval of 
forest structural parameters such as height, basal area, and tree density. In turn, this would 
improve the estimation of above-ground biomass, something urgently needed for improved 
carbon storage assessments in tropical forests [100]. Though the generation of 3-D products 
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would be undertaken by data end-users and be particularly useful to them, 3-D maps might also 
represent a meaningful way for communities to better understand different features of their 
territories, including their forest resources.  

• Potential to facilitate CBFM and make it more attractive to communities. Owing to the 
hyperspatial resolution of drone imagery and the potential for high survey frequency, a  
drone-assisted CBFM approach has the potential to ease CBFM in comparison with a 
conventional approach. For instance, forest strata within communities could be far more 
accurately delineated into homogenous units using small drones, which in turn could reduce the 
number of permanent ground plots needed per strata, and the number of attributes to be 
measured on the ground (e.g., canopy cover). In addition, the ability to survey the entire 
community territory with a few flights suggests that small drones could lead to significant time 
savings in monitoring and community data analysis, particularly in the case of medium- and 
large-sized community territories (i.e., hundreds to several thousand hectares). Moreover, the 
acquisition of high spatial and temporal resolution drone imagery would be far more meaningful 
to communities than the mere retrieval of plot-level forest data and, consequently, the utilization 
of drones would make CBFM more attractive to forest communities. 

• Fast learning curve of drone users. Small drones can be programmed to operate either fully or 
semi-autonomously by users with relatively little training and geomatic knowledge. The 
commercial drone market is increasingly targeting people with little experience flying small 
drones and the smallest ones are particularly easy to fly by individuals with little training, so 
they would be appropriate for forest community members after receiving specific hands-on 
training from partner organizations. For instance, besides pre-programming flight paths and 
manual drone operation (flying, landing and take-off), setting up necessary components (e.g. 
GPS, photo/video camera) and downloading the acquired imagery onto a computer are all 
relatively straightforward tasks. Also, the geotagged drone images acquired could be mosaicked 
or overlaid onto Google Earth by community members after training so that they could carry out 
visual analyses of their forests [101]. Overall, training is relatively straightforward and varies 
from 1–5 days (in cases where trainees are familiar with computers) to 14 days (in cases where 
trainees have no prior experience with computers). In practice, the skills, innate ability and 
motivation for these technical activities are more likely to be found amongst younger 
community members. 

• Relatively low price of drone imagery. The outlay required for purchasing, operating and 
maintaining a small drone is rather low when compared with the cost of commissioning piloted 
aircraft missions or acquiring imagery from any of the high spatial-resolution satellites available 
(e.g., IKONOS, QuickBird, RapidEye) on a regular basis. Cheap drones already exist for uses 
such as those discussed here. Koh and Wich [86], for instance, used a self-made conservation 
drone for tropical forest monitoring at an estimated cost of US$2,000, and are currently 
developing and testing cheaper models [102]. Small drone prices are expected to diminish 
swiftly, whilst simultaneously technical capabilities are improving (as is the case for most 
technology developments). Off-the-shelf solutions are available for anywhere up from 
US$3,000. Furthermore, there is a potential future in 3-D printed drones of sufficient 
specifications and capacity as the costs rapidly decrease; these are still in research and 
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development status but progressing fast [103–105]. Organizations would not need to purchase 
expensive software to allow communities to program the missions and download the data, nor to 
process the imagery, as open-source solutions are already available and could be used along 
with their in-house software capabilities. Alternatively, organizations could outsource at a 
relatively low cost the pre- and post-processing of drone imagery gathered by communities. 
Many of the companies that manufacture and sell small drones also offer low-fee services that 
include imagery uploading, processing, ortho-mosaicking, and other analyses that may be 
needed (e.g., digital elevation models).  

• High cost-effectiveness within the context of CBFM. The ability to survey all the community 
territory with a few flights would make the coupling of small drones with ground surveys more 
cost-effective than ground surveys alone. This is particularly pertinent if payments for 
monitoring are involved, because significantly less time would need to be devoted to surveys (at 
least for medium- and large-sized community territories, i.e., hundreds to several thousand 
hectares), and the approach remains cost effective when the costs of training community 
members in drone operation are factored in. If many communities in a region wish to employ 
small drones, however, it may be more effective to have a single small drone owned and 
operated by a consortium of communities (if they exist), a regional-scale NGO that participates 
with the communities, or, in some circumstances, a local authority that has sound relationships 
with the communities involved. 

• Data acquisition decentralization. This has substantial advantages not just for communities but 
also for partner organizations and forest data end-users, including government agencies [28]. 
For instance, gathering forest data through a drone-assisted CBFM approach would permit the 
creation or enhancement of national forest inventories in tropical countries, thus potentially 
improving the management of community forest resources and their participation in REDD+ 
projects [26]. We propose that prior to setting up a CBFM system supported by small drones, 
communities would agree with partner organizations on the frequency of image acquisition, 
spatial resolution and delivery format, and the accompanying information which communities 
would pass on to organizations (e.g., other data from complementary ground surveys, 
qualitative data on forest change drivers). 

• Enhanced monitoring of illegal activities. Illegal timber extraction could be monitored with 
these systems, not only by monitoring forest cover change with time-series photography, but 
also by locating extraction trails and regular monitoring of the boundaries in real-time with 
videography [85]. Fire and illegal land-use change that alter forest cover (e.g., cropping, pasture 
expansion) could also be monitored timely, as could illegal exploitation of forest resources and 
wildlife poaching [86]. The enhanced ability of small drones to monitor illegal activities could 
be of great significance for communities whose land or other resources are being stolen by 
abutters, as is often the case in many tropical forests [106]. 

• Access to inaccessible or remote areas. Areas difficult to access within a community territory 
(e.g., steep slopes, rocky terrain, swamps, mangroves) could be surveyed with small drones [85]. 
In addition, remote territorial areas could be more easily reached by small drones. This would 
be particularly useful in forest communities with low population densities and large territories, 
which are common in many tropical countries. 
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• Potential environmental benefits. The use of small drones can substitute for the need for 
community members to open forest trails to reach and survey dense forest patches, thus 
reducing forest degradation and the risk of affecting rare or sensitive species. Additionally, the 
relatively quiet operation of small drones does not seem likely to disturb or distress wildlife and 
people [85]. 

• Potential social and institutional strengthening of communities. Similar to other mapping 
technologies (e.g., GPS, participatory GIS), the use of drone technology has the potential to 
empower forest communities. Such empowerment might lead to their social and institutional 
strengthening and communities might then be in a much better position, for instance, to negotiate 
payments under REDD+ or other PES programs (e.g., [12,22,23]). Thus, capacity-building in 
this arena may help forest communities access new financial assets. 

• Control of data acquisition and ownership would lie in community members’ hands. Based 
upon an appropriate agreement with partner organizations, community members could acquire 
imagery as often as desired [107] in order to gather relevant information for themselves  
(e.g., for monitoring illegal activity in specific conflict zones) and that required by outside 
organizations (e.g., related to REDD+). Thus, communities would not need to adapt to a strict 
monitoring operations calendar independently set up by government agencies or companies in 
charge of satellites or piloted aircraft. Community drone users should have no legal restrictions 
regarding data acquisition as long as they do not violate flying regulations specific to small 
drones, whether safety, nuisance, or privacy. Moreover, data should be owned by the community 
so that it can become a relevant actor in any negotiation regarding their forests, particularly in 
connection with REDD+ projects. 

5. Key Disadvantages of a Drone-Assisted Community-Based Forest Monitoring Approach 

In this section we discuss the key disadvantages of using small drones in CBFM (see Table 1b  
for a list of all the disadvantages and their relative importance for communities, organizations and  
end-users). As before, we discuss disadvantages in a broad sense while considering the specific needs 
of REDD+ MRV systems. 

• Small payload. Small drones are greatly constrained by the amount of equipment they can carry 
onboard owing to their small size and low weight. This limits the quality of the imaging sensors 
that can be fitted into a small drone, which together with the high price of professional small 
imaging sensors, hampers the acquisition of certain types of data and, therefore, of certain types 
of analyses that organizations and end-users might want to undertake. 

• Low spectral resolution. Although small drones can be outfitted with a variety of sensors (e.g., 
multispectral, hyperspectral, lidar, radar) tailored to the specific needs of users, the high costs of 
such high spectral-resolution sensors makes their utilization unlikely in the case of CBFM, 
particularly if many communities wish to participate in the CBFM approach presented here for 
programs such as REDD+. However, the conventional RGB digital cameras frequently used in 
small drones might not suffice for certain tasks associated with scientific forest monitoring (e.g., 
leaf physiological properties), which need greater spectral resolution. 
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• Poor geometric and radiometric performance. First, because small drones are so much lighter 
than spaceborne and airborne sensing platforms, they are far more susceptible to pitch, roll and 
yaw distortions, which in turn affect the possibility of accurately georeferencing the imagery 
acquired. This problem is further aggravated by typically insufficient state-data recorded by 
low-cost small drones. Therefore, geometric distortions may be difficult to resolve even for 
remote sensing experts. In addition, accurate ground control points may be needed for image 
registration and ortho-rectification, which might be difficult for community members to gather 
due to the absence of evident landmarks over forested regions. Second, because cheap digital 
cameras are frequently used instead of professional imaging sensors, poor radiometry in image 
mosaics may lead to inaccuracies in the products derived. These geometric and radiometric 
problems may only be a problem for end-users when very accurate products are needed, 
however, and improvements in small drone technology are expected to overcome these issues 
within the next few years. 

•  Low software automation. Most common image pre-processing and processing tasks still 
require improvements in automation so that complex analyses can be done faster by 
organizations and end-users. This includes stitching imagery over densely forested areas and 
geometric and radiometric corrections if a great level of accuracy is needed, particularly in the 
case of time-series analyses. But again this issue is being rapidly improved by remote sensing 
software developers. 

• Sensitivity to atmospheric conditions. Although small drones can usually fly sufficiently low so 
as not to be affected by cloud cover, other atmospheric conditions such as fog, heavy rain, and 
strong and variable winds can hinder their operation. For best imaging accuracies, wind speed 
should be as low as possible and, depending upon the specific drone model, typically they 
should not be higher than 15–25 km/h. 

• Short flight endurance. This is potentially a very significant constraint because the low weight 
capacity severely restricts the size of the batteries a drone can carry. Nonetheless, this should 
not be a major constraint for CBFM unless a community’s territory is very large. Flight times of 
around 50–60 min are currently feasible and can image up to 500 ha for a flight at 250 m altitude, 
which results in an extremely high spatial resolution of less than 10 cm per pixel side [108]. 
Several such missions could potentially be flown during one day from different locations within 
the community and thus map a relatively large area. 

• Possibility of collisions. Small drones are not usually equipped with warning or evasion systems, 
and collisions can occur if flight input coordinates are entered incorrectly or if something enters 
their flight path [85]. There are dangers of collisions with power lines, cell phone masts, etc., 
especially with inexperienced operators. Due to their airframe fragility, collisions pose a 
significant risk to small drones and warrant the need for training and acquiring expertise on 
flight path setting and manual maneuvering when needed. Yet, as drone operators would be 
community members who know the area well, this is not expected to be a major issue after 
adequate training. The availability of reliable digital terrain models might help better set up the 
flight altitude in mountainous areas, thus alleviating the possibility of collisions.  

• Potential problems for repairs and maintenance. Drone repair is difficult for non-experts. This 
may pose a significant problem if crashes occur, the drone or any component breaks down, or 
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something is lost or stolen. Hiring a mechanic or sending the drone for repair to the partner 
organization may significantly increase the operating cost and loss of flying time. Though such 
problems are rapidly decreasing due to technological improvements, without securing funds and 
trained personnel to perform repairs and maintenance as necessary, we would expect the 
utilization of drones in CBFM to be severely hampered in the short-term. A well-prepared 
operational plan for how to deal with these contingencies is essential. 

• Dependence on external assistance and funding. Along with the need for assistance whenever a 
community-operated drone breaks down or needs maintenance, communities would be very 
dependent on initial training and continued funding from partner organizations or government 
agencies. However, determining the amount of external assistance needed for community training 
and how much external funding is necessary requires further investigation. Nevertheless, we 
expect this disadvantage to diminish rapidly as technology is fast improving in terms of cost, 
quality and ease of use. 

• Ambiguous or cumbersome regulations for flying small drones. The laws of many countries 
regarding the use of small drones are ambiguous. For example, in the USA, strict regulations 
and a cumbersome permit process impede their use, particularly in the case of non-commercial 
models. Strict regulations are repeatedly highlighted as a major impediment to the widespread 
adoption of small drones in research and civil applications [40,45,109]. In most tropical 
countries, however, clear regulations do not exist yet, and we do not expect very strict 
regulations for environmental applications such as CBFM. Actually, flying permits may not be 
needed for CBFM in communities with secure land tenure arrangements as long as flights are 
kept at low altitudes within community property. 

• Safety and security issues. The operation of small drones in dangerous territories, such as 
community forests where illegal logging and farming, poaching, illegal drug production, land 
encroachment, or military activities might be taking place, may pose significant threats to the 
security of the drone operators, other community members, and even the partner organizations' 
personnel involved in the CBFM program. Although this is not a specific problem of drones, 
illegal actors might feel more intimidated by small drones than by people on the ground if they 
know of their surveillance capabilities (e.g., video recording). 

• Debatable relevance for community conservation and socio-economic development. Communities 
must have a clear interest and commitment toward monitoring their forest resources in a 
“scientific” manner, particularly if they wish to participate in REDD+ or other PES programs. 
This approach to CBFM would not be relevant and could be antagonistic for communities that 
do not want to engage in externally-driven conservation programs and development projects on 
ideological grounds. Indeed, a reliance on drone technology usage could be felt as reinforcing 
trends toward “modernization” and provoking radical changes in the wants and aspirations of 
community members. Worryingly, such changes might lead to social conflicts within and 
among communities.  

• Potential social impacts. The use of small drones for monitoring raises a series of social, 
cultural and political issues. Thus, for instance, drone technology usage might lead to 
community segmentation by widening the knowledge gap amongst technology users and other 
community members (younger/older, male/female) and by altering the existing internal power 
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dynamics. Engaging in drone-assisted CBFM for REDD+ or other PES projects might cause 
communities to lose their material and perceived autonomy as regards their socio-economic and 
cultural traditions (e.g., decrease of time devoted to traditional activities in farming, hunting and 
foraging as a result of more time spent in forest measurement and monitoring, which may be 
detrimental for traditional knowledge conservation [110]). Employing small drones for CBFM 
should thus be subject to social approval and consensus from community members prior to 
implementation in order to avoid or reduce potential conflicts [111]. 

• Ethical issues. The most immediate ethical concern is the possibility of privacy violations and 
the requirements for free, prior and informed consent (FPIC). These issues are pertinent in all 
instances of the surveillance of people, their properties, resources and activities [35], but are 
especially salient in the case of small drones because people may feel that a flyover is even 
further outside their control than are ground surveys. The misuse of drone technology for 
surveillance without acceptable transparency and communally-agreed rules of engagement could 
provoke severe conflicts amongst community members (e.g., accusations of privacy violations 
and spying). Partner organizations could be ultimately blamed for whatever problems that might 
arise amongst community members as a result of the introduction of drone technology (e.g., 
conflicts resulting from surveillance of private properties, whether as purposeful espionage or 
an unintended outcome of forest monitoring). Ethical issues would therefore be a particular 
concern for organizations introducing small drones to forest communities. 

6. Expected Improvements in Forest Monitoring by Means of Small Drones to Support  
CBFM Programs 

Given the substantial potential benefits of drone imagery outlined above, we suggest that outstanding 
improvements in CBFM could be achieved through the utilization of small drones, in addition to 
limited ground surveys in permanent plots. Aside from the benefits to tropical forest communities, 
these improvements might be of enormous interest to governments, NGOs and scientists, particularly 
in the context of REDD+ and other similar PES programs. Specifically, we expect the drone-assisted 
CBFM approach proposed and evaluated here could deliver improvements in four broad areas: 

(1) Improvements in gathering spatially-explicit forest data at the community-wide scale, which is 
the first stage of data needs for sound CBFM [23]. Drone aerial surveys could be combined 
with participatory mapping approaches to better identify and map areas of particular interest 
(e.g., where deforestation, degradation or regrowth processes occur, community boundaries and 
conflict zones, forest areas under different land tenure arrangements, management types and 
rules, forest areas sensitive to natural hazards and illegal activities). 

(2)  Improvements in gathering spatially-explicit forest data at the plot level, which is the second 
stage of data needs for sound CBFM [23], even though less permanent plots might need to be 
surveyed and fewer forest variables might need to be measured in them. Plots would be 
accurately mapped rather than just surveyed on the ground, thus leading to the retrieval of more 
meaningful forest data. 

(3) Achievements in (1) and (2) would lead to improvements in characterizing, at the community 
scale and for each forest type: (a) forest condition (i.e., level of conservation, degradation  
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or recovery); (b) carbon stocks and biodiversity levels; and (c) drivers of deforestation, 
degradation and regrowth. We posit that the data quality obtained from communities who 
engage in a well-designed drone-assisted CBFM approach would far exceed what is feasible 
without community participation using conventional forest monitoring approaches. In the 
context of REDD+, such data would be much more detailed than the requirements of the 
highest reporting level of the IPCC (i.e., tier 3). The ability of small drones to map and quantify 
forest degradation and regrowth, and therefore to improve the estimates of carbon emissions 
and sequestration related to both processes, would be particularly significant in the context of 
REDD+ MRV systems. In practice, the second “D” and the “+” of REDD+ are neglected to 
date, owing to the inability of conventional remote sensing imagery to accurately map 
degradation and regrowth [112,113], a problem further aggravated in the complex landscape 
mosaics often found across tropical forests [113]. 

(4) Improvements in the previous three areas could significantly enhance the modeling of carbon 
stocks and biodiversity levels at local scales according to different scenarios, as well as validate 
existing models. More accurate models at local scales would lead to more accurate scaling up 
to regional/national/international forest modeling efforts such as those commonly undertaken 
with remote sensing imagery of coarser spatial resolution (e.g., Landsat, MODIS, AVHRR). 
For instance, at present there is a significant mismatch between above-ground biomass field 
measurements and estimates from conventional remote sensing data [114]. We believe that a 
drone-assisted CBFM approach could help bridge this gap and thus improve scaling up  
above-ground biomass models from which to enhance the estimates of carbon stocks. 

Although improvements in these four broad areas would be particularly significant for scientists and 
other data end-users (e.g., government officials), the improvements in (1) and, to a lesser extent in (2), 
would be relevant also to those communities that wished to engage in a drone-assisted CBFM 
approach under REDD+ (or under any project that required community members to monitor their 
forest resources on a regular basis). 

7. Opportunities and Constraints for Designing and Launching Drone-Assisted  
Community-Based Forest Monitoring Programs in Tropical Forests 

In this section we discuss further some of the main advantages and disadvantages identified in  
the previous two sections with the aim of flagging key opportunities and constraints for deploying 
drone-assisted CBFM programs in tropical countries. We also explain how we envisage a feasible 
drone-assisted CBFM program in the short-term and give some recommendations about its 
implementation in tropical contexts, placing emphasis on the needs of REDD+ MRV systems. 

On the one hand, the ability to acquire extremely high spatial resolution imagery and at high survey 
frequencies suggests that the utilization of small drones in CBFM programs would substantially 
improve what can be “seen” from the air in tropical forests, which would be extremely important for 
forest data end-users as discussed above. Moreover, having frequent imagery with this level of detail 
should make it more attractive for communities to engage in CBFM programs because, in addition to 
potential payments from REDD+ or similar PES programs, communities would be able to better 
monitor their own territory to spot illegal activities such as logging, mining or land encroachment, as 
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well as support any territorial claims they might have. Forest communities might also be empowered 
by using drone technology if they retained the control of data acquisition and ownership, which could 
lead to their social and institutional strengthening, thus potentially improving community forest 
governance and opportunities to negotiate claims regarding their forest resources under REDD+ or 
similar programs. Drone-assisted CBFM programs should significantly contribute to the decentralization 
of forest data acquisition and forest management. This would be advantageous for partner organizations 
and governments in terms of their budget and time constraints insofar as communities retrieved forest 
data and adhered to the sustainable management strategies deemed necessary to support national and 
international forest conservation efforts such as REDD+ [18,28,115]. Furthermore, a well-designed 
drone-assisted CBFM program should be cost-effective for partner organizations and governments for 
at least three reasons. First, the costs related to purchasing small drones, training communities to 
acquire imagery, and performing drone repairs and maintenance would be low compared to acquiring 
other remote sensing imagery of very high spatial resolution at short time intervals. Second, a drone 
could be used by several different communities if necessary. And third, the involvement of 
communities in forest monitoring enables the incorporation of their local knowledge of forests, which 
should be invaluable as regards the spatio-temporal distribution and direct drivers of forest loss, 
degradation and regrowth. 

On the other hand, several constraints still exist that may cast doubts on the feasibility of launching 
a successful drone-assisted CBFM program in tropical areas. For example, it is uncertain if  
country-specific airspace regulations will restrict the use of small drones in communities, although it is 
unlikely that flying at low altitude within the territorial limits of communities will be prohibited. Also, 
it is uncertain if the most tropical forest-dependent, traditional societies (i.e., the least acculturated and 
integrated into the market economy) will be interested in engaging in drone-assisted CBFM in the 
short-term. Even in communities potentially interested in participating, such as those wanting to 
engage in REDD+ or similar PES projects, there might be community members opposed to such 
engagement. We acknowledge that, as happens with the introduction of any technology in rural 
communities, the introduction of drones can pose a real risk of creating tension and conflicts between 
community members, and among different communities within the same society. Ethical issues should 
always be taken into account by researchers, partner organizations, and community leaders. Safety and 
security issues where illegal activities take place in the forest and violence may be exerted against 
drone operators and assistance personnel should also be carefully considered.  

In addition, for the case of communities whose members are willing to participate in a drone-assisted 
CBFM program, it is not clear how the communities could approach partner organizations or 
government agencies to engage in such a program, and what criteria the latter would use to select 
eligible communities. At this point, we think that attempts to introduce this CBFM approach will have 
to come from partner organizations and government agencies rather than from communities,  
though this situation is likely to change in the near future as civil drones’ popularity is rapidly  
increasing [116]. We suggest that small drones could already be used to support ongoing CBFM 
programs, particularly those related to REDD+ pilot projects, as a way to test their potential to improve 
monitoring tasks. At the same time, such pilot studies should make their potential negative social 
impacts visible, as well as the constraints set by the continued need for external assistance and funding 
for drone repairs and maintenance. To pursue a drone-assisted CBFM, we suggest that forest 
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communities would first need to select at least two or three community members who ideally would be 
computer-literate, have previous experience in managing their forest, and have good communication 
skills to liaise with partner organizations’ personnel and other stakeholders. The participation of 
women should be encouraged because they usually have specific knowledge of their forests owing to 
gendered management tasks and therefore women can enrich CBFM programs and should benefit from 
them [117,118]. Such people would have to receive specific training for as long as necessary [119] so 
that afterward they would be able to acquire drone imagery of their community forests and visually 
inspect them to detect areas and types of forest change. Such imagery should then be handed over to 
partner organizations in a specific format and at specific time intervals, together with the ancillary 
information previously agreed upon (e.g., a georeferenced image mosaic covering the entire or a 
specific part of community forests, with information about the direct causes of deforestation, 
degradation and regrowth). After data delivery, remote sensing analysts and other scientists from 
partner organizations and/or government agencies would analyze the drone imagery and ancillary data 
to ensure that the scientific requirements of the funding program (e.g. the MRV system of a REDD+ 
project) were met. Critically, communities should be timely informed of project results by partner 
organizations and should retain data rights to use data according to their own convenience and 
interests. Finally, communities should be allowed to use drones for non-scientific purposes too, most 
notably for territorial surveillance. 

8. Conclusions 

In this paper we have evaluated the prospects, challenges and opportunities of using small drones 
for CBFM in tropical areas as a way to improve forest monitoring, which is central to effective 
REDD+ implementation and other conservation efforts. The subject is very topical and relevant 
because the reduction and prevention of tropical deforestation and forest degradation is a climate 
mitigation option with a large and immediate carbon impact globally [31,32], and is essential to global 
biodiversity conservation [2]. Given the rapid drone technology developments, we argue that the 
drone-assisted approach to CBFM suggested and evaluated in this paper has a great potential to 
enhance CBFM. We suggest that this approach is feasible in many tropical locations as long as some 
degree of community forestry already exists or communities have expressed sincere interest in 
implementing these new technologies. We expect that most of the current constraints and challenges 
identified in our assessment will be surmounted relatively soon as technology is rapidly improving in 
terms of cost, quality and ease of use by non-experts. 

In addition, we posit that the utilization of small drones for CBFM in tropical forests has potential 
benefits for livelihood support despite the potential social problems we have discussed. This CBFM 
approach could represent an excellent opportunity for communities wishing to enhance their institutional 
capacities for natural resource governance and thereby the management and conservation of their 
forest resources, regardless of whether they wish to engage in REDD+ or other similar PES programs 
as a way to diversify their income sources. The utilization of small drones by communities in CBFM 
programs should also bring substantial benefits to partner organizations and forest data end-users, who 
need to respond to current international forest policy data requirements, particularly those of REDD+. 
Nevertheless, before attempting to implement a drone-assisted forest monitoring program based on 
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communities, the potential advantages and disadvantages should be assessed on a case-by-case basis in 
accordance with the development pathways communities want to pursue, as well as the specific project 
needs of the partner organizations and end-users. 

Overall, the utilization of small drones in CBFM programs has significant potential co-benefits for 
carbon and biodiversity conservation as a result of improvements in forest monitoring and the capacity 
to create or enhance national forest inventories in tropical countries, which is key in REDD+ MRV 
systems. Therefore, organizations engaged in REDD+ and government agencies working on REDD+ 
preparedness should explore and test the most appropriate CBFM approaches that can be integrated 
into their forest monitoring and safeguard information systems. The drone-assisted CBFM approach 
put forward and evaluated in this paper could be a good candidate in such efforts because, despite its 
great potential, empirical research is needed to test it. In our view, the primary issues that need to be 
carefully examined are the socio-cultural, political and ethical impacts of introducing this monitoring 
approach in communities, their relevance for community development, and the degree to which 
communities would need external training, assistance and funding for drone operation. 
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