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FOREWORD 

 
The amount of degraded land, now present across the world, continues to in-

crease, meaning that the task of restoration also grows. This will require more 

information about the basic ecology of these ecosystems, as well as a better 

understanding of how restoration may be done, in ways that improve the livelihoods 

of people living in these degraded landscapes. But it will probably also require a 

change in the way we tackle the job. Costs will have to be reduced, to maximize the 

use of limited financial resources, and methods will have to be devised, to deal with 

severely degraded sites and those that are difficult to access. 

In recent years, several new tools have become available that should improve 

our ability to undertake restoration. These include satellite imagery and global 

positioning systems (GPS). Both technologies should be very useful in defining areas 

to be treated and helping to plan how treatments will be undertaken. Useful versions 

of each of these are now accessible to anyone with a smart phone. A third potentially 

useful new technology is the development of cheap unmanned aerial vehicles 

(UAVs) or drones, able to carry payloads, such as digital cameras, and to be guided 

by relatively simple technology. These are rapidly evolving in size and capability. The 

price of drones is also dropping, making them more readily available to even finan-

cially-stretched field workers.  

But the question is how can this technology be used? We know drones can carry 

cameras and perform low-altitude photography. This means we can now obtain up-

to-date and high-quality imagery of field sites and no longer have to depend on 

satellites imagery that may be out of date. However, it is also becoming clear that 

there are, potentially, a host of other opportunities from drones that are starting to 

emerge. For example, they may be used to help identify seed sources in highly 

fragmented landscapes, where it can be difficult to determine where trees of 

particular species still remain. They may also have a role in distributing seeds (or 

even seedlings) to isolated sites that are difficult to access. Might they even have a 

role in collecting seed?  

New ideas often seem radical, when they are first introduced, and are commonly 

dismissed as being unworkable (e.g., ά¢Ƙŀǘ ǿƻƴΩǘ ǿƻǊƪ ōŜŎŀǳǎŜ ΧΦέύΦ .ǳǘ ƛǘ ƛǎ ŀƭǎƻ 

often the case that, several years later, the advantages and utility of those ideas 

seem obvious to everyone (e.g., άL ŀƭǿŀȅǎ ƪƴŜǿ ǘƘƛǎ ǿƻǳƭŘ ǿƻǊƪ ΧΦέύΦ L ŜȄǇŜŎǘ ǘƘƛǎ ǘƻ 

be the case concerning the utility of aerial drones for forest restoration. In fact, I saw 

the first signs of this when a colleague of mine tentatively offered a poster some 

years ago at an international tropical biology conference, in which he described what 

he thought might be some of the ways in which drones might be used in future forest 
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Canopy walkway, Sabah, at 

the Symposium for Rainforest 

Rehabilitation & Restoration, 

July 2011 (photo S. Elliott). 

 

 

restoration. I suspect he thought he was being somewhat adventurous and perhaps 

even a little outlandish with some of his suggestions. But the poster was aimed at 

provoking discussion. He was therefore rather taken aback when several people 

come up to his poster and said that they were already working on, or even had 

implemented, some of the ideas presented. He was not being outlandish at all! 

There were others out there, already thinking along similar lines. 

This book reports on some of the early work being carried out by some of these 

άƻǘƘŜǊǎέΦ Lǘ ŜȄǇƭƻǊŜǎ Ƙƻǿ ǘƘƛǎ ƴŜǿ ǘŜŎƘƴƻƭƻƎȅ ƳƛƎƘǘ ōŜ ǳǘƛƭƛzed in undertaking forest 

restoration and is the outcome of a workshop, held at the University of Chiang Mai 

in Thailand in 2015. The overall objective of the workshop was to consider how 

drones might be used to automate the process of restoration and accelerate the 

rate at which the large areas of degraded land can be tackled. The workshop brought 

together researchers from a variety of backgrounds and biomes. The scope of the 

contributions is wide, ranging from the use of drones to locate seed sources, through 

to developing new methods of weed control and seed distribution. It is clear that we 

are still in an early development phase, and much remains to be done before the 

use of drones becomes routine. But it is also clear that the potential use of drones, 

to undertake forest restoration, has captured the attention and imagination of many 

people in different parts of the world and that we can reasonably expect 

considerable and rapid advances in the next few years. 

It would be remiss of me not to mention the role of the Forest Restoration 

Research Unit of the University of Chiang Mai (FORRU-CMU) in organizing this 

workshop. FORRU-CMU has long been amongst the leaders in developing methods 

to restore tropical forests and is to be congratulated for organizing this meeting and 

bringing together such a wonderful assembly of authors. I heartily commend this 

book to all those interested in forest restoration. 

 

David Lamb 

 Brisbane, Australia 
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PREFACE 
 

¢ƘŜ ǎŜŜŘ ƻŦ άŀǳǘƻƳŀǘŜŘ ŦƻǊŜǎǘ ǊŜǎǘƻǊŀǘƛƻƴέ ό!Cwύ ƎŜǊƳƛƴŀǘŜŘ ƛƴ WǳƴŜ нллфΦ 

Having spent an arduous field-day with our German project partners, collecting 

carbon samples in Chww¦Ωǎ restoration plots, we retreated to the Grandview Hotel 

for dinner (coincidently where we would run the AFR workshop 6 years later). 

Conversation turned to how labour-intensive forest restoration is and how nice it 

would be if robots could do some of the work. As beer flowed, we joked about 

fantastic flying machines to collect seeds, plant trees and care for them. That night, 

I Googled some of the technologies that would be needed; it turned out that the 

concept was far from a joke. Although consumer drones had yet to arrive in stores, 

DIY drones were already being adapted to drop seeds. We approached Dr Annop 

Ruangwiset (King MongkutΩǎ University of Technology Thonburi), and in April 2014, 

he tested a seed-dropping drone. Seeds were successfully dropped that day, but the 

drone crashed into a tree. Clearly much more research was needed, if AFR was to 

become a reality. However, meetings with potential funders and collaborators often 

ended with raised eyebrows and, on one occasion, being accused of having 

άǿŀǘŎƘŜŘ ǘƻƻ ƳǳŎƘ {ǘŀǊ ¢ǊŜƪέΦ However, talking with David Lamb one night, on the 

ǾŜǊŀƴŘŀ ƻŦ ŀ ōǳƴƎŀƭƻǿ ƛƴ {ŀōŀƘΩǎ aŀƭƛŀǳ .ŀǎƛƴ bŀǘƛƻƴŀƭ tŀǊƪ, during a workshop 

there, he mentioned that Australian researchers were testing drones for mine re-

habilitation and encouraged us to go public with our integrated AFR concept. So, in 

July 2014, we presented a poster at the ATBC /ƻƴŦŜǊŜƴŎŜ ƛƴ /ŀƛǊƴǎΥ άExploring the 

Feasibility of Automated Forest RestorationέΦ Lǘ ƎŜƴŜǊŀǘŜŘ ƳǳŎƘ ƛƴǘŜǊŜǎǘ ŀƴŘ ǿŜ 

realized that our ideas were no longer science fiction; though it took another year 

to raise funds for a brain-storming workshop. Meanwhile, BioCarbon Engineering 

became the first company to seed a forest by drone. We recruited key speakers in a 

wide range of fields, from aeronautics and AI to seed technology and forest 

ecologyτconnecting experts who rarely interacted. They inspired participants to 

dream up research ideas, during discussion groups, on auto-seed collection, drone-

seeding, auto-weeding, monitoring etc. We even ran a field day, to test drones for 

finding seed trees, seed dropping and spraying herbicides. The result was one of the 

most productive workshops I have ever participated in Χ and the 15 chapters of this 

book. Hopefully, they will inspire researchers to continuŜ !CwΩǎ ǘǊŀƴǎŦƻǊƳŀǘƛƻƴ ŦǊƻƳ 

science fiction to reality, making forest ecosystem restoration more practicable and 

cost-effective at this time when global interest in restoration has never been greater. 

 

Stephen Elliott  

(Co-Director, FORRU-CMU)

https://www.forru.org/library/0000099
https://www.forru.org/library/0000099
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Figure 1.1 - During the workshop field day, prototypes of various 

technologies that might assist forest restoration tasks were demonstrated. 

Here a drone, developed by CMU Physics Department, prepares to drop 

tree seeds in simple paper seed bombs, containing seeds, forest soil and 

hydrogel.
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FOREST RESTORATION: CONCEPTS AND THE  

POTENTIAL FOR ITS AUTOMATION 
 

Stephen Elliott1 

 

!.{¢w!/¢ 
 

In 2014, the UN New York Climate Summit set a goal to restore forest to 

350 million hectares of degraded land by 2030, to counter climate change. 

Conventional tree-planting with human labour is unlikely to achieve this goal, 

due to the inaccessibility of most sites available for restoration and limited 

labour availability. This paper, therefore, establishes the basic concepts of 

forest restoration (ecological restoration), summarizes the tasks necessary to 

achieve it and the potential for emerging technologies to carry them out.  

Drones, with tree recognition software, could rapidly provide GPS co-

ordinates of native seed trees, in natural forest, to seed collectors or they 

might collect seeds autonomously, using robotic arms, suction tubes or 

rotating brushes. Drones are already being used to carry out aerial seeding. 

The need is to develop ǊŀǇƛŘƭȅ ōƛƻŘŜƎǊŀŘŀōƭŜ άŘŜǎƛƎƴŜǊ ǎŜŜŘ-bombsέΣ ǿƘƛŎƘ 

protect seeds from desiccation with hydrogels, whilst also providing them with 

fertilizers, growth promoters and micro-organisms to promote rapid seedling 

establishment. Combined with plant recognition technology, drones might 

also be able to spray herbicides to control weeds, whilst avoiding killing trees 

and accurately deliver fertilizer around establishing tree seedlings. These 

processes could be fully automated, by recharging drone batteries with solar-

powered inductive charging pads.  

Monitoring forest canopy closure is already possible with drone-mounted 

sensors. Advances in plant recognition software will probably enable auto-

monitoring of plant species recovery soon, whilst recovery of bird or mammal 

communities could be recorded by remote microphones and camera traps. 

Data from such devices could be transmitted via the telephone network or by 

usƛƴƎ ŘǊƻƴŜǎ ŀǎ άŘŀǘŀ ƳǳƭŜǎέΦ Many of the above-mentioned technologies 

already exist, but to develop practical auto-restoration systems, they must be 

improved (e.g., longer battery life), made cheaper and more rugged, to 

operate for long periods in tropical climates. Intensive collaboration among 

ecologists and technologists, will be essential to achieve viable and cost-

effective auto-restoration systems.  

 

1   Forest Restoration Research Unit, Chiang Mai University (FORRU-CMU), Chiang Mai, Thailand 50200; 

email: forru@science.cmu.ac.th 
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FOREST RESTORATION - FROM PIPEDREAM TO GLOBAL IMPERATIVE 
 

Thirty years ago, the idea of restoring tropical forest ecosystems was regarded 

ŀǎ ǘƘŜ άǇƛǇŜŘǊŜŀƳέ ƻŦ ŀ ƘŀƴŘŦǳƭ ƻŦ ŜŎƻƭƻƎƛǎǘǎΦ aŀƴȅ ƻǘƘŜǊ ŜŎƻƭƻƎƛǎǘǎ ŘƛǎƳƛǎǎŜŘ ǘƘŜ 

idea as unattainable, believing that the high structural complexity and biodiversity 

of such ecosystems could never be recovered. Some conservationists also opposed 

even research to develop restoration techniques, claiming that it was an 

unnecessary distraction from the overriding need to secure remaining primary 

forests within protected areas They argued that it might actually encourage 

deforestatƛƻƴΣ ōȅ ŎǊŜŀǘƛƴƎ ŀ άŘŜǎǘǊƻȅ ƴƻǿ - ǊŜǎǘƻǊŜ ƭŀǘŜǊέ ƳŜƴǘŀƭƛǘȅ ŀƳƻƴƎǎǘ 

developers. 

Although, tropical forests should be restored for many reasons (forest products, 

watershed protection and other environmental services, wildlife conservation, 

alleviating rural poverty etc.), it is the growing concern over global climate change, 

and the role that forests could play in its mitigation, that has recently propelled 

tropical forest restoration from an unattainable pipedream into a global necessity. 

One of the main reasons for this has been the development of REDD++2. Originally 

conceived as a mechanism merely to reduce the rate at which CO2 from forest 

destruction entered the atmosphere, the initiative was subsequently expanded to 

ƛƴŎƭǳŘŜ άŜƴƘŀƴŎŜƳŜƴǘ ƻŦ ŎŀǊōƻƴ ǎǘƻŎƪǎέ ό¦ƴƛǘŜŘ 

Nations, 2007) i.e., removal of CO2 from the 

atmosphere by forest expansion. This now makes 

forest restoration more eligible for funding, from the 

Green Climate Fund, national governments, carbon 

credit markets, the CSR programs3 of international 

companies, etc. However, two important safeguards 

apply (United Nations, 2010, safeguards (d) and (e)). 

CƛǊǎǘƭȅΣ ǊŜǎǘƻǊŀǘƛƻƴ Ƴǳǎǘ ōŜ ŎŀǊǊƛŜŘ ƻǳǘ ǿƛǘƘ ǘƘŜ άŦǳƭl 

and effective engagement of indigenous peoples 

and local communitiesέΣ ǿƘƛŎƘ Ƴƻǎǘ ƭƛƪŜƭȅ means 

that restored forests will have to provide local 

communities with the same variety of forest 

products and ecological services, as the original 

forest once did. Secondly, actions must be 

άŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ǘƘŜ ŎƻƴǎŜǊǾŀǘƛƻƴ ƻŦ natural forests 
 

2 Reducing Emissions from Deforestation and Forest Degradation in developing countries, including 
conservation, sustainable management and enhancement of carbon stocks - policies and incentives, 
developed under the UN Framework Convention on Climate Change (UNFCCC). 

3  Corporate Social Responsibility 

Figure 1.2 ς Ambitious 

restoration targets will not be 

achieved using stone-age 

techniques. 
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and biological diversity and used to incentivize the protection and conservation of 

natural forests and their ecosystem services and to enhance social and 

ŜƴǾƛǊƻƴƳŜƴǘŀƭ ōŜƴŜŦƛǘǎέΦ  

Neither of these safeguards are achieved by conventional plantations of fast-

growing tree species. Consequently, άŜŎƻƭƻƎƛŎŀƭ ǊŜǎǘƻǊŀǘƛƻƴέ όŀŎŎΦ [ŀƳōΣ нлмрύ Ƴǳǎǘ 

be carried out to recreate structurally complex and biodiversity-rich forests, to meet 

both these safeguards. Consequently, the following definition applies: 

 

άCƻǊŜǎǘ ǊŜǎǘƻǊŀǘƛƻƴ is directing and accelerating ecological succession towards 

an indigenous target forest ecosystem of the maximum biomass, structural 

complexity, biodiversity and ecological functioning that are self-sustainable within 

ǇǊŜǾŀƛƭƛƴƎ ŎƭƛƳŀǘƛŎ ŀƴŘ ǎƻƛƭ ƭƛƳƛǘŀǘƛƻƴǎέ (adapted from ELLIOTT et al., 2013), where 

aims include: 
 

1. carbon sequestration (since biomass determines carbon storage);  

2. biodiversity recovery (since structurally complex forests trend towards 

maximum equilibrium species richness) and/or  

3. delivery of a diverse range of forest products (from biodiversity 

enhancement) and ecological services to communities.  

 

Since the definition includes climate dependence, and climate change is 

unpredictable, restoration should also maximize ecosystem adaptability by: 
 

1. maximizing species and genetic diversity and  

2. facilitating gene mobility. 

 

 

Restoration science advances but technologies remain pre-historic 
 

Luckily, the science of tropical forest restoration has progressed considerably 

over the past 20-30 years, such that lack of knowledge and skills no longer impede 

its implementation. Research has greatly improved methods of site assessment and 

planning, tree species selection, seed collection and the propagation of native forest 

tree species in nurseries, tree planting and direct seeding, as well as care for planted 

trees in restoration sites (weeding and fertilizer application regimes etc.) and finally 

the monitoring of forest ecosystem recovery, from canopy closure to the return of 

wildlife communities (ELLIOTT et al., 2013). 
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Such research has enabled ecologists to develop restoration systems, capable of 

restoring diverse forest ecosystems to forestland at all stages of degradation (ELLIOTT 

et al., 2013, Chapters 3 & 5) such as: 

 

1. protection and assisted or accelerated natural regeneration (on moderately 

degraded sites, where surviving natural regeneration is sufficiently dense to 

rapidly close canopy e.g., the ANR approach, favoured by the FAO (Shono et 

al., 2007); 

2. planting a few selected tree species to complement natural regeneration, 

where it is less dense and where natural seed dispersal can recover species 

richness, e.g., the framework species method of Goosem & Tucker (2013); 

3. planting all or nearly all species that once comprised the original forest tree 

community, where lack of natural seed-dispersal limits recovery of tree 

species richness, e.g., the maximum diversity method of Goosem & Tucker 

(2013) and the Miyawaki method (Miyawaki, 1993) and  

4. planting nurse trees to improve the soil (e.g., legumes (Siddique et al., 

2008)), on the most degraded sites, where soil degradation precludes other 

restoration methods. 

 

The design, size and placement of restoration plots has also received 

considerable attention, particularly to provide maximum ecological benefits with 

minimum costs. Just restoring forest corridors ς narrow strips of forest, linking 

existing forest remnants ς can encourage seed dispersal and movement of wildlife 

across landscapes, thus reducing genetic isolation, whilst occupying little land and 

requiring minimal inputs (TUCKER & SIMONS, 2009). Restoring just small forest 

άƴǳŎƭŜƛέΣ ŘƻǘǘŜŘ ŀŎǊƻǎǎ ŘŜŦƻǊŜǎǘŜŘ ƭŀƴŘǎŎŀǇŜs, can also catalyse widespread forest 

ǊŜŎƻǾŜǊȅ ǿƛǘƘ ƳƛƴƛƳŀƭ ŜŦŦƻǊǘΦ ¢Ƙƛǎ άŀǇǇƭƛŜŘ ƴǳŎƭŜŀǘƛƻƴέ ŀǇǇǊƻŀŎƘ όZAHAWI et al., 

2013) encourages natural seed dispersal and seedling establishment around the 

nuclei perimeters, leading to their expansion and eventual coalescence.  

Forest restoration methods have been developed for many different 

circumstances, from providing local communities with foods and materials (e.g., 

rainforestation farming (SCHULTE, 2002)) to rehabilitating open-cast mines (PARROTTA 

et al., 1997). Such pragmatic approaches have recently given rise to the relatively 

ƴŜǿ ŘƛǎŎƛǇƭƛƴŜ ƻŦ άŦƻǊŜǎǘ ƭŀƴŘǎŎŀǇŜ ǊŜǎǘƻǊŀǘƛƻƴέ ς the study of how to integrate 

forest restoration sites, amidst other land uses and which types of restoration are 

most appropriate to maximize both ecological and economic benefits at the 

landscape level (REITBERGEN-MCCRAKEN et al., 2007).  
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Although the above-mentioned achievements have vastly improved forest 

restoration methodologies, over a wide range of initial conditions and ecosystem 

types, when it comes to implementing restoration on-the-ground, the technologies 

used have remained persistently prehistoric. Typical restoration projects involve 

ƭŀǊƎŜ ƴǳƳōŜǊǎ ƻŦ ǇŜƻǇƭŜΣ ŀŎǘƛƴƎ ŀǎ άƘǳƳŀƴ ƳǳƭŜǎέ ŎŀǊǊȅƛƴƎ ōŀǎƪŜǘǎ ƻŦ ǎŜŜŘƭƛƴƎǎΣ 

equipment and materials, often over long distances, across rough, steep terrain to 

remote restoration sites (Fig. 1.2). Weeds are slashed with machetes and planting 

holes dug with hoes, in much the same way as our iron-age ancestors would have 

done.  

Lack of access is the main problem. Most flat sites, close to roads, are already 

occupied with agriculture and consequently they are not available for forest 

restoration. So, most restoration sites are remote, often on steep slopes with 

infertile soils. Expecting people to haul trees, materials and equipment into such 

sites, for tree planting and to return frequently enough, to carry out weeding, 

fertilizer application and monitoring, to the extent required for successful 

restoration, is unreasonable. Restoration work is generally low paid, temporary and 

seasonal and consequently, it does not generate a regular income. Theoretically, 

local people should be willing to do such work, in exchange for the benefits they 

receive, but the benefits are uncertain, far in the future or they remain largely 

άǘƘŜƻǊŜǘƛŎŀƭέ ƻǊ ƛƴŀŎŎŜǎǎƛōƭŜ e.g., carbon credits or payments for other 

environmental services. Markets that could turn such benefits into cash flows are 

mostly undeveloped or confusing and local villagers have little access to them or 

simply do not trust them. Automation of any restoration tasks would, therefore, 

make forest restoration, on the scale envisaged by the UN, much more feasible. 

Most current restoration projects rely on tree planting as the main initial 

intervention. Production of high quality, disease-free tree saplings, of a diverse 

range of native forest tree species, by the optimum planting season, is problematic. 

Nurseries are expensive to build and run. Many of the tree species, useful in 

ecological restoration, have never been mass-propagated before. Furthermore, 

recruiting and training staff, capable of carrying out the research, necessary to 

develop cost-effective propagation methods, requires levels of expertise and 

management that are both rare and expensive. Growing trees in nurseries is often 

beset with administrative problems. Once government officials and sponsors have 

decided to push ahead with a restoration project, they often demand unrealistically 

rapid results. Informing such officials that they will have to wait 12-18 months to 

produce the planting stock, before high-profile tree-planting events can be staged, 

often kills off such projects, before they get off the ground. An obvious solution to 

such problems is to plant seeds, instead of tree saplings. Recent research on direct 
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seeding suggests that for many tree species, this approach is more practical and 

cost-effective than conventional tree planting (TUNJAI & ELLIOTT, 2012 & TUNJAI; Table 

5.2 in ELLIOTT et al., 2013 ), but it also poses new challenges, particularly that of 

effective weed control around seedlings during their earliest stages of 

establishment, since they are tiny, compared with planted saplings (which are 

usually 30-50 cm tall at planting time) and therefore are exposed to more severe 

weed competition for longer periods. 

Recent advances in several technologies now raise the possibility of automating 

several restoration tasks, but two technologies are likely to make the greatest 

contribution: namely UAVs (unmanned aerial vehicles or drones) and computer-

aided plant recognition. UAVs overcome the problem of accessing remote 

restoration sites, whilst imaging and particularly plant recognition systems will 

provide ǿƛǘƘ ǘƘŜ άƛƴǘŜƭƭƛƎŜƴŎŜέ ǊŜǉǳƛǊŜŘ ǘƻ ŜƴŀōƭŜ ǘƘŜƳ ǘƻ ǎǳǊǾŜȅ ǊŜǎǘƻǊŀǘƛƻƴ ǎƛǘŜǎΣ 

locate seed trees, drop seeds into appropriate places, distinguish between 

herbaceous weeds and trees and monitor restoration results. 

 

AUTOMATING PRE-RESTORATION SITE SURVEYS 
 

The main purposes of pre-restoration site surveys are to determine the extent 

of existing natural forest regeneration and identify the barriers to its further 

progression. Such information is needed to write restoration plans. At present, such 

surveys are carried out using circular sample plots (usually 5 m radius), laid out 

across the restoration sites. Within each plot, the number and species of natural 

regenerants (i.e., tree seedlings or saplings taller than 50 cm, and live tree stumps) 

are recorded, density determined and the number and species of additional trees, 

needed to be planted, per unit area, to achieve canopy closure within a desirable 

timeframe, is calculated. Barriers to regeneration, such as signs of fire, cattle 

browsing and soil degradation are also assessed, to determine site management 

requirements (ELLIOTT et al., 2013; Chapter 3). Six people can collect data from 10-

20 circular plots per day, depending on topography and vegetation density. The 

number of circles required per hectare depends on the heterogeneity of the 

vegetation, but 4/ha are usually sufficient for reasonably uniform sites.  

Whilst satellite imagery has been used for decades to measure rates of 

ŘŜŦƻǊŜǎǘŀǘƛƻƴ Χ άƛǘ ƛǎ ǳƴƭƛƪŜƭȅ ǘƘŀǘ ŦƻǊŜǎǘ ŘŜƎǊŀŘŀǘƛƻƴ monitoring can be conducted 

ΧΦ ǿƛǘƘ ŎǳǊǊŜƴǘƭȅ ŀǾŀƛƭŀōƭŜ ǊŜƳƻǘŜ ǎŜƴǎƛƴƎ Řŀǘŀέ όMIETTINEN, 2014) and certainly not 

with the necessary detail, currently acquired through the conventional field survey 

method described above.  



Chapter 1 

9 

Drone-mounted cameras and other scanning devices, however, certainly do 

have the potential to provide very detailed data on the extent of natural forest 

regeneration, as well as the factors likely to be hindering it (detection of charcoal or 

cattle etc.). Controlled by GPS, they could fly rapidly and directly to pre-determined 

sampling points and record images, which could later be analysed, either by eye or 

by computer algorithms, to determine the density of natural regenerants. Such data 

could be collected in minutes, rather than days, at a fraction of the cost, in terms of 

labour and transportation. The main limitation of using conventional photography 

from drones would be detecting the smaller regenerants, overtopped by herbaceous 

weeds, but with laser scanning technologies now advancing so rapidly and becoming 

drone-based (CHISHOLM et al., 2013), ƛǘ Ƴŀȅ ōŜ ǇƻǎǎƛōƭŜ ƛƴ ǘƘŜ ƴŜŀǊ ŦǳǘǳǊŜ ǘƻ άǎŜŜ 

ǘƘǊƻǳƎƘέ ǘƘŜ ŎŀƴƻǇȅ ƻŦ ƘŜǊōŀŎŜƻǳǎ ǿŜŜŘǎ ŀƴŘ ŜǾŜƴ ǘƻ ƛŘŜƴǘƛŦȅ ǘƘŜ ǎǇŜŎƛŜǎ ƻŦ ǿƻƻŘȅ 

natural regenerants beneath (MALTAMO et al., 2014). 

 

AUTO-SEED COLLECTION 
 

For tropical forest restoration projects, conventional seed collection usually 

involves small groups of seed collectors walking through remnants of the target (or 

reference) forest ecosystem ς relatively intact forest of the type to be restored ς 

looking for trees of the desired species with ripe fruits, which are ready for seed 

extraction. For forest ecosystem restoration, seeds from at least 20-30 species must 

be collected. Since different tree species fruit in different months, seed collection 

trips are usually necessary monthly or more frequently. Gathering seeds from the 

crowns of tall trees is difficult and may involve laborious and dangerous tree-

climbing, or the use of cutters on poles or even catapults. It is much easier simply to 

collect fallen fruits on the ground, but this results in the collection of a lot of rotten 

or partially eaten seeds. In tropical forests, conspecific trees are typically spaced far 

apart, so seed collectors must walk long distances to gather seeds from enough trees 

to ensure adequate genetic diversity of the planting stock, derived therefrom (forest 

geneticists recommend collecting from at least 50 trees (BOZZANO et al., 2014), but 

this is almost never done in practice). Experienced staff tend to return, year after 

year, to the seed trees that they know, thus further narrowing the genetic base of 

ǘƘŜ ǇƭŀƴǘƛƴƎ ǎǘƻŎƪΦ 5ǳǊƛƴƎ ŀ ǘȅǇƛŎŀƭ ŘŀȅǎΩ ǿƻǊƪΣ ŀƴ ŜȄǇŜǊƛŜƴŎŜŘ ǘŜŀƳ ƻŦ н-3 seed 

collectors may gather seeds from perhaps just 5-10 trees. 

Clearly such methods will never meet the enormous seed supply necessary for 

landscape-level forest restoration on the scales envisaged by the UN, even for 

conventional tree planting, let alone for drone-based aerial seeding, with its 

potential capacity to deliver tens of thousands of seeds per vehicle per day. Lack of 
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seed supply is now widely recognized as a major factor, limiting ecological 

restoration using native species (BOZZANO, et al., 2014). A more rapid and cost-

effective method to i) locate seed trees with ripe fruit and ii) collect large amounts 

of viable seeds from them is therefore essential. 

Automated seed collection could be developed in several incremental steps. 

Firstly, it is possible right now to fly drones over forest canopies and to transmit real-

time VIDEO back to an observer who could recognize and log the GPS co-ordinates 

of desired tree species in fruit by eye. The GPS co-ordinates could then be given to 

seed collectors, who could use hand held GPS units to plan optimum routes through 

the forest, thus reducing walking/searching time and maximising seed collecting 

time.  

The lower drones fly, the greater the likelihood of spotting fruit-laden crowns of 

the desired tree species. However, low flight across a forest canopy is hazardous. 

High-resolution object-avoidance sensors would be needed to enable the drone to 

respond to the highly heterogeneous topography of a forest canopy and prevent it 

from colliding with emergent branches.   

A system, based on high-resolution still images, taken from low-flying aircraft, 

has already been developed. On Barro Colorado Island, Panama, LOPEZ et al. (2012) 

used an identification key from such images, based on the crown typology, contour, 

architecture, foliage cover and texture, colour and phenology (TRICHON, 2001), to 

reliably map 22% of the common canopy species. Although errors of omission 

(missed trees of the target species) were high, this would not matter for seed 

collection purposes, provided enough seed trees of each species were located to 

maintain genetic diversity of the planting stock. 

The next step would be to develop computer-aided tree crown recognition ς not 

just the species but also the presence/absence of ripe fruit. The main technology, 

currently being developed, to do this is imaging spectroscopy (or hyperspectral 

remote sensing), which measures light, reflected from forest canopies, in hundreds 

of narrow, mostly contiguous spectral bands of visible and infrared wave lengths. 

The leaves and branches of different tree species reflect different spectral bands to 

diffŜǊŜƴǘ ŘŜƎǊŜŜǎΣ ǎƻ ǘƘŜ άǎǇŜŎǘǊŀƭ ǎƛƎƴŀǘǳǊŜέ ƻŦ ŀ ǘǊŜŜ ŎǊƻǿƴ Ŏŀƴ ǇƻǘŜƴǘƛŀƭƭȅ ōŜ ǳǎŜŘ 

to derive its species. Unfortunately, spectral signatures vary considerably among 

trees within species, often due to the condition of each tree (health, phenophase 

etc.), slope, attitude, time of day etc., so there may be some way to go before the 

technique could be used to isolate and identify the species of all the tree crowns in 

tropical forests, where tree species richness is so very high. However, for seed 

collection, only a relatively low number of target seed species (20-30) need be 

ǇƻǎƛǘƛǾŜƭȅ ƛŘŜƴǘƛŦƛŜŘ ŦǊƻƳ ǘƘŜ ƎŜƴŜǊŀƭ ōŀŎƪƎǊƻǳƴŘ ƻŦ άŜǾŜǊȅǘƘƛƴƎ ŜƭǎŜέ όŀƴŘ ŀǎ 
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already mentioned above, failure to identify all trees of the target species is not a 

problem). BALDECK et al. (2015) seem to have solved these problems, using 167 bands 

of spectral data in the visible to shortwave infrared range and analysing the data 

using a single-class classification model (i.e., identifying one kind of object from a 

diverse background of mŀƴȅ ƻǘƘŜǊ ƻōƧŜŎǘǎύ ŎŀƭƭŜŘ ŀ άōƛŀǎŜŘ ǎǳǇǇƻǊǘ ǾŜŎǘƻǊ 

ƳŀŎƘƛƴŜέΦ ²ƛǘƘ ǘƘƛǎ ǘŜŎƘƴƛǉǳŜΣ ǘƘŜȅ ǿŜǊŜ ŀōƭŜ ǘƻ ǊŜŎƻƎƴƛȊŜ ǘƘŜ ŎǊƻǿƴǎ ƻŦ о ǘŀǊƎŜǘ 

species with an accuracy of 94-100%.  

Lidar is another recent technology which can be applied to mapping forest 

canopies and potentially identifying the species of tree crowns. Basically, it involves 

firing a narrow laser beam to measure the distance between the instrument and the 

first object that the beam reaches (e.g., leaf, branch, forest floor etc.), by measuring 

the time taken for the beam to be scattered back to a sensor. At present, it is usually 

used to complement hyperspectral imagery, to delineate tree crowns and to carry 

out άƻǊǘƘƻǊŜŎǘƛŦƛŎŀǘƛƻƴέ όǊŜƳƻǾƛƴƎ ǘƘŜ ŜŦŦŜŎǘǎ ƻŦ ƛƳŀƎŜ ǘƛƭǘ ŀƴŘ ǘŜǊǊŀƛƴύΣ ǎƻ ǘƘŀǘ 

hyperspectral data can be accurately matched up with individual tree crowns, but 

lidar can also add new variables to the data set, such as tree height and crown 

dimensions, surface texture and architecture, which can contribute towards species 

identification (LATIF et al., 2014; SINGH et al., 2015).  

Until very recently, hyperspectral and lidar sensors were bulky and had to be 

carried by planes, usually flying around 1,000 m above ground level. However, 

recently, miniaturized sensors that can be attached to drones have become 

available4. Drone-mounted sensors can collect data much closer to tree crowns and 

therefore, of much higher resolution, than conventional aircraft can. However, 

processing such data streams in real time, to enable drones to instantly recognize 

seed collection trees, currently requires enormous computing power and time, so it 

may be several ȅŜŀǊǎ ōŜŦƻǊŜ ŘǊƻƴŜǎ ǿƛƭƭ ōŜ ŀōƭŜ ǘƻ άǊŜŎƻƎƴƛȊŜέ ǘǊŜŜ ǎǇŜŎƛŜǎ ƛƴ ǊŜŀƭ 

time and begin collecting seeds from them immediately. A more likely approach, at 

least in the short term, would be to use separate drones for locating seed trees and 

subsequent seed collection. So, two types of drones would be needed: i) those with 

sensors to locate seeds trees and gather their GPS co-ordinates and ii) those with 

seed collection apparatus (FLETCHER, pers. com.) 

The most difficult part of achieving fully automated seed collection would be the 

development of drone-mounted tools, capable of removing fruits from tree crowns 

and the artificial intelligence and object avoidance capabilities, needed to navigate 

and manipulate objects in a complex (and constantly moving) forest canopy, without 

drones becoming tangled in foliage. As far as I know, no researchers are currently 

 

4 www.headwallphotonics.com/blog/bid/336623/Hyperspectral-Sensors-for-UAV-Applications 
   vespadrones.com/hyperspectral-imaging-latest-sensors-uav-applications/ 
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tackling these challenges, although various ideas have been proposed including 

robotic arms, suction tubes, rotating brushes and nets (HARDWICK, pers. com.). 

 

AUTO-SEEDING 
 

Since tree saplings are heavy and bulky, they are expensive and difficult to 

transport to remote sites and to plant robotically. Therefore, it is likely that aerial 

seeding will be the preferred method to introduce additional trees into deforested 

sites, to complement natural regeneration. Aerial seeding, from planes or 

helicopters, has been widely practiced in forestry for many years (NATIONAL RESEARCH 

COUNCIL, 1981). However conventional aircraft are expensive to run and maintain 

and require both an airport and a pilot for their operation. Drones offer a cheaper 

and more practical solution for aerial delivery of seeds into deforested sites and the 

technology required for aerial seeding by drones is rapidly developing (Figs 1.1 & 

1.3). 

The most advanced system is being developed by a UK start-up company, 

BioCarbon Engineering. The company has developed a drone-based remote sensing 

system to survey restoration sites and construct a planting map to determine which 

species to plant where. Another drone, guided by the planting map, then propels 

bio-degradable plastic pellets, containing pre-germinated seeds in a nutrient gel, 

into the soil from about 1.5 m above the ground. Compressed air is used to fire the 

pellets into the soil to ensure adequate penetration and the gel protects the 

germinated seeds from the impact with the soil surface and also helps the seed to 

stick to the soil. When fully developed, each drone will be able to deliver up to 

72,000 seed pellets per day and 6 drones can be simultaneously controlled per 

operator. 

 

 

  

Figure 1.3 ς This drone, 
demonstrated during the 
workshop field day, uses a 
simple box with a trap-
door to release seeds into 
deforested sites. 
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In ecological terms, we may think of such drone-based systems as carrying out 

the same ecological function as seed-dispersing animals, but doing so at a vastly 

accelerated rate. Over much of the tropics, the larger animals, which formerly 

dispersed tree seeds (especially large-seeded climax species) from forests into 

deforested areas, have been extirpated (e.g., elephants, rhinos, wild cattle, hornbills, 

large fruit bats etc.). Consequently, artificially replacing their ecological function 

with drones may be a stop-gap solution until expensive and complex species re-

introduction programs can be planned, funded and implemented. 

 

Redesigning the fruit 

 

However, if we are considering replacing seed-dispersing animals with drones, 

ǿŜ Ƴŀȅ ƴŜŜŘ ǘƻ ǊŜŘŜǎƛƎƴ ǘƘŜ άŦǊǳƛǘǎέ ƛƴ ǿƘƛŎƘ ǎŜŜŘǎ ŀǊŜ ŘƛǎǇŜǊǎŜŘΦ  

The purpose of fruits is to aid the dispersal of the seeds contained within away 

from the parent tree and thus avoid competition with 'mom'. They do this in two 

main ways. Most tropical tree species have nutritious fruits, which entice animals to 

swallow their seeds and deposit them far away from the parent tree, after passage 

through the animal's digestive tract. Other fruits (of fewer species) grow variously 

shaped 'wings', which slow the descent of seeds when they fall from the parent tree, 

increasing the chances that they will glide on the wind away from the parent tree, 

before they hit the ground. 

However, if we change the dispersal mechanism of seeds, from wind and 

animals, to aerial vehicles, then neither of these fruit traits is particularly useful. 

When carrying out aerial seeding, we do not want the seeds to be consumed by 

animals, since rodents, which commonly inhabit deforested sites, are mostly seed 

predators. Therefore, an artificial fruit, designed for aerial deposition, would more 

usefully surround the seeds with chemicals that deter animals from consuming 

them. Otherwise, aerial seed drops would merely amount to laying out a buffet for 

rodents and other seed predators. Chemical repellents have been tested for aerial 

ǎŜŜŘƛƴƎ ƛƴ ŦƻǊŜǎǘǊȅ ǎƛƴŎŜ ǘƘŜ мффлΩǎ όNUYUN & JINGCHUN, 1995). 

Neither would we want artificial fruits to drift sideways; quite the opposite, in 

fact. Ideally, aerial seeding would be a precise operation, placing the seeds optimum 

distances apart, to ensure rapid and even canopy closure, across the site, once the 

seeds germinate and the trees grow up. So, an artificial fruit should be designed 

ƳƻǊŜ ƭƛƪŜ ŀ ŘŀǊǘ ŀƴŘ ƴƻǘ ƭƛƪŜ ŀ ƎƭƛŘŜǊΦ {ǳŎƘ ŀ άŘŜǎƛƎƴŜǊ ǎŜŜŘ-ōƻƳōέ ǎƘƻǳƭŘ ōŜ 

engineered to drop straight down, with the minimum of air resistance, achieving 

terminal velocity as quickly as possible. A sharp point would penetrate the soil and 

anchor the seed-bomb in place, minimising sideways movement by wind, rain or soil 
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erosion. The ideal penetration depth would place the seed slightly below the soil 

surface. This would reduce the risk of desiccation. The seed-bomb would be made 

of a water-soluble material, which would melt away as soon as rain fell, leaving the 

seed in the best position for germination. 

The use of designer seed-bombs also presents a major opportunity in that it 

would be possible to surround seeds, within the bombs, with a variety of resources 

that would maximize both germination and early seedling development.  

Hydrogel (such as that already used by BioCarbon Engineering) may play an 

important role in preventing seed desiccation and protecting seeds from the 

physical forces of impacting the soil at high velocities, as well as providing a medium, 

in which other substances can be dissolved or suspended. Simply adding forest soil 

to the hydrogel would probably ensure that the spores of essential symbiotic 

microbes (e.g., mycorrhizal fungi and nitrogen fixing bacteria) would be instantly 

available to infect the roots of the germinating seedlings, although commercially 

available inoculae could also be added. Slow-release fertilizer beads, could also be 

added to the gel-soil mix to deliver nutrients to the roots of the young seedlings over 

a prolonged period. 

Seed coating technologies are essential for modern agro-industries and many 

such technologies could be equally well applied to ensure high germination rates of 

aerially delivered tropical tree seeds. Such treatments need not be expensive or 

ŎƻƳǇƭƛŎŀǘŜŘΦ CƻǊ ŜȄŀƳǇƭŜΣ ǎŎƛŜƴǘƛǎǘǎ ŀǘ YƛƴƎΩǎ tŀǊƪΣ tŜǊǘƘΣ ƘŀǾŜ ǳǎŜŘ ŀǎǇƛǊƛƴ ŀǎ ŀ 

foliar spray and a seed coating, to dramatically increase the success of restoring 

vegetation in Saudi Arabia5. A dilute aspirin solution enables plants to survive 

stressful conditions by controlling stomatal opening and thus reducing water loss, as 

well as assisting in normal membrane functioning and overall water relations. Since 

desiccation is the main cause of mortality amongst direct-seeded tropical forest tree 

seedlings, aspirin could provide a cheap and effective way to reduce such losses.  

 
AUTOMATING WEED CONTROL AND FERTILIZER APPLICATION 

 

Auto-ǿŜŜŘƛƴƎ ƛǎ ǇŜǊƘŀǇǎ ǘƘŜ !ŎƘƛƭƭŜǎΩ heel (or Holy Grail?) of AFR. If forest tree 

seeds could germinate and the resulting seedlings grow well in deforested sites, then 

forest restoration would be unnecessary, because ecological succession would 

proceed, from the, in-coming seed rain. But this does not happen, because on open, 

sunny deforested sites, herbaceous weeds compete with the young, small tree 

seedlings for light and nutrients and they also provide fuel for fires, which kill young 
 

5  www.sciencewa.net.au/topics/environment-a-conservation/item/3464-aspirin-aids-middle-east 
plant-restoration-project/ 3464-aspirin- aids-middle-east-plant-restoration-project 
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trees but not the fire-resilient herbs. Weeding is therefore essential. When restoring 

tropical forest ecosystems conventionally, nursery-grown tree saplings are planted 

out (to complement natural regeneration), when they are about 30-50 cm tall. 

Before tree planting, restoration sites are cleared of herbaceous weeds by slashing 

and applying a non-residual, systemic herbicide to kill the weed roots, without 

disturbing the soil. During site preparation, great care must be taken not slash or 

spray existing natural regenerants. After planting, weeding is continued at 4-6-week 

intervals during the rainy seasons for 2-3 years after which, canopy closure is usually 

sufficient to shade out further weed growth. Weeds, growing close to sapling stems, 

must be pulled by hand, since use of metal tools might damage the tree roots. Hoes 

are then used to clear a wider circle around the planted trees and final a mechanical 

weed cutter is often used to slash weeds between the trees. Cut weeds are used as 

a mulch around the trees. This shades the soil surface, inhibiting weed seed germin-

ation, helps to conserve soil moisture and encourages development of soil fauna 

communities around the planted trees (ELLIOTT et al., 2013; Chapter 7).  

Use of herbicides after tree planting has been problematic, since broad 

spectrum herbicides can kill the trees, along with the weeds. Most weed growth 

occurs during the rainy season, when wind and rain create problems for herbicide 

use. Wind often blows the herbicide spray on to the trees and it is difficult to train 

workers to prevent this from happening. Furthermore, frequent showers limit the 

window of opportunity for herbicide application, since rain dilutes herbicides, 

rendering them ineffective.  

Close to the trees, merely slashing weeds is not enough. Although it reduces 

above-ground competition for light, it actually increases below-ground root compe-

tition for water and nutrients, because slashed weeds absorb more of these 

resources as they regrow. So, manual weeding must include pulling or digging out 

weed roots. It is very tough work and field workers are unlikely to do it, unless closely 

supervised and if the work is not carried out carefully, weeding tools slash through 

tree stems or roots.  

Weeding is the most expensive task of forest restoration. Automating it would 

enable restoration of inaccessible sites and considerably reduce costs, but it is by far 

the most difficult of all restoration tasks to automate. 

If tree seedlings are to grow in situ from aerially-delivered seeds, the seedlings 

will be very small for a long time. Even weeding them by hand would be difficult; let 

alone coming up with an automated technique. Weeding would be required for at 

least an extra year (compared with conventional tree planting), before the trees 

become established (the establishment point being when the sapling crowns 

overtop the weed canopy and their roots penetrate below those of the weeds). 
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However, there are four avenues of research that might contribute to the 

development of auto-weeding techniques: i) determine which forest tree species 

are most able to compete with herbaceous weeds, ii) identify herbicide-resistant 

trees, iii) develop more selective herbicides and iv) smart spraying. 

Research suggests that some tree species may perform considerably better than 

others, when planted into weedy sites. In northern Thailand, we found a handful of 

species that compete well with weeds, when planted out as saplings; nearly all light-

loving pioneer species e.g., Erythrina subumbrans, Melia toosendan, Gmelina 

arborea, Spondias axillaris & Hovenia dulcis (FORRU, unpublished data). 

Furthermore, TUNJAI (2005), working on direct seeding in the same area, reported 

that weeds might actually nurture seedlings of several direct-seeded species, by 

shading them and reducing desiccation. Weed removal had no significant effect on 

or actually reduced survival and growth of young seedlings (P<0.05) of all but one of 

the 12 species she tested (6 from upland evergreen forest and 6 of lowland 

deciduous forest). Therefore, it might be possible to devise a system whereby 

drones carry out aerial seeding of the most weed-resistant, pioneer tree species, to 

achieve canopy closure and eliminate weeds, whilst establishment of shade-

tolerant, late successional species is achieved by natural seed dispersal or by 

subsequent aerial seeding of those species. 

Glyphosate is the most widely used herbicide in forest restoration. A systemic, 

non-residual herbicide, it is a highly cost-effective method of weed control. 

Compared with manually cutting weeds, at a riparian site in Brazil, glyphosate 

increased the growth of planted trees 2-6-fold and increased the species diversity of 

both woody and herbaceous plants (by removing dominance), at 57% of manual 

weeding costs. Glyphosate (and its metabolites) were not detected in soil or runoff 

water, but were present in runoff sediments (FLORIDO et al. 2015). However, if UAVs 

were to spray glyphosate indiscriminately, both trees and weeds would be killed, 

unless the species or genotypes planted were glyphosate resistant.  

Glyphosate resistance has been genetically engineered in crops and occurs 

naturally among populations of weeds of agricultural fields, where the chemical has 

been used for many years. In crops, glyphosate resistance is achieved by 

manipulating a single gene, whereas natural evolution of resistance in weeds 

probably depends on changes in several genes (DUKE & BOWLES, 2009). Therefore, 

within any seedling population of a forest tree species, it is likely that some 

genotypes may be resistant to glyphosate, although the frequency may be 

exceedingly low. Experiments could therefore be devised to grow large numbers of 

seedlings, of diverse genetic origins, in nurseries and spray them with glyphosate to 

identify naturally resistant plants and then grow them to establish seed orchards of 
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genotypes that are resistant to glyphosate. It would then become possible to carry 

out aerial seeding and perform weeding by aerial spraying, with a relatively safe and 

widely available herbicide. The main flaw with this approach is that, although the 

trees established by aerial seeding would be glyphosate resistant, any natural 

regenerants would not be. So, blanket aerial spraying with glyphosate would destroy 

any contribution that pre-existing natural regeneration might have made towards 

canopy closure. The very large numbers of seedlings that would have to be grown 

to identify resistant genotypes may also preclude this approach. 

Another way might be to use existing more specific herbicides or develop new 

ones. Basically, herbicides can be classified as grass-specific (graminicides), 

broadleaf-specific (kill or inhibit herbs and tree seedlings but not grasses) and non-

specific (kill or inhibit most green plants). Glyphosate belongs the last group. 

Graminicides are already used in forestry (CLAY et al., 2006), although they are only 

useful where grasses dominate the weed flora. Furthermore, they not as effective 

as glyphosate at controlling Imperata cylindrica, the most widespread of the grass 

species that inhibit forest succession in SE Asia.  

Highly selective herbicides have been developed that exploit biochemical 

differences between even closely related species. For example, nicosulfuron, does 

not kill maize (which metabolizes the chemical to a harmless form) but it does kill 

other closely related grass species and herbs. So, the possibility exists that highly 

selective herbicides could be developed for forest restoration purposes. What is 

ƴŜŜŘŜŘ ƛǎ ŀ άƳŀƎƛŎ ōǳƭƭŜǘέΤ ŀƴ ƘŜǊōƛŎƛŘŜ that kills herbaceous plants but not woody 

ones, is safe to use and has no adverse effects on the environment. Currently no 

such chemical exists, but one approach might be to investigate the allelochemicals 

ǇǊƻŘǳŎŜŘ ōȅ ǘƘŜ ǿŜŜŘǎ ǘƘŜƳǎŜƭǾŜǎ ǘƻ ŘŜǾŜƭƻǇ άbƛƻƘŜǊōƛŎƛŘŜǎέ (see Chapter 11). 

Such chemicals are synthesized by weedy herbs to gain a competitive advantage 

over other weed species, so it is likely that some of them could be combined in a 

άŎƻŎƪǘŀƛƭέ ǘƘŀǘ ǿƻǳƭŘ ƪƛƭƭ ǿŜŜŘǎ ǿƛǘƘƻǳǘ ƘŀǊƳing tree seedlings. Allelochemicals are 

also well known from some pioneer tree species (e.g., Gmelina arborea 

(RAMAKRISHNAN et al., 2014)). Such tree species could also be analysed for the 

development of herb-specific bioherbicides or simply making sure they are well-

represented among the tree species planted could ensure that weeds do not cause 

plantation failure. The problem with developing more specific herbicides is that 

research and testing needed will most likely take many years, before useful products 

emerge. 

In the meantime, ƳƻǊŜ ŀŎŎǳǊŀǘŜ ŀƴŘ άƛƴǘŜƭƭƛƎŜƴǘέ ǎǇǊŀȅƛƴƎ ƻŦ ŜȄƛǎǘƛƴƎ ƘŜǊōƛŎƛŘŜǎ 

might provide a solution. Smart spraying would involve developing drones that can 

carry canisters of herbicide; perhaps several kinds. A plant-recognition system would 
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be used to distinguish between herbaceous weeds and tree seedlings/ saplings and 

then the drone would deliver herbicide onto the weeds, but not onto trees.  

άaŀŎƘƛƴŜ Ǿƛǎƛƻƴέ ǎȅǎǘŜƳǎ ŦƻǊ ŘŜǘŜŎǘƛƴƎ ǿŜŜŘǎ ŦƻǊ ŀƎǊƛŎǳƭǘǳǊŀƭ ŀƴŘ ƘƻǊǘƛŎǳƭǘǳǊŀƭ 

ǇǳǊǇƻǎŜǎΣ ōŜƎŀƴ ǘƻ ŜƳŜǊƎŜ ƛƴ мффлΩǎΣ όTHORP & TIAN, 2004) and have advanced 

considerably since then. Such systems are capable of distinguishing between crop 

plants, weeds and bare soil, so that herbicide can be sprayed on to weeds, without 

killing the crop, or wasting chemicals on bare soil. More recently, Thomas Wilder 

and Cynthia Johnson6 demonstrated a drone-based weed control system using a 

HANA database, populated with weed types to identify weeds via an infrared sensor. 

One of several herbicides was dispensed directly onto each weed, based on weed 

species, size and strength of solution needed. Ground vehicles, capable of auto-

weeding between rows of crop plants, are already available7 (BAKKER et al., 2006). 

Drone-based weed recognition could perhaps make use of the close-up plant-

recognition systems, now available as phone apps, such as Pl@ntNet8 & Leafsnap9 

(see Chapter 11). These systems compare plant photos, taken with smart phones, 

with a database of known images and use pattern-matching algorithms to identify 

species. In fact, a drone-based weed-detection system for AFR would not need this 

level of detail. The most basic version would only require an on-board capability of 

distinguishing between woody and non-woody plants in real time, to trigger a spray/ 

no-spray response. If drones carried both a grass-specific and a broadleaved specific 

herbicide, in separate canisters, then an ability to distinguish between grasses, other 

weeds and woody plants would be needed, but this is still a much simpler computa-

tional process than the identification of individual plant species, which has already 

been achieved to a large extent by the phone apps. 

Drones that spray chemicals on agricultural fields are now becoming 

commonplace (Fig. 1.5), but for AFR, we would need to develop far more directed 

and precise herbicide delivery systems than those used in agriculture. Drones must 

be capable of operating at very close quarters to both the weeds and the very young 

trees growing up among them, without become entangled in the vegetation and 

without spraying herbicides on to small tree seedlings. This is undoubtedly the most 

challenging of all AFR tasks (Fig.1.4).  

 

6 http://events.sap.com/teched/en/session/13694 
7 http://sydney.edu.au/news/84.html?newscategoryid=2&newsstoryid=13686 
8 http://m.plantnet-project.org/ 
9 http://leafsnap.com/ 
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AUTO-MONITORING ς RECOVERY OF VEGETATION AND WILDLIFE 
  

Monitoring should be an essential part of all forest restoration projects, not only 

to assess success, but also to learn from mistakes. If weeding is the most difficult of 

restoration tasks to automate, then monitoring is perhaps the easiest. The key 

measurable milestones, of tropical forest restoration are firstly canopy closure (the 

point at which forest canopy shades out herbaceous weeds ς ŀƭǎƻ ƪƴƻǿƴ ŀǎ άǎƛǘŜ 

ǊŜŎŀǇǘǳǊŜέύΣ ǘƘŜƴ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ŦƻǊŜǎǘ ǎǘǊǳŎǘǳǊŜ (multiple canopy layers, 

including an understorey, composed of tree seedlings and saplings, which indicate 

self-perpetuation of the ecosystem) and finally, recovery of biodiversity levels, 

similar to those within the target (or reference) forest ecosystem, including the 

return of key species that are typical or representative of that ecosystem. 

Canopy closure is already easily detectable with satellite imagery and aerial 

photography, from both conventional aircraft and drones and the plant 

identification technologies, already described above, could also be used to assess 

recovery of plant species richness and diversity. 

Drone-based lidar (also already mentioned above) is an excellent technology for 

monitoring the recovery of forest structure, due to its ability to create detailed 3D 

maps of the forest (WALLACE et al., 2012). It can also be used to monitor recovery of 

carbon stocks (CHISHOLM et al., 2013) (see Chapter 13), an essential activity if AFR 

projects are to be funded under REDD++. Similar results can now also be obtained 

with an image processing ǘŜŎƘƴƻƭƻƎȅ ŎŀƭƭŜŘ ά9ŎƻǎȅƴǘƘέ10, which uses large sets of 

overlapping digital photographs, taken with drone-mounted cameras (ZAHAWI et al., 

нлмрύΣ ǿƘƛŎƘ ŀǊŜ ǘƘŜƴ ǇǊƻŎŜǎǎŜŘ ǿƛǘƘ ΨǎǘǊǳŎǘǳǊŜ-from-ƳƻǘƛƻƴΩ ŀƭƎƻǊƛǘƘƳǎΣ ǘƻ ŎǊŜŀǘŜ 

3D point clouds. Each point in the clouds is defined by its horizontal and vertical co-

ordinates, together with redςgreenςblue (RGB) colour data. The point clouds can 

then be used to estimate the height, structure and roughness of forest canopies. 

Although the point clouds and the information derived therefrom are similar to 

those obtained with lidar, Ecosysnth does not require the generation of laser beams 

and special sensors. It uses ordinary digital cameras and open-source software and 

is therefore likely to be cheaper than lidar and more practical. 

Drones may also provide impetus for greater community involvement in 

monitoring forest restoration. PANEQUE-GÁLVEZ et al. (2014), explored the feasibility 

of using small drones for community-based forest monitoring (CBFM). They found 

that use of drones enhances CBFM and would be feasible in many locations 

throughout the tropics, provided suitable funding and training are made available to 

communities. They suggested that the use of small drones can help tropical 
 

10 http://ecosynth.org/ 
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communities to better conserve their forests, particularly for biodiversity 

conservation and climate change mitigation projects, such as REDD++. 

Biodiversity recovery is one of the central aims of forest ecosystem restoration, 

not only the achievement of species richness and species diversity levels, similar to 

those of the target (or reference) forest, but also the return of key species that are 

representative of the target forest and their use of the restored forest as breeding 

habitat. In short, it is the animals, not humans that decide whether or not restoration 

has been successful.  

Biodiversity assessments have been attempted by using drones, indirectly, to 

predict biodiversity levels via correlations with the development of forest structural 

complexity. Digital photography from drones has also been used to visually confirm 

the presence of key animal species, such as orang-utans (KOH & WICH, 2012), but, in 

dense tropical forests, very few animals are visible to conventional drone-mounted 

digital cameras. Therefore, thermal imagery, which is capable of detecting animals 

beneath the forest canopy, is now being developed to detect and identify animals 

(CHRISTIENSEN et al., 2014).  

At ground level, digital camera traps have been used since 2006 to capture 

wildlife images. However, since AFR is aimed at remote and inaccessible sites, 

regularly retrieving data from camera traps and replacing their batteries would be a 

laborious process. Fortunately, camera trap technology is advancing rapidly. The 

latest models can now upload photos via cellular telephone networks and their 

batteries are rechargeable via solar panels, so once installed, no further visits are 

required, until the cameras are retrieved11. Outside the range of cellular telephone 

networks, drones are now being used to retrieve images from camera traps, by 

ŦǳƴŎǘƛƻƴƛƴƎ ŀǎ άŘŀǘŀ ƳǳƭŜǎέΦ CƻǊ example, the Wadi Drone, developed by four 

NYUAD students MARTIN SLOSARIK, TING-CHE LIN, VASILY RUDCHENKO, KAI-ERIK JENSEN, is 

a fixed wing airplane with a 2.5-metre wingspan. It automatically retrieves images 

from cameras, via Wi-Fi, when the drone flies within 300 m of them12. 

Birds are harder to see but easier to hear and bats are also more readily detected 

by audio. So, remote auto-surveys of birds and bats might be possible by placing 

arrays of microphones όŀǳǘƻƴƻƳƻǳǎ ǊŜŎƻǊŘƛƴƎ ǳƴƛǘǎ ƻǊ !w¦Ωǎύ ŀŎǊƻǎǎ ǊŜǎǘƻǊŀǘƛƻƴ 

sites and identifying species by the sonograms recorded by them (DUKE & RIPPER, 

2013). By measuring the differences in the times at which the bird song arrives at 

different microphones, it is possible to triangulate the positions of the birds and 

 

11 wildlifenews.co.uk/2013/06/new-product-solartrail-solar-powered-camera-trap/ 
    www.reconyx.com/shop/PC900C_Cellular_HyperFire_Professional_Covert_IR/d/358/56 
12  wadi.io/?page_id=90 

http://wildlifenews.co.uk/2013/06/new-product-solartrail-solar-powered-camera-trap/
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create a dynamic map of bird territories across the restoration site and thus derive 

population density estimates (LUCAS et al., 2015). 

With these technologies, it is become increasingly more feasible to monitor the 

recovery of both plant and animal diversity, remotely, in forest restoration sites. All 

we need now are drones, capable of delivering and retrieving cameras and 

microphones from restoration sites.   

 

THE ULTIMATE VISION? 
 

Imagine an expansive, deforested landscape - rugged terrain that has been 

designated as a restoration area, to contribute towards climate change mitigation 

and biodiversity conservation. Lorries arrive at the nearest access point. Drones, 

solar panels and large tanks of herbicides are off-loaded and a secure base station is 

established. The solar panels are connected to batteries, which are themselves 

connected to electromagnet induction pads, where the drones charge up their 

batteries, by landing on the pads13.  

Drones, carrying various imaging devices, fly off to survey the restoration sites, 

recording the topography, weed cover and the density and species of natural 

regenerants. The data, returned to a central computer, is used to design the 

restoration program, including weed control, and to calculate the number and 

species of seeds to drop into the restoration sites, to complement any natural forest 

regeneration that may already be occurring.  

Next, drones that can spray herbicides and distinguish between weeds and trees 

clear the restoration site of weeds, whilst avoiding natural regenerants. When 

battery power, or the herbicide in their canisters, run low, they return to the base 

station, recharge themselves on the electromagnet induction pads and refill their 

herbicide canisters from the base station tanks. Multiple recharge/refill stations 

ŎƻǳƭŘ ōŜ ŜǎǘŀōƭƛǎƘŜŘ ŀǊƻǳƴŘ ǘƘŜ ǇǊƻƧŜŎǘ ŀǊŜŀ ǘƻ ƛƴŎǊŜŀǎŜ ǘƘŜ ŘǊƻƴŜǎΩ ǊŀƴƎŜΦ  

Meanwhile, other drones fly to the nearest remnant of relatively undisturbed 

forest (the target or reference ecosystem), where they find seed trees of the 

required species. They are followed by seed-collection drones, which, using various 

attached tools, collect fruits from the trees and return them to the base station. 

Seeds are extracted from the fruits and put into designer seed-bombs, along with 

soil, hydrogel and various other assistive substances. The bombs are loaded into 

delivery devices, attached to aerial-seeding drones, which then fly off to seed the 

sites. After seeding, weed-control drones then continue to detect weed growth 

across the site and spray herbicides where and when necessary.  
 

13 http://skysense.co/ 
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Once the tree seedlings grow big enough to be detected, monitoring drones fly 

out to count them and assess survival rates and eventually canopy closure and the 

development of forest structure with lidar and/or structure from motion techno-

logies. Finally, drones drop autonomous recording units and camera traps into the 

restored forest to record the return and breeding of wildlife species ς the final 

indicator of restoration success, sending their data back to the base station via 

telephone signals or data mule drones. Once the project is complete, the lorries 

return, are loaded up with the drones, tanks and solar chargers and drive on to the 

next restoration project area.  

The operation would be co-ordinated by a central computer, which determines 

the priorities of the tasks required and assigns tasks to each drone. Ideally the 

various devices used for different restoration tasks should be interchangeable 

among the drones so that, for example, a seed collection drone could be converted 

into a weeding drone, by detaching the seed collection tools and attaching herbicide 

canisters. In this way, the minimum number of drones would carry out the maximum 

amount of work, regardless of the different tasks required each day and no drones 

are left idle.  

 

THE NEXT STEPS 
 

Of course, the above vision is still very much a dream (like conventional tropical 
forest restoration was 30 years ago); but it is not unattainable. Most of the 
technologies, required to realise it, are already available or under development. All 
that is needed is their integration and combination with sound restoration science, 
in innovative ways.  

Many challenges remain. Drone technologies are still in their infancy. The flight 
ranges of drones are limited by battery life, even if the drones could auto-recharge 
themselves in the field. So, increasing battery life will be essential. Fortunately, 
battery technologies are advancing rapidly, hydrogen fuel cells have now extended 
the flight times of drones to several hours14, so we may not have too long to wait 
before long distance drone flights will become routine. Another problem is that 
drones are fragile devices and cannot fly in rain, so άruggedizationέ of the technology 
is another priority. Lifting power must also be increased.  

As with all new technologies, costs are currently very high, although they are 

rapidly declining. For example, early mass-produced drones cost several thousand 

dollars, but can now be bought for just a few hundred dollars and simple radio-

controlled drones to carry out basic visual survey tasks can be bought for as low as 

 

14 www.bbc.com/news/technology-35890486 

http://www.bbc.com/news/technology-35890486
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50 US$. The first camera traps, capable of transferring images via the cellular phone 

system started at over 1,000 US$, but similar models can now be bought for just 170 

US$. Nevertheless, the costs of all the technologies described above still have a long 

way to fall before AFR becomes a viable proposition to funders. 

AFR will only be achieved through intensive cooperation among ecologists and 

technologists, with widely diverse backgrounds and fields of interest, but united by 

ǘƘŜ ƛƳǇŜǊŀǘƛǾŜ ǘƻ ǊŜǎǘƻǊŜ 9ŀǊǘƘΩǎ ǘǊƻǇƛŎŀƭ ŦƻǊŜǎǘǎΣ ǘƻ Ƴƛǘƛgate climate change, con-

serve biodiversity and maintain their supply of environmental services and forest 

products to humankind. Multidisciplinary collaboration is the key. 
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Figure 1.4 - Of all the discussion groups in the workshop, the debate on how to  
automate weeding probably generated the most innovative ideas. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 1.5 ς .ƛǊŘǎΩ 9ȅŜ ±ƛŜǿ όŀ ƭƻŎŀƭ /ƘƛŀƴƎ aŀƛ ŎƻƳǇŀƴȅύ ŘŜƳƻƴǎǘǊŀǘŜŘ ŀ ŘǊƻƴŜ,  

capable of spraying pesticides, during the field day 
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Figure 2.1 ς Photo from a UAV, of a forest restoration site, Ban Pong Krai,  

Chiang Mai Thailand. White dots in the image are ground markers  
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Figure 2.2 ς Forest fire detections from UAVs (modified from Cruz et al., 2016) 
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UNMANNED AERIAL VEHICLES FOR AUTOMATED FOREST RESTORATION 
 

Pimonrat Tiansawat1 and Stephen Elliott1 

  
ABSTRACT 

 
Unmanned aerial vehicles (UAVs) have been gaining in popularity and are 

used in many fields, including biodiversity conservation. They are currently 
available in many sizes and forms, and they can be used for aerial photography, 
mapping and monitoring natural resources. To use UAVs for automated forest 
restoration (AFR), technologies involved must be advanced and adapted, to 
perform the specific tasks required, particularly aerial seeding and main-
tenance procedures, such as weed control and fertilizer application. Getting 
UAVs to function fully autonomously, when performing such tasks, will be 
challenging. Integrative research, among engineers, computer scientists and 
ecologists, is needed to advance the AFR concept and the drone-based tools 
needed, to bring the concept to fruition. 

 
Key words: drone, mapping, aerial seeding, aerial monitoring, power source, 
obstacle avoidance 

 

INTRODUCTION 

 

An unmanned aerial vehicle (UAV) is a flying device, with no pilot on board, 

which is controlled remotely, or flown autonomously, following a computer 

program. The basic components of UAVs include the body, computing components, 

a power supply, sensors that detect position and movement, software, flight 

controls, actuators, loop principles, a communications device and mounted payloads 

e.g., cameras n other sensors. Nowadays, several types of UAVs are available: rotary 

(multi- or single-) (Figs. 2.4 & 2.6), fixed-wing, and hybrids (Fig. 2.3). Each type is 

suited to perform specific functions. Although the first UAVs were pilotless planes, 

developed for military purposes, as early as 1900, modern UAVs have been used for 

various civilian applications, such as land-use planning, archaeological surveys, 

hobbies, and environmental and conservation tasks. In this review, we use the term 

UAV for the vehicles and UAV technologies to encompass ground control stations, 

communications and supporting equipment to operate flights. 

The use of UAVs for automated forest restoration (AFR) is becoming more 

common among the research community. UAV technologies can be used to perform 
 

1 Forest Restoration Research Unit, Department of Biology, Faculty of Science, Chiang Mai University, 

Chiang Mai, Thailand. Email: pimonrat.t@cmu.ac.th 
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various tasks required to implement forest restoration, from site surveys (Fig. 2.1), 

to the development of restoration plans, site preparation, delivery of seeds and/or 

seedlings to the site, site management (i.e., weeding and fertilizing) and surveys for 

biodiversity recovery following restoration interventions (ELLIOTT, 2016) (Table 2.2). 

However, to achieve the goal of automated forest restoration, several specialized 

UAV technologies must be developed to perform specific tasks. Therefore, this 

chapter examines activities relevant to forestry applications, including those that are 

already achievable and those that might be achievable in the near future, and 

discusses challenges to developing UAVs for AFR. 

 

CURRENT USE OF UAVs IN CONSERVATION 

 

Forest mapping and monitoring 

 

It has only been about two decades since UAVs gained attention in the forestry 

sector. The primary focus of UAV research has been on mapping and monitoring of 

forest stands (e.g., ABER et al., 1999 & 2002; DUNFORD et al., 2009; JAAKKOLA et al., 

2010; SAARI et al., 2011; MAKYNEN et al., 2012; WALLACE et al., 2012; LISEIN et al., 2013; 

ZAHAWI et al., 2015; OTA et al., 2017) (Fig. 2.1). UAVs, have become ideal platforms 

to collect data and visual information from target areas using various payloads, 

including cameras and other sensors, Mapping and monitoring of forests normally 

require imaging sensors, a position sensor (i.e., Global Position System: GPS) and an 

Inertial Measurement Unit (IMU) (a combination of accelerometer, gyroscopes and 

sometimes a magnetometer).  

  

Figure 2.3 ς design of a hybrid 

UAV that is capable of a vertical 

take-off and landing. 
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The most widely used imaging sensors are digital cameras sensitive to the visible 

spectrum (RBG cameras) (Fig. 2.1). HORCHER & VISSER (2004), pioneers in the use of 

small UAVs for forest imaging, reported that creating forest and stream maps with 

high-resolution images (8 cm per pixel) is possible using UAVs. Using more detailed 

and advanced mapping software, three-dimensional (3D) models of target areas can 

be constructed, using images and other data obtained from UAVs (REMONDINO et al., 

2011). Additional sensors can be used, complementing or replacing RBG cameras, to 

acquire data for forest mapping such as: Light Detecting and Ranging (Lidar) systems 

(also called laser scanners) (e.g., NAGAI et al., 2009; JAAKKOLA et al., 2010; WALLACE et 

al., 2012), multi- or hyper-spectral cameras (Fig. 2.4) and thermal sensors (e.g., BERNI 

et al., 2009; MAKYNEN et al., 2012; SMIGAJ et al., 2015). 

The complementary data, acquired by such sensors, allows performance of more 

detailed analyses, to gain a more detailed understanding of forest structure. 

Investigations using such technologies have covered such broad topics as plant 

water-stress (ASNER et al., 2016), diseases (SMIGAJ et al., 2015), and other aspects of 

plant health (CALDERÓN et al., 2013). In addition to digital RBG images (Fig. 2.1), 

hyperspectral cameras (Fig. 2.4) can capture images using the near-infrared (NIR) 

spectrum. Combining data from the visible and near infrared spectra allows 

calculation of the Normalized Difference Vegetation Index (NDVI) and analyses of 

vegetation cover and health (LI et al., 2014). Chapter 3 provides more details about 

the uses of sensors for mapping and recognizing tree species. 

 

 

  

Figure 2.4 - A UAV, 

equipped with hyper-

spectral camera for 

research in Belgium 

(CARGYRAK, 2016) 
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With recent advances in positioning and imaging technologies, small UAVs are 

being used increasingly to map tree crowns and identify tree species (LISEIN et al., 

2015; BAENA et al., 2017) (Fig. 2.7), estimate biomass (ENGLHART et al., 2013), map 

canopy gaps (GETZIN et al., 2014) and monitor fallen trees (INOUE et al., 2014) (Fig. 

2.8). 
 

Forest fire surveys 

 

UAVs have also been used as sensor platforms to monitor forest fires (AMBROSIA 

et al, 2003; HINKLEY & ZAJKOWSKI, 2011; CRUZ et al., 2016) (Fig. 2.2), carrying either 

non-thermal infrared micro-cameras, imaging in the far infrared band (7-14 µm) 

(CASBEER et al., 2006; MERINO et al., 2012), or thermal infrared cameras, combined 

with IMUs and GPS collecting navigation and positioning data. Such UAVs usually 

send their data remotely, for immediate image processing at ground stations. 

Images are processed to minimize errors and to extract fire-contour information 

(fire perimeter) (Fig. 2.2). Data are fed into models to detect fires (CRUZ et al., 2016), 

predict their spread and plan appropriate fire-fighting options (MERINO et al., 2012). 

Single or multiple UAVs (cooperative) can be used to track the fires. Where fires 

become extensive, simultaneous deployment of multiple UAVs is needed, to update 

large amounts of information in near real-time (CASBEER et al., 2006). 

  

Wildlife surveys 
 

UAV technologies can also be used to detect wildlife habitats and estimate the 

abundance of wild animals and plot their distribution. Compared with satellite 

remote-sensing and ground surveys, the advantages of using UAVs include cloud-

free images and lower cost (KOH & WICH, 2012). Moreover, aerial surveys by UAV can 

be conducted more frequently, to gather data for long-term monitoring. UAVs can 

be used both for taking photographs and for detecting radio-tagged animals. As 

camera platforms, they been successfully used to count and map the distribution of 

several large terrestrial animals (e.g., KOH & WICH 2012; VERMEULEN et al., 2013; 

BARASONA et al., 2014). VERMEULEN and his team (2013) used a fixed-wing drone, 

equipped with GPS, IMU and cameras to survey elephants (Loxodonta africana) in 

southern Burkina Faso (Fig. 2.5). The flight was fully autonomous and, at a height of 

млл ƳΣ ƘƛƎƘ ŜƴƻǳƎƘ ŦƻǊ ǘƘŜ ŜƭŜǇƘŀƴǘǎ ǘƻ ŀǇǇŜŀǊ ǳƴŀǿŀǊŜ ƻŦ ǘƘŜ ŘǊƻƴŜΩǎ ǇǊŜǎŜƴŎŜΦ 

In Sumatra, Indonesia, a fixed wing drone successfully detected orangutans (Pongo 

spp.) and Sumatran elephants, flying 80-100 m above ground (KOH & WICH, 2012).  
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In addition to photography, UAVs can receive signals from animals that have 

been tagged with a radio transmitter (e.g., POSCH & SUKKARIEH, 2009). For example, a 

multi-rotor UAV, equipped with an antenna, was used to locate radio-tagged Noisy 

Miners (Manorina melanocephala) in Australia (CLIFF et al., 2015). The study showed 

that detection by UAV can be achieved both manually and autonomously. The main 

limitation of the technique was short flight time and inaccuracy, due to movements 

of birds (CLIFF et al., 2015). To mainstream UAV technologies for wildlife research, it 

is crucial to investigate the potential impacts of UAVs on target animals (e.g., DITMER 

et al., 2015). 

 

UAV APPLICATIONS FOR AFR 

 

To use UAVs to perform particular AFR tasks, task-specific hardware and 

software will be needed. Although currently available technologies, including 

imaging and positioning sensors, have allowed UAVs to perform rudimentary pre-

restoration site surveys, locate seed trees (with partial success) and monitor some 

aspects of biodiversity recovery (large animals), a great deal of further research will 

be needed as well as development of a broader range of drone-mounted tools, if 

UAVs are to play a more universal and routine role in AFR. The need for three 

technologies immediately spring to mind: robot arms, guided by visual systems, 

capable of collecting seeds from tree crowns, seed delivery devices, capable of 

deploying seeds of multiple species of widely varying seed sizes, anŘ άƛƴǘŜƭƭƛƎŜƴǘέ 

spraying systems for weed control (Fig. 2.6). Although research is on-going, no 

working prototypes of these technologies currently exist.    

 
  

Figure 2.5 - Aerial 

image from a fixed-

wing UAV, 300 m 

above ground, shows 

a group of elephants 

(modified from 

VERMEULEN et al., 

2013). 
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Table 2.1 - AFR tasks and examples of task-specific hardware and software needs. 

Italics indicate items that will require more research and development. 

 

 

AFR Specific tasks 
UAVs 

Hardware Software 

Pre-site 

survey 

Locating systems* GPS, IMU unit GPS software 

Imaging* 
Cameras, other 

sensors 
- 

Site evaluation ς 

level of 

degradation 

Cameras other 

sensors 

Databases and systems 

to process the images 

and decision making 

Seed 

collection 

Locating seed 

trees 
GPS, IMU unit GPS software 

Plant recognition 
Cameras, other 

sensors 

Databases and on-

board processing 

Seed collecting 

Robotic arms, cutting 

devices and seed 

storage  

Systems to control the 

robotic arms (cutting 

mechanisms) and 

detecting the number of 

seeds UAVS can handle 

Seed delivery 

to target 

restored sites 

Seed storage Seed containers - 

Aerial seeding Seed dropping device 

Systems to control drop-

ping patterns and to 

detect empty containers 

Fertilizer 

and/or 

herbicide 

application 

(maintenance) 

Seedling 

recognition 

Cameras, other 

sensors 

Databases and on-

board real time 

processing and decision 

making 

Fertilizer/herbicide 

application  

Containers for 

fertilizers/herbicides 

with appropriate 

application devices 

Systems to make real-

time on-board 

decisions, to control 

application patterns 

and to detect empty 

containers 
 

*  All AFR tasks require location and imaging systems. Here, we include detection at the beginning 

and do not repeat for the rest of the table 
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An overview of technologies already existing and required for further 

development is presented in Table 2.1. The size and weight of the drone-mounted 

tools will drive the development of new UAV designs to carry them and power-

supply technologies, not only to fly the UAVs, but also to operate the attached 

devices for reasonable flight times. Site surveying and monitoring may not require 

large UAVs, because their main payloads will be cameras and sensors that have 

already been miniaturized. However, the robot arms, seed hoppers and tanks of 

fertilizer or herbicides are likely to be heavy and require large drones and power 

supplies well beyond the capacity of those currently in use.  

 

Towards autonomy 

 

Current UAV decision-making tools allow UAVs to fly autonomously only within 

predefined limited locations (ATHERTON, 2017). Many gaps in knowledge and 

technologies remain to be filled, before truly autonomous UAVs can be deployed to 

perform forest restoration tasks. Considerable improvements in power-supply 

systems, autonomous charging and advanced object-avoidance systems will be 

essential to enable UAVs to perform basic AFR tasks autonomously. 

 

On-board power source 

 

The power supply determines the flight time, and consequently the range, of 

UAVs. Typically, the power supply and fuel of large UAVs (>1,000 kg) constitute 

approximate 40-65% of their weight (NATIONAL RESEARCH COUNCIL, 2000). Smaller 

UAVs are powered by batteries, most commonly rechargeable lithium-ion polymer 

(LiPo) batteries. Therefore, the flight time and range of UAVs depends on battery 

capacity, discharge rate and average amp draw from the battery. LiPo batteries are 

favoured for UAVs, because of their thin shape and high discharge rates. 

With current consumer-level battery technology, UAV flight times range from 

few minutes to 30 minutes (for 5-kg UAV). For AFR, particularly in remote large 

areas, much longer flight times will be needed, to make the use of drones 

practicable. This may be achieved by improving existing lithium-based technologies, 

but more likely, it will involve development of new power-supply systems. For 

example, prototype hydrogen fuel-cells have been used to successfully power UAVs 

for several hours (SWIDER-LYONS, 2016). Moreover, fuel-cell powered UAVs are 

quieter than those powered by regular batteries; they vibrate less during flight, are 

easier to control and have net zero emissions (SWIDER-LYONS et al., 2013). In 2004, 

The Naval Research Laboratory (NRL) of the United States of America successfully 
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flew a hydrogen-fuel-cell-remote-piloted UAV for three hours and 19 minutes (flight 

weight 1.7 kg) (STROMAN et al., 2006): a record beaten recently by a team in China2 

who achieved a flight time of >5 hours. 

 

Wireless charging 

 

If LiPo batteries, with their relatively short flight times, remain the most 

affordable UAV power source, then automated wireless charging could be a way to 

maintain drone flights for AFR tasks in remote areas. Several companies are working 

on this, with varied approaches. 

Charging pads have already been developed for small UAVs (e.g., SKYSENSE INC.). 

{ƪȅǎŜƴǎŜ Lb/Ωǎ ŎƘŀǊƎƛƴƎ ǎȅǎǘŜƳ Ŏƻƴǎƛǎǘǎ ƻŦ ŀ ǊǳƎƎŜŘΣ ǿŜŀǘƘŜǊ-resistant, stainless-

steel plate, on which UAVs land. UAVs are retrofitted with charging devices on the 

legs. These transfer charge to the batteries, as soon as the charging devices come 

into contact with the steel plate. Charging proceeds automatically, regardless of 

position, dimension and orientation of the drone3.  

Another technique, being explored, is magnetic resonance (JUNG et al., 2012; 

KESLER, 2016; SOLACE POWER INC., 2017). A UAV (the receiver) and a charging station 

(the energy source) are both equipped with copper coils. Once a UAV lands on or 

hoovers above the landing pad, the coils in the landing pad are turned on. An added 

feature of the station would be robotic arms to help align the UAV coils with the 

ǇŀŘΩǎ ŎƻƛƭǎΦ ²ƘŜƴ ǘƘŜ Ŏƻƛƭǎ ŀǘǘŀŎƘŜŘ ǘƻ ǘƘŜ ¦!± ŀǊŜ ŎƭƻǎŜ ŜƴƻǳƎƘ ǘƻ ǘƘŜ ǇŀŘΩǎ ŎƻƛƭǎΣ 

a magnetic field is created and the UAVs battery is charged through electromagnetic 

induction. After charging is complete, the UAV signals the landing station to cease 

charging, and the drone can fly away and continue working. 

The use of high-power lasers, to charge UAVs, is also being investigated 

(POWERLIGHT TECHONOLOGIES INC., 2017). With this method, UAVs are fitted with 

photovoltaic (PV) receivers. The UAVs hover over charging stations, where they are 

precisely aligned automatically using laser-tracking systems. The charging laser is 

then aimed at the PV receiver, where laser energy is used to charge the battery, 

while the UAV continues to hover. The ability to charge drones without landing them 

is obviously advantageous, where vegetation might obstruct safe landing. One 

limitation of this method is its high cost; high-power lasers are currently very 

expensive. However, as with other new technologies, costs are expected to fall, as 

the technology evolves for commercial use (POWERLIGHT TECHNOLOGIES INC., 2017). 

 

2 https://www.intelligentliving.co/hydrogen-fuel-drone/ 
3 https://skycharge.de/charging-pad-outdoor 
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Another approach is to build ground stations, equipped with robotic arms, 

capable of swapping batteries. An Israeli company, named Airobotics, has developed 

a ground station with this battery-swap approach (AIROBOTICS, 2018). The system 

includes a 45-kg box that can be opened at the top. The UAV and ground station are 

equipped with sensors and communicate with each other. The UAV is also equipped 

with GPS, cameras, and sonar sensors for navigation and landing on the ground 

station. The ground station can help guide the landing, using its sensors and a radio 

signal. Upon landing, a robotic arm replaces the discharged battery with a fully 

charged one. Up to 10 batteries can be stored in each ground station.  

However, all these technologies require power, and in remote areas, where 

forest restoration is most likely to occur, there is usually no mains electricity. 

Therefore, in the context of AFR, all these charging stations are most likely to be run 

on solar power; solar panels feeding electricity into large on-site batteries. Once set 

up, solar power systems require little maintenance. Therefore, they are the most 

promising power source to drive autonomous AFR systems. 

Powering UAVs directly by on-board solar energy has also been attempted, but 

not very successfully as yet. Titan Aerospace developed a prototype, solar-powered, 

fixed-wing UAV in 2015, design for sustained, high-altitude flight, to deliver internet 

connectivity over wide areas. At 15 m in length and with a wing-span of 50 m, it was 

anticipated that the Solara 50 would carry payloads of up to 32-kilogram and be 

capable of continuous flights lasting up to five years. The first and only flight of the 

Solara 50 was in 2015 in New Mexico, USA. Unfortunately, the left wing suffered a 

structural failure, shortly after take-off, and the vehicle crashed (NATIONAL 

TRANSPORTATION SAFETY BOARD, 2015). The project was subsequently shelved. 

 

Using multiple UAVs for forest restoration tasks 

 

As already stated above and summarized in Table 2.1, various, highly specialized, 

drone-mounted tools will be required to perform the various tasks that comprise an 

AFR project from start to finish, from robot arms to collect seeds, to herbicide 

spraying devices. This gives rise to two approaches to drone development for AFR: 

the generalist or specialist approaches. 
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The first would entail development of UAVs that are capable of performing 

ǎŜǾŜǊŀƭ ŘƛŦŦŜǊŜƴǘ ǘŀǎƪǎ όάWŀŎƪ-of-all-ǘǊŀŘŜǎ ¦!±ǎέύΦ DŜƴŜǊŀƭƛǎǘ ¦!±ǎ ǿƻǳƭŘ ōŜ ŎŀǇŀōƭŜ 

of carrying various interchangeable tools, attached by a universal docking system. 

The docking system would have to transmit power from the UAV power supply to 

the attached tool and enable data exchange between the UAV and the tool, so that 

UAV flight-ŎƻƴǘǊƻƭ ǎȅǎǘŜƳǎ ŎƻǳƭŘ Ƴŀƛƴǘŀƛƴ ǎǘŀōƛƭƛǘȅΣ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ ǘƘŜ ǘƻƻƭǎΩ 

movements or status. A potential disadvantage of this approach might be that 

human operators would be needed to interchange the attachments and carry out 

safety tests. Thus, complete autonomy might be sacrificed. However, the generalist 

approach is likely to be cost-effective, since mass production of the basic UAVs could 

be performed with economies of scale, whilst design of specialized tools can 

continue independently, provided a standard docking system is used. 

The second approach is to design individual UAVs, each with an integrated tool, 

ǘƻ ǇŜǊŦƻǊƳ ƻƴŜ ǎǇŜŎƛŦƛŎ ǘŀǎƪ όάǎǇŜŎƛŀƭƛǎǘ ¦!±ǎέύΦ ¢Ƙƛǎ ǿƻǳƭŘ ŜƴŀōƭŜ ōŜǘǘŜǊ ƛƴǘŜƎǊŀǘƛƻƴ 

of the tool with the flight systems and remove the possibility of docking-system 

failure.  However, it would be wasteful and therefore more expensive, since drones 

would be idle when the task, for which they were designed, is not being performed.  

5ŜǇŜƴŘƛƴƎ ƻƴ ŀ ǇǊƻƧŜŎǘΩǎ ǎǇŜŎƛŦƛŎ ƴŜŜŘǎ ŀƴŘ ŎƻƴǎǘǊŀƛƴǘǎΣ ŜƛǘƘŜǊ ŀǇǇǊƻŀŎƘ Ƴŀȅ 

be appropriate.  Labour costs and the costs for developing technologies vary across 

different parts of the world.  Hopefully as the use of UAVs for AFR spreads, the 

associated costs will come down, as new technologies become more readily 

available. 

   
  

 

  

  

Figure 2.6 - A multi-

rotor UAV, equipped 

with a liquid-storage 

and spraying system 

(Photo by Stephen 

Elliott) 
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Another consideration when using UAVs for AFR is controlling UAV swarms. 

Performing AFR on areas larger than a few hectares will require co-ordination of 

multiple drones, perhaps simultaneously performing different tasks, without 

ƛƳǇƛƴƎƛƴƎ ǳǇƻƴ ŜŀŎƘ ƻǘƘŜǊΩǎ ŀƛǊǎǇŀŎŜΣ ŀƴŘ ǿƛǘƘƻǳǘ ƛƴǘŜǊŦŜǊƛƴƎ ǿƛǘƘ ǇŜǊŦƻǊƳŀƴŎŜ ƻŦ 

their programmed tasks. This will require UAVs to communicate with each other, in 

real time, and adjust their flight paths and operations, in response to the position of 

every other drone in the area, whilst all UAVs work towards a shared universal 

objective.  

Advances in programming of drone swarms have been considerable in recent 

years (e.g., ABATTI, 2005; BRUST & STRIMBU, 2016; CONDLIFF 2017; MEHTA 2017; KUMAR 

2017), particularly for military purposes, such as intelligence and surveillance 

(ABATTI, 2005; MEHTA 2017) and for creating spectacular lights shows as large open-

air public events. For swarm UAVs, the size of each individual in the swarm is small, 

and one swarm may consist of 100 of individuals (CONDLIFFE, 2017; MEHTA 2017).  

By recognizing various approaches for UAV development, it is important for 

technologists and forest practitioners to work together at the early stages of 

development. 

 

 

CONCLUSION 

 

Restoration of diverse forest ecosystems is one of the most important tasks to 

mitigate global climate change. In the last few decades, we have gained more know-

ledge about forest restoration, whilst engineers have also developed UAV techno-

logies, capable of many practical applications relevant to the task. This review has 

discussed the current use of UAVs in forestry and conservation, and looks forward 

to greater use of those technologies in forest restoration, gradually achieving 

increased autonomy, as improved technologies become more readily available and 

more cost-effective (Table 2.2).  

UAV technologies can be applied to all aspects of forest restoration, from project 

planning to monitoring and assessment of project achievements, in terms of 

biomass accumulation, recovery of forest structure and biodiversity and the ultimate 

goal of returning ecological functioning. The time is ripe for a cross-disciplinary effort 

to develop and implement these technologies. The integration of engineering and 

restoration ecology is the hope for our future.  
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Table 2.2 ς Idealized auto-restoration work flow and required technologies,  
showing how the need for human inputs could potentially be minimized 
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Figure 2.7 - Raw UAV-borne-compact-camera image showing two tree crowns  

(birch and poplar species) with different spectral signatures 

(modified from Lisein et al., 2015) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

 

 

Figure 2.8 Views of the same point from different angles for detecting fallen trees 

(arrows). Nadir looking image detects three fallen trees hidden by standing trees (boxes) 

(reprinted from Inoue et al., 2014) 
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Figure 3.1. Tree crown map produced manually from a high-resolution aerial image of 

Barro Colorado Island (Panama).  Mapped species: Jacaranda copaia (A), Attalea 

butyraceae (B), Tabebuia guayacan = Handroanthus guayacan (C) and Astrocaryum 

standleyanum (D). Photo by Marcos Guerra 

 

Figure 3.2. Criteria used for manual identification of tree crowns of different species 

from high-resolution aerial images of Barro Colorado Island (Panama).  
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APPLICATIONS OF REMOTE SENSING FOR TROPICAL FOREST RESTORATION: 

CHALLENGES AND OPPORTUNITIES 

 
Dawn Frame1 and Carol X. Garzon-Lopez2 

 

ABSTRACT 
 

The tremendous physical and material efforts required to accurately 

assess forest degradation and to plan and monitor vegetation recovery using 

conventional ground surveys, often limit the success of tropical forest 

restoration projects. Remote sensing has become an important tool for 

biodiversity monitoring, ecological studies and climate change assessments. It 

has enormous potential to automate assessments of forest degradation and 

to standardize and increase accuracy of information at multiple temporal and 

spatial scales throughout the forest restoration process. It also drastically 

reduces labour costs involved in vegetation surveys. Remote sensing data vary 

in their complexity from two-dimensional RGB images, collected from 

analogue or digital cameras, to three dimensional hyperspectral cubes, 

covering hundreds of bands. Here we summarize current applications of 

available remote sensing methods for various forest restoration tasks and 

discuss the challenges and opportunities of using remote sensing in automated 

tropical forest restoration. 

 

Key words: remote sensing, GIS, aerial images, hyperspectral data, lidar, 

multispectral data, satellite data, tropical tree species identification. 

 
INTRODUCTION 

 

Structurally complex and carbon-rich, tropical moist and wet forests (hereafter, 

Humid Tropical Forests, HTF) are some of the most biologically diverse ecosystems 

on Earth. They exhibit high species richness but, at least in the Neotropics, most 

species are quite rare. TER STEEGE et al. (2013) estimate that 1.4 % of species account 

for about half of all individuals. As plants are primary producers and dominate 

landscapes, their roles are always key to habitats. However, tropical forest 

destruction is on-going. Based on Landsat data, current rates of tropical 
 

1 ¦aw !a!t Ϧ.ƻǘŀƴƛǉǳŜ Ŝǘ .ƛƻƛƴŦƻǊƳŀǘƛǉǳŜ ŘΩ!ǊŎƘƛǘŜŎǘǳǊŜ ŘŜǎ tƭŀƴǘŜǎϦΦ ¢! !-51/PS2, Boulevard 
de la Lironde, 34398 Montpellier cedex 5, FRANCE. Email : framedm@gmail.com 

2 Ecologie et Dynamiques des Systèmes Anthropisés. Université de Picardie Jules Verne, 1 Rue des 

Louvels, 80000 Amiens, France. Email : c.x.garzon@gmail.com 
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deforestation globally are estimated to be 7.6 million ha per year (ACHARD et al. 

2014). Such estimates vary for several reasons, the most important of which are the 

definition of deforestation (e.g., degree, change or identity of tree canopy cover) 

and the counting method (e.g., satellite data, field-based extrapolations etc.).  

Identifying and locating specific trees, or group of trees, is fundamental to i) 

assessments of forest biodiversity, ii) increasing our understanding of ecosystem 

functioning and iii) reforestation methods that prescribe the use of multiple native 

species to re-establish forest structure (e.g., the framework species method (ELLIOTT 

et al., 2013). Traditionally, identification and mapping of HTF species has been done 

using labour-intensive, ground-based surveys or by interpreting large-scale (> 

1:4000) aerial photographs (ZHANG et al. 2006). Both methods are costly and time- 

consuming. However, with the advent of small unmanned aerial vehicles (UAVs), 

aerial photography has become both more cost-effective and rapid. In addition, 

researchers are now also turning to other remote sensing methods (Table 3.1) to 

assess a host of vegetation parameters, such as spatial structure, complexity, 

dynamics and species distribution.  

 
 

Aerial digital photography 
 

Maps of species distributions are fundamental to the study of tropical forest 

ecology, allowing us to increase our understanding of population and community 

dynamics, and they form the basis of ecological monitoring and management plans 

(MYERS, 1982; CONDIT et al., 2000; JANSEN et al., 2008; MORGAN et al., 2010). 

High-resolution aerial photography is a relatively inexpensive solution for the 

identification and mapping of species at large scales (Fig. 3.1). It has been applied to 

the identification of tree species in temperate forest with good results (PAINE & KISER, 

2003). In the case of the highly-diverse HTFs, this technique has been used in very 

few cases because of the difficulty associated with recognizing species from crowns, 

often intermixed, and has mostly been limited to mapping a single or few, often 

distinctive, species (Fig. 3.1).  

SAYN-WITTGENSTEN (1978) attempted to identify timber tree species in the 

tropical forests of Surinam and found the approach promising, but highlighted the 

need for criteria to identify species. Later, CLEMENT & GUELLEC (1974) and VOOREN & 

OFFERMANS (1985) working in Gabon and south-eastern Ivory Coast, were able to 

map one focal species in each ecosystem. MYERS (1982) successfully identified 24 

tree species with 75% accuracy in the forests of Queensland (Australia). 
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Table 3.1. Current and planned remote sensing products and platforms with 
specifications. Number of signs increases with increasing costs ($) or data 

processing/storage (*) needed. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Remote Sensing for Forest Restoration 

рл 

Trichon and colleagues (GONZÁLEZ-OROZCO et al., 2010; TRICHON, 2001; TRICHON & 

JULIEN, 2006) developed a multi-criteria hierarchical system to describe crown 

typology from aerial photographs; it comprised seven discrete variables: crown size, 

phenology, crown type, crown shape, foliage texture and colour (Fig. 3.2). This 

crown identification key was developed at a study site having precise ground 

coordinates of previously identified (known) species (GARZON-LOPEZ et al., 2013). The 

crowns, visible in the aerial images were carefully matched with their ground 

locations and, in this way, the species were mapped.  

The aforementioned method relies on manual interpretation (delineation) of 

crowns by trained experts, people who are often in short supply and expensive to 

employ. Consequently, automated interpretation has been attempted (just as for 

other forms of remote sensing) using modern methods of digital image analysis, 

based on pixel- or object-based classifications (by a process of segmentation) 

(MORGAN et al., 2010). In fact, the steps involved, such as associating known crowns 

with location, using a combination of criteria (involving sun-lit pixels and e.g., image 

texture and shape recognition) are roughly similar in manual and automated 

interpretation of tree crowns.  

Some of the applications of aerial tree crown interpretation include assessment 

of tree aging (VOOREN & OFFERMANS, 1985) and crown dynamics (HERWITZ et al., 1998); 

monitoring of forest degradation or fires (PANEQUE-GÁLVEZ et al., 2014); locating 

fruiting events and measuring their intensity (JANSEN et al., 2008; VAN ANDEL et al. 

2015); and the development of large-scale species distribution maps, to study plant-

habitat associations (GARZON-LOPEZ et al., 2014), animal behaviour (BROWN et al., 

2014) and animal movement patterns (CAILLAUD et al., 2010; VAN ANDEL et al., 2015).  

The choice of a platform, used to carry the camera, depends on the extent of 

the study area and platform availability, and has a significant effect on determining 

project costs.  Platforms have typically been (in order of increasing cost) ultra-light 

aircraft, small airplanes and helicopters. With the advent of inexpensive off-the-shelf 

and do-it-yourself UAVs, user-friendly, readily mobilized platforms are now 

available, allowing exceptionally cost-effective forest mapping. Flight patterns for 

UAVs, carrying small-format cameras, can be pre-programmed to capture aerial 

photographs (images) with a high degree of overlap for later mosaicking. 

Furthermore, using off-the-shelf automated photogrammetric software packages, 

such images can be used to generate digital elevation models (DEMs). Thus, the 

canopy can be mapped and a digital terrain model (DTM) produced at resolutions, 

set by the user. Additionally, UAV missions may be run and operated by trained local 

people, so that images may be obtained in remote areas without entailing numerous 

lengthy field trips by foresters or other expensive specialists. Depending upon 
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regional expertise, aim of the aerial survey and computer processing power 

available, crown identification can be done i) manually, ii) using a combination of 

experts and trained volunteers (GONZÁLEZ-OROZCO et al., 2010) or iii) by automated 

digital image analysis, developed and run by experts. 

In conclusion, aerial images can be used to support various forest restoration 

tasks (Table 3.2), from rapid pre-intervention site assessments for determining 

baseline levels of degradation, and identification (and location) of trees that can 

serve as seed sources, to monitoring of the progress of restoration following 

interventions. 
 

Light Detection and Ranging (Lidar) 
 

Lidar technology measures the travel time of a laser pulse from an emitter to a 

target and back to a detector (up to 400,000 pulses of light per second) and derives 

the distance to the target from the return time. When using a lidar unit mounted on 

an aerial platform (AP) to survey vegetation, pulses are reflected from the canopy 

(first return) and the ground (last return). Canopy height is calculated by subtracting 

the first from the last return time, taking into account AP position (altitude, yaw, roll 

and pitch). Using this approach, the instrument collects three-dimensional data in 

large volumes, at high density and with unprecedented precision. 

The instrument consists of a laser emitter, a global positioning system (GPS) 

receiver, providing geographic location, and an inertial measurement unit (IMU), 

which records AP position. Lidar systems are categorized according to the type of 

data they record, as either discrete return or full waveform systems. Discrete return 

systems can be programmed to record (i) only the first return, (ii) the first and last 

return; or (iii) multiple returns; full waveform systems transmit continuous signals 

and the distance is measured based on changes in laser intensity. 

Data resolution is dependent on the number of pulses per unit area and the size 

of the pulse (area of the footprint), which is in turn determine by altitude. For the 

discrete system, the footprint varies between 0.2 and 0.9 meters, while in full 

waveform systems it varies between 8 to 70 meters (LIM et al., 2003). Full waveform 

systems are gaining popularity because they can capture reflections of the emitted 

laser pulse in greater detail than discrete ones.  

Aerial lidar sensors deliver a 3D point cloud of the forest that can then be 

processed to i) a digital surface model (DSM) that includes all the objects on the 

ground (e.g., trees, buildings, etc.), ii) a digital terrain model (DTM) that provides a 

view of the bare ground (without any objects) and iii) a set of very precise canopy 

metrics like the canopy height model (CHM), a canopy density map and the average, 
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maximum and minimum canopy height. These forest height metrics can be related 

to observed above ground biomass (AGB) estimated by field measures and 

allometric relationships in inventory plots. Operational costs often limit the spatial 

extent of lidar-derived AGB estimates, but accurate estimates are vital if forest 

restoration projects are to be funded by REDD+ (Reducing Emissions from 

Deforestation and Forest Degradation) or other carbon-trading systems. In 

combination with other remote sensing approaches, local AGB maps may be scaled 

up to cover larger areas (LAURIN et al., 2014). 

 Up-scaling an aligned lidar sampling of Panama using Landsat satellite data of 

topography, precipitation and vegetation cover, ASNER et al. (2013) modelled carbon 

stocks at a 1 ha spatial resolution to produce a carbon map of Panama.  They found 

that lidar estimated carbon stocks were similar to those estimated from inventory 

plots and concluded that lidar collected measurements can replace laborious field-

ŘŜǊƛǾŜŘ ƻƴŜǎΣ ŀƭǘƘƻǳƎƘ ǾŀƭƛŘŀǘƛƻƴ Ǉƭƻǘǎ άǊŜƳŀƛƴ ƘƛƎƘƭȅ ǾŀƭǳŀōƭŜ ŦƻǊ ƛƴŎǊŜŀǎƛƴƎ 

accuracy and trŀƴǎǇŀǊŜƴŎȅέ όASNER et al., 2013).   Using a light airplane equipped 

with a small footprint lidar, hyperspectral sensor and a digital camera for aerial 

photographs, LAURIN et al. (2014) estimated AGB of forest in the Gola Rainforest 

National Park in Sierra Leone.  These workers found that integration of the 

hyperspectral data improved the lidar-based model and cautioned that high quality 

field data is essential for lidar-based AGB estimates, particularly if the estimates from 

airborne lidar are to be used to upscale the field-measurements.  

Even though lidar data acquisition and processing can be very expensive (HUMMEL 

et al., 2011), there is an economy-of-scale effect whereby the larger the study area, 

the greater the lidar data acquisition costs are reduced, in the case of Panama to 

about $1.00 USD per hectare (ASNER et al., 2013). While, ground field plots are 

expensive to establish and maintain, costing on the order of (~$2000 to $5000 USD 

per ha) for the same country (ASNER et al., 2013).  

Notwithstanding, on the whole, prices for aerial lidar measurements are 

decreasing as lidar sensors become smaller, lighter and cheaper, as computer 

processing power and data transfer rates increase. Further, lidar efficacy is improved 

when used in combination with other technologies. For example, in automated 

aerial tree mapping, both lidar and hyperspectral data can be collected 

simultaneously (BALDECK et al., 2015). Lidar data are used to derive tree height 

measurements and the 3D structure of the vegetation and are also used for accurate 

orthorectification of the spectral data. Medium-priced systems that combine very 

high-resolution photography with lidar are also available. In Cambodia, SINGH et al., 

(2015) used such a system for tree mapping in HTF, where ground field data 

collection was not possible due to the presence of landmines.  
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Imaging spectroscopy (spectroradiometry) 
 

Spectroscopy is the analysis of light, emitted by or reflected from matter and its 

variation in energy at different wavelengths. In reflected-light spectroscopy, the 

basic property of interest is spectral reflectance: the ratio of reflected energy to 

incident energy, as a function of wavelength. For most materials, reflectance varies 

with wavelength, because energy at different wavelengths is differentially scattered 

or absorbed. These variations in reflectance are evident, when spectral reflectance 

curves for different materials, in our case vegetation, are compared. Pronounced 

downward deflections of the curves indicate wavelengths that a material selectively 

ŀōǎƻǊōǎ ŀƴŘ ŀǊŜ ǘŜǊƳŜŘ άŀōǎƻǊǇǘƛƻƴ ōŀƴŘǎέΦ hǾŜǊŀƭƭ ǎǇŜŎǘǊŀƭ ŎǳǊǾŜ ǎƘŀǇŜΣ ŀƴŘ 

ŀōǎƻǊǇǘƛƻƴ ōŀƴŘǎΩ strength and position of absorption bands can be used to identify, 

and discriminate among, different materials. Minerals, which are comparatively 

structurally simple and stable, can be classified in this manner and a library of 

reflectance spectra exists. Vegetations and their component plants are dynamic and 

interpretation of their reflectance spectra is more complex.  In a general manner, 

spectral reflectance curves of healthy plants have characteristic shapes, related to 

plant attributes. In the visual spectrum (VIS), curve shape is governed by plant 

pigment (e.g., chlorophylls, carotenes, anthocyanin, betalains) absorption. 

Chlorophylls absorb blue and red wavelengths more strongly than green, which is 

largely reflected (hence plants appear green to our eyes). This appears on 

reflectance curves as a characteristic peak within the green wavelength range. 

Reflectance rises sharply to values of about 40 ς 50% for most plants across the 

boundary between the red and near-infrared (NIR) wavelengths (680 ς 750 nm), and 

ƛǎ ƪƴƻǿƴ ŀǎ ǘƘŜ άǊŜŘ ŜŘƎŜέ ŜŦŦŜŎt. This high NIR is related to several factors such as 

chlorophyll concentration, species morphology (organization and construction), 

developmental stage and leaf water content (GHIYAMAT & SHAFRI, 2010). Otherwise, 

in the NIR, most of the remaining energy is transmitted and can interact with other 

ƭƻǿŜǊ ƭŜŀǾŜǎΦ .ŜȅƻƴŘ мΦо ˃ƳΣ ǊŜŦƭŜŎǘŀƴŎŜ ŘŜŎǊŜŀǎŜǎ ǿƛǘƘ ƛƴŎǊŜŀǎƛƴƎ ǿŀǾŜƭŜƴƎǘƘΣ 

ŜȄŎŜǇǘ ŦƻǊ ǘǿƻ ŎƻƴǎǇƛŎǳƻǳǎ ǿŀǘŜǊ ŀōǎƻǊǇǘƛƻƴ ōŀƴŘǎΣ ƴŜŀǊ мΦп ŀƴŘ мΦф ˃Ƴ όSOLDOVIERI 

et al., 2011). Imaging spectroscopy is typically studied between 400 and 2500 nm, 

that is from the VIS 400-700 nm, through the NIR 701 ς 1400 nm and Short-Wave 

InfraRed 1 (SWIR 1) 1401 - 1900, to the Short-Wave InfraRed 2 (SWIR2) 1901 ς 2500 

nm.  

Although terminology is imprecise, a general distinction is made between 

multispectral and hyperspectral sensors. Multispectral remote sensors (such as the 

Landsat Thematic Mapper and SPOT XS) produce images having few relatively broad 
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wavelength bands, whereas hyperspectral remote sensors collect image data 

simultaneously in dozens or hundreds of narrow, adjacent spectral bands.  

Hyperspectral measurements make it possible to produce a continuous spectrum 

for each image cell or pixel. These data sets are generally composed of about 100 to 

200 spectral bands of relatively narrow bandwidths (5-10 nm), whereas 

multispectral data sets are usually composed of about 5 to 10 bands of relatively 

large bandwidths (70-400 nm). Hyperspectral imagery measurements can be 

represented as a data cube, with spatial information represented by the X-Y plane 

and spectral information represented in the Z-direction (Fig. 3.4). Multispectral 

sensors, principally deployed on satellites, are useful in detecting vegetation types 

but have limited capacity to detect tree species (especially tropical ones), because 

they lack the fine spectral resolution provided by hyperspectral sensors (CASTRO-ESAU 

& KALACSKA, 2008). Recall that resolution has two components, a spatial one and a 

spectral one. In hyperspectral imagery, reflectance spectra are continuous and pixel 

resolution is in the order of 15 cm to 1 m, depending on the sensor and its distance 

from the target. 

The potential uses of hyperspectral imagery (in the lab or airborne, often in 

combination with other remote sensing techniques) for monitoring HTF 

composition, cover and function are numerous and the subject is vast. Hyperspectral 

data (spectral signatures) are essentially a reflection of interactions between light 

and physical and chemical properties, be they cells, tissues, organs (often leaves, 

known as leaf optical properties), individuals (often crowns), populations, 

communities, ecosystems or other higher-level groups. Hence, some of the common 

data uses are for studies of: 

 

1. leaf chemistry, structure and function (e.g., rates of photosynthesis); 

2. life forms (e.g., liana or tree, see KALACSKA et al., 2007); 

3. phenology and 

4. detection and mapping of species. 

 

Moreover, combinations and derivatives of the elemental data are the building 

blocks for detection/analysis of plant traits and growth forms (HOMOLOVÀ et al., 

2013), and vegetation indices (LAURIN et al., 2014).  Currently the use of 

hyperspectral sensors is largely limited by the costs of the sensor as well as 

associated data acquisition and processing, but this is rapidly changing with the 

development of new technologies, such as compact light-weight sensors and open-

source processing software. 
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APPLICATIONS OF REMOTE SENSING TO TROPICAL FOREST RESTORATION 

 

Remote sensing technologies have a wide range of applications in forest 

restoration, from the identification and assessment of sites to be restored, 

ƛŘŜƴǘƛŦƛŎŀǘƛƻƴ ƻŦ ǘǊŜŜ ǎǇŜŎƛŜǎΣ ƭƻŎŀǘƛƻƴ ƻŦ άƳƻǘƘŜǊέ ǘǊŜŜǎ ŀǎ ǎŜŜŘ ǎƻǳǊŎŜǎ ŀƴŘ ǘƘŜ 

necessary frequent monitoring of the restoration process. Multiple technologies can 

be combined to increase the efficacy of restoration, while minimizing limiting factors 

to restoration such as costs, labour and time. They also enable restoration to be 

carried out on remote, inhospitable terrain, where it would otherwise be impractical 

because of the aforementioned limitations.  

 

Figure 3.3. Number of tree individuals, in the tropical forest of Barro Colorado 
Island (Panama), identified using satellite (Quickbird), aerial and hyperspectral 
combined with lidar images, respectively (adapted from Baldeck et al., 2015). 

 

 
 

BALDECK et al. (2015) recently presented an automated method to identify tree 

species in HTF using combined hyperspectral imagery and lidar data. These authors 

compared their results with two previous attempts made at the same study site 

using satellite-based Quickbird images and automated crown delineation methods 

(Handroanthus guayacan and Jacaranda copaia), and manually delineated crowns 

of high-resolution aerial images (J. copaia).  They found that hyperspectral + lidar 

data resulted in better species detection, due to higher resolution of forest structure 

(Fig. 3.3), however, their method is considerably costlier. 
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Remote sensing method of choice will differ depending on goals, budget and the 

landscape. For example, initial assessment of the landscape might require 

information at low resolution over a large area, for which the best approach might 

be free, readily-available, on-line, pre-processed satellite images. However, if the 

aim is to assess forest structure and locate and identify seed trees, then the best 

option might be aerial images (approx. $0.2 USD per hectare), or if it is to 

characterize (and monitor changes in) forest structure (e.g., canopy height, AGB, 

functional diversity) or develop a high-resolution DEM the best results will be 

obtained using hyperspectral +/- lidar sensors (approx. $0.5 USD per hectare).  The 

selection will also depend on the characteristics of the focal species (Fig. 3.2) and 

the selected area (Table 3.2). 

 

DEVELOPING PRACTICAL APPLICATIONS TO AUTOMATE FOREST RESTORATION 

  
We turn our attention now to the priorities for research and development that 

arose out of the brainstorming sessions of the 2015 workshop on Automated Forest 
Restoration (AFR) Chiang Mai, Thailand ς how to apply the imaging technologies 
described above to develop robust, cost-effective and automated methods for 
forest restoration.  

Firstly, it must be emphasized that basic knowledge about how to restore local 

forest ecosystems, by conventional means, must already exist, before technology 

can be used to make the tasks of forest restoration easier. Restoration sites should 

be selected on the basis of sound social and ecological criteria, through consultation 

with all stakeholders; a process for which there is no technological substitute. A list 

of indigenous forest tree species known to be most suited to the conditions at the 

restoration site is also an essential minimum pre-requisite.  

The next step is to map the selected restoration site, locate the nearest surviving 

remnant of the reference (or target) forest ecosystem (which will serve as the goal 

of restoration) and locate individual seed trees of the selected, suitable, species 

within it. 

 This can be done in several ways and at multiple scales (it is advisable to use more 

than one). At large scales, freely-available satellite images can be used. At local 

scales, numerous points can be verified by using hand-held GPS receivers, or UAV-

mounted GPS receivers and cameras (as described above). The latter method could 

also generate DEMs and CHMs.  
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Table 3.2. Applications of remote sensing to various stages  
of tropical forest restoration.  

 

 
Another early important step can be to develop databases that combine 

information gleaned from previous experience and to fill knowledge gaps. The 

databases should cover species location, phenology (flowering, fruiting, leafing 

months), reproductive biology, seed dispersal method, seed germination 

requirements and seedling biology. The database should be linked to an image 

library. This library should contain different views of trees (e.g., crowns, trunk) and 

various organs, as well as of seedlings and treelets; priority should be given to 

framework species. UAV-mounted cameras may be used to obtain some of these 

images. The image library would form the basis for a species-identification tool, 

similar in concept to Pl@ntNet (JOLY et al., 2014) (see Chapter 11).  
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After these steps, if higher resolution is required then hyperspectral and lidar 

sensors may be employed. As these sensors are becoming smaller, lighter and less 

expensive, by the time the databases and image libraries near completion, 

complementary new technologies (such as the promising hyperspectral camera 

based on CMOS technology) and user-friendly methods are likely to have become 

widely available.  

Currently, challenges to acquiring aerial images from UAVs, and/or to data 

acquisition from UAVs, airplanes and satellites include: 

 

1. Most hyperspectral and lidar sensors are expensive and heavy (> 4 kg). 

Although changing, this remains an important limitation. Moderately priced 

UAVs have a maximum payload capacity of ca. 2-4 kg and limited flight 

durations (30-60 mins), depending on weight. 

2. High dimensionality of the data makes both lidar and spectroscopic 

(especially hyperspectral) imagery hard to transfer and store. High-

performance computers, having large storage capacities, are necessary. 

Moreover, modelling algorithms are complex and require long computa-

tional times; 

3. Most HTF tree species are very rare, even over large spatial scales. 

4. Airborne and satellite spectroscopic sensors detect over-storey trees. 

Understory trees cannot be detected by these means. 

5. When using lidar, dense canopy cover limits the number of discrete pulse 

returns from the ground, making it difficult to produce well-resolved DTMs. 

6. Weather conditions affect remote sensor outputs. Clouds can block satellite 

images. Flights must be conducted on clear days or below clouds and in little 

to no wind. High humidity can also affect results. 

 

Although numerous challenges remain to be surmounted before many recently 

described methods of remote sensing can be practically applied to the automating 

of tropical forest restoration, the technologies outlined in this article also open up 

many new opportunities. Using inexpensive digital cameras mounted on cheap off-

the-shelf or do-it-yourself UAVs (such as the Flone described in Chapter 7) is an 

excellent starting point for providing basic information, for planning and 

implementing successful restoration projects, as well as providing a means of 

monitoring on-going projects. 
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KEY TO ABBREVIATIONS 
 

AFR = Automated Forest Restoration 

AGB = Above Ground Biomass 

AP = Aerial Platform 

CHM = Canopy Height Model 

DEM = Digital Elevation Model 

DSM = Digital Surface Model 

DTM = Digital Terrain Model 

HTF = Humid Tropical Forest 

Lidar = Light Detection and Ranging 

NIR = Near InfraRed 

NDVI = Normalized Difference Vegetation Index 

SWIR = Short Wave InfraRed 

UAV = Unmanned Aerial Vehicle 

VIS = Visual (spectrum) 
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Figure 3.4. a. The Hyperspectral image cube is built as the sensor passes over the 

ground. b. The hyperspectral curves are generated from the reflectance values 

extracted from a specific point/area/pixel (x, y) at each wavelength 
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Figure 4.1 - Different stages of degradation/regeneration/succession of native forest 



Chapter 4 

ср 

AUTOMATING SITE ASSESSMENTS USING DATA FROM UAVS 

 
Alejandro Miranda1,2, German Catalán1,  

Adison Altamirano1 and Manuel Cavieres1 

  

 
 

ABSTRACT 
 

Much progress has been made in remotely detecting forest loss, 

particularly by using satellite imagery. However, quantification of different 

stages of forest degradation continues to be challenging. Compared with 

satellites, UAVs (or drones) can deliver images of much higher spatial 

resolution and enable estimation of forest characteristics with greater 

accuracy. Hence, such data from UAVs may enable the quantification of 

different levels of forest degradation in greater detail than ever before.  

In this paper, we discuss the potential of data from UAVs to i) assess forest 

degradation at the site level, ii) determine the conditions of reference (or 

target) forest ecosystems and iii) detect the extent of forest regeneration. 

Additionally, we quantify and compare several forest stand-level variables, 

measured in the field (observed) and from UAVs (detected) in a Chilean 

temperate forest.  

Detected values from UAV data were 27-100% of the observed values for 

species richness, 25-61% for counts of trees and 67-81% for basal areas. 

Observed vs detected basal area measurements were highly correlated 

(R2=0.9). Results, using a canopy structure metric, to predict tree species 

richness (R2=0.42) and number of trees (R2=0.45), were promising.  

We conclude that data from UAVs may be useful to detect gradients in 

vegetation structure, to determine degradation stages of restoration sites and 

consequently, to establish restoration goals and thus derive the most appro-

priate methods to achieve them. 

 

Key words: forest degradation, remote sensing, canopy structure. 
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The three main stages of restoration projects are: i) planning, ii) implementation 

and iii) evaluation. Planning establishes project aims and how to achieve them. HOLL 

& AIDE (2011) wrote that restoration strategies must be decided on a site-by-site 

basis. They should consider ecosystem resilience (or the intrinsic recovery rate), 

degradation levels (or land-use history) and landscape context (or surrounding 

matrix), as determined by a pre-restoration site assessment. Conducting these 

analyses prior to selecting restoration approaches should result in efficient use of 

restoration resources and should maximize the chances of success (HOLL & AIDE 

2011). 

A pre-restoration site assessment serves several purposes. It quantifies the 

current degradation stage of the ecosystem and provides a baseline, against which 

changes due to restoration can be evaluated. It also defines the extent and existing 

potential of natural forest regeneration and identifies barriers to its progression 

(ELLIOTT et al., 2013). Thus, site assessments guide restoration, by helping to 

determine the location and intensity of restoration actions across sites. 

The degradation stage of an ecosystem is determined by comparing it to a 

reference ecosystem (also known as target ecosystem). Observations of a reference 

ecosystem help to define the levels of ecological attributes (e.g., biomass, structure, 

biodiversity etc.) aimed for by restoration. The attributes, assessed in a reference 

ecosystem, can include: species composition, community structure, abiotic 

conditions, exchanges of organisms and materials with the surrounding landscape 

and anthropogenic influences. The attributes that are measured depend on the 

restoration aims, but the same attributes should be assessed when describing both 

the reference ecosystem and the state of degradation in pre-restoration site 

assessments (Fig. 4.1). For example, ELLIOTT et al. (2013) defined five levels of tropical 

forest degradation, distinguishing each by critical thresholds that, once crossed, 

require major shifts in restoration approach.  

The collection of such biophysical information during pre-restoration site 

assessments allows the identification of methods to re-initiate or accelerate those 

ecological processes that have been arrested or retarded. Thorough assessments of 

both the degraded and reference ecosystems are therefore essential for planning 

effective restoration strategies. 
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All the ecological indicators, suggested by ELLIOTT et al. (2013) to define 

degradation stages, can be quantified in the field with a pre-restoration site 

assessment. However, this requires a large field effort. Instead, we can measure 

these (or other) attributes using UAVs, to differentiate degradation stages, and to 

define the reference ecosystem for auto-site assessment in large and remote areas 

for the whole site.  

The approaches of ELLIOTT et al. (2013) and HOLL & AIDE (2011) emphasize the 

important role of pre-restoration site assessments. Three levels of information are 

needed: i) landscape or land cover, including landscape structure and composition 

of the site and surrounding matrix and spatial relationships among landscape 

elements; ii) vegetation structure, including species composition, diversity, density, 

size and spatial distribution of adult trees and iii) forest regeneration, including the 

size and spatial distribution of natural regenerants. 

At the landscape level, quantifying forest loss has progressed greatly, since the 

development of remote sensing by satellites. Distinguishing between native forest 

and other forms of land cover (e.g., pasture, exotic forest plantations, crops etc.) is 

relatively easy. However, quantifying different degradation stages, within native 

forest is more difficult, since logging, fires and cattle browsing cause different 

qualitative changes in forest structure and composition, which are difficult to 

distinguish.  

Quantifying structural changes within forests is more challenging than 

measuring wholesale forest loss and requires images with high spatial resolution, to 

distinguish among tree species. For example, in the Barro Colorado (Panama) 

tropical forest, GARZÓN-LOPEZ et al. (2013) achieved high accuracy of species 

identification, using aerial photographs with 8.5 cm spatial resolution, clearly 

demonstrating the usefulness of very high-resolution images for forest surveys and 

highlighting the need to complement the high spectral resolution of satellite images 

over large scales with more detailed imagery at closer quarters.  

Quantifying forest regeneration presents a major challenge, due to: (i) the small 

size of regenerants (e.g., tree seedling or sapling or tree stumps) and (ii) the fact that 

they may be hidden beneath a canopy of herbaceous weeds. Even using very high-

resolution images over open spaces, counting small seedlings, is difficult let alone 

identifying them. These tasks become even more challenging when regenerants are 

hidden beneath a canopy of trees (such as in stage-1 degradation) or where the 

cover of herbaceous weeds is dense. UAV-mounted lidar technology opens up the 

possibility of obtaining below-canopy measurements from flying above the canopy 

or between the trees inside the forest CHISHOLM et al. (2013) (see Chapter 12). 

Another promising technology, which could be used to assess forest regeneration, 
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ƛǎ άǎǘǊǳŎǘǳǊŜ ŦǊƻƳ Ƴƻǘƛƻƴέ ό{Ŧa) algorithms that create 3D surface models, using 

RGB images, taken with UAV-mounted digital cameras (ZAHAWI et al. 2015). Such 

technology is used to construct point clouds of forest structure similar to those that 

are created by lidar, including canopy height models and roughness metrics (DANDOIS 

& ELLIS 2013). 
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Various UAV platforms can be used for pre-restoration site assessments. 

Principle differentiating characteristics include aerodynamic profile, endurance, 

maximum range, flying time and altitude (SALAMI et al., 2014). The remote sensors 

that can be mounted on UAVs also vary. Some record images passively (e.g., regular 

digital cameras) or actively by emitting their own energy (e.g., lidar). Regular visible 

multispectral cameras (including the infrared band) are the most common sensors 

currently used with UAVs, but promising trials have been conducted with 

hyperspectral sensors, lidar and thermal cameras (ZARCO-TEJADA et al., 2012; 

CHISHOLM et al., 2013; GARZÓN-LOPEZ et al., 2013, SALAMI et al., 2014)  

The selection of both UAV type and remote sensor depends on project 

objectives. Practitioners should choose a platform that is not only capable of 

achieving project goals, but one that is also labour- and cost-effective. Selection of 

appropriate technologies depends on the size of the restoration area, budget 

limitations, the detail and accuracy needed for the project and the costs of geo-

referencing, orthorectification and image processing. With larger sites, UAVs 

become less cost-effective platforms for sensors compared with aircraft or satellites, 

although UAVs are nearly always more flexible in their use and can achieve high 

spatial resolution and precision, by flying closer to the vegetation (MATESE et al., 

2015). 

According to ELLIOTT et al. (2013), pre-restoration site assessments require the 

measurement of different landscape, diversity and regeneration variables. How 

much of this information can we get from a UAV? Using a regular RGB camera, 

mounted on a UAV, three different types of data can be generated a) very high-

resolution and geo-referenced RGB mosaic images; b) very high-resolution surface 

elevation models and c) point clouds of surface elevation from different viewpoints. 

RGB mosaics and elevation raster data can have a spatial resolution ranging from 5 

to 20 cm, depending on flight altitude and sensor type (Fig. 4.3 and 4.4). From the 

point cloud data (c) (Fig. 4.5) we can estimate an important number of surface 

properties, similar to those estimated by lidar, such as canopy structure and 

roughness (ZAHAWI et al., 2015). All this data can be combined to generate useful 
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inputs for site assessments and the drafting of project plans, although different 

levels of information need different approaches (Table 4.1). An important issue for 

future UAV research is: what is the minimum information, needed to generate 

effective restoration plans.   
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To test some of the technologies described above, we evaluated the capability 

of RGB images from UAVs, to quantify different stand-level variables in old growth 

and secondary forests in Araucanía region. In this study, tree plots of 45x45 m were 

established in each forest type All trees >5 cm DBH were identified and mapped, 

using a Cartesian system, defined in the field, and recognized in a very-high-spatial-

resolution RGB image. The image was captured using a Bormatec Maja fixed-wing 

airframe, equipped with an APM 2 and Canon S100, flying 100 m above the forest. 

We compared field data with those derived from UAV imagery: tree species 

richness, number of trees and basal area. We also related a canopy structure metric 

(standard deviation of tree height), calculated from a very-high-resolution surface-

elevation model for each plot, with tree species richness and number of trees. 

Detected values from the UAV imagery were 27-100% of the observed values for 

species richness, 25-61% for counts of trees and 67-81% for basal areas (Fig. 4.2). 

Observed vs detected basal area measurements were highly correlated (R2=0.9). Use 

of the canopy structure metric to predict tree species richness (R2=0.42) and number 

of trees (R2=0.45), was promising, but less conclusive.  

These preliminary results allow us to infer that data from RBG cameras, mounted 

on UAVs, may be useful for detecting gradients in vegetation structure, for pre- and 

post-restoration surveys and monitoring and to establish restoration targets from 

reference ecosystems. 
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Table 4.1 ς The pros and cons of using UAVs to measure variables used for pre-

restoration site surveys (ELLIOTT et al, 2013) 

 

 

 

 

 
 

LANDSCAPE 

Intact forest 

Easy to detect different land cover types (Fig. 1), but more difficult to 

determine degradation levels of different forest landscape patches. Distance 

from remnant forest (seed sources) to restoration sites easily determined. 

Herb cover 
Can be distinguished, by combining spectral data from herb canopy with 

digital surface models (e.g., ZAHAWI et al., 2015). 

VEGETATION STRUCTURE 

Big Trees 

Delineation of individual tree crowns can be done using segmentation 

imaging techniques: combining spectral information and digital surface 

models. Crown projected areas and volumes can be calculated ς especially 

for dominant and emergent trees. 

Dominant 

species 

Using images with 7-cm spatial resolution, 1 m2 objects can be detected in 

forest (GETZIN et al., 2014). Pixel-based species classification is more difficult, 

because of wide spectral variability in very high-resolution images. Following 

segmentation, crown texture of individual trees can be quantified. Variability 

in lighting (e.g., time of day, cloud cover etc.) can change spectral information 

of the same species across large mosaics.  

Richness 

For determining canopy species richness, the same approach as used for 

dominant species can be applied. For the under-storey, it is possible to use 

different canopy metrics to estimate florist diversity, combining the various 

data obtained with UAV (very-high-resolution images, surface model and 

point clouds (ZAHAWI et al., 2015). For example, GETZIN et al. (2012) found that 

plant diversity was correlated with gap-shape metrics.  

REGENERATION 

Regenerants, 

seedlings, 

saplings & live 

tree stumps   

Using UAV imagery and sensors to determine regeneration is challenging. 

Only lidar can be used to directly measure under-storey properties. In closed 

forest, an approach similar to that of GETZIN et al. (2012) can be used. Another 

option is to carry out direct UAV measurements by flying below the forest 

canopy (CHISHOLM et al., 2013) (Chapter 12). In open spaces, VEPAKOMMA et 

al. (2015) counted individual regenerants fairly accurately using an algorithm 

to distinguish trees.  
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Figure 4.2 - Comparison between field data versus data derived from UAV imagery.  

The whole bar represents the value measured in the field, whereas the grey portion of 

each bar is the value detected by the UAV-mounted sensor in six different plots.  
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Figure 4.3 - Very high spatial resolution image of a forest stand 
 

 
 

Figure 4.4 ς A very high spatial resolution digital canopy surface model of a forest stand 
 

 

Figure 4.5 ς A point cloud of a forest stand  
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Figure 5.1 - Direct seeding in an abandoned site in  

Nakhon Si Thammarat, southern Thailand. 

 
Figure 5.2 - A young seedling, two 

months after direct seeding. 

Figure 5.3 - Saplings, 18 months 

after direct seeding. 
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DEVELOPING AERIAL SEEDING BY UAVS:  

LESSONS FROM DIRECT SEEDING 
 

Dia Panitnard Shannon1 and Stephen Elliott1 
  

ABSTRACT 
 

Direct seeding means sowing the seeds of forest tree species directly into 

the substrate of restoration sites. It is cheaper than conventional tree planting, 

but seed predation is high and germination rates low, although various seed 

treatments and site management can reduce these limitations. Many of the 

species choices and seed treatments, developed for direct seeding, could be 

applied to aerial seeding by drones. Successful direct seedling depends on: i) 

site and species selection, ii) seed supply and quality, iii) site preparation, iv) 

sowing method and v) post-sowing management. Species/site matching 

systems are often contradictory or unreliable, so experimentation with species 

and subsequent monitoring are recommended. Seed supply will limit drone-

seeding unless effective seed storage systems can be devised. Seed collection 

should aim to encompass as much genetic diversity as possible. Recalcitrant 

seeds must be sown at time of collection, but orthodox seeds can be sown at 

any time of year (if stored under appropriate conditions). Weeding is often, 

but not always, essential to the success of direct seeding. When extending 

direct seeding to drone-seeding, additional factors to consider include seed 

projectile design, achieving seed burial, optimum spacing between seeds and, 

perhaps the greatest challenge; automating weed control. 

 
 

INTRODUCTION 
 

As a tool for forest restoration, direct seeding means sowing the seeds of forest 

tree species directly into the substrate of restoration sites, usually by hand. 

Depending on site conditions and methods employed, it can have impressive results 

Figs 5.1 to 5.4). It is also cheaper than conventional tree planting, since no tree 

nursery is needed to produce the planting stock (TUNJAI & ELLIOTT, 2012), but it also 

has several disadvantages, particularly in the tropics. 
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Firstly, seed predation in open deforested sites can be very high (HAU, 1997). 

Secondly, germination rates can be very low, due to desiccation in exposed sites and 

the mortality rates of seedlings, growing from seeds in the field, is usually much 

higher than those of planted tree saplings, since the young, tiny, seedlings that 

emerge from seeds are far more vulnerable to climatic extremes, diseases, grazing 

animals and attacking insects than nursery-raised tree saplings are (TUNJAI, 2011). In 

nature, only a very tiny proportion of seeds, dispersed into deforested sites, 

germinate and the seedlings that grow from them have an extremely low probability 

of growing into mature trees. Therefore, direct seeding usually also involves treating 

seeds or protecting them and the resultant seedlings from competition or 

desiccation, by applying hydrogels and/or chemicals (e.g., germination enhancers or 

predator repellents), to increase establishment rates above those that can be 

expected of naturally-dispersed seeds (see Chapter 8). 

The cost savings of replacing conventional tree planting with direct seeding 

range from 30% to 90% (ENGEL & PARROTTA, 2001; TUNJAI, 2011), although in a survey 

of 120 papers on the subject, PALMA & LAURANCE (2015) reported that the average 

percentage survival of direct-seeded seedlings was only 18%: three times lower than 

that of nursery-grown planting stock (62%), but considerably higher than that of 

naturally dispersed seeds.  

Aerial seeding is a logical extension of direct seeding. It can be useful where 

direct seeding must be applied to very large areas, for restoring steep, inaccessible 

sites, or where labour is in short supply. Many of the same species choices and seed 

treatments, developed for direct seeding, can be applied to aerial seeding equally 

well. China leads the way with this technology; having carried out dozens of research 

programs on aerial seeding ǎƛƴŎŜ ǘƘŜ мфулΩǎ ŀƴŘ ŀǇǇƭƛŜŘ ǘƘŜ ƳŜǘƘƻŘ ǘƻ Ƴƛƭƭƛƻƴǎ ƻŦ 

hectares, to establish plantations of mostly conifers and to reverse desertification. 

Whilst aerial seeding can seed vast areas rapidly, it is also expensive. Aircraft are 

expensive to buy or maintain. They require the use of airports and trained pilots and 

have a large carbon footprint ς not ideal when try to promote forest restoration for 

carbon sequestration (ELLIOTT et al., 2013). 

Therefore, replacing conventional aircraft with drones for aerial seeding is now 

being seriously investigated. With the rapid development of drone technologies over 

the past few years and improvements in direct seeding techniques, the time is right 

to explore the feasibility of aerial seeding by drone, to automate forest restoration. 

This paper, therefore, discusses to what extent lessons learnt from research on 

direct seeding can be applied to aerial seeding by drone and identifies future 

research needs to develop drones for aerial seeding. 
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FACTORS AFFECTING THE SUCCESS OF DIRECT SEEEDING 
 

Direct seeding has been used in various types of conservation work, for example: 

i) to stabilize the vegetation and soil after fires (DODSON et al., 2009); ii) to rehabilitate 

mines; iii) to establish native plants on pastoral land or slash and burn agricultural 

land (BONILLA-MOHENO & HOLL, 2009) and iv) to enhance species richness in a late-

successional target ecosystem (COLE et al., 2011). Successful seedling establishment 

and the speed and trajectory of subsequent succession depends on: i) site and 

species selection, ii) seed supply and quality, iii) site preparation, iv) sowing method 

and v) post-sowing management (DOUST et al., 2006).  

 
Site and species selection 

 

Selection of species for direct seeding often depends on matching species with 

the successional status of the site, but many studies are contradictory.  

The species group most commonly selected for direct seeding on open degraded 

sites are the small-seeded, light demanding, pioneer species, because they are fast-

growing and produce visible results rapidly (ENGEL & PARROTTA, 2001). Such species 

require full sunlight to trigger germination and for early seedling growth. However, 

selection of pioneer species for open areas does not always guarantee success 

(ENGEL & PARROTTA, 2001).  

Where succession has already resulted in some shade, late-successional tree 

species with large seeds and shade tolerant seedlings usually perform better (SLIK, 

2005). In Costa Rica, direct seeding of late-successional tree species was more 

successful under tree plantations than in pastures and secondary forests (COLE et al., 

2011). In Hawaiian dry forest, seedlings of six tree species, established by direct 

seeding, survived better and attained higher biomass in beneath-canopy plots, than 

in more exposed plots (CABIN et al., 2002). Therefore, some late-successional species 

do well in more benign environments, although many do not express substantial 

differences, wherever they were sown (ENGEL & PARROTTA, 2001; DOUST et al., 2008). 

DOUST et al. (2008) based species selection on the species composition of natural 

forest types near the restoration sites. She recommended mixing both fast-growing 

species (to capture the site and shade out the weeds) with slower-growing ones (to 

provide structural complexity) and monitoring interactions among the species to 

determine both the speed and trajectory of succession. In southern Thailand, 

germination and seedling establishment of both pioneer and late successional tree 

species (25 species tested) did not differ significantly in exposed deforested sites 

(TUNJAI, 2011). The poor establishment of either pioneer or climax species was likely 
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caused by the weedy environment and/or the level of seed predation, although both 

of these factors can be minimized by site management. Successful species for direct 

seeding from around the tropics were reviewed in ELLIOTT et al. (2013).  

Since tropical forests comprise so many tree species and many studies have 

failed to verify that species-site matching reliably predicts direct seeding success, 

experimentation with different species and subsequent monitoring are 

recommended for all direct seeding projects. With so many tree species to choose 

from, initial screening could help to narrow the field. Our previous research showed 

that, in general, tree species with seeds that are i) large or intermediate sized, ii) 

oval to round in shape and iii) with low to medium moisture content, tend to 

perform better in direct seeding experiments than most others (TUNJAI & ELLIOTT, 

2012); these variables explained about 80% of the variability in the early success of 

direct seeding (see Chapter 6 for more on seed functional traits). If more detailed 

experimental data are available, then also look for: i) rapid and consistent 

germination (DOUST et al., 2008), ii) high rate of seedling establishment, iii) low 

sensitivity to competition (DOUST et al., 2008) and iv) adaptation to open 

environments with low/moderate-fertility soils.  

 

Seed supply and quality 
 

Drones have the potential to rapidly deliver very large numbers of seeds into 

deforested sites. Therefore, securing a large enough supply of seeds will be 

essential, if aerial seeding by drones is to become common practice. This will require 

detailed knowledge of the flowering and fruiting phenology of potential seed trees, 

to plan optimal seed collection schedules. The crown density method (KOELMEYER, 

1959) is recommended for recording tree phenology because it is rapid and allows 

quantitative analysis of the data (ELLIOTT et al., 2013). A lack of availability of viable 

seeds from the target forest ecosystem, just prior to the sowing time can limit both 

the tree species and the numbers of seeds sown by drones, unless additional seeds 

could be obtained from other sources (e.g., community networks, seed banks etc.). 

Alternatively, seeds could be stored from collection time until optimal seeding time 

(usually the start of the rainy season). Unfortunately, the seeds of many tropical 

forest tree species are recalcitrant, i.e., sensitive to drying and chilling during 

storage. Such species must therefore be sown soon after seed collection, regardless 

of the prevailing climatic conditions at that time. On the other hand, seeds of 

orthodox species can be dried and chilled, so they can be accumulated over long 

periods in storage and sown in mixtures at the optimal time. Consequently, 

knowledge of seed storage behaviour is critical, when planning seed supply for large-
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scale direct seeding or aerial seeding projects. Seed quality is also critical. Seeds of 

desired species should be tested for viability and germination, to ensure appropriate 

seedling density when sown. After sowing, seeds with short dormancy tend to be 

less susceptible to desiccation and seed predation in deforested sites than those 

with longer dormancy (HAU, 1997; TUNJAI, 2005; WOODS & ELLIOTT, 2004). Useful 

information on breaking seed dormancy of tropical tree species can be found in the 

Tropical Native Species Reforestation Information Clearinghouse (TRIC) 

(http://reforestation.elti.org/). 

Sustaining genetic diversity is also a critical consideration where restoration aims 

to conserve biodiversity. Seeds should be collected from as many different trees as 

is practical. Mixing seeds collected locally with those eco-geographically equivalent 

sources further afield is likely to capture more genetic diversity and give rise to new 

gene combinations, capable of adapting restored forests to environmental changes.  

 
 

Site preparation 
 

Weeding (mechanical or chemical) is essential prior to direct seeding. 

Glyphosate is the herbicide most commonly used for this purpose (DOUST et al., 

2006). Herbicide usage reduces labour costs and avoids soil disturbance. Glyphosate 

is effective at killing weeds, but it probably also kills existing seedlings of native tree 

species. However, the susceptibility of native tree seedlings to glyphosate has not 

been assessed and genetic strains that are naturally resistant to herbicide may exist 

(see Chapters 9 & 10). Soils in abandoned agricultural sites are often compacted, 

which can constrain plant establishment and growth. The response of native forest 

tree seedlings to poor soil conditions varies greatly, due to differences in root 

structure. Mulching might ameliorate such harsh conditions and enable successful 

direct or aerial seeding of a wider range of less tolerant species. More research is 

needed to discover the functional traits (of both seeds and seedlings) that indicate 

tree species performance in the dry, hot, exposed conditions of deforested sites.  

Fencing is recommended, to exclude grazers from eating or trampling young tree 

seedlings, but it cannot keep out insects, molluscs and small mammals, all of which 

may cause high mortality of direct seeded seedlings. Physical exclusion of smaller 

organisms is not practical when implementing direct seeding on large scales. 

Therefore, chemical repellents should be considered. Furthermore, fire breaks 

should be cut, particularly in seasonal dry tropical regions.  
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Sowing methods 
 

The number of seeds per unit area (seeding rate), seed spreading method, 

timing and the density of existing vegetation must all be taken into account, when 

planning direct or aerial seeding. Optimal sowing density depends on both the site 

conditions and the species selected. The aim should be to space trees close enough 

to close canopy in 2-3 years whilst minimizing competition. To compensate for the 

low establishment rate of direct seeding (compared with tree planting), several 

seeds may be sown in each spot or seeding spots placed much closer together than 

would be done for tree planting (TUNJAI, 2011). 

Hydroseeding involves ǎŜŜŘǎ ōŜƛƴƎ άǎǇǊŀȅŜŘέ ƛƴ ŀ ǎƭǳǊǊȅ, containing processed 

woodchip fibres, fertiliser and a tackifying agent (DODSON ET AL., 2009). In forestry, 

it may be suitable for tiny seeds, such as those of fig trees, but the extra weight of 

the slurry probably precludes the technique from being adapted to drone-seeding. 

Mechanical seeding is commonplace in agriculture, spacing the seeds precisely to 

minimize competition. However, with forest trees, manual seeding produces the 

best results. For example, DOUST et al. (2006) showed that establishment rates were 

highest when seeds were manually buried, while broadcast-sowing resulted in very 

low seedling establishment. One offshoot from mechanical seeding has been the 

development of seed pelleting, initially to standardize seed size, to fit seeding 

machinery, but now being used to also deliver pesticides, nutrients and 

germination/growth enhancers to the germinating seeds (see Chapter 8). The 

technique has also been used with direct seeding of forest trees but with varying 

results. However, seed delivery devices, attached to drones, will most likely to 

require pelleting of seeds to a standard size, so further experimentation with 

pelleting of forest tree seeds is highly recommended. 

Sowing time can significantly affect the outcome of direct seeding. In southern 

Thailand, direct seeding, early in the rainy season, resulted in higher germination 

and higher establishment rates, compared with late-sown seeds (TUNJAI, 2011). 

How-ever, in Australia, establishment rate of direct-sown seedlings was higher when 

seeds were sown later, due to reduced weed competition (DOUST et al., 2008). As 

explained above, however, sowing time is constrained by both fruiting period and 

seed storability. Recalcitrant seeds must be sown shortly after seed collection, 

whereas with storage, orthodox seeds can be sown at any time. Economics will 

decide whether it is more cost effective to accumulate orthodox seeds in storage 

and sow all species together, at the optimum time, or species by species, month by 

month, shortly after collection, together with recalcitrant seeds (WAIBOONYA, 2017).  
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Post-sowing management 
 

Weeding and fertiliser application can counteract the low germination and 

seedling establishment rates, typical of direct seeding. Weed control can be 

especially important during early establishment, when seedlings are tiny (DOUST et 

al., 2008) and is usually achieved by spot herbicide application or manual weeding 

around seedlings (ENGEL & PARROTTA, 2001). Hand-weeding after direct seeding is 

recommended due to the difficulty of controlling herbicide spray, although appli-

cation of the grass-specific herbicide, Fusilade, two months after direct seeding, has 

proved effective (DOUST et al., 2008). However, some studies question the 

effectiveness of weeding. In Thailand, weed removal had no significant effect on 

germination (in the first year after sowing) and highly variable, species-specific 

effects on seedling survival (TUNJAI, 2005). In the dry season, weeds might actually 

protect small seedlings from desiccation, although they are also a fire risk.  

Whereas fertiliser application almost always improves the survival and growth 

rates of planted trees, its effects on direct-seeded seedlings are variable. 

Counterintuitively in southern Thailand, fertiliser application actually decreased 

early establishment of forest tree seedlings in the first year after direct seeding 

(TUNJAI, 2011), whereas it had no effect in Brazil and Central Amazonia on extremely 

poor soils (ZANINI & GANADE, 2005). Different tree species require different amounts 

of nutrients in different habitats and the doses of fertiliser applied in the above 

experiments may have been too low to exceed loses due to leaching, denitrification 

and immobilization. If fertiliser really does have no effect in the first year after 

sowing, then this would obviously reduce the costs of direct or aerial seeding. 

 
FURTHER RESEARCH 

 

The above review highlights the variability in the response of different tree 

species in different habitats to the treatments that can be applied to improve direct 

seeding success. Clearly further research is needed to determine the most 

appropriate species-specific and habitat specific treatments. When making the leap 

from direct seeding to aerial seeding by drone, 3 additional factors come into play: 

i) enabling seeds to survive the drop, ii) seed burial and iii) automated maintenance.  

Seeds dropped or propelled from drones will almost certainly have to be 

ǇǊƻǘŜŎǘŜŘ ǿƛǘƘƛƴ ǎƻƳŜ ƪƛƴŘ ƻŦ ǇǊƻƧŜŎǘƛƭŜ ƻǊ ǇŜƭƭŜǘ όǎŜŜŘ άōƻƳōέύΦ CǳǊǘƘŜǊ ǊŜǎŜŀǊŎƘ 

should concentrate on seed bomb design (materials, shape) and the composition of 

the germination medium contained (hydrogels, fertilisers, pesticides, germination 

enhancers etc.), particularly with regard to cushioning seeds from impact with the 
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ground. The seed delivery system should ensure that seeds are buried as much as 

they would be, if sown by hand, since seed burial is one of the few treatments which 

appears to be generally effective (DOUST et al., 2008). Seed size is probably the most 

important characteristic that will influence seed bomb design, which will in turn will 

affect the design of delivery mechanisms, along with optimum sowing density, 

substrate hardness and whether gravity or propulsion is used to deliver seeds into 

the soil. Aerial seeding of large, inaccessible areas makes no sense if on-the-ground 

human intervention is subsequently required for weed control. However, 

automated weed control around the tiny seedlings that emerge from aerial seeding 

is highly problematic (Chapter 9 & 10). Matching herbicides sprayed from the air 

with the most competitive weed species, smart spraying or developing other 

techniques such as laser cutting, liquid mulching or selection of weed resistant or 

herbicide resistant tree species will become essential if drone-seeding of large, 

inaccessible areas is to become a viable proposition.  
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Figure 5.4 - A new 
forest arises, 3 years 
after direct seeding 
(Krabi, S. Thailand).  
But are lessons learned 
from such experiences 
transferrable to drone-
seeding? 
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Figure. 6.1 - Variation of seed size of five tree species native to Northern Thailand. From 
left to right: Hovenia dulcis Thunb., Prunus cerasoides Buch.-Ham. ex D.Don, Alangium 

kurzii Craib, Choerospondias axillaris (Roxb.) B.L.Burtt & A.W.Hill and Horsfieldia 
amygdalina (Wall.) Warb. 

 

 

 

 

 

Figure. 6.2 - Seeds collected from mother trees to be sown in a tree 

(Photo - K. Naruangsri) 

(Photo - K. Naruangsri) 
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A TRAIT-BASED APPROACH FOR SELECTING TREE SPECIES  

FOR AERIAL SEEDING 

 
Noelle G. Beckman1 and Pimonrat Tiansawat2 

  

ABSTRACT 

 
We review recent ecological research on functional traits that can aid 

selection of tree species for restoration by aerial seeding. A major barrier in 

selecting species for restoration of hyperdiverse tropical forests is a lack of 

silvicultural and ecological information. Functional traits give insight into the 

potential performance of tree species in deforested sites and provide a 

mechanism to scale up from individual tree performance to ecosystem 

functions. Using relatively easy-to-measure functional traits may be an 

effective way to screen the suitability of tree species for aerial seeding for 

automated forest restoration. Aerial seeding would be particularly useful to 

restore forest in remote or isolated sites, where extirpation of vertebrate seed 

dispersers limits natural seed dispersal. Therefore, we focus on selecting tree 

species, based on fruit traits, to enhance restoration via aerial seeding. 

 

Key words: functional traits, seed bombs, restoration, aerial seeding, 

stage of degradation, seed germination 

 
A TRAIT-BASED APPROACH FOR RESTORATION  

 

Throughout their life cycle, plants undergo a multitude of interactions with other 

organisms, from mutualisms with seed dispersers and nutrient-foraging 

microorganisms, to antagonistic interactions with competitors, pathogens and seed 

predators (Fig. 6.4). In response to these interactions and the abiotic environment, 

plants have evolved a diversity of strategies to grow, survive and reproduce during 

their sedentary lives. These life history strategies are influenced by functional traits 

that mediate plant growth, survival, and reproduction (REICH et al., 2014). Such traits 

include the morphological, physiological and phenological traits (VIOLLE et al., 2007) 
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that influence the ability of plants to acquire and conserve resources, disperse into 

new habitats, and defend themselves against herbivores and pathogens. Studies of 

variation in functional traits have revealed fundamental tradeoffs (e.g., WESTOBY et 

al., 2002; DIAZ et al., 2016) that relate to trade-offs in growth, survival, and 

reproduction (ADLER et al., 2014).  

The burgeoning body of global databases and ecological studies on variation in 

functional traits and their relationships with plant performance and demography 

now enable the responses of unstudied plant species to be predicted in variable 

environments (e.g., KATTGE et al., 2011; SALGUERO-GÓMEZ et al., 2015). This is 

important in hyperdiverse tropical forests, where it is logistically impractical to 

conduct all the necessary ecological and silvicultural studies needed to develop 

conservation plans and management strategies. For most species, data on plant 

performance in different environments are lacking. Using easily measurable traits, 

which give insight into the germination, growth and survival requirements of species, 

may be an effective way to select plant species for restoration (OSTERTAG et al., 2015) 

and help foresters to select appropriate tree species for aerial seeding, to restore 

areas with different degradation stages. A functional trait-based approach can be 

used to incorporate aerial seeding into existing forest restoration strategies, 

including both the framework species and maximum diversity methods (ELLIOTT et 

al., 2013). 

In 1994, /ƘƛŀƴƎ aŀƛ ¦ƴƛǾŜǊǎƛǘȅΩǎ CƻǊŜǎǘ wŜǎǘƻǊŀǘƛƻƴ wŜǎŜŀǊŎƘ ¦ƴƛǘ όChww¦-CMU) 

began adapting the framework species method to restore seasonally dry, upland, 

evergreen forest to degraded sites in northern Thailand. Originally conceived in 

Queensland, Australia (GOOSEM et al., 1995), the method involves selecting native 

tree species that are characteristic of the target forest type and enhance natural 

forest regeneration. Seedlings, 30-50 cm tall, of 20-30 framework tree species are 

planted out in degraded sites and nurtured for two rainy seasons by weeding and 

fertilizer application. FORRU-CMU has carried out both nursery and field research to 

determine which species meet the criteria of framework tree species for forest 

restoration. Such selection criteria include ease of propagation in the nursery, high 

seedling survival and growth after transplantation into exposed deforested sites, 

dense spreading crowns to shade out weeds, and attractiveness to seed-dispersing 

animals (through the early provision of fleshy fruits, nectar, nesting sites etc.) 

(BLAKESLEY et al., 2000). The latter is particularly important in the tropics, where most 

tree species depend on vertebrates for seed dispersal (BECKMAN & Rogers, 2013).  

A limitation of the framework species method is that it requires nearby remnant 
forest to provide a diversity of seed sources and habitat for seed-dispersing animals 
for natural regeneration. Globally, vertebrates are declining rapidly due to hunting, 
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habitat destruction, climate-change and invasive species (DIRZO et al., 2014). Larger-
bodied vertebrates are more susceptible to extirpation, due to hunting and habitat 
loss, than are smaller-bodied animals. Furthermore, large-seeded species rely on 
these large-bodied vertebrates for dispersal (STONER et al., 2007; BRODIE et al., 2012 
& MARKL et al., 2012). Decline in vertebrate abundance creates another major 
challenge for restoration approaches that rely on vertebrate seed-dispersal ς a 
ŎƘŀƭƭŜƴƎŜŘ ōŜƛƴƎ ŀŘŘǊŜǎǎ ōȅ άƳŀȄƛƳǳƳ ŘƛǾŜǊǎƛǘȅ ƳŜǘƘƻŘǎέ ƻŦ ǊŜǎǘƻǊŀǘƛƻƴΦ ¢ƘŜǎŜ 
involve planting saplings of all (or as many as possible) species that meet restoration 
objectives (ELLIOTT et al., 2013), together with intensive site preparation, to ensure 
their survival. Plantings can be done in one or several stages, sometimes by planting 
pioneers first, followed by late-successional species afterwards (ELLIOTT et al., 2013). 

Where vertebrates have been extirpated, seeding by unmanned aerial vehicles 
(UAVs), planes, or helicopters could be implemented. While seedling performance, 
in the nursery and in the field, are primary criteria when selecting species for both 
methods, other characteristics must also be considered when substituting tree 
planting with aerial seeding. Plant mortality, due to abiotic environmental filters, 
predation (Fig. 6.4) and diseases, is highest during the seed-to-seedling transition. 
Therefore, selection criteria for aerial seeding should include a set of seed traits that 
promote seed germination, desiccation tolerance, predator deterrence, pathogen 
resistance, and the ability to outcompete weeds.  

The optimal strategy for restoring forest ecosystems, depends how degraded the 

restoration site is. ELLIOTT et al., (2013) provided a concise classification of 

degradation stages, based on critical shifts in regeneration potential that require 

fundamental changes in restoration approaches. They classified five stages of 

degradation, based on remaining vegetation, seed sources for natural regeneration, 

soil conditions, nearby natural forest remnants, animal dispersal agents and fire risk 

(ELLIOTT et al., 2013). Stage 1 is the least degraded, with trees dominant over 

herbaceous weeds, and soils mostly fertile. Protecting Stage-1-degradation sites 

from cattle, fire and other disturbances is usually sufficient to facilitate natural 

regeneration. A mix of trees and weeds, rarity of large seed-dispersing animals, and 

medium to high fire risk characterize Stage-2 degradation. In Stage-3, weeds are 

dominant, fire risk is high, and small seed-dispersing animals remain present. In 

Stages 4 & 5, seed-dispersing animals have mostly been extirpated, forest remnants 

are too distant or too sparse to serve as seed sources and soils are at higher risk of 

erosion. Additionally, poor soil conditions in Stage-5 can limit the growth of 

herbaceous weeds and establishment of trees. 
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SPECIES SELECTION FOR AERIAL SEEDING, BASED ON FUNCTIONAL TRAITS 

 

In selecting species for aerial seeding, practitioners should consider which values 

of seeds traits are most suitable for each degradation stage. In Table 1, we highlight 

seed traits to consider when selecting native species for aerial seeding to restore 

sites at various degradation stages, including seed size (Fig. 6.1), seed defense, seed 

germination and desiccation tolerance.  
 

 

 

 
 

 

Table 1. Recommendations for Aerial Seeding. Degradation stages described 
in Elliott et al. (2013) and summarized in the text 

 

Degradation 

Stage 
Vegetation Traits 

Stage 1 Trees dominate 

Aerial seeding not necessary, unless forest 

remnants are too far to provide seed 

sources or vertebrates locally extirpated 

Stage 2 

Mixed trees and 

herbaceous 

weeds 

Large seeds preferable  

Seeds with high investment in seed defence 

Stage 3 
Herbaceous 

weeds dominate 

Mixture of large and small seeded species 

Desiccation tolerance 

Rapid germination 

Stage 4 
Herbaceous 

weeds dominate 

High proportion of species with small seeds  

Desiccation tolerance 

Rapid germination 

Stage 5 
No tree cover 

and few weeds 

Aerial seeding not recommended without 

intensive site preparation e.g., provision of 

shade soil/substrate amelioration  
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Desiccation tolerance of seeds in storage 

 

The ability to store seeds should be considered when selecting species for aerial 

seeding. Storing seeds after seed collection (Fig. 6.2) is necessary when (1) seeds are 

collected when immediate aerial seeding is not suitable, (2) seeds must be 

transported to areas where seeds are unavailable and (3) seeds are not available 

every year (FOREST RESTORATION RESEARCH UNIT, 2005). Desiccation tolerance 

determines whether seeds can be stored dry. Species can be categorized into three 

groups, according to their degree of desiccation tolerance. Orthodox seeds tolerate 

dry conditions without physiological damage. Intermediate seeds tolerate being 

dried to approximately eight percent of initial moisture, but cannot withstand low 

storage-temperatures. Recalcitrant seeds are sensitive to desiccation and therefore 

cannot be stored dry. About 10 ς 45% of tropical tree species have recalcitrant seeds, 

depending on habitat and location (TWEDDLE et al., 2003), so sensitivity to desiccation 

limits seed storage of a very large number of tree species and consequently limits 

their potential use for aerial seeding. Storage tolerance, or the lack of it, plays a 

major role in determining which species can be used for aerial seeding and at what 

times of the year aerial seeding can be carried out.  

Several seed traits are correlated with desiccation tolerance during seed storage. 

However, the correlations between traits and desiccation tolerance are complex and 

one trait alone is not a good indicator. Several studies have shown that desiccation 

tolerance depends on seed size, covering structures (endocarp and testa), 

dormancy, and speciesΩ successional status (see TWEDDLE et al., 2003; PRITCHARD et 

al., 2004; DAWS et al., 2005; LAN et al., 2014). Desiccation tolerance decreases with 

seed size, as larger seeds (>3000 mg) lose viability quickly after being dried 

compared with smaller seeds (PRITCHARD et al., 2004; DAWS et al., 2005; DAWS et al., 

2006). However, within desiccation tolerant and desiccation sensitive species, seed 

size varies across five orders of magnitude (PRITCHARD et al., 2004). Therefore, seed 

size alone is not a useful indicator of likely desiccation tolerance. The second 

correlative trait is investment in seed covering structures. Desiccation tolerance 

increases with thickness of covering structures (DAW et al., 2006). The mass ratio of 

seed covering structures to total seed mass (SCR) is used in predictive models of 

desiccation tolerance. These models show that species with low SCR are more likely 

to be sensitive to desiccation (DAWS et al., 2006; LAN et al., 2014). Low SCR indicates 

ŀ ǘƘƛƴ ǎŜŜŘ ŎƻǾŜǊƛƴƎ ǎǘǊǳŎǘǳǊŜ ƛƴ ǊŜƭŀǘƛƻƴ ǘƻ ǘƻǘŀƭ ǎŜŜŘ ǎƛȊŜΦ [ŀǊƎŜ ǎŜŜŘǎ ǿƛǘƘ άǘƘƛƴέ 

seed covering structures are therefore less likely to survive drying.  

Seed dormancy also appears to be linked with desiccation tolerance. Non-

dormant seeds are those able to germinate when seeds are placed under suitable 
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conditions (BASKIN et al., 2004), whereas dormant seeds are those that do not 

germinate, even when conditions appear suitable for germination. Seed dormancy 

may be caused by physical, physiological, morphological or morphophysiological 

factors (BASKIN et al., 2004). Desiccation-sensitive seeds (recalcitrant) can be found 

more frequently among non-dormant than dormant species. However, not all 

dormant seeds are orthodox because of different types of seed dormancy. It is likely 

that species with water-impermeable seed or fruit coats (physical dormancy) have 

orthodox seeds. However, exceptions exist for species with other dormancy types 

(TWEDDLE et al., 2003). 

The successional status of species is another factor that relates to desiccation 

tolerance. Species can be classified as either pioneer or late successional species. 

Pioneer species require full sunlight for seed germination (Fig. 6.3) and rapid 

seedling growth. They can therefore colonize open areas, after disturbance (SWAINE 

et al., 1988). In contrast, late successional species establish after canopy closure and 

can tolerate shade. Seeds of late successional species are commonly desiccation-

sensitive, whilst those pioneer species are split equally between recalcitrant and 

orthodox species (TWEDDLE et al., 2003). 

For aerial seeding, it is easier to handle seeds of desiccation-tolerant species 

(orthodox seeds) than desiccation-sensitive species (intermediate or recalcitrant 

seeds). However, practitioners should not omit entirely those species with 

desiccation-sensitive seeds from aerial seeding, because some of them may provide 

important ecological functions (e.g., food sources for animals, shade to impede 

weeds, etc.). Therefore, the seed storage behaviour of species should be determined 

before planning seed-handling techniques and aerial seeding. As described above, 

desiccation tolerance can be inferred from a combination of traits, including seed 

size, mass ratio of seed covering structures to total seed (SCR), seed dormancy, and 

successional status. With aerial seeding, it is possible to overcome seed-storage 

limitations by using seed containers and/or seed pelleting (see Chapter 8). 

 

Germination response to desiccation 
 

While information on the desiccation tolerance of seeds can guide the selection 

of species that can be stored before aerial seeding, information on the germination 

response of different species to desiccation can aid the selection of species that have 

an increased chance of survival and establishment in degraded areas. Seed 

germination depends on site conditions, such as light availability, gas exchange and 

soil-moisture availability (Fig. 6.3). In particular, soil dryness can limit seed 

germination, because imbibition of water is an essential germination trigger. In large, 
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open, degraded sites (e.g., Stage-3-degradation or higher), surface soil can dry to the 

permanent wilting point after only six days without rain (ENGELBRECHT et al., 2006). 

Therefore, species selection for aerial seeding should consider trait values that 

indicate high survival and germination at particular degradation stages. In addition, 

germination success can be modified with seed enablement technologies (see 

Chapter 8). 

Information on seed traits can help guide the selection of species that can 

tolerate dry conditions. In dry areas, selecting a species mixture that includes a large 

proportion of drought-tolerant species could increase the chances of success. For 

example, in seasonally dry tropical forests, larger tree seeds tend to germinate 

better than smaller ones do under drier conditions (KHURANA et al., 2004; DAWS et 

al., 2008). However, the relationship between seed size and germination response 

to desiccation is not universal. In the aseasonal humid tropics, seed size is not 

correlated with the ability to germinate under dry conditions. Smaller seeds can also 

germinate under dry conditions and can germinate faster than larger seeds do 

(TIANSAWAT, 2013). The ability of smaller-seeded species to germinate under dry 

conditions is determined by their successional status (TIANSAWAT, 2013). Small 

seeded pioneer species that can regenerate in desiccation-prone environments can 

germinate under drier conditions than shade-tolerant species can (i.e., late 

successional species) (TIANSAWAT, 2013). Seed size and plant successional status can 

indicate germination success under unpredictable, dry site conditions. We suggest 

selecting a mixture of large and small seeded where drought is likely, such as Stages-

3-4 degradation, and selecting a higher proportion of smaller-seeded pioneer 

species for Stage 4 (Table 1).  
 

Predation and Herbivory 

 

Seed predation (Fig. 6.4) and seedling herbivory (Fig. 6.5) can be high in the 
tropics (COLEY et al., 1996; HULME 1998). Seed predation and herbivory vary with 
degradation stage. Less degraded areas tend to have more animals (BLACKHAM et al., 
2015), with potentially higher risk of seed predation and herbivory in Stages-1-2 
degradation compared to Stages-3-4. Less degraded areas are more prone to higher 
seed predation and herbivory (BLACKHAM et al., 2015), so species should be selected 
with trait values that deter or tolerate seed predation and herbivory. Functional 
traits are correlated with seed predation by vertebrates and insects and 
susceptibility to disease. Smaller seeds may escape predation by being more easily 
buried (LEISHMAN et al., 2000). LEISHMAN et al., (1994) predicted that larger seeds are 
more attractive to seed predators, because they have larger energy reserves, but 
they are also more tolerant to predator attacks (DALLING et al., 1997). Larger seeds 
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also take longer to germinate because of a long imbibition time until radicle 
emergence, compared to smaller seeds. Remaining in the seed stage on the soil 
surface for longer allows more time for seed predation and pathogen infection to 
occur. Larger seeds produce larger seedlings, which may be more tolerant of 
herbivory (ARMSTRONG et al., 1993). In species whose seeds contain multiple embryos 
(e.g., Antirhea tricantha, Choreospondias axillaris), the number of locules (embryos) 
within a propagule also increases the probability of escaping insect seed predation 
(BECKMAN et al., 2011). In addition to size, seed defense mechanisms can help protect 
seeds from predation. Seeds with more physical and chemical defenses may be less 
susceptible to predation (MOHAMMED-YASSEEN et al., 1994) and pathogen attack 
(WHITEHEAD et al., 2014). For example, thicker seed coats may protect seeds from 
pathogens (BECKMAN et al., 2011) and insects (THEIRY 1984; KITCH et al. 1991). 
However, there may be tradeoffs between physical and chemical defenses 
(TEWKSBURY et al., 2008). Where seed predators and herbivores are abundant, we 
suggest selecting species that have higher physical or chemical defenses, to deter 
seed predators and pathogens (Table 1).  

 
Abiotic Environmental Filters 

 

Functional traits, related to the acquisition and conservation of resources, can 

indicate whether a plant can survive and grow under prevailing environ-mental 

conditions. Several studies show that plant species with traits that enable resource 

conservation when resources are limiting, tend to have low growth rates and high 

survival rates, compared with species with traits for rapid resource acquisition when 

resources are more abundant (REICH et al., 2014). For example, plants with higher 

wood density tend to have higher survival (KRAFT et al., 2010; WRIGHT et al., 2010) 

and, in some cases, slower growth rates (CHAVE et al., 2009). Wood requires a lot of 

carbon for its synthesis, but it provides trees with biomechanical support needed to 

grow above competing plants. Higher wood density (dry mass divided by green 

ǾƻƭǳƳŜύ ŎƻǊǊŜƭŀǘŜǎ ǿƛǘƘ ŀ ǘǊŜŜΩǎ ŀōƛƭƛǘȅ ǘƻ ǊŜǎƛǎǘ ƳŜŎƘŀƴƛŎŀƭ ōǊŜŀƪŀƎŜΣ ŘǊƻǳƎƘǘ-

induced embolism, and pathogens (CHAVE et al., 2009; KRAFT et al., 2010). Investing 

carbon and energy in higher wood density is therefore a conservative strategy that 

enables plants to conserve limited resources through increased protection and 

survival.  

Several studies have shown that seedlings from larger seeds have higher 

establishment rates (TUNJAI et al., 2012; VISSER et al., 2016), lower seedling growth 

rates, and survival rates that depend on seedling size (VISSER et al., 2016). Larger 

seeds produce larger seedlings, making them better able to tolerate hazards. As 

larger seedlings have deeper roots, they are less susceptible to dry conditions and 
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disturbance by animals (COOMES et al., 2003). KHURANA et al. (2004) showed that, 

under water-stress, seedlings from larger-seeded tree species suffer lower mortality 

compared with those of smaller-seeded tree species. Seed size is loosely related to 

shade-tolerance (COOMES et al., 2003), although a few small-seeded species can 

persist under shade (GRUBB, 1998). 

 
Competition 

 

Competition among young plants for limited resources is a key ecological process 

in forest restoration and strongly influences successional dynamics. As 

environmental conditions change with degradation stage and succession, so does 

the competitive hierarchy within the plant community. Under moderate degradation 

stages (Stages 3-4), tree species selected for aerial seeding must be able to 

outcompete weeds at the seed and seedling stage. 

Time of germination and seed morphology are important in determining the 

success of competition. Small-seeded species may germinate rapidly but their 

resultant small seedlings may not be able to compete well for resources, particularly 

where water and light are severely limited. Larger seeds tend to be better 

competitors (TURNBULL et al., 1999; COOMES et al., 2003). DIAZ et al. (2016) showed 

that species with larger seeds tend to have taller maximum adult heights, a measure 

of plant size that indicates the competitive ability of plants to preempt light 

resources as taller plants display leaves over smaller plants. 

At higher degradation levels (Stage 4), we suggest selecting small-seeded, light-

demanding species that have high seedling growth rates, to capture light and space 

before herbaceous weeds become dominant and subsequently planting larger-

seeded species that have slower growth rates, but larger maximum heights that can 

outcompete weeds long-term.  

 

Trade-offs among traits 
 

Trade-offs in functional traits occur when one trait value increases whilst 

another one decreases. They can be inferred from a negative correlation between 

two traits. For example, species may trade the ability to compete for one limited 

resource for the ability to compete for another limited resource (GRIME 2002; 

FORTUNEL et al., 2012) or trade the ability to colonize new areas with the ability to 

compete for a limited resource (TILMAN, 1994; LEVINE et al., 2002) or tolerate 

environmental stresses (MULLER-LANDAU, 2010). Trade-offs in functional trait values 

relate to trade-offs in plant performance (ADLER et al., 2014). These trade-offs among 
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traits and plant performance constitute a challenge when selecting species that 

meet all species criteria for aerial seeding and restoration. For example, there is a 

trade-off between seed size and the numbers of seeds produced (MULLER-LANDAU, 

2008; VISSER et al., 2016). Species with large seeds (e.g., Afzelia xylocarpa) produce 

fewer seeds compared with small-seeded species (e.g., Ficus spp.). Therefore, it may 

be easier to obtain smaller seeds. However, small seeds tend to be less competitive 

(TURNBULL et al., 1999; COOMES et al., 2003) and have lower tolerance to 

environmental stresses (COOMES et al., 2003). Hence, collecting a sufficient number 

of seeds of species with trait values that reflect optimal survival, establishment, and 

competitive ability for the purpose of restoring degraded areas may be challenging. 

Selecting a range of species that have a mixture of functional trait values may be the 

best approach.  
 

RECOMMENDATIONS 
 

Selecting species for aerial seeding depends on the degradation stage, as 

discussed above. Combining knowledge of framework tree species and maximum 

diversity methods with trait data is useful for preliminary screening of potential 

species that are suitable for aerial seeding. This relies on availability of trait data for 

species in the study system from floras, target forest surveys, indigenous local 

knowledge, and research conducted on species within the area of interest (ELLIOTT 

et al., 2013). If species-level information is not available, information from closely 

related species can be used, because they tend to be more functionally similar than 

distantly related species (SWENSON et al., 2007). Surveying relevant traits that are 

quick and inexpensive to measure could be integrated into forest surveys, if little 

information is available from previous research, floras, or indigenous local 

knowledge. A trait-based approach can help prioritize whether an unstudied species 

may meet the criteria for restoration by aerial seeding and merit further 

investigation with experiments.  

We suggest that aerial seeding could be used to replace or complement tree 

planting for sites at degradation Stages-2-4. Depending on the availability of seed 

sources and abundance of vertebrate seed-dispersers, aerial seeding could be useful 

for remote sites, where conventional tree planting is more difficult. Restoring forest 

to sites at Stages-1-2 degradation relies on manipulating natural regeneration, to 

bring about canopy closure (no tree planting necessary). Consequently, aerial 

seeding would only be necessary if seed sources (forest remnants or scattered 

remnant trees) are too distant to provide seed inputs into the restoration sites or if 

vertebrate seed dispersers have been locally extirpated. For the most severely 



Chapter 6 

фр 

degraded sites (Stage-5), aerial seeding would not be effective, unless soil 

remediation measures are also implemented. 

Seeds, representing the full functional diversity needed to attain restoration 

objectives, could be dropped all at once or with different species added in stages. 

Many tropical seeds are recalcitrant and germinate at the beginning of the wet 

season, so a challenge will be time of seed collection and dropping seeds before they 

desiccate. If dropping mixtures of species, all at once, proves to be impractical, 

different species may be dropped at different times of the year (depending on 

fruiting times). We recommend dropping large seeds in either the first stage or 

second stage of restoration, across all degradation stages, as large-seeded tree 

species are more likely to have lost their seed dispersers (STONER et al., 2007; BRODIE 

et al., 2012; MARKL et al., 2012). Species that are heavily defended with thick seed 

coats or chemicals are good choices for restoration, where vertebrate seed 

predators are present. 

 

 

OTHER CONSIDERATIONS 
 

Though not discussed here, the spatial arrangement of seeds and seed bombs 

(Chapter 8) should also be considered, as this can affect interspecific competition 

(BOLKER et al., 2003), as well as seed predation and infection by pathogens (BECKMAN 

et al., 2012). Models can be used to simulate different restoration strategies to 

explore the influence of the spatial arrangement of seeds and seed bombs on growth 

and survival of selected species and help choose a spatial distribution of seeds with 

a diverse set of functional traits to achieve restoration objectives. 

Finally, a trait-based approach can be used to select species that meet overall 

ecological and social restoration objectives and achieve a self-sustaining system 

(ELLIOTT et al., 2013) and reduce future interventions. Integrating empirical 

information on functional traits with quantitative ecological models, practitioners 

can explore the expected community and ecosystem dynamics under different 

restoration scenarios and whether model predictions meet restoration objectives 

(LAUGHLIN, 2014).  Theoretical underpinnings of restor-ation are discussed in more 

detail by LAUGHLIN (2014), and a practical example is provided by OSTERTAG et al. 

(2015).  
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Figure. 6.3 - Germination of Alangium kurzii after seed sowing in a direct seeding 

experimental plot in Chiang Mai, Thailand 

 

 

 
 

Figure. 6.4 - Seed covering structures of             

Prunus cerasoides left behind by seed 

predators. 

   Figure 6.5 - Herbivory of a young 

seedling 

(Photo - K. Naruangsri) 

(Photo - K. Naruangsri) (Photo - K. Naruangsri) 
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Figure 7.1 - Aerial image and seed dispersal plan of Montgo Natural Park,  

western flank, September 2015 
 

 

Figure 7.2 - 3D-RoboticsΩ ¸с ƘŜȄŀŎƻǇǘŜǊ ŀŘŀǇǘŜŘ ǘƻ ŎŀǊǊȅ ǘǿƻ ǎŜŜŘ ŘƛǎǇŜƴǎŜǊǎ 
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AERIAL ROBOTICS FOR FOREST MANAGEMENT AND SEEDING 

 

Lot Amorós1and Jesus Ledesma2  

 
 

ABSTRACT 
 

Dronecoria is a reforestation project that uses customized DIY drones to 

ŘƛǎǇŜǊǎŜ ǎŜŜŘǎ όάŘǊƻƴŜŎƘƻǊȅέύ ƛƴ Ŏƭŀȅ ōŀƭƭǎΦ ¦ƴƭƛƪŜ ǘǊŀŘƛǘƛƻƴŀƭ ŀŜǊƛŀƭ ǎŜŜŘƛƴƎ 

techniques, which often depend on exorbitantly expensive air craft and 

support facilities and personnel, dronecoria relies on low-cost mechanisms, 

borrowed from cybernetics, robotics, permaculture and digital manufacturing, 

to sow seeds from inexpensive drones, with wooden recyclable frames. Using 

drones to scatter seeds allows accurate positioning of seeds, to potentially 

maximize seed germination and seedling survival.  

 

Key words: Drones, UAV, quadcopter, mapping, aerial seeding, nendo dango, 

permaculture, Masanobu Fukuoka 

 

 
 

SOCIO-ECOLOGICAL BACKGROUND 
 

Rising to 753 m above sea level, Montgó mountain is home to some of the most 

unusual flora and fauna in Spain. Part of the Cordillera Prebética Range in Alicante 

Province, the mountain is a national park, renowned for its rock formations, cliffs, 

caves and natural harbours. In May 2014, 39.5 ha of the western flank of the 

ƳƻǳƴǘŀƛƴΣ ƴŜŀǊ .ŀǊǊŀƴŎ ŘŜ ƭΩIŜŘǊŀΣ ŎŀǳƎƘǘ ŦƛǊŜ ŀƴŘ ǘƘŜ ǾŜƎŜǘŀǘƛƻƴ ǿŀǎ ŘŜǎǘǊƻȅŜŘΦ 

Several organizations were mobilized to restore vegetation to the burnt areas. 

CƻǳƴŘŀǘƛƻƴ ά9ƳōǊŀŎƛƴƎ ǘƘŜ ²oǊƭŘέΣ ǿŀǎ ŎǊŜŀǘŜŘ ƛƴ [ŀ aŀǊƛƴŀ !ƭǘŀ ό!ƭƛŎŀƴǘŜύ ŀƴŘ 

took charge of the restoration work. Initial goals were to: 
 

1. assess the state of the ground after the fire,  

2. prepare the area for restoration, 

3. create tools to assist in the ecological restoration and 

4. plant native forest tree species. 
 

  
 

1  Lot Amoros, Aeracoop  http://aeracoop.net hola@aeracoop.net 
2  Jesus Ledesma, founder of Permacultura Laguar https://permaculturalaguar.org 

Chapter 7 

http://flone.cc/


Aerial Robotics for Forest Management and Seeding 

млп 

SITE DESCRIPTION 

 

The project was implemented on 1 ha of the 2,057 ha of Denia municipality, 

άaƻƴǘŜ ŘŜ ¦ǘƛƭƛŘŀŘ tǳōƭƛŎŀ aƻƴǘƎƽ LLέΣ ŎŀŘŀǎǘǊŀƭ ǇŀǊŎŜƭ bƻΦ мттΣ 5Ŝƴƛŀ ǇƻƭȅƎƻƴ мм 

on predominately Cretaceous substrates, with some Triassic and Quaternary sub-

strates also present, on loamy limestone. Annual temperatures average about 17ɕC 

and annual rainfall averages about 700 mm, with most occurring during the fall, 

although in recent years, rainfall has decreased, resulting in droughts.  

Mediterranean ecosystems are fire-prone, but this site is particularly so, due to 

a high density of Aleppo pines (Pinus halepensis) planted in the 1950s at higher 

densities than would occur naturally. However, in less than two years after the 2014 

fire, perennial plants (e.g., carob, olives, mastic, Kermes oak, heather etc.) have 

resprouted.  Dominant plant species include dwarf fan palm (Chamaerops humilis), 

mastic tree (Pistacia lentiscus), garden thyme (Thymus vulgaris), Aleppo Pine, carob 

(Cerotonia siliqua) and various herbs e.g., Psoralea bituminosa, Brachipodium 

retusum, among others. We also found almond trees, together with B. retusum in 

beds of crushed litter, pioneer asparagus in stony areas and wild thyme, growing in 

an area covered with Hyparrhenia grasses. 

 
 

UNMANNED AERIAL VEHICLES TO RESTORE A MEDITERRANEAN ECOSYSTEM 

 

Due to the ecosystem properties and the possibilities provided by new 

technologies, we adopted a strategy of precise aerial seeding by drone of the 3 

vegetation layers: i) the herbaceous layer (i.e., grasses and legumes, colonizers and 

ground cover), ii) shrubs of various sizes and in lower proportion iii) some trees, 

mainly of edible species.  

Strategic seed-sowing is now possible by aerial robotics, because of the precision 

and control provided by GNSS (Global Navigation Satellite Systems) (Fig. 7.2). 
 

Restoration protocol: 

 

1. Carry out a pre-restoration site assessment: topography, flora and 

fauna, and water flow (Fig. 7.1). 

2. Collect seeds, culture microorganisms, and produce seed pellets (nendo 

dango). 
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3. Develop a seeding plan (following a permaculture design) to determine 

the best combination of seed species for each part of the restoration 

site. 

4. Plan shortest flights needed to deliver each seed species to its 

appropriate points. 

5. Perform the seed dispersal flights. 

6. Monitor seed germination and seedling growth across the site. 

 
 

The Flone quadcopter as a tool for data collection 

 

We used the open-source quadcopter, Flone3 (Fig. 7.3 & 7.6), to map the site, 

using a servo gimbal for nadir camera stabilization. Images were taken in the visible 

spectrum (Fig. 7.1), using a relatively inexpensive camera (Infragram Point-and-

Shoot4 from PublicLab5). Image resolution was largely determined by the elevation 

of the camera. Flights at 80-m altitude achieved resolutions of 3 to 5 cm/pixels. From 

these images, NDVI (Normalized Difference Vegetation Index) maps were 

constructed. The system was low cost, with the quadcopter costing approximately 

US$120 and the camera costing US$125. Since the system was self-built (DIY), it 

could be easily repaired on-site. 

 

 

 

 

 

 

 

 

 
 

 

Figure 7.3 ς The Flone frame comes as components, cut by laser into a sheet of plywood. 
Each part is pressed out from the sheet and assembled like a three-dimensional jigsaw. 

The frame is therefore cheap, easy to repair and biodegradable. 

 

3 Flone, open-source quadcopter, available at: http://flone.cc (Fig. 7.6) 
4 Camera documentation available here: https://publiclab.org/wiki/infragram-point-shoot 
5 The Public Laboratory for Open Technology and Science (Public Lab) is a community, which develops 

and applies open-source tools, for environmental exploration and investigation. 

http://flone.cc/
https://publiclab.org/wiki/infragram-point-shoot
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Planting plan development 
 

Initially, we took photographs in the near-infrared, to increase visibility of plants, 

since they reflect mainly in the infrared spectrum. However, since the effects of 

erosion and burning were noticeably clear, in the end, near-infrared photos were 

not necessary. We analyzed the pictures and decided to seed the most vulnerable 

areas, i.e., those eroded by surface runoff and without vegetation cover. 
 

Nendo dango 

 

Aerial seeding by drone requires less effort than the conventional method of 

raising tree saplings in nurseries, transporting them to the site, hole digging and 

post-planting maintenance (weeding and fertilizer application). Even though the 

percentage establishment of aerially seeded plants is low (due to predation and 

desiccation), we found that the roots of those that do establish rapidly penetrate 

deep into the soil. 

Our use of seed pellets was inspired by the agricultural practices of permaculture 

(ALLEN, 2006) and by those devised by Masanobu Fukuoka (FUKUOKA, 2013). Nendo 

Dango ƳŜŀƴǎ άǎƻǳƭ ƻŦ ǘƘŜ ŜŀǊǘƘ ƛƴ ȅƻǳǊ ƘŀƴŘǎέΣ ǊŜǇǊŜǎŜƴǘƛƴƎ ǘƘŜ ǇƻǘŜƴǘƛŀƭ ƻŦ ƭƛŦŜΣ 

concentrated in the clay pellets (Fig. 7.4).  

Each of our pellets contained a few seeds, mixed with a cocktail of native micro-

organisms and plant-based seed-predator repellents (e.g., pepper, chili powder, 

tobacco or thyme).  
 

The ideal composition of the aerial Nendo Dango was: 

¶ dry native microorganisms solidified,  

¶ 1/4 of basaltic stone powder,  

¶ 1/4 of seed mix (2% of the soil quantity approximately),  

¶ a handful of predator repellents: black pepper, tobacco, chili and thyme, 

¶ liquid binder (water or liquid microorganisms), 

¶  clay powder to completely cover the seeds. 

 

Clay proportion, strength and porosity 

 

Tests were performed to ensure that the clay balls did not break up when 

dropped from a UAV. Experiments with mixing poultry manure and microorganisms 

with either rice husk or wheat bran, increase the porosity and elasticity of the clay 

balls were inconclusive; further tests are needed.  
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Basaltic rock powder 

 

Being an igneous, volcanic rock, basalt has not been weathered or otherwise 

transformed by environmental processes. Therefore, the rock retains its full 

complement of minerals and plant nutrients, with no leaching of trace elements or 

micronutrients. This contrasts with the depleted substrate of the burnt and leached 

restoration site. Therefore, addition of basaltic rock powder to the Nendo Dangos 

might improve provision of plant nutrients to the germinating seedlings, although 

this needs additional testing and verification. 
 

Microbiology 

 

    Forest soil supports a great diversity of the micro-organisms that are fundamental 

to soil ecology and plant development. The purpose of incorporating microbes into 

the Nendo Dango (Fig. 7.5) is to protect seeds from pathogens, increase their 

germination, to boost restoration, by breaking down organic matter and increasing 

plant nutrient availability. The microbial cocktail, prepared by J. Ledesma consists 

mainly of bacteria (Lactobacillus species, and fungi spores), particularly those 

species capable of decomposing pine-needle litter.  
 

Seed species selection 
 

After assessment of site conditions, we propose selecting a mix of seed species 

for habitat restoration that enhance soil fertility and ameliorate soil physical 

conditions, thus promoting establishment of woody plants and recolonization by 

wildlife (e.g., rabbits and partridges).  

Figure 7.5 - Surface microbiological culture Figure 7.4 ς άbŜƴŘƻ 5ŀƴƎƻέ 




