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Abstract

Extensive disturbance to the ecologically, socially, and economically important pine
(Pinus spp. L.) forests of the Mediterranean region has created a strong need for forest
restoration throughout the region. Seeding could potentially be a viable option for
regenerating some of the 10 pine species that occur in the region, especially the fire-
adapted serotinous species, but previous seeding efforts have been marked with
inconsistent success. From our synthesis of available literature and practical experience,
we briefly summarize the history of applied trials and pine seeding research, examine
the factors that determine pine seeding success, and discuss what we have learned that
can make seeding an ecologically and economically viable approach to pine forest
establishment in the Mediterranean region. Future refinement of autonomous drones
for seed delivery, selection of favorable sowing microsites, and improvement of seed
coating technologies that minimize seed predation and support seedling establishment
will support “precision restoration” practices that promise to advance pine seeding to
an operational scale in the Mediterranean region.
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1 Introduction

Pine (Pinus spp. L.) forests in the Mediterranean region have experienced
extensive disturbance due to human activities, including excessive logging, overgrazing,
and fire. There is a need to restore many of these forests, as pines are a major
component of Mediterranean region forests and have high ecological, social, and
economic relevance (Moreira et al. 2012; Ne’eman and Osem 2021). A heterogeneous
set of pine species grow naturally in the Mediterranean region with very different
biogeographical origin and ecology. In this chapter, we follow the criteria of Grivet and
Olsson (2021), who considered ten species with “a native distribution range extending
to the Mediterranean region and which grow under a Mediterranean climate” (Figure
1, Table 1). Overall, in the Mediterranean region these pines are distributed from sea
level to ca. 2500 m elevation (Table 1). Some of the species show clear Mediterranean-
type characteristics, such as adaptation to fire (e.g., serotinous cones) or high drought
resistance (e.g., P. halepensis Mill. and P. brutia Ten.) relative to other pines, while
others show typical boreo-alpine traits such as high cold resistance and low drought
resistance (e.g., P. sylvestris L. and P. mugo Turra) (Table 1). Seed mass of the different
species varies by 80 times, from ca. 7.5 mg in P. sylvestris and P. mugo to 600 mg in P.
pinea L. Finally, there are striking differences between species in morphological and
functional traits including root/shoot ratio, control of stomatal aperture, water
potential, or photochemical efficiency. These traits, which determine seedling size,
water uptake, and growth rate, underlie species adaptation to environmental
conditions and are key for seeding success under drought stress (Matias et al. 2017;
Salazar-Tortosa et al. 2018a,b; Salazar-Tortosa et al. 2020), and, subsequently, the
regeneration capacity of the various species that inhabit the region.

Table 1. Pines that inhabit the Mediterranean region and some of their characteristics relevant to revegetation through

seeding. Data on seed mass are the average of the entries listed in the Supplementary Information of Salazar-Tortosa et

al. 2020, which were extracted from available databases or published articles and reports except for P. uncinata Ramond
ex D.C,; for P. uncinata, seed mass was obtained from Notivol et al. 2012. Information about serotiny is extracted from
Salazar-Tortosa et al. 2020 (Supplementary Information Table S2). Drought tolerance and frost resistance are broadly
defined in relative terms across the species. Elevational ranges sourced from Boydak 2004 (}), San-Miguel-Ayanz et al.

2016 (t), AEMA 2008 (*), and Franco 1986 (**).

. Main distribution; species silvics; and habitat Elevational Seed mass Serotiny
Species ...
characteristics range (m) (mg)
. i . i ; D ing; L
P. bn.ltla 1:en Medlt_erranean, rought tolerant and fast growing; Low 0-1500% 457 Yes
(Turkish pine) elevation and coastal areas
P. canariensis C.Sm. Canary Islands (endemic); Resprouts after fire from
ex D.C. (Canary epicormic buds; Volcanic slopes between 700 and 1200  1200-1800* 102.4 Yes
island pine) m.a.s.l.
— Mediterranean; Drought tolerant and fast growing; Low
P. halepensr.s Mill. elevation to intermediate elevation, very common in 0-2000* 25.7 Yes
(Aleppo pine)
coastal areas
. Mediterranean, small distribution in southern Italy and
P. heldreichii the Balkan peninsula; From intermediate elevation to high
H.Christ (Bosnian atkan p b . 8" 900-1800* 225 No
ine) Mediterranean mountain areas, where it can reach the
P tree line
P. mugo Turra Frost resistant, drought intolerant, and slow growing;
(dwarf mountain Alpine, high mountain habitats, pine that reaches the 200-2700t 7.6 No
pine) highest elevation in the Mediterranean region
Reforesta Scientific Society 11
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. Mediterranean; Drought intolerant and fast growing;
P. nigra J.F.Arnold - . . >
g X Moderate elevation to high Mediterranean mountain 800-1500t1 19.8 No
(black pine) . . .
areas where it can form part of the timberline
P. pinaster Aiton Mediterranean; Drought resistant and fast growing;
P e . Temperate to warm locations, inhabiting from coastal 0-2000t 55.6 Yes
(maritime pine) .
areas to moderate elevation
P. pinea L. (stone Mediterranean; Drought resistant and cold sensitive,
-P im;) wingless seed; Mostly in coastal areas, very common in 0-1000** 600.4 No
P sandy soils and on dunes
. Frost resistant, drought intolerant, and slow growing;
P. sylvestris L. (Scots S . ’ ) >
y ine) ( Boreo-alpine, high Mediterranean mountains where it 0-2600t1 7.6 No
P forms part of the timberline.
P. uncinata Frost resistant, drought intolerant, and slow growing; High
(mountain pine) European mountains where it forms the timberline. 600-2400t 9 No

Ramond ex D.C.

30°0'S

60°0'S

Figure 1. (a) Regions of the world with Mediterranean-type ecosystems (in blue); and (b) distribution of Mediterranean-
type ecosystems in the Mediterranean basin. The climate of the Mediterranean region is characterized by low to
moderate rainfall but with a hot and dry summer that imposes strong drought conditions on plants. Redrawn from Rundel

et al. (2016).
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Pine regeneration via seeding should be feasible at least for some species. This
is substantiated by many examples of high natural pine recruitment from seed after
wildfire. In the case of serotinous pines, seedling densities can often approach several
thousand ha after wildfire (e.g., Calvo et al. 2013; Hibsher et al. 2013). Moreover, pine
seeding has been done with great success in some cases, particularly in dunes and other
sandy areas, as relayed through oral communications, local reports, or journals by
personnel of local forest districts—though often difficult to access, these sources
provide information of high ecological and forestry value (e.g., Cueto 2001) (Figure 2).
The challenge to make sowing seeds an efficient method for restoration of pine forests
in the Mediterranean basin is, therefore, to understand the bottlenecks for seedling
recruitment for the various species and to apply the most appropriate practices and
technologies to overcome these barriers. In this sense, practices exist today to protect
seed from biotic and abiotic stresses and to select the most suitable microsites for
improving sowing efficiency. In the following sections, we describe the success of pine
seeding relative to seedling recruitment in the Mediterranean region, the main
environmental factors that determine this success, and suggest several ways to improve
the feasibility of seeding as a reforestation method for pine forest restoration in this
region.

Figure 2. Seeding of stone pine (P. pinea L.) in sand dune reforestation in Dofiana National and Natural Park, southern
Spain (year 2022). The central plant was planted as a 1-year-old. The plants at each side of the central seedling resulted
from sowing one seed at each spot at the same time as seedling planting. Pine reforestation via direct seeding, sowing the
seed in soil, has been successful in many cases, particularly in sand dunes, although there are scant academic reports

(Photo credits: Oscar Pérula, Plant-for-the-Planet foundation).

2 Low success rate reported in the literature

As a starting point we need to define what is regarded as success in pine seeding
for reforestation or forest restoration. The most basic measure of success is determined
by the proportion of seedlings or saplings established from a given number of seeds
(hereafter recruitment success). Many other ecological, economic, or social
considerations should also be considered, such as the development of ecosystem
structure and function, resilience, biodiversity, ecosystem services, or various socio-
ecological aspects including the emotional engagement by the local population to the
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restored forest and the economic benefits it may bring to them. Nonetheless, to set the
issue to the most basic definition, we only consider recruitment success in this chapter.
In this sense, pine seeding success is evaluated as a seedling recruitment percentage
that reduces the economic and ecological costs (this can be monetized in a single index)
of planting nursery raised seedlings (hereafter seedling outplanting), which currently is
the most used reforestation technique (Lazaro-Gonzalez et al. 2023). Furthermore,
success may differ from one site to another depending on expectations. For example,
we might set a higher expectation for recruitment success in environments or biomes
with mild summer stress than in others with strong summer stress, as observed across
the Mediterranean region. In addition, an even distribution of recruited seedlings would
be more important for establishing production forests than for restoring forests holding
a conservation objective.

We frame recruitment success for this chapter with a goal of establishing
resilient forests with a structure that will promote natural succession. Under this
criterion, we consider recruitment success of 2.5% at the sapling stage an acceptable
baseline, i.e., a minimum of 250 saplings from seeding 10,000 seed ha™. This may not
be considered a success for other biomes or objectives, e.g., regeneration of productive
stands, but it can be in the context of restoring functional forests with a main aim of the
provision of ecosystem services and biodiversity conservation.

A maximum of 10,000 seed ha™ is also critical to our assessment. The amount
of seed used in seeding operations today is extremely high (often above 100,000 ha)
as it is expected that many seeds or seedlings will be lost to seed predation, failure to
germinate, mortality during seedling emergence, or mortality during establishment.
High sowing rates are a clear disadvantage as compared to planting nursery-grown
seedlings, because of the size and vigor of planting stock. Seed collection and
preparation is often the costliest part of a pine seeding operation (see section on
Making Seeding a Viable Approach), and therefore, measures to reduce seeding density
ha will positively impact seeding efficiency. Additionally, procuring large quantities of
seed can be problematical if local seed availability is low—this can move seed
provisioning to non-local sources that consequently can threaten indigenous genetic
diversity and local adaptation of populations (Mohan et al. 2021; Castro et al. 2024).
Thus, it is imperative to reduce sowing rates for seeding to be a scalable alternative to
other afforestation or reforestation practices.

Under these criteria, we can state that the overall success of seeding to
regenerate pine forests in Mediterranean ecosystems is low (Table 2). For example,
Ordofiez et al. (2004) sowed P. nigra J.F. Arnold seed over the soil surface at 111,111
seed ha™ and obtained 0% regeneration in open habitats and shrublands. Espelta et al.
(2003), who broadcasted 25,000 P. nigra seed ha?, observed between 0 to 200 seedlings
ha? after two years (recruitment success of 0.8% in the best case). J. Castro
(unpublished data) conducted an experimental sowing of P. sylvestris in relict forests in
southern Spain by broadcasting 100,000 seed ha?, and seedling recruitment after the
first growing season was 0% (climatic conditions were very adverse because of drought).
The company DroneCoria (Spain) conducted aerial drone seeding (10,000 seed ha) of
P. halepensis across several hectares in a semi-arid region of SE Spain (Supplementary
Material in Castro et al. 2024). Again, recruitment success was 0% after one year, even
though P. halepensis grows naturally in the area and very often regenerates abundantly
after fire (climatic conditions were also particularly dry in this case).

Reforesta Scientific Society 14
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Some positive results are also reported, but mostly from reports of various
forest districts or other administrations, not peer-reviewed journals. Despite the value
of these reports, this information is difficult to track. Moreover, these reports should be
considered with caution because they are often not supported by an experimental
design that would allow one to draw unequivocal conclusions about establishment
success, as very often neither seeding density nor seedling density are properly
controlled. Still, some academic studies report good or acceptable recruitment success
from seeding, with recruitment values around 5% after several years and sometimes
considerably higher (Table 2). However, most of these works are designed to
disentangle factors that determine seedling establishment, not necessarily results that
can be applied at large spatial scales. For example, it is common for seeds to be buried
about 1 cm deep in these studies, a measure that reduces seed predation and improves
germination (see section on Factors that Determine Pine Seeding Success). Additionally,
itis common in these studies to protect sown seeds from predators with measures such
as wire cages (Table 2). This is done to ensure seedlings will be present to study in
subsequent phases of the research. Such control of environmental factors is usually
infeasible for large-scale forest restoration, but this knowledge provides direction for
improving pine seeding success.

Table 2. Compilation of studies showing data of pine seedling establishment across different environmental conditions,
including habitats, microhabitats, sowing method, soil conditions, or experimental manipulation such as predator
exclusion or irrigation. The inclusion of studies does not follow a systematic search; rather, it seeks to include a wide
representation of different conditions. Ys = years of study. Emrg. = Seedling emergence. Seed was sown at = 1 cm below
the soil surface in all cases where seed was buried. Succ. = seedling survival at the end of the study; survival refers either
to the percentage of seedlings that survived from those registered as emerged (*), or the percentage of seedlings
recruited from sown seed (¥), depending on the data available in each study; the values for recruitment have been
calculated in some cases if they were expressed in other terms, e.g., seedlings ha™ divided by seed sown ha. The data
refers to the time expressed in column Ys. For data extraction from figures, we used WebPlotDigitizer 4.7. Precip. =

annual precipitation. Pred. = predators.

Location and

Ref. Ys Species  environment Seeding detall:e, (when buried, at =1 Emrg. Succ. Highlighted
. cm in all cases) (%) (%) comments
al conditions
Spain, burnt  Buried, intact soil. Pred. excluded. Data A clear example of P. halepensis
Bladé and P. pine forest. are average values for all the regeneration success with
Vallejo 2 halepensis Semiarid. experimental plots and families 71.7 48.6* seeding, but pred. excluded, and
2008 Mill. Precip. = 640 (maternal trees) seeds buried.
mm
Spain, Buried with 3 soil treatments: intact Ca. 1.2% survival in all the
Castro et P. sylvestris mountain (mejd(.iow), . clipped vegetation, and . .treatm.ents. ?eedlmg emergence
3 meadows. scarified soil. Pred. not excluded =25 1.2* s possible without pred.
al. 2002a L. . . .
Precip. = 830 exclusion if seeds are buried
mm
Spain, Surface, pred. not excluded, the same Pred. block regeneration if seeds
mountain treatments indicated above 0-0.8 are on the surface. Soil
. meadows. Surface, intact soil (meadow) + pred. scarification boost emergence.
Castro et P. sylvestris . . - - .
<1 Precip. = 830 excluded 6.4 (Survival not monitored in this
al. 2002a L. .
mm Surface, clipped veg. (meadow) + pred. study).
excluded 17.2
Surface, scarified soil + pred. excluded 55.5
. Spain, native Buried, intact soil in bare ground + 49.2 2.4*%  Juniperus communis acts as a
Castro et P. sylvestris .
al. 2004 L forests. pred. excluded nurse plant for seedling

50.8 8.2* recruitment

Reforesta Scientific Society 15
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Precip. = 830 Buried, intact soil under Juniperus +
mm pred. excluded
Spain, Buried, intact soil in bare ground. Pred. 287 o Salvia acts as a nurse plant for
Castro et P. sylvestris shrublands. not excluded ' seedling recruitment. Emergence
al. 2004 L. Precip. = 830 Buried, intact soil under Salvia. Pred. is possible without pred.
41.7 4.2% L .
mm not excluded exclusion if seeds are buried
Spain, native  Buried, intact soil in bare ground. Pred. Shrubs act as nurse plants for
25.4 8.9t . .
forests. excluded seedling recruitment. Summer
Precip. = 830 Buried, intact soil under shrubs. Pred. drought reduction with irrigation
. 60.8 9.7t . .
Castro et P. sylvestris mm excluded boost seedling establishment
al. 2005 L. Buried, |nta.ct.50||.|n bare ground. Pred. 4.9 12,7+
excluded + irrigation
Buried, mta!ct_ soil under shrubs. Pred. 678 32 9%
excluded + irrig.
Spain, burnt  Spot seeding. Not indicated if buried or 0.6t Recalculated from original data.
Espelta et ) P. nigra  areas. Precip. surface. Two soil treatments: grazed in. all Not successful
al. 2003 J.F.Arnold =600 mm. and prescribed burning. Chemical
. - cases
repellent for insects and birds.
Spain, burnt  Buried in scarified soil. Pred. not A cover of wood chips increased
Garcia- P. areas. excluded 5.8 0.2t soil moisture and seedling
Moroteet 2  halepensis Semiarid. Buried in scarified soil + wood chips recruitment. Aspect (N or S-
al. 2017 Mill. Precip. =332 cover. Pred. not excluded 18.2 4.6t facing) had no effect
mm
Spain, burnt  Buried, 2 soil treatments: intact soil and Seedling emergence is possible
areas. Precip. scarified soil. Pred. not excluded. South 458 o0 without pred. exclusion if seeds
Martinez- . = 647 mm facing slopes ' are buried. Seedling survival in
, P. nigra . . . . . .
Garciaet 5 LEArnold Buried, 2 soil treatments: intact soil and locations with reduced water
al. 2018 h scarified soil. Pred. not excluded. North 442 7 5% stress (north-facing slopes).
facing slopes ' ’ Woodchips had little effect (not
included in these data).
Lebanon, Buried slightly. Intact soil (with pine The exclusion of pred. had no
Nackhoul mature pine litter) 48 Ca.0 effectin this study.
et al. 0.5 P.pineal. stand. Precip. Buried slightly, scarified soil, Pred.
2020 =964 mm excluded 64 Ca.0
Spain, Buried, intact soil (but litter removed). Seedling emergence very high
P. pinaster different Pred. excluded when litter is removed and seed
Aiton elevations; Buried, intact soil (but litter removed) + are buried. Drought reduction
Tiscar et 3 P. nigra  dataforthe  water addition (similar to Castro et al. 70-90 0-40* boost seedling establishment (ca.
al. 2017 J.F.Arnold lowest value 2005). Pred. excluded. 3 times higher in irrigated plots).
P. sylvestris of basal area.
L. Precip. =
765mm
. Spain, burnt  Broadcast (manual) 25,000 seeds halin Recalculated from original data.
Espelta et P.nigra . . . L
areas. Precip. different treatments, including intact - <0.8% Not successful
al. 2003 J.F.Arnold .
=600 mm soil. Pred. not excluded
Portugal, two Broadcastin 1 x 1 m experimental plots Summer drought reduction
sites of the at a density of 600,000 seeds ha'l. boost seedling establishment.
Atlantic Scarified soil, pred. not excluded. Data reported are the average of
Fernande . coast: Precip. . W(_etter site: ~12 ~26* different treatments in
setal ” P. pinaster =944 mm e  Drier site: 10 <5 shrubland habitats (recalculated
’ Aiton (wetter and - - from original).
2017
cooler) and
Precip. = 735
mm (drier

and hotter)

Reforesta Scientific Society

16



REFORESTA 21:10-31 Castro et al.
Spain, Broadcast in 3 x 3 m experimental plots Seedling establishment
Ordoiiez . different at a density of 111,111 seeds ha™. happened below the canopy of
P. nigra . . . . . -
et al. <1 LEArnold habitats. Habitats: bare soil, short grasses and 0 —  the pine forest, but this habitat
2004 o Precip. = 725 shrublands. Pred. not excluded. does not need restoration.
mm
Spain, burnt  Broadcast in contour lines with a 6000 seedlings hat. However,
Taboada P. pinaster areas. Precip. portable shoulder spreader at = 25000 the effect of previous seed bank
et al. 3 ’ p. up to 900 seeds hal. Pred. not excluded. - 24%  not controlled. A resampling 5y
Aiton .
2017 mm after controlling seed bank offers

no effect.

3 Factors that determine pine seeding success in the Mediterranean
region

In general, pine regeneration via seeding in the Mediterranean region is
constrained by four fundamental factors: seed predation, drought stress (mostly
summer drought), non-contact with mineral soil, and weed competition.

3.1 Seed predation

Seeds of the Mediterranean pines are consumed by birds, mammals, and
insects, e.g., ants (Family Formicidae) and beetles (Order Coleoptera) (Castro et al.
1999; Espelta et al. 2003) (Figure 3), with rates that can reach almost 100% of seed
availability (Castro et al. 1999; Lucas-Borja et al. 2010; Ziffer-Berger et al. 2017; and
references therein). Therefore, measures that reduce seed predation will be
advantageous for pine seeding. Seed burial clearly reduces loss to predators (Castro et
al. 2002a; Martinez-Garcia et al. 2018) (Table 2), which is a general fact across species.
Seed burial also boosts germination, and thus, it is a method with cumulative
advantages for seeding. However, it is difficult to implement seed burial with broadcast
techniques and especially with aerial seeding, so seed burial is largely restricted to
ground-based operations. In cases where seed remains exposed on the surface,
alternatives are to coat seed with substances that either repel predators or camouflage
their appearance, smell, or both (Figure 3; also see section on Seed Coating to Improve
Pine Recruitment Success). Ongoing research on these technologies holds promise for
advancing seeding as a useful and scalable restoration method (Pedrini et al. 2020).

Methods to reduce predation may be combined to increase their efficiency. For
example, capsaicin (the spicy molecule in chili pepper (Capsicum spp. L.) deters
mammals but is ineffective against birds. Thus, we may treat seed with capsaicin if they
are to be spot seeded under shrub nurse plants (see below for information concerning
nurse plants). This is because rodent (Order Rodentia) activity increases under shrubs,
where they find protection from their own predators. Some avian seed predators may
not venture below shrubs, presumably because their movements would be restricted
and their probability of escaping predation compromised (this is, in any case, a
supposition to be tested). Thus, predation by two seed predator guilds may be reduced
by seeding capsaicin-treated seed under nurse shrubs. Similarly, the timing of seeding
can be critical to the level of seed predation sustained. For example, the high seedling
density that often occurs after fires for species bearing serotinous cones may be due to
the combined effects of the ashes camouflaging seed and the reduced density of
predators such as rodents and insects (many seed predators will die or be displaced

Reforesta Scientific Society 17
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during the fire and the site will not be recolonized for several months (Retana et al.
2012)). Post-fire restoration via sowing seed should be conducted shortly (within

months) after the fire to reduce the effect of seed predators, and ideally during a period
of rain.

Figure 3. Rodents and birds are the main predators of pine seeds in the Mediterranean region. (a) A wood mouse
(Apodemus sylvaticus) feeding on Scots pine (P. sylvestris L.) seed in Sierra Nevada National Park (Granada, Spain); seed
coated with 4 different deterrent substances were scattered onto the soil surface. (b) A common chaffinch (Fringilla
coelebs) is offered seed of Aleppo pine (P. halepensis Mill.) in the mountainous area close to the seashore in Granada
(Spain). The control (non-coated) seed (petri dish on right) were predated unlike the seed coated with Bitrex (bitter
substance) dissolved in a blue dye (petri dish on left). It is postulated that the color blue is not noticed by some birds. (c) A
blue coating and Bitrex did not prevent seed predation by the wood mouse in Sierra Nevada National Park. Presented
data are preliminary (Castro et al. unpublished) (Photo credits: Jorge Castro).

Reforesta Scientific Society 18
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3.2 Drought stress

Pine seedling mortality from drought, in particular summer drought, can be very
high in the Mediterranean region. The stress of drought may be considered the main
factor of seedling mortality with values that usually range between 70-95% depending
on the species, often reaching 100% after the first year (Espelta et al. 2003; Castro et al.
2004; Nackhoul et al. 2020). The situation may get even worse under current climate
change scenarios, which is an increase in aridity that may impact regeneration capacity
and distribution of pine species in the region (Salazar-Tortosa et al. 2024). Accordingly,
any measure to reduce summer drought stress could help seedling establishment
resulting from seeding operations. For example, mitigation of summer drought with
irrigation that simulates a mild summer is a measure that has consistently resulted in
positive effects on regeneration for various species, multiplying recruitment success by
a factor of 2 to 3 (Castro et al. 2005 and Tiscar et al. 2017 in Table 2; see also Ruano et
al. 2009; Mendoza et al. 2009; Matias et al. 2012 for similar results). However, irrigating
seedlings will not be feasible in most restoration cases, especially in remote areas.
Nonetheless, the risk of summer drought stress can be reduced in other ways. For
example, we may consider the landscape (macro) when prioritizing seeding efforts—
Martinez-Garcia et al. (2018) obtained 7.5% seedling survival for P. nigra on north-facing
slopes in contrast to 0% on south-facing slopes (Table 2).

Site selection for pine seeding in the Mediterranean region should also consider
a smaller spatial scale, i.e., the microhabitat. Several studies have consistently reported
the beneficial effect of nurse plants on regeneration of many tree species, particularly
pines in the Mediterranean region (Castro et al. 2004; Boulant et al. 2008; Petrou and
Milios 2012) (Table 2). As a result, it is common to observe a clear association of pine
seedlings and saplings with successional shrubby species (Figure 4). Shrubs reduce
radiation, evaporation, and thus heat stress (Castro et al. 2002b). They also enhance
water availability by directing stem flow from rain intercepted by branches and foliage
to soil, by hydraulic lifting, or by reducing surface runoff (Tromble 1988; Muller et al.
2018) that facilitates water infiltration in microhabitats. The latter aspect is further
enhanced by soil porosity which is improved by the root system of the shrub. Soil
moisture availability is further retained by leaf litter from the shrub, reducing
evaporative losses. Both leaf litter and (decaying) roots also contribute to soil organic
matter which positively impacts soil water retention and soil nutrient status.

Biological legacies such as burnt logs or branches remaining after fires can be
important microhabitat. These biological legacies can provide nurse structures that
reduce drought and heat stress, trap water runoff, and provide nutrients and organic
matter, all together improving pine seedling recruitment (Castro 2021). Also, shrubs and
biological legacies may protect seedlings from large herbivores (Figure 4) thereby
facilitating pine recruitment (Castro 2021). The use of shrubs as nurse plants or
biological legacies as nurse structures is likely the most necessary measure for
increasing success of pine seeding in Mediterranean environments. Some benefits
provided by shrubs may be replicated by mulching with woodchips, i.e., layered mulch
on top of the sown seed. For example, Garcia-Morote et al. (2017) found that
recruitment success increased from 0.2% to 4.4% when seeds of P. halepensis were
covered with a layer of woodchips, in accordance with a common positive effect of
mulching on seedling establishment across many species due to increased moisture,
reduced weed competition, temperature buffering, and nutrient supply (Jonas et al.
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2019; Lucas-Borja et al. 2020). Additionally, seed can be coated with a hydrogel to
further improve moisture retention after sowing (Section 4).

Figure 4. A common situation in Mediterranean ecosystems is the recruitment of tree species facilitated by nurse shrubs
that improve microclimatic conditions, particularly by reducing drought stress during the summer. Because they are
vulnerable to drought, pine seedling mortality can be substantial in summer. (a) Two individual Aleppo pine (P. halepensis
Mill.) trees recruiting within the canopy of a salvia plant (Salvia oxyodon Webb & Heldr.) in a semiarid environment
(Albacete, southeastern Spain). (b) Scots pine (P. sylvestris L.) sapling growing within a spiny shrub (Berberis hispanica
Boiss. & Reut.) in Sierra de Baza, southern Spain. (c) A seedling of maritime pine (P. pinaster Aiton) recruiting in a burnt
area: biological relics, dead branches after the fire, serve as nurse structures providing favorable microclimatic conditions
(moderating irradiation and desiccating winds) without competing for water (Sierra Nevada National Park, southern

Spain) (Photo credits: Jorge Castro).

Favorable microhabitats may also include small depressions or simple soil pits
where surface runoff accumulates after a rain event (Evenari et al. 1971). This concept
is mimicked by soil scarification prior to seeding, which breaks soil crusts that restrict
rainwater infiltration. For drought prone areas, customized seed drills are integrated
with V-shaped scalping blades or discs that create a weed-free strip and collect surface
runoff in the seeded line (Whyte 2003). Seeded lines should preferably follow contour
lines of the site to trap surface runoff without inducing gully erosion. The seeding
implement is drawn behind a four-wheel drive vehicle or tractor, so it is restricted to
flat or undulating terrain without too many rocks.

Finally, we may select the most appropriate sowing times for seed germination
and plant establishment, for example, during periods of expected rainfall (as far as these
periods fall within the period of seed germination), reducing the residence time of seeds
during which they are vulnerable to seed predation. In summary, there is a suite of
practices to alleviate drought stress; these focus on soil moisture conservation by
reducing evaporational losses and increasing water availability next to seeds. Their
effectiveness can be further improved in combination with other interventions. For
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example, seed coated with hydrogel can be sown under nurse shrubs and buried in the
ground.

3.3 Seed contact with mineral soil and weed competition

Seed contact with mineral soil is essential. If the seed remains on a layer of
organic matter, such as leaf litter or a layer of herbaceous plants, germination is still
possible. However, the radicle will likely desiccate before reaching mineral soil and the
seedling will die prematurely (Castro et al. 2002a) (see summary in Table 2). This differs
in respect to pine seeding in other biomes where soil moisture is higher during the
germination period. In drier regions, direct seeding (burying or pressing seeds in the
ground) is particularly expected to be more successful than broadcasting seed.
Germination of broadcasted seed may be improved by scarifying the soil surface, e.g.,
using disc or tine harrows, prior to seeding to facilitate seed burial or contact with
mineral soil (Nackhoul et al. 2020; Rautio et al. 2023), especially in the presence of a soil
crust or weed cover. Overall, site preparation such as soil scarification or scalping will
increase the probability of seeding success due to higher water infiltration, reduced
competition with herbaceous vegetation, or increased contact of the radicle with
mineral soil (e.g., Castro et al. 2002a; Nakhoul et al. 2020). These measures can be
effective even if applied at a small spatial scale, localized where the seed will be sown,
which will minimize negative impacts of soil disturbance across the entire site.

The impact of the surface organic layer will also depend on seed mass. We may
expect that the larger the seed, and thus, the more nutrients and energy it contains, the
more likely the radicle will reach mineral soil. This is supported by Nackhoul et al. (2020),
who found seedling emergence by P. pinea, the species with the largest seed mass in
the Mediterranean region, was reduced if seed were sown on unscarified soil, but these
seed still reached a relatively high (48%) emergence percentage (Table 2). These
observations contrast markedly with those for small-seeded species like P. sylvestris
(Castro et al. 2002a) (Table 2), suggesting that establishment of small-seeded species
will particularly benefit from soil scarification, scalping, or seed burial (to aid contact of
the seed with mineral soil).

Competition from weeds, especially dense herbaceous vegetation, also reduces
pine seedling recruitment and growth (Castro et al. 2002a; Castro and Leverkus 2019).
It is thus advisable to scalp soil or simply avoid areas where herbaceous vegetation has
become too dense. Alternatively, as noted earlier, nurse shrubs can reduce herbaceous
weed competition, providing a suitable microhabitat for seeding.

4 Seed coating to promote pine recruitment success

Because seed predation and seedling mortality caused by summer drought are
the main limitations to pine seeding success in the Mediterranean region, any measure
to alleviate the negative effects of these factors will increase the probability of success.
As stated above, a common practice for achieving this objective is seed coating.

Seed coating consists of applying layers of beneficial materials through an
accretion process to the seed coat. Coating seed modifies the physical traits (size,
weight) of the seed and delivers substances that help the seed endure environmental
stress or avoid predation. Coatings that provide protection against predators or
pathogens, or promote germination and establishment are most common (Pedrini et al.
2017; Pearson et al. 2019). Coating pine seed is particularly feasible and easy given their
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size, shape, and lack of external appendices (except the wing, which is easily removed)
(Benkman 1995). Coating seed is especially beneficial to mechanical seeding, either
terrestrial broadcasting or aerial seeding, because they can be transformed into a
spherical structure of desired diameter to facilitate spreading (Figure 5). Also, seed
coating could be particularly useful for aerial seeding with drones (see below). This is
because coating can be used to improve the ballistic properties of seeds, allowing them
to fall to the ground with more predictable trajectories that are less influenced by wind
and turbulent air currents (Domaradzki et. al. 2012).

Figure 5. (a) Coating Aleppo pine (P. halepensis Mill.) seed. Natural seed (upper left), seed coated with active carbon
(upper right), coated with neem oil (bottom left), and coated with bitrex plus a blue dye (bottom right). (b) A greenhouse
experiment to test the effect of coatings on seed germination and seedling emergence (Photo credits: Jorge Castro).

A key feature of seed coating is the ability to load the artificial coating with
substances designed to deter seed predation. For example, coloring the external surface
of the seed coat blue was enough to limit predation by some bird species (Pawlina et al.
1996) (Figure 5). While this practice can work on predators that rely on vision, it may
not work on rodents that rely heavily on taste and smell (Figure 3c). A primary problem
with deterring substances is that their effect is often not consistent across sites. The
extent of protection given by repellents may depend on factors such as the nutritional
quality of seed, the species depredating the seed, or the availability of alternative foods
(Nolte and Barnett 2000). As a result, some repellents show positive effects in some
cases but no effect in others. For example, Bitrex (denatonium benzoate), an extremely
bitter chemical compound, has sometimes reduced seed predation by rodents.
However, in an ongoing experiment conducted by the authors, preliminary results
indicate that Bitrex did not provide protection against predation by the wood mouse
(Apodemus sylvaticus) (Figure 3c). Another approach reported to be effective is to mask
the smell of seed with material such as activated carbon (Taylor et al. 2020). However,
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in the above-mentioned experiments, activated carbon did not seem to protect P.
sylvestris seed from predation by the wood mouse (Castro et al. unpublished data).

Seed coating can also be used to promote seed germination and seedling
survival. For example, we can add super-absorbent hydrogels that attract and retain
water to the proximity of the seed and provide extra water during periods of drought
(Amirkhani et al. 2023). Surfactants (or wetting agents) have also been used on
hydrophobic soils to allow water to infiltrate soil right under the seed. This seed
treatment can be particularly relevant in improving germination and emergence in post-
wildfire reforestation. Coating seed with nutrients has also been evaluated but the
delivery of macronutrients (NPK) often proved detrimental because of damage to the
extending radicle (Scott 1989). Application of trace elements has proven effective in
supplementing missing micro-nutrients. Other coating additives have been tested to
promote seed germination, such as gibberellic acid to overcome dormancy (Larson et
al. 2023), activated carbon to provide protection from herbicides (Davies et al. 2024),
and salicylic acid to improve survival under stress conditions (Pedrini et al. 2021),
though these have not yet been tested on pine seeds. Clearly, more research is needed
to find effective seed coating practices that improve protection and promote pine
establishment and recruitment in restoration settings.

5 Making seeding a viable approach for pine forest restoration in the
Mediterranean basin

Seeding success is determined by three main, inter-related factors: (1) increase
the recruitment probability associated with each seed, (2) reduce sowing density, and
(3) reduce cost of seeding while limiting impact to the ecosystem (Castro et al. 2024).
An action that meets any of these conditions will make seeding more competitive with
planting seedlings and more viable as a restoration approach. We propose several
options that meet these conditions. All strategies may use coated seed as described in
Section 4, as this contributes to restoration success and facilitates the use of mechanical
devices.

Direct seeding or spot seeding, burying seeds in the ground, is probably the best
option to increase recruitment success while reducing the amount of seed needed (e.g.,
Table 2). Sowing can be done manually, including hand-operated seeders, allowing
seeds to be easily inserted at the desired depth. Manual seeding also facilitates
precision placement of seed at selected microsites, for example underneath shrubs.
Because of early seedling mortality, it can be prudent to sow multiple seed per spot.
Seed could be dispensed separately at the same spot or within a single pellet containing
several seeds (agglomerate).

Direct seeding could also be done with terrestrial seeding robots that are
currently being developed by companies like Land Life (Amsterdam, The Netherlands;
Figure 6a). Terrestrial seeding robots can integrate spot-wise site preparation and
sowing by scalping to remove weeds, exposing the mineral soil before burying seeds or
seed pellets and creating a small depression to trap rainwater (Figure 6b). Considering
their limited weight and spot-level operation, seeding robots are environmentally less
intrusive than conventional terrestrial seeding methods that use heavy machinery to
scarify soil or pull seeding lines. Seeding robots may operate in fleets covering large
parcels of land, including moderately inclined, rugged, and rocky terrain, cumbersome
for operation of conventional seeding machinery. The fully controlled seeding process
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addresses variation in microhabitat conditions regarding natural shelter, soil conditions
including aspect and rainwater entrapment, and can enable precision seeding near
nurse shrubs.

In the absence of nurse shrubs, microsite conditions can be improved artificially
by using biopolymer based mini-protectors, i.e., shuttles (©Land Life, 2024) (Figure 7a).
Shuttles are partly pushed into the soil to provide above- and belowground protection
against seed predation and to provide shelter against high irradiation and desiccating
winds. In the driest environments, an additional disc-shaped structure, composed of
biodegradable pulp fiber, can be affixed onto the soil surface around the shuttle (Figure
7b). This device reduces evaporation from soil and suppresses weed competition, while
water captured from rain events is channeled to the seed. Additional cardboard-based
sleeves can be fixed on above-ground spike structures to further reduce light and
drought stress, while providing extra protection against seed predation and browsing
(Figure 7c). Considering the additional investment, shuttles should preferably protect
multiple seeds to realize cost effective recruitment (Figure 7d).

Figure 6. Terrestrial seeding robot developed by Land Life Company BV (Amsterdam, The Netherlands). (a) Prototype of a
seeding unit mounted onto an electrically powered mobile platform enabling spot seeding particularly under rugged
terrain conditions. (b) Detail of scarified soil spot prior to seeding: exposing mineral soil by eliminating weed cover, while
its conical shape traps rainwater favoring soil moisture retention (Photo credits: Land Life Company BV).

Aerial seeding using conventional methods like airplanes or helicopters appears
ineffective in the Mediterranean region. Even if coated seed are used to reduce seed
predation, conventional aerial seeding places most seeds on microsites unsuitable for
germination (e.g., dense weed cover, hard soil crust). Because pine recruitment success
in the Mediterranean region relies enormously on favorable microhabitat selection,
aerial seeding based on current drone technology should be considered. Drones can
place seed in preferred microhabitats with favorable moisture and aspect conditions
and can methodically avoid areas with dense herbaceous cover at small spatial scales.
Also, drones may place seed in preselected microsites at sub-meter scale, for example,
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under nurse shrubs—an application termed “precision drone seeding” (Castro et al.
2024) (Figure 8). This method can markedly reduce the number of seed required and,
hence, the operational cost can be reduced up to 6-7 times in respect to traditional
seedling planting (Castro et al. 2024). Drone seeding could, therefore, be useful and
competitive if the paradigm were changed from broadcast seeding the entire site to be
restored to precision drone seeding that delivered seed to the most suitable microsites
for establishment (Castro et al. 2024). This procedure could be further automated with
the use of artificial intelligence that incorporates high resolution remote-sensing
imagery and algorithms that recognize the best microsites for seed deployment at the
sub-meter scale, e.g., specific nurse shrubs (Castro et al. 2024). Unlike terrestrial
seeding, drone seeding can be deployed on particularly steep terrain with poor access
where large areas can be seeded in a short period of time, broadening the scalability of
reforestation. However, soil preparation and seed burial, two factors that clearly
increase seeding success, cannot be addressed by seeding with drones.

Figure 7. Shuttle technology developed for seeding or planting by Land Life Company BV (Amsterdam, The Netherlands).
(a) The shuttle is inserted in the ground to the middle flange, the device provides above- and belowground protection
against birds, browsers, and rodents, while the upper part improves microclimatic conditions by providing shelter against
high irradiation and desiccating winds. Under more challenging drought conditions shuttles may be combined with a
rainwater harvesting disc (b), which also controls weeds, and a top sleeve (c) providing more shelter to support
germination and early seedling establishment. Several seeds can be sown per shuttle to ensure recruitment success (d); in
the picture, four Scots pine (P. sylvestris L.) seedlings plus two non-germinated, coated seeds (Photo credits: Land Life
Company BV).
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Figure 8. Examples of potential uses of drone seeding at the sub-meter scale. (a) Nurse shrubs provide favorable
microclimatic conditions for seedling establishment and protection against herbivory. (b) Biological legacies such as piles
of branches left after post-fire management can act as nurse structures. (c) Microtopographic features such as pits and
mounds left by fallen trees after windstorms create favorable ecological niches where seedling establishment could have
greater success. Drones can drop seed in these particular microsites using a precision-seeding approach. The process can
be automated with the use of high-resolution remote sensing imagery and artificial intelligence. Reproduced from Castro

et al. 2024.

6 Conclusions

Pine seeding is an afforestation and reforestation method that has generally
showed low success in the harsh environmental conditions of the Mediterranean
region. Results for seeding are typically much more unpredictable than planting in terms
of reforestation success. Additionally, successful cases of pine reforestation with
seeding usually employed a large amount of seed per hectare, which could create
problems of seed supply and scalability. These are the most likely reasons that seeding
has been used much less commonly than seedling outplanting. Nonetheless, seeding
has been demonstrated to be a feasible and successful method of forest restoration in
some cases for the Mediterranean region.

Building on past successes, pine seeding may become more successful and
increasingly efficient as a restoration approach through incorporation of new
technologies with traditional methods and ecological knowledge under the paradigm of
“precision restoration” (Castro et al. 2021). In this respect, development of effective
and efficient seed coating technologies to deter seed predators and increase seedling
establishment are needed. We also must become more proficient in selecting the best
locations to sow seed, even at sub-meter scale (microhabitats), and factoring potential
hazards that the seedlings will face through recruitment, e.g., herbivory. Seed should
ideally be sown in the ground. This increases the cost of the operation but can
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substantially increase establishment success, particularly if seed is placed below nurse
shrubs. Aerial seeding with drones and terrestrial seeding robots may help to scale pine
seeding beyond what can be achieved with conventional technologies and should be a
main focus for future research.
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