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FOREWORD

The amount of degraded landow present across the worldontinues to in
crease, meaninghat the task of restoration also growghis will require more
information about the basic ecology of these ecosystems, as well as a better
understanding of how restoration may be doimeways that improve the livelihoods
of people living in these degraded landscapes. But it will probablyeajsme a
change in the way we tackle the job. Costs will have to be reduced, to maximize the
use of limited financial resourcesd methods will have to be devised, to deal with
severely degraded sites and those that are difficult to access.

In recent yars, several new tools have become available that should improve
our ability to undertake restoration. These include satellite imagery and global
positioning systems (GP8oth technologies should be very useful in defining areas
to be treatedand 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
(UAVSs) or drones, able 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
ciallystretched field warkers.

But the question is how can this technology be used? We know drones can carry
cameras and perform loadtitude photography. This means we can now obtain up
to-date andhigh-quality imagery of field sites and no longer have to depend on
satellitesimagery that may be out of date.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 landsgzes, where it can be difficult to determine where trees of
particular species still remaifihey 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 unworkabéeg,,d ¢ KI & g2y Qi 62NJ] 0SSOIl dzas$s
often the case that, several years later, the advantages and utility of those ideas
seemobwus toeveryoneg(g.,a L | f g &a 1yS¢e (GKA&A ¢g2dz R &
be the case concerning the utility of aerial drones for forest restoration. In fact, | saw
the first signs of this when a colleague of mine tentatively offered a pestas
yearsagoatan nternational 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

Vi



restoration. | suspect he thought he was being somewhat adventurous and perhaps
even a litte 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 ids 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
G20KSNEED LG SELX 2NB& K 2zédinukdersaking ®mest i SOKy
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 andesate 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 souraegjthr
to developing new methods of weed contaold 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 theniateise of drones
to undertake forest restoratigias 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 emnot to mention the role of the Forest Restoration
Research Unit of the University of Chiang Mai (FGERWRU) in organizing this
workshop. FORROMU has long been amongst the leaders in developing methods
to restore tropical forests and is to be congratedbfor organizing this meeting and
bringing together such a wonderful assembly of authors. | heartily commend this
book to all those interested in forest restoration.

ST : YR S5 David Lamb
3 Brisbane, Australia

Canopy walkway, Sabah, ¢
the Symposium for Rainfore:
Rehabilitation & Restoration
July 2011 (photo S. Elliott)
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PREFACE

¢tKS &aSSR 2F al dzi2YIFGSR FT2NBad NBad2NI
Having spent m arduousfield-day with our German project partnersollecting
carbon samples i@ h w wrpsfd@ation plots weretreated to theGrandview Hotel
for dinner (coincidently where we would run the AFR workshop 6 years later).
Conversation turned to howabou-intensiveforest restoration is and how nice it
would be if robotscould do some of the workAs beer flowed, wgked about
fantastic flying machines to collect seeds, plant trees and care for them. That night,
| Googled some of the technologitst would beneeded it turned out that the
concept was fafrom a joke. Although consumer drones hadtgedrrive in stores,
DIY drones weralreadybeing adapted to drop seeds. We approached Dr Annop
RuangwisetKing Mongku® @niversity of Technology Thonburi), and in April 2014,
he tested a seedropping drone Seeds were successfully dropped that day, but the
drone crashed into a treelearlymuchmore research was needgifl AFR was to
become a reality. However, meetings with potential funders and collaborators often
ended with raised eyebrows and, on one casion, being accused of having
Gol GOKSR (22 Rousde taling Witk DavitlBadiednight on the
GSNI yRI 2F | odzy3art2¢ Ay [duriog-akvorkshop | f A | dz
there, he mentioned that Australian researchavere testing drones for mine-re
habilitation and encouraged us to go public vathr integratedAFR concepiSo, in
July 2014, we presented a poster at WEBQ 2 Y ¥ S NB y O Explonig thel A N & Y
Feasibility of Automated Forest Restoratioh LG 3ISY SN} §SR Y dzOK 7
realized that our ideas were no longer science fi¢tibaugh it took another year
to raise funds for a braistorming workshopMeanwhile,BioCarbon Engineering
became the first company to seed a forest by drone. We recruited key speakers in a
wide range of fields, from aeronautiesid Alto seed technolog and forest
ecology connecting experts who raly interacted.They inspired participants to
dream up research ideas, during discussion groups, orsaetb collectiondrone
seeding autoweeding, monitoring etdVe even ran a field day, to tedttones for
finding seed trees, seed dropping and sprakienpicidesThe result was one of the
most productive workshops | have ever participated amd the 15 chapters of this
book. Hopefullythey will inspire researcherstocontiu | CwQa G NI yaF2NXYI
science fiction to reality, making forest ecosystem restoration more practicable and
costeffective at this time when global interest in restoration has never been greater.

Stephen Elliott
(CaDirector FORRICMUY
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Forest Restoration: Concept Automation

Fgure 1.1 - During the workshop field day, prototypes of various
technologies thatmight assist forest restoration tasks were demonstrated.
Here a drone, developed by CMU Physics Department, prepares to drop
tree seeds in simple papexeed bombscontaining seeds, forest soil and
hydrogel



Chapter 1

FORESRESTORATIOQKIONCEPTS ANIHE
POTENTIAEOR ITAUTOMATION

Stephen Elliott
L. {¢cw! /¢

In 2014 the UN New York Climate Summit set a goal to restore forest to
350 million hectares aflegraded land by 2030, taanter climate change
Conventional tregolanting with human labour is unlikely to achieve this goal,
due to the inaccessibility of most sites available for restoration and limited
labour availabilityThis paper therefore, establishes the basic concepts of
forest restoration (ecological restoration), summarizes the tasks necessary to
achieve it and the potential f@merging technologiet® carrythemout.

Drones, with tree recognition softwareould rapidly provide GP8o-
ordinates of native seed trees, in natural forest, to seed collectors or they
might collect seeds autonomouslysing robotic arms, suction tubes or
rotating brushesDronesare already being used tarry out aerial seedg.

The need is to develdgd LJA Rf @ 0 A2 RS 3INEbBmbE &S 6 KR OXKA Iy SNJ
protect seeds from desiccatiovith hydrogelswhilst also providing them with

fertilizers growth promoters and microrganisms to promote rapid seedling
establishment.Combined with plant recognitiotechnology, drones might

also be able to spray herbicidescontrolweeds, whilst avoiding killing trees

and accurately deliver fertilizearound establishing tree seedlingBhese

processes could be fully automated, by recharging drone battgitesolar

powered inductive charginggs.

Monitoring forest canopy closure is already possible with drmoented
sensors Advances in plant recognitiosoftware will probably enableuto-
monitoringof plant speciesecoverysoon, whilst recovery of bird or mammal
communities could be recorded lbgmote microphonesnd camera traps
Datafrom such devicesould be transmittediathe telephone network or by
usA Y3 RNRy Sa ¢ #anyooRhe (aboververitiord technologies
already exist, but to develop practical auéstoration systers they must be
improved €.9., longer batterylife), 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 auterestoration systems.

1 Forest Restoration Research Unit, Chiang Mai University (FGRRL), Chiang Mai, Thailand 50200;
email: forru@science.cmu.ac.th



Forest Restoration: Concept Automation

FOREST RESTORATHEROM PIPEDREAIO GLOBAL IMPERATIVE

Thirty years ago, the idea of restoring tropical forest ecosystems was regarded
4 GKS GLALISRNBIYES 2F | KFEyRTdA 2F SO2f 2
idea as unattainable, believing that the high structaomhplexity and biodiversity
of such ecosystems could never be recoveBmine onservationists also opposed
even research to developrestoration techniques, claiming that was an
unnecessary distraction from the overriding need touse remaining primary
forests within protected area3hey argued that it might actualgncourage
deforestah 2 y> o0& ONBI GAyNIBaGi20NBS &I NEPSINEY 2vilS y (0 |
developers.

Although, tropical forests should be restored for many reasons (forest products,
watershed protection and other environmental services, wildiibaservation,
alleviating rural poverty etc.), it is the growing concern over global climate ¢hange
and the role that forestgould play in its mitigationthat hasrecently propelled
tropical forest restoratiofirom an unattainald pipedream into a global necessity.
One of the main reasons for this has been the development of REDDginally
conceived as a mechanism merely to reduce the rate at whiglir@ forest
destruction entered the atmosphere, the initiative was subsequently expanded to
Ay Of dzZRS GSyKIFyOSYSya! ;
Nations, 2007)i.e, removal of C® from the
atmosphere by forest expansion. This now ma
forest restoration more eligible for funding, from th
Green Climate Fund, national governments, carl
credit markets, the CSR progréro$ international
companies, etc. However, twmportant safeguards
apply (United Nations, 2010, safeguards (d) and (|
CANRGEREY NBad2NraGAz2y |
and effective engagement ahdigenous peoples
and local communitigs> ¢ KA OK méahst -
that restored forests will have to provide locg ;
communities with the same variety of foreg Figure 1.2 Ambitious
products and ecological serviceas the original| restoration targets will not be
forest once did. Secondly, actions must achieved sing stoneage

techniques.

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

3 Corporate Social Responsibility

4



Chapter 1

and biological diversitgndused to incentivize the protection and conservation of
natural forests and their ecosystem servicend to enhance social and
SYPANRYYSyYyillt o0SySTAlGato

Neither of these safeguards aaehieved by conventional plantatioot fast
growing tree specieSonsequentlyd SO2f 2 3A 0O f NBaG2NI A2y §é ¢
be carried out toecreate structurally complex and biodiversithforests, to meet
both these safeguard€onsequentiythe following definition applies:

GC2NBail iNBracdling Nid dcceeyating ecological succession towards
an indigenoustarget forest ecosystem of thenaximum biomass structural
complexity, biodiversitgnd ecological functioning that are sglistainable within
LINBGFAfAy3a Of A Yl (adafted frgfhRLIGrBt/alf 20E3\whevel | (A 2 v 3
aims include:

1. carbon sequestratiosince biomasdetermines carbon storage);

2. biodiversity recovery (since structurally complex forests trend towards
maximum equilibrium species richngasd/or

3. delivery of a diverse range of forest products (from biodiversity
enhancement) and ecological servitesommunities.

Since the definition includes climate dependence, and climate change
unpredictable, restoration should also maximize ecosysteptadility by:

1. maximizing species and genetic diveraitg
2. facilitating gene mobility

Restoration sience advances but technologies remain ghistoric

Luckily, the science of tropical forest restoration has progressed considerably
over the past 2680 years, such that lack of knowledge and skills no longer impede
its implementation. Research has greatly improved methods of site assessmient
planning, tree species selectj@eed collectioand the propagation of native forest
tree species in nurseries, tree planting and direct seedmwell as care for planted
trees in restoration sites (weeding and fertiliapplication regimes etc.) and finally
the monitoring of forest ecosystem recovery, from canopy closure to the return of
wildlife communities ELLIOT®t al, 2013).



Forest Restoration: Concep®& Automation

Such research has enabled ecologists to develop restosytsdems, capable of
restoring diverse forest ecosystems to forestland at all stages of degradati@T{
et al, 2013, Gapters 3& 5) such as:

1. protection and assisted or accelerated natural regeneration (on moderately
degraded sites, where survivingtaral regeneration is sufficiently dense to
rapidly close canopg.g.,the ANRapproach, favoured by the FAEhpnoet
al, 2007}

2. planting a few selected tree species to complement natural regeneration,
where it is less dense and wheratural seed dispersabn recover species
richnesse.g.,the framework species methaif Goosen& Tucker(2013)

3. planting all or nearly all species that owoenprised the original forest tree
commurity, where lack of natural seatispersal limits recovery of tree
species richnesg.g.,the maximum diversity methoof Goosem& Tucker
(2013) and theMiyawakimethod (Miyawakj 1993) and

4. planting nurse trees to improve the sad.d.,legumes $iddiqueet al,
2008)), on the most degraded sites, where soil degradation precludes other
restoration methods.

The design, size anglacement of restoration plots has also received
considerable attention, particularly to provide maximum ecological benefits with
minimum costs. Just restoring forest corridgraarrow strips of forest, linking
existing forest remnants can encourage seed disperaald movement of wildlife
across landscapes, thus reducing genetic isolatitnilst occupying little land and
requiring minimal inputs TUCKER& SMONS 2009). Restoring just small forest
Gy dzOft SA¢é¢3s R20G0G§SR | §dd also caRlyse diNdSpreadSdrestt | Yy R &
NEO2@BSNE GAGK YAYAYLFE $FF2INIKBAVEKA D & LILI
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, fronproviding local communitiewith foods and materialse(g.,
rainforestation farminggCHULTE2002) to rehabilitating opercast minesFARROTTA
et al, 1997). Such pragmatic approaches have recently given rise teldtigely
YySs RAAOALI AyS NG (2MaiNGERly of thowidRiat€ytatelS
forest restoration sites, amidst other land uses and which types of restoration are
most appropriate to maximize both ecological and economic flienat the
landscape leveREITBERGEMOCRAKENt al, 2007).



Chapter 1

Although the abovementioned achievements have vastly improved forest
restoration methodologies, over a wide range of initial conditions and ecosystem
types, when it comes to implementing t@sition onthe-ground, the technologies
used have remained persistently prehistoric. Typical restoration projects involve
fF NHS ydzYoSNAR 2F LIS2L)X ST FFOGAYy3a |a d&Kdzyl
equipment and materials, often over long distancespss rough, steep terrain to
remote restoration site¢Fig. 1.2)Weeds are slashed with machetes and planting
holes dug with hoes, in much the same way as ourdgenancestors would have
done.

Lack of acess is the main problem. Most flat sites, close to roads, are already
occupied with agriculture andonsequentlythey are not available for forest
restoration. Spmost restoration sites are remote, often on steep slopes with
infertile soils. Expectingepple to haul trees, materials and equipment into such
sites for tree planting and to return frequently enougio carry out weeding,
fertilizer application and monitoring, to the extent required fsuccessful
restoration is unreasonble. 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 untain, far in the future or they remain largely
GOGKS2NBGAOI f ¢ eg2 Ndrboh ycted® i payndehtS for other
environmental services. Markets that could turn such benefits into cash flows are
mostly undeveloped or confusing and local villageseHittle access to them or
simply do not trust themAutomation 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, disedmee tree saplings, of a diverse
range of native forest tree species, by the optimum planting season, is problematic.
Nurseries a expensive to build and run. Many of the tree species, useful in
ecological restorationhave never been maspropagated before Furthermore,
recruiting and training staff, capable of carrying out the research, necessary to
develop coseffective propagabn methods, requires levels of expertise and
management that are both rare and expensive. Growing trees in nurseaften
beset withadministrative problems. Once government officials and sponsors have
decided to push ahead with a restoration projélagy often demand unrealistically
rapid results. Informing such officials that they will have to wait8lthonths to
produce the planting stock, before highofile tree-planting events can be staged,
often kills off such projects, before they get o# tiround. An obvious solution to
such problems is to plant seeds, instead of tree saplings. Recent research on direct

7
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seedingsuggests that for many tree species, this approach is more practical and
costeffective than conventionateée planting TUNJA& ELLIOT;T2012& TUNJAITable

5.2 inE.LIOTTt al, 2013 ), but it also poses new challenges, particularly that of
effective weed controlaround seedlings during their earliest stages of
establishment, since they ariny, compared with planted saplings (which are
usually 3e60 cm tall at planting time) arntierefore are exposed to more severe
weed competitiorfor longerperiods.

Recent advances in several technologies now raise the possibility of automating
several restoration tasks, but two technologies are likely to make the greatest
contribution: namelyUA\s (unmanned aerial vehicles or drones)d computer
aided plamn recognition UA\S overcome the problem of accessing remote
restoration sites, whilst imaging and particularly plagtognition systems will
provideg A i K GKS GAyGSttAaISYyOSE NBIdZANBR (2 ¢
locate seed trees, drop seeds into appropriate places, distinguish between
herbaceous weeds and trees and monitor restoration results.

AUTOMATING PREESTORATION SITE SURVEYS

The main purposes of prestoration site surveyare to determine the extent
of existing natural forest regeneraticemd identify the barriers to its further
progressionSuch information is needed to write restoration plaktgpresent, such
surveys are carried out using circular sample plots (usually 5 m radius), laid out
across the restoration sites. Within each pkbie number and species of natural
regenerantsi(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 ggnolosure within a desirable
timeframe, is calculated. Barriers to regeneratisuch as signs of fire, cattle
browsing and soil degradation are also assessed, to determine site management
requirements E.LIOT®t al, 2013 Chapter 3). Six people canleot 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
RSTF2NBadlr A2y X aAd A amodigrihgicindeé éondicied G F2 N
X® gAGK OdZNNByGfe | OMATINEROLS andBexirdyh@& a Sy aAa
with the necessary detail, currently acquired through the conventional field survey
method described above.
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Dronemounted cameras and other scanning devices, however, certainly do
have the potential to provide very detailed data on the extdnbatural forest
regeneration as well as the factors likely to be hindering it (detection of charcoal or
cattle etc.). Controlled by GRBey could fly rapidly and directly to pdetermined
sampling points and recd images, which could later be analysed, either by eye or
by computer algorithms, to determine the density of natural regenerants. Such data
could becollectedin minutes, rather than days, at a fraction of the cost, in terms of
labour and transportationThe main limitation of using conventional photography
from drones would be detecting the smaller regenerants, overtopped by herbaceous
weeds, but with laser scanning technologles now advancing so rapidly and becoming
drone-based CHisHOLMet al, 2013) A a Yl 0S LIaaAiroftsS Ay (K¢
G§KNRdzZAKE GKS OF y2 Lk 2'-F KSNbIl OS2dza 6SSRa
natural regenerants beneatM@LTAMCet al, 2014).

AUTGSEED COLLECTION

For tropical forest restoration projectspnventional seed collectionsually
involves small groups of seed collectors walking through remnants of the target (or
reference) forest ecosystemrelatively intact forest of the type to be restored
looking for trees of the dgred species with ripe fruits, which are ready for seed
extraction. For forest ecosystem restoration, seeds from at lea30 2pecies must
be collected. Since different tree species fruit in different months, seed collection
trips are usually necessamonthly 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 groundut 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 geneitiliversityof the planting stock, derived therefrom (forest
geneticists recommend collecting from at least 50 tr@zZANet 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
GKS LIXFyGAy3a aG6201 P 5dz2NAy 3 | (i8kdedl f RI
collectors may gather seeds from perhaps ju$05rees.

Clearly such methods will never méee enormous seed supphecessary for
landscapdevel forest restoration on the scales envisaged by the UN, fwven
conventional tree planting, let alon®r drone-based aerial seedingwith 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 speci¢Bozzanopet al, 2014). A more rapid ancbst
effectivemethod to i) locate seed trees with ripe fruit and ii) collect large amounts
of viable seeds from them is therefore essential.

Automated seed collectionould be developed in several incrertarsteps.
Firstly, it is possible right now to fly drones over forest canopies and to transmit real
time VIDE(hack to an observer who could recognize and log thecGBflinates
of desired tree species in fruit by eye. The GR@dinates ould then be given to
seed collectoravho 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-fagien crowns of
the desired tree species. However, low flight across a forest canopy is hazardous.
Highresolutionobjectavoidancesensorsvould beneeded 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 highsolution still images, taken from leflying aircraft,
has already been dewgled. On Barro Colorado Island, Pandmagzt al.(2012)
used an identification key from such images, based on the crown typology, contour,
architecture, foliage cover and texture, colour and pheno{@gycHON2001), 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
collectionpurposes, provided enough seed trees of each species were located t
maintain genetic diversityf the planting stock.

The next step would be to develop compuagaied tree crown recognitiognot
just the species but also the presence/absence of ripe fruit. The main technology,
currently being dveloped, to do this is imaging spectrosc¢py 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
dffSNBy i RSAINBSas a2 (GKS aalSOGNIt aadayl ad
to derive its speciedJnfortunately,spectral signatures vary considerably among
trees within species, often due to the condition of each tree (health, phenophase
etc.), sbpe, attitude, time of day etcso 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 richnésso very high. Howevefor seed
collection only a relatively low number of target seed species3(®0need be
LRaAlA@dSte ARSYGATASR FTNRY (GKS 3ISYySNIf
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already mentioned above, failure to identify all trees of the target species is not a
problem).BaLDECEt 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 singlelass classification modele(, identifying one kind of object from a
diverse background of Imy&@ 20 KSNJ 262S0Gav Ol ffSR
YI OKAYySéd 2A0K (GKA&a (GSOKYyAldzSz GKSe& 4
species with an accuracy of-280%.

Lidaris another recent technology which can be applied to mappingstfore
canopies and potentially identifying the species of tree crowns. Bastdallplves
firing a narrow laser beam to measure the distance between the instrument and the
first object that the beam reaches.§.,leaf, branch, forest floor etc.), by meaing
the time taken for the beam to be scattered back to a sensor. At present, it is usually
used to complement hyperspectiahagery to delineate tree crowns and to carry
outd 2 NI K2NBOUGATFTAOIGA2YyEé ONBY20Ay3 (KS STTF
hyperspectral datgan be accurately matched up with individual tree crowns, but
lidar can also add new variables to the data set, saghree heighand crown
dimensions, surface texture and architecture, which can contribute towards species
identification [ATIFet al, 2014;9NGHet al, 2015).

Until very recently, hyperspectrahd lidarsensorswere 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
availablé Dronemounted sensors can collect data much closer to tree crawds
therefore, of much higher resolution, than conventional aircraft can. However,
processing such data streams in real time, to enable drones to instantly recognize
seed collectiotrees, currently requires enormous computing powed time, so it
may besevera@ S NAE 0STF2NB RNRyYySa gAff o6S loftS |
time and begin collecting seeds from them immediately. A more likely approach, at
least in theshortterm, would be to use separate drones for locatingdsieees and
subsequent seed collectioBotwo types of drones would be needed: i) those with
sensors to locate seeds trees and gather their €@Rfsdinates and ii) those with
seed collection apparatuBLETCHERpers. com.)

The most difficult part of achieving fully automated seed colleet@mrid be the
development of dronemounted tools, capable of removing fruits fromee 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 | know, no researchersrarglgu

I.
S NB

4www.headwallphotonics.com/blog/bid/336623/Hyperspecti@énsorfor-UAVApplications
vespadrones.com/hyperspectrahaginglatestsensorsuav-applications/

11



Forest Restoration: Concept Automation

tackling these challenges, although various ideas have been proposed including
robotic arms suction tubes, rotating brushes and né#skDwICKpers com.).

AUTQOSEEDING

Since tree saplings are heavy and bulky, theyeapensive and difficult to
transport to remote sites and to plant robotically. Therefore, it is likely that aerial
seedingwill be the preferred method to introduce additional trees into deforested
sites, to complement natural regemadion. Aerial seedingfrom planes or
helicopters, has been widely practiced in forestry for many yNarsgqNARESEARCH
GounciL1981). However conventional aircraft are expensive to run and maintain
and require both an airportral 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 devel@figg 1.1 &

1.3)

The most advanced system is being developed by a UKugtaampany,
BioCarbon Engineering. The company has developed adased remote sensing
system to survey restoration sites and construct a planting map to determine which
species to plant wheréAnother drone, guided by the planting map, then propels
bio-degradable plastic pelletgontaining pregerminated 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
72,000seed pelletsper day and 6 drones can be simultaneously controlled per
operator.

Figure 1.3 ¢ This drone
demonstrated during the
. workshop field day, uses
simple box with a trap
door to release seeds ini
deforested sites.
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In ecologicaterms,we may think of such droAgased systems as carrying out
the same ecological function as sedidpersing animaldut doing so at a vastly
accelerated rate. Over much of the tropitise larger animalswhich formerly
dispersed tree seeds (especially lasgeded climax specje$rom forests into
deforested areas, have been extirpatedy(,elephantsrhinos, wild cattle, hornbills,
large fruit bats etc.). Consequently, artificially replacing their ecological function
with drones may be stop-gap solution until expensive and complex species re
introduction programs can be planned, funded and impldaetkn

Redesigning the fruit

However, if we are considering replacing sdisghersing animalwith drones,
S YlIe ySSR (2 NBRSaAdy (GKS aFNHzAGaé¢ Ay

The purpose of fruits is to aid the dispersaihef seeds contained within away
from the parent tree and thus avoid competitiaiith ‘'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 f@ker 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 desgal mechanism of seeds, from wind and
animals, to aerial vehicles, then neither of these fruit traits is particularly useful.
When carrying out aerial seedinge do not want the seeds to be consumed by
animals, since rodents, whicommonly inhabit deforested sitesre 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. Otherwiseaerial seed drops would merely amount to laying out a buffet for
rodents and other seed predatorShemical repellents have been tested for aerial
AaSSRAY3I Ay T2 NONUWNRBINGEHUYIENS). 6 KS mMpdpnQa o

Neither would we want artificial fruits @rift sideways; quite the opposite, in
fact. Ideally, aerial seedimgould 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 theees grow up So,an artificial fruit should be designed
Y2NB tA1S | RFENI FYyR y20 DRYSEELF aRe dzZRB NX
engineered to drop straight down, with the minimum of air resistance, achieving
terminal velocity as quickly as possilflesharp point would penetrate the soil and
anchor the seedbomb 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 desiocafThe seedbomb would be made

of awater-solublematerial, which would melt away as soon as rain fell, leaving the
seed in the best position for germination

The use of designer sebdmbsalso presents a major opportunity in that it
would be possible to surround sesavithin the bombs, with a variety of resources
that would maximize both germinati@md early seedling development.

Hydrogel (such as that already used BRioCarbon Engineering) may play an
important role in preventing seed desiccatiand protecting seeds from the
physical forces of impacting the soil at high velocities, as well as providing a medium,
in which other substances can bisgblved or suspended. Simply adding forest soail
to the hydrogel would probably ensure that the spores of essential symbiotic
microbes €.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 add8thwreleasefertilizer beads, could also be
added to the geksoil mix to deliver nutrients to the roots of the young seedlings over
a prolonged period.

Seed coatingechnologies are essential for modern agrdustries and many
such technologies could be equally well applied taenkigh germinatiomates of
aerially delivered tropical tree seeds. Such treatments need not be expensive or
O2YLX AO0FGSRd® C2NJ SEI YL S aOASydaArada
foliar spray and a seed coating, to draitalty increase the success of restoring
vegetation in Saudi AraBiaA dilute aspirin solution enables plants to survive
stressful conditions by controlling stomatal opening and thus reducing water loss, as
well as assisting in normal membrdnactioning and overall water relations. Since
desiccatioris the main cause of mortality amongst direeeded tropical forest tree
seedlings, aspirin could provide a cheap and effective way to reduce such losses.

AUTOMATING WEED CONTROL AND FERTILIZER APPLICATION

Autog SSRAY 3 A a LIS N&ll(drHoly GiikilB) of ABRokebt fred & Q
seeds could germinate and the resulting seedlings grow well in deforested sites, then
forest restoration would be unnecgmy, because ecological succession would
proceed, from the, itoming 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 profueé for fires, which kill young

5 www.sciencewa.net.au/topics/environmesg-conservation/item/3464aspiriraidsmiddle-east
plantrestorationproject/ 3464aspirin aidsmiddle-eastplantrestorationproject
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trees but not the fireresilient herbs. Weeding is therefore essentihen restoring
tropical forestecosystemsonventionallynurserygrown tree saplings are planted

out (to complement naturategeneration), when they are about-30 cm tall.
Before tree planting, restoration sites are cleared of herbaceous weeds by slashing
and applying a noresidual, systemic herbicide kill the weed roots, without
disturbing the soil. Durg site preparationgreat care must be taken not slash or
spray existing natural regenerants. After planting, weeding is continueghaiedk
intervals during the rainy seasons feB gears after which, canoplosureis usuaif
sufficient to shade out further weed growth. Weeds, growing closapbtingstems,

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
communitiesaround the planted treedLIOT®t al, 2013;Chapter 7).

Use of herbicidesafter tree planting has been problematic, since broad
spectrum herbicides can Kkill 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 blowshe 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.

Clese to the trees, merely slashing weeds is not enough. Although it reduces
aboveground competitiorfor light, it actually increases belaywound root compe
tition for water and nutrients, because slashed weeds absorb more of these
resouces as they regromso,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.

Weedingis 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 situfrom aeriallydelivered 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 conventiomaktplanting), 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 contributéhd¢o
development ofauto-weeding technique i) determine which forestree species
are most able to compete with herbaceous weedsidiéntify herbicideresistant
trees, iii) develop more selective herbicidesl 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 oseasingsnearlyalllight-
loving pioneer species.g., Erythrina subumbrans, Melia toosendan, Gmelina
arborea, Spondias axillari& Hovenia dulcis(FORRU, unpublished data).
Furthermore, TUNJAI(2005), working on direct seediilgthe same area, reported
that weeds might actually nurture seedlings of several dgeetled species, by
shading them and reducing desiccatidvieed removal had no significaffect 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
dronescarry out aerial seedingf the mostweedresistant, pioneer tree species, to
achieve canopy closure and eliminate weeds, whilst establishment of-shade
tolerant, late successional species is achieved by natural dispdrsalor by
subsequent aerial seeding of those species.

Glyphosate is the most widely used herbidgidéorest restoration. A systemic,
nonresidual herbicide, it is a highly ceftective method of weed contlo
Compared with manually cutting weeds, at a riparian site in Brazil, glyphosate
increased the growth of planted tre2s-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 sedimenBQRID@t d. 2015).However, ilUA\S
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, glyphosaeistance is achieved by
manipulating a single gene, whereas natural evolution of resistance in weeds
probably depends on changes in several geBegE& BowLES2009). 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. Experimerdsuld 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 gglyphosate. It would then become possible to carry
out aerial seedingnd perform weeding by aerial spraying, with a relatively safe and
widely available herbicidd’he main flaw with this approach is that, althotig
trees established by aerial seeding would be glyphosate resistant, any natural
regenerants would not bé&obplanket aerial spraying with glyphosate would destroy
any contribution that preexisting natural regeneration might have made towards
canopy closure. Theery largenumbets of seedlings that would have to be grown
to identify resistant genotypes may alseg@ude this approach.

Another way might be to use existing more specific herbicidegvelop new
ones. Basically, herbicides can be classified as-gpassic (graminicides),
broadleafspecific (kill or inhibit herbs and tree seedgé but not grasses) and ron
specific (kill or inhibit most green plants). Glyphosate belongs the last group.
Graminicides are already used in foresget al, 2006), although they amnly
useful where grasses dominate the weed flora. Furthermbes;riot as effective
as glyphosatat controllinglmperata cylindricathe most widespread of the grass
species that inhibit forest succession in SE Asia.

Highly selective herbicidelsave been developed that exploit biochemical
differences between even closely related species. For example, nicosuifoesn,
not kill maize (which metabolizes the chemical to a harmless form) but it does kill
other closely related grass species and heSBusthe possibility exists that highly
selective herbicides could be developed for forest restoration purposes. What is
YSSRSR A& | &Yl 3 ihéxkilis defroac@aus prants byit nd¢ 8dédy A OA R S
ones, is safe to use and has no adverse effects on the environment. Currently no
such chemical existbut oneapproach might be toivestigate theallelochemicals
LINE RdZOSR 08 (KS ¢gSSRE2KEINY@DTRRE £1) 2 RSO
Such chemicals aynthesizedy weedy herbs to gain a competitive advantage
over other weed specieso it is likely that some of thecould be combined in a
GO2010FAT ¢ OGKI G ¢ 2 dafjtiee seedlindgs. AdeoSéndicalssakell K 2 dzi
also well known from some pioneer tree speciesg.( Gmelina arborea
(RAMAKRISHNARLt al., 2014)).Such tree species could also be analysed for the
development of herkspecific bioherbicides or simply making sure tasy welt
represented among the tree species planted could ensure that weeds do not cause
plantation failure. The problem with developingpre specific herbicides is that
research and testing needed will most likely take many years, before useful products
emerge.

In the meantimeY 2 NB | OOdzNJ 4GS YR aAydSttAaSyGsé
might provide a solution. Smart spraying would involve developing drones that can
carry canisters of herbicigperhaps several kinds phantrecognition system would
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be used to distinguish between herbaceous weeds and tree seedimijsgs and
then the drone would deliver herbicide onto the weeds, but not onto trees.

~ A LA x4

Gal OKAYS @Aarzyé aeaitsSvya F2N RSGSOGAyYy3

LIzNLI2 4S&a> 6S3ly (TorPS WAS IREDS ankl Yiavevadhgceda =
considerablysince then. Such systems are capable of distinguishing between crop
plants, weeds and bare soil, so that herbidde be sprayed on to weeds, without
killing the crop, or wasting chemicals on bare soil. More recently, Thomas Wilder
and Cynthia Johnsérdemonstrated a drondased weed contradystem using a

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

One of several herbicidegas dispensed directly onto each weed, based on weed
species, size and strength of solution needecbund vehiles, capable of auto
weeding between rows of crop plants, are alreadgilabl@ (BAKKERt al, 2006).

Dronebased weed recognition could perhaps make use otlieeup plant
recognition systems, now available as phone apps, such as Pl&&tetfsnap
(see Chapter 11Yhese systems compare plant photos, taken with smart phones,
with a database of known images and use pattagaiching algorithms to identify
species. In fact, a drodmsed weedletection system for AFR would not need this
level of detail. The most basiersion would only require an dyoard capability of
distinguishing between woody and ramody plants in real time, to trigger a spray/
no-spray response. If drones carried both a gegesific and a broadleaved specific
herbicide in £parate canisters, then an ability to distinguish between grasses, other
weeds and woody plants would be needed, but this is still a much simpler cemputa
tional process than the identification of individual plant species, which has already
been achievedb a large extenbythe phone apps

Drones that spray chemicals on agricultural fields are t@eoming
commonplacgFig. 1.5)but for AFR, would need to develop far more directed
and precise herbiciddelivery 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, withobecome entangled in the vegetation and
without spraying herbicidem to small tree seedlings. This is undoubtedly the most
challenging of all AFR tagksyl.4)

6 http://events.sap.com/teched/en/session/13694
"http://sydney.edu.au/news/84.html?newscategoryid=2&newsstoryid=13686
8http://m.plantnet-project.org/

9 http://leafsnap.com/
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AUTOMONITORING RECOVERY OF VEGETATION AND WILDLIFE

Monitoring should be an essential part of all forest restoration projects, not only
to assess succednit also to learn from mistakes. If weeding is the most difficult of
restoration tasks to automate, then monitoring is perhaps the easlds key
measurable milestones, of tropical forest restoration are firstly canopy closure (the
point at which forest canopy shades out herbaceous wedds a 2 1y 26y | a
NBOI LIidz2NB¢ 0> GKSYy GKS RE@PIE andp\Slgyérs, 2 F T2
including an understorey, composed of tree seedlings and saplings, which indicate
selfperpetuation of the ecosystem) and finally, recovery of biodivelsitgls,
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 richnesdd diversity.

Drone-based lidafalso already mentioned above) is an excellent technology for
monitoring the recovery of forest structyrdue to its ability to create detailed 3D
maps of the forestWALLACEt al, 2012) It canalso be used to monitor recovery of
carbon stockgCHISHOLMet al, 2013)(see Chapter 13an essential activity if AFR
projects are to be funded under REBDSimilar results can now also be obtained
with an image progssingl SOKy 2t 2 3& O10fwhich Rsesild3gd Befs dfy (| K €
overlapping digital photographs, taken with dreaneunted camerasZAHAwIet al,
HAMPUYS BKAOK I NB KSyYmYRNROBSEA SIRE BA NIKG /YA
3D pointclouds Each point in the clouds is defined by its horizontal and vertical co
ordinates, together with reghreercblue (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 sewss. It uses ordinary digital cameras and ogenrce software and
is therefore likely to be cheaper than lidar and more practical.

Drones may also provide impetus for greater community involvement in
monitoringforest restoration PANEQUEGALVEZL al.(2014), explored the feasibility
of using small drones for communitgsed forest monitoring (CBFM). They found
that use of drones enhances CBFM and would be feasible in many locations
throughout the tropics, proded 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 chgemitigation projects, such as REBD+

Biodiversity recovery is one of the central aims of forest ecosystem restoration,
not only the achievement of species richnasd 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, ratmans that decide whether or not restoration
has been successful.

Biodiversity assessments have been attempted by using drones, indirectly, to
predict biodiversityevels 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 entarg KOH& WICH 2012), but, in
dense tropical forests, very few animals are visible to conventiooa¢-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
(HRISTIENSHEY al, 2014).

At ground level, digital camera trapave 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 battedel be a
laboriousprocess. 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 thecameras are retrievét Outside the range of cellular telephone
networks, drones are now being used to retrieve images from camera traps, by
Fdzy OG A2y AY 3 ¢ a eanRle, thd Wali dxforsea developed by four
NYUAD student8lARTINS.OSAR|KIINGCHELIN, VASIL\RUDCHENKAKAFERIKIENSENIS
a fixed wing airplane with a 2rbetre wingspan. It automatically retrieves images
from cameras, via \WRi, when the done flies within 300 m of thet?.

Birds are harder to see but easier to haad bats are also more readily detected
by audio So,remote autesurveys of birdend kats might bepossible by placing
arrays of microphoneé | dzii 2y 2 Y2dza NBO2NRAY 3 dzyAila
sites and identifyingpecies by the sonograms recorded by th@wkE& RPPER
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

1 wildlifenews.co.uk/2013/06/newproductsolartraitsolarpoweredcameratrap/
www.reconyx.com/shop/PC900C_Cellular_HyperFire é3sibnal_Covert_IR/d/358/56
12 wadi.io/?page_id=90
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create a dynamic map of bird territories across the restoration site and thus derive
population density estimates\fcaset al, 2015).

With thesetechnologiesit 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 deling and retrieving cameras and
microphonedrom restoration sites.

THE ULTIMATE VISION?

Imagine an expansive, deforested landscapegged terrain that has been
designated as a restoration area, to contribute towards climate chauitggation
and biodiversityconservation. Lorries arrive at the nearest access point. Drones,
solar panels ahlarge tanks of herbicidese offloaded and a secure base station is
established. The solar panels are connected to battevidxich are themselves
connected to electromagnet induction pads, where the drones chapgtheir
batteries, by landing on the pdds

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 centcamputer, is used to design the
restoration program, including weed coniraind to calculate the number and
species of seeds to drop into the restoration siteg€omplement any natural forest
regeneratiorthat may already be occurring.

Next, drones that can spray herbiciéesl distinguish between weeds and trees
clear the restoration site of weeds, whilst avoiding natural regenerants. When
battery power, or the herbicidén 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/refilbitat
O2dzf R 0SS SailrofAaKSR I NRPdzyR (GKS LINR2SO

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.hiey are followed by seetbllection drones, which, using various
attached toolscollectfruits from the trees and return them to the base station.
Seeds are extracted from the fruits and put into designer-beeabs along with
soil, hylrogel and various other assistive substances. The bombs are loaded into
delivery devices, attached to aersgteding drones, which then fly off to seed the
sites. After seeding, weembntrol drones then continue to detect weed growth
across the sitand spray herbicideshere and when necessary.

B3http://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 structe with lidar and/or structure from motiortechno
logies.Finally, drones drop autonomous recording units and camera imépthe
restored forest to record the return and breeding of wildkfeeciesg 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 cempte 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 eardinated by a central computer, which determines
the priorities of the tasks required and assigasks to each drone. Ideally the
various devices used for different restoration tasks should be interchangeable
among the drones so that, for example, a seed colledtione could be converted
into a weeding drone, by detaching the seed collection tools and attaching herbicide
canisters. In this wathe minimum number of drones would carry out the maximum
amount of work, regardless of the differenska required each day and no drones
are left idle.

THE NEXT STEPS

Of course, thebovevisionis still very much dream (like conventional tropical
forest restoration was 30 years agdut 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 remainrdhe technologies are still in their infancy. The flight
ranges of drones are limited by battdife, even if the drones could autecharge
themselves in the fieldSo,increasing battery life will be essentigbrtunately,
battery technologies are advancing rapidly, hydrogen fuel cells have now extended
the flight timesof drones to several houf$ so we may not have too long to wait
before long distance drone flights willdmne routine.Another problem is that
drones are fragile devices and cannot fly in raidggggedizatios of the technology
is another priority. Lifting power must also be increased.

As with all new technologies, costs are currently very high, althiheghare
rapidly declining. Faexample early masgproduced drones cost several thousand
dollars, but can now be bought for just a few hundred dollars and shagie
controlleddrones to carry out basic visual survey tasks can be bought for as low as

14www.bbc.com/news/technology35890486
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50USS$. The first camera traggspable of transferring images via the cellular phone
system started at over 1,000 US$, 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 becomaviableproposition tofunders.

AFR will only be achieved through intensive cooperation among ecologists and
technologists, with widely diverse backgrounds and fields of interest, but united by
0KS AYLISNIGA@GS G2 NBAG 2048 clidateNsbakigaean (G N2 LIA C
serve biodiversityand maintain their supply of environmental services and forest
products to humankind. Multidiscipary 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.
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Figure 2.1¢ 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; Forest firedetections from UAVs (modified from Cruz et al., 2016)
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UNMANNEDAERIALVEHICLES FERITOMATED-ORESRESTORATION

Pimonrat Tiansawat and Stephen Elliott
ABSTRACT

Unmanned aerial vehicles (UAVs) have been gainpapirarity and are
used in many fields, including biodiversitynservation. They are currently
available in many sizes and forms, and they can be used for aerial photography
mapping and monitoring naturatsources. To use UAVs for automated forest
restoration (AFR), technologies involved must be advanced and adapted, to
perform the specific tasks required, particularly aerial seediml) main
tenance procedures, such as weed congodl fertilizerapplication. Getting
UAVs to function fully autonomously, when performing such tasks, will be
challenging. Integrative research, among engineers, computer scientists and
ecologists, is needed to adwvanthe AFR concephd the dronebased tools
needed, to bring the concept to fruition.

Key words:drone, mapping, aerial seedingerial monitoringpower source,
obstacleavoidance

INTRODUCTION

An unmanned aerial vehic{@AV) 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, sensoithat detect msition 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), fixedng, 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 laed panning, archaeological surveys,
hobbies, and environmental and conservation tasks. In this review, we use the term
UAV for the vehicles and UAV technologgesncompass ground control stations,
communications and supporting equipnt to operate flights.

The use of UAVs for automated forest restoration (AFR) is becoming more
common among the research community. UAV technolagie®e used to perform

1 ForestRestoration Research Unit, Department of Biology, Faculty of Science, Chiang Mai University,
Chiang Mai, Thailand. Emalmonrat.t@cmu.ac.th
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various tasks required to implement forest restoratioanfrsite surveyéFig. 2.1),

to the development of restoration plans, site preparatidelivery of seeds and/or
seedlings to the site, site managemerg.(weeding and fertilizing) and surveys for
biodiversityrecoveryfollowing restoration interventionds(L10T;;2016) (Table 2.2).
However, to achieve the goal of automated forest restoration, several kpedia
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
discuses challenges to developing UAVs for AFR.

CURRENT USE OF IAVCONSERVATION
Forest mappingand monitoring

It has only been about two decades since UAVs gained attention in the forestry
sector. The primary focus OfAV research has been on mapping and monitoring of
forest standqe.g.,ABERet al.,1999& 2002; DUNFORet al.,2009;JAAKKOLeL al.,
2010;7AREt al.,2011;MAKYNERL al.,2012;WALLACEt al.,2012;Liseinet al.,2013;
ZnHAWEt al.,2015;0TAet al.,2017) (Fig. 2.1). UAVs, have become ideal platforms
to collect data and visual information from target areas using various payloads,
includingcameras and other sensotglapping and monitoring of forests normally
require imaging sensors, a position senser, Global Position Systei@Pyand an
Inertial Measurement Un{iMU) (a combination of accelerometer, gyroscopes and
sometimes a magnetometer).

Figure 2.3; design of ahybrid
UAVthat is capable of a vertical
take-off and landing
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The most widely used imaging sensaoesdigital cameras sensitive to the visible
spectrum(RBG cameragFig. 2.1)HORCHER VISSEK2004), pioneers in the use of
small UAVs for forest imaging, reported that creating forest and stream maps with
highrresolution images (8 cm per pixel) is possible using UAVs. Using more detailed
and advanced mapping software, thrdienensional (3D) modieof target areas can
be constructed, using images and other data obtained from UEM®DIN@t al.,

2017). Additional sensors can be used, complementing or replacing RBG cameras, to
acquire data for forest mapping such as: Light Detecting and R@é8rigeugsystems

(also called laser scanners)y.,NAGAEt al.,2009;JAAKKOLat al.,2010 WALLACEt
al.,2012) multi- or hyperspectral camera@d=ig. 2.4) and thermal sensoesy.,BERNI

et al., 2009MAKYNENet al., 20123vIGAEt al., 2015).

The complementary data, acquired by such senstimvs 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 AsNEFRet al., 2016), diseaseS\IGAEt al., 2015), and other aspects of
plant health(CaLDERORL al., 2013. In addition todigital RBG images (Fig. 2.1),
hyperspectratameras (Fig. 2.4) can capture images using theingared (NIR)
spectrum. Combining data from the visible and near infrared spectra allows
calculation of the Normalized Difference Vegetation IndXxV) and analyses of
vegetation cover and healthi et al., 2014). Chapte} provides more details about
the uses of sensors for mapping and recognizing tree species.

Figure 2.4 AUAV,
equipped with hyper
spectral camera for
research in Belgium
(CARGYRAK2016)
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With recent advances in positioning and imadaahnologies, small UAVs are
being used increasingly to map tree crowns and identify tree spé&sest al.,
2015;BAENAet al.,2017) (Fig. 2.7), estimate bioma@GLHAREL al.,2013, map
canopy gap$GeTzinet al.,2014 and monitor fallen treedNouEet al.,2014)(Fig.
2.8).

Forest firesurveys

UAVs have also been used as sensor platforms to monitor foresAfiesqSIA
et al,2003; HINKLEX ZAJKOWSKP011;CRuUzet al.,2016 (Fig. 2.2), carrying either
nonthermal infrared micra&cameras, imaging in the far infrared bandl{7pum)
(CasBEER al.,2006;MERINGet al.,2012), or thermal infrared camerasombined
with IMUs and GP&ollecting navigation and positioning data. Such UAVs usually
send their data remotely, for immediate image processihgyround stations
Images argprocessed to minimize errors and to extract-fimntour information
(fire perimeter) (Fig. 2.2). Data are fed into models to detect firaszét al.,2016),
predict their spread and plan appropriate ffighting options MERINGet al., 2012).
Single omultiple 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 raé@he (CASBEER al., 2006).

Wildlife surveys

UAYV technologiesan also be used to detect wildlli@bitats 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 cosqH& WICH 2012). Moreover, aerial survelyg UAV can
be conducted more frequently, to gather data for ldegm monitoring. UAVs can
be used both for taking photographs and for detecting réajged animals. As
camera platforms, they been successfully used to count and map the distribution of
sewral large terrestrial animal®.§., KoH& WICH2012; VERMEULERt al., 2013;
BARASONeL al., 2014). VERMEULERNd his team (2013) used a fixathg drone,
equipped with GRIMU and cameras to survey elephafiisxodonta afcang in
southern Burkina Faso (Fig. 2.5). The flight was fully autonomous and, at a height of
Man YX KAIK Sy2daAK F2NJ 6KS St SLKIyda (2
In Sumatra, Indonesia, a fixed wing drone successfully detected orandraays (
spp.) and Sumatran elephants, flyingl®® m above ground¢H& WicH 2012).
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In addition to photography, UAVs can receive signals from animals that have
been tagged with a radio transmittés.g.,POSCH& SUKKARIERR009). For example, a
multi-rotor UAV, equipped with an antenna, was used to locate #tadiged Noisy
Miners Manorina melanocephalan Australia@uiFret al.,2015). The study showed
that detection by UAV can be achieved both manually atmhamously. The main
limitation of the technique was short flight time and inaccuracy, due to movements
of birds(QLIFret al., 2015). To mainstream UAV technolofpesvildliferesearch, it
is crucial to investigate the potential impacts of UAVs on target aneral(TMER
et al.,2015.

UAV APPLICATIONS FOR AFR

To use UAVs to perform particular AFR tasks-sgesgific hardware and
software will be needed. Although curtBn available technologies, including
imaging and positioning sensptsave allowed UAVs to perform rudimentary-pre
restoration site surveydocate seed trees (with partial success) and monitor some
aspects obiodiversityrecovery(large animals), a great deal of further research will
be needed as well as development of a broader range of dramented tools, if
UAVs are to play a more universal and routine ol 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 sifes, @A y 1 St € A 3 S
spraying systems for weed conti@lig. 2.6). Although research is-gwing, no
working prototypes of these technologies currently exist.

e i "' Figure 2.5 Aerial

Eae - imagefrom a fixed
wing UAV,300 m
above ground shows
a group of el@hants
(modified from
VERMEULER al.,
2013).
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Table 2.1- AFR tasks and examples of tasgecific hardware and software needs.
Italicsindicate items that will require more research and development.

Seed collecting

Robotic arms, cutting
devices and seed

storage

UAVs
AFR Specific tasks
P Hardware Software
Locating systems*| GPSIMU unit GPoftware
Imaging* Cameras, other )
Presite ging sensors
surve i i
y Site evaluationg Cameras other Databases and_ system
level of to process the images
. sensors o .
degradation and decision making
Locating seed GPS$IMU unit GPoftware
trees
. Cameras, other Databases and on
Plantrecognition .
sensors board processing
Seed
collection Systems to control the

robotic arms (cutting
mechanisms) and
detecting the number o
seeds UAVS chaandle

Seed delivery
to target
restored sites

Seed storage

Seed containers

Aerial seeding

Seed dropping device

Systems to control drep
ping patterns and to
detect empty containery

Fertilizer
and/or
herbicide
application
(maintenance)

Seedling
recognition

Cameras, other
sensors

Databases and en
board real time
processing and decisio
making

Fertilizer/herbicide

application

Containers for

fertilizergherbicides

with appropriate

application devices

Systems to make real
time onboard
decisions, to control
application patterns
and to detect empty
containers

* All AFR tasks require location and imaging systétese, 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-ichauneted
tools will drive the development of new UAV designs to carry them and power
supply technologies, not only to fly théAVs, but also to operate the attached
devices for reasonable flight timeSite surveying and monitoring may not require
large UAVs, because their main payloads will be cameras and sttrédnave
already been miniatized. However, the robot armseed hoppersand tanks of
fertilizer or herbicidesare likely to be heavy and require large drones and power
supplies well beyond the capacity of those currently in use.

Towards autonomy

Current UAV decisiemaking toolsallow UAVSs to fly autonomously only within
predefinal limited locations ATHERTON2017). 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 peumply
systems, autonomous charging aadvancedobjectavoidancesystems will be
essential to enable UAVs to perform basic AFR tasks autonomously.

On-board power source

The power supply determines the flight time, awhsequently the range, of
UAVs. Typically, the power supply and fuel of large UAVs (>1,000 kg) constitute
approximate 4865% of their weightNATIONAIRESEARCEOUNCIL2000. Smaller
UAVs are powered by batterjerost commonly rechargéle lithiumion polymer
(LiPo) batteries. Therefore, the flight time and range of UAVs deperukttery
capacity, discharge rate and average amp draw from the battery. LiPo batteries are
favoured for UAVs, because of their thin shapelagld discharge rates.

With current consumelevel battery technology, UAV flight timesinge from
few minutes to 30 minutes (for-lkg UAV). For AFR, particularly in remote large
areas, much longer flight times will beeeded, to make the use of drones
practicable. This may be achieved by improving existing lihas®ad technologies,
but more likely, it will involve development of new powapply systems. For
example, prototype hydrogen fuetlishave been used to successfully power UAVs
for several hours SVIDERLYONS 2016. Moreover, fuetell powered UAVs are
quieter than those powered by regular batteriédsey vibrate less during flight, are
easier to control and have ngéro emissionsSyIDERLYON<et al.,2013. In 2004,

The Naval Research Laboratory (NRL) of the United States of America successfully
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flew a hydrogeffuel-celtremote-piloted UAV for three hours and 19 minutes (flight
weight 1.7 kg)§rROMANet al.,2006): a record beaten recently by a team in China
who achieved a flight time of >5 hours.

Wireless charging

If LiPo batterigswith their relatively short flight timesemain the most
affordable UAV power source, then automateéiceless 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 padsave already been developed for small UAVs ,&<YSENIEC).
{1eaSyasS Lb/ Qa OKIFINBAY3 3iaesidtahdstaideds ai aida
steelplate, on which UAVs land. UAVs are retrofitted with charging devices on the
legs. These transfer alge to the batteriesas soon as the charging devices come
into contact with the steel plate. Charging proceeds automatically, regardless of
position, dimension and orientation of the dréne

Another technique, being explored, is magneesonancdUNGet al., 2012;
KESLER016; SOLACIPOWERNC, 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 robotarms to help align the UAV coils with the
LI RQa O2Afad 2KSy GKS O2Aafa Fddl OKSR G2
a magnetic field is created and tbé&V<datteryis 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 higipower lasers, to charge UAVs, is also being investigated
(POWERIGHTTECHONOLOGI#S$C, 2017). With this method, UAVs are fitted with
photovoltaic (PV) receivers. The UAVs hover over charging stations, where they are
precisely aligned automatically using lasacking systems. The charging laiser
then aimed at the PV ceiver, 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 méhod is its high cost; higbower lasers are currently very
expensive. However, as with other new technologies, costs are expected to fall, as
the technology evolves for commercial UBBWERIGHTTECHNOLOGIES, 2017).

2https://www.intelligentliving.co/hydrogerfuel-drone/
3 https://skycharge.de/chargingad-outdoor
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Another approach is to build gnod stations equipped with robotic arms,
capable of swapping batterie&n Israeli company, named Airobotics, has developed
a ground station with this batterswap approachARoBOTIGR018. The system
includes a 4%g box that can be opened at the top. The UAV and ground station are
equipped with senso@nd communicate with each other. The UAV is also equipped
with GP$ cameras, and sonar sensors for navigation and landing on the ground
station. Theground station can help guide the landing, using its sensors and a radio
signal. Upon landing, a robotic areplaces the discharged battery with a fully
charged one. Up th0 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 thesergimg stations are most likely to be run
on solar powersolar panels feeding electricity into largesite batteries Once set
up, sdar power systems require little maintenance. Therefore, they are the most
promising power source to drive autonomous AFR systems.

Powering UAVSs directly by-board solar energy has also been attempted, but
not very successfully as yet. Titan Aerospace developed a prototypgymetaed,
fixedwing UAV in 2015, design for saised, higkaltitude flight, to deliver internet
connectivity over wide areas. At 15 m in lergtld with a wingspan of 50 m, it was
anticipated that the Solara 50 would carry payloads of up tkil88ram and be
capable of continuous flights lasting upfive 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 takeff, and the vehicle crashedNATIONAL
TRANSPORTATISAFETBOARD2015). The project ws 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
AFRproject 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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Figure 2.6 Amulti-
rotor UAV, equipped
with a liquid-storage
and spraying system
(Photo by Stephen
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The first would entail developmenf &JAVs that are capable of performing
ASOSNIf RAFTFHBMENIREBRA] Bxaad WHPODSYSNI A
of carrying various interchangeable tools, attached by a universal docking system.

The docking system would have to transmit powemfthe UAV power supply to

the attached tool and enable data exchange between the UAV and the tool, so that

UAV flightO2 v (i NP f aeaidsSvya O2dA R YIFAyGlrAy adt
movements or status. A potential disadvantage of this approach rbehhbat

human operators would be needed to interchange the attachments and carry out
safetytests. Thus, complete autonomy might be sacrificed. However, the generalist
approach is likely to be cesffective, since mass production of theslzadJAVs 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,

02 LISNF2N) 2yS ALISOAFAO GlFal o0aalLISOAIlITtAA

of the tool with the flight systems and remove the possibility of doeliatem

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.
5SLISYRAY3I 2y | LINRP2SOGQa aLISOATAO ySSR

be appropriate. Ladur 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.
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Another consideration when using UAVs for AFR is controlivg swarms.
Performing AFR on areas larger than a few hectares will requosication of
multiple drones, perhaps simultaneously performing different tasks, without
AYLAY3IAY3T dzll2y Sl OK 20KSNRa | ANARLI OS:
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 €.9.,ABATT12005;BRUS® STRIMBY2016;CONDLIFR017;MEHTA2017;KUMAR
2017), particularly for military purposes, such as intelligence and surveillance
(ABATT2005;MEHTA2017) and for creating spectacular lights shows as large open
air public events. For swatdAVs, the size of each individual in the swarm is small,
and one swarm may consist of 100 of individuadspLIFF2017;MEHTA2017).

By recognizing various approaches for UAV development, it is important for
technologists and forest practitioners toosk together at the early stages of
development.

CONCLUSION

Restoration of diverse forest ecosystems is one of the most important tasks to
mitigate global climate changkn the last few decades, we have gained more know
ledge abat 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 ofthose technologies in forest restoration, gradually achieving
increased autonomy, as improved technologies become more readily available and
more costeffective (Table 2.2).

UAYV technologiesan be applied to all aspects of forest restoration, from project
planningto monitoring and assessment of project achievements, in terms of
biomassaccumulation, recovery of forest structurad biodiversityand the ultimate
goal of returning ecological functioning. The time is ripe for a-diesilinary effort
to develop and implement these technologies. The integration of engineering and
restoration ecology is thieope for our future.
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Table 2.2 Idealized auterestoration work flow and required technologies,
showing how the need for human inputs could potentially be minimized

TECH NEEDED

TASK

OUTPUT

Human intervention

Establish ground
station

Power supply, stocks
of herbicide &
fertilizer

UAVs, cameras, tree-
identification
software

Survey nearby target
forest remnant

Set restoration goals
—locate seed
sources

UAVs, cameras,

Survey restoration

Restoration plan —

restoration planning site seed requirements
software calculated
UAVs, seed collection Seed collection Seeds
devices & controlling
software
Human intervention Process seeds & Seed bombs

prepare them for
delivery

UAVs with seed-
dropping devices

Aerial seeding

Restoration site
seeded with trees

UAVs + spraying
devices for herbicide
and liquid fertilizer

Maintenance

I AN I IS N IN ]

Tree seedlings
protected from
weeds and supplied
with nutrients

UAVs + cameras, tree
identification
software — thermal
cameras for animals

Monitoring
vegetation and
animals

REPEAT

b

Data: tree survival,
growth & biomass;
recovery of forest
structure & faunal
recolonization

v

Move ground station
to new restoration site

Restoration
objectives achieved
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Figure 2.7 Raw UAVborne-compactcamera image showing two tree crowns
(birch and poplar species) ith different spectral signatures
(modified from Lisein et al., 2015)

Pixel intensity value

Figure 2.8 Views of the same point from different angles for detecting fallen trees
(arrows). Nadir looking image detects three fallen trees hiddendignding trees (boxes)
(reprinted from Inoue et al., 2014)

(a) Forward-looking

(b) Nadir-looking (c) Backward-looking

45



RemoteSensing for Forest Restoration

Figure 3.1. Tree crown map produced manually from a higBolution aerial image of
Barro Colorado Island (Panama). Mapped specilzcaranda copaidA), Attalea
butyraceae(B), Tabebuia guayacarr Handroanthus guayacai(C) andAstrocaryum
standleyanum(D). Photo by Marcos Guerra
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Figure 3.2. Criteria used for manual identification of tree crowns of different species
from high-resolution aerial image®f Barro Colorado Island (Panama).
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APPLICATIONS BEMOTESENSING FORROPICAEORESRESTORATION
(HALLENGES ANDPPORTUNITIES

Dawn Framéand Carol X. Garzehope?

ABSTRACT

The tremendous physical and material efforts required to accurately
assess forest degradati@md to plan and monitor vegetation recovery using
conventional ground surveys, often limit the success of tropical forest
restoration projects. Remote sensim@s become an important tool for
biodiversitymonitoring ecological studies and climate chaagsessments. It
has enormous potential to automate assessments of forest degradatio
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 complexy from two-dimensional RGB images, collected from
analogue or digital cameras, to three dimensional hyperspectraés,
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 restoratio.

Key wordsremote sensing, GIS, aerial imagbgperspectraldata, lidar,
multispectraldata, satellite data, tropical tree species identification.

INTRODUCTION

Structurally complex and carbaich, tropical moist and wet forests (hereatfter,
Humid Tropical Forests, HTF) are some of the most biologically diverse ecosystems
on Earth.They exhibit high species richndsg, at least in the Neotropics, most
species are quite rareERSTEEGEL al. (2013) estimate that 1.4 % of species account
for about half of all individuals. As plants are primary producersdandnate
landscapes, their roles are always key to habitbeiswever, tropical forest
destruction is orgoing. Based on Landsat data, current rates of tropical

1law lalt b.20FyAljdzS S . A2AYyT2NWIL/ESR|BdafevaRiQ! NOKA G S
de la Lironde, 34398 Montpellier cedex 5, FRANCE. Email : fraghgaail.com

2 Ecologie et Dynamiques des Systémes 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 y&amARDet al.
2014). Suchstimates vary for several reasons, the most important of which are the
definition of deforestationd.g.,degree, change or identity of tree canopy cover)
and the counting methode(g.,satellite data, fielebased extrapolations etc.).

Identifying and locating specific trees, or group of trees, is fundamental to i)
assessments of forest biodiversity increasing our understanding of ecosystem
functioning and iiijeforestation methods that prescribe the use of multiple native
speciego re-establish forest structurge.g.,the framework species meth@&.LIOTT
et al., 2013). Traditionally, identification and mapping of HTF species has been done
using labouintensive, groundased surveys or by interpreting largeale (>
1:4000) aerial photograpi&HANGet al. 2006). Both methods are costly and time
consuming. However, with the advent of small unmanned aerial vehicles (UAVS),
aerial photographyhas become both more cesffective and rapid. In addition,
researchers are now aldurning 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
(MYERSL982;CoNDrT et al, 2000;JANSERet al, 2008;MORGANet al, 2010)

Highresolution aerial photographig 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 resedisiE& KISER
2003. In the case of the hightiverse 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).

SAYNWITTGENSTENL978) 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. Lat€tEMEN® GUELLE1974)and VOOREN
OFFERMANEL985)working in Gabon and soutastern Ivory Coast, were able to
map one focal species in each ecosystvER$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 sengiproducts and platforms with

specifications. Number of signs increases with increasing costs ($) or data

/storage (*) needed.
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Trichon and colleague&gNzALEDROZC®t al., 2010TRICHON2001;TRICHON:
JULIEN 2006) developed a muiltriteria hierarchical system to describe crown
typology from aerial photographg comprised seven discrete variables: crown size,
phenology crown type, crowrshape, foliage texture and colour (Fig. 3.2). This
crown identificationkey was developed at a study site having precise ground
coordinates of previously identified (known) spedi#R¢ONOPE2t al., 2013). The
crowns, visite in the aerial imagewere 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 whre often in short supply and expensive to
employ. Consequently, automated interpretatioas been attempted (just as for
other forms of remote sensing) using modern methods of digital image analysis,
based on pixelor objctbased classifications (by a process of segmentation)
(MoRraGAnet al., 2010). In fact, the steps involved, such as associating known crowns
with location, using a combination of criteria (involvingléygixels anck.g.,image
texture and shape recoditin) 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{OOREN. OFFERMANS.985) and crown dynamiddgRwITet al., 1998);
monitoring of forest degradatioror fires PANEQUEGALVEZet al., 2014); locating
fruiting events and measuring their intensidxNSENet al., 2008 VAN ANDELet al.
2015); and the development of largeale species distributionaps, to study planat
habitat associationsSGARZON.OPEzet al., 2014), animal behaviouBROWNet al.,
2014) and animal movement patterr\(LLAURt al., 2010VANANDELet 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 cosf)ghitra
aircraft, small airplanes and helicopters. With the advent of inexpensitiesathelf
and deit-yourself UAVs, usdriendly, readily mobilized platforms are now
available, allowing exceptionally ces$fective forest mapping. Flight patterns for
UAVSs, carmpig smaliformat cameras, can be pgrogrammed tocapture aerial
photographs (images) with a high degree of overlap for later mosaicking.
Furthermore, using othe-shelf automated photogrammetric software packages,
such imagesan be used to generate digital elevation models (DEMs). Thus, the
canopy can be mapped and a digital terrain m@D&IM) produced at resolutions,
set by the user. Additionally, UAV missions may be run and operated by toagled |
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, cran identificationcan be done i) manually, ii) using a combination of
experts and trained volunteer&dNZALEDROzCt al., 2010) or iii) by automated
digital image analysis, developed and run by experts.

In conclusion, aerial imagean be used to support various forest restoration
tasks (Table 3.2), from rapid greervention site assessmenter 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 Rangingd.idar

Lidartechnology 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 lidiérmounted am
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, rdiw
and pitch). Using this approach, the instrument collects tdigeensional data in
large volumes, at high density and with unprecedented precision.

The instrument consists of a laser emitter, a global positioning system (GPS
receiver, poviding geographic location, and an inertial measurement unit (IMU),
which records AP position. Lidarstems 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 (iif) multiple returnsfull 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 turnetetine 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 metars€t al., 2003). Full waveform
systems are gaining popularity because they can capture refieaif the emitted
laser pulse in greater detail than discrete ones.

Aerial lidarsensorsdeliver a 3D point cloudf the forest that can then be
processed to i) a digital surface mo¢{@EM) that includes all the objects on the
ground €.g.,trees, buildings, etc.), ii) a digital terrain mod&TM) 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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maximumand minimum canopy height. These forest height metricheamlated

to observed above ground bioma$saGB) estimated by field measures and
allometric relationships in inventory plots. Operational costs often limit the spatial
extent of lidarderived AGB estimates, but accurate estimates are ififalrest
restoration projects are to be funded by RED®educing Emissions from
Deforestation and Forest Degradation) or other cartvading systems. In
combination with other remote sensing approaches, local AGB maps may be scaled
up to cover larger areabAURINet al., 2014).

Up-scaling an aligned lidaampling of Panama using Landsat satellite data of
topography, precipitation and vegetation covssNERet al. (2013) modelled carbon
stocksat 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
RSNAGSR 2ySas |fdiK2dAK @It ARFGAZ2Y L} 204
accuracy and kry & LJ- NASNE®tSE, 2043). Using a light airplane equipped
with a small footprint lidar, hyperspectrsg¢nsor and a digital camera for aerial
photographs LAURINet al. (2014) estimated AGB fofrest in the Gola Rainforest
National Park in Sierra Leone. These workers found that integration of the
hyperspectral datémproved the lidatbased model and cautioned that high quality
field data is essential for lidhased &B estimates, particularly if the estimates from
airborne lidar are to be used to upscale the fimeasurements.

Even though lidadata acquisition and processing can be very expensiweMEL
et al., 2011), there is an econotuftscale 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 hectarAs(Eret al., 2013). While, ground field plots are
expensve to establish and maintain, costing on the order of (~$2000 to $5000 USD
per ha) for the same countnpgNEFRet al., 2013).

Notwithstanding, on the whole, prices for aerial lidmeasurements are
decreasing as lidar sensdoecome 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 hypeestral data can be collected
simultaneously BaLDECHet al., 2015). Lidadata 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. Medidypniced systems that combine very
highrresolution photography with lidar are also available. In Camb8di&iet 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 spectroscopyspectroradiometry)

Spectroscopy is the analysis of light, emitted bygetlected from matter and its
variation in energy at different wavelengths. In refledigtt spectroscopythe
basic property of interest is spectral reflectance: the ratio of reflected energy to
incident energy, as a function of vedength. 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
curvesfor different materials, in our case vegetation, are compared. Pronounced
downward deflections of the curves indicate wavelengths that a material selectively
Foa2NbBa FyR IINB GSN¥YSR daloaz2NlJiazy ol yR
I 6 & 2 NLJG Asteyfgtha@rtd ydRitiof 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 existgegetations 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 visuapectrum (VIS), curve shape is governed by plant
pigment €.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 characterigigak within the green wavelength range.
Reflectance rises sharply to values of about 0% for most plants across the
boundary between the red and neiafrared(NIR) wavelengths (6850 nm), and
Ad 1y26y | a (KisbighBR is3ch@dtd several Tatdds such as
chlorophyll concentration, species morphology (organization and construction),
developmental stage and leaf water conte@tH(YAMA® SHAFRI2010). Otherwise,
in the NIR, most of the remaining energyransmitted and can interact with other
f26SN) £t SIF@oSad . S&é2yR mMdo >Y3I NBFESOUlyO
SEOSLIi FT2NJ (ig62 O2y&aLAOdz2zdza 6| (SBLNAVIER & 2 NLJIG
et al., 2011). Imaging spectroscopy is typicallgdist! between 400 and 2500 nm,
that is from the VIS 46000 nm, through the NIR 7@11400 nm and ShoiVave
InfraRed 1 (SWIR 1) 1401900, to the ShortWave InfraRed 2 (SWIR2) 19®500
nm.

Although terminology is imprecise, a genedistinction is made between
multispectraland hyperspectradensors 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, adjaqesttsal 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 bandwidthsl@ nm), whereas
multispectral data sets are usually composed of about 5 to 10 bands of relatively
large bandwidths (7800 nm). Hyperspectral imagery measurements can be
represented as a data cube, with spatial information represented by-thelxne
and spctral information represented in the-dfrection (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 ores)de
they lack the fine spectral resolution provided by hyperspesdradors (ASTREESAU
& KALACSKA2008). Recall that resolution has two components, a spatial one and a
spectral one. In hyperspectral imagemflectance 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 hyperspectiatagery (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 interecbetween 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 higtevel groups. Hence, some of the conmmo
data uses are for studies of:

1. leaf chemistry, structure and functioe..,rates of photosynthesis);
2. life forms €.g.,liana or tree, se&aLACSKat al., 2007);

3. phenologyand

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 forisMoLovzet al.,
2013), and vegetation indicefAURIN et al., 2014). Currently the use of
hypespectral sensorsis 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 compactligdight sensors andpern
sourceprocessing software.
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APPLICADNS OF REMOTE SENSING TO TROPICAL FOREST RESTORATION

Remote sensingechnologies have a wide range of applications in forest
restoration, from the identification and assessment of sites to be restored,
ARSYGAFTFAOIGAZ2Y 2F (GNBS aLlSOASaz 20 GAz2y
necessary frequent monitoring of thestoration 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 temawhere 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 lidarimages, respectively (adapted from Baldeck et al., 2015).
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BaLDECHet al. (2015) recently presented an automated method to identify tree
species in HTF using combined hyperspeittraderyand lidardata. These authors
compared their results with two previous attempts made at the same study site
using satellitedbased Quickbird images and automated crown delineation methods
(Handroanthus guayacaend Jacaranda copajaand manuallylelineated crowns
of highresolution aerial imaged. copaip They found that hyperspectral + lidar
data resulted in better species detection, due to higher resolution of forest structure
(Fig. 3.3), howevetheir method is considerably costlier.
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Remote sensingethod 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, readihavailable, odine, preprocessed satellite images. However, if the
aim is to assess forest structumad locate and identify seddees, then the best
option might be aerial image@pprox. $0.2 USD per hectare), or if it is to
characterize (and monitor changes in) forest structerg.(canopy height, AGB,
functional diversity) or develop a highsolution DEM the best results will be
obtained using hyperspectral- lidar sensorgapprox. $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, Thailafebw to apply the imaging technologies
described above talevelop robust, costffective 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 ma&kthe tasks of forest restoration easier. Restoration sites should
be selected on the basis of sound social and ecological criteria, through consultation
with all stakeholdersa process for which there is no technological substifutest
of indigenous forest tree species known to be most suited to the conditions at the
restoration site is also an essential minimum@guisite.

The next step is to map the selected restoration site, locate the nearest surviving
remnant of the refeence (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, freebvailable satellite images can be used. At local
scales, numerous points can be verified by using-hattl GP®eceivers, or UAV
mounted GPS receivers and cameras (as described above). The latter method could
also genesite DEMs and CHMs.
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Table 3.2. Applications of remote sensing to various stages
of tropical forest restoration.

Stage of the restoration process
Technology Assessment of Identification of Planning Monitoring
landscape character seed sources Restoration Biomass
Satellite
based-sensors
Pros:

- Large spatial extents
- Often freely available
Cons:
- Large processing power
- Requires expertise
- Limited by data available
Hyperspectral
and LiDAR
Pros:
- More data per pixel
- Mostly automated
- High or very high
resolution
Cons:
- Large processing
power
- Requires expertise
- Expensive
Aerial images
Pros:
- Moderate to high-
resolution
- Easy to setup
- Inexpensive.
Cons:
-Mostly manual

Another early important step can be to develop databafes combine
information gleaned from previous experience and to fill knowledge gaps. The
databases should cover species location, phenof{figwering, fruiting, leafing
months), reproductive biology, seed dispersalkethod, seed germination
requirements and seedling biology. The database should be linked to an image
library. This library should contain different views of treeg.(crowns, trunk) and
various organs, as Weas of seedlings and treelets; priority should be given to
framework species. UAYiounted cameras may be used to obtain some of these
images. The image library would form the basis for a spegesfication tool,
similar in concept to PI@ntNébLyet al., 2014) (see Chapter 11).
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After these steps, if higher resolution is required then hyperspeatrdllidar
sensorgnay be employed. As these sensors are becoming smaller, lighter and less
expensive, by the time the databasesd image librariesnear completion,
complementary new technologies (such as the promising hyperspeeinmzera
based on CMOS technology) and tfsendly methods are likely to have become
widely available.

Currently, challenges to acquiring aerial imafreen UAVs, and/or to data
acquisition from UAVSs, airplanes and satellites include:

1. Most hyperspectrabnd lidarsensorsare expensive and heavy (> 4 kg).
Although changing, this remains an important limitation. Moderately priced
UAVs have a maximum payload capacity of €ak@8 and limited flight
durations (3660 mins), depending on weight.

2. High dimensionality of the datemakes both lidarand spectroscopic

(especially hyperspectjalimagery hard to transfer and store. High

performance computers, having large storage capacities, are necessary.

Moreover, modelling algorithms are complexdaequire long computa

tional times;

Most HTF tree species are very rare, even over large spatial scales.

4. Airborne and satellite spectroscopic sensdetect overstorey trees.
Understory trees cannot be detected by these means.

5. When usindidar, dense canopy cover limits the number of discrete pulse
returns from the ground, making it difficult to produce weblolved DTMs.

6. Weather conditions affect remote sensor outputs. Clouds can block satellite
images. Flights must be carded on clear days or below clouds and in little
to no wind. High humidity can also affect results.

w

Although numerous challenges remain to be surmounted before many recently
described methods of remote sensing can be practically applied tutbenating
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 dait-yourself UAVs (such as the Flone described in Chapte@ai) is
excellent starting point for providing basic information, for planning and
implementing successful restoration projects, as well as providing a means of
monitoring onRgoing 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 Elevatidodel

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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Reflectance

Spectral wavelength

Spatial (x)

Figure 3.4. a. The Hyperspectral image cube is built as the sensor passes over the
ground. b. The hyperspectraurves 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
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AUTOMATINGSTEASSESSMENUSINGDATARROMUAVS

Alejandro Mirandd2, German Catalah
Adison Altamirand and Manuel Cavierés

ABSTRACT

Much progress has been made in remotely detecting forest loss,
particularly by using satellite imagery. However, quantification of different
stages of forest degradatiocontinues to be challenging. Compared with
satellites, UAVs (ordrones) 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 thaeréefore.

In this paper, we discuss the potential of data from UAVSs to i) assess forest
degradationat the site level, ii) determine the conditions of reference (or
target) forest ecosystems and iii) detect the extent of foregeneration
Additionally, we quantify and compare several forest stamdl variables,
measured in the field (observed) and from UAVs (detected) in a Chilean
temperate forest.

Detected values from UAV data were0% of he observed values for
species richnes2561% for counts of trees and ®1% for basal areas.
Observed vs detected basal areseasurements were highly correlated
(R=0.9). Results, using a canopy structure imeto predict tree species
richness (R=0.42) and number of trees?#®.45), were promising.

We conclude that data from UAVs may be useful to detect gradients in
vegetation structureto determine degradation stagesrebtoration sites and
consequently, to establish restoration goals and thus derive the most-appro
priate methods to achieve them.

Key words forest degradationremote sensing, canopy structure.

1 Laboratorio de Ecologia del Paisaje y Conservacion, Departamento de Ciencias Forestales,
Universidad de La FronterBemuco, Chile.
2 Center for Climate and Resilience Research (CR2), Universidad de Chile, Santiago, Chile
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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 achievethiam.

& ADE(2011)wrote that restoration strategies must be decided on a-lsytsite
basis.They should consider ecosystem resilience (or the intrinsic recovery rate),
degradation levels (or langse history) and landscam®ntext (or surrounding
matrix), as determined by a prestoration site assessmen€onducting these
analyses prior to selecting restoration approaches should result in efficient use of
restoration resources and should maximize the chances of suc¢é®ss(ADE
2011)

A prerestoration site assessmeserves several purposes. It quantifies the
current degradation stage of the ecosystem and provides a baseline, against which
changes due teestoration can be evaluated. It also definesaktent and existing
potential of natural forest regeneratioand identifiesbarriers to its progression
(B_.LioTTet al., 2013. Thus, site assessmengsiide restoration, by helping to
determinethe 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 attribeteg, biomass structure,
biodiversityetc.) 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 anthropgenic influencesThe 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 inr@seoration site
assessment@ig. 4.1). For examplgLioTet al.(2013)defined five levels of tropical
forest degradationdistinguishing each by critical thresholds that, once crossed,
require major shifts in restoration approach.

The collection of such biophysical information during -prstoration site
assessmentallows the identification of methods to-meitiate or accelerate those
ecological processes that have been arrested or retaisatough assessmtsnof
both the degraded and reference ecosystems are therefore essential for planning
effective restoration strategies.
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All the ecological indicators, suggested ByloTTet al. (2013) to define
degradation stages, can be quantified in the field witlprarestoration site
assessmentHowever, this requires a large field effort. Instead, we can measure
these (or other) attributes using UAVSs, to differentiate degradation stages, and to
define the reference ecosystem for atdibe assessment in large and remote areas
for the whole site.

The approaches diLIOT®t al.(2013)and HoLL& AIDE(2011)emphasize the
important role of prerestoration site assessmentBhree levels of information are
needed: i) landscaper land cover, including lasdape structure and composition
of the site and surrounding matrix and spatial relationships among landscape
elements; iiyegetation structurgincluding species compaosition, diversity, density,
size and spatialistributionof adult trees and iii) forest regeneratidancluding the
size and spatial distributiaf natural regenerants.

At the landscapéevel, quantifying forest loss has progressed greatly, since the
development of remote sensing by satellites. Distinguishing between native forest
and other forms of land covee.@.,pasture, exotic forest plantationsrops etc.) is
relatively easy. However, quantifying differelggradation stages, within native
forest is more difficult, since logging, fires and cattle browsing cause different
gualitative changes in forest structusend composition, which are difficult to
distinguish.

Quantifying structual 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, GARZON.OPEzet al. (2013) achieved high accuracy of species
identification, using aerial photographgith 8.5 cm spatial resolution, clearly
demonstrating the usefulness of vdrighresolutionimages 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 regeneratiquresents a mayr challenge, due to: (i) the small
size of regenerantg(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 sseallllings, is difficult let alone
identifying them. These tasks become even more challenging when regenerants are
hidden beneath a canopy of trees (such as in stagegradation) or where the
cover of herbaceous weeds is dense. W#dinted lidartechnology opens up the
possibility of obtaining beloeanopy measurements from flying above the canopy
or between the trees inside the fore€HiIsSHOLMet al. (2013)(see Chapter 12).
Another promising technology, which could be used to assess forest regeneration,
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Ad  aa i NYzO G dNI) {argdaEhivs thaRciieate 3D surface models, using
RGB images, taken with UAMunted digital camerasZzfHAwIet al.2015) Such
technology is used to construct point clouds of forest structimalar to those that
are created by lidar, including canopy height models and roughness ni4Nc®(s

& B LIK013).

lhz /1 bC®ha! ! 1+ 19[t 2LCIK{LE¢O9 ! {{9{

Various UAV platforms can be used for-fastoration site assessments
Principle differentiating characteristics include aerodynamic profile, endurance,
maximumrange, flying time and altitudé&x{LAMIet al.,2014). The remote sensors
that can be mounted on UAVs also vary. Some record images passiughlgular
digital cameras) or actively by emitting their own eneegy. {idar). Regular visible
multispectralcameragincluding the infrared band) are the most common sensors
currently used with UAVs, but promising trials have been conducted with
hyperspectralsensors, lidar and thermal cameréRCOTEJADAet al., 2012;
CHIsHOLNet al.,2013;GARZON.OPEEL al.,2013,SALAMIet 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, buhe that is also labouand costeffective. Selection of
appropriate technologies depends on the size of the restoration area, budget
limitations, the detail and accuracy needed for the proggad the costs of geo
referencing, orthorectification and imagerocessing With larger sites, UAVs
become less cogffective platforms for sensocempared with aircraft or satellites,
although UAVs are nearly always more flexible in their use and can achieve high
spatial reslution and precision, by flying closer to the vegetatidaiEset al.,

2015).

According toE_LIOT®t al.(2013),pre-restoration site assessmentsquire the
measurement of different landscapdiversity 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 yahigtr
resolutionand geereferenced RGB mosaic images; b) wgirresolutionsurface
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 clouddata (c) (Fig. 4.5) we can estimate an important number of surface
properties, similar to those estimated by lidauch as canopy structure and
roughness4aHAwIet al.,2015).All this data can be combined to generate useful

cy
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inputs for sie 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.

{LbD woD;[!w /!laogw!{ Chw {L¢9 ! {{
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To test some of the technologies described above, we evaluated the capability
of RGB images from UAVSs, to quantify different stewel variables in olgrowth
and secondary forests Araucania 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 systedefined in the field, and recognized in a vhigh-spatiat
resolution RGB image. The image was captured using a Bormatec Mayairitxed
airframe, equipped with an APM 2 and Canon S100, flying 100 m above the forest.
We compared field data with thos#erived from UAV imagery: tree species
richness number of trees and basal arééle also related @eanopy structure metric
(standard deviation of tree heightcalculated from a vettyighrresdution surface
elevation model for each plot, with tree species richness and number of trees.
Detected values from the UAV imagery werel Q@% of the observed values for
species richnes2561% for counts of trees ar-81% for basal areas (Fig. 4.2).
Observed vs detected basal areaasurements were highly correlated<®9). Use
of the canopy structure metric to predict tree species richnes©(&2) and number
of trees (R=0.45), was promisingut less conclusive.
These preliminary results allow us to infer that data from RBG cammerasted
on UAVs, may be useful for detecting gradients in vegetation struébungre and
postrestoration surveys and monitoring and to establish restoration targets from
reference ecosystems.

c o
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Table 4.1¢ The pros and cons of using UAVs to measure variables used for pre

restoration site surveygE.LIOT®t al, 2013)

LANDSCAPE

Intact forest

Easy to detect different land cover types (Fig. 1), but more difficu
determine degradation levels of different forest landscpatehes. Distancg
from remnant forest (seed sources) to restoration sites easily determin

Herb cover

Can be distinguished, by combining spectral data from herb canopy
digital surface model®(g.,ZAHAWELt al.,2015)

VEGETATIOSITRUCTURE

Big Trees

Delineation of individual tree crowns can be done using segment
imaging techniques: combining spectral information and digital su
models. Crown projected areas and volumes can be calcujasgecially
for dominant andemergent trees.

Dominant
species

Using images with-Zm spatial resolution, 1 fmbjects can be detected i
forest CGeTzINet al.,2014).Pixelbased species classification is more diffig
because of wide spectral variability in very higgolution inages. Following
segmentation, crown texture of individual trees can be quantified. Varia
in lighting €.g.time of day, cloud cover etc.) can change spectral informg
of the same species across large mosaics.

Richness

For determiningcanopy species richnesthe same approach as used 1
dominant species can be applied. For the uraterey, it is possible to us
different canopy metrics to estimate florist diversity, combining the var
data obtainedwith UAV (venrhighresolution images, surface model a
point clouds ZaHAwEt al.,2015. For exampleGzeTZINet al.(2012)found that
plant diversity was correlated with gahape metrics.

REGENERATION

Regenerants,
seedlings,
saplings & live
tree stumps

Using UAV imagery and senstysdetermine regeneration is challengin
Only lidarcan be used to directly measure undgorey properties. In close
forest, an approach similar to that@Tzinet al.(2012)can be used. Anothe
option is to carry out direct UAV measurements by flying below the f
canopy (HisHoLMet al.,2013)(Chapter12).In open space$/EPAKOMMét
al.(2015)countedindividual regenerants fairly accurately using an algori
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 giney portion of
each bar ighe value detected by the UA¥hounted sensor in six different plots.

Richness (n)

N° trees

Basal area per site (m2)

14

12

(=]

a

FS

[N]

250

200

150

10

o

w
o

20
18
16
14

o N & O ®

PC2 VR2 PC1 VR3 VR4 RM1

PC1 pPC2 VR4 VR2 VR3 RM1
RM1 VR2 PC2 VR3 VR4 PC1



Automating Site Assessments

REFERENCES

CHISHOLMR.A.,J.QUl, S.LUM & B. CHEN 2013. UAWL.idarfor belowcanopy forest
surveys. J. Unmanned Vehicle Syst. -B6&61

DaNDOIS].P& E.CE.LIS2013. High spatial resolution threimensional mapping of
vegetation spectral dynamiosing computer vision. Remote Sens. Environ.,
136:259276

BE_LIOTTS.,D. BLAKESLEY K. HARDWICK2013. Restoring tropical forest: A practical
guide Royal Botanical Garden, Kew. 344 pp

GARZOR PPEZC. X.S.ABOHLMANH.OLFR& P.AJANSEN2013. Mapping tropical forest
GNBS& dzaAy3d KAIKmNS & 2 fRiatropiday5(3): H8IA + £ RA
316

GETZINS. K.WIEGANR: |. SCHONINE®012.Assessing biodiversity forests using very
highresolution images and unmarhaerial vehicles. Methods Ecol. & Evol.,
3: 397404

GETZINS.,R.SNUSKE: K.WIEGAND2014 Using unmanned aerial vehicles (UAVS) to
guantify spatial gap patterns in forests. Remote Sens., 6:5388.

HoL, K.D.& AIDE 2011 When and where to actilyerestore ecosystems? For. Ecol.
Manag., 261: 1558563

MATESEA., P.TOSCANCS.FDi GENNARQL. GENESIOF.P VACCARU. PRIMICERICEL al,
2015. Intercomparison of UAV, aircraft and satellite remote sensing
platforms for precisioniticulture. Remote Sens., 7:292290

SALAMIE.,C.BARRAD@ E.PASTORILIS2014.UAV flight experiments applied to the
remote sensing of vegetated areas. Remote Sens., 6: 4111 .

VEPAKOMMAU.,D.CoRMIER N. THIFFAULR015.Potential of UAWased convergent
photogrammetry in monitoring regeneration standardater. Archives
Photogram., Remote Sens. & Spatial Info. Sci., Voluh&\XL

ZAHAW) R., J.P.DaNDOISK. HoLL D. NADWODNYJ.L.REID & E. B LIS 2015. Using
lightweight unmanned aerialehicles to monitor tropical forest canopy
recoveryBiol. Conserv., 186:2&05

ZARCGOTEJADAP.,V.GONZALEDUGO& J.BERNI2012. Fluorescencgemperature and
narrowband indices acquired from a UAV platform for water stress
detection using a micrhyperspectralimager and a thermal camera
Remote Sens. Envir., 117: 83237.



Chapter 4

Figure 4.3 Very high spatial resolution irmage of a forest stand
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Figure 51 - Direct seeding in an abandoned site in
Nakhon Si Thammarat, southern Thailand.

Figure 52 - A young seedling, two Figure 5.3 Saplings, 18 months
months after direct seeding. after direct seeding.
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DEVELOPINAERIAISEEDINBY UAVS
LESSONBROMDIRECTSEEDING

Dia Panitnard Shannorand Stephen Elliott
ABSTRACT

Direct seeding means sowing the seeds of forest tree species directly into
the substrate of restoration sites. Itiseaper than conventional tree planting,
but seed predatioris high and germinatiorates low, although various seed
treatmentsand site management can reduce these limitations. Many of the
species choices and seed treatments, developed for direct seedinlgl be
applied to aerial seedingy dronesSuccessful direct seedling depeiws i)
site and species selectioi) seed supplgnd quality, iii) site preparatiotiv)
sowing method and v) posbwing management. Species/site matching
systems are oftenontradictory or unreliable, so experimentation with species
and subsequent monitoring are recommended. Seed swpiflyimit drone-
seedingunless effective seed storage systems can be devised. Seed collection
shauld aim to encompass as much genetic diveestypossible. Recalcitrant
seedsmust be sown at time of collectipbut orthodox seedsan be sown at
any time of yealfif stored under appropriate conditiond)Veeding is often
but not alwaysessential to the success of direct seeding. When extending
direct seeding talrone-seeding additional factors to considénclude seed
projectiledesign, achieving seed buriagptimum spacing between seeds and
perhaps the greatest challenge; automating weed control

INTRODUCTION

As a tool for forest restoration, direct seedmgans 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 5.1to 5.4) It is alsocheaper thanconventional tree planting, since no tree
nursery is needed to produce the planting stoGlNgAR B LIOTT2012), but it also
has several disadvantages, particularly in the tropics.

1 Forest RestoratiorResearch Unit (FORRU), Biology Department, Faculty of Science, Chiang Mai
University, THAILAND 502Q0dja.shannon@gmail.com
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Aerial Seeding

Firstly, seed predatiom open deforested sitecan be very highHu, 1997)
Secondly, germinatiarates can be very low, due to desiccaiioexposed sites and
the mortality ratesof 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 insedhan nurseryaised tree saplings aréUNJAI2011). 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. Theoz€, direct seedingsually also involves treating
seeds or protecting them and the resultant seedlings from competibion
desiccation, by applying hydrogetsd/or chemicalse(.g.,germination enhancers or
predator repellents), to increase establishment rates above those that can be
expected of naturalbgispersed seeds (see Chapter 8).

The cost savings of replacing conventional tree planting duidtt seeding
range from 30% to 90%NGEL& PARROTTL001;TUNJAI201]), although in a survey
of 120 papers on the subje®ALMA& LAURANCE2015 reported that the average
percentage survival of direseeded seedlings was only 18%: three times lower than
that of nurserygrown planting stock (62%), but considerably higher than that of
naturally dispersed seeds.

Aerial seedings a logical extension of direct seedifigcan 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 choiceEednd
treatments developed for direct seedingan be applied to aerial seediagually
well. China leads the way with this technology; having carried out dozens of research
programs on aerial seediigh y OS G KS wmopynQa FyR | LILX ASR
hectares, to establish plantation$ mostly conifers and to reverse desertification.
Whilst aerial seeding can seed vast areas rapidly, it is also expensive. Aircraft are
expensiveo buy or maintain. They require the use of airports and trained pilots and
have a large carbon footprigtnot ideal when try to promote forest restoration for
carbon sequestratio(E_.LIOTEt al., 2013).

Therefore, replacingonventional aircraft with drones for aerial seedsigow
being seriously investigated. With the rapid development of drone technotbgies
the past few years and improvements in direct seeténfniques, the time is right
to explore the feasibility of aerial seeding by drone, to automate forest restoration.
This paper, therefore, discusses to what extent lessma®it 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 SBOEBDIRECT SEEEDING

Direct seeding has been used in various typesmgervation work, for example:
i) to stabilize the vegetation and soil affiees Cobsoret al, 2009); i) to rehabilitate
mines; iii) to establish native plants on pastoral land or slash and burn agricultural
land BONILLAVIOHENO& HoLL 2009 and iv) to enhance species richnessa late
successional target ecosyste@(Eet al, 2011). Successful seedling establishment
and the speed and trajectory of subsequent succession depends on: i) site and
species alection ii) seed supplgnd quality, iii) site preparatigiv) sowing method
and v) possowing managemenbDpus®t al, 2006).

Site and species selection

Selection of species for direct seedaftgn depends on matching species with
the successional status of the site, but many studies are contradictory.

The species group most commonly selected for direct seedingen degraded
sites are the smatleeded, light demandi pioneer speciebecause they are fast
growing and produce visible results rapi@yGEI& PARROTTAR001).Such species
require full sunlight to trigger germinati@md for early seedling growth. However,
sdection of pioneer species for open areas does not always guaranteess
(ENGEI& PARROTT,2001).

Where succession has already resulted in some shadesuetessional tree
species with large seeds and shade tolerant seedlings usually perform(Baker
2005. In Costa Rica, direct seediofylatesuccessional tree species svenore
successful under tree plantatiotigan in pastures and secondary forg§isLeet al.,
2011). In Hawaiian dry forest, seedlings of six tree species, established by direct
seeding, survived better aradtained higher biomasa beneathcanopy plots, than
in more exposed plot&ABINet al, 2002). Therefore, some lateuccessional species
do well in more benign environments, although many do not express substantial
differences, wherevdahey were sownENGEL& PARROTT,Z001;Dous®t al, 2008.

Dous®t al.(2008) based species selectimmthe species composition of natural
forest types near the restoration site€¥he recommended mixirgpth fastgrowing
species (to capture the site and shade out the weeds) with sigregring ones (to
provide structural complexity) and monitoring intetians among the species to
determine both the speed and trajectory of succession. In southern Thailand,
germinationand seedling establishment of both pioneer and late successional tree
species (25 species tested) did not differ sicgniftly in exposed deforested sites
(TuNJAI201]). The poor establishment of either pioneer or climax speaadikely
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caused by the weedy environment and/or the level of seed predatittrough both
of these factors can be minimized by site management. Successful species for direct
seedingrom around the tropics were reviewedHbnLIOT®t al. (2013).

Since tropical forests comprise so many tree species and many studies have
failed to verify that speciesite matching reliably predicts direct seedsugcess,
experimentation with different species and subsequent monitoring are
recommended foall direct seeding projects. With so many tree species to 00
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 roundin shape and iii) withlow to medium moisture contentend to
perform better in direct seeding experiments than most oth@s\NJAK B.LIOTT
2012); these variables explained ab@@%of the variability irthe early success of
direct seedingdsee Chapter 6 for more on seed functional tjaifsmore detailed
experimental data are available, then also look for: i) rapid and consistent
germination(DousTet al, 2008, ii) high rate of seedling ed&tlishment, iii) low
sensitivity to competition(DousTet al, 2008 and iv) adaptation to open
environments with low/moderatéertility soils.

Seed supplyand quality

Drones have the potential to rapidiieliver very large numbers of seeds into
deforested sites. Therefore, securing a large enough supply of seeds will be
essential, if aerial seedibg drones is to become common practithis will require
detailed knowledge of thedivering and fruiting phenologyf potential seed trees,
to plan optimal seed collectioschedules. The crown densityethod (KOELMEYER
1959 is recommended for recording tree phenology because it is rapid and allows
guantitative analysis of the daf&_LIOT®t 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, wiés®nal seeds
couldbe obtained from othesources€.g.,community networks, seed banks etc.).
Alternatively, seeds could be stored from collection time until optimal seeding time
(usually the start of the rainy seasobnfortunately, the seeds of many tropical
forest tree species are recalcitrante., sensitive todrying and chilling during
storage. 8ch species mushereforebe sown soon after seed collectjsagardless
of the prevailing climatic conditions at that time. On the other hand, seéds
orthodox species can be dried and chilledthey can be accumulated over long
periods in storage and sowrin mixturesat the optimal time.Consequently,
knowledge ofeed storagbehaviourscritical, whenplanning seed suppfgr large

Ty
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scale direct seedingr aerialseeding projects. Seed quality is also critical. Seeds of
desired species should be tested for viability and germingtamsure appropriate
seedling density when sown. After sowing, seeds with short dormancy tend to be
less susceptible to desiccatiand seed predatioin deforested sites than those
with longer dormancy HAu, 1997; TUNJAI 2005; WooDs& H LIOT,r2004). Useful
information on breaking seed dormarmiytropical tree species can be found in the
Tropical Native Species Reforestation Information Clearinghouse (TRIC)
(http://reforestation.elti.org/).

Sustaining genetic diversityalso a critical consideration where restoration aims
to conserve biodiversityseeds should be collected from as many different trees as
is practical. Mixing seeds collected locally with thosegeographically equivalent
sources further afield is likely to capture more genetic diversity and give rise to new
gene combinations, caple of adapting restored forests to environmental changes.

Site preparation

Weeding (mechanical or chemical) is essential prior to direct seeding
Glyphosate is the herbicidmost commonly used for this purposeoysTet 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 sustigity of native tree seedlings to glyphosdias not

been assessed and genetic strains that are naturally resistant to herbicide may exist
(see Chapters 9 & 10)oi8 in abandoned agricultural sites are often compacted,
which can costrain 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 seedingf a wider range of less tolerant speciktre research is
needed to discover the functional traisf both seeds and seedlings) that indicate
tree species performance in the dry, hot, exposed condibbdgforested 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 excdlisioaller
organisms is not practical when implementing direct seedimgarge scales.
Therefore, chemical repellents should be considered. Furthermore, fire breaks
should be cut, particularly in seasonal dry tropical regions.

T
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Sowing methods

The number of seeds per unit are@dding rat§, seed spreadingnethod,
timing andthe density of existing vegetation must all be taken into account, when
planning direct or aerial seedin@ptimal sowing density depends on both the site
conditions and the species selected. The aim should be to space temgbugh
to close canopy in-2 years whilst minimizing competitioho compensate for the
low establishment rate of direct seedifigompared with tree planting), several
seeds may be sown in each spot or seeding spots placed much closer together than
would be done for tree plantin@yNJAI2011).

Hydroseedingnvolvesa SSRa 6 SAy 3 4§ edddindgiRcessedy |
woodchipfibres,fertiliser and a tackifying age(@ODSOMNT 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 adaptattdoe-seeding
Mechanical seedinig commonplace in agriculture, spacing the seeds precisely to
minimize competition However, with forest trees, manual seeding produces the
best resultsFor exampleDoust et al. (2006) showed that establishment rates were
highest when seeds were manually buried, while broaektasing resulted in very
low seedling establishment. One offshoot from mechanical seeding has been the
development of seegelleting, initially to standardize seed siz® fit seeding
machinery, but now being used to also deliver pesticides, nutrients and
germinatiorigrowth enhancers to the germinating seeds (see Chapter 8). The
technique haslo been used with direct seedimg 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 seettingputhern
Thailand, direct seedingarly in the rainy season, resulted in higher germination
and higher establishment rates, compared with ‘ste/n seedsTUNJAI 2011).
However, in Australia, establishment rate of direotvn seedlings was higher when
seeds were sowtlater, due to reduced weed competitigpousTtet al, 2008). As
explained above, howevespwingtime isconstrained by both fruiting period and
seed storability. Recalcitrant seenmist be sown shortly after seed collection
whereas with storage,rthodox seed can be sowrat any time. Economics will
decide whether it is more cost effective to accumulate orthodox seeds in storage
andsow all species together, at the optimum time, or species by species, month by
month, shortly after collection, together with recalcitresgeds \WVABOONYA2017)
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Postsowing management

Weeding and fertiliser application can counteract the low gernginand
seedling establishment rates, typical of direct seedvfped control can be
especially importantiuring early establishmentvhen seedlings are tirfipousTet
al., 2008 and is usually achieved bgot herbicideapplicationor manual weeding
around seedlingsEIGEL& PARROTT,A200]). Handweeding after direct seeding is
recommended due to the difficulty of controlling herbicide spray, alth@yogi-
cation of the grasspecific herbicide, Fusilade, two months after direct seeding, has
proved effective QousTet al, 2008). However, some studies question the
effectiveness of weeding. In Thailand, weed removal had no significant effect on
germinaton (in the first year after sowing) and highly variable, spspesific
effects on seedling survivaluNJAI2005). In the dry season, weeds might actually
protect small seedlings from desiccatiaithough they are also a fire risk

Whereas fertiliser application almost always improves the survival and growth
rates of planted trees, its effects odirectseeded seedlings are variable.
Counterintuitively in southern Thailand, fesli application actually decreased
early establisiment of forest tree seedlings in the first year after direct seeding
(TUNJAI201D), whereas it had no effect in Brazil and Central Amazonia on extremely
poor soils ZANINI& GANADE2005). Different tree species requidifferent amounts
of nutrients in different habitats and the doses of fesdiliapplied in the above
experiments may have been too low to exceed loses due to leaching, denitrification
and immobilization. If fertder really does &ve 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 idifferent habitats to the treatments that can be appliediprove diect
seeding success Clearly further research is needed to determine the most
appropriate speciespecific and habitat specific treatmenfghen making the leap
from direct seeding to aerial seedibg 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 certdialye to be
LINE 0§ SOGSR 6AUKAY &a2YS 1AYR 2F LINRP2SOGAf S
should concentrate on seed bomb design (materials, shape) and the composition of
the germinationmedium contained (hydrogel¢ertilisers, pesticides, germination

enhancers etc.), particularly with regard to cushioning seeds from impact with the
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ground. The seed delivery systshpuld ensure that seeds are buried as much as
they would be, if sownybhand, since seed burial is one of the few treatments which
appears to be generally effectidaqus®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 oflelivery mechanisms, along with optimum sowing density,
substrate hardness and whether gravity or propulsion is used to deliver seeds into
the soil. Aerial seediraf large, inaccessible areas makes no sensetifeaground
human inervention is subsequently required for weed contrdéfowever,
automated weed control around the tiny seedlings that emerge from aerial seeding
is highly problematic (Chapter 9 & 10). Matching herbicigeayed 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
herbicideresistant tree species will become essential if dreeedingof large,
inaccessible areas is to become a viable proposition.
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(Photo- K. Naruangsri)

Figure 6.1 - Variation of seed sizef five tree speciesative to Northern Thailand From
left to right: Hovenia dulcisThunb.,Prunus cerasoideBuch-Ham. ex D.DonAlangium
kurzii Craib,Choerospondias axillari@Roxb.) B.L.Burtt & A.W.Hill andorsfieldia
amygdalina(Wall.) Warb.

(Photo- K. Naruangsri)
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Figure 6.2- Seeds collected from mther trees to be sown in a tree



Chapter 6

A TRAIFTBASEDAPPROACH FCEELECTINEGREESPECIES
FORAERIALSEEDING

Noelle G. Beckmdrand Pimonrat Tiansawett
ABSTRACT

We review recent ecological research on functional tithié can aid
selection of tree species for restoration by aerial seedimajor barrier in
selecting species for restoration of hyperdiverse tropical forests is a lack of
silvicultural and ecological information. Functional trgit® 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 eagymeasure functional traits may be an
effective way to scen the suitability of tree species for aerial seeding for
automated forest restoration. Aerial seediwguld be particularly useful to
restore forest in remote or isolated sites, where extirpation of vertebrate seed
disperserdimits natural seed dispersalherefore, we focus on selecting tree
species, based on fruit traits, to enhance restoration via aerial seeding.

Key words functional traits seed bombsrestoration, aerial seeding
stage of degradation, seed germination

A TRAIIBASED APPROACH FOR RESTORATION

Throughout their life cycle, plants undergo a multitudmtafractions with other
organisms, from mutualisms with seed disperseasd nutrientforaging
microorganismdo antagonistic interactions with competitors, pathogens and seed
predators(Fig. 6.4)In responséo 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, areproduction(Reicket al., 2014)Such traits
include the morphological, physiologiaad phenological trait8/oLLeet al., 2007)

1 Department of Biology & Ecology Center, Utah State University, Logan, Utah, Ed@ai:
beckm089@umn.edu

2 ForestRestoration Research Unit, Department of Biology, Faculty of Science, Chiang Mai University,
Chiang Mai, Thailand. Emagimonrat.t@cmu.ac.th
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Trait-Based Species Selection

that influence the ability of plants to acquire and conseesaurces, disperse into

new habitats, and defend themselves against herbivores and pathogens. Studies of
variation in functional traits have revealed fundamental tradgefts, WESTOB®t

al., 2002 Diaz et al., 2016)that relate to tradeoffs in growth, survival, and
reproduction(ADLEFet al., 2014)

The burgeoning body of global databaaad ecological studies on variation in
functional traitsand their relationships witlplant performance and demography
now enable the responses of unstudied plant species to be predicted in variable
environments(e.g., KATTGEet al., 2011 SALGUERGOMEZ et al., 2015) This is
important in hyperdiverse tropical forests, where it is logistigaifyractical to
conduct all the necessary ecological and silviculturaliegudeededto 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 iotthe germinationgrowth and srvival requirements of species,
may be an effective way to select plant species for restoré@sTERTAE al., 2015)
and help foresters to select appropriate tree speciesaforal seedingto restore
areas with different degradatiostages. A functional traitased approach can be
used to incorporate aerial seeding into existing forest restwrastrategies,
including both the framework species and maximum diversity met{fd®Tet
al., 2013)

IN1994/ KAl y3a al A | YABSNBEAGEQA C2MBEI wSad
began adapting the framework species mettiodestore seasonally dry, upland,
evergreen forest to degraded sites in northern Thailand. Originally conceived in
Queensland, Australi@oosemet al., 1995) the method involves selecting native
tree gecies that are characteristic of the target forest type and enhance natural
forest regenerationSeedlings, 380 cm tall, o20-30 framework tree speciemre
planted out in degraded sites and nurtured for two rainy seasons by weeding and
fertilizerapplication. FORROMU has carried out both nursery and field resetoch
determine whichspecies meet the criteria of framework tree spedmsforest
restoration. Such selection criteria include ease of propagation in the nursery, high
seedling survival and growth after transplantation into exposed deforested sites,
dense spreading crowrto shade out weedand attractiveness to seetispesing
animals(through the early provision of fleshy fruits, nectar, nesting sites etc.)
(BLAKESLEX al., 2000) The latter is particularlynportant in the tropicswhere most
tree species depend on vertebrates for seéexpersalBECKMAN Rogers2013)

Alimitation of the framework species methidthat it requires nearby remnant
forestto provide a diversity of seed sources and habitat for-sksukrsing animals
for natural regeneration. IGbally, vertebrates are declining rapidly due to hunting,
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habitat destruction, climatehange and invasive spec{PR2Det al., 2014)Larger

bodied vertebrates are more susceptible to extirpation, due to humatirtghabitat

loss thanare smalletbodied animals. Furthermoréargeseeded species rely on
these largebodied vertebrates for dispers¢@roneret al., 2007BrRoDIet al., 2012

& MARKLet al., 2012) Decline in vertebrate abundance creates another major
challenge for restoration approaches that rely on vertebrate -shguersalg a
OKIftSy3dISR 06SAy3 | RRNB&a¢ 02F aNB &G YNV RAY
involve planting saplings of all (or as many as possible) species that meet restoration
objectives(E.LIOT®t al., 2013) together with intensive site preparatioto ensure

their survival. Plantings can be done in one or ses&ges, sometimes bygmting
pioneers first, followed by lateuccessional species afterwa(Hs i0Tet al., 2013)

Where vertebrates have been extirpated, seeding by unmanned aerial vehicles
(UAVS, planes, or helicopters could be implemented. While seedling performance
in the nursey and in thdfield, are primary criteria when selecting species for both
methods, other characteristics must also be considered vehdstitutingtree
planting with aerial seedind’lant mortality, due to abiotienvironmental filters,
predation(Fig. 6.4)and diseases, is highest during the stedeedling transition.
Therefore, selection criteria for aerial seeding should include a set of seeththits
promote seed germation, desiccatiortolerance predator deterrence pathogen
resistanceand the ability to outcompete weeds.

Theoptimalstrategyfor restoringforest ecosystemslependshow degraded the
restoration site is.HLIOTTet al., (2013)provided a concise classification of
degradationstages, 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 sofocesitural regeneration,
soil conditions, nearbyatural forest remnants, animal dispersal agents and fire risk
(E.LioTTet al., 2013) Stage 1 is the least degradealith trees dominant over
herbaceous weedsand soilsmostly fertile. ProtectingStagel-degradation sites
from cattle, fire and other disturbanseés usually sufficiento facilitate natural
regenerationA mix of trees and weeds, raraylargeseeddispersinganimas, and
medium to high fire risk characteri&age2 degradation In Stage3, weeds are
dominant, fire risk is highand small seedispersing animals remain present. In
Stage4 & 5, seeddispersing animals have mostly been extirpated, forest remnants
are too distant or too sparse to serve as seed sowardssoils are at higher risk of
erosion. Addtionally, poor soil conditionsn Stageb can limit the growth of
herbaceous weedand establishment dfees.
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SPECIES SELECTION FOR AERIAL SEEDING, BASED ON FUNCTIONAL TRAITS

In selecting species for aerial seedprgctitioners should consider which values
of seeds traitere most suitable for each degradation stage. In Table 1, we highlight

seed traitsto consider when selecting native spedesaeral seeding to restore

sites at various degradation stages, including seedrsize6.1), seed defense, seed

germinationand desiccatiomolerance.

Table 1. Recommendations for Aeri@keding. Degradation stages described

in Elliott et al. (2013) and summarized in the text

Degradation . .
g Vegetation Traits
Stage
Aerial seedingot necessary, unlegsrest
Stage 1 Trees dominate | remnants are too far to provide seed
sources orertebrates locally extirpated
Mixed trees and
Stage 2 herbaceous Large seeds preferable
Seeds with high investment in seed defer
weeds
Mixture of large andmall seeded species
Herbaceous : :
Stage 3 . Desiccation tolerance
weeds dominate ) —
Rapid germination
i . . .
Herbaceous gh proportlon of species with small seg
Stage 4 . Desiccation tolerance
weeds dominate : —
Rapid germination
Aerial seedingot recommended without
No tree cover . . . . .
Stage 5 intensive site preparatioe.g.,provision of
and fewweeds . o
shade soil/substrate amelioration
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Desiccation tolerance of seeds in storage

The ability to store seedfiould be considered when selecting species for aerial
seeding Storing seeds after seed collect{fig. 6.2)s necessary when (1) seeds are
collected when immediate aerial seedings not suitable, (2) seedsnust be
transported to areas where seeds are unavailable ande@)ssare notavailable
every year (FORESTRESTORATIONRRESEARCHUNIT, 2005) Desiccation tolerance
determines whether seeds can be stored dry. Speciesecaatbgorizd into three
groups according to their degree of desiccatimherance. Orthodox seeds tolerate
dry conditions without physiological damage. Intermediate seeds tolerate being
dried to approximately eight percent of initial moisture, but cannot withstand low
storagetemperatures. Recalcitrant seedi®e sensitive to desiccation and therefore
cannot be stored dry. About £315% of tropical tree species have recalcitrant seeds,
depending on habitat and locati¢fiweDDLEt 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 &,aplay
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 traitge correlated with desiccatidolerance during seedaitage.
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 sizeovering structures (endocarpnd testa),
dormancy, and speci@successionatatus(seeTWEDDLEL al., 2003 PRITCHARBt
al., 2004 Dawset al., 2005LaNet al., 2014) Desiccation tolerance decreaseish
seed size as larger seeds (>3000 mg) lose viability quickly after being dried
compared with smaller see@RITCHAR®t al., 2004Dawset al., 2005Dawset al.,

2006) However, within desiccation tolerant and desiccatiarsg®e species, seed

sizevaries across five orders of magnit&@iTCHARBL al., 2004) Therefore, seed

size alone is not a useful indicator of likely desiccatiorratobe. The second

correlative trait isinvestment in seed covering structures. Desiccation tolerance
increases with thickness of covering structufsa(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 desiccatigbawset al., 2006LANet al., 2014)LowSCR indicates

I GKAY &aSSR O2@SNAy3 aiGNUz2OGdZNBE Ay NBE I GA
seed covering structures are therefdess likely to survive drying.

Seed dormancylso appears to be linked with desiccatimterance. Non
dormant seeds are those able to germinate when seeds are placed under suitable
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conditions (BaskINet al., 2004) whereas dormant seeds are those that do not
germinate, even when conditions appear suitablegermination Seed dormancy

may be caused by physical, physiological, morphological or morphophysiological
factors(Baskinet al., 2004) Desiccatiorsensitive seeds (recalcitrant) can be found
more frequently among nedormant than dormant species. However, not all
dormant seeds are orthodox becauselifferent types of seed dormancly is likely

that species with wateimpermeable seed or fruit coats (physical dormancy) have
orthodox seedsHowever, exceptions exist for species with other dormancy types
(TweDDLEt al., 2003)

The successional status of species is another factor that relates to desiccation
tolerance. Species can btassified as eithgrioneer orlate successional species.
Pioneer species require full sunlight for seed germinati€ig. 6.3) and rapid
seedling growth. Thesan therefore colonize open areas, aftésturbance(SVAINE
et al., 1988)In contrast|ate successional species establish after canopy closure and
can tolerate shade. Seeds of late successional species are commonly desiccation
sensitive, whilst those pioneer specia® split equally between recalcitrant and
orthodox specie§TWEDDLEt al., 2003)

For aerial seedingit iseasier to handle seeds of desiccattoferant species
(orthodox seedsthan desiccatiosensitive species (intermediate or recalcitrant
seeds). However, practitioners should not omit entirgipse species with
desiccatiorsensitive seeds from aerial seedibgcausesome of thenmay provide
important ecological function®g.,food sources for animals, shade itopede
weeds, etc.). Therefore, the seed storage behaviour of species should be determined
before planning seetlandling techniques and aerial seeding. As described above,
desiccation tolerance can be inferred from a combination of traitduding seed
size mass ratio of seed covering structures to total seed (SCR), seedmbyrand
successional statuyVith aerial seeding, it is possible to overcosezdstorage
limitationsby usingseed containers and/aeed pelletingsee Chapter 8)

Germination response talesiccation

While information on the desiccatidolerance of seedsanguide the selection
of species that can be stored before aerial seedifgrmation on the germination
response of different species to desiccatanaid the selection of species that have
an increased chance of survival and establishment in degraded &eed.
germinationdepends on siteonditions such as light availability, gas exap@and
soitmoisture availability(Fig. 6.3). In particular, soil dryness can limit seed
germinationbecause imbibition of water is @ssentiafjermination trigger. In large
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open degraded sitege.g.,Stage3-degradation or highgrsurface soil can gto the
permanent wilting point after only six days withoain (ENGELBRECIeT al., 2006)
Therefore, species selectidor aerial seeding should consider trait values that
indicate highsurvival and germination at particular degradatiteiges. In addition,
germination success can be modifiaith seed enablement technologies (see
Chapter 8).

Information on seed traitgan help guide the selection of species that can
tolerate dry conditions. In dry areas, selecting a species mixture that includes a large
proportion of drough-tolerant speciexould 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 conditigiiSURANet al., 2004 Dawset
al., 2008) However, the relationship between seed sind germinatiorresponse
to desiccationis not universal. In the aseasonal humid tropics, seed size is not
correlated with the ability to germinate under dry conditiddsaller seeds can also
germinate under dry conditions and cgerminate faster than larger seed®s
(TMIANSAWAT2013) The ability of smalleseeded specieto germinate under dry
conditions is determined by their successional stgiiisNSAWAT2013) Snall
seededpioneer speciethat can regenerate in desiccatignone environments can
germinate under drier conditions than shatderant species cani.§., late
successional specigd)ANSAWAT2013) Seed size and plant successional status can
indicate germination success under unpredictable, dry site conslitiWe suggest
selecting a mixture of large and small seedbdre drought is likej\such as Stage
3-4 degradation, and selecting a higher proportion of smakerded pioneer
species for Stagé (Table 1).

Predation and Herbivory

Seedpredation (Fig. 6.4)and seedling herbivorfFig. 6.5)can be high in the
tropics (CoLEYet al., 1996 HULME1998) Seed predation and herbivowary with
degradation stagd.ess degraded areas tend to have more ani(BalsckHAML al.,
2015) with potentially higher risk of seed predatiand herbivoryin Stage<-2
degradation compared to Stagasl. Less degraded areas are more prone to higher
seed predation and herbivo(BLACKHAMN al., 2015)so species shalibe selected
with trait values that deter or tolerate seed predation and herbivBonctional
traits are correlated with seed predation by vertebrates and insects and
susceptibility to disease. Smaller seeds may escape predation by being more easily
buried (LEiIsHmANet al., 2000)LEISHMART al, (1994 predicted that larger seeds are
more attractive to seed predatgrbecause they have larger energy reserves, but
they are also more terant to predator attack@DALLINGt 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 seedRemaining 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(ARMSTRONEet al., 1993)In species whose seeds contain multiple embryos
(e.g.,Antirhea tricanthaChoreospondias axillaxishe number of locules (embryos)
within a propagule also increases the probability of escaping insect seed predation
(BECKMAIret al., 2011)In addition to size, seed defense mechanisms elrpinotect

seeds from predation. Seeds with more physical and chemical defenses may be less
susceptible to predatiofMOHAMMEBYASSEENet al., 1994)and pathogen attack
(WHITEHEARL al., 2014) For example, thicker seed coats may protect seeds from
pathogens(BEckMANet al., 2011)and insects(THEIRY1984 KiTCHet al. 1991)
However, there may be tradeoffs between physical and chemical defenses
(TEwksBRYet al., 2008) Whereseed predators and herbivores are aburigave
suggest selecting species that have higher physical or chemical deferdeter

seed predators and pathogens (Table 1).

Abiotic Environmental Filters

Functional traitsrelated to the acquisition and conservation of resourcas
indicate whether a plant can survive and gromder prevailingenvironmental
conditions. Several studies show that plant species with traitsenable resource
conservation whemesour@s ae limiting,tend to have low growth rates and high
survival ratescomparedwith species with traits for rapid resource acquisition when
resources are morabundant(REici et al., 2014) For example, plants with higher
wood densitytend to have higher survivéfRAFTet al., 2010 WRIGHTet al., 2010)
and, in some cases, slower growth rg@saveet al., 2009) Wood requires lot of
carbon for its synthesibut it provides trees with biomechanical support needed to
grow above competing plants. Higher wood density (dry mass divided by green
@2t dzySO O2NNBflFiSa gA0GK || GNBSQa -FoAfAd
induced embolisqand pathogengCHAveet al., 2009KrAFTet al., 2010)Invesing
carbon and energin higher wood density ibereforea conservative strategy that
enables plants to conserve limited resources through increased protection and
survival.

Several studies have shown that seedlings from lasgeds have higher
establishmentates (TuNJAet al., 2012Vissert al., 2A.6), lower seedling growth
rates, and survival rasethat dependon seedling sizevi(ssert al, 2016).Larger
seeds produce larger seedlings, making them better able to tolerate hazards. As
larger seedlings have deeper roots, they are less suscefatidhy conditions and
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disturbance by animalkCoomEset al., 2003) KHURANAet al (2004)showed that,
under waterstress, seedlings from largeeeded tree species suffer lower mortality
compared withthose of smalleseeded tree species. Seed size is loosely related to
shadetolerance (CooMEset al., 2003) although a few smadleeded species can
persist under shadéeruBp1998)

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 degradatgiageand succession, so does
the competiive hierarchy within the plant community. Under moderate degradation
stages (Stage 3-4), tree species selected for aerial seedingst be able to
outcompete weeds at the seed and seedling stage.

Time of germinatiorand seed morphology are important in determining the
success of competitionSmaliseeded 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(TURNBULEL al., 1999 CooME<=et al., 2003)DiAzet al. (2016)showed
that species witharger seeds tend to have taller maximadultheights, a measure
of plant size that indicates theompetitive ability of plantsto preempt light
resources as taller plantlisplay leaves ovamaller plants.

At higher degradation levels (Stage 4), we suggest selectingsemadid, light
demanding specigbat havehighseedling growth rate¢o capture light and space
before hertaceous weeds become dominant asdbsequentlyplanting larger
seeded specidhat have slower growth ratebut larger maximum heights that can
outcompete weeds lonterm.

Tradeoffs among traits

Tradeoffs in functional traitsoccur when one trait value increasesilst
anotherone decreasesTheycan 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 resou(GRIME 2002
FORTUNEEL al., 2012)r trade the ability to colonize new areas with the ability to
compete for a limited resourc€liLMAN 1994; LEVINEet al., 2002)or tolerate
environmental stresse@ULLERLANDAY, 2010) Tradeoffs in functional trait values
relate to tradeoffs in plant performanc@ADLERet al., 2014)These tradeoffs among
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traits and plantperformance constitute a challenge when selecting species that
meet all species criteria for aerial seedargl restoration. For example, there is a
trade-off between seed sizand the numbers of seeds produc@dULLERLANDAY

2008 Vissert al., 2016) Species with large seedsd.,Afzelia xylocarpgroduce

fewer seeds compared with sma#leded specieg(g.,Ficusspp.). Therefore, it may

be easier to obtain smaller seeds. However, small seeds tend to be less competitive
(TURNBULLet al., 1999;CooMEset al.,, 2003)and have lower tolerance to
environmental stressg€0oOMESt 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 thate a mixture of functional trait values may be the
best approach.

RECOMMENDATIONS

Selecting species for aerial seedugpends on the degradatioatage, as
discussed above. Combining knowledge of framework tree spmiemaximum
diversity methodswith trait datais useful for preliminary screening of potential
specieghat aresuitable 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 aremtefest (E.LIOTT
et al., 2013) If speciedevel information is not available, information from closely
related species carelused, because they tend to be more functionally similar than
distantly related speciegSVENSONet al., 2007) Surveyingelevant traits that are
quick and inexpensive to measure could be integratamforest surveysif little
information is available from previous research, floras, or indigenous local
knowledge. A traibased approach can help prioritize whether an unstudied species
may meet the criteria for restoration by aerial seeding and tmierither
investigation with experiments.

We suggest that aerial seedioguld be used to replace or complement tree
planting for sitesat degradation Stagez4. Depending on the availability of seed
sources and abundancé vertebrate seedlispersersaerial seeding could heseful
for remote sites, where conventional tree plantisgnoredifficult. Restoring forest
to sites at Stage$-2 degradation relies on manipulatingtural regenerationto
bring aboutcanopy closure (no tree planting necessaryConsequentlyaerial
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 ged disperserdiave been locally extirpated. For the most severely

dn
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degraded sites Stage5), aerial seeding would not be effectivenless soil
remediation measures are also implemented.

Seeds, representing the full functional dsir 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 colleatiddroppingseeds beforghey
desiccate If droppingmixtures of speciesall at once proves to be impractical
different species may berapped at different times of the year (depending on
fruiting times).We recommenddropping large seed n either the first stage or
second stage of restoration, across all degradatimges, as largeseeded tree
species are more likely to have |dstir seed disperserSroNERt al., 2007 BRODIE
et al.,, 2012 MARKIet al., 2012) Species that are heavdgfended with thick seed
coats or chemicalare good choices for restoration, whexertebrate seed
predatorsare 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
(BoLKERt al., 2003)as well as seed predatiand infection by pathogerfBECKMAN
et d., 2012) Models can be used to simulate different restoration stratetgies
explore the influence of the spatial arrangement of seeds and seed borghb®/dh
and survival of selected spec@®dhelp choose a spatial distribution of seeds with
a diverse set of functional traits achieve restoration objectives.

Finally, a traibased approach can be used to select species that meet overall
ecological and social restoi@t objectives and achieve a sslistaining system
(E.LioTTet al., 2013)and reduce future interventions. Integrating empirical
information on functional traitsvith quantitative ecological models, practitioners
can «plore the expected community and ecosystdgmamics under different
restoration scenarios and whether model predictions meet restoration objectives
(LAUGHLIN2014) Theoretical underpinnings of resttion are discussed in more
detail byLAUGHLIN2014) and a practical example is provided@gTERTAGL al.
(2015)
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(Photo- K. Naruangstri)

Figure 6.3- Germination ofAlangium kurziiafter seed sowing in airect seeding
experimental plot in Chiang Mai, Thailand

(Photo- K. Naruangsri)

(Photo- K. Naruangsri)

Figure 64 - Seed coveringtructures of Figure6.5 - Herbivory of a young
Prunus cerasoidekeft behind by seed seedling
predators.
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Aerial Robotics forForest Management and Seeding

Figure7.1 - Aerialimage and seed dispersalan of Montgo Natural Park,
western flank, September 2015

Figure7.2-3D-Robotic®2 , ¢ KSEF O2LJGSNJ I RIF LGSR G2 OF NNE®
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AERIAIROBOTICEORFORESTMIANAGEMENT ANBEEDING

Lot Amord3and Jesus Ledesrha

ABSTRACT

Dronecorias a reforestation project that uses customized DIY drones to
RAALISNES 4SSRa O04GRNRYSOK2NEB:{EO Ay OflFeé& olf
techniques, which often depend on exorbitantly expensive air craft and
support facilities ad personnel, dronecoria relies on lawst mechanisms,
borrowed from cybernetics, roboticgermaculture and digital manufacturing,
to sow seeds from inexpensive drones, with wooden recyclable frames. Using
drones to scatter seedsllows accurate positioning of seeds, to potentially
maximize seed germinati@nd seedling survival.

Key wordsDrones, UAV, quadcoptenapping, aerial seedingendo dango,
permaculture, Masanobu Fukuoka

SOCIEECOLOGICAL BACKGROUND

Rising to 753 m above sea level, Montgd mountain is home to some of the most
unusual flora and fauna in Spain. Part of the Cordillera Preli&itge in Alicante
Provincethe mountain is a national park, renowned for its rock formations, cliffs,
caves andhatural harbours. In May 2014, 39.5 ha of the western flank of the
Y2dzy GFAYZ YySENI . FINNIyO RS QI SRN}Yx OF dz3K
Several organizations were mobilized to resteegetation tothe burnt aeas.
C2dzyRIGA2Y GONDREDAYHAGRRBEGSR Ay [+ al)
took charge of the restoration work. Initial goals were to

assess the state of the ground after the fire,
prepare the area for restoration,

create tools to assist in the ecologimtoration and
plant native forest tree species.

P wn PR

1 Lot Amoros, Aeracoopttp://aeracoop.nethola@aeracoop.net
2 Jesus Ledesma, foundefr Permacultura Lagudnttps://permaculturalaguar.org
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Aerial Robotics forForest Management and Seeding

SITE DESCRIPTION

The project was implemented on 1 ha of the 2,057 ha of Denia municipality,

Gaz2yisS RS ' GAfARIR tdofAOF a2yids LLESZ C

on predominately Cretaceowssibstrates, with some Triassic and Quaternary sub
strates also presenon loamy limestone. Annual temperatures average abog 17
and annual rainfall averages about 700 mm, with most occurring during the fall,
although in recent years, rainfall has desess resulting in droughts.

Mediterranean ecosystenase fireprone, but this site is particularly so, due to
a high density of Aleppo pineRifius halepengiplanted in the 1950s at higher
densities than would occwmaturally. However, in less than two years after the 2014
fire, perennial plantse(g.,carob, olives, mastic, Kermes oak, heather etc.) have
resprouted. Dominant plant species include dwarf fan p@lmaihaerops humi)is
mastic tree Pistacia lentisc)sgarden thymeThymus vulgarjsAleppo Pine, carob
(Cerotonia silige) and various herbg.g., Psoralea bituminosa, Brachipodium
retusum,among others. We also found almond treegjether withB. retusumn
beds of crushed litter, pioneer asparagus ongtareasandwild thyme growing in
an area covered withlyparrhenigyrasses.

UNMANNED AERIAL VEHICLES TO RESMERETARRANEAN ECOSYSTEM

Due to the ecosystem properties and the possibilities provided by new
technologies, we adopted strategy of precise aerial seediby 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 ofedible species.

Strategic seedowing is now possible by aerial robgtlmscause of the precision
and control provided by GNSS (Global Navigation Satellite Sy&ten1s2).

Restoraion protocol:

1. Carry out a preestoration site assessmentopography, flora and
fauna, and water flow (Fig.1).

2. Collect seeds, culture microorganisms, and produce seed fabeido
dango).
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3. Develop aeeding 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 disperdéights.

6. Monitor seed germinatioand seedling growth across the site.

The Flone quadcoptess a tool for data collection

We used the opesource quadcopterFloné (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 -Bodht
Shoot from PublicLal). Image resolution was largely determined by the elevation
of the camera. Flights 80-m altitudeachieved resolutions of 3 to 5 cm/pixels. From
these images, NDV{(Normalized Difference Vegetation Injlegnaps were
constructed. The system was low cost, with the quadcopter costing approximately
US$120 and the camera costing US$125. Since the system waslséDblY), it
could be easily repaired esite.

Figure7.3 ¢ The Flone frame comes a®mponents, cut by laser into a sheet of plywood.
Each part is pressed out from the sheet and assembled like a thdipeensional jigsaw.
The frame is therefore cheap, easy to repaind biodegradable.

3 Flone, opersource quadcopteravailableat: http:/flone.cc (Fig.7.6)

4 Camera documentation available hetstps://publiclab.org/wiki/infragrampoint-shoot

5 The Public Laboratory for Open Techogy and Science (Public Lab) is a commuwitich develops
and applies opessource tools for environmental exploration and investigation.

MAnp
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Aerial Robotics forForest Management and Seeding

Planting plan development

Initially, we took photogrdys in the neainfrared 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, Hrdeared photos were
not necessar. We analyzed the pictures and decided to seed the most vulnerable
areasj.e.,those eroded by surface runoff and without vegetation cover.

Nendo dango

Aerial seedindpy drone requires less effort than the conventional method of
raising tree saplings in nurseries, transporting them to the site, hole digging and
postplanting maintenance (weeding and fertilizgsplication). Even though the
percentageestablishment of aerially seeded plants is low (due to predanmh
desiccatiof, we found that the roots of those thdb establish rapidly penetrate
deep into the soil.

Our use of seed pelletgas inspired by the agricultural practices of permaculture
(ALLEN 2006) and by those devised by Masanobu FukuakasOka2013). Nendo
DangoY St ya daz2dzZ 2F (GKS SENIK Ay @2dzNJ KI yF
concentrated irthe clay pellet¢Fig.7.4).

Each of our pelletsontainedafew seeds, mixed with a cocktail of native micro
organisms and plafiiased seegbredator repellents(e.g., pepper, chili powder,
tobacco or thyme).

The ideal composition of the aerial Nendo Dangs:

1 dry native microorganisms solidified,

1 1/4 of basaltic stone powder,

1 1/4 of seed mix (2% of the soil quantity approximately),

1 a handful of predator repellents: black pepper, tobacco, chili and thyme,
T liquid binder ater or liquid microorganisms),
1 clay powder to completely cover the seeds.

Clay proportion strength and porosity

Testswere performedto ensure that the clay balls did not break up when
dropped froma UAV Experiments witmixing poultry manurand microorganisms
with eitherrice husk or wheat brarncreasethe porosity and elasticitgf the day
balls were inconclusive; further tests are needed.
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Basaltic rock powder

Being anigneous volcanic rock, basalt has not been weathered or otherwise
transformed by environmenrdl processes. Therefore, the rock retains its full
complement of minerals and plant nutrients, with no leachingage elements or
micronutrients This contrasts witthe 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 verificatio

Microbiology

Forest soil supports a great diversity of the mimrganisms that are fundamental
to soil ecology and plant development. The purpose of incorporating microbes into
the Nendo DangdFig.7.5) is to protect seeds &m 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 Lactobacillusspecies, and fungi spores), particularly those
species capable of decomposing pirezdle litter.

Seed species selection

After assessment of site conditions, we propose selecting a mix of seed species
for habitat restoration tht enhance soil fertilityand ameliorate soil physical
conditions, thus promoting establishment of woody plants and recolonization by
wildlife (e.g.,rabbits and partridges).






