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Abstract
Forest restoration could play a crucial role in ensuring the ecological stability of very fragile ecosystems in the Mediterranean, where rural popu-
lations still depend on the environment. Many past restoration efforts did not achieve their expected impacts for a variety of reasons, this paper 
focuses on one of these: the lack of attention to the genetic diversity of forest reproductive material (FRM) initially used. This paper presents the 
main factors to be considered, namely (i) the genetic suitability of FRM to the site, (ii) the nature and size of the genetic pool used to supply FRM 
and (iii) the regeneration potential of the restored forest. In addition, it presents the rationale for a longer timeframe during which key decisions and 
practical activities in the restoration process take place as crucial for successful ecosystem restoration. The scale of restoration envisaged by many 
recent international targets would vastly increase the ecological and economic value of currently degraded lands. However, in order to be successful 
in creating adaptable, self-sustaining ecosystems, it is essential that forest restoration pays more attention to the genetic composition and provenance 
of the forest reproductive material used. In order to improve the likelihood of success, the paper concludes by presenting some key policy recom-
mendations for the use of forest genetic resources in forest ecosystem restoration.

Key words: adaptive capacity, ecosystem restoration, forest reproductive material, FRM, forest restoration, genetic diversity, resilience, seed selec-
tion.

Introduction

 In the Mediterranean Basin, only about 5% of the 
original extent of forest cover remains today, mainly 
as a result of human activities affecting this hot spot 
of biodiversity. Restoration in the Mediterranean could 
play a crucial role in ensuring the ecological stability 
of very fragile ecosystems, where rural populations 
still depend on the environment. The most recent stra-
tegy of the UN Convention on Biological Diversity, 
through the Aichi Biodiversity Targets, adopted the 
aspirational target of restoring 15% of the world’s de-
graded ecosystems. This goal, one of many, to which 
countries have committed themselves, while apparen-
tly extremely ambitious, could be achieved by dou-
bling current rates of afforestation, forest regeneration 
and expansion of silvipasture and agroforestry. 

Unfortunately, many past restoration efforts failed 
to some extent or completely (Wuethrich, 2007). Fur-
thermore, past successes and failures have been poorly 
documented, robbing future efforts of the opportunity 
to learn and adopt better practices.

One of the main technical causes of non-performan-
ce, and one of the most neglected, has been a failu-
re to give the genetic diversity of forest reproductive 
material (FRM) due to weight. In a meta-analysis of 
almost 250 plant species reintroductions worldwide, 
Godefroid et al., (2011) found that knowledge of the 
genetic diversity of the species introduced, and inte-
grating that knowledge in seed sourcing, enhanced 

significantly the survival rate from the first year after 
reintroduction, and that this effect increased over time. 

With the importance of genetic diversity in mind, a 
group of forestry scientists coordinated the preparation 
of a book-length report on Genetic Considerations in 
Ecosystem Restoration Using Native Tree Species 
(Bozzano et al., 2014) as an input to the first report 
on The State of the World’s Forest Genetic Resources. 
That book presents the scientific basis and evidence 
for the importance of genetics in forest ecosystem re-
storation. This paper summarizes its arguments and re-
commendations by reviewing the role of genetic con-
siderations in a wide range of ecosystem restoration 
activities that involve trees. This paper also presents 
some of the recommendations of the EUFORGEN stu-
dy on “Use and transfer of forest reproductive material 
in Europe in the context of climate change” (Konnert 
et al., 2015).

The scale of restoration envisaged by many recent 
targets would vastly increase the ecological and eco-
nomic value of currently degraded lands. However, 
in order to be successful in creating adaptable, self-
sustaining ecosystems, it is essential that forest resto-
ration (especially large scale restoration) pays more 
attention to planting material, and in particular to ge-
netic considerations. The main factors to consider are: 
the genetic suitability of FRM to the site, the quality 
and quantity of the genetic pool used to supply FRM 
and the regeneration potential of the restored forest. It 
is also crucial for successful ecosystem restoration to 
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understand the timeframe in which key decisions and 
practical activities in the restoration process take pla-
ce. Without greater attention to these concerns, reha-
bilitation and restoration efforts may produce a short-
term increase in forest cover, but that cover will not be 
self-sustaining.

Selection of species and seed
In sites that are not very degraded, where a reasona-

ble population of adult trees is present in the surroun-
dings, and the soil is in reasonable condition, natural 
regeneration may be the best option, provided that the 
drivers of degradation can be identified and halted. In 
all other cases, it will be necessary to bring FRM, in 
the form of seeds or seedlings, to the restoration site. 
This requires three decisions that take place during a 
rather long timeframe and that are often taken by dif-
ferent actors, who unfortunately are frequently guided 
more by economic constraints than by ecological con-
straints. 

Selection of species
Native species are generally favoured because they 

will be better adapted to local biotic and abiotic con-
ditions and thus, able to support the biodiversity es-
sential to a functioning ecosystem. In some cases, un-
fortunately, an absence of local FRM of native species 
induces practitioners to substitute them with exotic 
species. While the use of exotic species may be ac-
ceptable from a purely production perspective, in line 
with the ecosystem restoration process, the use of exo-
tic species is generally a bad idea, because exotic spe-
cies will not occupy the missing niches in the ecosy-
stem.  In the absence of local, native FRM, it is better 
to change provenances rather than species (see below). 
Nevertheless, in certain cases, exotic species may be 
useful or even essential to help as nurse crops in order 
to improve the microenvironment on much degraded 
sites before planting native species. 

Selection of seed
There are certainly cases where better performan-

ces of local sources are reported in the literature. For 
example, among provenances of Pseudotsuga menzie-
sii introduced into Oregon, USA, local sources survi-
ved an unusual and prolonged period of cold, where-
as more distant provenances were badly damaged or 
killed (Johnson et al., 2004). In France, 30,000 ha of 
Pinus pinaster established with frost-sensitive mate-
rial from the Iberian Peninsula succumbed during the 
bad winter of 1984-5 (Timbal et al., 2005). Experien-
ces such as these, and the fear of damage or loss of the 
local autochthonous material, have convinced many 
practitioners that local seed sources are always prefe-
rable. However, especially when considering changing 
climate, it may be better to look further afield. 
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A working group of the European Forest Genetic Re-
sources Programme (EUFORGEN) recently published 
a report on Use and transfer of forest reproductive ma-
terial in Europe in the context of climate change that 
contains several recommendations on the selection of 
FRM (Konnert et al., 2015). Three of the critical re-
commendations are:

• FRM transfer is a valuable option for adapting fo-
rests to climate change;
• Local is not always best;
• Change provenances instead of species when local 
species show decline.
In essence, these recommendations and others in the 

report, are urging those responsible for planning and 
implementing forest restoration schemes to consider a 
wider impact and longer time-frame than is currently 
prevalent. The ability of the restored forest to reprodu-
ce itself without further intervention, and to be part of 
a whole, functioning ecosystem capable of delivering 
a full range of ecosystem services, ought to be the goal 
of restoration.

One reason to consider non-local provenances is that 
the assumption that FRM from local sources is well 
adapted to local conditions, is not always correct. In 
declining and fragmenting populations, for example, 
local adaptation may be lower as a result of reduced 
gene flow and genetic drift. Soil conditions in degra-
ded sites may be quite different from those present 
when the remaining trees were established. Even rea-
sonably intact forest patches may not be a good source 
of genetically diverse FRM if they have been subject 
to intensive management practices, which can modi-
fy the breeding patterns of the remaining reproductive 
trees and result in increasingly inbred seeds. 

Inbred seeds often do not establish as well as more 
heterozygous material. Even when establishment 
is good, however, the effects of inbreeding may not 
become manifest until planted trees reach maturity, 
which can take 30 years or more. Reduced genetic di-
versity results in a reduced ability to adapt to changing 
conditions, either through plasticity or through natural 
selection. Under such conditions, there is a strong pos-
sibility that the restored ecosystem will not be self-su-
staining, and another restoration effort will be needed. 
Incorporating more genetic diversity at the outset will 
avoid such waste. In such cases, it may be advisable to 
seek seed from locations that are distant in space but 
closer in current and predicted environmental condi-
tions. 

One argument against the use of very distinct ge-
notypes of FRM concerns the deleterious effects of 
outbreeding depression, when the FRM reaches ma-
turity and mates. While such outbreeding depression, 
caused by the break-up of linked adaptive complexes, 
has been discussed as a theoretical counterpoint to in-
breeding depression, there is little hard evidence for 
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or against it in trees. As long as some uncertainty re-
mains, and with it the need for focused research on 
outbreeding depression in restoration activities, prac-
titioners should nevertheless give strong consideration 
to sourcing non-local FRM.

In seeking non-local FRM, it is essential to consider 
the ability of FRM to survive any predicted environ-
mental changes. While precise predictions of future 
conditions are impossible, one can predict that greater 
genetic diversity in the FRM will allow natural selec-
tion to favour some individuals as conditions – biotic 
and abiotic – change. Genetic diversity is positively 
related to both the fitness of tree populations and the 
functioning and resilience of the ecosystems of which 
the trees are a part. Sufficiently, large diversity is thus 
necessary to ensure the survival of restored forests. 

Diversity of  forest reproductive material sources
One key recommendation is that seed for FRM must 

be collected from a large enough sample (20-60 in-
dividuals per source population for each species, de-
pending on reproductive biology and other factors), 
to ensure that there is sufficient genetic diversity to 
permit adaptation and thus, the long-term survival of 
the restored forest. Several general guidelines for tree 
seed collection exist, and they aim to ensure a mini-
mum level of genetic diversity (for example, 95% of 
the alleles in a population) with the least amount of 
effort. Unfortunately, a survey of restoration practi-
tioners suggests that these rules are often unknown or 
unused (Bozzano et al., 2014). This is probably becau-
se following the guidelines correctly involves a greater 
expenditure of effort now, while the effects of lack of 
genetic diversity are not seen for some considerable 
time. Incentives to encourage the collection of more 
representative seed samples would help to ensure the 
success of restoration projects. The ability to quickly 
assess the genetic diversity of a seed collection, before 
accepting them into a restoration effort and investing 
in, for example, growing them on, would be very hel-
pful. 

Perhaps the most difficult factor to include in the se-
lection of sources for suitable FRM is the impact of 
climate change, which is currently often not conside-
red at all (Bozzano et al., 2014). As noted, degraded 
sites offer less than optimal conditions for seedling 
establishment and growth. If, at the same time, climate 
is becoming harsher, that adds further selection pressu-
re. Intuitively, trees in sites that are already affected by 
climate change could be better adapted to harsh condi-
tions and thus, a good source of FRM. However, one 
needs to be guided also by a firm understanding of the 
interactions between genetic and environmental (G x 
E) effects. Such studies of G x E interactions require 
multi-location progeny and provenance trials and cli-
mate modelling, but while many such trials have been 

established over the past decades as part of efforts to 
improve production, data are not readily available in 
a form that can be analysed to guide the selection of 
sources of FRM. A concerted effort to locate such in-
formation and make it available to restoration practi-
tioners would improve future restoration. Furthermo-
re, the existence of some provenance trials does not 
diminish the need for new trials to be established in 
order to inform future restoration efforts. The EUFOR-
GEN report on FRM and climate change cited earlier 
(Konnert et al., 2015) recognises the need for better 
documentation and for continued provenance research 
to cope with climate change.

Uncertainty about both the extent of climate change 
and of potential G x E interactions can pose a risk to 
restoration. If neither climate change nor genetic sui-
tability can be accurately estimated, one potential so-
lution may be to use seed from mixed sources. Such 
composite provenance – mixing a large amount of 
local material from diverse environmental conditions 
with a medium amount of material from intermedia-
te distances that is ecologically matched to predicted 
future conditions and a small amount of distant, eco-
logically diverse populations – could simulate natural 
gene flow and offer a best bet to secure the necessary 
genetic diversity and adaptability to ensure successful 
establishment of a self-sustaining ecosystem (Thomas 
et al., 2014). In the same vein, admixture provenance 
ignores adaptability and genetic suitability. Instead, 
seed collection focuses on capturing a wide selection 
of genotypes from large populations in various diffe-
rent environments; with no bias towards the restoration 
site (Breed et al., 2013). Admixture provenances aims 
to create a large, highly diverse gene pool that allows 
natural selection to choose the best-adapted genotypes. 
For both approaches, decision support tools could as-
sist practitioners to select the best available sources of 
FRM and to create mixtures of FRM that offer the gre-
atest likelihood of establishing successfully. However, 
there will always remain a need for researchers who 
can personally verify the suggestions made by deci-
sion support tools on the basis of their actual know-
ledge of the specific details of the restoration project.

Timeframe

Planning for genetic adaptability 30 years in the futu-
re is just one aspect of forest restoration that requires 
long-term thinking. It takes time to plan for a succes-
sful restoration, starting with the need to choose seed 
sources. Having identified the seed sources, time is ne-
eded to identify and collect from sufficient parents and 
in years of good seed production. Producing seedlings 
suitable for planting out also takes time, and nursery 
seedlings are often favoured in restoration projects 
because they establish more readily. However, gene-
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tically ideal material may not be available, especially 
in commercial nurseries. For that reason, restoration 
projects may need to enter into dialogue with commer-
cial nurseries to ensure that the nurseries have time 
both to collect and propagate material to the project’s 
specifications. Failing that, projects may need to esta-
blish their own specific nurseries near the restoration 
site to ensure a ready supply of genetically diverse se-
edlings from carefully selected sources. In both cases, 
it is important that nurseries should not discard slow-
growing individuals, as these will constitute part of the 
genetic diversity that ensures future adaptability.

Increasing adaptive capacity 

Restored tree populations, like natural populations, 
may persist if environmental changes are within their 
range of plasticity or if they can track suitable ecologi-
cal niches by migration. They may also persist through 
differential survival and adaptation to new environ-
mental conditions or may go extinct. Avoiding the 
third fate requires imbuing restoration projects with as 
much adaptive capacity or resilience, as it is often re-
ferred to, as possible. Several approaches are possible.

Large population size, as long as it includes sufficient 
genetic diversity, is probably the most effective con-
tribution to resilience, by allowing the population to 
persist in the long term and to undergo evolutionary 
adaptation. The larger the population, the more likely 
it is to survive pests and diseases, and environmental 
extremes such as drought or fire, and the less likely to 
suffer genetic erosion. Godefroid et al. (2011)  revie-
wed several plant introductions and found a positive 
relationship between the number of reintroduced in-
dividuals and their survival rate. Another element in 
adaptation is the rate of generation turnover. For this 
reason, it may be a good idea deliberately to create 
gaps to enable the establishment of a new generation of 
trees and to use management techniques to rejuvenate 
tree populations. Connecting restored areas to remai-
ning forests, where possible, will also probably pro-
mote long-term survival and adaptation, by enabling 
gene flow. Mating systems, pollen and seed dispersal 
distances and mechanisms and landscape aspects of 
gene flow, such as topography, all need to be conside-
red during the planning phase of restoration projects. 
In addition, the survival of pollinators and seed disper-
sers also needs to be a part of project planning, as do 
other aspects of the surrounding biota, including her-
bivores and symbionts such as mycorrhizal fungi and 
nitrogen-fixing bacteria. Finally, rather than focusing 
on a single tree species for restoration, consideration 
should be given to restoring a forest of mixed species. 
As Thomas et al. (2014)  note:

Restoration should, as far as possible, create appro-
priate conditions to foster re-establishment of the 

interactions and associations between species and 
genotypes. This should improve success rates for 
restoration, and promote associated biodiversity be-
nefits. Overall, higher species and genetic diversity 
are known to improve ecosystem stability, resilien-
ce, productivity and recovery from climate extremes, 
which is of increasing importance under environmen-
tal change.

Measuring success

Monitoring the success of restoration needs to take 
place over a longer period than is conventional, essen-
tially long enough, such that evolutionary fitness can 
start to be assessed. An extended monitoring phase is 
important because it may reveal the need for corrective 
action well after the initial planting. An even more im-
portant aspect of monitoring is that short-term moni-
toring is usually capable of looking only at the wrong, 
or at least unhelpful, measures. Number of hectares 
covered and number of seedlings planted, say almost 
nothing about the future prospects of the restoration. 
Even short-term seedling survival rates give very little 
indication of success. 

A thorough evaluation of a restoration project needs 
to cover a long period of time, from establishment 
through growth to maturity and succession. Such as-
sessments, while necessary, are expensive and extend 
well beyond the original restoration phase. Neverthe-
less, continuous or periodic monitoring over a long 
time span should be built into restoration efforts, not 
least because the results of such monitoring may guide 
adaptive management of the restoration to keep it on 
track. 

Currently, very few restoration efforts make any at-
tempt to include genetic indicators in their evaluations. 
This probably reflects the general lack of awareness of 
the importance of genetic considerations in restoration 
efforts (Bozzano et al., 2014). The few positive exam-
ples, such as a thorough study of Banksia attenuata in 
Australia by Ritchie and Krauss (2012), suggest that 
these restorations were successful, in that there were 
few differences among the populations studied. In 
general, however, there is an absence of evidence. It 
is therefore crucial to further develop user-friendly 
guidelines and protocols to assist emerging restora-
tion practitioners with the choice of tree species and 
sources of FRM (Thomas et al., 2015).

Long-term monitoring may require the development 
of new techniques, for example to measure changes 
in the genetic diversity of the surviving trees. Ideally, 
evaluation of different projects would adopt a standard 
set of techniques and measures, especially for mole-
cular genetic measurements, in order to ensure that 
datasets are comparable. In this context, the rapid de-
velopment of techniques poses challenges to standar-
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dization, but they could be overcome by establishing 
baselines of, for example, genetic heterogeneity in 
thriving populations. Comparisons with such baseline 
data could indicate how well the restoration is doing. 
Ideally, practitioners also need better surrogate measu-
rements for genetic diversity for cases in which it may 
not be possible to obtain molecular data directly.

Conclusion

Giving full weight to genetic considerations in plan-
ning forest restorations, greatly increases the proba-
bility that restored forest ecosystems, will thrive and 
continue to provide ecological and economic services 
into an uncertain future. Thomas et al. (2014)  offer 
sets of recommendations (distilled from Bozzano et al. 
2014) for research and for practice. From these, one 
overarching recommendation is to establish stronger 
links between research and practice, because resto-
ration projects have untapped potential to generate 
scientific knowledge that will improve future restora-
tion. Breed et al. (2013) point out that more restora-
tion projects could deliberately incorporate an expe-
rimental component, and that doing so would create 
a virtuous cycle of increased collaboration, reciprocal 
exchange of information and potentially a more useful 
presentation of research findings that in turn leads to 
better uptake and enhanced restoration projects. The 
need for improved knowledge and practical advice 
will become even more urgent in future in view of the 
limited restoration experience of the many new actors 
likely to emerge in response to major international 
commitments to restoration goals. 

Policy recommendations

Perhaps the most important recommendations, con-
cern the policy background against which restoration 
efforts take place. Changes here could be a significant 
driver of improved restoration. Furthermore, the im-
portance of using appropriate and suitable FRM has 
been highlighted by a decision of the 12th meeting 
of the Conference of the Parties to the Convention on 
Biological Diversity in 20141, which called for “due 
attention to both native species and genetic diversity in 
ecosystem conservation and restoration activities…”.

The key recommendations for the policy are to: 
1. Put in place supportive national strategies that create 
demand for good quality FRM of native tree species. 
Such frameworks should explicitly address the impor-
tance of adequate selection of sufficiently diverse ge-
netics in ecosystem restoration.
2. Identify appropriate incentives and financing me-

chanisms that will encourage the evaluation of resto-
ration success in a more holistic way. Such evaluation 
should include assessments of how well genetic inte-
grity and connectivity is maintained and restored.
3. Ensure that existing information relevant for restora-
tion practitioners and researchers, including informa-
tion hidden in grey literature and local and traditional 
knowledge, is freely accessible and easily searchable, 
particularly in local languages.
4. Broaden education and training curricula to promo-
te greater understanding of the importance of genetic 
considerations in restoration projects. This training 
and associated material must be targeted at the variety 
of actors active in restoration, including local nurseries 
and seed collectors who are an important part of FRM 
production chains for restoration purposes, but who 
need training and support to optimize genetic diversity 
and adaptive potential in FRM.

In many countries, large-scale projects receive sub-
sidies from the government, which offers an ideal 
opportunity for governments to implement incentive 
schemes to encourage better use of diverse and adap-
ted germplasm.
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Abstract
Beech-wood (Fagus sylvatica L.) restoration in the Gran Sasso and Monti della Laga National Park (central Italy) started in 2001, in areas that were 
degraded by overgrazing and overexploitation, which had led to the fragmentation and degradation of the beech woods. The objectives of the eco-
logical restoration were to reverse the fragmentation through the re-activation of the ecological functionality of the forest system. Some innovative 
criteria were introduced concerning the modification of the Miyawaki method, using a few tree species and involving a low mechanisation of all 
the planting and tending operations. In the experimental area, the vegetation restoration started with successional tree species that belonged to the 
same vegetation series, of the association Actaeo spicatae-Fagetum sylvaticae. The cultural tecnique followed the criteria of sustainability from the 
ecological, social and economic points of view. The results 14 years after the planting show: (i) Prunus avium, Betula alba, Salix caprea and Populus 
tremula as the tree species with greatest growth; (ii) High survival rates and good vitality status for all of the planted trees, except for some damage 
caused by wild herbivores (eating and stripping of the bark), and by recent snowfalls; and (iii) Some species fruiting (Prunus avium, Acer pseudo-
platanus, Sorbus aucuparia and Sorbus aria), and evidence of relatively frequent natural regeneration. Analysis of the flora shows that the situation 
is still very similar to the initial conditions, with prevalence of species of secondary pastures dominated by Brachypodium rupestre (Brometalia 
erectii), and with the stand crown cover at 80%. On the contrary, where the stand crown cover had reached 100%, there were some nemoral species 
in the herbaceous layer, of Fagetalia sylvaticae. With these generally good results, this experience reveals some open aspects relating to enhancing 
forest restoration in protected areas, as the need for: (1) Control of the game population; (2) Identification of the local provenances of all of the spe-
cies that are used in future forest restoration activities; (3) Production of nursery material of high quality; and (4) Initial stocking density >1100 ha–1.

Key words: forest restoration, Fagus sylvatica, Italy, Miyawaki method, potential natural vegetation, planting system, protected areas.

Introduction

Akira Miyawaki, a Japanese phytosociologist, deve-
loped a method for active restoration of degraded sites 
that is based on the concept of the potential natural 
vegetation (Miyawaki, 1999; Miyawaki & Box, 2007). 
The aim of this method is to restore multi-species and 
multi-layered forests that are very “close” to the native 
forests.

Preliminary investigations of the field vegetation are 
carried out by the phytosociological approach to de-
termine the correct choice of species, with an analy-
sis of the soil profile and the morphology. Seeds of 
all intermediate and late successional species are then 
collected in nearby native forests (mainly from sacred 
groves), to grow the seedlings for the planting. After 
this, if necessary, 20 cm of soil can be carried-over and 
all of the species are mixed and planted at high densi-
ty. Mulching is needed to prevent soil dryness, erosion 
on steep slopes (even with heavy rainfall), and weed 
growth, and to protect the seedlings against the cold. 

No post-plantation silvicultural practices are applied.
In Italy, with its long history of human activity, the 

intense exploitation or complete forest destruction for 
agriculture and grazing has in many cases altered the 
original species composition and the natural environ-
ment. Thus, afforestation of bare land has been carried 
out since the 19th century, to prevent soil erosion. Over 
the last few decades, the abandonment of the agricultu-
ral land has resulted in further problems in Italian rural 
areas, as in many other European countries (Kirby & 
Watkins, 2015), which need to be approached from the 
social, economic and cultural points of view. Therefo-
re, different options need to be considered: recovery of 
the land for new agricultural purposes (as suggested 
in some regions for new vineyards); and conservation 
of the historic rural landscapes (Agnoletti, 2010), to 
allow natural evolution (passive restoration), or to ap-
plying active restoration (reforestation). 

Secondary succession through perennial grass, light-
demanding shrubs, light-demanding fast-growing tre-
es, and late successional trees would take about 200 

Corresponding author: Valter Di Cecco. Department of Life Health and Environmental Sciences, University of L’Aqui-
la, Via Vetoio Loc. Coppito, 67100 L’Aquila, Italy; e-mail: valter.dicecco@graduate.univaq.it
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years (Miyawaki, 1999; Quezel & Medail, 2003; Mer-
curio, 2010). Therefore, for the final native forest to be 
restored in a relatively short time (i.e., a few decades) 
this requires human intervention.

Since the 1980s, the traditional techniques of affo-
restation have been revisited in Italy on the basis of 
new knowledge of forest ecosystem functioning and 
forest restoration techniques. This can be summarised 
and simplified as the principle of “consulting nature 
in the planting of forests”. In particular, the Miyawa-
ki method (Miyawaki, 1999; Miyawaki & Box, 2007) 
was taken into consideration in Italy by Mercurio et al. 
(2010) and Schirone & Vessella (2011). 

Here we present the results after 14 years of active 
forest restoration through a modification of the origi-
nal Miyawaki method, which used a few tree species 
at low densities, and involved low-level mechanisation 
for all of the planting and tending operations. In addi-
tion to structural analyses, floristic and vegetation sur-
veys were carried out, which were aimed at assessing 
the current dynamics, especially for the herbaceous 
and shrub layers.

Materials and Methods

Study area
The study was conducted in the Valle del Bove, Cam-

potosto (AQ), in the Gran Sasso and Monti della Laga 
National Park (the upper valley of the Vomano River) 
in central Italy (1480-1560 m a.s.l.; north to northeast 
aspects; slope 25% to 40%). The mean annual preci-
pitation was 1047 mm, with summer precipitation of 
163 mm, and without any dry period. The snow co-
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ver usually extended from November to March/ April. 
The mean annual temperature was 7.18 °C, with the 
mean temperatures of the coldest month of -2.58 °C, 
and the warmest month of 18.08 °C. According to the 
bioclimatic classification of Rivas-Martínez (Rivas-
Martínez et al., 2011), the thermopluviometric station 
of Campotosto (1430 m a.s.l.) belongs to the tempera-
te macroclimate. The predominant bedrock is flysch. 
The soils were classified as Typic Haploxerept (Soil 
Survey Staff, 2003), were of silt loam, and were acidic 
and deep (> 60 cm).

The natural beech woods are referred to the associa-
tion Actaeo spicatae-Fagetum sylvaticae (Biondi et 
al., 2008). This association includes the beech woods 
of the upper supratemperate bioclimatic belt that grow 
on the formation of Gran Sasso/Laga Flysch. These 
woods grow on deep and acid soils, and they can be 
considered the potential natural vegetation in the ter-
ritory under investigation. This association is included 
within the suballiance Veronico urticifoliae-Fagenion 
sylvaticae (Di Pietro, 2007), which includes the aci-
dophilous and sub-acidophilous beech woods in the 
central Apennines, and within the alliance Aremonio 
agrimonoidis-Fagion sylvaticae (Fagetalia sylvaticae, 
Querco roboris-Fagetea sylvaticae).

These beech woods can be considered the most evol-
ved vegetation in the series of the central-Apennine, 
microthermic, acidophilous, climatophilous beech 
woods of the upper supratemperate bioclimatic belt 
(Actaeo spicatae-Fageto sylvaticae sigmetum). The-
se woodlands are dynamically linked with the mantle 
communities of Juniperus communis subsp. commu-
nis and Cytisus scoparius, pastures of Brachypodium 

Fig. 1 - Study area within Italy. Campotosto in the Gran Sasso and Monti della Laga National Park, and satellite view of Sites A 
and B and the nearby natural beech forest. Locations of the phytosociological surveys in the study areas are shown as red triangles.
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rupestre, Sesleria nitida and Astragalus sempervirens 
(Phleo ambigui-Bromion erecti), and grasslands of 
Cynosurus cristatus and Trifolium repens (Cynosurion 
cristati) in the sites with deep soil.

Chain relationships have been established with the 
series of central-Apennine, thermophilous, climato-
philous and acidophilous beech woods that belong 
to the low supratemperate bioclimatic belt (Potentil-
lo micranthae-Fageto sylvaticae sigmetum) (Biondi 
et al., 2008), and in the upper supratemperate biocli-
matic belt, with the series of mountain dwarf juniper 
(Juniperus communis var. saxatilis) and high mountain 
dwarf bilberry (Vaccinium myrtillus) shrubs.

Planting techniques
Following Mercurio (2001, 2010), two criteria gui-

ded these forest restoration procedures:
− To use the native tree species chosen after field 
investigations in the area, according to the phytoso-
ciological approach, and thus to speed up the natural 
dynamics to provide the so-called “potential natural 
vegetation”, which was not regarded as an absolute 
datum, but as a simple reference point.
− To reduce the impact of the traditional geometric 
plantations that are used to promote the mechanisa-
tion of all cultural operations, such as ploughing and 
cleaning. For this, arrangements of curved rows (Lu-
cas, 1991) and clusters (Schoenenberger, 2001; Twedt, 
2006) were applied.

Two different planting techniques were adapted for 
two different sites, in relation to the soil inclination:

1. Site A, with slope <25% and a flat morphology. 
The soil preparation was full deep cultivation (plou-
ghing) to 70 cm in depth, and the seedlings were arran-
ged in curved rows (spacing: 2 m between seedlings 
along rows; 3 m between rows). This reduced the plan-
ting costs and the following tending operations. With 
the stocking at 1100-1600 plants ha–1, the tree species 
composition was:

(a) Early successional species (equal percentages of 
each species): goat willow (Salix caprea L.), birch (Be-
tula alba L.), aspen (Populus tremula L.), rowan (Sor-
bus aucuparia L.), whitebeam (Sorbus aria Crantz.), 
wild cherry (Prunus avium L.) and sycamore (Acer 
pseudoplatanus L.); 

(b) Late successional species: 70% beech (Fagus syl-
vatica L.) and 30% Norway maple (Acer platanoides 
L.), ash (Fraxinus excelsior L.), lime (Tilia cordata 
Mill.), silver fir (Abies alba Mill.), and yew (Taxus 
baccata L.).

2. Site B, with slope >25% and a rough morpholo-
gy. The soil preparation was for holes, with seedlings 
arranged in clusters (spacing: 2 m between seedlings 
inside clusters; 4 m between clusters). This approach 
was more suitable to steep slopes in mountain areas 
with complex orography. The aim was the creation of 

spatially non-uniform and more diverse stands that are 
more resistant to pathogens, herbivores and climatic 
hazards, while avoiding soil erosion caused by more 
aggressive techniques that eliminate the shrub cover 
using heavy machinery. The tree species composition 
was the same as for Site A, but the stocking was 400 
plants ha–1.

In both cases, 1-2-year-old bare root seedlings were 
used. The planting was carried out in the spring of 
2001. The tending operations involved fencing off the 
entire afforested area with 1.25-m-high wire mesh, re-
placement (beating up) of seedling failures, and ma-
nual cultivation around the seedlings. 

Data collection 
Randomised samples of 30 individuals of each tree 

species were used to analyse the dendrometric and 
dendrological aspects, diameters at breast height, total 
heights, crown cover, and damage by herbivores and 
snow. The different tree species were surveyed during 
the winter of 2015. 

The vegetation study in these restored areas was con-
ducted using the phytosociological approach (Braun-
Blanquet, 1964; Géhu & Rivas-Martinez, 1981), 
updated according to the latest interpretations. The re-
ference for the single taxa nomenclature was the chec-
klist of the Italian vascular flora (Conti et al., 2005; 
2007). Ten phytosociological surveys were carried out 
in these study areas during the summer of 2015. From 
this phytosociological survey, Table 1 was drawn up. 
Surveys 1 to 6 were performed in the restored area 
with slope <25% (Site A), and surveys 7 to 9 were per-
formed in the restored area with slope >25% (Site B); 
survey 10 was taken in a close-by natural beech wood.

For the distributions of the species between the dif-
ferent phytosociological categories, the percentages of 
the species of each phytosociological category were 
also calculated in terms of the total of the species pre-
sent.

Results and discussion

After 14 years, all of the planted trees showed high 
survival rates and good vitality status. The exact height 
measurements were compromised by the frequent 
snow damage. However, 85% of the trees of Site A 
were higher than those of Site B, which reveals the 
importance of complete soil preparation. Indeed, all of 
the plants had benefited from the more favourable soil 
conditions, such as for water and nutrients.

The highest tree species were those that are light-de-
manding or early successional, such as birch (8.7 m), 
aspen (8.4 m), wild cherry (6.7 m), and goat willow 
(6.6 m). These had grown rapidly in height and formed 
an upper canopy stratum, unlike the late successional 
species. Indeed, these latter species showed lower 
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heights: beech (4.6 m), lime (3.8 m), and silver fir (2.8 
m), while yew had disappeared (Fig. 2). Intermedia-
te heights were recorded for Acer, Ulmus and Sorbus 
trees. Some species were fruiting (e.g., Prunus avium, 
Acer pseudoplatanus, Betula alba, Sorbus aucuparia, 
Sorbus aria), and advanced natural regeneration of 
these species was quite frequent.

Experience using late-successional broadleaved tre-
es in the restoration of beech woods is very rare, but 
sometimes this can be successful (Legard & Davis, 
2004) if the restored site has good soil conditions, as 
in this case study. More frequently pines and/or other 
pioneer species have been used mainly for degraded 
sites (Girona Garcìa et al., 2015; Popović & Ćirković-
Mitrović, 2016), which facilitates the introduction of 
late-successional hardwoods (Ivetić & Devetaković, 
2016); however, these different situations are not com-
parable with this case study. 

Species of Fagetalia sylvaticae and mesophilous fo-
rests were present in large numbers in the first group 
of surveys, where the tree species planted with the hi-
gher density had secured the soil cover that is more 
appropriate for the nemoral herbaceous species. These 
species included Poa nemoralis, Brachypodium sylva-
ticum, Veronica chamaedrys, Senecio ovatus, Geum 
urbanum, Scrophularia scopolii, Geranium nodosum, 
Epilobium montanum, Festuca heterophylla, Potentil-
la micrantha and Melica uniflora.

In surveys 7 to 9 (Site B), the situation of the herba-
ceous layer had not yet evolved, with the prevalence of 
the typical pasture species. 

In the restored stands, there were also various ni-
trophilous-ruderal species, although with low values 
of cover, and these were, however, subordinate to the 
species of the pastures with Brachypodium (Fig. 3).

Conclusions

According to the scientific evidence that has resul-
ted from this experience, some particular points can 
be noted:

- The analysis of the flora shows that the situation is 
still very similar to the initial conditions, with the pre-
valence of species of secondary pastures dominated by 
Brachypodium rupestre (Brometalia erectii) when the 
stand crown cover was 80% or less (for slopes >25%). 
On the contrary, when the stand crown cover reached 
100% (for slopes <25%) in the herb layer, there were 
some nemoral species of Fagetalia sylvaticae.

- The differences in the tree species growth suggest 
that restoration efforts should be carried out at diffe-
rent times: initially with early successional species, as 
the “nurse crop”, and then with planting of late-succes-

Fig. 2 - Mean heights (±SD) of the tree species after 14 years. Bp: Betula pendula, Pt: Populus tremula, Pa: Prunus avium, Sau: 
Sorbus aucuparia, Ca: Corylus avellana, Fs: Fagus sylvatica, Sc: Salix caprea, Tc: Tilia cordata, Aps: Acer pseudoplatanus, Aa: 
Abies alba, Ug: Ulmus glabra, Apl: Acer platanoides, Sar: Sorbus aria.

Fig. 3 - Percentage distributions of the species between the 
different phytosociological categories. 
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Rel. n. 1 2 3 4 5 6 7 8 9 10

Exposure NO NO NO NO NE NNO NE NE NE N

Altitude m a.s.l. 1544 1535 1527 1520 1547 1506 1507 1529 1538 1490

Coverage % 65 60 95 80 80 85 40 60 40 90

Area m2 70 50 50 80 100 60 50 40 100 200

Planted trees

Fagus sylvatica L. 1 . . 3 4 3 2 2 3 .

Sorbus aucuparia L. 2 2 2 1 2  + . 1 2 .

Acer pseudoplatanus L. . . . 2 2 . 1 2 1 .

Prunus aviumL. 2 1 3 . . . . . . .

Sorbus aria (L.) Crantz 2 . 2 . . . . . + .

Ulmus glabra Huds. . . . + 1 . + . . .

Salix caprea L. . 3 . 2 . 3 . . . .

Corylus avellana L. 2 2 . .  + . . . . .

Betula pendula Roth 2 . 3 . . . . . . .

Abies alba Mill. . . . . . + + . . .

Tilia cordata Mill. + . . . . . . . . .

Populus tremula L. . . . . . 2 . . . .

Acer platanoidesL. . . . . . . 2 . . .

Actaeo spicatae-Fagetum sylvaticae and superior syntaxa (natural regeneration)

Fagus sylvatica L. . .  + . . . . . . 5

Poa nemoralis L. 1 . . 1 1 . . 1 1 +

Brachypodium sylvaticum (Huds.) P. Beauv. . . 1 . 1 2 . . 1 2

Veronica chamaedrys L. 1 . + . . 1 . . 1 .

Sorbus aucuparia L. . . 2 1 1 . . . . .

Senecio ovatus (G. Gaertn., B. Mey. & Scherb.) Willd. . . + 2 . 1 . . . 1

Scrophularia scopolii Hoppe + + . . . . . + . .

Potentilla micrantha Ramond ex DC. . . . . + . . . . 1

Geum urbanum L. + 1 . . . . . . . +

Popolus alba L. 2 1 1 . . . . . . .

Prunus aviumL. 1 . 1 . . . . . . .

Geranium nodosum L. . . . 1 . . . 1 . 2

Epilobium montanum L. . . + . . . . . . +

Festuca heterophylla Lam. . . . . 1 . . . . 1

Melica uniflora Retz. . . . . 1 . . . . .

Fraxinus ornus L. . . . .  + . . . . .

Ulmus minor Mill. . . . . .  + . . . .

Anemone apennina L. . . . . . . . . . 1

Cardamine bulbifera (L.) Crantz . . . . . . . . . 1

Pyrola minor L. . . . . . . . . . 1

Ranunculus lanuginosus L. . . . . . . . . . 1

Hieracium murorum L. . . . . . . . . . 1

Pulmonaria hirta subsp. apennina (Cristof. & Puppi) Peruzzi . . . . . . . . . 1

Viola reichenbachiana Jord. ex Boreau . . . . . . . . . +

Athyrium filix-femina (L.) Roth . . . . . . . . . +

Anthriscus nemorosa (M. Bieb.) Spreng. . . . . . . . . . +

Daphne mezereum L. . . . . . . . . . +

Euphorbia amygdaloides L. . . . . . . . . . +

Acer pseudoplatanus L. . . . . . . . . . +

 SITE A  slope <25%  
SITE B slope 

>25% 

Tab. 1 - Phytosociological surveys for site A and site B. 
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Early successional shurb species 

Cytisus scoparius (L.) Link 1 1 1 1 1 1 2 3 3 .

Rubus idaeus L. 4 3 3 3 3 4 4 2 . .

Vaccinium myrtillus L. . . . . . + . . 1 3

Corylus avellana L. 1  +  + . . . . . . .

Salix caprea L.  1  . . . . . . .

Rosa canina L. group . . . . 1 . . . 2 .

Crataegus laevigata (Poir.) DC. . . . . . . . . 2 .

Juniperus communis L. . . . . . . . . . +

Ribes alpinum L. . . . . . . . . . +

Crataegus monogyna Jacq. . . . . . . . . . +

Prunus spinosa  + . . . . . . . . .

Festuco-Brometea and others grassland species

Brachypodium rupestre (Host) Roem. & Schult. 3 4 3 4 3 3 3 4 4 .

Agrostis capillaris L. 1 1 2 2 1 1 1 + 2 .

Trifolium medium L. 3 3 2 2 1 1 . . 2 .

Rumex acetosa L. 1 + . 1 . . . . 1 .

Hypericum perforatum L. 1 . . 1 + . . + . .

Valeriana officinalis L. 1 . . + . . . . + .

Lathyrus pratensis L. . + . . . + . . 2 .

Phleum bertolonii DC. + . . + . . . . . .

Briza media L. + . . . . . . . 1 .

Bupleurum falcatum L. cernuum (Ten.) Arcang. + . . . . . . . + .

Campanula rapunculus L. . . . + + . . . . .

Carlina acaulis subsp. caulescens (Lam.) Schübl. & G. Martens . . . . 1 . . . 1 .

Digitalis ferruginea L. . . . . + . . . 1 .

Campanula glomerata L. . + . . . . . . . .

Festuca sp. . + . . . . . . . .

Helianthemum nummularium (L.) Mill. . + . . . . . . . .

Potentilla reptans L. . . + . . . . . . .

Galium verum L. . . . + . . . . . .

Tragopogon porrifolius L. . . . + . . . . . .

Vicia cracca L. . . . . . + . . . .

Silene otites (L.) Wibel . . . . . . . + . .

Plantago lanceolata l. . . . . + . . . . .

Verbascum longifolium Ten. . . . . + . . . . .

Others species (ruderal and sinanthropic species)

Chaerophyllum aureum L. 1 + + 1 . 1 1 + + .

Dactylis glomerata L. 1 + + 1 1 . 1 . . .

Cruciata glabra (L.) Ehrend. . . 1 . + + . . 1 .

Cirsium tenoreanum Petr. 1 + . + . . . . . .

Cirsium arvense (L.) Scop. . + + + . . . . . .

Daucus carota L. 1 . . + . . . . . .

Galium aparine L. + . . . . . . . + .

Geranium dissectum L. + . . . . . . . . .

Cirsium vulgare (Savi) Ten. . . . . . . . 1 . .

Urtica dioica L. . . . . . . . . 1 .

sional species.
- In comparisons with other conifer afforestation of 

the central Apennines (Gratani et al., 1994; Ottaviani 
et al., 2015), the use of broadleaves trees and shrubs 
that represent the potential natural vegetation of the 
area with flysch parent material, and the initial high 

density of planting, promoted more rapid natural dy-
namics of the herb layer. Thus, in a few decades, this 
tends to assume a more nemoral floristic composition.

Furthermore other conclusions can be deduced here, 
such as: 

- The use of mixed tree species allows complemen-
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tary resource use (i.e., light, water, nutrients) among 
species that have different levels of canopy and root 
development. Furthermore, afforestation with mixed 
species enhanced the ecological resilience, promoted 
conservation of biological diversity, reduced pathogen 
attacks, and represents an important preventive measu-
re to cope with climate change effects. 

- The initial stocking of 400 trees ha–1 with localised 
soil preparation (i.e., Site B) was less effective for ra-
pid soil cover and vegetation dynamics; in these cases, 
the minimal initial stocking density of 1100 trees ha–1 

(Site A) is recommended. 
- On steeper slopes, it might be useful to favour the 

natural dynamics, and so afforestation can be limited 
only to the flatter areas, or in soils with inclination 
<30%. 

- The success and retention of the afforestation in 
protected areas can be promoted by reductions in the 
game population.

Acknowledgments

The authors thank Mr Giovanni Deli for logistic sup-
port.

References

Agnoletti M., 2010. Paesaggio rurale. Edagricole. pp. 
348.

Biondi E., 2011. Phytosociology today: methodological 
and conceptual evolution. Plant Biosystems 145: 19-
29.

Biondi E., Casavecchia S., Frattaroli A.R., Pirone G., 
Pesaresi S., Di Martino L. & Ciaschetti G., 2008. 
Forest vegetation of the Upper Valley of the Vomano 
River (central Italy). Fitosociologia 45 (1): 117-160.

Braun-Blanquet J., 1964. Pflanzensoziologie, Grundzü-
ge der Vegetationskunde. (3. Auflage). Springer Ver-
lag, Wien, pp. 865.

Conti F., Abbate G., Alessandrini A. & Blasi C., 2005. 
An Annotated Checklist of the Italian Vascular Flora. 
Ministero dell’Ambiente e della Tutela del Territorio, 
Direzione per la Protezione della Natura. Palombi Ed.

Conti F., Alessandrini A., Bacchetta G., Banfi E., Bar-
beris G., Bartolucci F., Bernardo L., Bonacquisti S., 
Bouvet D., Bovio M., Brusa G., Del Guacchio E., 
Foggi B., Frattini S., Galasso G., Gallo L., Gangale 
C., Gottschlich G., Grünanger P., Gubellini L., Iriti 
G., Lucarini D., Marchetti D., Moraldo B., Peruzzi 
L., Poldini L., Prosser F., Raffaelli M., Santangelo A., 
Scassellati E., Scortegagna S., Selvi F., Soldano A., 
Tinti D., Ubaldi D., Uzunov D. & Vidali M., 2007. In-
tegrazioni alla checklist della flora vascolare Italiana. 
Natura Vicentina 10: 5-74.

Di Pietro R., 2007. Coenological and syntaxonomi-
cal analysis of the beech woodlands of the Laga 

Mountains (central Italy). La biogeografia dell'Ap-
pennino centrale e settentrionale 30 anni dopo. Bio-
geographia 28: 45-118. 

Géhu J.M. & Rivas-Martínez S., 1981. Notions fonda-
mentales de phytosociologie. Berischte der Interna-
tionalen Symposien der Internationalen Vereiningung 
für Vegetationskunde. Syntaxonomie: 5-33.

Girona García A., Badía-Villas D., Tomás Jiménez-
Morillo N., Martí-Dalmau C. & González-Pérez J.A., 
2015. Effect of a long-term afforestation of pine in 
a beech domain in NE-Spain revealed by analytical 
pyrolysis (Py-GC/MS). Geophysical Research 17.

Gratani L., Frattaroli A.R. & Console C., 1994. Rege-
neration of the undergrowth in reafforested areas with 
Pinus nigra in the High Aterno Valley (Italy). Belgian 
Journal of Botany 127 (1): 61-66.

Ivetić V. & Devetaković J., 2016. Reforestation challen-
ges in southeast Europe facing climate change. Refo-
resta 1: 178-220. 

Ledgard N. & Davis M., 2004. Restoration of mountain 
beech (Nothofagus solandri var. cliffortioides) forest 
after fire New Zealand. Journal of Ecology 28 (1): 
125-135. 

Lucas O.W.R., 1991. The Design of Forest Landscapes. 
Oxford, United Kingdom. Oxford University Press.

Mercurio R., 2001. Criteri e metodi per il rimboschi-
mento nelle aree protette [Criteria and methods for 
the afforestation in protected areas]. Informatore Bo-
tanico Italiano 33: 204-206. (In Italian with English 
abstract).

Mercurio R., 2010. Restauro della foresta mediterranea. 
Clueb, Bologna, pp. 368 ISBN 978-88-491-3399-8.

Mercurio R., Contu F. & Scarfò F., 2010. New approa-
ches concerning forest restoration in a protected area 
of central Italy: an introduction. Scandinavian Journal 
of Forest Research 25 (1): 1-6.

Miyawaki A., 1999. Creative ecology: restoration of na-
tive forests by native trees. Plant Biotechnology 16: 
15-25.

Miyawaki A. & Box E.O., 2007. The Healing Power 
of Forests: The Philosophy Behind Restoring Earth's 
Balance with Native Trees. Kosei Publishing Co., pp. 
294.

Ottaviani C., Tesei G., Ballelli S., Iorio G., Montecchia-
ri S. & Allegrezza M., 2015. Vegetation dynamics in 
Pinus nigra Arnold subsp. nigra 100 years after refo-
restation: two case studies in the central Apennines. 
Plant Sociology 52 (2): 79-94. 

Popović V. & Ćirković-Mitrović T., 2016. Afforestation 
on bare lands-example of Ibar Gorge, Serbia. Refore-
sta 1: 281-299.

Quézel P. & Médail F., 2003. Ecologie et biogéographie 
des forets du bassin méditerranéen. Elsevier, Paris, 
pp. 571. 

Rivas-Martínez S., Rivas Sáenz S. & Penas A., 2011. 
Worldwide bioclimatic classification system. Global 



18 A.R. Frattaroli et al.

Geobotany 1: 1-643.
Schirone B., Salis A. & Vessella F., 2011. Effectiveness 

of the Miyawaki method in Mediterranean forest re-
storation programs. Landscape Ecology and Engine-
ering 7: 81-92 

Schoenenberger W., 2001. Cluster afforestation for cre-
ating diverse mountain forest structures - a review. 

Forest Ecology and Management 145: 121-128.
Soil Survey Staff, 2003. Keys to Soil Taxonomy. 9th 

edition. US Department of Agriculture, Natural Re-
sources Conservation Service.

Twedt D.J., 2006. Small clusters of fast-growing trees 
enhance forest structure on restored bottomland sites. 
Restoration Ecology 14: 316-320.



Plant Sociology, Vol. 54, Suppl. 1, June 2017, pp. 19-27
DOI 10.7338/pls2017541S1/03

Root adaptive management for improving plant quality and field performance 
under drought: experiences with native tree species from a South American 
Mediterranean-type ecosystem

J.F. Ovalle1, R. Ginocchio1,2, E.C. Arellano1,2, P. Valenzuela2

1Pontificia Universidad Católica de Chile, Center of Applied Ecology & Sustainability (CAPES-UC), Avenida Liber-
tador Bernardo O’Higgins 340, Santiago, Chile.
2Pontificia Universidad Católica de Chile, Facultad de Agronomía e Ingeniería Forestal, Departamento de Ecosiste-
mas y Medio Ambiente, Avenida Vicuña Mackenna 4860, Santiago, Chile.

Abstract
Plant quality attributes have been widely studied for numerous tree species inhabiting the Mediterranean Basin, resulting in a positive impact on 
restoration success in degraded forest ecosystems. However, there has been less research on root morphological attributes, especially of native 
tree species in South American Mediterranean-type ecosystems, which are currently subject to unprecedented drought events and degradation. We 
summarize experiments examining the use of root adaptive management during the nursery and field stages for improving plant quality and seedling 
performance under water-limited conditions in central Chile. The first experiment (E-1) evaluated the effect of controlled-drought regimens on root 
development and seedling performance of two tree species (Quillaja saponaria and Cryptocarya alba) with contrasting root growth strategies. The 
E-1 results confirmed the importance of considering the root growth strategy as a criterion in the selection of species and watering decisions. The 
second experiment (E-2) assessed the effect of increasing fertilization doses in the nursery on Q. saponaria root morphology 1 year after planting 
seedlings in the field. The results showed that, as a result of nutrient deprivation, small plants with a greater stem diameter and lower shoot:root 
ratio contributed to improving water-stress resistance early during a drought period. The third experiment (E-3) determined the effect of different 
locations of fertilizer placement into the soil profile on rhizosphere salinity and root development of Q. saponaria seedlings. The E-3 results showed 
that fertilization practices in dryland areas require watering because this acts to control the increase in salinity in the rhizosphere and, consequently, 
avoids negatively impacting the root volume growth. Our findings could be useful for identifying the major gaps present in the production and esta-
blishment stages of native tress in Chile, and could address the latter through root adaptive management.

Key words: central Chile, dryland forest, nursery fertilization, seedling quality, root architecture.

Introduction

Mediterranean-type forest ecosystems around the 
world have a long history of land-use change and de-
gradation (Fuentes et al., 1989; Vallejo et al., 2012; 
Cianfaglione et al., 2014; Vadell et al., 2016). In South 
America, the Mediterranean-type forest located in cen-
tral Chile (30°–36°S) is the ecosystem with the highest 
native forest coverage loss in the region (including the 
Amazonian forest) following Spanish colonization in 
1536, with 83% of the original cover lost (Salazar et 
al., 2016). Today, the remnants of the Chilean Mediter-
ranean forest (sclerophyllous trees and shrubs species) 
cover an area of 473437 ha, representing only 3% of 
the total area of native forest in Chile (CONAF, 2011). 
In addition, the persistence of the current mega-drou-
ght has resulted in the deterioration of natural vege-
tation throughout central Chile (Garreaud, 2015), and 
represents a strong limitation to the seedling recruit-
ment of most native tree and shrub species (Van de 
Wouw et al., 2011). In this context, active restoration 
in Chile has become a priority because of the magnitu-
de of forest coverage loss and its impact on ecosystem 

services (Lara et al., 2009; Newton et al., 2012; Smith-
Ramírez et al., 2015).

The increase in restoration and reforestation activi-
ties has generated an increase in the demand for native 
species, as well as for more information on nursery 
management and plantation practices (Santelices et al., 
2011; Bannister et al., 2013). The most common native 
species used for the restoration of Chilean Mediterra-
nean forest are Acacia caven, Cryptocarya alba, Li-
thraea caustica, Maytenus boaria, and Quillaja sapo-
naria (Newton & Tejedor, 2011; Becerra et al., 2013). 
However, there is a lack of standardized management 
criteria and plant production protocols for use by local 
growers that would enable them to offer a product of 
certified quality. Currently, in Chile, the only rule in 
force (NCh Nº2957/2006) is voluntary, and establishes 
standards of genetic, physiological, and morphologi-
cal quality only for major exotic tree species for in-
dustrial use (i.e., Pinus radiata, Eucalyptus globulus, 
and Pseudotsuga menziesii) (INN, 2006). Therefore, 
the poor technological development and scientific re-
search around the quality of native plant species result 
in the provision of low-quality seedlings, with highly 
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variable phenotypic traits (Quiroz et al., 2012) and low 
survival after outplanting during the first 2 years of 
establishment (Holmgren et al., 2006; Becerra et al., 
2011).

Experiences in different Mediterranean-type climate 
ecosystems (central Chile, California, Southeast Spain, 
and Southwest Australia) recognize the importance of 
root morphological and functional traits of evergreen 
species for water stress resistance during severe drou-
ght periods (Giliberto & Estay, 1978; Canadell & Zed-
ler, 1995; Padilla & Pugnaire, 2007; West et al., 2012). 
Therefore, given that the ability of seedlings to survi-
ve drought periods depends largely on the degree of 
development of the root system during nursery phase 
(Luis et al., 2009; Cuesta et al., 2010), nursery practi-
ces designed to promote root development could lead 
to plants that are able to exploit limited soil resources. 

Nursery practices, such as nitrogen fertilization, 
are perhaps the most effective in producing changes 
in morphology and root biomass in Mediterranean 
tree species (Villar-Salvador et al., 2012; Oliet et al., 
2013). A high nitrogen and/or phosphorus supply in 
nursery leads to the greater productive capacity of se-
edlings (i.e., larger plants and high foliar N concentra-
tion), thus helping to sustain the demand for resources 
used during the early growth of the root system, and 
to maintain a positive carbon balance during the initial 
phase of establishment under field conditions (Luis et 
al., 2009; Cuesta et al., 2010). However, the positive 
effect of high nutrient availability on seedling perfor-
mance (Villar-Salvador et al., 2012) depends on the 
intensity and length of the dry season (Cortina et al., 
2013). Under severe drought conditions (i.e., a drou-
ght period longer than 5 months), some morphological 
attributes become adverse for seedling performance, 
affecting the water balance as a consequence of a grea-
ter transpirational surface exposed to radiation, becau-
se of an increased shoot:root ratio and improved plant 
survival (Hernández et al., 2009; Cortina et al., 2013). 
Previous studies under Mediterranean conditions con-
cluded that nutritional deficiency in the nursery pro-
motes the development of xeromorphic traits, which 
favor drought avoidance and post-planting performan-
ce (Trubat et al., 2008; Cortina et al., 2013). 

A better understanding of the interaction of fertiliza-
tion and water availability during the transition from 
nursery to field is a key factor to correctly address the 
problem of root system quality of tree species destined 
for planting under highly stressful conditions, such as 
the Chilean Mediterranean region. To help fill the cur-
rent knowledge gap, we investigated different approa-
ches to root adaptive management based on nutritional 
and watering availability regimens during the nurse-
ry–field transition in native tree species growing under 
severe drought conditions in central Chile.

J.F. Ovalle et al.

Material and Methods

Plant material
For the first experiment (E-1), the target species used 

were 2-year-old Quillaja saponaria (deep-rooted) and 
Cryptocarya alba (shallow-rooted) seedlings. By con-
trast, for the E-2 and E-3 experiments, only 2-year-
old Q. saponaria seedlings were used. Both species 
are endemic to the Neotropics and are widely distri-
buted throughout central Chile (30°–38° S); they are 
commonly used in the active restoration of degraded 
native forests, although with high heterogeneity in 
growth and survival. Quillaja saponaria is a shade-
intolerant pioneer tree species that develops a strong 
tap root under natural conditions as one of its main 
strategies to survive long drought periods (Giliberto & 
Estay, 1978). By contrast, C. alba is a shade-tolerant 
late-successional species that grows in moist areas and 
develops shallow roots (Donoso, 1982).

The potting substrate comprised a mixture of loam 
soil, leaf mold, and compost at a ratio of 2:1:1. Se-
edlings were grown under 50% shade and a regular 
irrigation regimen to keep the soil permanently moist. 
Seedlings did not receive a nutritional supply (fertili-
zation) while in the nursery.

Study site
For E-1, the plantation site was located at the expe-

rimental station of the Pontificia Universidad Católica 
de Chile (33º26'S, 71º01'W; altitude 195 m), Curacaví 
Valley, central Chile. For E-2 and E-3, the production 
and plantation sites were established in Quebrada de la 
Plata (33º29'S, 70º52'O; altitude 490 m), also located 
in central Chile (Fig. 1). Both study areas were located 
in a recently abandoned flat grazing area, near to pied-
mont. The climate of both study sites is Mediterrane-
an, with a 6–8-month dry period and marked rainfall 
seasonality, with mean annual temperatures of 15°C, 
mean annual rainfall of 330 mm, and 67% relative hu-
midity (Di Castri & Hajek, 1976) (Fig. 2).

Treatments and experimental design
E-1 was a completely randomized design with two 

treatments (watering regimes): either 2 L plant-1 week-1 
(W+) or no watering (W-). Each treatment was applied 
to 48 replicates per species (96 plants in total per spe-
cies).

E-2 had a nursery and field establishment stage. 
The nursery experiment (6 months) was a completely 
randomized design with four fertilization treatments. 
Each treatment was applied to 60 replicates (240 plants 
in total). Treatments comprised incremental doses of 
controlled-release fertilizer (CRFN): 0 (unfertilized), 
3 (low), 6 (medium), and 12 g L-1 (high), equivalent 
to 0.00, 0.45, 0.90, and 1.80 g N L-1, respectively. The 
CRFN used was Basacote® Plus (COMPO) 15N-
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Fig. 1 - Location of the study area in central Chile (Mediterranean-type climate) (Photo: Juan F. Ovalle).

8P2O5-12K2O with a release period of 12 months. For 
the field establishment stage (12 months), half of the 
seedlings from each of the four nursery fertilization 
treatments were planted and watered with 2 L plant-1 

week-1 (W+) and the other half were left unwatered 
(W-). These watering regimens corresponded to mo-
derate and severe water stress, respectively, based on 
criteria commonly used in reforestation operations in 
Chile. The experimental design for the field establi-
shment stage was a 4×2 factorial design (eight treat-
ments). Each treatment had 15 replicates (120 plants 
in total) randomly assigned to each planting spot. The 
experimental and sampling units were an individual 
plant.

As in E-2, E-3 had a nursery and field establishment 
stage. The nursery experiment (6 months) was a com-
pletely randomized design with four treatments of 

depth of CRFN placement. Each treatment was ap-
plied to 60 replicates (240 plants in total). Treatments 
comprised a single dose of 6 g L-1 or 17.10 g plant-1 

of CRFN (6-7 kg m-3 recommended by manufacturer) 
placed at a depth of 0 cm (top layer), 15 cm (middle 
layer), or 30 cm (bottom layer) in the container, and 
an unfertilized treatment (control). The CRFN was the 
same as used in the previous experiment. For the field 
establishment stage (12 months), half of the seedlings 
from each of the four nursery fertilization treatments 
were planted and watered with 2 L plant-1 week-1 (W+) 
and the other half were left unwatered (W-). The expe-
rimental design for the field phase was a 4×2 factorial 
design (eight treatments). Each treatment contained 15 
replicates (120 plants in total) randomly assigned to 
each planting spot.

Fig. 2 - Mean monthly temperature (line) and Mean monthly precipitations (bars) during the period of field establishment (2010–
2012) of three experiments (Source: Estación Meteorológica de Pirque, Región Metropolitana, Chile).
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Measurements
For E-1, shoot height (cm) and collar diameter (mm) 

were evaluated periodically during two growth seasons 
between June 2010 to June 2012, in a random sample 
of 25 individuals selected from each treatment for each 
species. Survival (%) was evaluated three times per 
year for each treatment and species (n = 48). Twenty-
four months after outplanting (June 2012), a random 
sample of 25 individuals of Q. saponaria from each 
treatment and five individuals of C. alba from each 
treatment was unearthed to analyze the effect of wa-
tering treatments on shoot height and collar diameter, 
shoot dry mass (g), root dry mass (g), shoot:root ratio 
(g g 1), root length (m), root volume (cm3), root surfa-
ce area (cm2), and root diameter (mm). Roots of each 
species were separated from the substrate by applying 
abundant water at low pressure to avoid the loss of fine 
roots. Each plant was divided into shoot and roots by 
cutting up the cotyledon scar. Roots were grouped ac-
cording to their diameter as fine (< 1 mm), medium 
(1–2 mm), or coarse (> 2 mm). The root morphological 
variables of each species were quantified using a high-
resolution scanner (1200 DPI resolution, Epson Per-
fection V700 Scanner, USA) and image analysis sof-
tware (WinRHIZO - Regent Instruments Inc., Quebec, 
Canada). Shoot and root dry mass were obtained by 
forced-air oven drying at 65°C until a constant weight 
was reached. The shoot:root ratio was estimated as the 
quotient between shoot dry mass and root dry mass.

For E-2 and E-3, shoot height, stem diameter, and 
survival were evaluated monthly. At the end of the 
establishment stage (April 2012), trees were unearthed 
(n = 12) to evaluate shoot and root morphological va-
riables. All plant morphological variables were mea-
sured following the same protocol applied for E-1. For 
E-3, predawn xylem water potential (ΨW) (n = 5) was 
assessed every 2 months from July 2011 to April 2012. 
Measurements were carried out during predawn hours 
(0400 h–0700 h) using a Scholander pressure pump 
(Model 1000, PMS Instruments, Inc., Corvallis, OR, 
USA). 

Data analysis
For E-1, differences among variables evaluated at the 

end of the field experiment for each species were de-
tected using the Student’s t-test (P <0.05). To analyze 
survival, the Chi-square test was applied based on the 
Kaplan–Meier method with a log-rank test (Mantel 
Cox). 

For both E-2 and E-3, in the nursery and field esta-
blishment stages, simple linear correlation models (Pe-
arson correlation) were applied to determine the rela-
tions among variables. Before testing, compliance of 
normality, homogeneity of variance, and linearity as-
sumptions were verified. Differences among variables 
evaluated during the nursery stage were determined by 

a one-way ANOVA test (α = 0.05), and significant dif-
ferences (P <0.05) were identified by a Tukey multiple 
comparison test (α = 0.05). All data obtained in the 
field establishment stages were subjected to a two-way 
ANOVA performed with the general linear ANOVA 
model (GLM), to evaluate fertilization doses (F), wa-
tering regimes (W), and fertilization doses x watering 
regimes interaction (F x W) effects. Treatments with 
significant differences (P <0.05) were identified by ap-
plying the Tukey multiple comparison test (α = 0.05). 
All statistical analyses of three experiments were car-
ried out using the SPSS v 17.0 program (SPSS Inc., 
Chicago, IL, USA).

Results

Experiment 1: effects of controlled-drought regimens 
on root development

Significant effects of water availability treatments 
were seen in both Q. saponaria and C. alba in terms 
of total root length, root surface area, root volume, 
root diameter, thin root dry mass, shoot dry mass, 
and the shoot:root ratio at the end of second growing 
season (Table 1). We found that Q. saponaria (deep-
rooted species) had high shoot growth and survival (> 
95%) that occurred independently of water availabili-
ty. However, the root growth (root surface area, root 
volume, and root diameter) improved under watering 
restrictions (Fig. 3). Meanwhile, C. alba (shallow-ro-
oted species) had a better root growth (root dry mass, 
root length, and root surface area) (Fig. 3) and survi-
val (70.8%) only when watered. With respect to total 
root dry mass, shallow-rooted species allocated more 
biomass to thin roots (41.9%) than did deep-rooted 
species (3.6%). The latter showed a marked capacity 
to allocate biomass to thick roots, which represented 
89.3% of the total root dry mass.

Deep-rooted Shallow-rooted

Variable P-value P-value

Shoot dry mas (g) 0.001 < 0.001

Shoot/root ratio (g g-1) 0.042 0.357

Total root dry mas (g) 0.055 < 0.001

Thin root dry mass (g) 0.013 < 0.001

Total root length (m) 0.006 < 0.001

Root surface area (cm2) < 0.001 < 0.001

Root volume (cm3) < 0.001 0.062

Root diameter (mm) < 0.001 0.083

Tab. 1 - (E-1) P-values of a set of morphological variables 
measured in deep-rooted (Q. saponaria) and shallow-rooted 
(C. alba) saplings under different water availability treat-
ments (W+ and W-) during two growing seasons in the field 
(from June 2010 to June 2012). Results derived from Stu-
dent’s t-tests with significant differences at P < 0.05. 
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Experiment 2: effects of fertilization doses on root 
morphology

E-2 showed that the effect of CRFN dose on root 
morphological variables was highly dependent on the 
level of water stress. The medium dose of CRFN had 
a positive effect on the development of root attributes 
(Fig. 4); however, the W- treatment strongly limited 
root growth. For root volume, the unfertilized treat-
ment and a high dose of CRFN had the significantly 

Fig. 3 - (E-1) Mean values ± SE of (a) total root length (m), 
(b) root surface area (cm2), (c) root volume (cm3), and (d) 
root diameter (mm) of deep-rooted and shallow-rooted sa-
plings growing in the field under different water availability 
treatments (W+ and W-). Data were obtained at the end of 
the second growing season (June 2012). Means with diffe-
rent letters indicate significant differences at P < 0.05 (Stu-
dent’s t-test).

highest values, and similar results were reported in 
presence of W+ treatment (Fig. 4). Fine root volume 
represented approximately 50% of the total root volu-
me, with a mean value of 6.32 cm3 for all treatments. 
For medium and high doses with W+, fine root volume 
was significantly higher (8.61 ± 0.24 cm3 and 8.45 ± 
0.16 cm3, respectively) than in the other treatments. 
In general, in small-type plants with greater stem dia-
meters and low shoot:root ratios (0.5), nutrient depri-
vation contributed to improving the water-stress resi-
stance during the early drought period. Shoot dry mass 
was significantly higher in all the treatments with the 
highest dose of CRFN in both W+ and W-, while no 
added water or fertilizer resulted in the lowest value 
(Fig. 5).

Fig. 4 - (E-2) Root volume of Q. saponaria seedlings grown 
under four CRFN doses and two watering regimes: 2 L 
plant-1 week-1 (W+) and no watered (W-). Mean values ± SE 
(n = 12) with different letters indicate significant differences 
at P < 0.05 (Tukey’s HSD test).

Fig. 5 - (E-2) Shoot dry mass of Q. saponaria seedlings 
grown under four CRFN doses and two watering regimes: 
2 L plant-1 week-1 (W+) and no watered (W-). Mean values 
± SE (n = 12) with different letters indicate significant diffe-
rences at P < 0.05 (Tukey’s HSD test).
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Experiment 3: effects of localized nutrients supply on 
root morphology

E-3 showed that fertilization practices in drylands ne-
cessarily require watering because this acts to control 
the increase in salinity in the rhizosphere and, conse-
quently, to avoid impairing root volume growth. For 
example, we found that, among all treatments, EC va-
ried approximately in the range of 0.50–2.00 dS m-1, 
and higher EC values were recorded in fertilized and 
non-watered seedlings. Under W+, CRFN location 
treatments (independent of placement depth) had si-
gnificantly higher total root length compared with W-, 
whereas control treatments showed no differences for 
any of the watering regimes. With respect to the total 
root length by diameter class, fine or thin roots (30.56 
± 3.51 m, P <0.001) and medium roots (4.76 ± 0.42 
m; P <0.001) were significantly greater in the middle 
layer/W+ treatment compared with thick roots (Fig. 6). 
The highest stem diameter increase (21.45 ± 1.23 mm) 
was found in the bottom layer/W+ treatment. A signifi-
cant positive correlation (Pearson R = 0.72; P <0.001) 
between stem diameter and root dry mass was found, 
which indicates that more than 50% root biomass va-
riation was attributed to stem diameter increase. At the 
end of the dry season after outplanting (April 2012), 
plants in all treatments recorded a strong predawn Ψw 
(Fig. 7). The top layer treatment showed the highest 
predawn Ψw. The W+ regimen had a significantly hi-
gher predawn Ψw than the W- (Fig. 7). There was a 
rapid water status recovery in all treatments after the 
first rain. This response resulted in a strong predawn 
Ψw increase, from  0.91 to  1.59 MPa.

Fig. 6 - (E-3) Fine root length of Q. saponaria seedlings 
grown under four CRFN doses and two watering regimes: 
2 L plant-1 week-1 (W+) and no watered (W-). Mean values 
± SE (n = 12) with different letters indicate significant diffe-
rences at P < 0.05 (Tukey’s HSD test).

Fig. 7 - (E-3) Pre-dawn xylem water potential (pre-dawn 
Ψw, MPa) of Q. saponaria seedlings cultivated under dif-
ferent depths of CRFN placement (top layer, middle layer, 
bottom layer, control), and contrasting watering regimes 
(W+: 2 L plant-1 week-1; W-: unwatered). Data refer to final 
measurement of the dry season (April 2012) after first year 
outplanting. Each point represents the mean value ± SE (n = 
5) and different letters indicate significant differences at P < 
5% (Tukey’s HSD test).

Discussion and conclusions

The experiments showed that nursery fertilization 
affected the root morphology of seedlings under diffe-
rent water availability regimens in the field; however, 
these effects did not affect seedling survival. In fact, 
seedling survival was particularity high in all three ex-
periments, with an average range of 80–100% despite 
low precipitation during field establishment. The high 
survival reported strongly contrast with other revege-
tation experiences that recorded low survival rates (0–
30%) for this species under similar drought conditions 
(Becerra et al., 2011). To explain this high variability 
in survival outcomes, future studies should investigate 
the effects of variation in topography and the influence 
of early-morning haze from the coast, among others 
factors, on post-transplant performance.

With respect to E-1, clear differences were found in 
shoot and root growth in both species (Q. saponaria 
and C. alba), highlighting the different ecological re-
quirements of each species and, therefore, the diffe-
rence in their potential to adapt to drought conditions 
according to their rooting habit (Padilla & Pugnaire, 
2007). For example, Peñuelas and Filella (2003) de-
scribed in Pinus nigra, a deep-rooted Mediterranean 
species, high ΨW values in dry periods, in compari-
son to other shallower roots species. Another study 
reaffirmed the advantages of deep-rooted species (e.g., 
Pistacia lentiscus), with this species showing high 
ΨW values during dry periods, in comparison to other 
shallower roots species (Armas et al., 2010). In nati-
ve tree species of central Chile, Giliberto and Estay, 
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(1978) found a correlation between the water status 
of plants and rooting habits. Species such as Lithra-
ea caustica and Q. saponaria had the highest and less 
variable ΨW during summer droughts. Therefore, our 
results confirmed the importance of considering the 
root growth strategy as a criterion in the selection of 
species and watering decisions. 

E-2 showed that that low fertilizer dose (lower foliar 
N concentration) resulted in a lower shoot:root ratio, 
which led to a reduction in water loss through tran-
spiration, thus achieving lower water stress during the 
summer drought (Cortina et al., 2013). This result con-
firmed the importance of promoting the development 
of xeromorphic traits by applying conservative ferti-
lizer doses during the nursery phase, with the aim of 
improving water stress resistance. These results have 
a practical use because, in nurseries with low levels 
of technology (as in some developing countries), fer-
tilization supplies are variable along the plant produc-
tion stages, because doses are applied according visual 
criteria (e.g., plant vigor and/or foliage color) (Quiroz 
et al., 2012). This practice tends to overestimate the 
fertilization dose, which leads to an increased risk of 
toxicity in plants and root growth problems (Jacobs & 
Timmer, 2005). Moreover, high nutrient availability 
encourages greater imbalance in biomass allocation 
in species intended for environments that have a high 
water demand (Trubat et al., 2008).

E-3 showed the high sensitivity of the Q. saponaria 
root system to small changes in soil salinity. The gre-
ater proximity of the fertilizer to the active growing 
zone in the root plug (15–30 cm), operationally repre-
sented by fertilizer placement in the medium layer, had 
a positive influence post-planting on the root growth, 
and this effect was intensified by the watering supply 
treatment. In addition, greater water availability not 
only improved physiological responses, but was also 
highly effective in reducing salt concentration in the 
rhizosphere. The ecological impact of fertilizer place-
ment in the medium layer could be associated with a 
greater deep rooting ability of Q. saponaria seedlings. 
This is one of the key adaptive morphological charac-
teristics that could explain the high water stress resi-
stance of some Mediterranean trees, such as Q. sapo-
naria (Giliberto & Estay, 1978). By contrast, fertilizer 
placement in the bottom layer of the container was not 
suitable for root development because fertilizer-rich 
water accumulation resulted in a high salt concentra-
tion, negatively affecting the root volume (Drew, 1975) 
and, consequently, impacting soil nutrient uptake abi-
lity (Bernstein, 2013). In the current study, the highest 
average salt concentration values were obtained under 
conditions of water restriction; however, these cannot 
fully overcome the critical electric conductivity range 
(>2.50 dS m-1), in which the plant begins to suffer to-
xicity (Timmer & Parton, 1984; Landis, 1989; Jacobs 

et al., 2003). However, we suggest that water supple-
ments applied to fertilized seedlings contribute to de-
creasing root zone salinity and, consequently, improve 
root volume growth during early establishment under 
dry conditions.

The results of this set of experiments could be useful 
for identifying the major gaps present in the produc-
tion and establishment stages of native tress in Chi-
le, and could address the latter through root adaptive 
management. However, further research is needed into 
nursery cultural practices and field plantations to ad-
vance the standardization of plant-quality protocols 
for other evergreen tree species of degraded South 
American Mediterranean forests.
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Assessing the quality of seedlings in small-scale nurseries using morphological 
parameters and quality indicators to improve outplanting success
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Abstract
In Mediterranean region and especially in North Africa, forest seedlings for reforestation objectives are often produced in small-scale nurseries. 
The quality of the seedlings influences the success of forest plantation initiatives. This study uses morphological parameters to assess the quality of 
seedlings of five Tunisian native species (Lavandula dentata, Ruta chalepensis, Laurus nobilis, Capparis spinosa, and Myrtus communis). Some 
growth parameters like (seedling height, root collar diameter, shoot dry weight and root dry weight) and quality indicators (Root-to-shoot ratio, 
Sturdiness quotient Root and Dickson quality index) of seedlings produced were compared between some forest Tunisian nursery. The comparison 
of morphological parameters show significant differences between nurseries (at p=0.05). Seedlings produced in Fernana nursery were uniform in 
terms of growth characteristics and quality indicators. These differences could be attributed to better environmental conditions and to the quality of 
substrate used

Key words: Dickson quality index, forest seedlings, Growth parameters, Root-to-shoot ratio, Sturdiness quotient Root, quality indicators.

Introduction

In Tunisia, the General Direction of Forestry makes 
a great effort to increase the forest area in the count-
ry. For this purpose several hundred hectares of forest 
land is replanted every year. Since 1995 to 2010, the 
forest service have made about 400 162 ha of refo-
restation (DGF, 2010). However, many plantations 
fail to survive or grow satisfactorily after outplanting. 
These failures are often associated with transplant 
shock (Struve & Joly, 1992), deer browsing (Tripler 
et al., 2002), and competing vegetation (Crow, 1988). 
Additionally, poor soils or nutrient deficiencies and 
poor seedling quality (Clark et al., 2000) may account 
for the failure of oak plantings. For this raison high-
quality seedlings, that can survive and grow rapidly 
after out-planting, are highly recommended. Hence, 
identification and quantification of superior seedling 
morphological attributes that can be quantitatively lin-
ked with improved field response and early plantation 
success is warranted. 

Several morphological attributes, such as seedling 
shoot height and diameter are often used as indicators 
of seedling quality and predictors of field response be-
cause they are relatively simple to measure (Dey & 
Parker, 1997). However, despite advances in seedling 
quality testing and prediction of field performance, no 
single test has proved suitable across a multitude of 
species and conditions (Davis & Jacobs, 2005), indi-

cating that seedling attributes need to be determined at 
the species level and to take into account specific envi-
ronmental and management conditions (Bayala et al., 
2009). Due to a lack of technical and skilled staff, te-
sting of seedling quality has not been adopted by most 
nursery operators in the forest nurseries of Tunisia. 

The main purpose of this work is the use of the 
morphological parameters to assess and compare the 
growth quality indicators of five native produced see-
dlings in three Tunisian forest nurseries.

Materials and methods

Plant material
The material of the study is the seedlings of Lavendu-

la dentata, Ruta chalepensis, Laurus nobilis, Capparis 
spinosa and Myrtus communis produced in INRGREF, 
Borj El Amri and Fernana nurseries (Fig. 1). A summa-
ry of the nurseries origin and physico-chemical analy-
sis of different substrates are reported in tables (1 and 
2).  In the three nurseries, seedlings are produced from 
seeds collected from the local area of each nurseries. 
After the germination, the seedlings were potted with 
substrate previously prepared by each nursery operator 
and cared for in the nursery for a period of 2 years. All 
seedlings were received the same treatment (watering 
frequency, etc.)  in the three selected nurseries. In each 
nursery, 15 seedlings were randomly selected per nati-
ve species, to give a total of 75 seedlings.
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Fig. 1 - Distribution map of the study nurseries in Tunisia.

absorption and storage capacity of water, which is an 
advantage especially when the soil moisture is limited. 
A root-shoot ratio between one and two is considered 
as optimal (Jaenicke, 1999). (3) The dickson quality 
index (DI) refers to the ratio of seedling dry-weight to 
the sturdiness quotient and it is more efficient than the 
root-shoot ratio.

The quality index was conceived by evaluating how 
well a number of possible combinations of a predicted 
morphological field parameters performance of white 
spruce and white pine seedlings and selecting the best 
combination (Dickson et al., 1960). In a subsequent 
test, this index was able to predict quality based on 
the nutrient environment (soil fertility) in which the 
seedlings were grown (Dickson et al., 1960). This in-
dex was successfully used by Roller (1976) to diffe-
rentiate between successful and failure containerized 
seedlings. 

The  statistical  analysis  was  performed  using  the  
SPSS  v.18  package  (SPSS  Inc.,  Chicago, IL, USA). 
Tukey’s HSD post hoc tests of independence (5 % si-
gnificance level) were used.

Tab. 1 - Characteristics of the  selected species and nurseries. Tab. 2 - Physico-chemical analysis of different sub-
strate samples.

Containers

Latitude Longitude Dim (cm)

Lavandula dentata 2 sowing Borj El Amri 36°43'7"N 9°53'27"E 10*17

Ruta chalepensis 2 sowing Borj El Amri 36°43'7"N 9°53'27"E 10*17

Capparis spinosa 2 cutting INRGREF 36°50'45"N 10°11'42"E 10*17

Myrtus communis 2 sowing Fernana 36°45'9"N 8°44'56"E 07*20

Laurus nobilis 2 sowing Fernana 36°45'9"N 8°44'56"E 12*25

Species Age Origin
Nurseries 

origin

Localization

INRGREF Borj El Amri Fernana

Coarse sand (%) 31 35.5 40.5

Medium sand (%) 18 17 10.1

Fine sand (%) 17 16 9.8

Coarse silt (%) 14.5 11.5 12.5

Fine silt (%) 12.3 11.6 14.2

Clay (%) 7.2 8.3 12.6

Organic carbon (%) 0.6 0.72 2.1

Organic Matter (%) 1.03 1.24 3.62

pH (2/5) 8.36 8.45 6.9

C.E(1/5) in mS/cm-1 1.08 0.95 0.72

Limestone total (%) 14 13.5 -

Active limestone (%) 13 13 -

Textures
Nurseries origin

The morphological features used for the determina-
tion of seedling quality were measured for each see-
dling, including shoot height, root length, root collar 
diameter, and shoot and root dry weight. The dried 
weight was determined after drying the samples in an 
oven at 70°C for 48 h. We used measuring tape for 
the determination of shoot height and root length (in 
cm), vernier caliper for measuring root collar diameter 
(mm), and a sensitive electronic balance for measuring 
the shoot and root dry weights (g). The above-ground 
dry mass was separately measured from root dry mass. 

Morphological features data of seedlings were used 
to compute seedling quality parameters. (1) The sturdi-
ness quotient (SQ) refers to the ratio of the height (H) 
of the seedling to the root collar diameter (D) and ex-
presses the vigor and robustness of the seedling. Roller 
(1976) found that black spruce seedlings with sturdi-
ness quotients greater than six were seriously damaged 
when exposed to wind, drought, and frost. In general, 
sturdiness quotient should closely parallel diameter in 
predicting survival and growth in the field. The ideal 
value for a seedling to be considered sturdy is less than 
six (Jaenicke, 1999). (2) The root-shoot ratio (RS) re-
fers to the proportion of the root dry-weight to the sho-
ot dry-weight. This parameter reflects the capacity of 
the roots to support the above-ground biomass not only 
for anchorage but also in absorbing water and nutrients 
from the soil. A high root-shoot ratio indicates high 
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Results and Discussion

Assessment of seedlings growth parameters
The results of statistical analysis show a difference 

between species concerning dry weight of the diffe-
rent part of the plant. The analysis of data in Figu-
re 2 shows that fine roots with diameter <2 mm are 
much more developed in Laurus nobilis, Lavandula 
dentata, Ruta chalepensis and Myrtus communis than 
roots with diameter >2 mm. For the other morpholo-
gical parameter, Myrtus communis and Laurus nobilis 
from Fernana nursery, show The highest values than 
the others species. Mexal and Landis (1990) founded 
that seedlings with larger stem diameters tend to have 
higher survival rates and greater growth potential than 
those having smaller diameters.

Significant differences at p<0.05 between nurseries 
were found for seedling height, shoot dry weight, root 
dry weight and root collar diameter across the five spe-
cies (Tab. 3). However, no significant differences were 
detected in height principal root except for Capparis 
spinosa (p<0.001). The average values of the morpho-
logical parameters are much high for Myrtus commu-
nis and Laurus nobilis in  Fernana nursery than others 
species, except in root dry weight (BR) for Capparis 
spinosa in INRGREF nursery. The above results can-
not be conclusive without establishing the link betwe-

en the growth estimates and the seedling quality indi-
cators assessed in this study.

Assessment of seedlings quality indicators
The results analysis of quality indicators are shown 

in Table 4. For the all studied species, the Sturdiness 
quotient presents lower values, up to 9 and Dickson 
Quality Index (DQI) present values between 0 < DQI 
<2. In terms of the difference between species, only 
the parameter Cs is significant at p<0.05. Therefore, 

Fig. 2 - Dry weight for different part of the studied  native spe-
cies. Mc: Myrtus communis; Cs: Capparis spinosa; Ln: Lau-
rus nobilis; Ld: Lavandula dentata;  and Rc: Ruta chalepensis.

Mean 

Min Max (x±s.e) t-value Probability 

Seedling height (cm) M. communis 37.5 43 40.00±1.61b 14.34 < 0.0001*** 

L. nobilis 30 33 38.50±0.88a 9.25 < 0.0001*** 

L. dentata 37 41 32.00±1.26b 13.43 < 0.0001*** 

R. chalepensis 15.1 16.5 15.93±0.56c 14.34 < 0.0001*** 

C. spinosa 15 19 16.50±1.26c 14.24 < 0.0001*** 

Root collar diameter (mm) M. communis 3.96 5.33 4.73±0.40b -3.67 0.004* 

L. nobilis 5.75 6.42 6.05±0.20b -1.95 0.079* 

L. dentata 5.1 5.62 5.44±0.17b -2.74 0.021* 

R. chelepensis 3.78 3.88 3.82±0.04b -4.85 0.001** 

C. spinosa 5.32 8.71 7.56±1.12a 13.87 <0.0001*** 

Height  of the principal root (cm) M. communis 21 30 24.66±2.73b -0.994 0.344 ns 

L. nobilis 33.5 54 41.17±6.46b 1.529 0.157 ns 

L. dentata 21 23 22.00±0.58b -1.402 0.191 ns 

R. chalepensis 22 25 23.33±1.16b -1.198 0.259 ns 

C. spinosa 21.5 46 31.17±7.53a 6.739 < 0.0001*** 

Dry shoot weight (g) M. communis 2.378 4.621 3.32±0.67a 4.261 0.002* 

L. nobilis 5.81 6.24 5.99±0.13b 9.391 < 0.0001*** 

L. dentata 2.77 4.05 3.21±0.42a 4.051 0.002* 

R. chalepensis 1.1 1.44 1.27±0.13c 0.31 0.763 ns 

C. spinosa 0.86 1.4 1.11±0.16c 3.011 0.013* 

Dry root weight(g) M. communis 1.54 2.864 2.32±0.40ab -5.987 0.000*** 

L. nobilis 3.99 4.98 4.55±0.29ab -3.965 0.003* 

L. dentata 1.64 2.7 2.13±0.31ab -6.161 0.000*** 

R. chalepensis 0.98 1.16 1.09±0.07a -7.106 < 0.0001*** 

C. spinosa 5.65 10.84 8.91±1.64b 11.454 < 0.0001*** 

a-b the values followed by the same letters within rows do not differ significantly at p = 0.05.ns : not significant, *: significant effect,
**: highly significant effect , ***: very highly significant effect. 

Growth parameter Species 

Range Statistic t-test 

Tab. 3 - Morphological parameters of seedlings for the five species. (Mean ± standard error; N= 75); Tukey’s HSD post hoc test.
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Min Max t-value Probability 

Root-shoot ratio M. communis 1.16 1.61 1.44±0.19b 0.872 0.403 ns 

L. nobilis 1.19 1.45 1.33±008b 2.41 0.037 ns 

L. dentata 1.35 1.72 1.52±0.11a 0.56 0.588 ns 

R. chalepensis 0.95 1.28 1.17±0.15a 13.333 <0.0001*** 

C. spinosa 0.1 0.15 0.13±0.02b 12.023 <0.0001*** 

Sturdiness quotient M. communis 7.04 9.97 8.59±1.12a 9.226 <0.0001*** 

L. nobilis 4.67 5.74 5.25±0.31a 8.441 <0.0001*** 

L. dentata 6.61 8.04 7.11±0.47a 9.822 <0.0001*** 

R. chalepensis 3.99 4.34 4.17±0.13a 7.327 <0.0001*** 

C. spinosa 1.79 2.82 2.26±0.30b 1.286 <0.0001*** 

Dickson quality index M. communis 0.34 0.72 0.58±0.16a 9.366 <0.0001*** 

L. nobilis 1.54 1.67 1.60±0.04a 4.418 0.001** 

L. dentata 0.46 0.83 0.63±0.11a 7.163 <0.0001*** 

R. chalepensis 0.39 0.49 0.44±0.03a 2.819 0.018* 

C. spinosa 2.79 6.03 4.29±0.94b 4.739 0.001** 

a-b the values followed by the same letters within rows do not differ significantly at p = 0.05.ns : not significant, *:

significant effect, **: highly significant effect , ***: very highly significant effect. 

Mean (x±s.e) 
Statistic t-test 

Seedling quality indicator Species 

Range 

Tab. 4 - Seedling quality indicators measured for the five native species. (Mean ± standard error; N=75); Tukey’s HSD post hoc test.

I. Touhami et al.

we can concluded that species produced in Fernana 
and Borj El Amri nurseries have a good quality and 
better chance to survive after outplanting than specie 
produced in INRGREF nursery. These differences 
among seedlings of the selected nurseries were explai-
ned principally for the quality of substrate used and the 
environmental conditions (light availability, humidity, 
mineral nutrition, etc.).

Conclusion

The morphological parameter such as seedling height, 
root collar diameter, and the quality indicators such as 
Root-to-shoot ratio, Sturdiness quotient Root and Dick-
son quality index can be used with success to characteri-
ze nursery seedling quality and to guess the field respon-
se. Output of this study may be used to help Tunisian 
nursery operators to improve seedling quality, which 
will enhance early establishment after out-planting.

There is a real need to organize the public seedling 
sector in Tunisia and put in place a policy that governs 
the production of high quality seedlings.
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Abstract
The coastal ecosystems in the Nabeul area (Cap Bon), eastern part of Tunisia, are subject for several decades to a permanent and anarchic operation 
that generated a sharp deterioration resulting in the reduction of the biological potential and failure of ecological and socio-economic balances. Faced 
with this critical situation, the services of “APAL” in Tunisia (Coastal Protection and Planning Agency of Tunisia) opted for the rehabilitation of 
hundreds of hectares of sand dunes to reduce the magnitude of this scourge. The rehabilitation of the dunes cords was made by utilizing the multiple 
technique of protection (Implanting a wooden fence to protect the dune ecosystem, using ganivelles techniques for mechanical dune stabilization, 
installing of pipelines flows (roads) for the passage of summer visitors and the creation of ecological tours). The aim of the present work was to 
evaluate the impact of using these rehabilitation techniques on floristic diversity in the dunes of Korba (Cap Bon, Tunisia).  The methodological 
approach adopted is that of evaluating floristic biodiversity on protected dunes and other neighboring areas located outside the protected area. The 
phytosociological plots were sampled basing on the methods of Braun-Blanquet, including the original cover-abundance scale. Data analysis shows 
the beneficial effect of rehabilitation on the structure, the composition and functioning of these coastal dunes and psammophile vegetation. Indeed, 
the protection increased floristic richness, species diversity (as indicated by Shannon-Weaver index) and the floristic composition, particularly pa-
latable species: Ammophila arenaria, Cynodon dactylon, Retama raetam, Thymelaea hirsuta and Euphorbia paralias. This rehabilitation technique 
allowed the maintenance of several species reflecting the value of these coastal dunes in terms of biodiversity.

Key words: anthropogenic activities, diversity index, floristic richness, protected area.

Introduction

Mediterranean coastal ecosystems are characterized 
by strong climatic constraints and pedological salinity, 
wind, drought and shallow soils or mobile. While mo-
ving of the beach to the interior, we find a succession 
of landscape elements of dunes whose character and 
morphological vegetal is linked to the progressive mo-
dification of ambience salinity, wind power and sandy 
motions. The coastal of Tunisia are under big pressu-
re from urbanization and implantation by tourist as-
sociations and agencies. More than 70% of economic 
activities are based on the coastline, 90% of which is 
accounted by tourist activities which have induce se-
veral problems owing to the uncontrolled development 
that threatens the ecological wealth and inshore natural 
landscape sites in Tunisia (Ramade, 1997). Tunisia has 
a great variety of coastal landscapes that reflect diffe-
rences in biophysical conditions, and cultural heritage. 
The northern coast has an undulating coastline while 
the immediate hinterland consists of a wooded range 
of hills and mountains. Agricultural coastal plains can 
be found in the area of Cap Bon. Some of the most 
characteristic landscapes of Tunisia comprise coastal 

wetlands and semi-mobile landscapes of dunes. Some 
of the towns have exerted more their influence on the 
surrounding landscapes than others. The major threats 
to the coastal landscapes of Tunisia, are common along 
the Mediterranean coastal zone, and related to uncon-
trolled development, urbanization, increasing national 
and international tourism, land-based pollution, and 
unplanned or over-exploitation of natural resources, in 
particular freshwater. The strongest among these pres-
sures, following the general trends in the South Medi-
terranean coast, are population increase and animal hu-
sbandry. As in the majority of Mediterranean countries 
an assessment of landscape character and associated 
pressures on specific landscape types has never being 
realised in Tunisia. The Cap Bon peninsula, located 
at the north-eastern tip of Tunisia was selected for a 
more detailed landscape study. Coastal ecosystems in 
peninsula of Cap Bon are subject for several decades 
to a permanent and uncontrolled exploitation which 
led to a sharp deterioration resulting in the reduction 
of the biological potential and disruption of ecological 
and socioeconomic balance. Faced with this critical si-
tuation, the service of Coastal Protection and Planning 
Agency of Tunisia (APAL Tunisia) has chosen the re-
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Fig. 1 - Map of Tunisia showing the sites in the study area.

Sampling 
The phytosociological plots were sampled basing 

on the methods of Braun-Blanquet (1964) including 
the original cover-abundance scale. 30 plots were in-
cluded in the present analysis; among them, 20 plots 
are established in protected dunes and the 10 others 
in unprotected dunes (Tab.1). The plots has an area of 
20 m2 located along each transect and distributed at 
regular intervals. A total of 49 species were found on 
the 30 plots. In order to compare the effect of anthro-
pogenic factors (trampling of vegetation and overgra-
zing) on protected and unprotected dunes, we have im-
plemented the following classification: the degree of 
protection, pasture and human pressure (vacationers). 
Plant species and their nomenclature were identified 
with flora books (Cuénod et al., 1954; Ozenda, 1977; 
Pottier-Alapetite, 1979, 1981; Quézel & Santa, 1962, 
1963).

Data analysis 
The ordinations were performed using Past software 

(version 2.1) and R software package. (R Core Team 
(2013). R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, 
Vienna, Austria. ISBN 3-900051-07-0, URL

http://www.R-project.org/.) Accordingly, the chosen 
methods were Correspondence analysis (CA) and Ca-
nonical Correspondence analysis (CCA). Biodiversity 
indices for these classes are calculated in the present 
work, ten diversity indices and species richness were 
calculated for 30 plots to describe the diversity of the 

habilitation of hundred hectares of dunes to mitigate 
the magnitude of this damage. The rehabilitation of the 
dunes strip was made by installing multiple protection 
methods; the establishment of wooden fence to protect 
the dune ecosystem, the use of ganivelles techniques 
for mechanical dune stabilization, installing flow pipes 
to facilitate the access for summer visitors and to crea-
te ecological circuits and allowing finally a biological 
fixation in some dunes. This study aims to evaluate the 
impact and effect of the use of techniques and methods 
of protection and restoration of coastal dunes on the 
floristic diversity of the coastal dunes of Korba region 
(Cap bon, Tunisia). 

Material and Methods 

Study area 
The study area is located in the North-East of Nabeul 

prefecture in Tunisia (Fig. 1). The dunes are located 
between Korba lagoon which is a RAMSAR site and 
the beach of Korba (Mediterranean Sea). The dunes 
of Korba constitute a unique ecosystem that spans ne-
arly 9 km. The width varies between 400-500 m. The 
height varies between 1.5 m and 3 m. The dunes are 
fixed by herbaceous vegetation and woody plants. The 
protection and rehabilitation of the coastal dunes of 
Korba was decided since 2005. The methodological 
approach is based on a comparative analysis of flori-
stic biodiversity indicator parameters of protected and 
non protected dunes and the assessment of the anthro-
pogenic factors effect on these two types of dunes.
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ground vegetation in the data. Delineation of the study 
area was made with GIS ArcView 3.2 software after 
the georeferencing of the topographic map. All statisti-
cal analyses were carried out using SPSS for windows 
v. 11.5. 

Results 

The final list of 49 species that were recorded in sites 
in the study area, represent 10 families of flowering 
plants (Poaceae, Arecaceae, Asteraceae, Tamarica-

ceae, Lilaceae, Fabaceae, Chenopodiacae, Amarylli-
deae, Typhaceae and Joncaceae). The large family is 
represented by Poaceae and Chenopodiaceae family. 
The vegetation was dominated by psammophiles ve-
getation by followed hydrophilic vegetation. The si-
gnificant psammophiles and hydrophilic components 
reflected the generalized features of the vegetation of 
the dunes to near wetlands. The biodiversity index of 
study site is given in Tab. 2; this table also includes the 
Simpson index is from 0.48 to 0.92, Shannon index is 
from 0.67 to 2.60, Evenness index is from 0.74 to 1, 
Brillouin index is from 0.46 to 1.96, Menhinick index 
is from 0.89 to 3.20, Margalef index is from 0.62 to 
4.53 and Equitability index is from 0.81 to 1. Using 
multivariate analysis (CA), three plant communities 
of flora are distinguished (Fig. 2); psammophiles, 
nitratophiles and hydrophiles. Rich and varied, the 
psammophiles group (G1) is dominated by Ammophi-
la arenaria, Retama raetam, Euphorbia paralias and 
Eryginum maritimum. The hydrophiles Vegetation 
groups (G2) dominated by Sarcocornia fruticosa, Sua-
eda fruticosa, Juncus maritimus, Juncus acutus and 
Salsola kali. The nitratophiles Vegetation groups (G3) 
dominated by Daucus carotta and Beta vulgaris. The 
dendrogram illustrating the presence of 03 vegetation 
groups using analysis of 30 sampled stands in the stu-

Site
Number of 

Taxa (species)

Site in 

protected area

Site out 

protected area

S1 6 x

S2 5 x

S3 15 x

S4 14 x

S5 8 x

S6 4 x

S7 5 x

S8 4 x

S9 10 x

S10 3 x

S11 10 x

S12 3 x

S13 14 x

S14 4 x

S15 12 x

S16 5 x

S17 6 x

S18 3 x

S19 5 x

S20 2 x

S21 6 x

S22 5 x

S23 4 x

S24 4 x

S25 7 x

S26 3 x

S27 6 x

S28 4 x

S29 6 x

S30 4 x

Tab. 1 - Characteristics of 30 vegetation site in study area. 

Fig. 2 - Correspondence analysis map (49 plant species x 30 sites).

Diversity index N Minimum Maximum Mean SD Variance 

Simpson 30 0,48 0,92 0,76 0,1 0,011

Shannon 30 0,67 2,6 1,61 0,48 0,23

Evenness 30 0,74 1 0,91 0,05 0,003

Brillouin 30 0,46 1,96 1,13 0,43 0,187

Menhinick 30 0,89 3,2 1,86 0,52 0,27

Margalef 30 0,62 4,53 2,18 0,91 0,83

Equitability 30 0,81 1 0,95 0,03 0,001

Tab. 2 - Characteristics of vegetation diversity index derived 
after the application of analysis  on the 30 sites in study area. 
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dy area (Fig. 3). Cluster Analyses broadly divided the 
plant community in to three assemblies which could be 
clearly seen in two main branches of the dendrogram; 
(i) vegetation of dunes (ii) vegetation of wetlands (iii) 
vegetation of degraded areas (outside the protected 
areas: dominated by Asphodelus microcarpa, Urginea 
maritima and Beta vulgaris). The vegetal rug is analy-
zed by 03 principal factors wich are the level of pro-
tection, level of pasture and the anthropic action. The 
impact of these three factors is widely expressed by 
index of species diversity. The application of CCA Or-
dination (Fig. 4) on the cover and presence estimates 
of the 49 species recorded in the 30 samples indicated 
the recognition of three vegetation groups. This study 
shows the recolonization of dunes by psammophiles 
species. This multidimensional treatment accentuates 

the importance of anthropic and protection factors that 
govern this dynamic. Finding of this research was con-
ducted during the spring clearly indicate that the dunes 
ecosystem type of floristic element gradually change 
on the protection and degree of perturbation (anthropic 
action). The state of the vegetation cover has been fol-
lowed before, during and after the rehabilitation work 
(Fig. 5). The rehabilitation of the dunes improved ve-
getation cover and stabilizing the ecosystem.

Discussion

Monitoring of plant density in particular of peren-
nials gives a good picture of the trends of spread or 
disappearance of plant species and permits an asses-
sment of the ecosystem ability to regenerate (Floret, 
1988). A large number of individuals promote the 
accumulation and fixation of soil particles, improves 
the water balance and facilitates the establishment of 
new plant species (Floret & Pontanier, 1982; Jauffret, 
2001). Under animal activity, the palatable plant spe-
cies progressively disappear giving way to the spread 
of unpalatable and very palatable annual species in 
protected dune. The humans pressures have a negati-
vely affect the site, because plant regeneration is not 
possible during the spring. Around the relevets R 21 
to R 30 investigated here, the grazing intensity and 
human pressure alongside the gradient affected plant 
species composition and decreased their regeneration 
capacity. The present study can contribute valid hypo-
theses for future work which must extend the focus 
on dune and coastal ecosystems. Further it will be 
important, the pasture affect the distribution of plants 
on dune, functioning as determinant keys of the ani-
mal load for a particular well (Thébaut & Batterbury, 
2001). Such studies will be particularly useful with 

W. Jaouadi et al.

Fig. 3 - Dendrogram of 30 sites and 49 species after Cluster 
Analysis.

Fig. 4 - Ordination Biplot Diagram of Sites and Environmental Variables identified using Canonical Correspondence Analysis (CCA) 
of the 30 sampled stands in the study area. (Lev_Pas : degree of pasture; Lev_Pro: degree of protection; Anth_Pr: anthropic pressure.
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Conclusions 

Data analysis shows the beneficial effect of rehabi-
litation on the structure, composition and functioning 
of these coastal dunes and psammophiles vegetation. 
Indeed, the protection increases floristic richness, spe-
cies diversity and improves the floristic composition, 
especially with sand-fixing species extinct outside the 
protected dunes: Ammophila arenaria, Retama raetam, 
Thymelaea hirsuta, Euphorbia paralias and Eryginum 
maritimum. This rehabilitation technique allowed the 
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Plant Species Family
Found in 

dunes

Found 

in 

wetlands

Acacia cyclopis Leguminosae x

Aeluropus littoralis Gramineae x

Allium roseum Liliaceae x

Ammophila arenaria Gramineae x

Anagallis monelli Primulaceae x

Arthrocnemum macrostachyum Chenopodiaceae x

Asparagus stipularis Liliaceae x

Asphodelus microcarpus Liliaceae x

Atriplex halimus Chenopodiaceae x

Calycotome villosa Leguminosae x

Chamaerops humilis Palmae x

Chenopodium murale Chenopodiaceae x

Crucianella maritima Rubiaceae x

Daphne gnidium Thymelaeaceae x

Daucus carotta Umbelliferae x

Ecballium elaterium Cucurbitaceae x

Eryngium maritimum Umbelliferae x

Euphorbia paralias Euphorbiaceae x

Euphorbia peplis Euphorbiaceae x

Halocnemum strobilaceum Chenopodiaceae x

Inula crithmoides Compositae x

Inula viscosa Compositae x

Juncus acutus Juncaceae x

Juncus maritimus Juncaceae x

Juncus subulatus Juncaceae x

Lagurus ovatus Gramineae x

Lycium europaeum Solanaceae x

Malva sylvestris Malvaceae x

Marrubium vulgare Labiatae x

Obione portulacoides Chenopodiaceae x

Pancratium maritimum Amaryllidaceae x

Phragmites communis Gramineae x

Plantago logopus Plantaginaceae x

Plantago ovata Plantaginaceae x

Polygonum maritimum Polygonaceae x

Reseda alba Resedaceae x

Retama raetam subsp. bovei Leguminosae x

Salsola kali Chenopodiaceae x

Sarcocornia fruticosa Chenopodiaceae x

Sarcocornia perennis Chenopodiaceae x

Scirpus holoschoenus Cyperaceae x

Silene succulenta Caryophyllaceae x

Solanum nigrum Solanaceae x

Suaeda fruticosa Chenopodiaceae x

Suaeda maritima Chenopodiaceae x

Tamarix gallica Tamaricaceae x

Thymelaea hirsuta Thymelaeaceae x

Typha angustifolia Typhaceae x

Urginea maritima Liliaceae x

Appendix I: List of vegetation in study area 
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Abstract
The Syrian juniper, Juniperus drupacea Labill has a very limited distribution and is facing severe fragmentation and dieback in Lebanon. The present 
investigation is a pilot study conducted in Jabal Moussa Biosphere Reserve in order to develop a plan for conservation and sustainable management 
of this species. A total of 106 individuals were studied from five areas. The correlations between environmental factors (altitude, exposition, and 
slope) as well as canopy density with the trees distribution, size and vitality were investigated. The most remarkable individuals were mainly found 
in Aarbi, the central karstic area in association with Quercus calliprinos Webb., Q. infectoria Oliv. and Pistacia palaestina Boiss. The statistical 
analysis showed that the optimum conditions for Juniperus drupacea growth is at middle altitudes, at western expositions with low slope and in 
relatively open forest. In short term, to manage and conserve this unique species, we can perform a selective cutting to i) eliminate infested trees and 
branches, ii) reduce the number of trees per unit area – reducing therefore the density of the canopy and distance between trees – in order to preserve 
the remarkable vitality of trees.

Key words: eco-geography, forest management, Juniperus drupacea Labill., Lebanon, phytoecology.

Introduction

The Syrian juniper (Juniperus drupacea Labill., Ar-
ceuthos drupacea (Labill.) Antoine & Kotschy) a co-
nifer tree from the cypress family is the only represen-
tative of the Section Caryocedrus (Endlicher, 1847) of 
the Juniperus L. genus. It is a dioecious tree reaching 
up to 20 m high and sometimes 40 m high. The crown 
of the young trees is conical while in the older indivi-
duals it becomes more irregular. The fleshy seed co-
nes contain 1 to 3 seeds that are almost entirely fused 
into an ovoid “hard nut”. This species is native of the 
Eastern Mediterranean region. It is found in Greece 
(Peloponnese), southern Turkey, Lebanon, and Syria. 
It is rare in Lebanon and Greece but widespread and 
common in Turkey and Syria (Mouterde, 1966; Farjon, 
2010). 

This species grows under Mediterranean climates 
between 600 and 1800 m with cold winter conditions 
and summer drought, and is indifferent to soil type as 
it can grow on calcareous or granitic soil (Abi Saleh 
et al., 1996; Farjon, 2010). In Lebanon, its altitudinal 
range is between 1000 and 1700 m, corresponding to 
the Supramediterranean and Mountain Mediterranean 
vegetation levels (Mouterde, 1966; Abi Saleh et al., 
1996). 

Juniperus trees in general do not constitute a dense 
canopy, and more precisely J. drupacea do not consti-
tute pure stands. In the Supramediterranean it is found 
as an accompanying species to Quercus calliprinos 

Webb. with Pistacia palaestina Boiss., Styrax offici-
nalis L. and Cercis siliquastrum L. at the lower limits, 
and to Quercus infectoria Oliv. and Q. cerris L. in the 
middle sector.  In the Mountain Mediterranean it can 
be found associated to Cedrus libani and to J. excelsa 
M. Bied with J. oxycedrus L. (Abi Saleh et al., 1996).

J. drupacea is a very interesting ornamental tree be-
cause of its columnar shape, good growth rate and re-
sistance to frost (Farjon, 2010). In Turkey the fleshy 
cones are used to produce molasses. In Lebanon this 
species has no specific use by the local populations. 
Reforestation activities in Lebanon are in constant 
growth with higher awareness for the use of native tree 
species and the preservation of the forests biodiversity. 
The Syrian juniper can be used to enhance the biodi-
versity in oak and cedar forests restoration.

Until today no extensive ecological studies were 
made on Juniperus drupacea populations in the Me-
diterranean. The limited past investigations focused 
on the elaboration of ex situ germination protocols in 
Turkey (Alpacar, 1988; Gultekin & Ozturk, 2003), or 
assessed its ecological status in Greece (Boratynski et 
al., 1982; Tan et al., 1999; Maerki & Frankis, 2005). 

In order to insure successful management and refo-
restation activities of Juniperus drupacea in Lebanon, 
it is necessary to undertake in situ investigations in its 
different habitats. These studies can allow a better un-
derstanding of this species dynamics in relation with 
different environmental factors related to climate, to-
pography, soil as well as to accompanying and compe-

Corresponding author: Bouchra Douaihy. Faculty of Science III - Department of Earth and Life Science, Lebanese 
University, Tripoli, Lebanon; e-mail: bouchradouaihy@gmail.com
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species is present (Fig. 1, Tab. 1): i) Jabal Mar Jerjes 
(Z1) in the north-west at 1200 m a.s.l. dominated by 
Quercus infectoria and Ostrya carpinifolia associated 
with Styrax officinalis, Fraxinus ornus and Q. cerris, 
ii) Mcheteh-Ain el Delbeh (Z2) is the western zone 
at 1200 m a.s.l. dominated by evergreen vegetation of 
Q. calliprinos associated with deciduous species like 
Q. infectoria and Pistacia palaestina, iii) Broqta (Z3) 
to the north-east at 1300m a.s.l. dominated by deci-
duous species mainly Q. cerris and Q. infectoria asso-
ciated with Cercis siliquastrum and Sorbus torminalis, 
iv) Qahmez and Daraj el Mcheteh (Z4) is the south 
and south-east area at 1400 m a.s.l. with a vegetation 
similar to the one found in Z2, and finally (v) Aabri 
(Z5) is the central plateau at 1500 m a.s.l. where an 
open deciduous forest of Quercus infectoria associa-
ted with Ostrya carpinifolia and Pistacia palaestina 
dominates. This subdivision is based on the vegetation 

ting species. 
The present work is a pilot study conducted in Jabal 

Moussa Biosphere Reserve, Mount-Lebanon. It aims 
to address the actual distribution of the Syrian juniper 
in accordance with environmental factors prevailing in 
this mountain. The results will help better understand 
the optimum conditions and factors that determine its 
distribution and its vitality in order to develop a su-
stainable management and conservation plan of this 
species. 

Materials and methods

The study was undertaken in Jabal Moussa located 
in Keserwan, Mount-Lebanon. This protected area is 
dominated by deciduous and evergreen oak trees and 
was declared Biosphere Reserve in 2009. 

The mountain was divided into five zones where this 

Tab. 1 - The environmental characteristics of the five studied zones in Jabal Moussa Biosphere Reserve.

Zone Localization Geographic position
Altitude range 

(m)
Exposition Slope (%) Landform

Canopy density 

range (%)

Mean annual 

rainfall (mm)*

Z1 Jabal Mar Jerjes 34.062°N 35.753°E 1215-1285 north-west 110 Mountain slope >70 1200-1300

Z2 Mcheteh-Ain el Delbeh 34.033°N 35.766°E 1184-1272 western zone 45-120 Mountain slope >70 >1400

north

north-east 

south 

south-east 

Z5 Aabri 34.060°N 35.772°E 1485-1575 central plateau 0-85 Plateau <10 - ≤ 70 1300-1400

Mountain slope

*based on the mean annual precipitation map of Lebanon by Plassard (1972).

>70 >1400

Z4 Qahmez - Daraj el Mcheteh 34.056°N 35.775°E 1396-1499 40-90 Mountain slope 10-70 >1400

Z3 Broqta 34.069°N 35.787°E 1326-1348 0-60

Fig. 1 - Jabal Moussa Biosphere Reserve map showing the distribution of the recorded trees in each of the five studied zones. The 
zones codes as in Table 1. This figure was obtained by QGIS.
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and landforms maps developed by Safi (1999). This 
sampling methodology allowed us to cover most of 
the Juniperus drupacea trees in Jabal Moussa, with all 
the possible variability of the prevailing environmen-
tal factors (topography, altitude, slope, exposition and 
canopy density).

The position of the adult trees was recorded by GPS, 
and for each tree the following parameters were recor-
ded: sex, tree height (in meters), diameter of the trunk 
at breast height (DBH in centimeters), and tree vitali-
ty. We considered the tree as adult when its height is 
higher than 4 m. The environmental characteristics of 
each site were also recorded for the type of landform, 
altitude range, slope, exposition and canopy density 
(Tab. 1). 

In order to study the natural regeneration, we defined 
circle areas of 50 m2 with a radius of 4 m in the see-
dling establishment points. The regeneration was then 
evaluated as the number of seedling/m2.

For the statistical analysis we considered three alti-
tudinal ranges: (1) < 1300 m, 1300 m < (2) ≤ 1500 m 
and (3) > 1500 m; four slope classes: 0% ≤ (1) < 25%, 
25% < (2) ≤ 50%, 50% < (3) ≤ 75% and (4) > 75%. 
The canopy density was divided in four classes: (1) < 
10%, 10% < (2) ≤ 40%, 40% < (3) ≤ 70% and (4) > 
70%; as well as the exposition: Northern (N), eastern 
(E), western (W) and southern (S).

We used the software R for statistical analysis. Tests 
of analysis of variance (ANOVA) followed by the Tu-
key test were used to study the effect of each factor on 
the trees size and regeneration levels. The deviation 
from unity of the sex ratio was tested using the G-test. 

We analyzed the spatial structure using the lineari-
zed function L(r) of the Ripley’s function K(r), imple-
mented in the SpatStat R package (1.25) (Ripley 1977;  
Baddeley & Turner 2005; R Core Team 2013). 

Results

A total of 106 adult trees were recorded unevenly in 
the five studied zones of Jabal Moussa Biosphere Re-
serve. The majority of the studied trees (55.6%, 59 tre-
es) were found in Z5, the central karstic area of dolines 

(sinkholes), while 9 to 15 trees were recorded in each 
of the other four zones (Table 2). 

The altitudinal distribution of J. drupacea varied 
between 1200 and 1575 m a.s.l.. The lowest altitude 
recorded was 1180 m a.s.l for one tree in Z2. 50% of 
the trees  were found between 1500 and 1575 m a.s.l. 
located in Z5, while 24.5% were recorded between 
1200-1300 m a.s.l located in Z1 and Z2 and the rest 
(25.5%) between 1300 and 1500 m a.s.l. located in Z2, 
Z3, Z4 and Z5 (Tab. 2).

Most of the trees (53.7%) tend to be on western ex-
positions (west, northwest and southwest) in Z1, Z2, 
Z4 and Z5; while 31.3% of the trees were found on ea-
stern expositions (east, northeast and southeast) in Z3, 
Z4 and Z5. The rest were found on north (4.7%), south 
(5.6%) and on the plateau (4.7%) (Tab. 2). In total four 
dead trees were found in southern exposure in Z4.

We found a total of 48 female (F), 54 male (M) and 
4 trees with no reproductive organs (U) (Tab. 3). The 
sex ratio (M/F) of the total population did not deviate 
significantly from unity (G= 0.35, P=0.55).

The diameters measured at breast height varied 
between 13 and 102 cm with a mean value of 50.45 cm 
(±1.94 cm), while tree height varied between 4 and 17 
m with a mean value of 10.68 m (±0.25 m). The trees 
DBH and height classes’ followed a normal centered 
distribution (Fig. 2) with the DBH showing two close 
peaks at 30 and 50 cm and the height showed a single 
peak at 11 m. 

The tree DBH varied significantly with altitude (F 
= 32.14, P=1.29x10-7), exposition (F=7.483, P= 1.47 
x10-4), slope (F = 17.97, P= 4.87x10-5) and canopy 
density (F= 12.5, P= 5.02x10-7) (Fig. 3). 

The mean tree diameter was significantly higher at 
high altitude (58.66 ± 2.45 cm) then at low and me-
dium altitude (35.09 ± 3.17 cm and 49.31 ± 3.61 cm 
respectively). Moreover, the mean trees DBH at the 
northern exposure (39.31 ± 3.63 cm) was significantly 
lower than trees DBH distributed across the rest of the 
expositions. In addition, the trees located in areas with 
strong slopes (>75%), had significantly lower mean 
DBH (37.33 ± 3.09 cm) (Fig. 3). We found 35% of the 
studied trees  in a very dense forest structure (canopy 

Tab. 2 - The distribution of Juniperus drupacea adult trees in each studied zone according to different environmental factors.

Zone <1200 1200-1300 1300-1400 1400-1500 >1500 Plateau E N NE NW S SE SW W 0-25 25-50 50-75 > 75 <10 ott-40 40-70 >70
Total adult 

trees

Z1 0 15 0 0 0 0 0 14 1 0 0 0 0 0 0 0 0 15 0 0 0 15 15

Z2 1 11 0 0 0 0 8 0 0 0 0 4 0 0 0 1 11 0 1 0 11 12

Z3 0 0 9 0 0 0 0 9 0 0 0 0 0 0 3 4 2 0 0 0 0 9 9

Z4 0 0 2 9 0 0 0 0 2 0 3 1 1 4 0 5 3 3 1 5 4 1 11

Z5 0 0 0 6 53 5 7 3 5 2 6 11 8 12 27 19 12 1 4 35 19 1 59

Total 1 26 11 15 53 5 15 26 8 2 9 16 9 16 30 29 17 30 5 41 23 37 106

Altitude (m) Exposition Slope (%) Canopy density (%)
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Fig. 2 - Size structure of Juniperus drupacea population in 
Jabal Moussa Biosphere Reserve showing the distribution of 
the diameter size classes’ distribution (left) and the height 
classes’ distribution (right) of 106 adult trees.

Fig. 3 - Tree diametres (DBH) boxplots according to the altitudinal range, slope, exposition and canopy density of Juniperus drupacea 
population in Jabal Moussa Biosphere Reserve. Means with (*) are significantly different according to Tukey test for a threshold of 5%.

density > 70%) but with slender trunks and poor vital 
status especially in Z1 (Table 2). The Tukey test sho-
wed a significantly lower DBH mean at canopy densi-
ty > 70% (36.50 ± 2.64 cm) (Fig. 3).

On the other hand, the tree height varied significantly 
only with the altitude (F=4.22, P=0.0173). The results 
showed mean tree heights at low altitude (9.48 ± 0.49 
cm) significantly lower comparing with the medium 
and high altitudes (Fig. 4).

The spatial distribution of seedlings, and adult trees 
(male and female) were analyzed through Ripley test 
only in Z5, being the larger zone, where all trees were 
practically inventoried. The results showed a high le-
vel of aggregation of male and female trees (Fig. 5). 
Seedlings also showed high level of aggregation with 
the adult trees. In fact, seedling establishment were 
only found near the adult trees in 34 establishment 
points distributed in in the five zones. The regenera-
tion level varied between 0.05 and 12 seedlings/m2 
across the 5 zones with a mean global value of 3.11 ± 
0.50 seedlings/m2 (Tab. 3). The regeneration level did 
not vary significantly with the environmental factors 
or across the studied zones. Moreover, the tree DBH 
did not significantly affect the regeneration observed 
under it.

Discussion

The results showed that Juniperus drupacea optimal 
altitude is between 1500 and 1600 m a.s.l. where we 
found the majority of the trees as well as the biggest 
ones. This species seems to require a certain level of 
humidity in order to thrive, as most trees tend to be on 
low western slopes and in the sinkholes. Moreover this 
species do not tolerate strong competition, it is a helio-
philous tree with a better growth observed in relatively 
open forest.

These optimum conditions were all found in the 
central area (Z5) where the topography of sinkholes, 
the low slope, the variation of exposition and canopy 
density tend to positively affect the trees growth. In 
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thern exposure with an average slope of 50 % , within 
a moderately dense canopy and an average altitude of 
1440 m. Here, not one factor can offset the negative 
effect exerted by the southern aspect, but rather con-
tributes to amplify it. Trees are exposed to the sun and 
water-stressed. The steep slope hinders infiltration, 
and the canopy density is not high enough to provide 
more shade and a humid organic litter. Would these 
dead trees with remarkable diameters be witnessing 
the beginnings  of climate change effect? The decline 
of some species on the southern slopes has been wide-
ly observed by foresters and researchers (Touchan et 
al., 2005). And since the Lebanese Syrian Juniper po-
pulations are living at the low latitude edge of its glo-
bal natural distribution, the evaluation of the current 
vitality of Juniperus drupaceae populations in Leba-
non and their conservation are of high priority (Hampe 
& Petit 2005; Aitken, 2008).

J. drupacea has a great tendency to cluster in bun-
ches as showed the Ripley test results. This clustering 

this zone the trees are sheltered from wind and benefit 
from cooler temperatures and lower evapotranspira-
tion, higher snow coverage and persistence allowing a 
slow snowmelt in the dolines. These conditions ensure 
the necessary moisture for trees growth during the dry 
summer season and without competition from other 
species.

In the dense forest of the Mar Jerjes zone (Z1) the 
frequent past trimming allowed the regeneration and 
growth of the trees found today. However, between 
1993 and 2004, the ministry of agriculture suspended 
cutting and wood exploitation licenses of hardwood 
species (e.g. Ostrya carpinifolia Scop., Styrax offici-
nalis L.), followed by the process of protecting Jabal 
Moussa before its designation as a biosphere reserve 
in 2009.  The resulting dense canopy has hindered 
the growth of the newly established population of 
J. drupacea, a sun-loving species. The effect of ca-
nopy density on diameter is directed by competition 
for light and forest dynamics. For instance in Z2, the 
Syrian juniper dominates Quercus calliprinos coppice 
in height, and is codominant in height with deciduous 
oaks in Z3; oaks are generally late serial species and 
are established after conifer species, which allowed J. 
drupacea to develop before any competition. 

The average trunk diameters at the northern expo-
sure were found significantly lower than at the rest 
of the expositions. So we can initially assume that 
individuals of J. drupacea show weak growth in the 
Northern aspect. In Z1, the Northern exposure provi-
des a minimum of sunlight and insures freshness and 
a stable water balance due to the presence of the Nahr 
Ibrahim River. As for Z2, the proximity of the Nahr 
El Dahab valley provides a short duration of sunshine 
and high humidity which can compensate the loss of 
freshness caused by the low altitude.

The four dead trees found in Z4, were found in sou-

Fig. 4 - Tree height boxplots according to the altitudinal ran-
ge. Means with (*) are significantly different according to 
Tukey test for a threshold of 5%.

Fig. 5 - Spatial structure of J. drupacea in Zone 5.  The ob-
served L(r) values (straight line) show a high level of aggre-
gation of the adults. The pointed lines correspond to 95% 
confidence interval of L(r) under a random distribution as-
sumption.

Zone
Total adult 

trees
F M U Seedlings/m

2 number of 

regeneration points 

Z1 15 4 11 0 1 to 3 4

Z2 12 5 7 0 1 to 3 2

Z3 9 3 6 0 0.5 to 10 5

Z4 11 5 2 4 0.05 to 3 2

Z5 59 31 28 0 1 to 12 21

Total 106 48 54 4 3.11 ± 0.50 34

Sex Regeneration

Tab. 3 - The trees sex distribution (Male, Female or undeter-
mined) and the number of regeneration points and regenera-
tion density in each studied zone.
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can be explained by the short seed dissemination di-
stances for this species as all the dissemination points 
were observed near the mother trees. In fact the seed 
cones are the biggest in the Juniperus genus; they fall 
near the mother tree and are then decorticated by small 
rodents that are attracted by the rich in sugar fleshy 
seed cones. More studies are needed to be done on the 
potential seed disseminators to elucidate the pattern of 
seed dissemination for this species.

The low regeneration level of J. drupacea in Jabal 
Moussa was not surprising. In fact, several studies 
showed the same results for other Juniper species. The 
limited natural regeneration in junipers can be caused 
by high rates of empty seeds due to pollen limitation 
and environmental stress (Knight et al., 2005; Wesche, 
et al. 2005; Douaihy et al., 2013a); complex seed dor-
mancy (Cregg et al., 1994), seed predation (García, 
2000; El Alaoui El Fels & Roques, 2006; Douaihy et 
al., 2013b) and juvenile death due to summer drought 
and grazing (Fisher & Gardner, 1995; Garcia et al., 
1999). The successful pollination depends on the po-
pulation sex structure determined by the reproductive 
effort of both sexes (Ortiz et al., 2002). Our results 
showed that the population did not deviate from the 
unity of sex ratio and there were no significant diffe-
rence in size between male and female trees. 

Conclusion

In short term, to manage and conserve this unique 
species within the Biosphere Reserve of Jabal Moussa: 
(1) a selective cutting should be performed to have a 
canopy density around 50% in order to preserve the 
remarkable vitality of trees; (2) plant new seedlings in 
the Z5 area which is the optimal area in the reserve for 
this species. 

Further studies should investigate the reproduction 
effort for each sex and include bigger number of tre-
es to study the spatial distribution of both male and 
female according to environmental factors. Moreover 
an investigation of the seed viability and the quality of 
pollination could elucidate the reproductive capacity 
of the J. drupacea populations in Lebanon. We also 
need to identify the best germination protocol for this 
species and make it available for the local nurseries 
because; because ex situ propagation is a vital solution 
for the long term conservation of this rare species. 

On the other hand, J. drupacea is currently facing 
massive diebacks in other populations in Lebanon due 
to the parasitic aerial plant, Arceuthobium oxycedri. 
There is an urgent need to determine the current and 
potential infection rate of this parasitic plant in se-
veral populations in Lebanon. The Ehmej population 
was recently chosen by the Ministry of Agriculture in 
collaboration with Ehmej Municipality and Lebanon 
Mountain Trail NGO as a pilot site to proceed with an 

intervention to limit the propagation of the mistletoe 
by pruning or cutting infected trees.
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Abstract
Few studies addressed the distribution of riparian trees and shrubs, and the factors affecting their distribution and structure in Lebanon. The objective 
of this investigation is to identify the riparian tree and shrub species around Nahr Ibrahim River. We selected 21 sites covering all altitudinal range 
from sea level up to 1766 m as well as a cross section gradient from river bed. Results showed that biodiversity indices are affected by bioclimatic 
conditions (vegetation stages) and river flow regime. A moderate dry period of less than 3 months seems to have a positive effect on species richness 
and composition (trees vs shrubs). A regulated flow would increase the number of tree individuals and reduce biodiversity. Salix acmophylla Boiss., 
Salix alba L. and Platanus orientalis L. are obligate riparian (phreatophytes) and Salix libani Bornm., Ostrya carpinifolia Scop., Juglans regia L., 
Crataegus monogyna Jacq. are classified as facultative riparian (facultative phreatophytes). Further we were able to classify riparian species accor-
ding to gradients related to altitude, slope, distance from river bed and number of dry months.

Key words: East Mediterranean, ecological gradient, Lebanon, riparian, woody vegetation.

Introduction

The riparian zone is defined as “a complex assem-
blage of plants and other organisms in an environment 
adjacent to and near flowing water” (Klapproth, 1999), 
which is rich in biodiversity and plays an important 
role as a natural corridor for species with disjoined are-
as of distribution (Fischer & Fischenich, 2000). Wi-
thout definitive boundaries, it may include stream ban-
ks, floodplains, and wetlands as well as sub-irrigated 
sites forming a transitional zone between upland and 
aquatic ecosystems. Riparian areas combine aquatic 
and terrestrial characteristics. Easily accessible water 
and productive soils support a greater plant biomass 
than what is usually found in upland areas, in addition 
to the presence of a wide variety of species and com-
plex vertical structures in forests (Larue et al., 1995). 
The natural, structural and functional characteristics of 
the riparian ecosystem are the key links to maintaining 
ecological integrity, yet they are affected by numerous 
topographic influences varying between longitudinal, 
lateral, vertical, and temporal dimensions (Eubanks & 
Meadows, 2003; Magdaleno et al., 2014). Since the in-
fluence of the river varies gradually depending on the 
distance of the riparian areas of the stream, the farthest 
are the least influenced, the borders remain uncertain. 
Moreover, some natural factors create changes in areas 
that are not normally in the riparian zone: unexpec-
ted rainfall, flooding new areas, erosion, and changes 
in hydrological regimes create environments for new 
primary succession, which can extend the riparian 
zone (Stewart, 2007). Based on stream flow characte-

ristics, rivers are grouped into permanent, intermittent 
and ephemeral rivers (Zaimes, 2007). Johnson et al. 
(1984) classified riparian species according to their 
frequency of occurrence into obligate, preferential, fa-
cultative riparian and non-riparian. Another classifica-
tion of riparian vegetation is based on their tolerance 
to drought. The majority of riparian trees species are 
phreatophytic, they rely on the groundwater above the 
water table to survive and grow, once they are formed 
(Smith et al., 1998). These classifications do not ne-
cessarily take into account the combined effect of river 
flow characteristics, slope and the distance of vegeta-
tion from the river bank or the phreatic table. Friedman 
et al. (2006) classified species within the riparian zone 
according to a transversal hydrologic gradient as af-
fected by floods frequency and intensity, sediment par-
ticle size, nutrient and light availability. On the other 
hand, longitudinal zonation is crucial in defining ripa-
rian distribution at altitudinal scale (De Bano & Baker, 
1999; Thorp et al., 2006). Water is a limiting factor 
in semi-arid region, which keeps Mediterranean rivers 
amongst the most impounded in the World (Grant-
ham et al., 2010). Therefore, Mediterranean riparian 
ecosystems have seldom been included in systematic 
conservation planning (Nel et al., 2009). Accordingly, 
there is an increasing demand for scientific data related 
to these areas, their alterations, and their sustainable 
management. The impact of hydrological processes 
on the vegetation varies between species. Information 
about the species is hence essential to evaluate the ri-
sks of hydrological alterations (Berajano et al., 2012). 
Lebanon has a typical Mediterranean climate with four 
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Where: 
R= NDM x h

NDM was assessed on the field through repetitive ob-
servations in each site, while (h) was calculated using 
a Pythagorean equation of the slope angle (α) and di-
stance from stream (d) measurements, in order to take 
into consideration the measured slope on each bank: 

For species present in more than one site, we classi-
fied inventoried tree species whether obligate riparian, 
preferential or facultative riparian (phreatophyte), 
non-riparian (mesophyte), or strictly xerophytes ba-
sed on R, NDM, d and h values. Since we could not 
measure the distance between the riverbank for shrub 
and cane species in most sites, we considered riparian, 
species that are mentioned in the literature as riparian 
(Abi Saleh et al., 1996; Tohme & Tohme, 2014). 

To investigate the results at site level, we used exact 
Chi square test in SPSS to study the effect of altitude 
and flow regime on canopy cover as well as the distri-
bution of species according to soil types as recorded 
during the survey (A: Limestone; B: Sandstone; C: 
Basalt; D: Alluvial; E:  mixed A+B; F: marl: G: mixed 
A+B+C). At species level, we conducted a one way 
ANOVA (Duncan test) to classify riparian species ba-
sed on (R) and study the distribution of the identified 
riparian species according to slope, altitude, and dry 
period gradients.  

 
Results

Based on the number of dry months, we were able to 
classify the sites according to their water flow regime. 
Ten sites out of twenty-one cross a perennial stream, 5 
cross an intermittent stream, and 6 are located on ephe-
meral streams. The sites were distributed as follows, 
according to the vegetation levels that are characteri-
stics of certain altitudinal range: 4 located in the Ther-
momediterranean level, 5 in the Mesomediterranean, 6 
in the Supramediterranean, and 5 in the Montane Me-
diterranean (results not shown here). 

Chi-square tests showed that canopy cover is signi-
ficantly affected by vegetation level (Tab. 1): open 
and discontinued canopy cover with less than 10% is 
observed in Mediterranean Montane sites, while those 
within the Thermomediterranean level have a signifi-
cantly higher canopy cover (>70%). Canopy cover is 
not significantly affected by river flow regime, even if 
the frequency of sites with close canopy is higher in 
sites near permanent streams (Tab. 1). 

Figure 1 illustrates that the maximum richness is re-
ached in plots with 1-3 dry months (a total of 8 trees 
and 7 shrub species respectively), while the minimum 

dry months. The country has 17 perennial rivers and 
about 23 seasonal streams. Riparian areas represent 
crucial ecosystems frequently threatened by anthro-
pogenic activities. However, the ecological status of 
most rivers in Lebanon remains unstudied (Abboud et 
al., 2012). Abi Saleh et al. (1996) described riparian 
vegetation in Lebanon and categorized them based on 
vegetation levels and geological formations. Nonethe-
less, the authors did not define the riparian species ba-
sed on river flow regime, nor their distribution accor-
ding to a list of environmental factors. The objective 
of this investigation is to identify the riparian tree and 
shrub species around Nahr Ibrahim River. The study 
will allow us to better understand the distribution of 
the defined riparian tree and shrub species according to 
the different environmental abiotic factors. Nahr Ibra-
him runs from the western slopes of Mount Lebanon 
to the Mediterranean Sea and represents an important 
permanent water resource with a basin surface of 330 
Km2, a length of 30 Km, and a flow of 508 MM3/ year 
(Korfali & Davis, 2004). It is surrounded by a canyon 
with dense vegetation, resulting in a typical wet en-
vironment. The basin is generally composed by kar-
stic landscape with limestone and localized basaltic or 
sandstone protrusions. The riparian zone of the river 
constitutes an important ecological corridor. 

Material And Methods

Field assessment is generally an interdisciplinary 
approach, examining abiotic factors, soil parameters, 
hydrology, and vegetation of the area. It also establi-
shes interrelationships with the vegetation in order to 
predict the ecological responses to hydrologic events 
and changes over time and space (Leonard et al., 
1992). 

We selected 21 sites covering all altitudinal range 
from sea level up to 1766 m (Tab. 2). Sites cover all 
bioclimatic zones, and a wide range of slope, soil and 
rock types, and different flow regimes. In addition to 
the main stream 4 effluents were selected. Plot size 
was 40 m along the river with a width of 10m from 
each side of the stream.  Physical environment charac-
teristics were recorded through multiple visits between 
April and September. In each plot we inventoried and 
measured the distance from the river bank for all trees. 
For shrubs and canes, the land cover percentage was 
estimated. 

Since not all the effluents are perennial, the phreatic 
table level is also affected by the Number of Dry Mon-
ths (NDM). In order to assess whether the species root 
system requires a contact with the phreatic table or not 
and classify them according to water availability, we 
calculated a parameter (R) related to the presence of 
soil moisture combining both NDM and height of the 
tree collar above the water surface in the stream (h). 
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richness (1 tree and 1 shrub species) is observed in si-
tes with long dry period. Figure 2 proves that the abun-
dance of individuals in inventoried sites is highly cor-
related to drought: 480 trees were counted in 10 sites 
with perennial stream, while only 50 are inventoried in 
the 6 sites with ephemeral stream. The results show a 
negative linear regression between the number of trees 
(y) and the NDM (x), while a moderate drought (up to 
2 months) has a positive effect on shrub abundance.  

Twenty-six (26) tree species were listed along the 
river (1116 trees were inventoried). Table 2 illustra-
tes the results related to inventoried species in more 
than one site (frequency above 5%). According to their 
frequency in the plots and their numbers, Platanus 
orientalis L. and Salix alba L. are the dominant trees 

along the river; followed by Salix acmophylla Boiss. 
and Salix libani Bornm. Table 2 shows a gradient of 
tolerance to moisture for tree species found in ripa-
rian zones. Salix acmophylla and Salix alba have the 
lowest R values (0 and 0.14 respectively), followed by 
Ficus carica L. and Platanus orientalis (0.59 and 1.26 
respectively). Populus nigra L. is planted in one site, 
and therefore was not included in this classification 
due to its low frequency. 

To compare the resistance of species to drought, we 
analyzed the variance of the NDM in their respecti-
ve area of distribution, and discriminated them with 
Duncan test, as shown in Table 3. The results show 
that Salix libani is the most tolerant to extended NDM 
(2.45 up to 3 months), followed by Populus nigra and 
Rhododendron ponticum L. var. brachycarpum Boiss. 
(2 months) while the other two Salix species are obli-
gate riparian, as described previously they are more 
frequent on perennial streams (NDM <1). Analysis of 
variance using Duncan test for discrimination between 
species for altitude and slope showed that species can 
be classified into four significantly different categories 
according to altitudinal gradient, and into two signifi-

Tab. 1 - Canopy cover variation as affected by vegetation 
level and river flow.

Tab. 2 - Tree species classification based on the number of 
dry months (NDM), height of the root system from river 
surface (h) and the derived parameter R (One-way ANOVA 
Duncan test).

Species N
Frequency in 

sites (%)
NDM h R

Acer syriacum 9 9.5 0.4 6.7 3.09
ab

Cercis siliquastrum 19 28.6 2.8 4.5 13.94

Crateagus monogyna 3 14.3 2.8 1.7 2.41
ab

Ficus carica 37 47.6 0.8 1.3 0.59
a

Juglans regia 16 19.0 2.4 2.2 4.76
ab

Juniperus excelsa 4 9.5 2.3 4.8
11.6

de

Laurus nobilis 22 23.8 2.3 5.4 13.61
e

Ostrya carpinifolia 2 9.5 4 1.2 4.86
ab

Pistacia palaestina 34 28.6 2.6 3.6 9.53
cd

Platanus orientalis 365 71.4 1.65 1.4 1.26
a

Prunus ursina 32 23.8 2.8 2.8 7.89
bcd

Quercus calliprinos 53 42.9 2.2 5.7 13.18
e

Quercus infectoria 4 19.0 3 3.7 10.27
de

Rhamnus alaternus 3 9.5 3.2 1.3 3.97
ab

Salix acmophylla 54 14.3 0 1.8 0
a

Salix alba 248 47.6 0.2 1.4 0.14
a

Salix libani 76 23.8 2.6 1.6 4.23
ab

Different letters within the same column indicate significant differences at a
degree of confidence of 95%.

Exact P Chi Square

<10% 10-40% 40-70% >70%

Thermomed 0 0 0 5

Mesomed 0 1 4 0

Supramed 0 1 4 1 0.000*** 37.333

Montanemed 5 0 0 0    

Perennial 0 1 4 5

Intermittent 2 1 1 1 0.072 9.923

Ephemeral 3 0 3 0      

Canopy cover

Vegetation 
Level

River Flow

*** Highly significant on a degree of confidence of 95%. 

Fig. 1 - Richness variation of riparian woody species accor-
ding to NDM.

Fig. 2 - Abundance variation of riparian woody species ac-
cording to the number of dry months.
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reduced by 6 folds) with extended dry period to avoid 
competition over scarce water, and the riparian woo-
dy species are replaced by mesophytic and xerophytic 
plants as shown in Table 2. 

At the species level, the classification of riparian spe-
cies based on the frequency of occurrence as suggested 
by Johnson et al. (1984), is not adequate for streams 
enduring drought. Therefore, the width of the riparian 
zone is reduced and non-riparian species are captured 
within the inventoried sites. Another reason could be 
the restricted range in altitude or in soil for some ripa-
rian species, which reduced their frequency of occur-
rence (in Tabs. 3 and 4 the standard deviation of both 
Populus nigra and Rhododendron ponticum is nil due 
to their presence in single sites). The elaboration of a 
factor (R) for soil moisture combining NDM and h, 
allows to better illustrate riparian species. We conside-
red species with an average R values below 2 (Duncan 
subset group “a” in Tab. 2) as obligate riparian those 
between 2 and 5 (subset “ab”) are facultative riparian. 

Species N Average NDM

Salix acmophylla 54 0.00a  +/- 0

Tamarix smyrnensis 23 0.09a  +/- 0.42

Salix alba 248 0.13a  +/- 0.46

Arundo donax 38 0.16 a  +/- 0.54

Rubus hedycarpus 212 1.03 b  +/- 1.22

Platanus orientalis 365 1.42bc  +/- 1.63

Rhododendron ponticum 80 2.00cd  +/- 0

Populus nigra 3 2.00cd  +/- 0

Salix libani 76 2.45d  +/- 0.64

Different letters indicate significant differences at a degree of 
confidence of 95%.

Tab. 3 - Riparian species tolerance to extended dry periods 
(One-way ANOVA - Duncan test).

cant groups according to slope (Tab. 4). Species tole-
rant to high slopes (>30%) are significantly different 
from other species: Rhododendron ponticum var. bra-
chycarpum (35%), Salix libani (33.62%) and Platanus 
orientalis (31.38%); where Platanus orientalis is the 
only tree included.

The exact Chi square test showed that there is a si-
gnificant difference in species distribution according 
to soil type (Tab. 5). Salix acmophylla highly alluvial 
soils (90% of individuals) and can grow on limestone. 
Salix libani individuals are found on sandstone (80%) 
and limestone (20% of individuals). Rhododendron 
ponticum is exclusively found on sandstone, the re-
maining species are indifferent to soil type. 

Discussion

At site level, canopy cover next to streams decreases 
with altitude as the river are narrower, with higher fre-
quency of ephemeral streams bordered by shrubs in the 
Montane Mediterranean level. This is also sustained 
by the decrease of the abundance of trees with increa-
sed number of dry months. If an intermittent drought 
has a certain positive effect on tree and shrub richness 
as well as shrub abundance; obligate phreatophytes are 
resistant and the facultative phreatophytes are resilient 
which explains the maximum richness obtained in in-
termittent streams (Bond et al., 2008), which illustrate 
higher diversity in hydorgeomorphological characteri-
stics, converging with the results of Cliff and Rinaldi 
(2007). Shrubs benefit from the sharp decrease in tree 
abundance, and consequently a reduced competition 
for light and moisture. Their intermediate size, ex-
plains their persistence on sites with longer recurrence 
of inundation and their inability to form root sprouts 
limits their presence on frequently and disturbed flo-
oded sites (Friedman et al., 2006). The number of in-
dividuals sharply decreases (riparian trees number is 

Tab. 4 - Riparian species distribution (average and standard 
deviation) according to altitude and slope (One way ANO-
VA-Duncan test).

Species N Altitude (m) Slope (%)

Arundo donax 38 131.79a +/- 331.263 10.18a  +/- 1.557

Platanus orientalis 365 850.47b  +/- 377.846 31.38b  +/- 19.28

Populus nigra 3 1245 c  +/- 0.000 15.00a  +/- 0.000

Rhododendron ponticum 80 1506d  +/- 0.000 35.00b  +/- 0.000

Rubus hedycarpus 212 944.55b  +/- 426.183 18.75a  +/- 12.972

Salix acmophylla 54 772.46b  +/- 54.088 14.91a  +/- 14.714

Salix alba 248 892.31b  +/- 237.707 15.57a  +/- 7.119

Salix libani 76 1535.2d  +/- 170.017 33.62b  +/- 8.509

Tamarix smyrnensis 23 777.26b  +/- 101.964 10.22a  +/- 1.043

Different letters within the same column indicate significant differences at a degree
of confidence of 95%.

Tab. 5 - Species distribution according to soil type (Chi squa-
re test). A: Limestone; B: Sandstone; C: Basalt; D: Alluvial; 
E: A+B; F: marl: G: A+B+C.

A B C D E F G Exact P Chi square 

Platanus orientalis 66 2 92 51 63 62 29

Salix alba 9 4 2 117 10 68 38

Salix acmophylla 4 0 0 47 0 0 3

Salix libani 9 36 0 0 0 2 29

Tamarix smyrnensis 0 1 0 22 0 0 0

Rubus hedycarpus 31 21 16 33 12 99 0

Rhododendron ponticum 0 80 0 0 0 0 0

Populus nigra 0 3 0 0 0 0 0

Arundo donax 35 3 0 0 0 0 0

* Highly significant difference at a degree of confidence of 95%

0.000* 1510.68
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fresh deposits of sediments are ideal (Naiman et al., 
1998).

This study is a first look on the Lebanese riparian tree 
and shrub species and their distribution as affected by 
the physical environment. Further investigation is fo-
reseen to upscale the inventory to different river basins 
in order to reach an accurate range for rarely encounte-
red species and encompass the effect of anthropogenic 
factors on the hydrogeomorpholoy of rivers and ripa-
rian habitat (Gumiero et al., 2015), in order to better 
understand species resilience to these factors and con-
sequently suggest appropriate conservation measures 
for these important ecosystems.
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Abstract
The Mediterranean mountains are one of the most threatened ecosystems in Europe, and endemic species are a significant feature of this environ-
ment. The definition of germination protocols for endemic, rare or threatened species is an important step for their conservation. The aim of this work 
was to analyze seed germination of Phyllolepidum rupestre Ten. Trinajstić and Crepis magellensis F. Conti & Uzunov, two endemic species growing 
in small populations in the Majella Nation Park (Central Apennines, Italy). The effects of temperature (5, 10, 15, 20, 25, 25/10 and 20/10°C), irra-
diance and gibberellic acid (250 and 500 ppm) on seeds germination were considered. A protocol for the in situ reintroduction was also developed. 
The results highlight a significant effect of temperature on seed germination. In particular, seed germination for P. rupestre and C. magellensis was 
70.58 ± 3.75 % and 97.30 ± 3.13% at 20°C, respectively. These protocols can be used in reinforcement projects for wild populations.

Key words: conservation, endemic species, germination ecology, Mediterranean mountains, protected areas, restocking.

Introduction

Forecasted models on climatic changes suggest va-
riations in the distribution area of plant species (Diaz 
et al., 2003; Medail & Quezel, 2003; Nogués-Bravo et 
al., 2007; Dirnböck et al., 2011; Engler et al., 2011). 
In particular, the forecasted increase of air temperatu-
re could determine the loss of many European high-
mountain plant species (Neuner et al. 1999; Neuner 
& Pramsohler 2006, Engler et al., 2011). Furthermo-
re, the large presence of endemic species in the Me-
diterranean mountains of the South Europe (Gomez-
Campo, 1985; Martín-Bravo et al., 2010) makes 
these ecosystems much more vulnerable. Mediterrane-
an mountains are characterized by a high genetic di-
versity with many populations considered genetically 
unique (Ruiz-Labourdette et al., 2012). The anthropic 
disturbance, the habitat fragmentation and the presen-
ce of small populations are among the most important 
factors that expose species to risk (Drury, 1974; Rabi-
nowitz, 1981; Snogerup, 1985; Lavergne et al., 2004). 
Thus, it is important to improve conservation strate-
gies, particularly for endemic and threatened species 
growing in the Central Apennines (IUCN, 2001). The 
definition of the germination protocols for species cha-
racterized by small populations could be an important 
step in this direction, considering that seed germina-
tion is a critical stage for plant establishment (Cerabo-
lini et al., 2004; Youssef et al., 2012). 

In this context, the main objective of this research 

was to define the germination protocols of two ende-
mic species growing in the Central Apennines: Crepis 
magellensis F. Conti & Uzunov and Phyllolepidum ru-
pestre (Ten.) Trinajstić. To date, there are no studies re-
garding seed germination of these considered species. 
Seed germination studies are key tools in conservation 
programs, because they can be used for management 
programs and species reintroduction (Ortega-Baesa & 
Rojas-Aréchiga 2007).

Crepis magellensis (Asteraceae) is an endemic thre-
atened species exclusive of the Majella National Park 
(Conti & Uzunov, 2011). It is a rosulate hemicryp-
tophyte species growing in few areas on calcareous 
stones (Conti & Bartolucci, 2012) from 2550 to 2773 
m a.s.l. It has 6 mm long achenes with a pappus of 
4.6-5.8 mm and a fully differentiated and developed 
embryo which occupies the whole seed.

Phyllolepidum rupestre (Brassicaceae) is an ende-
mic, rare and threatened species of Abruzzo (Scoppola 
& Spampinato, 2005). It is a suffruticose chamaephyte 
species growing on calcareous gravels and cliffs from 
2000 to 2700 m a.s.l. (Pignatti, 1982). P. rupestre has a 
sub-round silicula (5-7 mm), a seed length of about 3.2 
mm and a fully differentiated and developed embryo 
which occupies the whole seed.

 
Materials and Methods

The Seed collection
Seed collection was performed according to stan-

Corresponding author: Valter Di Cecco. Department of Life Health and Environmental Sciences – University of L’Aqui-
la, Via Vetoio Loc. Coppito – 67100 L’Aquila, Italy; e-mail: valter.dicecco@graduate.univaq.it



54

dard protocols (ISTA, 2006) in the fruiting period of 
each taxon, immediately before dispersal, according 
to Hay & Smith (2003) and Baskin & Baskin (2014). 
For each taxon, a number of plants ranging from 50 to 
200 (depending on the population size) were random-
ly selected and sampled (Marshall & Brown, 1983). 
A threshold of 20% of the total mature seeds collec-
ted from the mother plants was never exceeded (Way, 
2003; ENSCONET, 2009). In particular, seeds of C. 
magellensis (n. = 1200) were collected on September 
2014 in the Taranta Valley (42° 3' 00'' N; 14° 6' 00'' E, 
2457 m a.s.l.) and seeds of P. rupestre (n. =1200) were 
collected on August 2014 near Mount Murelle (42° 7' 
00'' N; 14° 7' 00''E, 2080 m. a.s.l.).  

The collected seeds were manually cleaned and sto-
red at the Majella Seed Bank (Botanical Garden Mi-
chele Tenore, 42° 2' 59'' N; 14° 11' 34''E; 650 m a.s.l., 
Italy) in controlled air temperature (20°C) and humi-
dity (40%) conditions for a period of 30 days to ensu-
re seed maturation and assess the health status of the 
harvested material (Schmidt & Jøker, 2001). After 30 
days, seeds were stored at 5°C in paper bags until the 
beginning of the germination experiments. In addition, 
a part of the collected seeds was preserved in a freezer 
at -20°C after the dehydration step (about 50 days at 
15°C and 15% RH).

Germination experiments
Specific conditions for the species germination were 

analyzed by testing the effects of different factors ap-
plied in sterile conditions. The germination experi-
ments were preceded by a soaking phase placing seeds 
in demineralized water at room temperature in the dar-
kness for 24 hours.  Subsequently, for C. magellensis 
the sterilization phase was carried out placing seeds 
for 2 min in 10% H2O2, 1 min in 70% ethanol and 2 
min in hypochlorite solution containing 3% active ch-
lorine + Tween 20. P. rupestre  seeds were placed for 
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2 min in 10% H2O2 and 2 min in hypochlorite solution 
containing 3% active chlorine + Tween 20. 

Germination tests were performed in Petri dishes. 
Water (25 ml per each dish) was provided from the 
culture medium consisting of agar at 1% (Gonçalves et 
al., 2008). In the control test, media pH was adjusted 
to 5.75 (pH meter Crison pH 25) before autoclaving at 
121°C for 20 min (Murashige & Skoog, 1962; Gonçal-
ves et al., 2008) by adding an HCl and NaOH 0.1 M 
solution. 

Germination tests were performed in a growth cham-
ber (Panasonic MLR-351) equipped with cool-white 
fluorescent tubes (400-700nm) providing a photon flux 
density (PFD) of 70 µmol (photon) m-2 s-1. Tests were 
performed in a range of constant temperatures (i.e. 
5°C, 10°C, 15°C, 20°C and 25°C) alternating tempe-
rature regimes (i.e. 25/10°C and 20/10°C). Seeds were 
exposed to light radiation for 12 hours per day in all 
the considered tests. In alternating temperature regi-
mes, the period of 12 hours of light corresponded to 
the higher temperature period regime.

In order to verify the light effect on seed germina-
tion, a preliminary test was carried out for each of the 
considered species (four replicates of 20 seeds for each 
species at 20°C in the darkness), by wrapping dishes in 
two layers of aluminum foil. To avoid any exposure to 
irradiance, seeds in this experiment were only scored 
once, at the end of the test (Mattana et al., 2009).

To test the effects of gibberellic acid on the germi-
nation dynamic, sterilized seeds were soaked for 24 
hours at room temperature and in the darkness, in so-
lutions containing 250 ppm and 500 ppm GA3 (95% 
purity, Sigma, USA), respectively, and sterile demine-
ralized water (control at 0 ppm GA3) (Rodriguez Pe-
rez, 1993; Chien et al., 2011; Rhie et al., 2015). After-
wards the pretreated seeds (with GA3) were sown in 
Petri dishes with 1% agar and tested for germination at 
a constant temperature of 20°C and 12h of light. Seeds 
were recorded as “germinated” when the radicle appe-
ared (Côme, 1970). The germination control was car-
ried out daily for the first 10 days from the beginning 
of the test, and then 3 times a week (i.e. on Monday, 
Wednesday and Friday) for 50 days which are required 
to assess the germination dynamic. After 60 days from 
the end of the germination tests, the viability of any re-
maining seeds was checked by a cut test (ISTA, 2006). 
The final germination percentage was calculated on 
the basis of the total number of filled seeds (Mattana 
et al., 2009). 

Seed conservation
To evaluate the germination rate after storage, ex-

periments were carried out on seeds subjected to a 
long-term conservation process (Roberts, 1973; Ellis 
& Roberts, 1980; Bacchetta et al., 2006; ISTA, 2012). 
In particular, seeds were tested after a conservation pe-

Fig. 1 - A) Crepis magellensis flowers in the natural environ-
ment, fruit (achene) and embryo; B) Phyllolepidum rupestre 
flowers in its natural environment, seed and embryo.
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riod of more than 365 days at -20°C replicating the 
test conditions that had given the best results on fresh 
seeds in terms of the final germination percentage wi-
thout pretreatments (i.e. 20°C for C. magellensis and 
20/10°C for P. rupestre).

Data analysis
With regards to the experimental design a risk 

(α=0.05 and β=0.10) with a 25% threshold detectabi-
lity was selected. Considering that previous tests sho-
wed a standard deviation (S.D.) of 10% and a normally 
distribution of germination data, 4 Petri dishes were 
considered. 

To understand the dynamics of germination, Z, the 
onset of germination (necessary time, in days, to ob-
serve the first seed germinated) and T50 (the half-ger-
mination time, i.e. number of days for reaching 50% 
of the final germination), were calculated. T50 was 
calculated by the equation of Coolbear et al. (1980), 
modified by Thanos & Doussi, (1995):

where N was the final germination percentage, N1 
the percentage of seeds germinated slightly lower than 
N/2, N2 the percentage of seeds germinated slightly 
higher than N/2, and T1 the number of days that corre-
sponded to N1, and T2 the number of days that corre-
sponded to N2. 

In order to analyze differences in the germination 
percentage, in T50 and Z among the considered treat-
ments, a T-test and one-way ANOVA (followed by Tu-
key’s test for multiple comparisons) were carried out. 
Differences among treatments were considered signifi-
cant at p<0.05. All statistical analysis were performed 
with the R a language and environment for statistical 
computing.

Results

The light effect (i.e. darkness vs light) on C. magel-
lensis final seed germination did not produce signifi-
cant differences (T-Test, p>0.0.5) (97.2 ± 3.3% and 
97.3 ± 3.1% in the darkness and in the light, respec-
tively).

The germination percentage showed significant 
(p<0.05) differences at 20°C, 25°C, 20/10°C and 
25/10°C (Fig. 2).

As regards to the dynamics of germination (Fig. 4), 
the analysis of T50 and Z were in line with the ger-
mination percentage at the different temperatures. In 
particular, at the highest temperatures (i.e. 25°C and 
25/10°C), there was a reduction of the germination 
rate (pT50 =0.0012; pZ <0.001, excluding data at 5°C 
and 10°C).

The final germination percentage did not show si-
gnificant differences (p>0.05) in response to different 
GA3 concentrations (97.3 ± 3.1% in the control treat-
ment, 95.8 ± 2.8 % in the pre-treatment with 250 ppm 
GA3 and 93.4 ± 5.0% at 500ppm GA3). On the con-
trary, the use of GA3 produced significant differences 
in the germination dynamic, reducing both T50 and the 
onset of germination (pT50<0.001, pZ<0.001) (Fig. 2).

The final germination percentage did not show signi-
ficant differences (T-test, p>0.05) between control tre-
atment seeds and seeds stored at -20°C, resulting 97.3 
± 3.1% and 97.2 ± 5.6 %, respectively (Fig. 6). 

The light effects on P. rupestre (i.e. darkness vs 
light) did not produce significant differences (T-Test, 
p>0.0.5) in the final germination percentage (70.6 ± 
3.8 % and 59.2 ± 13.4 % in the darkness and in the 
light, respectively).

The tests carried out on P. rupestre at different tem-
peratures (Fig. 3) showed two peaks at 20°C and 
20/10°C. The results of one-way ANOVA showed si-
gnificant differences (p<0.05) in the final germination 
percentage varying from 26.3 ± 6.3 % (at 25/10°C) to 

Fig. 2 - Values of the final germination percentage of Crepis magellensis in response to the considered treatments. Values with diffe-
rent letters are significantly different (one-way ANOVA, Tukey tests, p <0.05).



56 V. Di Cecco et al.

67.5 ± 6.3 % (at 20/10°C). 
The analysis of T50 and Z highlighted significant dif-

ferences among treatments, showing the best values at 
20°C and 20/10°C (Fig. 5).

The use of different GA3 on P. rupestre seeds did not 
determine significant differences in the germination 
dynamic. In particular, the final germination percenta-
ge was 59.2 ± 13.3% in the control treatment (0 ppm 
GA3), 74.1 ± 12.7% at 250 ppm GA3 and 69.5 ± 14.0 

% at 500ppm GA3. P. rupestre seeds remained viable 
after storage at -20°C, since no significant differen-
ces (T-test, p>0.05) in the final germination percenta-
ge between seeds stored in control condition (59.2 ± 
13.3%) and in a freezer at -20°C (67.5 ± 13.2%) was 
observed (Fig. 6).

These results show that the gibberellins does not si-
gnificantly improve seed germination (Figs. 2 and 3).

Fig. 3 - Values of the final germination percentage of Phyllolepidum rupestre in response to the different treatments. Values with 
different letters are significantly different (one-way ANOVA, Tukey tests, p<0.05).

Fig. 4 - Values of the half-germination time (T50) and the onset of germination (Z) for Crepis magellensis in response to the different 
treatments. Values with different letters are significantly different (one-way ANOVA, Tukey tests, p<0.05).

Fig. 5 - Values of the half-germination time (T50) and the onset of germination (Z) for Phyllolepidum rupestre in response to the 
different treatments. Values with different letters are significantly different (one-way ANOVA, Tukey tests, p<0.05).
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Discussion

Seed germination is a critical event in the plant life 
cycle and the timing of emergence is crucial for sur-
vival and reproductive success. Several abiotic stimu-
li such as light and temperature provide information 
about the environmental factors affecting seed germi-
nation (Nelson et al. 2009). 

Our results highlight that seed propagation is a valid 
method for ex situ conservation programs both for C. 
magellensis and P. rupestre. Moreover, the results of 
the tests suggest the absence of the dormancy (ND) or 
a non-deep physiological dormancy (PD) which can-
not be excluded, as the seeds may have undergone an 
after ripening process during dry storage at room tem-
peratures (Geneve, 1998; Hamze & Jolls, 2000). The 
results are in accordance to those showed by Finch-
Savage & Leubner-Metzger (2006) which identified 
the absence of the dormancy (ND) and of the physio-
logical dormancy (PD) for both families (i.e. Astera-
ceae and Brassicaceae). Besides the basic requirement 
for water, oxygen and an appropriate temperature, 
seeds may also be sensitive to other factors such as 
light (Finch-Savage & Leubner-Metzge, 2006). Light 
controls the timing of seed germination, which may be 
crucial for seedling survival in the natural environment 
(Ortega-Baesa & Rojas-Aréchiga 2007). The analysis 
of the light effects (i.e. darkness vs light) on seed ger-
mination capacity shows the same final germination 
percentage in C. magellensis and in P. rupestre, sug-
gesting that these seeds are not photoblastic (i.e. light 
insensitive seeds), according to the results of Takaki 
(2001).

With regard to the seeds response to different tempe-
ratures, both C. magellensis and P. rupestre giving the 
best results at 20°C. Nevertheless, a significant decre-

ase in the final germination percentage and an increase 
in T50 and in the onset of germination were observed 
at 25°C between the two species. In particular, C. ma-
gellensis shows a limited temperature range of germi-
nation (about 10°C), while P. rupestre a wide range 
(about 20°C). The use of gibberellic acid (GA3) has no 
statistical effects on the final seed germination percen-
tage compared to untreated seeds, while a reduction 
of both T50 and the onset of germination is observed, 
even if significant only in C. magellensis. Observa-
tions carried out at the early cultivation stages for the 
two considered species prove that seedlings from se-
eds exposed to gibberellic acid are more vigorous than 
those without treatment. Moreover, important findings 
are also highlighted concerning the carrying out of ex 
situ conservation for the two species. In particular, se-
eds stored for a period of one year in a freezer at a 
temperature of -20°C maintain an excellent viability. 
The results of the germination tests show no signifi-
cant differences in the germination dynamic between 
fresh and stored seeds. 

On the whole, the results suggest that seed propaga-
tion is a valid tool for the ex situ conservation of C. 
magellensis and P. rupestre. Moreover, the observed 
different temperature range suggests that the conside-
red species have different strategies of germination. 
According with Baskin & Baskin (1973, 1989), the 
species with seeds non-dormant or with non-deep phy-
siological dormancy, have two different strategies of 
germination: after the dispersion or at the next vegeta-
tive season. The species that disperse seeds at the end 
of the vegetative season suggest that the seeds don't 
germinate immediately after their dispersion. P. ru-
pestre seeds germinate at a wide temperature range, 
probably exploiting the immediate subsequent period 
to snow melting, with favorable growth conditions due 
to high soil moisture and reduced competitors. On the 
contrary, C. magellensis seeds that germinate at higher 
temperatures with small temperature range, shows 
a probably preference to germinate in the middle of 
the vegetative season when the weather conditions 
are more stable. The results supply information on C. 
magellensis and P. rupestre germination capability for 
which there are no data. Thus, these findings can be 
used in propagation projects to support conservation 
programs reducing the extinction risk of these endemic 
species.
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Abstract
Substantial urban development (which has accelerated the effects of climate change), water and air pollution, as well as erosive forces have redu-
ced natural habitats along the coast of Lebanon to less than 20%. One unique coastal ecosystem is the sand dunes, which once harboured rare and 
regional endemic plant species. Although sandy beaches currently occupy around 20% of the Lebanese shoreline, resorts, industries, commercial 
development and informal settlements have replaced the pre-existing, fragile dune ecosystems. The area under study stretches from the shores of 
Khalde in the south and the northern limits of Ouzai, the latter being an area dominated by informal settlements that have eroded and polluted the 
beach sand due to inadequate infrastructure. This has compromised and destroyed the highly specialised ecosystem and deteriorated its functions. 
Taking into consideration the beneficial functions and unique character of coastal sand dunes, this study presents a putative dune restoration plan that 
will essentially incorporate the nearby community in a self-sufficient, resilient landscape. A necessary change in the site's zoning plan, particularly 
in reference to land ownership and use, is needed prior to the implementation of the proposed restoration and integration program. Extensive envi-
ronmental, spatial and social analyses allow the employment of several site-specific dune stabilisation techniques. The dune reinstatement methods 
will complement the establishment of a well-designed community in which human and environmental elements are integrated within designated 
spaces. These allocated interaction zones will act as a buffer between inaccessible dunes near the shore and the densely inhabited neighbourhood 
further inland. While the study focuses on the restitution of the coastal sand dune ecosystem, detailed design methodologies create a strategy for 
improving the living conditions within Ouzai.  In light of the proposed design, the currently depreciated neighbourhood will experience more open 
space, enhanced infrastructure, cleaner air and a healthier environment.

Key words: bioswales, coastal sand dunes, ecological landscape design, informal settlements, rare and endemic species, spatial analysis, threatened 
ecosystem, urbanisation.

Introduction

The Coast of Lebanon
The coast of Lebanon is characterised by a narrow 

strip stretching across 230 km from the northwest to 
the southwest border, embraced by the Mediterranean 
sea and Mount Lebanon. Coastal zones occupy an area 
of 840km2, or 8% of Lebanon's total surface area; they 
are distinguished by a sequence of headlands such as 
sandy beaches, cliffs, rocky capes and bays. There are 
approximately 20 sandy beaches in Lebanon covering 
a length of 49 km and representing 20% of the shoreli-
ne in areas such as Ras Beirut, Chekka, Batroun, Jbeil, 
Tyre and Ramlet el Bayda (MOE/GEF, 2016). 

Remaining Sandy Beaches 
This richly diversified coastline has become severe-

ly damaged by various factors including the effects of 
war, urbanisation, oil spills, industries, and quarrying, 
leading to the complete annihilation of many coastal 
natural habitats. Perhaps the most devastating distur-

bance of the coastal beaches and dunes is the conti-
nuous, rampant urban sprawl. Massive construction 
has left behind less than 20% of the pre-existent natu-
ral habitats, including coastal sand dunes (Fig. 1). Fifty 
five percent of the Lebanese population resides within 
the coastal zone, where informal settlements are now 
estimated to have approximately 594 inhabitants per 
km2, in comparison to the overall population density of 
Lebanon, which is approximately 307 people per km2 

(MOE/UNDP/ECODIT, 2011). Furthermore, many 
beaches are facing permanent loss of sand and gravel 
(Makhzoumi et al., 2012). Between 1963 and 2003, 
45.2% of shore sand has been eroded (MOE/UNDP/
ECODIT, 2011).

Importance of Coastal Sand Dunes 
An integral characteristic of sandy beaches is the 

formation of coastal dunes, fragile yet complex ecosy-
stems with various ecological and social advantages. 
Sand dunes primarily serve as a barrier between sea 
and land by protecting the coast from erosive forces 
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of tides and prevailing winds. They include rare and 
endemic species specialised to dune habitats. Moreo-
ver, they have been recognised as distinctive recrea-
tional areas often becoming the site of many human 
interactions. Since coastal dunes are distinct habitats 
with specialised physical and biological features, the 
environment created is capable of providing unique 
socio-cultural connections to the dune habitat herita-
ge. Memorable activities such as walking, swimming, 
horseback riding and picnicking within coastal sand 
dunes tie people to the landscape. Furthermore, sand 
dunes are known to preserve archaeological sites along 
the coast, further enhancing the specialised heritage of 
the dune habitat (Everard et al., 2010).

 For these purposes, the preservation and/or restora-
tion of such ecosystems along Lebanon's coast is es-
sential. However, sand dunes are the most negatively 
affected coastal ecosystems of Lebanon; they have 
been almost completely eradicated from every site 
where they once existed (NSW, 2001).

One case study that addresses the importance of co-
astal sand dune restoration in the Eastern Mediterra-
nean is Kutiel (2001), which provides a platform for a 
restoration program within the Mediterranean context. 
While the scale of the study in Israel is larger and more 
complex, fundamental steps are established in the pro-
gram that may be appropriately adapted to the case of 
Lebanon’s coastal sand dune restoration program. The 
first step undertaken in this study was understanding 
the importance of the coastal habitat within its urban 
context. After thorough analysis, it was concluded that 
the sand dunes of Israel’s coast do not only provide 
ecological benefits, but also social benefits such as re-
creation. This was highly emphasised in the restoration 
process, in which a program incorporating opportuni-
ties for recreational activities was proposed. Further-
more, high importance was given to the conservation 
of rare fauna and flora found in Mediterranean coastal 
dunes. Overall, the program established in Israel ad-
dressed multiple issues on different levels, something 
reflected by the development of heterogeneous lan-
dscapes. These landscapes took form as zones with 
varying accessibility to people. Less accessible zones 
were designated for biological and ecological conser-
vation of the dunes, while more accessible zones were 
identified as areas for human activity (Kutiel, 2001).

The Site 
In Lebanon, coastal sand dunes previously thrived 

along the shoreline, which stretches from Jnah to Ou-
zai (Fig. 2), an area directly south of Beirut currently 
occupied by informal settlements. The establishment 
of beach resorts on-site during the 1960s initiated the 
degradation, while the sprawl of informal settlements 
triggered by the Lebanese civil war caused most of the 
devastation. Due to poor infrastructural nature of the 

J. Sabra et al.

Fig. 2 - Location of the site under study.

Fig. 1 - Sandy beaches along the coastline of Lebanon.
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settlements and improper development planning, the 
lack of adequate sewage networks and public services 
is further accelerating erosion and contamination of 
the Ouzai beach. Figure 3 illustrates the rapid urban 
expansion within the Ouzai strip since 1945 and the 
establishment of land embankments in the early 2000s.

The aim of this work is to analyze existing ecologi-
cal, physical and social conditions of the Ouzai site in 
order to propose a restoration plan of the sand dune 
habitat without excluding people in the area. 

Materials and Methods

General Methodology
Upon visiting the site, observations of ecological 

and social parameters were undertaken  in an effort 
to present opportunities and constraints for the design 
process. The location and density of settlements was 
mapped (Fig. 4) which revealed how the sandy beach 
has been reduced to a narrow strip with a maximum 
width of 50 meters, miniscule in comparison to the 
previously, fully-formed sand dune. Proximity of set-
tlements to the sea and the density of built elements 
have hindered any successful sand dune formation. 
This realisation pushed towards discovering possibi-
lities of relocating settlements in specific areas. Site 
opportunities are affected by accessibility to the be-
achfront from the main highway. Figure 5 highlights 
several access points to the shoreline through the nei-
ghbourhood. These connections allow for pedestrian 
flow within the neighbourhood and along the beach, a 
prospect that may be enhanced in the design process.

Existing Site Conditions and Analysis
1. Activities on site

Regardless the exploitation caused by the develop-
ment of settlements, which have affected natural habi-
tats of the site, people inhabiting the Ouzai neighbou-

Fig. 3 - Historical timeline representing urban sprawl within site over time.

rhood are directly connected to the seaside. Residents 
spend most of their time outdoors in the adjacent open 
market, in between narrow alleys of the settlements, 
and on rooftops. As a result, diverse activities have 
spawned along the shore where the improvised use of 
spaces is manifest through scattered tables and chairs 
set up as seating areas, as well as fishing boats or nets 
collected on-shore. All along the site, families gather 
on their rooftops overlooking the sea. On the beach, 
children swim and play with their dogs, young men 
gather in nearby abandoned buildings and fishermen 
occupy protruding rocky edges of the shore (Fig. 6).  
Although a systematic and comprehensive analysis of 
social activities on site needs to be undertaken using 
standard surveying methods, a quick observation of 
social patterns within the Ouzai strip yielded preli-
minary information that was used in this study. This 
approach was used primarily because of limited acces-
sibility to reliable information sources within the strip.  

2. Sewage-Trash Pollution   
Assessment of potential restoration of sand dunes 

on-site draws significant attention to the effects of ex-
posed pollution and sewage canals produced by the 
settlements, which run throughout the entire neigh-
bourhood and into the sea. Figure 7 reveals four ma-
jor, exposed sewage canals, each with areas affected 
by groundwater pollution. Aside from these main se-
wage streams, which are directed into the sea through 
concrete canals, pools of stagnant sewage are forming 
along the shore. Uncovered sewage lines prohibit re-
habilitation of fragile dune ecosystems, and constitute 
major disease-risk factors for inhabitants of the site. 
Furthermore, a consistent strip of garbage accumulates 
in between the settlements and the sea (Fig. 8). Ironi-
cally, this is allowing sand to accumulate and ruderal 
and potentially invasive plant species to thrive, resul-
ting in a linear landscape of 'garbage dunes'. Conta-
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mination of beach sand and groundwater due to sewa-
ge and pollution have created long-term, detrimental 
effects on the landscape and the living conditions of 
inhabitants. Proper treatment of sewage canals and re-
moval of garbage should be addressed prior to further 
development of the site.

3. Sand Dune Zones
Sand dunes are considered to be highly mobile and 

responsive to disturbances. Consequently, processes of 
coastal sand dune formation will inform design deci-
sions within this intervention proposal.

Coastal sand dunes are formed by the accumulation 
of sand on the shore due to deposition by waves or 
wind. This sand may be of terrestrial or marine origin. 
Terrestrial deposits, usually derived from quartz, sili-
ca, basalt, feldspar, or eroded animal skeletal material, 

are transported through rivers onto the coast, where the 
sand may also accumulate carbonates instigated from 
the sea. As a result of continuous sand deposition onto 
the shore from land and sea, dunes begin to advance 
into the sea and sand begins to accumulate as dunes of 
5 to 10 meters, with the accumulation rate decreasing 
after reaching 10 meters. This deposition and the re-
sulting formation of sand dunes with varying heights 
is dependent upon several factors including vegetation 
cover, climate change, local topography, prevailing 
winds, soil type, proximity to rivers, and embayment 
size (Greipsson, 2002)

Complex landscapes, which may be divided into 
different zones according to the level of stabilisation, 
vegetation cover and sediment cover, comprise the re-
sulting formations (Fig. 9). The near shore zone, surf 
zone, swash zone and berm area all occur at the edge 

Fig. 4 - Density of the informal settlements. Fig. 5 - Access points from main road to shore.

Fig. 6 - Different activities occurring on site.
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of the shoreline. Since these zones interact with the sea 
waves, they tend to be the most active. Little accumula-
tion occurs here, as wind and breaking waves cause the 
sand to be transported further up-shore to subsequent 
zones. Next, the primary vegetation zone consists of 
incipient dunes, small platforms where windblown 
sand begins to collect. Due to their location seaward, 
incipient dunes are directly exposed to wave erosion 
and are highly mobile, very often completely removed 
by waves. Despite the relative instability of incipient 
dunes, vegetation in the form of beach grasses or cre-
epers occur in this zone, allowing the accumulation of 
sand. In contrast to high mobility of the primary vege-
tation zone, the secondary vegetation zone consists of 
foredunes, which are generally more stable, gathering 
larger amounts of sand than incipient dunes. These 
dunes' ability to withstand wind and wave erosion is 
due to the stabilising woody shrubs that thrive within. 
Foredunes are important features of the beachscape as 
their larger size along with the woody nature of their 
vegetation complement each other in creating dunes 
with greater heights than those surrounding them. 
Most inland is the tertiary vegetation zone inherent of 
the highly stabilized hind dunes, characterized by large 
trees and shrubs (NSW, 2001).

While these three main vegetation zones characte-
rise typical coastal dune ecosystems, Lebanon's coa-
stal dune formations differ in response to their direct 
environment, as is the situation in adjacent Eastern 
Mediterranean countries. These dunes exist as distin-

ct, xeric ecosystems, their harsh physical environment 
caused by sand instability as well as low soil moistu-
re and nutrient content, making it difficult for typical 
Mediterranean fauna and flora to thrive. Consequen-
tly, they harbor Mediterranean species that have un-
dergone ecotypic differentiation. The harsh physical 
conditions, including sand instability, inhibit full for-
mation of the three main dune zones, thus allowing 
only for incipient dunes and foredunes to be naturally 
established (Kutiel, 2001). Because of the specificity 
of Lebanese coastal sand dunes, particular criteria for 
dune re-establishment are used, allowing for the resto-
ration of dune formations similar to the pre-existing 
ones. The site-specific dunes of the Ouzai strip, cur-
rently practically non-existent, once bordered rocky 
platforms at the base of rocky headlands, which may 
still be found on-site today. These rocky platforms will 
provide opportunity in the dune restoration process 
for the purpose of beach nourishment where sand may 
accumulate more easily (Northern Beaches Council, 
2016). Low settlement density was also used as an ad-
ditional criterion to delineate restricted zones within 
the restoration site. 

In response to the missing benefits of specialised 
sand dune ecosystems, a conceptual restoration plan 
has been proposed. The master plan provides a stra-
tegy (Fig. 10), which will not only allow for the re-
establishment of dunes in designated areas, but also 
include spaces of interaction where people of the nei-
ghbourhood may experience the sand dune habitat. 

Fig. 7 - Sewage canals polluting groundwater. Fig. 8 - Trash and odor pollution along site.
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The approach includes a zoning plan that designates 
the beachfront as restricted and non-restricted areas 
with specified uses. 

Results and discussion

Restricted Zones
Three major restricted zones, denoted by points 1, 2 

and 3 (Fig. 11), are allocated according to the following 
criteria: (1) areas with lower settlement density and (2) 
locations with rocky protrusions. Intensive restoration 
in these restricted zones will allow full development of 
the dune ecosystem with complete successive forma-
tions: the foredunes, incipient dunes and hind dunes.

1. Land Reclamation
In order to accomplish fully developed dune forma-

tions with primary, secondary and tertiary vegetation, 
land reclamation efforts along the shore will be un-
dertaken in areas where rocky protrusions exist. The 
rocky protrusions will serve as natural bays allowing 
for increased sand accumulation  and advanced dune 
development. Human disturbances will be prevented 
through the use of fences, pathways and signage.

2. Geo-textile Sand Tube Technique
Based on the design proposal (Fig. 11), zones 1, 2 

and 3 will be restored using the geo-textile sand tube 
technique (Fig. 12). The method, which is highly ef-
fective and provides immediate results, especially in 
extremely disturbed situations, artificially reconstructs 
sand dunes by collecting local sand into tubes with 
geo-textile layering and manually planting the dunes. 
Incorporation of the geo-textile layer into tubes acts as 

a protective layer from possible polluted groundwater 
and the disturbed sand surface.

Material used for the geo-textile tube technique in-
clude geo-textile sand containers, local sand, and plan-
ting grids.

Geo-textile container implementation takes place 
shortly before the planting season, since placement of 
the sand tubes long before that will expose the sand to 
erosion in the absence of plants. Therefore, the use of 
provisional stabilisers might be necessary in the pe-
riod between reconstruction and re-planting. The geo-
textile tube-shaped sand containers will be fabricated 
off-site. During manufacturing, tubes will have been 
gauged to certain temperatures and humidity levels as 
to handle the harsh and unfavorable coastal environ-
ment. These tubes can be very large in size reaching 20 
meters in length by 1.6 meters in width, creating sturdy 
material that can withstand the forces of wind and wa-
ves (Carmo et al., 2006). Manufactured containers will 
be placed at the hydrographic zero (2 meters below sea 
level) and subsequently filled in situ with a blend of 
local sand and water to eventually allow the water to 
drain. A one-meter layer of sand should cover the con-
tainers, ultimately creating the profile of a sand dune. 
The planting phase will take place the spring following 
implementation. Planting in the geo-textile containers 
is a process that begins with laying out a 50 cm dia-
gonal grid and transplanting within the same day for 
maximum efficiency (Carmo et al., 2009). Application 
of fertilisers as well as transplantation every few years 
will ensure continued stabilisation of the dunes.

Non-restricted Zones
Non-restricted zones, accessible to people, will be 

Fig. 9 - Profile of a coastal sand dune, presenting benefit as barrier.
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located at points a, b, c and d (Fig. 11).  They incor-
porate less intensive restoration techniques and focus 
on the development of foredunes and incipient dunes. 
Since these non-restricted zones will act as venues of 
human interaction, treatment of sewage, pollution and 
reduction in settlement density becomes crucial. Con-
sequently, a program of settlement relocation, sewage/
pollution treatment using bio-swales and finally dune-
building fencing will be undertaken in these zones.

1. Settlement Relocation
Zones a, b, and c (Fig. 11) are areas in which settle-

ments will be relocated since land reclamation in these 
areas is inefficient given the lack of rocky protrusions. 
Zone d is a stretch formed of rocky cliffs that will ac-
cumulate sand more easily and allow for the formation 
of dunes. A total number of 86 houses, covering an 
area of 13,400 m2, will be relocated to the nearby zone 
highlighted in light grey (Fig. 13). The highlighted 
areas represent 31,000 m2 of abandoned land north of 
the neighbourhood. An area of 14,200 m2 will be deve-

loped to accommodate the relocated settlements. This 
relocation will significantly decrease disturbances in 
the non-restricted zones. 

2. Bio-swales
The removal of settlements offers opportunities for 

treatment of soil and groundwater affected by major 
sewage canals. Once the settlements are relocated, soil 
and groundwater treatment will be addressed through 
phytoremediating bio-swales (Fig. 14). 

Sewage canals coming from the Ouzai neighbou-
rhood will be redirected into the proposed bio-swales, 
which treat wastewater as well as prevent groundwater 
infiltration and soil contamination, significantly redu-
cing the unsanitary conditions (Hooda, 2007). These 
bio-swales use phytoremediating plant species, which 
degrade wastewater contaminants. While many native 
species may have a great potential in phytoremedia-
tion, such species are either unknown or unavailable 
on the market, thus the need to use non-native species 
with such potential. 

Fig. 10 - Proposal showing settlements to be relocated, 
suggested relocation sites, and reclaimed land locations.

Fig. 11 - Three major zones (1, 2, 3) open to public and four 
zones (a, b, c, d) not open to public.
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Materials used to construct the bio-swales consist of 
three layers: a base layer consisting of geo-textile li-
ning; a secondary layer of soil/compost mixture; and a 
recycled rubble/gravel layer.

The soil-compost layer lies between the base and 
rubble/gravel layer to prevent the rupturing of the geo-
textile layer. Rubble recycled from settlements, which 
have been relocated, may be used. Once the recycled 
rubble/gravel has been installed, selected plants spe-
cies may be introduced. The combination of rubble/
gravel with plants will reduce water flow and allow 
for sedimentation, which removes waste. Continuous 
maintenance of the bio-swales through plant replace-
ment and removal of accumulated sediments should be 
undertaken periodically.

3. Fencing Technique
In accordance with the design masterplan (Fig. 11), 

zones a, b, c and d will be subjected to the non-re-
stricted sand dune restoration method (Fig. 15). This 
simple technique introduces fences or wooden posts 
placed into the soil to allow for sand accumulation 
and gradual establishment of dunes and consequently 
plants. Dune-building fences are multi-functional, as 
they are capable of controlling wind-blown sand, ac-
cumulating sand and creating boundaries to prohibit 
access to protected dunes. Generally, dune-forming 
fences are installed during the pre-planting phase in 
order to allow for sand build-up. 

Three elements comprise the structure of dune-buil-
ding fences:

1. Porous material such as woven synthetic cloth. Po-
rosity of the material should be 40%, allowing sand 
entrapment (NSW, 2001). The woven, synthetic cloths 
should be durable and flexible.

2. Wires capable of supporting the synthetic cloth 

3. Wooden posts 
Synthetic cloth, attached to wires with ring fasteners, 

should be oriented in the direction of prevailing win-
ds, most effectively at approximately 90°. Initial in-
stallation requires digging 20 cm into the sand (NSW, 
2001). Fences are set up parallel to each other, 2 to 5 
meters apart, guaranteeing maximum sand accumula-
tion (NSW, 2001). The dune-building fences act as an-
chors for sand accretion and will inevitably be buried 
by sand over time. Eventually, vegetation should begin 
to grow on the accumulated sand. While dune-building 
fences have been proven to successfully establish sand 
dunes, the slow rate of the technique must be recogni-
sed and taken into account in the restoration program. 
Complementing this dune-building fence technique 
is the use of wooden pathways. Such pathways are 
simple and cost-effective, which will direct and orient 
human activity (along with the fences). The pathways 
protect the top layer of sand from being removed while 
also allowing constant circulation along the site. 

Vegetation
Dune grasses like Ammophila arenaria (L.) Link, 

will be planted using propagated clonal offsets, and 
fertilisers will be applied. Ammophila grasses are in-
digenous species to dune ecosystems and generally 
encourage the symbiotic relationships of Arbuscular 
Mycorrhizal Fungi (AMF) with their roots. Therefo-
re, the establishment of vegetation on fore-dunes will 
increase the likelihood of dune restoration success in 
the long run. Naturally, grasses native to Lebanese du-
nes should be used. A survey of Mouterde (1966-1984) 
yielded at least 16 species of native grasses (Stipagro-
stis spp., Cutandia spp. and Vulpia spp. for example) 
that could have been found on the dunes under study. 
However, these grasses are mostly unavailable in the 

Fig. 12 - Sand dune container method, which will be used in the restricted sand dune accumulation and restoration zone.
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local market and therefore would have to be propaga-
ted specifically for this restoration effort or replaced 
with non-native, ecologically suitable species such as 
A. arenaria. Research to verify the optimal distance 
from sea and the optimal density for planting A. are-
naria on the restored sand dunes would be needed (De 
Lillis et al., 2004).

Further methods to ensure dune protection would be 
to plant large trees on and behind the hind dunes, near 
the adjacent vehicular road, to act as a double-sided 
buffer zone. Not only will this buffer zone protect the 

coast from wind and sea wave erosion, but it will also 
protect the foredunes from disturbances coming from 
the road and the development beyond. In addition to 
ecosystem reconstruction and protection, the restora-
tion program must take into consideration the use of 
the site, whether as completely protected zone or par-
tially accessible area (Nordstrom & Jackson, 2013).

The list below is a small selection of potential nati-
ve plants that may be used to achieve the coastal sand 
dune profile. A few options will be selected for bio-
swales as well. 

1. Hind Dunes
Pinus pinea L.; Pistacia lentiscus L.; Ceratonia si-

liqua L. 
These woody species will be used primarily for the 

stabilization of the hind dunes. 

2. Foredune
Convolvulus secundus Desr.; Euphorbia peplus var. 

minima DC; Euphorbia paralias L.; Ammophila are-
naria (L.) Link; Ipomoea imperati (Vahl) Griseb.; Dri-
mia maritima (L.) Stearn.

3. Incipient dune
Pancratium maritimum L.; Desmazeria philistaea 

(Boiss.) H. Scholz; Cutandia maritima (L.) Benth.; 
Matthiola tricuspidata (L.) R. Br.; Cakile aegyptiaca 
(L.) Maire et Weiller.

4. Bioswales
Spartina alterniflora Loisel.; Salicornia bigelovii 

Torr.; Miscanthus sinensis Andersson. 

Once the restoration techniques are applied, the site 
will serve as habitat for coastal vegetation unique to 
sand dunes, and as an open public space for site re-
sidents. Having dealt with the treated groundwater, 

Fig. 14 - Goal of bioswales and section view.

Fig. 13 - Number of settlements to be relocated, with 
proposed relocation site.



sewage canals and the garbage along the shore, the 
interaction between the people and the landscape will 
increase in a safer and more sustainable environment.

Conclusions

Sand dunes are important features of the coastal lan-
dscapes since they serve as a buffer against the impacts 
of wind and sea waves. Stabilised dunes prevent sand 
from inundating nearby lands and provide a source of 
sand for the beach. Moreover, coastal sand dunes are 
valuable natural habitats with important ecosystem 
services, high amenities and recreational value. Sand 
dune ecosystems support high biodiversity, their uni-
que conditions providing specialised habitats for rare 
and endemic species. Dune formation consists of se-
veral factors working interdependently to create stable 
and mobile sands in different zones. Continuous suc-
cession and mobility of ecosystem elements renders it 
sensitive to disturbances such as human activity. 

Coastal dunes that once existed in Ouzai, Lebanon, 

have been completely destroyed. The planned program 
of reconstruction of the dunes discussed in this paper 
provides a platform for future restoration projects. In-
depth studies of the site’s soil types, erosive forces, 
surrounding disturbances and sources of sand and 
vegetation should be conducted prior to successful 
implementation. Reconstruction and management of 
such habitats is an important initiative, which should 
be applied to the many different and unique landscapes 
and ecosystems of Lebanon.  
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Abstract
The Providune project “Conservation and restoration of habitats dune in the sites of the Provinces of Cagliari, Matera and Caserta” (LIFE07NAT/
IT/000519), financed by the European Union for the years 2009-2014, was aimed to protect and restore the “coastal dunes with Juniperus spp.” 
habitat (code 2250*) and other related habitats of community interest characterizing the Mediterranean sandy coasts. In this paper will be shown the 
main results of the project focusing on the geobotanical studies, ex situ conservation and restoration activities carried out in three Site of Community 
Importance (SCI) areas selected in the South Sardinia. The geobotanical analyses were carried out in order to characterize the flora and vegetation 
of the Juniperus habitat and the particular ecological traits of Juniperus macrocarpa respectively. In addition, three detailed maps related to the 
habitat and vegetation for each coastal dune systems were drawn. To carry out the ex situ conservation of coastal dune plants, germplasm (seeds and 
fruits) was collected and stored in the Sardinian Germplasm Bank (BG-SAR); moreover effective protocols for the germination of 12 key species of 
the Juniperus habitat were identified, for the purpose of obtain their propagation and reinforcement. An experimental project to reinforce the native 
germplasm of structural species of coastal habitats such as Pancratium maritimum, Pistacia lentiscus and J. macrocarpa was realized, using the 
grafting groups that is sand trap systems that encouraged the embryonic dunes formation and dune consolidation, and permanent plots (bio-mats 
coconut fiber installed to reduce wind erosion and protect the plant roots) previously installed, with the aim to reinforce species populations and 
contain habitat fragmentation. Restoration actions were performed ensuring the manual removal of invasive alien plant species and the subsequent 
planting of native ones. Other measures to reduce the human impacts, mainly due to trampling, such as wooden walkways and light fences were 
realized. Finally, once completed all conservation actions and interventions, the monitoring protocol to verify their effectiveness has been activated; 
this action will be implemented in the next five years, based on the post-Life monitoring plan.

Key words: dune systems, habitat fragmentation, human impacts, in situ and ex situ conservation, Juniperus, restoration ecology.

Introduction

Coastal dune habitats host a high ecological diver-
sity, in terms of environmental heterogeneity and 
variability of species composition (van der Maarel, 
2003; Martínez & Psuty, 2004; Carranza et al., 2008; 
Ciccarelli, 2014), because they present complex inte-
ractions between abiotic and biotic factors that cause 
a complex sea-to-inland environmental gradient (Car-
ranza et al., 2008; Prisco et al., 2013; Fenu et al., 2012, 
2013a; Ciccarelli, 2014). These peculiar ecological 
characteristics make coastal dune systems particular-
ly fragile environments. Coastal dunes are affected by 
several potential threats; human activities in coastal 
areas are widespread and have been intensifying in 
the last decades, since historically urban zones have 
developed in coastal areas in most parts of the World 
(Nordstrom, 2000; Brown et al., 2008). Several fac-
tors cause disturbance of various nature, such as cattle 
grazing, farming, reforestation and urbanization that 

have eliminated many stretches of internal vegetation 
zonation, while coast bound tourism and especial-
ly coastal erosion, endanger beach and embryo-dune 
communities (McLachlan & Brown, 2006; Nordstrom, 
2000; Brown et al., 2008). In addition, all these factors 
have a considerable effects on coastal plant popula-
tions, with a risk of local extinction of species or plant 
communities (e.g. Fenu et al., 2013b), as well as the 
invasion of alien species as, for instance, Carpobrotus 
acinaciformis (L.) L.Bolus, Agave sp. pl. and Acacia 
saligna (Labill.) H.L.Wendl (e.g. Carboni et al., 2010; 
Podda et al., 2011; Del Vecchio et al., 2013; Pinna et 
al., 2015b). Consequently, coastal dune habitats are 
considered among the most endangered habitats in Eu-
rope (e.g. van der Meulen & Salman, 1996; Carboni et 
al., 2009; Ciccarelli, 2014) and, in particular, several 
researches have highlighted the negative effects of hu-
man disturbance on the plant diversity of coastal du-
nes in the Mediterranean Basin (e.g. Fenu et al., 2012, 
2013a; Santoro et al., 2012; Ciccarelli, 2014).

Corresponding author: Donatella Cogoni. Centre for the Conservation of Biodiversity (CCB), Department of Environ-
ment and Life Science (DISVA), University of Cagliari, v.le Sant'Ignazio da Laconi, 11-13, I-09123, Cagliari, Italy.; 
e-mail: d.cogoni@unica.it
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In Italy, the overall conservation status of coastal ha-
bitats is unsatisfactory for 86.7% of the sites (Biondi 
& Zivkovic, 2014) and, specifically, it was demonstra-
ted that mobile and fixed dunes (including 2120, 2210, 
2250* habitats), are projected to lose most of their di-
stribution area in the near future (Prisco et al., 2013). 
At national level, 17 coastal habitat types of communi-
ty interest were found and they were listed in the An-
nex I of the European Habitats Directive 92/43/EEC 
(Pinna et al., 2015a); among these coastal habitats, the 
priority habitat “coastal dunes with Juniperus spp.” 
(code 2250*; Juniperus habitat, hereafter) is inclu-
ded. This habitat comprises juniper scrubs or micro-
forests, which represents one of the most mature stage 
of psammophilous succession on coastal sand dunes 
in many Mediterranean and Atlantic places (Bacchetta 
et al., 2009; Biondi et al., 2009; Fenu et al., 2013a). 
It is characterized mainly by Juniperus communis L., 
in thermo-Atlantic coastal dunes of Central/Northern 
Europe, or Juniperus macrocarpa Sm. and Juniperus 
phoenicea L. var. turbinata (Guss.) Parl., in Southern 
Europe. It is widely distributed along the Mediterrane-
an and Atlantic sandy coasts of Southern and Western 
Europe and secondly in Central and Northern Europe 
(European Commission, 2007; Biondi et al., 2009). 

Italy holds a key role in the conservation of this prio-
rity habitat because it hosts the largest surface area oc-
cupied by this habitat in Europe, estimated in about the 
39% of the total (Picchi, 2008).

The Juniperus habitat is highly threatened by human 
related-factors (i.e. touristic settlements, urbanization, 
pollution) and by the invasion of alien plant species as 
well as from other pressures, such as coastal erosion, 
habitat fragmentation and forest fire. Accordingly, the 
area occupied is reduced considerably in the last deca-
des (Paradis et al., 2004; Picchi, 2008; Arianoutsou et 
al., 2012; Del Vecchio et al., 2013; Pinna et al., 2015a). 
The Juniperus habitat is widely distributed even along 
the Sardinian coasts and represents the 5% of the total 
European surface occupied. It follows the general pat-
tern in terms of both reduction due to human related-
factors and to lack of adequate knowledges of several 
biological and ecological traits of the main structural 
plant species (Pinna et al., 2015a).

Because of this general situation, several LIFE 
projects (financial instrument supporting environmen-
tal and nature conservation projects throughout the 
European Union) were founded for the conservation 
of the Juniperus and other coastal related habitats in 
several Mediterranean territories (e.g. “Junicoast” in 
Greece, “Duna” and “Enebro” in Spain). Among the-
se, the Providune project, entitled “Conservation and 
restoration of habitats dune in the sites of the provin-
ces of Cagliari, Matera and Caserta” (LIFE07NAT/
IT/000519), was aimed to protect and restore the Juni-
perus habitat and other related habitats of community 
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interest characterizing the Mediterranean sandy coasts 
in several Italian coastal sites. 

The Providune project aims to contribute to the local 
implementation of the Habitat Directive and its spe-
cific objectives were: to apply best practices and de-
monstration tasks to protect the Juniperus habitat and 
related habitats in five Natura 2000 sites, three located 
in Sardinia, one in Campania and one in Basilicata 
regions; to develop and implement a common scien-
tific approach among partnership for the long-term 
protection of these habitats in the five Natura 2000 
sites considered; to reduce, and possibly eliminate, 
the factors which endanger dune habitats in the are-
as of intervention (e.g. uncontrolled tourist presence, 
coastal erosion, poor management practices and the 
spread of alien plant species); to increase the level of 
public awareness (students, residents and tourists) and 
stakeholders on the importance of these habitats, not 
only for their landscape value but also with regard to 
their role in safeguarding the entire coastal system and 
coping with the effects of climate change. 

Through the Providune project, several in situ and ex 
situ conservation actions of vascular plant species and 
habitats were implemented, moreover interventions 
for the recovery of dune systems, reconstruction and 
upgrading of the access system to the beaches were 
carried out. 

In this paper the main results of Providune project are 
reported focusing on the geobotanical studies. Also, in 
situ and ex situ conservation and restoration activities, 
carried out in the three sites of Sardinia “Porto Cam-
pana (PC, hereafter), “Stagno di Piscinnì (SP, hereaf-
ter) and “Isola dei Cavoli, Serpentara, Punta Molentis 
e Campulongu (CSC, hereafter) are described (Fig. 1; 
Tab. 1).

Geobotanical studies

Improving the knowledge of the project’s habitats 
and sites was the main goal of the preparatory actions, 
aimed at the identification and definition of the practi-
cal conservation measures. The results of this action, 
have allowed the floristic characterization, the defi-
nition of plant communities, the full mapping of the 
dune systems of the sites and a greater understanding 
of their relationships with the overall beach system, 
from land to sea. 

Geobotanical analyses were conducted at three dif-
ferent levels: at site level, to characterize the flora and 
vegetation for each coastal system of the project; at 
habitat level, mainly focused on the Juniperus habitat, 
and at plant species level, through the study of particu-
lar ecological traits of J. macrocarpa, as the structural 
species of Juniperus habitat. In each site, floristic field 
investigation was conducted during two years (2009-
2010). Specimens collected in the field are stored in 
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Fig. 1 - Providune sites in the South Sar-
dinia: Porto Campana” (ITB042230), 
“Stagno di Piscinnì” (ITB042218) and 
“Isola dei Cavoli, Serpentara, Punta 
Molentis e Campulongu” (ITB040020); 
additional sites included in the conser-
vation activities are “Is Compinxius-
Campo dunale di Buggerru-Portixeddu” 
(ITB042249) and “da Piscinas a Riu 
Scivu” (ITB040071).

Municipality Domus de Maria Domus de Maria Villasimius

38° 53' 04''N 38° 54' 46'' N 39° 07' 16''N

8° 51' 43''E 8° 46' 51'' E 9° 31' 22''E

Mean altitude (m a.s.l.) 12 2 15

Surface - area (ha) 197 445 9281

Geological context
Quaternary deposits and recent beach 

sands; ancient alluvial deposits

Quaternary deposits, arenaceous 

sediments

Quaternary alluvial detrital conglomerates; 

marine and continental deposits

Trampling; Grazing; Trampling;

wastes; trampling; alien species wastes

human excreta human excreta

Threats

Porto Campana ITB042230 Stagno di Piscinnì ITB042218
Isola dei Cavoli, Serpentara, Punta 

Molentis e Campulongu ITB040020

Coordinates (WGS84)

Tab. 1 - General characteristics (biotic and abiotic features, threats) of Sardinian intervention sites.

Herbarium CAG. The taxonomic treatment of vascu-
lar flora was updated according to Conti et al. (2005, 
2007), while the updated regional checklist of Fenu et 
al. (2014) and Podda et al. (2012) was followed for 
endemic and alien species, respectively.

Growth and life forms have been determined in the 
field, according to the classification of Raunkiaer 
(1934), and expressed following Pignatti (1982), whi-
le chorotypes have been referred to the classification 
proposed by Brullo et al. (1996), modified for endemic 
plants as proposed by Bacchetta & Pontecorvo (2005). 

For the phytosociological analysis of coastal sites in-
volved in this project, during the two years of floristic 
investigation in field, 34 relevées were compiled fol-
lowing the Zürich-Montpellier method (Braun-Blan-
quet, 1965; Tüxen, 1979; Géhu & Rivas-Martínez, 
1981; Rivas-Martínez, 2005), and all syntaxa were 
characterized according to Bacchetta et al. (2009) and 
updated following Biondi et al. (2014).

Three detailed maps related to the habitat and vege-
tation were drawn and validated through ad hoc field 
survey; using orthophotos of 2006, it was possible to 

define the location and extent of habitat and vegetation 
distribution in each coastal dune systems.

The overall floristic richness of each site was calcu-
lated on the basis of the floristic sampling and phyto-
sociological relevées compiled. The results of floristic 
studies showed the greater floristic richness, including 
endemic species, in the PC (Tab. 2). Conversely, the 
lower floristic and endemic richness was recorded in 
SP, mainly linked to the smallest size the dune system. 
The highest number of alien plants was observed in 
CSC, with values higher than those observed in the 
other two coastal sites (Tab. 2).

As expected, the life form analysis highlighted a 
general predominance of therophytes, indicating the 
high xericity typical of coastal dune habitat. As con-
cerns chorology, the flora was mostly constituted by 
the Mediterranean elements and, within this group, the 
Circum-Mediterranean plant species were prevalent. 
A total of 11 endemic taxa were found in the coastal 
dunes [Allium roseum L. var. insulare Gennari, Lotus 
cytisoides L. subsp. conradiae Gamisans, Phillyrea 
latifolia L. subsp. rodriguezii (P.Monts.) Romo, Ru-
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bia peregrina L. subsp. requienii (Duby) Cardona & 
Sierra, Silene succulenta Forssk. subsp. corsica (DC.) 
Nyman, Limonium tigulianum Arrigoni & Diana, Li-
monium dictyocladum Kuntze, Limonium retirameum 
Greuter & Burdet, Senecio transiens (Rouy) Jeanm., 
Brassica insularis Moris and Helichrysum microphyl-
lum Cambess. subsp. tyrrhenicum Bacch., Brullo & 
Giusso].

The alien plant species observed in the dune systems 
(14 taxa) were referable to ornamental uses (e.g. Car-
pobrotus acinaciformis, Agave americana L., Agave 
americana L. var. picta A.Terracc., Agave attenuata 
Salm-Dyck, Agave fourcroydes Lem., Phoenix cana-
riensis (Chabaud), or to reforestation interventions 
(e.g. Acacia saligna).

At the habitat level, coastal Juniperus micro-forests 
are structural and are characterized by J. macrocarpa 
and J. phoenicia var. turbinata in two sites (PC and 
CSC); in SP only J. phoenicia var. turbinata is present; 
overall, the same diagnostic plant species (e.g. Pista-
cia lentiscus L., Smilax aspera L., Rubia peregrina 
subsp. requienii and Prasium majus L.) were found in 
all coastal sites (Tab. 2). 

The phytosociological analyses allowed to identify 
16 plant communities (see Appendix I) referred to the 
Sardinian psammophilous geosigmetum (Bacchetta et 
al., 2009; Biondi et al., 2014). The CSC showed the 
greatest syntaxonomic diversity, followed by PC with 
similar values (Tab. 2).

Detailed analysis were then conducted in order to 
characterize the Juniperus habitat at regional level 
(Sardinia) and, secondarily, to investigate, at the plant 
level, whether there are specific biological and ecolo-
gical limitations of the main structural species.

To describe the 2250 habitat in the study areas within 
of the whole Sardinian variability, a regional study was 
performed in order to explore the floristic variability 
of Juniperus habitat in relation to environmental and 
human disturbance intensities. All phytosociological 
relevées carried out on this habitat in Sardinia and 
available in the literature, as well as the own unpubli-
shed ones were combined; the final specific database 
included a floristic matrix (154 relevées × 167 taxa) 
and the related environmental (i.e. geographic varia-

bles, coastal type and main climatic variables) and 
anthropogenic (i.e. touristic presence, data of surveys) 
variables.

The Juniperus habitat in Sardinia showed always 
high cover values (mean values > 85%), mainly due to 
the two Juniperus taxa (mean values > 50%); the most 
frequent plant species were P. lentiscus, J. macrocar-
pa, J. phoenicea var. turbinata, Rubia peregrina and 
Phillyrea angustifolia L. (Pinna et al., 2015a).

Floristic composition of this habitat strongly diffe-
red among sites and it has been significantly influen-
ced by geographic variables (longitude and latitude), 
the maximum temperatures and the effects of human 
disturbance (Pinna et al., 2015a). As a consequence, 
the floristic composition varied gradually from North 
(where habitat is characterized by the dominance of 
J. phoenicea var. turbinata and the lack of J. macro-
carpa) to South Sardinia (where J. macrocarpa pre-
dominates) and accordingly two main groups can be 
distinguished. The second group, comprising the ju-
niper micro-forest of Southern Sardinia sites, showed 
greater floristic variability and included taxa such as 
Polycarpon tetraphyllum (L.) L., Cyperus capitatus 
Vand., Crucianella maritima L., Malcolmia ramosis-
sima Loisel., Pancratium maritimum L., and Scro-
phularia ramosissima Loisel.. Many of these species 
are characteristic of other vegetation assemblages (i.e. 
psammophylous habitats such as “Crucianellion ma-
ritimae fixed beach dunes” or “Malcolmietalia dune 
grasslands”). In the project sites, the Juniperus habitat 
showed a mean species richness of 8.97, a general low 
cover in endemic and alien plant species (1 and 0.29%, 
respectively). 

As previous detected in similar context (e.g. Kutiel et 
al., 1999; Santoro et al., 2012; Fenu et al., 2013b), a si-
gnificantly negative influence of human disturbance on 
floristic and endemic richness and a positive effect on 
alien richness in the Juniperus habitat was found, also 
in our study areas. These results confirmed the urgency 
of restoration activities in the PC and CSC sites and, 
more in general, in all Sardinian coastal areas. 

In addition, this research supported the planning of 
conservation measures by highlighting that the Junipe-
rus habitat restoration actions should consider spatial 

PC SP CSC

No. total plant species 170 115 148

No. endemic plant species 8 4 7

No. alien plant species 6 1 11

Structural plant species of Juniperus habitat 2 1 2

Diagnostic plant species of Juniperus habitat 9 5 9

No. plant communities 13 7 14

Tab. 2 - Main results of geobotanical studies of each Sardinian site. Number of structural plants and diagnostic plant species of Ju-
niperus habitat refers to Biondi et al. (2009; 2014). Abbreviations: PC = Porto Campana; SP = Stagno di Piscinnì; CSC = Isola dei 
Cavoli, Serpentara, Punta Molentis e Campulongu.
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changes in floristic composition, with special attention 
to endemic taxa, and that the implementation of ac-
tions to eradicate and hinder expansion of alien species 
should be priority in this habitat (Pinna et al., 2015a).

A further research at species level for J. macrocarpa 
was performed, according to the pivotal role of this 
plant in the Mediterranean dune systems. A specific 
study on seedling dynamics of J. macrocarpa was car-
ried out to investigate which factors influencing emer-
gence and mortality of this species. In fact the transition 
stage from seed germination to seedling establishment 
represents the critical stage in the life cycle of seve-
ral vascular plants (e.g. Harper, 1977; Mendoza et al., 
2009; Cogoni et al., 2012). In critical environments, 
such as coastal sand dunes, this transition was affected 
by numerous abiotic and biotic factors (i.e. water and 
nutrient stress, sand accretion and salt spray; Cogoni 
et al., 2012, 2013a; Fenu et al., 2013a), as well as nu-
merous types of anthropogenic impact (e.g. trampling, 
off-road vehicle circulation and beach cleaning) and 
the presence of recreational structures or touristic ac-
tivities (e.g. Fenu et al., 2013b). In addition, several 
Juniperus species showed per se low recruitment rates, 
attributed both to reproductive problems and to other 
factors such as the Mediterranean summer aridity (e.g. 
García et al., 1999, 2000; Armas & Pugnaire, 2009).

In order to explore the influence of environmental 
factors on seedling dynamics in J. macrocarpa, 44 per-
manent plots of 1 × 1 m were randomly placed in four 
coastal dunes of southern Sardinia: CSC, PC and other 
two representative sites with large distribution of Ju-
niperus habitat (the coastal dune systems of Buggerru 
and Piscinas named “Is Compinxius-Campo dunale di 
Buggerru-Portixeddu” and “da Piscinas a Riu Scivu”, 
respectively; CBP and PS, hereafter, see Fig. 1); within 
the plots all seedlings that have emerged were marked 
and monitored (Pinna et al., 2014a). Seedlings of J. 
macrocarpa emerged primarily in winter and showed 
low survival rate (< 25 %); most of the seedlings died 
in the first few months after emergence, reaching the 
highest mortality percentage in the first summer, as 
detected for other congeneric species (e.g. García et 
al., 1999; Giménez-Benavides et al., 2007; Armas & 
Pugnaire, 2009). 

Recruitment of J. macrocarpa is highly limited in the 
initial life cycle phases, with herbivory and location in 
open interspaces (without protection by other plants) 
had significant negative effects on seedling survival 
(Pinna et al., 2014a). Specifically, the results of this 
study have great practical effect: planting could be a 
more effective option than sowing, since limitations for 
both germination and emergence could be overcome 
under greenhouse conditions. Finally, planting should 
be undertaken in autumn, which has been shown to 
be an advantageous period for plant reintroduction in 
Mediterranean dunes, since transplants could benefit 

of the moist conditions before summer drought (Co-
goni et al., 2013b; Pinna et al., 2014a). However, if 
sowing is the selected restoration option, it should be 
performed applying techniques such as organic blan-
ket, which reduces evaporation and promotes higher 
seedling density in harsh environments (Ballesteros et 
al., 2012) and/or the use of physical protection against 
direct radiation and evapotranspiration (Pinna et al., 
2014a).

Ex situ conservation

An important way to preserve the plant diversity is 
represented by the ex situ conservation through seed 
banks, which allows conserving large amounts of ge-
netic material in a small space and, under suitable con-
ditions, for a long time with minimum risk of genetic 
damage (e.g. Mattana et al., 2012; Fenu et al., 2015; 
Krigas et al., 2016). This method is important to pre-
vent immediate plant extinctions and to support in situ 
conservation measures, such as translocations for sin-
gle plant species (e.g. Cogoni et al., 2013a; Fenu et al., 
2015, 2016) or restoration for habitat.

To conserve the plant species of the coastal dune ve-
getation, in particular of the Juniperus habitat, and to 
have useful material for the restoration actions, germ-
plasm was collected in the natural populations and 
stored in the Germplasm Bank of Sardinia (BG-SAR). 
The identification of effective germination protocols 
for 12 key species, aimed at their propagation and mul-
tiplication in the nursery was a further objective of ex 
situ conservation actions.

With the aim of obtain more quantities of germplasm 
for germination test, seed collection has been extended 
to other two representative sites in southern Sardinia 
(CBP and PS).

Several collecting trips, covering the whole sites, 
were carried out during the period 2009–2013. Seed 
collections were made following internationally re-
cognised protocols and guidelines (Bacchetta et al., 
2006, 2008, 2014). For each seed lot, a data form con-
cerning sampling method and the ecology, demogra-
phy, phenology and conservation status was drafted, 
and seed collection in the field was made according to 
scientific criteria (Bacchetta et al., 2006, 2008, 2014). 
The collected seeds were subjected to a quarantine pe-
riod during which it has been verified if the material 
was not contaminated by pathogena and/or parasites 
in a structure with environmental parameters that per-
mitted a slow and gradual post ripening. After these 
stages, the material was cleaned and subsequently 
subjected to an image acquisition process, calculating 
its weight and placed in a dehydration room (T 15° C 
and 15% r.h.; Bacchetta et al., 2006, 2008). The germ-
plasm dehydrated was then stored in a refrigerated cell 
at the temperatures of -25° C (basic collection) and at a 
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temperature +5° C (active collection) for germination 
tests (Bacchetta et al., 2006, 2008). 

The laboratory tests have provided information on 
the viability of tested accessions and the germination 
physiology of the species, allowing to develop effec-
tive protocols for the propagation and multiplication 
even in nursery. The individuation of germination pro-
tocols was carried out through the execution of germi-
nation tests by sowing the seeds in plastic Petri dishes 
with a substrate of 1% water agar. The seeds are incu-
bated under a daily 12-h exposition to light at constant 
as well as with an alternating temperature regime. 

Results of ex situ conservation (Tab. 3; Appendix II) 
showed that the most of the germplasm collected came 
from PC (36%), where the greatest floristic richness 
was also recorded; conversely the site with the lowest 
number of seedlots collected was SP (5%), according 
to the lower floristic richness (Tab. 2). All the structu-
ral and diagnostic species belonging to the Juniperus 
habitat were collected in all sites due of their relevan-
ce in the conservation actions. Also, all the endemic 
plants recorded in the project sites were collected and 
stored in the BG-SAR (5% of the total seed lots). 

Among the collected plant species, 12 key species 
were selected based on their role into the psammo-
philous habitats and experimental germination tests 
were carried out for: Ammophila arenaria (L.) Link 
subsp. australis (Mabille) Lainz, Anthemis maritima 
L., Cistus salviifolius L., Crucianella maritima, Ely-
mus farctus (Viv.) Runemark ex Melderis subsp. farc-
tus, Eryngium maritimum L., Juncus maritimus Lam., 
Juncus subulatus Forssk., J. macrocarpa, J. phoenicea 
subsp. turbinata, P. maritimum and P. lentiscus. 

Experimental germination tests showed a high per-
centage of germination (> 70%) for most of the inve-
stigated plant species except for P. lentiscus and A. 
arenaria (both < 60%).

An extensive study on the germination of the J. ma-
crocarpa was carried out (Pinna et al., 2014b) consi-
dering seed lots collected in all sites of South Sardinia 
(including PS and CBP). The results of this research 
showed a low viability (ca. 40%) and low germination 
(ca. 10%) of the J. macrocarpa seeds. The best ger-
mination temperature, without any pre-treatment, was 

15°C (ca. 20%) while, among various pre-treatments 
considered, warm stratification was the most effective 
on stimulating germination. Seed dormancy in J. ma-
crocarpa was recorded and a secondary dormancy, in-
duced by cold stratification, was also observed. Sum-
marizing, this study suggested that spring represents 
the best season for seed collecting, whereas autumn 
was the best season for sowing in the field (Pinna et 
al., 2014b). 

Restoration activities

All previous studies, together with sedimentological 
and geomorphological analysis, were instrumental for 
an adequate design (e.g. size and location) of the exe-
cutive interventions to mitigate risks, regenerate and 
safeguard the coastal sandy habitats; they also allowed 
us to identify reliable indicators to assess the effective-
ness of the restoration actions.

Two main types of restoration activities were carri-
ed out: 1) interventions for the recovery, restoration of 
degraded habitats, eradication of invasive plant spe-
cies and 2) measures to mitigate or reduce the human 
impacts on dune habitats (i.e. walking trampling, vehi-
cles transit and to regulate tourist beach access).

With the purpose of promote the restoration of co-
astal habitats, naturalistic engineering techniques 
for sand trapping were adopted. Sand-trapping fen-
ces are considered one of the most important human 
adjustments affecting the morphology and vegetation 
on sandy coasts because fences not only trap the sand 
but increase the likelihood that plant species outweigh 
the stress due to the wind, blowing sand, and salt spray 
(Nordstrom, 2000). In particular, coir mesh made of 
coconut husk and cane structures for sand capping 
were positioned in all study areas; these types of in-
terventions allowed to stabilize the sand particles and 
protect the seedlings. The coconut husk coir mesh, 
consisting of triangular or square wood and cane struc-
tures, holds the sand and slow down the erosion caused 
by wind. Additionally, restoration in these areas was 
promoted by sowing native germplasm (seeds of local 
structural species) and, where necessary, ensuring the 
eradication of the alien plants. 

PC SP CSC PS CBP Total

Seedlots collected 47 (36%) 6 (5%) 36 (27%) 23(17%) 19 (15%) 131

Structural plants species of Juniperus habitat 2 (29%) 1 (14%) 2 (29%) 1 (14%) 1 (14%) 7

Diagnostic plant species of Juniperus habitat 2 (29%) 1 (14%) 3 (43%) 1 (14%) -- 7

Endemic plant species -- -- 2 (33%) 3 (50%) 1 (17%) 6

Germination tests of key plant species 6 1 5 12

Tab. 3 - Main results of ex situ conservation actions carried out in Sardinian sites. Abbreviations: PC = Porto Campana; SP = Stagno 
di Piscinnì; CSC = Isola dei Cavoli, Serpentara, Punta Molentis e Campulongu; PS = Da Piscinas a Riu Scivu; CBP = Is Compin-
xius–Campo dunale di Buggerru-Portixeddu.



79Restoration of Juniperus habitat in Sardinia

Coastal areas are severely threatened by alien plant 
invasions, as previous documented (Del Vecchio et al., 
2013; Pinna et al., 2015a). The perennial community 
of transition dunes appears the most affected by in-
vasion processes, mainly related to the frequent and 
widespread Carpobrotus acinaciformis (Carboni et 
al., 2010). Moreover, Acacia saligna was reported as 
invasive and widely distributed mainly in sand dunes 
(Podda et al., 2011; Del Vecchio et al., 2013). 

In two project sites (PC and CSC), the eradication of 
these two main invasive plant species was performed 
following species-specific protocol: C. acinaciformis 
by manual eradication and A. saligna by clear-cutting. 
Totally, in the interventions sites, an overall area of 
3,842 m2 has been cleared through the manual eradi-
cation of C. acinaciformis and an area of 20,000 m2 

covered by A. saligna has been deforested (Tab. 4). 
Dune vegetation are particularly sensitive to human 

trampling (e.g. Fenu et al., 2013b; Kutiel et al., 2000), 
and its limitation produces positive changes in popu-
lation of threatened plants as well as in the dune ve-
getation assemblage and ameliorates the conditions 
in dune habitats (Santoro et al., 2012). Therefore, to 
reduce the human impact on dune habitat numerous 
measures have been taken; specifically, to reduce wal-
king traffic and vehicles transit, structures of soft en-
gineering (fences), and woody walkways were positio-
ned in the coastal areas (Tab. 4). Fences, consisting of 
criss-cross and pole-rope-pole barrier, are particularly 
important to avoid uncontrolled footfall on the dunes, 
basically acting through deterrence; the walkways, in-
stead, are important both to channel the flow of access 
to the beach and to decrease the amount of sand that is 
carried away through visitors’ shoes. 

Several restored areas, for a total of 6,400 m2, were 
selected in PC and CSC to plan an experimental rein-
troduction, focused on three structural plant species of 
the coastal habitats (P. maritimum, P. lentiscus and J. 
macrocarpa) in all project sites aimed to reinforcing 
the structural species populations. 

Seed lot collection of these structural species was 
carried out in the selected sites and the material col-
lected has been processed and stored under controlled 
condition, following the methodology in Bacchetta et 

al. (2006, 2008). Fruits of J. macrocarpa and P. len-
tiscus were manually sown in coir mesh (below 12 
biodegradable protection systems of the fixed dunes 
covering a surface-area of 20 m2 each), while seeds of 
P. maritimum were sown in the grafting groups (inside 
40 sand fences of embryonic dunes covering a surface-
area of 2.5 m2 each), with a density of 100 seeds/m2.

Reintroduction areas were monthly monitored to de-
tect the emergence and mortality rate of P. maritimum 
within the grafting groups, and density and coverage 
of the J. macrocarpa and P. lentiscus seedlings in the 
permanent plots. Preliminary results highlighted a high 
number of P. maritimum seedlings recruited and survi-
ved after one year of monitoring within the grafting 
groups compared to the open areas and the grafting 
groups unsown. Although these are preliminary results 
and a long-term monitoring is necessary, the achieved 
results suggest the effectiveness of sowing within graf-
ting groups and indicate that P. maritimum seems to be 
a suitable plant to regeneration and recovery projects 
in Mediterranean coastal areas. Conversely, prelimina-
ry results on permanent plots indicate a lower effecti-
veness of this measure in promoting plant recruitment, 
albeit the coir mesh represents a useful system to avoid 
erosion and sand movement by winds, as well as to 
prevent the emergence of plant roots.

Finally, 55 panels were made and installed in PC and 
CSC sites (Tab. 4). The panels are of two types: 1) 
information panels which show how to use and pro-
tect the beach area through some behaviour rules; 2) 
educational panels containing information about the 
natural features of sites and in which the activities of 
Providune project are illustrated. The panels were si-
tuated next to the walkways and fences in the beach 
entrances.

Post-LIFE conservation 

The Providune project officially ended on December 
2014 and a Post-life conservation plan was designed to 
consolidate the results achieved for the following five 
years. The specific objective of the Post-life project is 
to continue the in situ conservation of Sardinian plant 
species and dune habitats, through floristic and vege-

PC SP CSC

Eradication of Carpobrotus acinaciformis (m
2
) 1842 -- 2000

Clear-cutting of Acacia saligna (m
2
) -- -- 20000

Woody walkways (m) 409 40 272

Coir mash (m
2
) 1128 -- 2440

Shelter belts (m
2
) -- -- 560

Grafting groups (m
2
) 1055 -- 150

Fences (m) 4560 768 1228

Information panels (number) 30 -- 25

Tab. 4 - Results of restoration activities carried out in the coastal sites. Abbreviations: PC = Porto Campana; SP = Stagno di Piscinnì; 
CSC = Isola dei Cavoli, Serpentara, Punta Molentis e Campulongu.
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tation monitoring, identification and assessment of the 
impacts on the coastal habitats and monitoring of the 
interventions effectiveness in coastal environments; in 
addition, the Post-life project provides to monitor the 
germplasm viability of the coastal dune plant species 
collected during Providune project and stored in BG-
SAR.

Providune project helped to improve the knowledge 
of coastal habitats and the relative structural plant spe-
cies within the Natura 2000 sites; moreover, through 
the geobotanical analysis it was possible to identify 
the critical issues of the dune system and define active 
conservation measures in the project sites. It is expec-
ted that habitat and plant species directly benefit from 
the drastic reduction of trampling, invasive alien spe-
cies and the restoration activities using bioengineering 
techniques, as well as the reintroduction experiment 
that could represent a model for other Mediterranean 
coastal sites.
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AMMOPHILETEA Br.–Bl. et Tüxen ex Westhoff, Dijk et Passchier 1946
AMMOPHILETALIA AUSTRALIS Br.-Bl. 1933
Ammophilion australis Br.-Bl. 1933 em. Géhu et Géhu-Franck 1988
Echinophoro spinosae-Ammophiletum australis (Br.-Bl. 1933) Géhu, Rivas-Martínez et Tüxen 1972
Agropyrion juncei (Tüxen in Br.-Bl. et Tüxen 1952) Géhu, Rivas-Martínez et Tüxen 1972 in Géhu, Costa, Scoppola, 
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Sporobolo arenarii-Agropyretum juncei (Br.-Bl. 1933) Géhu, Rivas-Martínez et Tüxen 1972 in Géhu, Costa, Scoppola, 
Biondi, Marchiori, Peris, Franck, Caniglia et Veri 1984

CAKILETEA MARITIMAE Tüxen et Preising ex Br.-Bl. et Tüxen 1952
EUPHORBIETALIA PEPLIS Tüxen 1950
Euphorbion peplis Tüxen 1950
Salsolo-Euphorbietum paraliae Pignatti 1952
Cakiletum maritimae Pignatti 1953

HELICHRYSO-CRUCIANELLETEA MARITIMAE (Sissingh 1974) Géhu, Rivas-Martínez et Tüxen in Géhu 1975 
em. Biondi et Géhu in Géhu et Biondi 1994
HELYCHRYSO-CRUCIANELLETALIA MARITIMAE Géhu, Rivas–Martínez, Tüxen 1973 em. Sissingh 1974
Crucianellion maritimae Rivas Goday et Rivas-Martínez 1958 
Crucianelletum maritimae Br.–Bl. 1933
Crucianello-Helichrysetum tyrrhenici Bartolo, Brullo, De Marco, Dinelli, Signorello et Spampinato 1992 corr.
Ephedro-Helichrysetum tyrrhenici Vals. et Bagella 1991 corr.

JUNCETEA MARITIMI Br.-Bl. in Br.-Bl., Roussine et Nègre 1952
JUNCETALIA MARITIMI Br.-Bl. ex Horvatić 1934
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Plantagion crassifoliae Br.-Bl. in Br.-Bl., Roussine et Nègre 1952
Junco acuti-Schoenetum nigricantis Géhu, Biondi, Géhu-Frank et Taffetani 1987 
Schoeno nigricantis-Plantaginetum crassifoliae Br.-Bl. in Br.-Bl., Roussine et Nègre 1952

TUBERARIETEA GUTTATAE (Br.-Bl. in Br.-Bl., Roussine et Nègre 1952) Rivas Goday et Rivas-Martínez 1963 em. 
Rivas-Martínez, Diaz, Fernández-González, Izco, Loidi, Lousa et Penas 2002
MALCOLMIETALIA Rivas Goday 1958
CUTANDIETALIA MARITIMAE Rivas-Martínez, Díez Garretas et Asensi 2002
Alkanno-Maresion nanae Rivas Goday ex Rivas Goday et Rivas-Martínez 1963 corr. Díez-Garretas, Asensi et Rivas-
Martínez 2001

ARTEMISIETEA VULGARIS Lohmeyer, Preising et Tüxen ex von Rochow 1951
BRACHYPODIO RAMOSI-DACTYLETALIA HISPANICAE Biondi, Filigheddu et Farris 2001 
Bromo-Oryzopsion miliaceae O. Bolòs 1970
Centaureo maritimae-Echietum sabulicolae Costa et Mansanet 1981

QUERCETEA ILICIS Br.-Bl. in Br.-Bl., Roussine et Nègre 1952
PISTACIO LENTISCI-RHAMNETALIA ALATERNI Rivas-Martínez 1975 
Oleo sylvestris-Ceratonion siliquae Br.-Bl. ex Guinochet et Drouineau 1944
Asparago albi-Oleetum sylvestris Bacch., Bagella, Biondi, Farris, Filigheddu et Mossa 2003
Juniperion turbinatae Rivas-Martínez 1975 corr. 
Phillyreo rodriguezii-Juniperetum turbinatae (Arrigoni, Nardi et Raffaelli 1985) Bartolo, Brullo, De Marco, Dinelli, 
Signorello et Spampinato 1992 corr.
Pistacio lentisci-Juniperetum macrocarpae Caneva, De Marco et Mossa 1981 
Oleo-Juniperetum turbinatae Arrigoni, Bruno, De Marco et Veri 1985 in De Marco, Dinelli et Caneva 1985 corr. 

Appendix 2 - Overall accessions collected per species carried out in the Sardinian sites. 
Abbreviations: PC = Porto Campana; SP = Stagno di Piscinnì; CSC = Isola dei Cavoli, Serpentara, Punta Molentis e 
Campulongu; PS = Da Piscinas a Riu Scivu; CBP = Is Compinxius–Campo dunale di Buggerru-Portixeddu.
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Taxon PC SP CSC PS CBP

Achillea maritima (L.) Ehrend. & Y.P. Guo 1 - - - -

Ammophila arenaria (L.) Link subsp. australis (Mabille) Laínz 3 - 2 - -

Anthemis maritima L. 2 - - - -

Asphodelus ramosus L. subsp. ramosus - - 1 - -

Cakile maritima Scop. subsp. maritima 1 - 1 1 2

Calicotome villosa (Poir.) Link 1 - 1 1 -

Centaurea sphaerocephala L. - - - - 2

Cistus creticus L. subsp. eriocephalus (Viv.) Greuter & Burdet - - - - 1

Cistus salviifolius L. 1 - 1 1 1

Clematis cirrhosa L. - - 1

Crucianella maritima L. 3 - 2

Cyperus capitatus Vand. 2 - 1 1 1

Elymus farctus (Viv.) Runemark ex Melderis subsp. farctus 3 - 1 - 2

Ephedra distachya L. subsp. distachya - - - 2 -

Eryngium maritimum L. 1 - 1 1 1

Glaucium flavum Crantz - - 1 - -

Helichrysum microphyllum Cambess. subsp. tyrrhenicum Bacch., Brullo & Giusso - - - 1 -

Hordeum marinum Huds. subsp. marinum - 1 - - -

Juncus acutus L. subsp. acutus 1 1 1 - -

Juncus maritimus Lam. 1 - 1 - -

Juncus subulatus Forssk. 1 - - - -

Juniperus macrocarpa Sm. 10 - 6 5 5

Juniperus oxycedrus var. badia H. Gay 1 - - - -

Juniperus phoenicea L. subsp. turbinata (Guss.) Nyman 2 1 1 - -

Lotus cytisoides L. subsp. conradiae Gamisans - - 1 - -

Malcolmia ramosissima (Desf.) Gennari - - - 2 -

Medicago marina L. - - - 2 -

Osyris alba L. - - - 2 -

Pancratium maritimum L. 4 1 6 - -

Phillyrea latifolia L. subsp. rodriguezii (P.Monts.) Romo 1 - - - -

Phleum sardoum (Hack.) Hack. - - - 2 -

Pistacia lentiscus L. 3 1 2 - -

Polygonum maritimum L. - - - 1 2

Rubia peregrina L. subsp. requienii (Duby) Cardona & Sierra - - 1 - -

Scirpoides holoschoenus (L.) Sojàk 1 - 1 - -

Scrophularia ramosissima Loisel. - - - 1 -

Silene beguinotii Vals. - - - - 1

Silene nicaeensis All. 4 - 2 - -

Sixalix atropurpurea (L.) Greuter & Burdet subsp. grandiflora (Scop.) Soldano & F. Conti - - 1 - -

Spergularia salina J. & C.Presl - 1 - - -

Tuberaria guttata (L.) Fourr. - - - - 1
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Taxon PC SP CSC PS CBP

Achillea maritima (L.) Ehrend. & Y.P. Guo 1 - - - -

Ammophila arenaria (L.) Link subsp. australis (Mabille) Laínz 3 - 2 - -

Anthemis maritima L. 2 - - - -

Asphodelus ramosus L. subsp. ramosus - - 1 - -

Cakile maritima Scop. subsp. maritima 1 - 1 1 2

Calicotome villosa (Poir.) Link 1 - 1 1 -

Centaurea sphaerocephala L. - - - - 2

Cistus creticus L. subsp. eriocephalus (Viv.) Greuter & Burdet - - - - 1

Cistus salviifolius L. 1 - 1 1 1

Clematis cirrhosa L. - - 1

Crucianella maritima L. 3 - 2

Cyperus capitatus Vand. 2 - 1 1 1

Elymus farctus (Viv.) Runemark ex Melderis subsp. farctus 3 - 1 - 2

Ephedra distachya L. subsp. distachya - - - 2 -

Eryngium maritimum L. 1 - 1 1 1

Glaucium flavum Crantz - - 1 - -

Helichrysum microphyllum Cambess. subsp. tyrrhenicum Bacch., Brullo & Giusso - - - 1 -

Hordeum marinum Huds. subsp. marinum - 1 - - -

Juncus acutus L. subsp. acutus 1 1 1 - -

Juncus maritimus Lam. 1 - 1 - -

Juncus subulatus Forssk. 1 - - - -

Juniperus macrocarpa Sm. 10 - 6 5 5

Juniperus oxycedrus var. badia H. Gay 1 - - - -

Juniperus phoenicea L. subsp. turbinata (Guss.) Nyman 2 1 1 - -

Lotus cytisoides L. subsp. conradiae Gamisans - - 1 - -

Malcolmia ramosissima (Desf.) Gennari - - - 2 -

Medicago marina L. - - - 2 -

Osyris alba L. - - - 2 -

Pancratium maritimum L. 4 1 6 - -

Phillyrea latifolia L. subsp. rodriguezii (P.Monts.) Romo 1 - - - -

Phleum sardoum (Hack.) Hack. - - - 2 -

Pistacia lentiscus L. 3 1 2 - -

Polygonum maritimum L. - - - 1 2

Rubia peregrina L. subsp. requienii (Duby) Cardona & Sierra - - 1 - -

Scirpoides holoschoenus (L.) Sojàk 1 - 1 - -

Scrophularia ramosissima Loisel. - - - 1 -

Silene beguinotii Vals. - - - - 1

Silene nicaeensis All. 4 - 2 - -

Sixalix atropurpurea (L.) Greuter & Burdet subsp. grandiflora (Scop.) Soldano & F. Conti - - 1 - -

Spergularia salina J. & C.Presl - 1 - - -

Tuberaria guttata (L.) Fourr. - - - - 1
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Abstract
RES MARIS is an environmental protection project cofinanced by the European Union through the LIFE + Nature and Biodiversity Programme. The 
project aims at the conservation and recovery of marine and terrestrial ecosystems, included in the marine SCI (Site of Community Interest) "Isola 
dei Cavoli, Serpentara, Punta Molentis e Campulongu". The habitats selected for the implementation of the project are "Posidonia beds (Posidonion 
oceanicae)", "Coastal dunes with Juniperus spp." and "Wooded dunes with Pinus pinea and/or Pinus pinaster". They are characterized by a high 
biodiversity and exclusive vegetal and animal communities and can easily undergo both floristic and faunal changes. Some of the main threats to the 
site are landscape alteration, the introduction of invasive alien plants, and boat anchoring, which are mainly the result of human activities such as 
tourism and recreational activities, enhanced by a strong attendance (mostly in summer months). Sea-land integrated actions are therefore needed to 
achieve the following objectives: (1) to reduce/eliminate the invasive plants; (2) to reduce or to eliminate the mechanical damage from boat ancho-
ring on Posidonia beds; (3) to favour the recovery of the spontaneous autochthonous vegetation; (4) to raise the awareness of the local population 
and stakeholders; and (5) to share conservation skills among the key decision-making bodies of the territory for the long-term protection of these 
habitats. Marine concrete actions consist of the positioning of mooring buoys in selected areas to ensure the conservation of Posidonia beds and 
the restoration of this habitat through naturalistic engineering techniques. Terrestrial concrete actions consist of the eradication of invasive species 
(Carpobrotus spp., Agave spp., and Acacia spp.) in the priority habitats and restoration through naturalistic engineering techniques. Communication 
actions use various conventional and multimedia tools including brochures, panels, a role-playing game, and an application/game for mobile phones. 
Environmental education and awareness-raising activities are addressed to schools and local stakeholders; a good practices manual on the integrated 
management of the coastal zone is devoted to key territorial players. Bathymetric and biocenotic maps were produced for 700 hectares of seabed; 
also, the main anthropogenic traces of disturbances were detected. The presence of the invasive alien macro algae C. cylindracea was also registe-
red. The floristic analysis in the coastal dune systems led to the creation of a list with 127 native and 91 alien taxa. Among these, the most invasive 
species are those belonging to the genera Carpobrotus, Agave, and Acacia; distribution maps of these species in the SCI were created. Germplasm 
collections led to the acquisition of 40 seed accessions belonging to 14 structural plant species of dune habitats. It was possible to define optimal 
germination protocols for the selected species, and this was used to produce 30,000 plants for the restoration action. 

Key words: beach system, coastal ecosystems, eradication, habitat restoration, invasive species, Mediterranean, priority habitats.

Introduction

The LIFE RES MARIS Project (LIFE13 NAT/
IT/000433) has a duration of four years (2014-2018) 
and a total budget of € 1,510,805 (EU contribution € 
1,121,479 equal to 74.23% of the total). The Province 
of Cagliari (PROVCA) is the Coordinating Beneficia-
ry; in 2017 it was replaced by the Metropolitan City of 
Cagliari. The Associated Beneficiaries are the Muni-
cipality of Villasimius - Marine Protected Area “Capo 
Carbonara” (MPACC), scientific partner for interven-
tions at sea and managing body of the project territory, 
the University of Cagliari - Centre for the Conserva-

tion of Biodiversity (UNICA-CCB), scientific partner 
for interventions on dune habitats and the Association 
TECLA (management and administration). The project 
is supported by the Sardinian Region (Environmental 
Department), by Federparchi - Italian Federation of 
Parks and Natural Reserves, and by the Consortium 
"Villasimius for tourism".

RES MARIS aims at the conservation and recovery 
of marine and terrestrial ecosystems of the emerged 
and submerged beach system, and in particular the 
priority habitats 1120* "Posidonia beds (Posidonion 
oceanicae)", 2250* "Coastal dunes with Juniperus 
spp." and 2270* "Wooded dunes with Pinus pinea and/

Corresponding author: Francesca Meloni. Centre for the Conservation of Biodiversity (CCB), Life and Environmental Sciences 
Department, University of Cagliari, Viale S. Ignazio da Laconi 11-13, 09123 Cagliari, Italy; e-mail: meloni.francesca72@gmail.com
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defining its conservation status.

Study area

The SCI Isola dei Cavoli, Serpentara, Punta Molentis 
and Campulongu is located in south-eastern Sardinia, 
in the Sarrabus sub-region, and more specifically in 
the municipal area of Villasimius, province of Caglia-
ri. It stretches over 9,281 ha (of which 8,538 ha is ma-
rine and 742 terrestrial) and protects one of the most 
important marine and coastal sites of the Natura 2000 
network in Sardinia, as demonstrated by its full over-
lay with the Marine Protected Area Capo Carbonara 
(MPACC). In addition, the SCI includes three Special 
Protection Areas (SPAs) designated as Isola Serpen-
tara (ITB043026), Isola dei Cavoli (ITB043027), and 
Capo Carbonara e stagno di Notteri – Punta Molentis 
(ITB 043028) (Fig. 1).

The SCI is comprised of the islands of Cavoli and 
Serpentara, the pond of Notteri, and the coastal area 
from Campulongu to Punta Molentis, as far as Punta 
Is Porceddus. The island of Cavoli is an extension of 
the Capo Carbonara promontory, which is about 700 
meters away and the island of Serpentara and is lo-
cated at the northern end of the site, just over three 
kilometres from the coast. The area presents great 
variety in terms of landscape, geomorphology, flora, 
and fauna. Coastal environments are characterized by 
long beaches (Porto Giunco and Simius) separated by 
rocky headlands; other small beaches can be found on 
the rocky coast of Punta Molentis. 

The lithologies are essentially referred to the ercinic 
batolite of Sarrabus emerged at the end of the ercinic 
orogenesis in the Middle Carboniferous. They are 
composed mainly of granites and granodiorites subjec-
ted, during the alpine orogenesis, to tectonic move-

or Pinus pinaster" (Habitats DIR. 92/43/EEC) inclu-
ded in the marine SCI ITB040020 "Isola dei Cavoli, 
Serpentara, Punta Molentis e Campulongu". 

The impact caused by the presence of invasive alien 
species (IAS) is one of the most significant pressures 
(Pinna et al., 2012; Report PROVIDUNE, 2012) due 
to the widespread practice of using exotic species in 
gardens as ornamental plants. In particular, invasive 
species belonging to the genus Carpobrotus, [Car-
pobrotus acinaciformis (L.) L.Bolus, Carpobrotus 
edulis (L.) N.E.Br.], Acacia [Acacia saligna (Labill.) 
H.L. Wendl., Acacia karroo Hayne] and Agave [Agave 
fourcroydes Lem., Agave attenuata Salm-Dick, Aga-
ve americana L., Agave ingens Brg. var. picta (Salm.) 
Bgr.], pose a threat to the priority habitats 2250* and 
2270*, determining the decrease of the surface covera-
ge of such habitats.

During the summer season, human activities may re-
present important pressures on the habitat 1120*. Its 
deterioration, mainly due to the mechanical action of 
the anchors, may favour the colonization of invasive 
benthic algal species such as Caulerpa cylindracea 
Sonder. This species is competitive with Posidonia 
oceanica (L.) Delile and can invade the so called ‘dead 
matte’ (Klein & Verlaque, 2008) preventing the re-co-
lonization of P. oceanica. Sea-land integrated actions 
are therefore needed to achieve the following objecti-
ves: (1) to reduce or to eliminate the IAS; (2) to reduce 
or to eliminate the mechanical damage from boat an-
choring on the habitat 1120*; (3) to favour the recove-
ry of the spontaneous autochthonous vegetation; (4) to 
raise awareness amongst the local population and sta-
keholders; and (5) to share conservation skills among 
the key decision-making bodies of the territory for the 
long-term protection of these habitats.

The project started with various preparatory actions 
(A actions) that aimed to update the state of knowled-
ge on the emerged and submerged beach system and 
the related threats, leading to the identification of the 
areas of intervention and to the planning of conserva-
tion actions (C actions). These include the application 
of protocols and of low impact solutions already te-
sted in other similar projects such as the LIFE+ PRO-
VIDUNE project (Layman’s Report, 2014). The fo-
reseen C actions are the eradication and/or control of 
IAS, the restoration of priority habitats, and the instal-
lation of new mooring structures to reduce the impact 
of anchoring in the most sensitive areas. Monitoring 
actions (D actions) will assess the effectiveness of the 
interventions on each coastal habitat through indica-
tors such as the long-term monitoring of the resilience 
of alien species; the effectiveness of the germplasm 
collection (seed testing and plants propagating); and 
of habitat restoration. The effects on marine habitat 
1120* will be assessed by non-destructive methods 
and by the application of ecological indices useful in Fig. 1 - Project implementation area.



87 Priority habitats restoration in coastal ecosystems

ments that deformed them according to the prevalent 
northwest-southeast direction (Orrù et al., 1994). The 
veins present the same orientation and are mainly of a 
basic nature, dominated by lamprophiric and spessar-
titic lithologies that assume a particular relief in the 
determination of the coastal and submarine landscape. 
In fact, the coastline is formed by promontories with 
the same orientation of those of Capo Carbonara (Orrù 
et al., 1994) and the sea areas are characterized by the 
continuity of the granite forms with emerging areas. 
In the surrounding landscape, ancient shapes of smo-
othing, such as inselberg and tor, ornament the ridges 
and the plateaux at an elevation of around 400 and 500 
m (Orrù et al., 1994). 

There are a great number of endemic plants or species 
with a limited spreading distributed prevalently on Ca-
voli and Serpentara islands. Brassica insularis Moris 
(All. II and IV Habitat, DIR. 92/43/EEC) can be found 
only in the Cavoli island, where it represents one of the 
most important populations, while Serpentara island is 
considered to be the locus classicus for two narrow en-
demic (Bocchieri, 1988): Ferula arrigonii Bocchieri, 
a Sardinian-Corsican endemism that can be found in 
a few coastal and insular areas; and Silene valsecchiae 
Bocchieri, an endemism of eastern Sardinia. Also, 
Limonium retirameum Greuter et Burdet, distributed 
in all the coastal area, is limited to this sector of the 
island. Along the same coast, other important ende-
misms can be found such as Verbascum conocarpum 
Moris; Helicodiceros muscivorus (L.f.) Engler; Bryo-
nia marmorata Petit; Aristolochia tyrrhena E.Nardi et 
Arrigoni; Helichrysum microphyllum (Willd.) Camb. 
subsp. tyrrhenicum Bacch., Brullo et Giusso.

The SCI hosts the priority habitats 1120* "Posidonia 
beds (Posidonion oceanicae), 2250* "Coastal dunes 
with Juniperus spp." and 2270* "Wooded dunes with 
Pinus pinea and/or Pinus pinaster". The habitat 2250* 
consisting of the dune systems is extremely rare and 
only present in Italy, Portugal, Spain, France, and 
Greece. Habitat 2270* has remarkable value for its 
biodiversity (even if of artificial origin), by promoting 
the development of the forest vegetation of habitat 
2250*. Habitat 1120* consists of Posidonia oceani-
ca, an endemic vascular species in the Mediterranean 
Sea. This habitat is widely extended in the area (22% 
of the total area of the SCI), presenting an ecological 
role (the protection of the submerged beach and of the 
marine biodiversity) and a major economic role (fi-
shing, diving, etc.). The habitats mentioned above are 
currently subjected to various pressures derived from 
the presence of IAS and from anthropic activities. For 
these reasons, the protection of these habitats in the 
project area is a priority not only at regional level but 
also at a national and community level, and it is fun-
damental to realize urgent conservation actions.

Material and methods 

The project includes four preparatory actions (A1-
A4), divided in marine and terrestrial.

Marine preparatory actions
In the first two actions (A1 and A2), an updated ver-

sion of the distribution of P. oceanica and of the algal 
alien species was carried out based on existing data 
(mainly grey literature, and Marine Protected Area 
technical reports and bionomic maps).

A1: During the period April-June, 2015, P. oceani-
ca meadows were surveyed using different methods 
(acoustic surveys and visual observations by towed 
video camera and scuba diving). The morphological 
and bathymetric surveys of the seabed were carried 
out along transects parallel to the coastline using both 
multibeam (Reson Seabat 8125 at a frequency of 455 
kHz) and single beam (Simrad at a frequency of 200 
kHz) sonar. A side-scan sonar (Klein 3000 at frequen-
cies between 100 and 500 kHz) was used to identify 
the main biological and geomorphological evidence 
on the seabed. Visual observations by scientific di-
vers and/or by towed video camera were carried out 
to avoid errors due to uncertain interpretations of the 
sonograms obtained.

A2: The presence and abundance of algal alien spe-
cies was investigated in four areas (Punta Molentis, 
Porto Sa Ruxi, Cala Is Cascias and Campulongu) 
through the Point Intercept Transect method (Bianchi 
et al., 2003). The frequency and percentage cover of 
the target species was measured according to a hierar-
chical sampling design at three different depths (shal-
low: 5-8 m; intermediate: 12-15 m; deep: 19-22 m). 

Terrestrial preparatory actions
The purpose of these actions was to acquire an upda-

ted knowledge of the native and non-native vascular 
flora and vegetation in the SCI.

A3: Action aimed at characterizing the coastal dune 
habitats and the structural species present in the inter-
vention areas, in order to acquire the information nee-
ded to correctly plan the concrete conservation actions 
C3 and C5. Flora and vegetation data were collected 
based on bibliographical research (Camarda & Balle-
ro, 1981; Mossa et al., 2000; Bacchetta et al., 2006a, 
2007; Report PROVIDUNE, 2012) and on herbarium 
specimens found at the Herbarium CAG. This data 
was combined with the observations performed during 
field excursions and harvests that took place between 
June 2014 and February 2015.

During the fieldwork, the flora and vegetation of 
priority habitats, and of those related to them in cate-
nal succession, were analysed in order to identify the 
structural species of each habitat and assess the state 
of conservation. Floristic, phytosociological, and phe-
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nological surveys were made by means of the standard 
sheets internationally adopted according to Bacchetta 
et al. (2006b, 2008). The relevés of vegetation were 
made according to the phytosociological method of the 
school of Zurich-Montpellier (Braun Blanquet, 1951).

The surveys were carried out in the SCI areas where 
dunes and psammophilous ecosystems occur. The me-
asurements were carried out mainly within the psam-
mophilous geosigmetum, detecting the different types 
of vegetation. Nomenclature of plant species and sub-
species is in line with Conti et al. (2005, 2007), while, 
as recommended by the International Code of Botani-
cal Nomenclature (Greuter et al., 2000), the authors of 
plant names are abbreviated according to ‘Authors of 
plant names’ (Brummitt & Powell, 1992). Life forms 
were checked in the field according to the Raunkiaer’s 
classification (Raunkiaer, 1934), using the abbrevia-
tions of Pignatti (1982). For the chorological types we 
used Pignatti’s classification (Pignatti, 1982), modi-
fied by Brullo et al. (1996) for Mediterranean types. In 
order to ascribe the endemic taxa to the chorological 
types, the ranks proposed by Arrigoni & Di Tomma-
so (1991) were adopted, as modified by Bacchetta & 
Pontecorvo (2005).

A4: Action to update the knowledge of the IAS that 
threaten the priority coastal habitats. For this reason, 
a mapping tool was created in order to properly plan 
the control and/or eradication measures of the subse-
quent action C4 (eradication of IAS). The basis for the 
current analysis was represented by the latest checklist 
produced by the PROVIDUNE project (Report PRO-
VIDUNE, 2012), updated through data collected in 
field surveys. The distribution maps of the invasive 
species were created on orthophotos at a scale betwe-
en 1: 2,000 and 1: 10,000; the orthophoto cartographic 
base at a scale of 1: 25,000 (flight 2006) was used, 
overlapping with the Natura 2000 network habitats 
maps. Two different types of software, ArcMap 10.2 
and gvSIG 1.12.0, were used. The population census 
was performed by taking into consideration the most 
powerful invasive species such as those belonging to 
Carpobrotus, Agave, and Acacia genera. This will lead 
to the production of maps of the area of influence or 
extent of occurrence (EOO) inside habitats 2250* and 
2270*. These areas, calculated for each population as 
corresponding to the largest polygon covered, are geo-
referenced according to the UTM and Gauss Boaga 
coordinates; based on the percentage of coverage, it 
was also possible to estimate the real occupied area. 
In the SCI area, 17 localities were sampled; field data 
related to the identification of the IAS and population 
(habitat, locality, and geographic coordinates) was 
collected. The status of alien species was determined 
and ordered on the basis of the criteria proposed by 
Richardson et al. (2000), elaborated by Pyšek et al. 
(2004), and reviewed according to Richardson et al. 

(2011). Archaeophyte and neophyte taxa were diffe-
rentiated depending on their introduction before or af-
ter years 1492/1500, respectively.

The project includes five concrete conservation ac-
tions: C1-C5.

Marine concrete conservation actions
These actions are planned to apply to a series of in-

terventions aimed at the protection of habitat 1120* 
through low-impact solutions and the best techniques 
already used in similar projects. 

C1: Action to reduce the anchorage threat to the prio-
rity habitat Posidonia beds (Posidonion oceanicae), 
by positioning mooring buoys that reduce the impact 
of anchoring in the selected areas identified in the pre-
paratory action (A1).

C2: Action to restore the priority habitat Posidonia 
beds (Posidonion oceanicae) by applying naturalistic 
engineering techniques and reducing the threat due to 
the presence of invasive algal species through the ma-
nual and experimental elimination of C. cylindracea.

Terrestrial concrete conservation actions
These actions aim at the complete restoration of the 

terrestrial priority habitats, through the eradication of 
IAS, the plantation of native plants, and the use of na-
turalistic engineering techniques.

C3: The outputs of the action A3 was employed to 
select the species to be used in the restoration actions. 
We selected 14 taxa of both structural and functional 
importance. All activities concerning the collection 
and management of the germplasm were executed in 
accordance with standard procedures (Bacchetta et 
al., 2006b, 2008; Ballesteros et al., 2015). Seed col-
lections were carried out in order to obtain a sufficient 
quantity of material that was representative, from the 
genetic point of view, of the diversity present in the 
SCI while avoiding an excessive collection that could 
damage the populations.

Germplasm was harvested from June 2014 to Fe-
bruary 2016 and deposited in the Sardinian Germpla-
sm Bank (BG-SAR). It was stored for a post-ripening 
period at 20°C and 40% relative humidity (RH), to 
achieve uniformity in the degree of maturation of the 
seeds. Afterwards they were subjected to manual and/
or mechanical cleaning and to quantitative-qualitative 
monitoring.

The selected taxa are: Juniperus macrocarpa Sibth. & 
Sm.; Juniperus phoenicea L. subsp. turbinata (Guss.) 
Nyman; Pistacia lentiscus L.; Pancratium maritimum 
L.; Eryngium maritimum L.; Elytrigia juncea (L.) 
Nevski; Cistus salviifolius L.; Achillea maritima (L.) 
Ehrend. & Y.P.Guo subsp. maritima; Pycnocomon ru-
tifolium (Vahl) Hoffmanns. & Link.; Glaucium flavum 
Crantz; Rhamnus alaternus L.; Helicrysum microphyl-
lum (Willd.) Camb. subsp. tyrrhenicum Bacch., Brullo 
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seedlings. Therefore, our strategy will be to proceed 
with two different methods depending on the size of 
individuals; for small ones, the eradication will be car-
ried out manually; for adults, the cutting of the plant 
at the base of the stem with mechanical means will be 
made (with a chainsaw and handsaw).

(3) The eradication of Agave sp. pl. In this case two 
different methods will also be applied, based on the 
size of the individuals—manual eradication of see-
dlings and young individuals through the extraction 
of the root systems, and repeated cuts and the use of 
mechanical means for the adult ones. Priority will be 
given to the elimination of the individuals of repro-
ductive age, avoiding the fall of fruits to the ground 
and the subsequent dispersal of seeds. All plant re-
mains will be removed. In the years subsequent to the 
intervention, all sites will be checked for the possible 
regrowth of seedlings. Also, the sucker sprouts from 
Acacia roots must be managed through repeated cut-
tings, leading to the weakening of the tree, which will 
not re-grow and will die off.

C5: This action focus on the restoration of the dune 
vegetation habitats 2250* and 2270*, using bioengi-
neering techniques and planting with autochthonous 
plants. Similar measures had already been carried out 
in the LIFE PROVIDUNE project, but were limited 
to small areas; in the framework of RES MARIS, this 
action will cover an area of about 14,500 square me-
ters. The actions to be implemented are the following: 
(1) the positioning of cane structures for sand retention 
and the consequent recovery of the dune profile; (2) 
the positioning of coconut fibre bionets to avoid ero-
sion, particularly after the eradication; and (3) sowing 
with germplasm collected in action C3, and planting 
30,000 native plants multiplied in nurseries by the EFS 
from the germplasm collected in the SCI.

Monitoring actions
The project involves several monitoring actions (D). 
D1: Monitoring action D1 ante operam of the conser-

vation action C1 consisted of assessing the status of P. 
oceanica through the study of its phenology and of the 
structure of the meadows (density; percentage cover 
with elaboration of some ecological index; description 
of the upper and lower limits of distribution). In addi-
tion, the count of pleasure boats anchored in the areas 
of study was elaborated by distinguishing the size and 
type (sailing/motor) and by using a remote video sy-
stem recording, was also part of monitoring action D1. 

D2: Monitoring action D2 ante operam of the conser-
vation action C2 consisted of updating the knowledge 
of the presence of C. cylindracea and the percentage 
cover in the selected areas. 

D3: The action D3, which concerns the action C3, 
included the monitoring of parameters such as the ef-
fectiveness of the germplasm collections, germination, 

& Giusso; Crucianella maritima L.; and Ammophila 
arenaria subsp. arundinacea H.Lindb.

Some germination tests were carried out to iden-
tify the optimal protocol for large scale germination 
and multiplication. The species selected for testing, 
for which there was no published germination pro-
tocol, were: J. macrocarpa; G. flavum; R. alaternus; 
H. microphyllum subsp. tyrrhenicum; P. rutifolium; A. 
maritima subsp. maritima. For each of these species, 
germination tests were carried out at constant tempe-
ratures of 5, 10, 15, 20, 25, and 30° C and alternating 
25/10° C in growth chambers (Sanyo MLR 351) in 
the facilities of BG-SAR. For each temperature tested, 
four replicates were arranged with a 12/12 photope-
riod (12 hours light and 12 hours darkness) and five re-
plicates with a 0/24 photoperiod (24 hours darkness). 
Seeds were sown on 1% water agar substrate, which 
provided a solid, non-sterile medium for germination, 
in 90 mm diameter plastic Petri-dishes, with 25 seeds 
each. Darkness was achieved by wrapping dishes with 
two layers of aluminium foil. The tests were monitored 
daily in sterile conditions under a laminar flow cabinet. 
Seeds incubated in the light were scored daily; germi-
nated seeds were discarded, whereas seeds incubated 
in the dark were scored only at the end of the test, to 
avoid any exposure to irradiance (Baskin et al., 2006). 
When no additional germination occurred in the light 
for two consecutive weeks, tests were stopped both in 
the light and in the dark and the viability of any remai-
ning seeds was checked by a cut test.

All the rest of the collected germplasm were delive-
red to the Forestas Agency (AF), which is responsible 
for the germplasm multiplication. This activity will be 
carried out as indicated in the germination protocols 
developed by UNICA-CCB, which will also provi-
de technical and scientific support to the AF. For the 
renaturation interventions of priority habitats, 30,000 
plants will be produced.

C4: The following interventions are planned in order 
to eradicate/control the IAS: 

(1) The eradication of Carpobrotus sp. pl.: by the ma-
nual removal of the plants. The intervention must be 
carried out with particular care in order not to damage 
the native vegetation present in the area. In addition, 
it will be necessary to restrict removal of the sand by 
shaking the removed plants before their transfer. 

(2) The eradication of Acacia sp. pl.: some features 
of A. saligna make its eradication and/or control pro-
blematic. In fact, this species is particularly difficult 
to control in sandy habitats by mechanical methods, 
such as the removal of adults, because of the danger 
of drastically altering the dune ecosystem structure. 
According to Meloni et al. (2015), manual control is 
the safest method for the management of A. saligna 
in coastal Mediterranean habitats, with the destruction 
of adults in combination with the manual removal of 
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and large-scale multiplication protocols.

Communication actions
The project involves ten communication actions: E1-

E10. 
E1: The communication plan provides guidance for 

all dissemination tools, actions and products, thus gua-
ranteeing an efficient and active involvement of key 
territorial players and local population. 

E2: A web portal and social networking are the con-
tainers for all project deliverables, as well as the pri-
mary source of information for key stakeholders. 

E3: Bilingual information panels provide essential 
information on the area such as the presentation of the 
SCI, of its territory, habitats and species, general infor-
mation about the Natura 2000 network, and the rules 
of behaviour. 

E4: The school educational project differs according 
to the schools' needs. It involves the construction of a 
path of knowledge in stages, with both individual work 
and playful moments in group activities. Each stage 
will end with a guided tour to the different beaches of 
the SCI. 

E5: This territorial animation action is scheduled 
throughout the project duration and provides both pu-
blic presentation events and technical workshops. One 
of the events is addressed to local actors and involves 
the use of a participatory methodology known as Open 
Space Technology (OST). The main stakeholders will 
be involved in the project’s dissemination activities 
through membership in the RES MARIS club. The 
members of the club will offer services to tourists in 
line with the objectives of the project and will be asked 
to host information points during the summer and to 
distribute dissemination products. 

E6: This Layman's report is written in two languages 
(Italian and English). It focuses on the project’s me-
thodology, objectives, actions, and achievements and 
highlights the aspects of its reproducibility. 

E7: This action calls for the involvement of private 
citizens through enlistment to the RES MARIS club 
and for their cooperation through the eradication of in-
vasive plants and their replacement with native ones. 

E8: This action foresees the making of documentary 
videos and a video channel where each documentary 
addresses a specific phase and project activity, from 
the ex ante situation to the synthesis of the results. 

E9: This action provides guidelines for the proper use 
and management of the beach system. It represents a 
necessary tool for sustainable and integrated coastal 
zone management by all territories dealing with mari-
ne and/or coastal SCI areas. 

E10: This awareness-raising action includes beach 
activities along with specific recreational and educa-
tional activities for children, as well as information 
and awareness-raising activities for tourists, by setting 

up movable information points and guided tours along 
a nature trail.

Results and discussion

Marine preparatory actions
A1: From sonar surveys, 700 hectares of seabed were 

characterized, distinguishing between rocks, sands and 
P. oceanica beds settled on matte, sand or rock. Ba-
thymetric and biocenotic maps were produced and the 
main anthropogenic traces of disturbances on the bot-
tom of each area were identified. In this way, the sites 
for the conservation action C1 (positioning of mooring 
buoys) were selected at Campulongu, Punta Molentis 
and Cavoli Island (Fig. 2).

A2: In all four areas investigated (Punta Molentis, 
Porto Sa Ruxi, Cala Is Cascias and Campulongu) the 
presence of the invasive alien macro algae C. cylin-
dracea was registered, showing greater abundance at 
intermediate and deep depths than at shallow depths 
(Fig. 3). The Campulongu and Punta Molentis areas 
were selected for the conservation action C2 (the inter-
vention for the recovery of the habitat 1120*). At Cam-
pulongu, evidence of anchors and/or trawling distur-
bances were observed on the P. oceanica bed (Figs. 
4-5). This area was therefore selected for restoration 
activities. 

According to the results of actions A1 and A2, the 
Campulongu area was the only area that was clearly 
degraded by human activities; this is probably due to 
the large flow of tourists concentrated in this area du-
ring the summer months. Other areas are also crowded 
but are characterized by P. oceanica beds located very 
distant from the coastline and are of little or no interest 
for boat anchoring. The presence of C. cylindracea has 
been recorded on several substrates (rock, sand and 

Fig. 2 - The positioning of mooring buoys in Campulongu area.
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dead matte) and on the rhizomes of P. oceanica, prefe-
rentially at the margins of the beds. In our study, accor-
ding to Piazzi et al. (2001), C. cylindracea was found 
mainly where P. oceanica meadows are fragmented, 
with a predilection for the dead matte and the lower li-
mit where the plant development is naturally less vigo-
rous. The abundance of C. cylindracea was generally 
low within shallow areas, but has been probably un-
derestimated in this study due to the sampling period. 
In fact, this invasive alga is characterized by a marked 
seasonal pattern that shows a higher development, in 
terms of coverage and biomass, between June and No-
vember rather than between December and May.

Terrestrial preparatory actions
A3: Based on the analysis of the surveys in the coa-

stal dune systems, natural vegetation includes different 
habitats, of which the most representative are 2250* 
"Coastal dunes with Juniperus spp." and 2270* "Wo-
oded dunes with Pinus pinea and/or Pinus pinaster)". 

They are both part of the psammophilous phanero-
phytic vegetation represented by heaths and thickets, 
with J. macrocarpa related to the association Pista-
cio-Juniperetum macrocarpae Caneva, De Marco et 
Mossa 1981. Habitat 2270* is dominated by Pinus 
halepensis Mill. and Pinus pinea L.; P. lentiscus, R. 
alaternus and J. phoenicea subsp. turbinata accom-
pany them. Directly related to these formations in ca-
tenal succession, chamaephytic retrodunal formations 
of Crucianelletum maritimae Br.-Bl. (1921) 1933 can 
be found (habitat 2210*, Crucianellion maritimae Ri-
vas Goday et Rivas-Martínez 1963 fixed beach dunes), 
characterized by C. maritima, H. microphyllum subsp. 
tyrrhenicum, Lotus cytisoides subsp. conradiae Gami-
sans, and P. maritimum. Occasionally, in the clearings 
and often mixed up with previous formations, some 
terophytic formations characterized by annual species 
like Malcolmia ramosissima (Desf.) Gennari were de-
tected, including in the habitat 2230* (Malcolmietalia 
dune grasslands). The surveys carried out in the mobi-
le dunes revealed the presence of perennial formations 
belonging to the association Sileno-Corsicae-Elytri-
getum junceae (Malcuit 1926) Bartolo et al., 1992 
corr., mainly with E. juncea and A. maritima. Further 
back, there is the association Echinophoro spinosae-
Ammophiletum arundinaceae (Br.-Bl. 1933) Géhu, 
Rivas-Martínez, Tüxen 1972, characterized by the lo-
cally rare A. arenaria subsp. arundinacea. These two 
vegetation types characterized by rhizomatous grasses 
are attributable to the habitats 2110 "Embryonic shif-
ting dunes" and 2120 "Shifting dunes along the shore-
line with Ammophila arenaria (white dunes)". In front 
of these formations, pioneer terophytic communities 
were detected, represented by the association Salsolo 
kali-Cakiletum maritimae Costa et Manz. 1981 corr. 
(habitat 1210 "Annual vegetation of drift lines").

The floristic analysis led to the creation of a list 
with 127 native taxa, of which there were 89 of spe-

Fig. 3 - Abudance (mean + Standard Error; n = 6) of Cau-
lerpa cylindracea within the four areas investigated at three 
different depths (Shallow: 5-8 m; Intermediate: 12-15 m; 
Deep: 19-22 m).

Fig. 4 - Example of the sonograms obtained with the Side 
Scan Sonar: on the left side, a furrow in the bed caused by 
human activities, probably trawling or boat anchoring. On 
the right side, evidence of a dense Posidonia oceanica bed 
on matte, with semicircular sandy depressions. 

Fig. 5 - A zoomed detail in the sonogram of Campulongu 
area: the black arrows indicate the furrows of planting in-
terventions.
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cific rank, 37 subspecies, and 1 variety, belonging to 
43 families and 104 genera. The phylum Pinophyta, 
represented by four taxa, constitutes 3% of the total 
flora, while Polypodiophyta is represented by a single 
taxon. Among the Angiospermae, the most numerous 
are the Eudicotyledones, which represent 74% of the 
total, with 94 taxa belonging to 31 families and 78 ge-
nera. The Monocotyledones instead constitute 22% of 
the flora with 28 taxa belonging to 9 families and 28 
genera. The families with the highest number of enti-
ties are: Asteraceae (20 taxa, 16% of the total), follo-
wed by Poaceae (15 taxa, 12%), Fabaceae (10 taxa, 
8%), Apiaceae (8 taxa, 6%) and Caryophyllaceae (7 
taxa, 6%) (Fig. 6). The analysis of the biological spec-
trum shows a preponderance of therophytes (45 taxa, 
35%), followed by hemicryptophytes (26 taxa, 21%), 
phanerophytes (23 taxa, 18%), camaephytes (17 taxa, 
13%), and geophytes (16 taxa, 13%). The analysis of 
the chorological spectrum presents a predominance of 
the Mediterranean chorological component (100 taxa, 
79%), followed by the cosmopolitan (6 taxa, 5%) and 
sub-cosmopolitan (5 taxa, 4%), circumboreal (4 taxa, 
3%) and palaeotemperate (3 taxa, 2%). The spectrum of 
Mediterranean chorological forms shows a prevalence 
of species with circum-Mediterranean distribution (51 
taxa, 40%), followed by the euro-Mediterranean (18 
taxa, 14%), W-Mediterranean (10 taxa, 8%), Mediter-
ranean Atlantic (9 taxa, 7%), and endemic (8 taxa, 6%) 
(Tab. 1). The analysis of the endemic component hi-
ghlights the predominance of the elements belonging 
to the biogeographic Sardinian-Corsican province (4 
taxa, 50%). No plant species of community interest are 
present in the identified areas, while 9 taxa of phytoge-
ographical interest were detected (Tab. 2).

A4: among the alien flora of the SCI, 65% are re-
presented by neophytes (59 taxa), while 35% are ar-
chaeophytes (32 taxa), making a total of 91 alien taxa. 
Of these taxa, 36% (42) are naturalized, 36% (33) are 
casual, and 18% (16) are invasive. Among the 16 in-
vasive taxa, 13 are present in the monitored coastal 
dune habitats and 12 in the priority habitats 2250* and 
2270*. The most invasive species—those occupying 

the greatest surface in the habitats—are confirmed to 
belong to the genera Carpobrotus, Agave, and Aca-
cia followed by Oxalis pes-caprae L. (Oxalidaceae), 
Malephora crocea Schwantes, and Aptenia cordifolia 
(L. fil.) Schwantes, both belonging to the same family 
of Carpobrotus (Aizoaceae) and Opuntia ficus-indica 
(L.) Mill. (Cactaceae).

The distribution maps of Carpobrotus sp. pl., Aca-
cia sp. pl., and Agave sp. pl. were produced at a scale 
between 1: 2,000 and 1: 10,000. In the priority habitats 
2250* and 2270* they occupy the following areas:

(1) Carpobrotus sp. pl.: real area 7,275 m2, area of 
influence 28,297 m2. Campulongu is the most invaded 
location.

(2) Acacia sp. pl.: real area 2,642 m2, area of influen-
ce 3,685 m2. Approximately, there are 600 adult indi-
viduals and 600 young individuals and Simius is the 
most invaded location.

(3) Agave sp. pl.: real area 432 m2, area of influence 
954 m2. There are approximately 210 adult individuals 
and 245 young individuals. Timi Ama is the most in-
vaded location.

According to the results of actions A3 and A4, the 
SCI presents a psammouphilous vegetation with high 
floristic diversity and is characterized by endemic spe-
cies and of phytogeographical interest. It is established 
primarily on consolidated dunes and is part of the prio-
rity habitat 2250* "Coastal dunes with Juniperus spp." 
and is well represented especially on the beaches of 
Campulongu, Porto Giunco, Simius, and Is Traias (in 
the latter it has not been previously reported). On the Fig. 6 - Number of taxa of the most represented families.

Tab. 1 - List of endemic species detected in the flora.

Family Species Chorological type

Araceae Arum pictum L.fil. ssp. pictum Endem. SA-CO

Asteraceae
Helicrysum microphyllum (Willd.) Camb. ssp. 

tyrrhenicum Bacch., Brullo et Giusso
Endem. SA-CO-BL

Plumbaginaceae Limonium dubium (Guss.) R.Litard Endem. SA-CO-SI

Plumbaginaceae Limonium retirameum Greuter et Burdet Endem. SA

Fabaceae Lotus cytisoides L. ssp. conradiae Gamisans Endem. SA-CO

Rubiaceae
Rubia peregrina L. ssp. requienii (Duby) Cardona et 

Sierra-Ràfols
Endem. SA-CO-ITM-BL

Asteraceae Senecio transiens (Rouy) Jeanm. Endem. SA-CO

Caryophyllaceae Silene succulenta Forssk. ssp. corsica (DC.) Nymann Endem. SA-CO

Tab. 2 - List of phytogeographical interest species detected 
in the flora.

Family Species Chorological type

Amaranthaceae Achyranthes sicula (L.) All. W-Medit.

Asteraceae Achillea maritima (L.) Ehrend. & Y.P.Guo ssp. maritima Medit.-Atl.

Brassicaceae Malcolmia ramosissima (Desf.) Gennari W-Medit.

Fagaceae Quercus calliprinos Webb E-Medit

Iridaceae Romulea rollii Parl. W-Medit.

Plantaginaceae Plantago macrorrhiza Poir. W-Medit.

Poaceae Imperata cylindrica (L.) Raeusch. Cosmop.

Thesiaceae Thesium humile Vahl. Medit.-Atl.
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beach of Campulongu it is mixed with the priority ha-
bitat 2270* "Wooded dunes with Pinus pinea and/or 
Pinus pinaster" and dominated by the two termophi-
lous Mediterranean pinus and by shrub species typical 
of habitat 2250*. The floristic component presents a 
preponderance of therophytes due to the xericity of 
these habitats. The distribution maps of the priority 
habitats and of the IAS, highlight the threat they re-
present, leading to a deconstruction of the vegetation 
of the habitats.

C3: Germplasm collections carried out in the period 
between July 2014 and February 2016 led to the acqui-
sition of 40 seed accessions belonging to 14 structural 
taxa of dune habitats, far beyond the expected target 
(20 accessions of 10 species). It was possible to define 
optimal germination protocols for the six species that 
were tested (J. macrocarpa, G. flavum, R. alaternus, 
H. microphyllum subsp. tyrrhenicum, P. rutifolium, 
and A. maritima subsp. maritima). Moreover, those 
protocols were delivered jointly with those elaborated 
in the LIFE PROVIDUNE project to the EFS for lar-
ge scale multiplication (approximatively 30,000 plants 
for the C5 action). 

Communication actions
In the framework of action E1, the communication 

plan and the project logo were produced, together 
with the project slogan: Res Maris - A sea of respect. 
Various informative materials were produced such as 
flyers on the habitats and an informative brochure. In 
the context of action E2, a website (www.resmaris.
eu) was produced in two versions, Italian and English. 

Project pages have also been set up on different social 
platforms. In the framework of action E4, environ-
mental education activities have begun with the aim 
of involving 500 students over a period of three years. 
For action E5 a presentation event of the project was 
held along with the first technical meeting dedicated 
to key stakeholders. The first part of action E10 was 
implemented in the summer 2015 and involved about 
1,000 people through a travelling information point 
and a weekly guided tour.

Expected results

Marine concrete conservation actions 
C1: Twenty mooring buoys will be placed to decrease 

the anchoring of medium size boats in areas previously 
identified by the preparatory action A1.

C2: In the Campulongu area, plantations on geomats 
will be made; at Punta Molentis removal operations 
will be carried out. In both areas these will be perfor-
med by qualified personnel (scientific divers).

From these actions, we expect to achieve the main 
aim of the restoration of P. oceanica bed in the Cam-
pulongu area and indications of the effectiveness of 
the measures adopted for the reduction of the diffusion 
and presence of C. cylindracea.

Terrestrial concrete conservation actions 
Actions C4 and C5 have not yet started; all interven-

tions aiming at the restoration of the dune vegetation 
habitats are determined and reported on a cartographic 
instrument (Fig. 7).

Fig. 7 - Planned interventions in the Campulongu site.



From the conservation actions C4 (eradication) and 
C5 (dune restoration), we expect to achieve the com-
plete removal of the IAS and the dune vegetation re-
construction in the priority habitats located in public 
areas, while through the action E7 the same actions are 
applied to the private areas.

Communication actions
At this stage, it is still too early to objectively as-

sess the results achieved, in terms of both numbers and 
results achieved. Only at the end of the project, but 
especially over time, it will be possible to appreciate 
the impact. The hope is that the local community, by 
increasing its awareness of the huge potential of its ter-
ritory, may adopt a more sustainable and environmen-
tally friendly approach. All this will certainly have a 
positive impact on the tourism sector and will generate 
economic growth, which will have a concrete effect on 
the local population.
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Abstract
Dunes are not only shelters for threatened biodiversity and beautiful landscapes, but an important part of the global sand budget of beaches. Coastal 
dunes thus constitute a nature-based solution to sea level risk. This is even more important in an urban context where coastal regression leads to 
coastal squeeze (Pontee, 2013). There is also a need to preserve the dynamic component of dune ecosystems in order to avoid biodiversity loss 
(Heslenfeld et al., 2004) and maintain sustained dune volume growth. In urban landscapes the natural processes of dune creation are impaired, and 
ruderal and invasive plants exercise higher pressure on the system. This paper discusses different experiences of dune construction and management 
on the metropolitan beaches of Barcelona, and proposes new strategies to transform the management of urban dunes into a core component of a 
global beach management strategy to create resilient beaches.

Key words: Ammophila arenaria decay, ecosystem services, nature based solution, sea level rise, urban dunes.

Introduction

The hybrid dune project
The metropolitan beaches of the Llobregat delta 

comprise over 14 km of shore length, and constitute 
the most visited landscape in the metropolitan area of 
Barcelona, with maximum summer densities of 500 
sun-bathers on one 100 m stretch of beach. During 
winter, especially where there are constructed mariti-
me promenades, the cultural use of beaches remains 
intense. 

The “Hybrid dunes” project is a case study of the 
EU FP7 funded OPERAs project, with the aim of stu-
dying how the ecosystem services concept can provide 
new management approaches at the interface between 
management, economy and ecological processes. The 
Metropolitan Administration of Barcelona (AMB) has 
funded dune construction research. The Demarcación 
de Costas en Catalunya, Ministerio de Agricultura, 
Alimentación y Medio Ambiente (hereafter MAGRA-
MA) has also conducted different dune construction 
works and backshore profile restoration projects. 

Beach morphodynamic context
The beaches of the metropolitan area of Barcelona 

on the Llobregat delta are undergoing regression pro-
cesses due to the lack of sediment input from the ri-
ver, and the disruption of the natural longshore sand 
transport processes after the construction, in 2004, of 
a new port breakwater which extends 1.8 km into the 
sea. The low topography of the delta creates a higher 
vulnerability due to the sea level rise linked to climatic 
change. This poses significant threats to the local eco-
nomy and the provision of cultural ecosystem services.

The only formal strategy applied until now has been 
beach nourishment, consisting of the annual dredging 
of approximately 100,000 m3 from the seabed (4-10 m 
depth) at the south-west end of the delta, and the sub-
sequent discharge of this volume to the beach-face clo-
se to the river mouth at a similar depth. Recent studies 
(Instituto de Hidrologia Ambiental de la Universidad 
de Cantabria, 2015) show that this beach nourishment 
strategy is not delivering the desired results. 

The “urban” factor in the dune ecosystem
Most of the beaches on the European Mediterranean 

coast are greatly frequented by humans extending be-
ach use beyond summertime. The motivation of most 
restorations projects are thus the disappearance of du-
nes due to housing, deliberate flattening and trampling.

The beaches of the Llobregat delta have endured si-
milar processes of habitat loss, but two different pro-
cesses have led to a new configuration, where natural 
dune construction might be possible:

− Updrift accretion triggered by the groin of Port Gi-
nesta (southwest end).

− Coastline flipping towards a new equilibrium sta-
te, thus limiting the erosion capacity of the longshore 
currents at the previously more protruding stretches of 
the deltaic front.

The analysis of photographs from cartographic flights 
in 1945 show that the transverse dunes of Castelldefels 
were formed under a wind fetch of 70 meters, a di-
stance that is currently met at several parts of the west 
half of the beach. The seasonal overlap of conditions 
favourable to natural dune construction (dry sand and 
winds with the needed azimuth and strength), howe-
ver, with the increasingly extended bathing season, has 
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impaired the natural construction of dunes. Wind is no 
longer able to construct dunes through natural aeolian 
sand transport.

Another “urban” issue is the increasing frequentation 
of the beach by pets, with an estimated dog population 
of 6,000 dogs living less than 1 km from the beach. 

The average dog delivers 0.3 kg of solid excrements 
and 0.75 litres of urine daily, and so the constant input 
of nutrients profoundly alters an ecosystem typically 
described as oligotrophic. This nutrient input is proba-
bly one of the factors leading to rapid dune stabilisa-
tion by vegetation, and thus leading to the loss of the 
biodiversity linked to mobile dunes, and the promotion 
of ruderal and alien-invasive species.

The dune stabilisation processes and the degenera-
tion and disappearance of Ammophila arenaria, are 
a common fate of the greater part of dune restoration 
projects. The degeneration and disappearance of Am-
mophila arenaria (marram grass) when the inflow of 
sand deposition stops, and when vegetation cover in-
creases, exposing their root system to soil pathogens, 
is classic negative soil feedback, as described by van 
der Putten (1998, 2013).

Previous references on dune construction and 
management

Most dune construction notes the relevant aim (if not 
the most important) as the stabilisation of the dune sy-
stem (MMAMM, 2008; Ley et al., 2012; Hanley et al., 
2014; Marzo et al., 2015).

The obvious risk of dune erosion after artificial dune 
construction has led systematically to the use of diffe-
rent strategies to fix the sand (MMAMM, 2008). 

There is a striking lack of references to the disappea-
rance of Ammophila arenaria and the subsequent loss 
of biodiversity linked to mobile and semi-mobile du-
nes. There are no precedents of projects with the stated 
aim of creating and maintaining mobile or semi-mo-
bile dunes. There is an increasing scientific literature 
citing dune rejuvenation projects (Arens et al., 2006), 
mainly acting to create new blowouts, control affore-
station processes, and restore dune dynamics and sand 
movement.

Aims and goals of urban dune construction
The aim of the project is to search for dune construc-

tion and management strategies to sustain mobile and 
semi-mobile dunes and accomplish the following fur-
ther objectives:

− Promote and preserve the biodiversity linked to 
mobile dunes.

− Let the dune system act as a core component of the 
emerged sand management scheme in order to protect 
the coastal system ahead of the risks posed by climatic 
change (increased storm event intensity and flood risk 
linked to sea level rise).

J. Lascurain

Materials and methods

This paper presents the results of different blow-out 
excavation and dune construction projects undertaken 
along a 9 km stretch of metropolitan beaches, which 
was undertaken by the AMB and the MAGRAMA 
between June 2014 and December 2015.

A visual and photographic survey was also underta-
ken, of the different dune construction projects con-
ducted by the metropolitan administration of Barcelo-
na in 1992 (directed by myself) and in later projects 
(1998, 2009, 2015) spanning over 10 km of beach.

The Institut Cartogràfic i Geològic de Catalunya 
(ICGC) provided flights and orthoimages in different 
years and at different resolutions:

− 1:5,000: 1994, 2000, 2004, 2006, 2008, 2009.
− 1:2,500: 2009, 2010, 2011, 2012, 2013.
− 1:1,000: 2014, 2015, 2016.
The only species introduced was Ammophila arena-

ria, in containers of 200 cc. It was the only introduced 
species because the seed and propagule bank is quite 
rich in species such as Eryngium maritimum, Echino-
phora spinosa, Calystegia soldanella, and Pancratium 
maritimum. 

Results

Beach width
Beach width was a strong controlling factor in dune 

construction for two reasons. Firstly it controls the 
available sediment and the extent of overwash fre-
quency (thus affecting the long term persistence of the 
dunes); and secondly, it determines the comfort width 
strip, defined as the required width of beach to keep 
the maximum sun-bathers affluence with a good com-
fort perception (5 m2/person), or at minimum, an ac-
ceptable perception (4 m2/person).  

As the highest measured density of sunbathers is 50 
for each 10 m of beach stretch, the required backshore 
width would be 20 m. This is the reason one of the 
groups of dunes constructed in 2014 on a beach narro-
wed by a summer storm was occupied by sunbathers 
and consequently fattened by trampling.

Blowouts
The only blowouts that kept without vegetation were 

over 150 m2 in surface area and 12 m minimum diame-
ter. Smaller ones, and those where only 20 cm of top-
soil was excavated, presented vegetation colonisation, 
mainly from invasive and ruderal species (Ambrosia 
coronopifolia Torr. et A. Gray and Xanthium echina-
tum subsp. italicum, Salsola kali).

Source of sand and its relationship to the fate of dunes 
All the dunes constructed with sand from the blow-

out excavation were rapidly covered by vegetation, 
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Fig. 1 - Previous plantations of Ammophila arenaria have 
led to rapid dune fixation, loss of relief; and in a 6-10 year 
period, most decay and disappear. In this photograph de-
caying marram grass can be seen in the first term. 

mostly by Xantium italicum and Salsola kali. Grain 
size was also a relevant factor in relation to aeolian 
sand transport. As most sand transport occurs in sal-
tation, dunes are dependent on this mode of aeolian 
sand transport. Saltation occurs with grain diameters 
between 70 and 500 µm (Nickling & McKenna Neu-
man, 2009). Bigger diameters need a much faster thre-
shold speed. This is why an attempt to construct dunes 
at the Besòs mouth failed, as this beach was a typical 
coarse-sand reflective type. 

Grain size can be a control factor as a result of its abi-
lity to be transported by wind, but also as an indirect 
controller of beach width. Coarse sand-reflective bea-
ches (Wright & Short, 1984) have narrower beaches 
than dissipative ones, characterised by finer sand and 
lower slopes. The same is true for intermediate forms, 
which is the case in the eastern half of the Llobregat 
delta.

Grain diameters under 200 µm are easily eroded by 
low velocity winds and tend to retain more nutrients, 
thus accelerating dune fixation, so the ideal grain size 
is a range between 200 and 500 µm.

Ammophila arenaria persistence
An area planted in 2009, mostly with Ammophila 

arenaria as a monoculture, has evolved to a nearly 
monospecific grassland of Lotus creticus (which was 
planted to a lesser extent). The last remaining A. are-
naria are decaying, with their tussocks invaded by Lo-
tus creticus. In areas where species like Lotus creticus 
and Medicago marina have been introduced, there is 
a trend to displace Ammophila and form nearly mono 
specific stands. Most of the dune plantations in 2009 
resulted in fixed dunes with a dense cover of vegeta-
tion, and most of the A. arenaria and Elymus farctus, 
has disappeared or is in the last stage of decay (Fig. 1).

The only marram grass remaining in good condition 
were those placed on the outer limits of the plantations 
and receiving sand input from a cleared area by a play-
ground with a wind fetch length over 140 metres. Wind 
fetch lengths twice those that generated transversal du-
nes in the same area as seen on the 1947 flight, can to-
day still construct dunes, and suggest that aeolian sand 
transport is not completely impaired.

Constructed dune erosion and marram grass uprooting
There is compression of flow where the onshore win-

ds encounter the dune (Parsons et al., 2014). Where 
the slope is steep, acceleration at the dune crest may 
duplicate the velocity of the flow, but the effect is re-
duced as the angle of wind becomes more oblique and 
the apparent slope decreases. The interaction of the 
angle of onshore winds and the apparent slope are the 
most relevant biophysical factors controlling erosion 
risk in constructed dunes. The role of vegetation de-
pends on its development and coverage, and marram 

grass usually needs at least one growing season after 
plantation to start fixing sand. This is why most of the 
first plantations of Ammophila arenaria were uproo-
ted, even though they were planted 25 cm deeper than 
the forest pot upper limit (Fig. 2).

The extent of the dune erosion problem clearly sho-
wed that it can be easily mapped, and that the vulnera-
ble areas were a function of the apparent slope, deter-
mined by wind direction and topography (Fig. 3).

The azimuth was determined by assessing the ortho-
gonal wind over 23 transverse dunes over the historic 
photographic 1945-47 flights and by GPS determina-
tion of 30 downwind deposition lines on poles and 
plants (nebkas) in fieldwork. The average azimuth was 
of 238º (Fig. 4).

Fig. 2 - Three different stages of uprooting. 1: near the toe of 
the upwind slope wind flow is not accelerated. 2: On an up-
per level of the windward slope the plant has been partially 
uprooted. The exposure of the root system will lead rapidly 
to hydric stress and the death of the plant. 3: At the dune 
crest the erosion potential is highest and plants lay complete-
ly uprooted. In this area a layer of more than 50 cm of sand 
has been completely eroded.
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Winds approaching at oblique angles tend to be de-
flected to the foredune crest and high oblique winds 
tend to be deflected parallel or at much lower appa-
rent angles. The varying geometry of the deltaic beach 
makes different angles in relation with the same wind, 
thus producing differences in the erosion potential. 
Where the angle is over 30º the aerial photographs of 
1945 show transverse dunes, and where the beach was 
nearly parallel to the wind, there were only small lon-
gitudinal dunes.  In relation to erosion risk, the most 
affected areas were those located at the western half 
of the delta, where the angle of the onshore wind was 
greater than 20º.

A successful strategy
On October 2014 marram grass was planted over the 

unaltered beach profile in areas corresponding to po-
tential incipient dunes. Those plants showed a better 
response due to the lack of wind erosion and the ac-
cess to sand humidity. Seven months after planting, an 
experiment of artificial sand accretion was undertaken 
just when the plant had achieved threshold develop-
ment. This experiment consisted of the placement of 
sand mounts of 80 cm height windward and, to a lesser 
extent, also downwind. At the end of the storm winter 
session, the plant started to form a naturally shaped 

dune, 15 months after planting (Figs. 5, 8). 
Other sand mounds placed windward of constructed 

dunes which were not eroded and maintained marram 
grass (15 months old) close to the top also resulted in 
the mimicking of healthy natural aeolian sand tran-
sport, thus creating dynamic dunes of much better vi-
sual quality.

Sand fences and wind direction
The Demarcacion de Costas en Barcelona (MAGRA-

MA) conducted two different experiments in dune 
construction with sand fences. Those experiments 
resulted in generalised failure where the fences were 
not placed perpendicularly to the most prevalent wind 
on sand construction and erosion (238º azimuth), thus 
showing that both canework and wicker sand fences 
are only useful when placed orthogonally to wind di-
rection (Figs. 6, 7, 8).

Discussion

As the main goal of this project was to create mobi-
le and semi-mobile dunes with a significative volume 

Fig. 3 - The apparent slope controls the shear stress and velo-
city of wind. In this example, on an upwind slope of 2H:1V 
or 27º,  a flow at an oblique angle of 27º is only half the steep 
of the real slope.

Fig. 4 - The geometry of deltaic beaches makes a big dif-
ference with the same wind direction. The biggest erosion 
problems were located at the west half of the area.

Fig. 5 - Ten months between the two photographs. 
1: This marram grass was planted on October 12th 2014. At 
the time of the photo (8-5-2015) the plant was old enough 
to obtain a sufficient size to fix moving sand and withstand 
sand burial. The photo shows just the first sand mound win-
dward. Another mound of sand was deposited downwind just 
after the photo. 
2: the same plant photographed 10 months later (4 3-2016) 
but from the opposite direction. It looks like a natural dune.
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and height (around 2 metres at the upper crests), there 
is a need to maintain the marram grass population. To 
achieve this goal it is necessary to maintain a perma-
nent sand inflow (only possible by artificial means), 
but also to avoid the negative plant-soil feedback lin-
ked to soil pathogens.

The pre-existing spatial distribution of dunes shows 
a strong dependence on the onshore prevailing wind 
direction and the length of the path of those winds over 
dry sand, but as the “hybrid dune” concept consists of 
imitating a natural process, there is the possibility of 
constructing dunes in places where there were pre-
viously only incipient foredunes, but always following 
a minimum set of rules.

To construct dunes in order to keep and increase the 

emerged sand volume in a perdurable way, it is neces-
sary to disentangle the complex relationships between 
marram grass (Ammophila arenaria) aeolian sediment 
transport, and the negative feedback processes linked 
to dune stabilisation.

Sand fences create localised accretion on the upwind 
slope, and also downwind, in the place where wind ve-
locity decreases and creates wind shadow areas, thus 
increasing topographic variability. It is therefore more 
effective to place them in specifically designed loca-
tions, and not occupying extensive areas, in order to 
avoid visual impact and undesired dune fixation.

Dunes constructed by the sand excavated from blow-
outs should be covered by a outer layer of clean sand 
of at least 30 cm thick.

A new method of dune construction is described, con-
sisting of planting first and, after letting the marram 
grass reach a threshold development, creating mounds 
of sand that could function as aeolian sand providers. 
This method is extremely cheap: 0.45 € each plant, 
and 40 € for the cost of creating a 100 m length of 80 
cm high sand mounds with a common backhoe loader. 

The most evident research needs and questions are:
− Is it possible to prevent marram grass decay over a 

longer term?
− What is the upper limit of the dune construction? 

Can an ideal stage be achieved which should later be 
maintained to keep its topography?

− Until what level is needed to extract other psammo-
philic species to prevent marram grass decay?

− Can different dune types be designed in order to 
improve biodiversity?

− As this is an adaptive process, what will be the fu-
ture control factors be?

Fig. 6 - Reed sand fences create accretion zones upwind, and 
shadow areas of sand deposition downwind,  but this rule only 
works when the orientation of the sand fence is properly lo-
cated perpendicular to the prevailing wind. Taller sand fences 
are more visually intrusive and their effectiveness is restricted 
to the narrow upwind strip and the “shadow” area which width 
is no longer than 3 or 4 times the height of the fence.

Fig. 7 - Tall sand fences are not very effective when nearly pa-
rallel to wind direction. In this image wind direction (1) mar-
ks the upwind accretion strip (2) and the narrow downwind 
zone. From 3 to 4 times the fence height, a new erosion area 
appeared (3) with  uprooted plants (4) where wind had a hi-
gher velocity.

Fig. 8 - Two different methods of dune construction but with no 
end point. From 1 to 4 the “first marram grass plantation strategy” 
but followed by a yearly construction of sand mound windward 
of the plant. The second strategy “dune and marram grass planta-
tion at once” also needs an artificial sand inflow on a yearly basis.
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Abstract
The rehabilitation of quarries is an environmental issue where different parameters should be taken into consideration. In reality, few approaches are 
put in practice and many are yet to be discovered. When proposing new approaches and techniques, we often face psychological resistance from sta-
keholders mainly due to their prejudgemental perceptions. This paper showcases the development of an ecological rehabilitation scheme on the basis 
of a baseline assessment and an ecological screening. This leads to the suggestion of a concept called “Across the Wild Rocks” while land owner’s 
perception was rather directed towards the classical scenario of terracing and orchards plantation. This paper presents the analytical methodology 
and describes the rehabilitation concept converging between a hierarchical organization of priorities. We conclude by saying that relying on social 
sciences to increase cognitive flexibility might lead to a better acceptance of new techniques while reducing psychological resistance.

Key words: cognitive flexibility, ecological rehabilitation, Lebanon, psychological resistance, quarries.

Introduction

Out of the several pathways a site could follow du-
ring a self or assisted regeneration, Ecological Rehabi-
litation is “the process of assisting the recovery of an 
ecosystem that has been degraded, damaged or destro-
yed” (SER primer, 2004).

Ecological Rehabilitation emphasizes the reparation 
of ecosystem processes, productivity and services, 
with no particular focus on the re-establishment of the 
pre-existing biotic integrity in terms of species compo-
sition and community structure.

The term "reclamation", as commonly used in the 
context of mined lands in North America and the UK, 
has an even broader application than "rehabilitation". 
The main objectives of reclamation include the stabi-
lization of the terrain, assurance of public safety, aes-
thetic improvement, and usually a return of the land 
to what, within the regional context, is considered to 
be a useful purpose. Revegetation, which is normal-
ly a component of land reclamation, may entail the 
establishment of only one or few species. Reclamation 
projects that are more ecologically based can qualify as 
rehabilitation or even restoration (SER primer, 2004).

Are these orientations incompatible? Can ecological 
concerns be reconciled with socioeconomic priorities? 
Could a more “natural” site reallocation or a more 
“human oriented” restoration be envisaged? These 
questions are becoming increasingly strategic in hi-

ghly urbanized Mediterranean environments where 
co-evolution of man and nature render it difficult to 
give priority to either one at the exclusion of the other 
(Di Castri, 1982).

Quarrying is an ancient economic practice, dating as 
far back as the Stone Age, as stone was required for 
the creation of tools such as knives and hammers, as 
well as for construction purposes. However, extraction 
evolved from small scale activities to present-day in-
dustrial quarrying, which is essential for urban deve-
lopment, road construction, and raw construction ma-
terial (Legwaila et al., 2015). Exploitation therefore 
takes place on a significantly larger scale and, although 
quarrying is a necessary economic activity for social 
and urban development, it can have profound impacts 
on the environment (Martin et al., 2002; Khater & 
Martin, 2007; Darwish et al., 2010; CNRS-L/AFDC/
IUCN/Holcim, 2013).

Quarrying operations have multiple negative con-
sequences as they impact and alter ecosystems and 
disturb hydrogeological and hydrological regimes 
(Khawlie et al., 1999; Shaban et al., 2007; Darwish et 
al., 2010). Moreover, they can significantly change the 
substratum, impact landscape integrity, destroy natural 
habitats, interrupt natural succession, disrupt funda-
mental ecological relationships, and in certain cases, 
alter genetic resources (Bradshaw, 1997; El-Fadel et 
al., 2000; ESCWA, 2001; Khater, 2004; Stehouwer et 
al., 2006; Jomaa et al., 2008). 
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Also, as mechanical excavation leads to the creation 
of cliffs, platforms, and embankments, natural regene-
ration is often slow and uneven (Khater et al., 2003; 
Darwish et al., 2010). Other consequences include in-
creases in dust emission, traffic due to transportation to 
and from the quarry site, noise pollution and aesthetic 
disfiguration. All of these impacts are aggravated by 
the fact that, in most countries, quarries are generally 
abandoned and left without rehabilitation after their 
completion, leading to increased surface runoff, de-
creased natural recharge, and seawater intrusion into 
coastal karst aquifers (El Moujabber et al., 2006). 

Located on the eastern shores of the Mediterrane-
an Sea, Lebanon is a country with a surface area of 
10,452 Km2. Characterized by high landscape and ge-
omorphological complexities (Thompson, 2005), Le-
banon has witnessed a succession of 17 geological for-
mations, spanning from the Jurassic to the Quaternary 
age (Dubertret, 1955). Its rich biodiversity comprises 
2,486 identified animal species and 2,600 plant spe-
cies, of which 92 are endemics (CBD, 2004). 

However, due to its relatively small size, Lebanon has 
limited natural resources, including water and soil, and 
has been subject to pressures from human activities 
since ancient times (Darwish et al., 2010; Khater et al., 
2012). Decades of uncontrolled exploitation of mine-
ral resources have resulted in more than 710 quarries 
across the country (Handassah, 1996), a number that 
has been estimated at 1,300 by Darwish et al. (2010) 
and 1,800 by the Green Party in 2010 (http://greenpart-
ylebanon.org/). Most of these quarries have been aban-
doned and have left a mosaic of scars throughout the 
Lebanese landscape, impacting human safety, natural 
resources, and ecosystems’ functions (ECODIT, 2001; 
Khater et al., 2003; ELARD, 2007; Saad et al., 2007). 
Given the lack of integrated land use planning, quar-
ry expansion, which predominantly took place during 
the rapid urban expansion of the 1990s, did not oc-
cur according to land suitability (Khawlie et al., 1999; 
Khawlie, 2000; Faour et al., 2005). 

According to Darwish et al. (2010), this uncontrol-
led expansion has led to the destruction of 738 ha of 
grasslands, 676 ha of arable lands, and 137 ha of fore-
sted area. Furthermore, over 23 percent of quarry ex-
pansion took place on the already scarce agricultural 
lands, leading to 629 to 1,367 ha of pasture land and 
219 to 895 ha of arable land impacted by excavation. 
However, no landscape has been affected more than 
rocky lands, with up to 217,000 ha destroyed. 

The Lebanese quarry legislation, decree 8803/2002, 
dictates mandatory quarry rehabilitation. Yet, no gui-
delines accompany this decree, rendering this legisla-
tion ineffective (Nadim Mroueh –Head of the Natural 
Resource Department at the Ministry of the Environ-
ment, oral communication, 2015). Moreover, each 
quarry permit, upon issuance, is accompanied by the 
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Fig. 1 - Amez, Lebanon - example of common rehabilitation 
practices in Lebanon, where abandoned quarry sites are used 
for agriculture.

need to dedicate a financial reserve of 134,000 USD 
for rehabilitation purposes. 

However, in Lebanon there are numerous barriers to 
rehabilitation, including political corruption as well as 
ecological, economic, financial, and social obstacles. 
One of the key obstacles is the lack of proper law en-
forcement, complicated by the large number of various 
stakeholders involved (MoE, 2007; Saad et al., 2007). 
In light of these legal constraints, rehabilitation and/
or reclamation efforts in Lebanon, whether after or 
during the exploitation phase, systematically consist 
of terracing and planting (fruit trees and/or forest spe-
cies). 

These practices are generally implemented with a 
minimal budget aiming to free the financial reserve 
(134,000 USD), with a low financial investment and 
inexistent monitoring efforts. They are carried out with 
little or no consideration for the biodiversity and eco-
logical dynamics of the site (Fig. 1). 

Natural dynamics, even when slow, often result in the 
presence of a wide variety of plant and/or animal spe-
cies in a degraded site. 

Furthermore, if the restoration/rehabilitation plan 
does not account for this rich biodiversity, whether na-
turally or potentially present on site, richness might in 
turn be reduced. 

This paper deals with the case study of an abandoned 
quarry located in Qattine, Keserwan – Lebanon (Fig. 
2) and argues that it is possible to design a rehabilita-
tion plan based on the ecological attributes of a site 
and building on the existing and potential biodiversity 
while serving human aspiration for future use of the 
site and acknowledging the ecological, economic, fi-
nancial, and social challenges. As the site falls on pri-
vate property the political interference has a minimal 
impact in this case.



105Bridging ecology and human priorities

Study area

The Qattine quarry is located at 740 m a.s.l. (Latitude 
34°1'37.82”N; Longitude 35°42'31.95"E) in a meso-
Mediterranean zone characterized by vegetation domi-
nated by Quercus calliprinos, and its main understorey 
species on limestone substrates (Mouterde, 1966; Abi 
Saleh & Safi, 1988; Khouzami et al., 1996). The mean 
annual temperature is 18 C and mean annual rainfall 
is 1000-1100 mm (Khawlie et al., 1999). Abandoned 
since 1980, more than 35 years of slow, timid natural 
processes have mainly resulted in an increased erosion 
and have exacerbated degradation. The quarry extends 
over an approximate area of 2.5 ha and is composed of 
hard, well-bedded to massive dolomite and dolomite 
limestone of the Kimmerdjian Formation (C6) of the 
Upper Jurassic. This formation is characterized by in-
tensive fracture systems.

 
Materials and Methods

Although rehabilitation is often needed, techniques 
may vary depending on the local context, financial me-
ans, timeframe, as well as resources available. When 
proposing a rehabilitation concept and approach, seve-
ral factors must therefore be taken into consideration. 
This methodology followed a Triptych Approach (Fig. 
3) to ensure that the concept is ecologically sound, so-
cially acceptable and technically feasible.

In order to increase the chances of success and re-
duce negative externalities, the concept also took into 
consideration the following parameters: legally fit, 
builds on community vision, and serve well-being, as 
described in (Fig. 4).

The concept for rehabilitation was derived from the 
methodological scheme detailed in Fig. 5 hereafter.

The baseline assessment (Fig. 5) covers ecologi-
cal screening, biodiversity assessment, and geology, 
hydrology and topographic mapping of the site and its 
direct surroundings. It enables us to identify the sites’ 
potentialities in order to overcome its challenges. 

Site visits were conducted in July 2014, February 

Fig. 2 - Aerial view of the Qattine quarry.

2015, and April 2015 bringing together experts from 
various fields. Ecological screening involved an eco-
logist, a botanist, a herpetologist and an ornithologi-
st. Surveys dedicated to biodiversity were conducted 
during the Spring season, which is the best calendar 
period for biodiversity studies given that it is the main 
flowering season and  the time when most of the lo-
cal biodiversity is active, reproducing, and therefore 
visible.

Fig. 3 - Triptych Approach 
for integrated rehabilitation 
planning (Khater, 2015).

Fig. 4 - Hierarchical perception for optimal rehabilitation 
(Khater, 2015).

Fig. 5 - Methodological scheme resuming the baseline asses-
sment towards the development of the rehabilitation concept 
(Khater, 2015)
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The adopted approach focused on the conservation 
status of the natural habitats and highlighted the im-
portant ecological functionalities of each biological 
group.

The geological stability assessment was viewed 
from structural and stratigraphic perspectives. The fol-
lowing site characteristics were investigated:

Exposure Setting (Excavation aspect, Cutting angle, 
Aspects of mass movement); Lithological Characte-
ristics (Rock formation and type, Permeability, Poro-
sity); Structures (Fault system, Fissuring systems for 
fractures, joints and crushing zones); Rock inclination 
(Dip; Karsitfication); Stratigraphy (Bed thickness, 
Hardness; Strata homogeneity); and Stability Asses-
sment. 

Hydgrological modelling was performed on the basis 
of a 10 cm resolution digital elevation model (DEM) to 
favour the correct presentation of the drainage patterns. 
Accordingly, the estimation of the amount of overflow 
of water was performed by simulating a hypothetical 
design storm by a 2D hydrological watershed model 
HEC-HMS over the site subbasin. 

Topographic survey was performed using a UAV pla-
tform equipped with a high resolution calibrated came-
ra and a high accuracy GPS/IMU system. Differential 
GPS points were surveyed on the ground (approxima-
tely 4 points). Data was downloaded from the UAV 
data memory and further checked for image quality 
and errors. Consequently, data was imported into a 
customized photogrammetric workflow process along 
with additional auxiliary on board GPS/IMU data. 

The stakeholder consultation was restricted to the 
Committee of Private Land Owners with whom seve-
ral meetings were conducted to discuss the site attribu-
tes, challenges and rehabilitation objectives.

Results

Baseline assessment and ecological screening guided 
the identification of the site's attributes and challenges 
(Tab. 1).

From an excavation point of view, the geological 
evaluation confirmed the presence of two subunits on 
the site: 1. the old one (lower) with vertical cut expo-
sure, at foot slope; and 2. a more recent one (upper), 
excavated on the fault mirror with inclined exposure. 

The quarry is situated in a tectonic zone, as slicken-
sides (crushing walls/fault mirrors) are well pro-
nounced. 

The ecological screening revealed the hidden biodi-
versity of the site. 

It includes a number of plant species such as wild or-
chids Ophrys episcopalis and Anacamptis coriophora 
subsp. fragrans, insects and arthropods such as Archon 
apollinus (butterfly) and Scorpio maurus, as well as a 
high diversity of reptiles including Testudo terrestris, 

Rhynchocalamus melanocephalus, Platyceps collaris, 
Dolichophis jugularis, Phoenicolacerta laevis, Lau-
dakia stellio, Ophisops elegans, a Pseudopus apodus, 
and several saxicolous birds such as Monticola solita-
rius, Apus apus, and swallow passerines birds in addi-
tion to one species of bat Myotis capaccini were also 
spotted on site.

Hydrology and topographic surveys provided the 
base maps that were used to develop the site concept. 
They guided the location of the plantation pattern to 
grant higher probability of self-sustainability in view 
of the natural drainage. 

Meetings with stakeholders allowed to identify that 
initial stakeholder’s perception for the site meets the 
traditional common rehabilitation practices consisting 
of removing the fallen rocks and using them to build 
terraces, adding agricultural soil and planting some ap-
ple trees as shown in the reconstructed scenario (Fig. 6).

The “Across the Wild Rocks” rehabilitation concept 
(Fig. 7) presented in this paper was inspired from the 
story of the site and the observation of existing and 
potential biodiversity.

As reported by locals “It was on a Sunday night, 
40 years ago when the inhabitants woke up to a huge 
sound. Every one thought it was a bomb and only in 
the mountain did they notice the big landslide thinking 
it was probably coming from an over dose of dynami-
te. Since then, the owner stopped the exploitation of 
the quarry. The actual owner of the site had wished to 
erase the scars and build apple orchards instead”.

In front of such a huge scar, and discovering the mini 
biodiversity spots it shelters, the “Across the Wild 

Tab. 1 - Challenges, Attributes, and Rehabilitation Objectives.

Challenges Attributes

Instability of the land Proximity to the major town Ghazir

Presence of rock falls
Willingness of the land owners to
collaborate

Water runoff 
The relatively long period of natural
dynamics (more than 35 years) which
favoured local diversity and richness

Fault mirror and subsequent footwall
have considerably limited the
establishment of natural vegetation 

Site’s easy accessibility

The limits of ecosystem's resilience
have been exceeded due to the
absence of soil and vegetation cover

The ecological continuities with
neighbouring ecosystems

The cost for rehabilitation should be
shared among landowners

Quarry is located on private land and
thus less political interference

Rehabilitation objectives

To take the best advantage of such attributes to implement adequate
rehabilitation plans

To increase biodiversity

To attract people to the site and create an outdoor venue for recreational
activities

To shed light on the impacts of destructive human activities



107Bridging ecology and human priorities

Rocks” concept emphasizes the scar and guides peo-
ple to give the opportunity for those mini gardens to 
grow into larger gardens where nature could not find 
its way before. 

The concept acknowledges and preserves existing 
ecological attributes and suggests a new approach in 
an overall perspective to reallocate the site while re-
storing it as closely to its pre-existing natural state as 
possible. This is based on the idea that if the site be-
comes a future destination for “nature escapade” and 
education purposes, a combination of engineering in-
tervention methods can be applied while prioritizing 
the human dimension. 

The concept is designed in such a way as to blend in 
the surrounding geomorphology and scenic landscape, 
while diversifying landforms to host a greater number 
of animals and plants (Fig. 8). 

Promoting visitors’ access to the site will serve two 
major purposes: providing a recreational spot for lo-
cals and visitors and transmitting educational mes-
sages on the importance of ecological processes and 
spontaneous biodiversity, as well as the impacts of 
quarrying. Furthermore, it challenges the unfounded 
idea that quarries represent a harsh environment, a 
scar that should be erased. “Across the Wild Rocks” 
emphasises the scar as it leads visitors via a stone stai-

rway across biodiversity spots where interventions 
consist of highlighting the existing natural gardens 
and promoting their development by adding seeds or 
planting native species. A variety of adapted native 
species is suggested, including Viburnum tinus, Cycla-
men persicum, Spartium junceum, Teucrium pollium, 
Salvia triloba, Callycotome villosa, Myrtus communis, 
Sarcopoterium spinosum, Cercis siliquastrum, Quer-
cus calliprinos, Capparis spinosa, Pinus brutia, Cera-
tonia siliqua, Nerium oleander (Appendix I).

Site erosion will be prevented by encouraging the 
establishment of stabilizing species with adequate root 
systems. While these species might not be intended for 
advanced stages of succession, they will support plants 
as part of the resilience dynamic of the future ecosy-
stem. Finally, certain ligneous species would be plan-
ted in scattered patterns to initiate bush like formations 
and to accelerate natural dynamics by attracting fauna 
on the medium-term. However, it must be noted that 
the long-term stabilization of the site will significantly 
depend on the stabilization of the substrate, emphasi-
zing the importance of a multidisciplinary approach. 
Furthermore, monitoring will be a key step towards the 
success of the process, serving as a strict and constant 
control measure of potentially invasive species which 
might hinder or compromise natural regeneration pro-
cesses. Pioneer plants will be included in the planning 
in order to limit soil erosion and ensure the transition 
to future stages. 

Keeping in mind the availability of species and the 
accessibility of the areas to be planted, a palette of 
adapted native species will be selected, with preferen-
ce given to low maintenance species to ensure lasting 
sustainability. The fault mirror will be scratched and 
spread with seeds to initiate natural dynamics. Rock 
walls shall bare some 60x60 cm holes filled with soil 
and planted with local species and smaller holes to fa-
cilitate bird nesting and bat frequentation on site. Fi-
nally, to facilitate access, a network of stairs will be 
traced and built with the rocks removed by the stabili-
zation process.

The implementation process will start with the sta-
bilization of the rocks to ensure the safety of the site, 
which will allow proceeding to the second main step, 
namely the delineation of the micro-gardens with re-
spect to biodiversity richness and ecological connec-
tivity. 

These will serve as the cornerstones of the rehabili-
tation process, followed by infrastructure works meant 
to define the future locations of the various micro-
gardens. 

Water runoff will be reoriented to reduce erosion and 
erosion processes will be used during the preparation 
phase to fill the future micro-gardens pockets, in order 
to benefit from the local soil which will enclose local 
seeds. 

Fig. 7 - ‘Across the Wild Rocks’ rehabilitation concept - deve-
loped for the Qattine quarry as a meeting point between ecolo-
gical priorities and future human use.

Fig. 6 - Reconstructed scenario of classical rehabilitation in ter-
races and orchards plantation as expressed by the site’s owners.
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Fig. 8 - Close ups views on the enclosed natural gardens con-
ceived to enhance existing biodiversity and promote natural 
dynamics.

The pockets will be drilled in different sizes and dif-
ferent locations across the quarry face, which will al-
low the site to host wildlife again. 

The pockets on the mirror fault will be a few cen-
timetres wider and their cavity would be filled with 
soil containing seeds collected from the site’s surroun-
dings. 

Discussion and Conclusion

The ecological rehabilitation objectives listed in Tab. 
1 were derived from the initial site assessment and from 
the main ecological restoration principles (Tab. 2).

The “Across the Wild Rocks” concept was developed 
to build on site attributes and to overcome its challen-
ges (listed in Tab. 1). The baseline assessment and the 
ecological screening guided the creation of the concept 
in view of the hierarchical perception presented in Fig. 
4. In particular, it has enabled us to: 

- Address main ecological concerns especially when 
aiming to maintain and restore ecological functionali-
ties on site and reinforcing major ecological connecti-
vity, respect local vegetation dynamics and maintain/
improve the shelter capacity of the site. 

- Respect local social frame as it considers the local 
values and traditions in terms of family gathering and 
recreational venue.

- Answer the legal constraints especially in terms of 
landownership. 

- Implement a technically feasible scheme with a re-
alistic projection building on existing physical attribu-
tes with minimal external additional input and earth 
movement. 

- Suggest a phased implementation in view of finan-
cial availability of funds for the execution.

However, when it comes to building on community 
vision, and in this case stakeholder’s/owner’s percep-
tion, both the suggestion (“Across the Wild Rocks” 

concept) and the expectation (owner’s vision) did not 
meet. 

Obstacles to effective ecological rehabilitation, ena-
bling proper consideration of ecological priorities, can 
vary from conceptual, technical, political, to financial. 

Technical obstacles can include a lack of human re-
sources or skills, lack of the biological material nee-
ded, the fact that nature and societies have different 
timeframes, and absence of law enforcement. These 
might also include concerns about whether the tech-
nical capacities to rehabilitate exist and what approach 
would be most effective. It must be noted that access 
to funds are always one of the major drivers in a reha-
bilitation concept. In turn, technical barriers often in-
crease conceptual ones due to several limiting factors. 
Political interference in this case is minimal as the land 
falls on private property. In most cases finances can be 
major limitations to proper rehabilitation, as the finan-
cial resources and funding sources required might not 
always be available. 

Conceptual challenges are various as the visions and 
needs of the various stakeholders may contradict each 
other. In this case they were mainly related to pre-jud-
gemental ideas where what is first mobilized are the 
pre-existing concepts and traditional ideas.

In the global context of interplay between human and 
ecological disciplines and more specifically,  the disci-
plines that investigate and aim to understand human 
cognitive mechanisms (both psychology and philo-
sophy), as well as those focused on social interactive 
skills (involvement, animation, consultation, collabo-
rative work, etc.), interdisciplinary approaches play a 
key role. Relying on social sciences might help over-
come such obstacles in human behaviour. 

 This problematic challenge requires the mobilization 
of cognitive flexibility (i.e. the ability to deconstruct 
existing configurations to lead to the emergence of 
new configurations) in order to facilitate the adoption 
of ideas that are different than the ones pre-existing 
and deeply rooted in human minds (innovative measu-
res and creative approaches).

It is therefore of great importance to find the typical 
areas of resistance of a group and try to work on them 
through cognitive flexibility exercises in order to lo-
wer the resistance and head towards acceptance.

Working on lowering the resistance and increasing 
the acceptance of a group in future research for reha-
bilitation purposes, building on an active human-based 
pedagogic approach and on project-based learning, 
will give the ecologists a greater chance of success 
when proposing untraditional ideas of rehabilitation. 
This must be coupled with an initial analysis of the 
cognitive sources of the local population and on coo-
peration with the promoters concerned by quarry re-
habilitation, in order to identify the convergence and 
braking points of beliefs of the local communities.
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Appendix I: Species List with Reference

Anacamptis coriophora subsp. fragrans (Pollini, 1811)
Archon apollinus (Herbst, 1789) 
Callycotome villosa (Link, 1822)
Capparis spinosa (Linnaeus, 1753)
Ceratonia siliqua (Linnaeus, 1753)
Cercis siliquastrum (Linnaeus, 1753)
Cyclamen persicum (Miller, 1768)
Dolichophis jugularis (Linnaeus, 1758)
Myotis capaccinii (Bonaparte, 1837).
Myrtus communis (Linnaeus, 1753)
Nerium oleander (Linnaeus, 1753)
Ophisops elegans (Ménétries, 1832)
Ophrys episcopalis (Poiret, 1816) 
Phoenicolacerta laevis (Gray, 1838)
Pinus brutia (Tenore, 1811)
Platyceps collaris (Müller, 1878)
Pseudopus apodus (Pallas, 1775) 
Quercus calliprinos (Webb, 1838)
Rhynchocalamus melanocephalus (Jan, 1862)
Salvia triloba (Miller, 1768)
Sarcopoterium spinosum (Spach, 1846)
Scorpio maurus (Linnaeus, 1758) 
Spartium junceum (Linnaeus, 1753)
Testudo terrestris (Forskål, 1775)
Teucrium pollium (Linnaeus, 1753)
Viburnum tinus (Linnaeus, 1753)
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Abstract
The Mediterranean Mosaics Project has the objective to increase the resilience of forest ecosystems in the Shouf Biosphere Reserve (SBR) to climate 
change. The Project has designed adaptive forest restoration and management plans that were applied in a number of pilot sites over the 3 years 
of Project implementation: (i) sustainable forest thinning and pruning operations were applied in 18.5 ha of Quercus calliprinos and Pinus brutia 
forestland; (ii) ecological restoration techniques were tested and demonstrated in 59.11 ha. Seeds and seedlings of about 38 plant species were used, 
with the objective to restore the forest habitats and ecological processes by which the species populations can self-organize into functional and resi-
lient communities well-adapted to changing climate conditions, while at the same time delivering vital ecosystem services. Ad-hoc plant production 
protocols were developed to ensure the production of high-quality and well-hardened seedlings. The project has demonstrated the possibility to im-
plement forest restoration without additional water supply to the planted seedlings. The survival rate in the majority of sites after 3 years was between 
75% and 100%, with the exception of the direct seed sowing of oak acorns (up to 20%) that were very much affected by rodent predation. Only in 
instable soil debris direct seed sowing of Quercus acorns has achieved a very high survival rate up to 100%. The key factors of success in the Project 
forest restoration work were: (i) the availability of high quality plant material from the selected species; (ii) a good preparation of the soil and careful 
planting of seedlings to facilitate the growth of the root system, and increase soil water retention and storage; (iii) the selection of the right planting 
period, making sure that soil is sufficiently wet. The Project has also demonstrated the environmental and socio-economic benefits of the combined 
use of forest thinning and pruning products and agriculture waste (olive pomace and waste wood from fruit tree pruning). Lessons learned from the 
pilot demonstration actions have opened up new opportunities to influence forestation plans in the Country, and regulate the harvesting of forest 
biomass and its combined use with agricultural waste to control the risk of forest fires, generate economic benefit and contribute to local livelihoods.

Key words: cimate change, ecological restoration, forest, plant production, Shouf Biosphere Reserve.

Introduction

Forest ecosystems in Lebanon are under various 
pressures, including landscape and habitat fragmenta-
tion, changes in land use, land tenure conflicts, urban 
sprawl, forest fires, pest outbreaks, encroachment of 
cultivated lands and unsustainable practices such as 
logging, over and under-grazing, and the massive col-
lection of medicinal and aromatic plants (MoE/UNDP, 
2011). These threats have increased the vulnerability 
of the already fragmented forest stands and are seriou-
sly challenging their resilience to climate change im-
pacts, namely the higher frequency and intensity of ex-
treme weather events such as heat weaves and drought, 
exacerbating forest fires, pest outbreaks and dieback 
events (Mitri G., 2007).

Reforestation efforts in dryland ecosystems are fre-
quently hampered by drought and limited soil produc-
tivity. Both factors tend to interact synergistically to 
worsen water stress for outplanted seedlings (Vallejo 
V.R. et al., 2012). Climate change projections indicate 
an increase of drought and more severe fire regime in 
most of Lebanon (MoE/UNDP, 2011). In this context, 
the main challenge for forest restoration is keeping a 

water balance or soil water carrying capacity that ena-
bles seedlings to use the amount of water they need, al-
lowing soil water recharge by infiltrated precipitation.

In Lebanon, forests cover 139,376 ha while Other 
Wooded Lands (OWLs) cover 108,378 ha, represen-
ting 13.3% and 10.37% of the country area respective-
ly (FAO, 2010). Forests are broadly divided into three 
main classes: Mixed Forests (15,610 ha), Broadleaves 
(78, 887 ha) and Coniferous (44,879 ha). In Decem-
ber 2012, Lebanon launched the 40 Million Trees Pro-
gram, a national initiative steered by the Ministry of 
Agriculture to plant 40 million forest trees in public 
lands within the next 20 years .

The “Mediterranean Mosaics” (MM) project aims to 
contribute to the 40 million trees programme,  incre-
asing the resilience to climate change of forest eco-
systems in the Shouf Biosphere Reserve (SBR) and 
implementing adaptive forest management and forest 
landscape restoration interventions that help: (i) over-
come the growing trend of water scarcity (namely the 
reduction of annual precipitation and the longer dura-
tion of summer drought); (ii) and reduce the vulnerabi-
lity of the rural landscape agro-ecosystems to extreme 
weather events such as forest fires and heat waves.

Corresponding author: Nizar Hani. Al-Shoulf Cedar Society, Park House – Maasser el Shouf – Shouf Region – Leba-
non; e-mail: nizar@shoufcedar.org
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Materials and Methods

The MM team has undertaken the following forest 
landscape restoration interventions:

1) Awareness raising events in the target municipa-
lities informing about the project objectives and the 
proposed forest management and restoration interven-
tions.

2) Training workshops on sustainable forest manage-
ment and forest landscape restoration, targeting mem-
bers of the forest committees, forest administration 
and land users. Provision of learning by doing, on-the-
field training to managers and workers involved in tree 
nursery plant production and field restoration work.

3) Participatory planning actions to identify priority 
areas for forest restoration in the SBR, and to develop 
forest restoration plans at the municipal level, inclu-
ding the selection of multi-purpose native species with 
ecological, social and economic values, and the identi-
fication of suitable field restoration techniques.  Forest 
management committees, established at the municipal 
level, have facilitated the participatory planning work. 
The forest restoration plans were developed making 
use of the FAO Global guidelines for the restoration 
of degraded forests and landscapes in drylands (Ber-
rahmouni et al., 2015), and its comprehensive Forest 
restoration monitoring tool, which aims to plan, analy-
se and monitor the performance and impact of forest 
restoration projects.

4) Technical support and supervision to two project 
partners managing private tree nurseries in the muni-
cipality of Ramlieh near the SBR, for the development 
of plant production protocols for high quality plant 
material.

5) Technical support and supervision to the workers 
hired in the field for the effective implementation of 
the field restoration techniques.

6) Monitoring of the performance and impact of all 
interventions.

Study area
The Shouf Biosphere Reserve (SBR) lies between 

longitude 35º 28’- 35º 47’ East and latitude 33º 32’- 
35º 48’ North at an altitude of 1200 to1980 meters. 
It is located along a steep mountain range of the Ba-
rouk and Niha Mountains,  a  southern extension of the 
Mount Lebanon running parallel to the Mediterrane-
an coast. Limestone lithology predominates, although 
sandstone formations often occur at the lower altitudes 
in the western slopes, where Pinus pinea L. forests 
predominate. Based on the Maasser el Shouf weather 
station, the average annual precipitation is about 1,000 
mm, the average annual temperature is 13.6 ºC, with 
a physiological drought period from May (19.4 mm) 
to September (17.8 mm), no precipitations in July and 
August, and only 2.9 mm in June. 
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The main forests ecosystems are oak forests (Quer-
cus calliprinos Webb and Quercus infectoria Oliv. in 
the lower areas, and Quercus brantii ssp. look Mouter-
de in the upper parts), pine forests at low and mid alti-
tudes (Pinus brutia Ten. in limestone areas and Pinus 
pinea L. in the sandstone formations), and about 620 
ha of cedar forests (Cedrus libani A. Rich.) at higher 
altitudes. These represent the largest stands of Leba-
nese cedar in the country (Colomer et al., 2014). Mo-
reover, the reserve harbours a rich flora that includes 
medicinal, edible, and aromatic plants. 

The SBR includes three zones (Colomer et al., 2014):  
(i) Core zone of approx. 161 km2, with the main objec-
tive to protect and restore the natural and cultural va-
lues; (ii) Buffer zone of approx. 54 km2 that surroun-
ds the core, where development activities compatible 
with nature conservation can take place; (iii) Transi-
tion zone of approx. 233 km2 with the surround villa-
ges, where sustainable resource management practices 
are promoted.

The project has identified and mapped with GIS (Fig. 
1) five priority areas for forest restoration in a landsca-
pe unit spanning from the western mountain slopes, to 
the mountain summit, and the eastern slopes down to 
the Ammiq wetland in the Beqaa valley.

Area 1: the objective is to connect the isolated cedar 
stands of Ain Zhalta and Barouk, through  the esta-
blishment of an oak forest stand (Quercus brantii ssp. 
look Mouterde and Quercus cerris L.) in the denuded 
mountain slopes, and building on  previous  restora-
tion projects (Castro et al., 2004; Aerts et al., 2007; 
Sharan et al., 2009), to take advantage of the role as 
nurse-plants that the oaks may play in the future, fa-
cilitating the natural regeneration of cedars – thanks 
to  the reduction of solar radiation, the improvement 
of soil fertility and water retention, and the protection 
from herbivore damage. The area includes one site of 6 
ha, between Ain Zhalta, Bmohray, and Barouk Cedar, 
in the western side of the Shouf mountain range, at an 
altitudinal range of 1770-1850 m. The site consists of 
a steep limestone slope with abundant rocky outcrops 
and stones in the soil surface, with scattered vegetation 
cover of  grass, small shrubs, (e.g. Ajuga chia Schreb., 
Alyssum repens Baumg., Astragalus coluteoides Will, 
A. emarginatus Labill.), cushion shrubs (e.g. Onobry-
chis cornuta (L.) Desv., Prunus prostrata Lab., Daph-
ne oleoides Schreb., Cotoneaster nummularia Fisch. 
& Mey), and small trees (e.g. Prunus ursina Ky, Sor-
bus torminalis (L.) Crantz.) shaped by the effect of 
strong winds.

Area 2: the objective is to enhance tree and shrub 
species diversity in high mountain forest habitats, and 
facilitate upwards migration responding to the shifting 
of bio-climate conditions due to climate change. The 
area includes one restoration site of 20.5 ha, in Maaser 
El Shouf, at an altitude of 1750-1925 m. The site con-
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Fig. 1 - The landscape unit and 5 areas where forest restoration actions were implemented in the Shouf Biosphere Reserve.

sists of moderately to very steep limestone slopes with 
abundant surface stones. Part of the area was terraced 
in the framework of a previous, unsuccessful refore-
station attempt. The site has sparse vegetation, with 
grass, cushion shrubs (e.g. Prunus prostrata, Daphne 
oleoides, Astragalus gummifer Labill.), and scattered 
small trees (e.g. Prunus ursina, Sorbus torminalis, S. 
flavellifolia (Spach) Schneider).

Area 3: the objective is to establish species-diverse 
“woodland islets” in extensive overgrazed areas, to 
provide an integral set of ecological services, fol-
lowing the proposed approach by other projects (Rey 
Benayas et al. 2008; Razola & Rey Benayas, 2009): (i) 
act as a centre of propagation, which greatly accelera-
tes woodland development in the surrounding denuded 
areas; (ii) improve soil fertility and microclimate con-
ditions favourable to the germination and growth of 
plants; (iii) attract seed dispersal fauna with a key role 
in natural forest regeneration; (iv) improve conditions 
for livestock and  wildlife during the summer drou-
ght, thanks to the longer duration of the green grass 
under the trees. The area includes 15 fenced sites of 
0.5 ha each, in the municipalities of Fraidees, Barouk 
(1250-1500 m), Mrusti (1635-1680 m), and Baadarane 
(1135-1150 m). The sites are mostly  degraded pastu-
reland. 

Area 4: The objective is to restore the natural vegeta-
tion cover in the instable talus slopes of an abandoned 
quarry, as a way to demonstrate good mining restora-
tion practices that might eventually be transferred to 
neighbouring abandoned quarries. The area is found 
in the Mrusti municipality, at an altitude of 1325-1400 
m. The site consists of an abandoned limestone quar-
ry, with cliffs of vertical friable rock, and talus slopes 
covered with stone and finer sediments from former 
quarrying activity.

Area 5: The objective is to create a green barrier 
between the road and the wetland, and increase the 
diversity of riparian forest species, to improve the eco-

logical functionality of the wetland, increase the ex-
tension of the forest habitat, and increase the habitat 
requirements for birds (e.g. nesting, shelter and obser-
vation sites) and other fauna. The area includes one 
site in the buffer zone of Ammiq, a wetland close to 
the main road crossing the Bekaa valley, at an altitude 
of 900 m.

Methodology
Different forest restoration actions were implemen-

ted over the 3 years, covering a total of 59 ha in 19 
pilot sites within 5 priority areas. The key factors of 
success in forest restoration work are: 

(i) The availability of high quality plant material of 
the selected species; 

(ii) A good preparation of the soil and careful plan-
ting of seedlings so as to avoid transplant shock, that 
is, the intense stress experienced when transferred 
from favourable nursery conditions to the adverse field 
environment. This requires measures such as effective 
soil preparation techniques to facilitate the growth of 
the root system, and increase soil water retention and 
storage. 

(iii) Selection of the right planting period. It is criti-
cal to take into consideration the environmental con-
ditions of the site, especially water availability during 
and after planting operations. This requires a care-
ful planning of the period of the year for planting or 
sowing operations, to ensure that the soil is sufficiently 
wet (e.g. right after the start of the rainy season when 
the first rains have moistened sufficiently the soil).

The lack of high quality plant material when the 
project was designed was a major gap. MM made ma-
jor investments in the development of plant production 
protocols for high quality seeds and seedlings with the 
morphological quality features and the genetic charac-
teristics to optimise adaptation to environmental stress 
(e.g. tolerance to drought, soil nutrients deficit). The 
project team and partners selected the seeds and see-
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dlings of 38 plant species (Tab. 1) and used them in the 
different restoration sites.

When choosing reproductive material, the project 
took into consideration different factors: (i)  region of 
provenance of the material; (ii) complete fruit ripening 
in the field; (iii) good management of the material from 
the collection site to the stocking place prior to its use 
at nursery; (iv) cleaning-extraction-processing without 
damaging the seeds, so as to extract the maximum 
number of seeds, select viable ones, and check seed 
quality; (v) development of short- and long-term con-
servation measures; (vi) development of pre-treatment 
measures to secure germination whenever is needed.

In line with other initiatives developing plant produc-
tion protocols for Mediterranean plant species (Chi-
rino et al., 2009; Vallejo et al., 2012), the proposed 
techniques seek to ensure a balanced growth of the 
seedlings from the earlier production steps to the fi-
nal hardening phases before planting. It is necessary 
to produce seedlings with an appropriate biomass di-
stribution or optimum root/shoot ratio: (i) long-enough 
root system capable of quickly reaching the deeper soil 
horizons where soil moisture is still available during 
the summer; (ii) short aerial part that will have hi-
gher chances to stand the winter dormancy, allowing 
the plant to invest energy in a good root system, and 
avoiding excessive water transpiration during the first 
summer season.

The basic rules followed by the MM project are:
(i) The use of 250-400 cc  containers (depending on 

the species) and 14-18 cm depth with internal ribs to 
avoid root spiralling, especially in the case of Quercus 
spp).

(ii) The use of standardized substrates that allow the 
optimum oxygenation of the root system, ensure ferti-
lity, show increased water holding capacity and water 
availability, reduce the post-transplant shock, and help 
the seedlings to bear water stress during the first mon-
ths after out-planting.

(iii) The application of slow-release fertilizers or 
ferti-irrigation adapted to each species, with a well-
controlled dosage to avoid excessive growth of the 
aerial part,  and a reduced amount of fertilizer towards 
the end of the production process, to ensure adequate 
hardening before the autumn planting operations.  

(iv) The use of greenhouse conditions mainly for the 
sowing of small seeds and seeds with difficult ger-
mination. After keeping them under the greenhouse 
until germination, the seedlings were taken out of the 
greenhouse as a way to ensure a good growth balan-
ce and their hardening. The transfer outside the gre-
enhouse was done before spring temperatures become 
too warm (around May). In the case of Quercus acorns 
and Cedrus/Pinus, seed sowing was done outside the 
greenhouse. 

(v) A high degree of moisture (about 85%) in the sub-

strate was kept during germination, both outside and 
inside the greenhouse. Once the seedlings were moved 
outside the greenhouse, watering was reduced to 70-
75% humidity of the substrate. At the end of the pro-
duction process, and especially 1-1.5 months before 
planting, watering was decreased to 50-60% in order 
to guarantee a good hardening. Right before planting, 
seedlings were heavily irrigated in the nursery and 
carefully transported to the restoration sites to avoid 
possible damages.

(vi) The pruning of trees species was avoided, whi-
le  small shrubs and bushes were occasionally pruned 
during the production process at the nursery, whenever 
they grew higher than expected. 

Native plant species Nº of Seedlings

Acer tauricorum Boiss. & Bal. 325

Arbutus andrachne L. 50

Berberis libanotica Ehrenb. 500

Cedrus libani A.Rich. 10,595

Celtis australis L. 325

Cotoneaster nummularia Fisch. & Mey. 550

Crataegus azarolus L. 1,540

Crategus monogyna Jacqu. 1,235

Cupressus sempervirens L. 50

Fraxinus syriaca Boiss. 200

Gundelia tournefortii L. 20

Juglans regia L. 50

Juniperus drupacea Labill. 50

Lavandula officinalis Chaix 75

Laurus nobilis L. 50

Malus trilobata (Lab.) Schneider 825

Myrtus communis L. 25

Oryganum syriacum L. 1,275

Pinus brutia Ten. 300

Pinus pinea L. 775

Populus bolleana Lauche 450

Prunus dulcis (Mill.) D.A. Webb 75

Prunus prostrata Lab. 225

Prunus ursina Ky 625

Pyrus syriaca Boiss. 500

Quercus brantii subsp. look Mouterde 1,200

Quercus calliprinos Webb 505

Quercus cerris L. 200

Quercus infectoria Oliv. 100

Rhus coriaria L. 500

Salix alba subsp. micans (And.) Rech.f. 80

Salvia fruticosa Miller 225

Sorbus flabellifolia (Spach) Schneider 1,235

Sorbus torminalis (L.) Crantz. 2,135

Spartium junceum L. 300

Styrax officinalis L. 30

Thymbra spicata L. 75

Ulmus minor Mill. 475

Total 27,750

Tab. 1 - List of plant species and number of seedlings used in 
the restoration work.
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Plant production protocols for each of the 38 plant 
species were developed (Colomer et al., 2014) and ap-
plied for the production of the 27,750 seedlings used in 
the forest restoration work.

The field restoration techniques comprised the fol-
lowing measures:

(i) The opening of the planting holes was carried out 
with an auger machine in all the sites where the soil 
was sufficiently soft. Whenever the augers could not 
be used due to the rocky substrate, picks and hoes were 
used. The size of holes for trees/shrubs was at least 
40x40x40 cm in order to maximise water uptake by the 
roots. One-year old (exceptionally, 2 years old) see-
dlings were planted in holes. Oak acorns were sown in 
the holes, sometimes with the use of protection tubes 
to avoid predation.

(ii) The planting density was adjusted to water con-
straints, ranging between 500-800 seedlings of trees/
ha and 1500-1750 seedlings of shrubs/ha.

(iii) The construction of micro-catchments associated 
to the planting holes favoured runoff capture, increa-
sing soil water storage capacity. Placing stones in the 
hole around the seedling helped control weed growth 
competition and had a soil mulching effect, avoiding 
water evaporation and soil crusting in the dry season, 
promoting infiltration, reducing the impact of rain-
drops, and buffering eventual freezing temperatures 
during winter. 

(iv) The natural vegetation of the planting sites was 
kept, except in the small area where holes were actual-
ly made and where the micro-catchment was prepared. 
In the fenced plots set in degraded pastures, the grass 
was mowed in spring to reduce competition with the 
seedlings.

(v) Assisted watering was not taken into considera-
tion by the project assuming that seeds and seedlings 
from native species well adapted to their environment 
should be able to grow without irrigation, just as they 
do in the case of  natural regeneration. Also, watering 
significantly increases the restoration cost and is social-
ly questionable - water is a very scarce good that is very 
much needed for human development in dry regions.

(vi) Oak acorns were sown in holes (Project Restora-
tion Action 1), making use of protection tubes on Year 
3 to avoid predation mainly by rodents. Cedar seeds 
were broadcasted on the snow, or planted in holes after 
being pre-treated to promote quick germination and 
minimize predation losses.

Daily workers were trained and hired among Syrian 
refugees, thus providing much needed income and 
contributing to their social and economic integration 
in the social fabric of the region. Hole opening perfor-
mance was as follows: (i) 7-8 holes/worker/hour when 
using hoes and picks in rocky places where auger ma-
chine could not be used; (ii) 14-16 holes/worker/hour 
when using augers.

Results

On Year 1 (2012), the project invested most efforts 
in the production of high quality seeds and seedlings 
of 38 selected plant species. The authors consider this 
choice one of the key elements of success in the resto-
ration exercise. The project also focused on building 
the capacity of the staff in the local tree nurseries, and 
ensured accurate monitoring and supervision throu-
ghout all the plant production stages. This approach 
led to the development of high quality plant produc-
tion protocols that were published as part of a forest 
restoration handbook (Colomer et al., 2014)), and to 
the successful growth of the 27,750 seedlings used in 
the restoration work on years 2 and 3.

Three years since the project take-off, the average 
survival rate (after 3 years for Y-1, after 2 years for 
Y-2, and after 1 year for Y-3) in most sites was between 
75% and 95%, with the exception of the direct sowing 
of oak acorns of Area 1 (up to 20%), where seeds were 
highly affected by rodent predation (Tab. 2). Generally 
speaking, these survival rates are remarkably high - 
especially considering that watering was avoided - and 
very promising to upscale restoration activities in the 
Shouf Biosphere Reserve and elsewhere in Lebanon.

Taking into account work performance and the uni-
tary cost of the produced seedlings (USD 1), the resto-
ration cost was about USD 2.5-3 per planted seedling 
(seedling production cost + the cost of seedling tran-
sferring to the field + the cost of soil preparation + the 
cost of seedling plantation). For an average plantation 
density of 700 seedlings per hectare, the cost/hectare 
was between USD 1,750 and USD 2,100, depending 
on the features of each restoration site (e.g. steepness 
of the slope, soil rockiness).

Discussion

As previously mentioned, the low survival rate in 
Area 1 is mainly due to rodent predation. In order to 
solve predation problems, the project adopted the use 
of protection tubes in the direct seed sowing opera-
tions with acorns of Quercus brantii ssp. look in No-
vember 2014. Two types of protection were tested in 
an area with 100 holes and 2 acorns per hole: (i) 50 
holes with individual plastic tubes of 0.5 meter height 
that were buried 15 cm and closed with a strip at the 
top to prevent the entrance of rodents; (ii) 50 holes 
with small boxes made with a fine wire mesh (not gal-
vanized iron), inside which the acorns were placed. 
Six months after sowing operations, the plastic tubes 
have demonstrated to be a good option to prevent pre-
dation, with good germination and plant growth. On 
the contrary, the small boxes could be easily broken by 
rodents. The project is in contact with other research 
teams involved in the development and testing of new 
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devices (Castro et al., 2015) that may be effective to 
avoid rodent predation. 

The average survival rate for the species used in Area 
2 was 79%. Native fruit tree species (Sorbus flabellifo-
lia and Sorbus torminalis) have demonstrated a good 
re-sprouting capacity after summer drought. Sorbus 
flabelifolia, Crataegus azarolus and Acer tauricolum 
were the most resistant species with 100% survival 
rates. 

The survival rate achieved in the fenced plots in Area 
3 has been extraordinary high (95%) considering that 
no irrigation was provided. Crataegus monogyna, Sor-
bus flabellifolia, and Quercus infectoria showed the 
highest survival rate. These species play an important 
ecological role, attracting seed-dispersal fauna, and 
have a significant economic value for local livelihoods 
– the collection of wild fruits and oak honey. 

This restoration technique has demonstrated to be 
very effective in degraded lands with intense grazing, 
and could be easily replicated in other areas within the 
SBR and elsewhere in Lebanon. Moreover, enclosures 
with no planting could be used to obtain a recovery 
of the pastures and the growth of new plants from the 
natural regeneration process, while the employment of 
enrichment planting could accelerate the development 
of new tree/shrub communities. Enclosures also had 
an important awareness-raising function, demonstra-
ting to shepherds how the establishment of tempora-
ry enclosures could lead to a fast improvement of the 
quality of pastures and a diversification of the landsca-

pe, with clear benefits for livestock production and lo-
cal livelihoods. Once convinced of the benefits of the 
temporary enclosures, shepherds are usually ready to 
participate in the set-up and management of the fenced 
plots, with a reduction of the conflict between grazing 
and nature conservation in the Reserve. 

The combined seed sowing and seedling planting in 
the mining spoils instable soil debris of the abandoned 
quarry in Area 4 has achieved a very high survival rate 
of 85% to 95%. It is especially worth noting the high 
survival rate of the sown acorns (95%), with a very 
positive response in terms of resistance to predation, 
compared with the site described in Action 1. The pre-
liminary hypothesis of the Authors is that the instabili-
ty of the slope debris hinders the access of rodents and 
facilitates seed germination. In the talus substrate with 
poor structure, the application of organic amendments 
and the planting of seeds and seedlings have demon-
strated good results in soil erosion control. This pilot 
experience has been particularly satisfactory, with 
promising lessons learned vis-à-vis future restoration 
work in similar places within  the SBR and elsewhere 
in Lebanon.

The survival rate of the seedlings from riparian tree 
species in Area 5 reached 99%. The new plants are 
growing very fast, thanks to the implementation of 
grazing control measures, and the watering provided 
during the summer drought period. This pilot action 
was implemented in collaboration with one of the pri-
vate owners of the organic vineyards and other fruit 

Tab. 2 - List of Forest Restoration and Forest Management Actions with Survival Rate.

Y-1 Y-2 Y-3

Quercus brantii ssp. look

Quercus cerris var.pseudocerris

Area 3
Planting of seedlings in 15 

fenced plots.

Quercus calliprinos, Q. infectoria, Cedrus

libani, Crataegus azarolus, C.monogyna, Sorbus

flabelifollia, S. torminalis, Prunus ursina, Pinus

pinea

0.5 7 - 95%

Area 4
Combined direct sowing and 

planting of seedlings, 

Cedrus libani, Pinus brutia, P. pinea, Quercus 

calliprinos, Celtis australis, Salix alba, 

Crataegus azarolus, Stirax officinalis, Rhus 

coriaria, Sorbus flabellifolia, S. torminalis, 

Cupressus sempervirens, Celtis australis, Cedrus 

libani, Pinus brutia, P. pinea.

0.5 4 - 85%-95%

Area 5
Planting of seedlings with 

irrigation.

Celtis australis, Populus bolleana, Ulmus minor, 

Fraxinus syriacus.
- 2 - 99%

2.46 38.50 15.11

Action Species
Surface (hectares) Survival rate 

(%)

Direct sowing 0.28 6 0.11

Note: The survival rate in the last column is an average of the three restoration years. Y1,Y2,Y3 are related to those restoration years

(always planting and sowing in November). Regarding  the assessment time for survival rate: the data were collected after 3 years  for

year 1, after 2 years  for year 2 and after 1 year for year 3.

TOTAL = 56.7 hectares

20%

Area 2 Planting of seedlings 

Quercus brantii look, Cedrus libani, Juniperus

drupacea, Acer tauricolum, Crataegus azarolus,

Sorbus flabellifolia, S. torminalis Prunus ursina,

Prunus prostrata, P. syriaca, Cotoneaster

nummularia, Malus trilobata, Berberis

libanotica.

1.18 20.5 15 79%

Area 1
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tree crops bordering the Ammiq wetland. This action 
was critical as a demonstration of good practices in 
wetland restoration applied by landowners, and to rai-
se awareness about the environmental services provi-
ded by riparian forests, to the benefit of sustainable, 
high-quality agriculture production in the area. This 
lesson learned will be introduced to other landowners, 
so as to encourage further riparian forest restoration 
around Ammiq.

Taking into account the choice not to provide irri-
gation (except in Area 5), the above results are very 
encouraging and demonstrate the possibility to under-
take dry forest restoration in Lebanon, provided that 
the following conditions are fulfilled: (1) production 
and hardening of high quality seedlings following the 
new protocols developed by the project; (2) identifi-
cation of the right planting period, based on the ca-
reful observation of field conditions and the precise 
starting date of the autumn rainy season; (3) careful 
transfer of the seedlings to the field; (4) proper soil 
preparation techniques, including deep enough holes, 
micro-catchments and stone protection to facilitate the 
development of a long root system and the harvesting 
and storage of water in the soil.

The MM project managed to abate the forest resto-
ration cost from USD10 per planted seedling to USD 
2.5-3. This reduction was due to: (i) accurate plant pro-
duction protocol avoiding the unnecessary consum-
ption of water and other inputs; (ii) equipment used for 
soil preparation (auger machine); (iii) empowerment 
and professionalization of the staff involved in plant 
production and field planting; (iv) avoidance of wa-
tering for the maintenance of the restored sites. It is 
expected that the improvement of work performance 
and lower cost of seedlings will further decrease resto-
ration costs per hectare up to USD 1.5-2 in the short- to 
medium term. 

The project has demonstrated the possibility to im-
plement forest restoration without additional field wa-
ter supply to the seeds and seedlings, which represents 
a great success towards the reduction of restoration 
costs and a major contribution to the improvement of 
the forestation guidelines defined by the Lebanese go-
vernment in its National Forestation Programme.
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