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Forest restoration is more than firing seeds from a drone

Jorge Castro'?> ©, Fernando Morales-Rueda' ©, Domingo Alcaraz-Segura® ©, Siham Tabik*

We are witnessing a rapid increase in news sending the message that drone seeding is a promising technological solution to
implement forest restoration at large spatial scales. However, there are neither reports regarding success nor peer-reviewed
studies to support these assertions. Once in the ground, the seeds and the seedlings and saplings that they generate have to face
biotic and abiotic hazards that can strongly reduce regeneration potential. Successful forest restoration, therefore, cannot be
achieved by simply dropping seeds from the air. We summarize some aspects to take into account before considering drone
seeding as an efficient and widely applicable technology for forest restoration. A first step should be to increase the precision
of drone seeding—contrary to the current massive firing of seeds—in order to concentrate the efforts in the best microsites
for establishment and reduce the number of seeds needed and the cost of the whole operation.
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Conceptual Implications

e Aerial seeding using drones is being widely proposed by
private companies and media as a promising and cost-
effective solution for ecosystem restoration. However,
peer-reviewed data on the success of these initiatives is
still needed before relying on this technique.

o [f we are to consider drone seeding to be a widely applica-
ble technology, further research and experimentation
relating to plant performance once the seeds are in the
field is necessary to ensure restoration success.

e Instead of mass seed firing, a greater precision approach
should be used when seeding with drones to deliver the
seeds to specific sites, even at a submeter scale. It is most
likely that recruitment will occur under appropriate safe
sites, thereby reducing seeding rates, costs, and maximiz-
ing success.

Introduction

We are witnessing unprecedented interest in restoring the world’s
forests (Mansourian et al. 2021). There are several reasons for
this, possibly the most important being an increased social and
public awareness of the role that nature and its ecosystems play
in human well-being. This awareness and interest is being trans-
lated into policies at different scales that are generating impres-
sive initiatives to restore ecosystems—forests in particular—in
an attempt to mitigate the effects of climate change, biodiversity
loss, local and regional impoverishment, and even pandemic risk
(FAO 2020). Some global examples are the New York Declara-
tion on Forests, the Bonn Challenge, and the UN Decade on
Ecosystem Restoration, which all together seek to plant millions

of hectares of forests (Fagan et al. 2020; Castro et al. 2021). Fur-
thermore, there is an increasing (although controversial) trend of
tree-planting projects within the framework of carbon credit mar-
kets (Hunt 2008; Philipson et al. 2020), which highlights how for-
est restoration will likely continue to grow. Altogether, this is
creating a unique opportunity to upscale forest restoration
endeavors at an extraordinary rate.

The task of restoring forests at such a large scale poses enor-
mous challenges. Success is one of the key challenges: if we
seek to restore the forest, we should try to guarantee that what
we plant or seed today will become a forest in the medium- to
long term. In addition, it poses an economic and operative chal-
lenge: how to achieve the restoration of millions of hectares at an
affordable cost, considering also that in many cases the areas
that can or should be restored are in remote and hard-to-access
places (Mohan et al. 2021). In this context, aerial seeding with
drones is being proposed as a smart, pragmatic solution by an
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Table 1. Summary of the major company websites with a main focus on large-scale drone seed sowing. The keywords “drones,” “UAVs,” “reforestation,” “tree
planting,” “seeding,” “aerial seeding,” and “seed sowing” were combined in the Google search engine on 5 May 2022 to obtain the main results of large-scale drone
seeding companies. Additionally, the results were contrasted and complemented with the work conducted by Mohan et al. (2021). Overall, these websites does not
provide precise information on the substances used for pelleting or coating, seeds broadcasted per hectare, or peer-reviewed data on seedling establishment success.
“General information about seed coating composition reported in Aghai & Manteuffel-Ross 2020; not a peer-reviewed journal. *General information about seed
coating composition (only report the use of clay). “General information about seed coating composition (“root growth promoters, organic fertilizers, super-
absorbent polymers, natural herbicides, and organic repellents”). “Data of success reported in Aghai & Manteuffel-Ross 2020; not a peer-reviewed journal).

Y

Precise Information on Data of Success

Company URL Country Coating Substances Employed Reported
Drone seed https://droneseed.com/ United States No* Yes?
AirSeed https://airseedtech.com/ Australia No No
Flash Forest https://flashforest.ca/ Canada No No
Dronecoria https://dronecoria.org/en/main/ Spain No® No
CO; Revolution https://co2revolution.es/ Spain No¢ No
Dendra System https://dendra.io/ UK No No
Lord of the Trees https://lordofthetrees.ai/ Australia No No
Seedcopter http://seedcopter.com India No No
CAFU https://www.cafu.com/the-ghaf-project India No No
Distant Imagery https://www.distantimagery.com/ United Arab Emirates No No

increasing number of companies and webpages (Table 1), and
more and more news is appearing in the media around the world
about the benefits of seeding with drones for forest restoration
(Table S1). However, there are neither reports of the success
of these initiatives (Mohan et al. 2021), nor peer-reviewed scien-
tific studies that confirm if drone seeding may be efficient
(Table 1,S1). As presented by the companies and the media, it
seems that the objective is to develop a highly technological
solution and that the use of the drones is an objective per se,
rather than focusing on the rigorous analysis of the results in
terms of restoration success. Whatever the method used, we
must consider that once placed in the field, the seeds and the
new individuals that they generate have to face biotic and abiotic
hazards that can strongly reduce regeneration potential. More-
over, we have to make sure that the chosen restoration method
does not harm the environment. Although seed sowing with
drones may provide multiple advantages for forest restoration,
we must make a critical and constructive assessment of the prob-
lems that remain to be solved before beginning to use it as a
global technology. Here we summarize some aspects to take into
account before considering drone seeding as an efficient and
widely applicable technology for forest restoration.

Seed Predation and Consequences of Pelleting and
Coating for Fauna

Postdispersal seed predators may greatly reduce the amount of
seeds available for the following phases of recruitment across
many life forms of plants, including trees (Holl & Lulow 1997,
Hulme 1998; Wang et al. 2021). Consequently, broadcast seed-
ing and aerial seeding campaigns can fail due to high rates of
seed predation (Nelson et al. 1970; Shannon & Elliott 2020), par-
ticularly by birds and mammals. Coating and pelleting the seeds,
which is commonly practiced today as part of aerial drone seed-
ing (Table 1), might deter the activity of seed predators (Pearson
et al. 2019). However, despite successful cases under laboratory
conditions, there is still very little information about which

substances really reduce seed predation in the field, or how to
apply them to ensure that their protective effect lasts long enough
(e.g. Pearson et al. 2019). For example, capsaicin has been used
to deter seed predation by rodents. However, studies under field
conditions show a reduced effect or no protective effect at all
(Leverkus et al. 2013; Pearson et al. 2019), and even a negative
effect on seedling emergence (Leverkus et al. 2013). In addition,
we have an absolute lack of knowledge on the potential effect of
the coating and pelleting substances used for aerial drone seeding
on animal health were they to ingest those seeds. We know that
coating substances used for crop seeds may affect negatively ver-
tebrate health (Lopez-Antia et al. 2016; Poliserpi et al. 2021).
The point raised by these studies is that we need to know the
effect of the coating and pelleting substances for aerial drone
seeding on the biota to decide if those treatments should be used
or could be tolerable in case they had some effect. To date, no
studies report data on the issue of the effects of seed coatings
used for drone seeding on other organisms, nor is there a compre-
hensive dataset or approved standards for the substances used in
such coatings. More research and oversight is clearly needed
before these techniques can be responsibly scaled up.

Seedling Establishment and Sapling Performance

Once in the ground, the seeds that survive predation must germi-
nate and the seedling must grow to the juvenile stage. During
these phases of recruitment, the losses of demographic potential
are enormous in plant species, a simple fact that can be general-
ized in all ecosystems and which has been studied extensively
since the foundation of plant ecology (Harper 1977; Peet &
Christensen 1987). Abiotic factors such as drought or frost, or
biotic factors such as competition with other plants or herbivory
by invertebrates and vertebrates, can substantially decrease
seedling survival across biomes, even to the point of eliminating
all the seedlings emerged in a particular year (Castro et al. 2004;
Krauss et al. 2008; Van Nedervelde et al. 2015; Garcia
et al. 2020). Subsequently, saplings may also suffer abiotic
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(Herrero et al. 2013) and biotic stresses that reduce recruitment
success. In particular, herbivory by wild and domestic large
mammals, which are a common element in many ecosystems
to be restored, is a main determinant of sapling mortality and
retarded growth, and a major cause of reforestation failures
(Darwin 1859; Savill et al. 1997; Takatsuki 2009). Current
seed-enhancing technologies such as seed priming, coating, or
pelleting may promote early seedling establishment, but their
effect will fade with time and will scarcely provide protection
against environmental stress through the sapling stage.

Seed Provisioning and Origin

The above-mentioned losses of regeneration potential can be
compensated with a higher number of seeds. In fact, seed broad-
casting (either by hand, from terrestrial vehicles, or by air) has
been and it is widely used for reforestation (Novikov & Ers-
son 2019; Pedrini et al. 2020). The key issue is to adjust the den-
sity of seeds to an expected number of trees discounting
mortality through plant recruitment. There are very few reports,
however, about seedling recruitment after drone seeding
(Mohan et al. 2021), so it is difficult to estimate a minimum den-
sity of seeds required. Furthermore, the drone seeding cam-
paigns that are announced in the media rarely report the
number of seeds dispersed per unit area (Table 1), an aspect that
is essential to judge the usefulness of massive drone seeding.
This raises the question of whether seed provisioning for aerial
seeding is possible at the large restoration scale that is globally
intended. Broadcast seeding use densities that usually are above
100,000 seeds per hectare (e.g. Burns & Honkala 1990; Boy-
dak 2003; Novikov & Ersson 2019), which is very often above
the values of seed production of native forests (e.g. Burns &
Honkala 1990; Koski 1991). Moreover, we have to take into
account processes such as seed masting, pre-dispersal seed pre-
dation, and technical and operational issues related to seed col-
lection, which might considerably reduce the amount of seeds
harvested. Seed enhancing technologies may increase the
recruitment success per seed, therefore reducing the number
needed, but this has yet to be tested or reported. Besides, most
late-successional trees—which should be the main targets for
restoration—produce large seeds and, thus, a lower number with
respect to early-successional species (Castro et al. 2006), mak-
ing it more difficult to provision seeds. All this implies that the
required massive seed harvesting for seed firing with drones at
large scales may deplete local seed stocks and entail the acquisi-
tion of seeds from distant locations. This may raise additional
issues, as the threats to indigenous genetic diversity and loss of
local adaptations (Bozzano et al. 2014).

Summary: Towards a More Precise Drone Seeding

In summary, aerial seeding with drones is a technology that
might be tremendously helpful in forest restoration. However,
to restore the forest is not simply to drop seeds from a drone;
there are many issues once the seeds are on the ground that have
to be taken into account to guarantee restoration success. In fact,
broadcast seeding is an old method for forest restoration, and the

use of aircrafts in this practice was common since the 1950s
(Pedrini et al. 2020). Its effectiveness, however, is largely vari-
able (e.g. Espelta et al. 2003; Shannon & Elliott 2020), due
among other things to the fact that most seeds will fall in hostile
microsites for recruitment. Current seed technologies to protect
seeds or promote germination and seedling establishment are
helping to overcome some of these barriers (e.g. Pearson
et al. 2019; Pedrini et al. 2020), but even so, a massive firing
of seeds from drones may not be the best solution to restore
the forest. The real potential of drone seeding is the ability to
deliver seeds precisely where it is most likely that recruitment
will occur, thereby reducing seeding rates and maximizing suc-
cess (Castro et al. 2021). This may be achieved by dropping the
seeds in specific locations (e.g. specific microhabitats) where
chances for seedling recruitment are maximized through micro-
climatic amelioration or promotion of positive biotic interac-
tions. This would need a fine-grained map of habitat and
microhabitat suitability at the submeter scale, a task that can cur-
rently be achieved thanks to remote sensing technologies
(Castro et al. 2021). Moreover, it might even be automated with
algorithms of artificial intelligence that could allow for the rec-
ognition of specific safe sites (e.g. nurse plants) for seedling
establishment (e.g. Guirado et al. 2017). We still need a lot of
research on these aspects, with controlled experiments that test
the recruitment success from drone seeding in at least the
medium term and, similarly, the potential side effects on biota.
In the meantime, we should not suggest that forest restoration
is achieved by dropping seeds from drones, however much we
may prepare those seeds to increase establishment success. We
usually consider technological solutions to be better than those
existing up to that point, and we tend to trust them blindly. This
is making seeding with drones a goal in itself. However, we
should not forget that in the context of forest restoration, drone
seeding is a tool, not an objective per se.
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