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Abstract 

 

Land use changes over recent decades have led to serious decline in natural ecosystems, 

in particular the Mediterranean forests. This is due mainly to uncontrolled urbanisation 

causing agricultural land to be abandoned or to become partially polluted. In such areas, 

forest restoration appears the most appropriate remedy, in particular, by using native 

species with high ecological and economic values, such as cork oak. This species can be 

used for noble biomass production, that is biomass not addressed for energy production 

but mainly for industrial purposes. This work describes a case study located in central 

Italy, which is characterised by the integration of forest restoration with water-saving 

management for irrigation purposes, based on the use of effluents from a 

phytodepuration plant. By joining thematic maps with a map of topographic wetness 

index (TWI) a suitable site was selected in the municipality of Tuscania for a cork oak 

plantation. An irrigation scheme, useful for maximising the growth rate of cork oak and 

consequently for maximising the economic profits retrievable from the plantation, was 

determined based on the estimated potential evapotranspiration using Thornthwaite’s 

equation, the soil type and the available wastewater. An economic analysis showed that 

the total cost of the works might be amortised within the first stripping of gentle cork or 

even before, for example, if cork oak was cultivated in conjunction with an 

economically relevant non-food species. In this case study, the advantages of dyeing 

species were analysed. Results show that an integrated forest restoration and wastewater  
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management system could be implemented to provide an economic income that ensures 

both cost recovery and a significant profit over time. 

 

Keywords: cork oak, biomass production, forest restoration, water recycle. 

 

1 Introduction 

Landscape planning in Italy is often a challenge owing to two relevant problems: 

forest restoration and water conservation. 

Land exploitation driven by urban development has become increasingly 

important in Italy over recent decades, overshooting the demographic needs and 

degrading the natural environment. Unlike most European countries, Italy does not 

have a general development plan or a definition of limits and targets for soil use or 

land planning. In the last five decades, this lack has led to uncontrolled 

urbanisation, the abandonment of agricultural land and industrial zones and 

pollution. Consequently, natural ecosystems, in particular the Mediterranean 

forests, are facing serious decline and fragmentation [16]. To overcome this general 

landscape degradation, forest restoration appears the most appropriate solution, 

which could represent a focal point for any consideration and assessment on 

environmental sustainability and planning issues [32]. 

The second serious problem concerns water conservation. According to the 
latest forecast models, this is likely to become increasingly important because of 

the extreme weather events associated with global change [8, 37, 38]. Currently in 

Italy, much of the water resource is used for agricultural purposes. Therefore, this 

matter also includes the issue of water recycling. In fact, the waste of water 

resources through leaky irrigation systems and the cultivation of thirsty crops, 

unsuited to the environment, is becoming a pertinent problem, worsened by 

misdirected subsidies, low public and political awareness and a weak national 

environmental legislation. In particular, in 2012, the treatment of urban wastewater 

led to a European Commission Court judgment against Italy, for its failure in 

implementing the national legislation according to the European Directive 

91/271/EEC [12].  

At the same time, in Italy water saving linked to the recycling of used and 

purified water on agricultural soils has very little application owing to an 

understandable mistrust, which arises in the case of production for human nutrition 

[9]. Indeed, sharing the attitude of extreme prudence against using wastewater in 

food agriculture, a particular recommendation could concern the use of wastewater 

for non-food plant production. 

During the realisation of a landscape-planning project, the above-mentioned 

topics are generally addressed independently. Taking advantage of the latest 

findings [17], an intriguing case study could be the integration of wastewater 

management and forest restoration, using tree species with high ecological and 

economic values that can be used for different purposes within the entire wood 

chain. One of such species is cork oak (Quercus suber L.), that is an evergreen,  
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sclerophyllous tree occurring in the western Mediterranean Basin, and along the 

Atlantic coasts of North Africa and the Iberian Peninsula, where it is also found 

inland. In Italy, cork oak is present mostly along the Tyrrhenian coast, from Liguria 

to Calabria and on the major islands (Sicily and Sardinia). Quercus suber is a 

pioneer, thermophilous and xerophilous species, able to begin a chain of ecological 

succession, generally towards holly oak forests (Viburno-Quercetum ilicis), or to 

give rise to lasting associations. It plays a key role in ecological processes, such as 

water retention, soil conservation or carbon storage and these services are assured 

for a long time because the species is long-lived (up to 300 years and over). 

Moreover, cork oak landscapes have a particular aesthetic value and sustain rich 

biodiversity and traditional livelihoods [14]. Finally, cork oak is also a key element 

in the multifunctional agro-forestry systems combining the production of several 

wood and non-wood products [4]. 

For all these reasons, cork oak forests are ranked among the most valuable of 

European habitats and are listed in the EC Habitats Directive (2180 “Wooded dunes 

of the Atlantic, Continental and Boreal region”, 6310 “Dehesas with evergreen 

Quercus spp.”, 9330 “Q. suber forests”, 9540 “Mediterranean pine forests with 

endemic Mesogean pines”) and have been inserted into the National Italian 

catalogue of historical landscapes needing protection. Therefore, cork oak 

represents a species of great interest for reforestation and forest restoration 

programmes, providing satisfactory results even with innovative planting methods 

[29]. 

In addition, cork oak represents an important source of income resulting from 

biomass production and in particular from cork production. Cork is a product 

obtained from the bark of the cork oak and is a natural, renewable and 

biodegradable raw material. It is employed for many purposes and products, from 

stoppers to panels for thermal insulation and soundproofing. Its periodic removal 

(stripping) is an environmentally friendly process because the trees are not felled. 

The bark is stripped for the first time when the tree is 20 to 35 years old; following 

which the stripping is carried out every 9 or 10 years and during its lifespan, a cork 

tree may be stripped around 15 to 18 times. Therefore, the exploitation of cork is 

crucial for maintaining the cork oak system, from species conservation and 

landscape characterisation, up to the economic and social sustainability of some 

rural areas in the Mediterranean Basin [33]. 

The total land surface occupied by cork oak forests is 2.2 million hectares; 

European forests account for two-thirds of cork production and North Africa 

produces the remaining one-third. Recently, forest fires and disease, overgrazing, 

land abandonment and exploitation have caused serious reduction in the area of 

cork oak forests throughout the Mediterranean Basin, which has led to biodiversity 

loss and degradation of ecosystem services [30]. This has caused a severe decrease 

in cork production, in particular of high quality cork in Sardinia, where the cork-

processing industry is advanced and of great value worldwide [30].  

In order to address these problems, a reasonable solution for Italy could concern 

the extension of those areas devoted to cork oak along the Tyrrhenian coast, as 

shown by some pilot stands planted in lower Tuscany. On the other hand, a  
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significant obstacle to be overcome is the initial investment for the realisation of a 

cork plantation, which is unattractive in the short-term because cork oak stands do 

not become productive until 30–40 years after planting. Only then cork with high 

commercial value can be removed every 10 years following the first bark stripping. 

In fact, it is worth mentioning that the first bark has poor commercial value but the 

following strippings produce the high value cork [20]. Forcing plant growth by 

appropriate irrigation, fertilisation, top-dressing and stand density could reduce the 

time between the planting of cork oak and the first bark stripping to 6–10 years. 

Therefore, the best commercial cork would be available earlier and once 

established, a cork oak plantation would require almost no care but would become 

very profitable [34]. 

Therefore, the main goal of this work is to propose an integrated model for 

restoring forests and improving noble biomass production. In the model, urban 

wastewater is used for irrigation of the first growing cycle of a cork oak plantation 

to reduce significantly the time required before commencing cork production. 

 

 

2 Materials and Methods 

 
Area selection and description 

The first criterion for the selection of the most suitable area for cork oak along 

the Tyrrhenian coast was the assessment of the potential distribution of the species 

using ecological niche modelling methods, in particular the Genetic Algorithm for 

Rule-set Prediction (GARP) and Maximum Entropy (MaxEnt) [36]. Predictive data 

allowed the most suitable sites to be defined in terms of data raster of 1-km2 

resolution. Among these, interest has focused on the Tuscia District (Northern 

Latium, Central Italy) and in particular, within the Tuscania territory. 

The Tuscania municipality (8,145 inhabitants; according to last census, 300 of 

which live outside of the city centre) is located in the Viterbo Province and was 

selected as the area for the case study. It covers an area of 208 km2 with elevations 

ranging from 30 to 325 m a.a.s.l. 

Previous investigations into the ecological characterisation of Latium, using a 

Normalised Difference Vegetation Index and chemico-physical variables, have 

included Tuscania in the Region of Provenance named “Cimini-Sabatini 

Mountains” within the Mediterranean-Temperate transition zone [1, 35]. 

During the period 1921-2012, the mean annual temperature in the area was 

15 °C, the mean maximum temperature of the warmest month (August) was 

32.2 °C, the mean minimum temperature of the coldest month (January) was 2.5 °C 

and mean yearly precipitation was 852 mm (www.acq.isprambiente.it). The 

Summer Drought Stress (SDS) and the Winter Cold Stress (WCS) indexes of 

Mitrakos (1980) are 58 and 60, respectively, while the pluviometric index of 

Emberger (1932) is 88.7; thus, placing Tuscania within the natural phytoclimatic 

range of Quercus suber in a Mediterranean sub-humid climate.  
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From a geological point of view, the territory of Tuscania is composed of two 

main substrates: a recent volcanic substrate (about 0.8–0.9 My) and older 

sedimentary rocks. Volcanic rocks are represented by lava flows, scoria cones, 

lapilli, clay tuffs and ignimbrite. Sedimentary rocks are represented by a clay-

conglomeratic-arenaceous Pliocene complex and by the soils of a Cretaceous-

paleogene flysch, while a Holocene alluvial complex emerges along the Marta 

River and the tributaries and watershed engravings. 

According to the soil taxonomy of the US Department of Agriculture (USDA), 

the soils belong to the order of Alfisols. There are different soil types, which vary 

locally from Lithic Haploxeralf in the driest areas to Aquic Haploxeralf in areas 

characterised by shallow groundwater. However, they are quite fertile soils, with 

non-negligible clay content and pH ranging from 6.3 to 6.7. According to the 

textural classification, the soil of the area belongs to the sandy clay loamy (SCL) 

class. 

The vegetation of the area is composed mainly of Turkey oak (Quercus cerris 

L.) forests and mesophilous forest with hornbeams (Ostrya carpinifolia Scop.) and 

dogwoods (Cornus sanguinea L.), whereas thermophilous vegetation, often 

represented by maquis, dominates in the more open and sunny areas. The latter is 

rich in holms (Quercus ilex L.), mastics (Pistacia lentiscus) and heathers (Erica 

spp.) and other typical elements of deciduous oak forests, such as pubescent oak 

(Quercus pubescens L.), maple (Acer monsepessulanum L. and A. campestre L.) 

and ash (Fraxinus ornus L.). A distinguishing element is that, in many cases, cork 

oak is the dominant species. These formations, referred to as “Tyrrhenian cork-oak 

forests” (Corine Biotopes Codex 45.21), correspond to the Cytiso-Quercetum 

suberis Testi, Lucattini et Pignatti, 1994 [31].  

 

Criteria for fine selection of the most suitable study sites 

In order to select the most suitable sites for cork oak plantation, several thematic 

maps have been taken into account. Firstly, the Corine Land Cover (CLC 4th Level) 

was considered, followed by the use of the town management plan and finally, an 

archaeological site map was consulted. An interpretation of the forest was 

performed by using a mosaic of aerial photographs from 2008, available from the 

National Geo-Portal (www.pcn.minambiente.it), to check and refine the CLC. The 

position of the city’s wastewater treatment plant was also identified. Currently, this 

plant flushes treated wastewater into the Marta River; thus, this resource is 

unutilised. 

 

At the same time, a 20-m resolution Digital Elevation Model (DEM) was 

processed by applying the PEM4PIT GIS-integrated physically based method to 

remove artificial depressions and flat areas [18, 28]; following which advanced 

Terrain Analysis was performed to determe cell slopes and flow directions [22]. 

Finally, the topographic wetness index (TWI) was calculated as a surrogate for soil 

water content [6]. Recently, Petroselli et al. [24] tested the effectiveness of the TWI 

in characterising the distribution of pure cork oak stands according to the soil 

moisture environment in the Central-Western Mediterranean Basin. Based on such  
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results, in the present work, TWI values ranging between 10% to 30% or 70% to 

90% have been considered as optimal for a Q. suber plantation (Figure 1). The 

cells resulting from this classification have been processed to remove noise by 

using the ArcMap “Boundary Clean” function, excluding areas with an extent lower 

than 1 hectare. 

 

 

 
Figure 1. Municipality of Tuscania with the main river network and location of the study sites (circle). 

Grey surfaces represent those areas with TWI values between 10% to 30% or 70% to 90%, considered 

most suitable for cork oak occurrence. 

 

 

Type and dimensions of the phytodepuration plant 

Although the municipality of Tuscania has a wastewater treatment plant, it has 

been assumed for the theoretical case, to explain better the model introduced 

hereafter, that no such system exists. 

Technological progress has allowed the realisation of advanced wastewater 

treatment plants; however, small communities cannot afford such expensive, 

advanced and specialised systems. Therefore, the development of very simple and 

cost effective natural wastewater treatments such as phytodepuration systems is 

particularly interesting and welcomed. In fact, such systems do not require 

significant running costs when compared with a traditional plant (electricity, 

solvents, sludge collection, etc.), they have a positive feedback to human health and 

are environmentally friendly, especially for small animals such as aquatic birds. 

Constructed wetlands are able to attain excellent levels of purification 

performance (over 90% referring to organic parameters), respecting the limits 

imposed by the Italian Legislative Decree no. 152/06. These plants may be used for 

either direct (raw and domestic sewage or comparable industrial sewage) or indirect  
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treatments (when water effluent comes from other wastewater treatment plants). 

There are two main types of phytodepuration system: 

1. surface flow systems (surface impoundment); 

2. sub-surface flow systems (ground filter with rooted macrophytes). 

For sub-surface phytodepuration systems (the preferred case because it does not 

cause inconveniences, such as midges or odours and it is accessible) an area 

ranging from 1 to 5 m2/ei (equivalent inhabitant) is needed, according to the type of 

treatment and the technology. The available effluent water by law is 200 l/ei/day 

(such a value is considered constant and is taken as a reference value both for 

traditional and phytodepuration plants). 

Assuming a value of 2.5 m2/ei and a number of equivalent inhabitants of 8,000, 

according to what is reported on the official wastewater treatment plant website 

(www.datigis.info), the full phytodepuration of wastewater for the municipality as 

Tuscania would require approximately 2 ha of land.  

 

Water needs of the cork 

The water needs of the cork oak have been estimated by using Thornthwaite’s 

equation for calculating the potential or reference evapotranspiration (PET or ET0). 

This method allows the net result of the atmospheric demand for moisture from a 

surface and the ability of the surface to supply moisture to be determined; thus, it is 

useful for calculating the period and the intensity of the summer water deficit. The 

water deficit was calculated for the period 1921-2012. In addition, the monthly 

response functions of the cork oak, processed by dendroclimatological analysis for 

some Portuguese stands with climate, in particular rainfall similar to Tuscania, were 

considered. 

 

Cork oak and the irrigation regime 

An irrigation scheme for the plantation was determined, considering the 

evapotranspiration of the cork oak, the soil type of the selected site and the 

available wastewater resulting from the municipality of Tuscania. To define an 

irrigation schedule, the monthly and daily water consumption of the species (ETc), 

the Total Available Water (TAW) and the Readily Available Water (RAW) have to 

be calculated. 

The water consumption of a crop (ETc) is evaluated as a fraction of the 

reference crop evapotranspiration (ET0): ETc = ET0 × Kc, where Kc is the crop 

coefficient, which incorporates crop characteristics and the averaged effects of 

evaporation from the soil. TAW is the total available water in the root zone and it is 

calculated as the difference between the water content at field capacity (FC) and 

wilting point (PWP).  

RAW is the soil moisture held between field capacity and a nominated refill 

point for unrestricted growth; therefore, it is the water that a plant can extract easily 

from the soil and it is used as the net volume of irrigation water needed to bring the 

soil back to field capacity when it reaches the established refill point. RAW is 

calculated as p × TAW, where p is the average fraction (0–1) of TAW that can be 

depleted from the root zone before moisture stress occurs [2]. The number of days  
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between two irrigation cycles is defined by dividing RAW by the species daily 

water consumption (dETc). 

 

Economic analysis 

Economic analyses were carried out on current market prices of cork and other 

considered items with reference to the official bulletins at international, Italian and 

regional level [10].  

 

 

3 Results 
 

Area selection 

Considering the restrictions imposed by the town planning scheme and the 

archaeological site map, it was decided that the phytodepuration plant should be 

located near the city’s wastewater treatment plant in areas where agro-forestry 

management occurs currently. 

The afore-mentioned thematic maps were used in conjunction with the TWI 

map, to determine a restriction layer to apply to the selection of suitable sites for the 

cork plantation. Particular attention was dedicated to the landscape mosaic along 

the Marta River inside the Natural Reserve of Tuscania, which includes the Site of 

Community Importance IT 6010036 “Sughereta di Tuscania”; a pure natural cork 

oak stand of 40 ha. 

As a result, two sites were chosen 1.5 km south of the wastewater treatment 

plant (Figure 2). Their total surface area is 32.6 ha, 22.2 of which are on site A and 

the remaining 10.4 are on site B. According to the land use map, they occur on 

grasslands and occasionally irrigated agricultural parcels (wheat). The locations of 

the sites were chosen with consideration of the landscape mosaic of neighbouring 

areas, most of which were characterised by forest patches with a prevalence of cork 

oak stands. This characteristic gives a more refined importance to such areas in 

terms of fragmentation risk containment (Figure 3). 

 

 
Figure 2. Map of the selected sites for the cork oak plantation (in yellow) and their locations relative to 

the water purifier and phytodepurator positions. 
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Figure 3. Cork oak occurrence in the Municipality of Tuscania and location of the selected sites for the 

cork oak plantation (outlined in yellow). Red dots show theoretical ecological corridors connecting the 

plantation to the existing cork oak natural forests. 

 

The model of water treatment 

The scheme of the wastewater treatment system is summarised in Figure 4. In 

the case of Tuscania municipality, the phytodepuration plant should be installed in 

cascade with the existing traditional plant, as shown in Figure 2; thus, it receives 

wastewater that is already treated. It is worth mentioning that a phytodepuration 

plant is able to manage all the wastewater input to the system even without a 

traditional plant. Therefore, in this model, the dimensions of the plant have been 

calculated for a “total” treatment of the raw water, although in the specific case of 

Tuscania its size could be reduced significantly. On the other hand, a small water-

finishing treatment plant would be necessary for Tuscania, because Italian law 

(Law n. 185/03) is more restrictive in terms of purity requirements for outflowing 

waters earmarked for reuse than for dispersal in rivers. 

 

 
Figure 4. The model of water treatment proposed in this study. This scheme shows all the theoretical 

solution to achieve treated water to use for irrigation in a plantation site with non-food species. 

 

In order to obtain maximum efficiency, the phytodepuration plant could be 

subdivided in four parallel sectors. Water transport from the phytodepuration plant  
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to the planting site may be performed through underground polyethylene pipes with 

a relatively small diameter. In addition, the water provided by the phytodepuration 

plant could be stored in a specific location near to the case study area, such as a 

storage basin. 

 

Cork oak and the irrigation regime 

The available wastewater resulting from the municipality of Tuscania is about 

1,600 m3/day, which is equal to 48,000 m3/month.  

The Thornthwaite analysis, not shown here for brevity, highlighted a significant 

risk of summer drought stress, in particular from June to August, indicating a total 

water deficit of about 253 mm, which is equivalent to 2,530 m3/ha (82,478 m3 for 

the study sites). The maximum monthly water deficit reached in July is 1,240 m3/ha 

(40,424 m3 in total). Indeed, June-August is the critical period during which water 

supply has to be ensured in order to avoid drought stress. This could be achieved by 

accumulating wastewater for 51 days. 

Recently, some dendroclimatological studies [25] have demonstrated that 

precipitation has a large positive influence on cork oak growth and that summer 

drought is the main limiting factor [7]. The influence of the rainfall of specific 

months on the monthly variation of tree diameter growth was studied by Costa et al. 

[11], by using a correlation analysis between the monthly growth index and the 

rainfall for different preceding months. According to these data, the monthly 

growth index of March was correlated positively with the January precipitation. In 

contrast, the relative growth in July was correlated negatively with precipitation in 

spring (March). Positive correlations were obtained between the growth index of 

September and the precipitation of August and between the growth index of 

October and the precipitation of September. According to Costa et al. [11], Pizzurro 

and Maetzke [25] found that the rainfall that most influenced cork growth was that 

of the summer period (May-September). Caritat et al. [7] considered January and 

June as key months, confirmed the influence of January precipitation but also 

considered that the precipitation of the entire winter period of the preceding year 

was significant (October-January). According to such results, possible irrigation 

regimes have been outlined (Table 1), considering the total amount of wastewater 

resulting from the municipality of Tuscania, the soil type of the selected site, the 

daily and monthly water consumption (ETc) of cork oak and the growth stage of the 

plantation (seedling or plant).  

According to the Thornthwaite analysis, a monthly maximum water deficit 

(ET0) equal to 1,240 m3/ha is expected. Given the value of ET0, it is possible to 

determine monthly and daily water consumption (ETc), by considering two 

different values of Kc: one related to the growth stage of seedlings (Kc 0.7) and the 

other to that of plants (Kc 1.0). Such Kc values were selected according to those 

reported in the literature for forest trees [2, 5, 19]. 

As the soil of the selected site belongs to the sandy clay loam class, the value of 

the RAW was calculated by assuming a value of 0.255 for the field capacity and a 

value of 0.148 for the refill point [27], while a value of p of 0.6 was chosen, under 

the consideration that cork oak is fairly resilient to drought stress. 
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Dividing the RAW by the daily ETc (dETc), the number of days between two 

irrigation cycles was determined, which was 4 days for the seedling stage and 10 

days for the plant stage. Finally, the water volumes needed for the irrigation of the 

entire are of the case study during the two growth stages were calculated; these 

volumes may be guaranteed fully by the water effluent from the phytodepuration 

plant, even when facing periods of extreme drought.  

 

Economic analysis 

According to Italian law (Law n.759/1956), the first bark stripping has to be 

performed when the tree reaches a circumference of 60 cm at breast height. The 

time required to reach this value varies depending on the climate and the soil 

fertility of the area; generally, 15–30 years are required. The Tuscania area is rich 

in natural cork oak forests but it is not favourable in terms of growth rate for this 

species; in fact, the first bark stripping occurs after 26–27 years. The data obtained 

by previous works on cork oak irrigation [34] and confirmed more recently by tests 

carried out in the nursery of Tuscia University have shown that it is possible to 

reduce the number of years needed to reach the threshold circumference by at least 

one-third. Therefore, the first bark stripping might be anticipated when the tree is 

10–20 years old (17–18 years old in the case of Tuscania). 

 

Furthermore, the density of cork oak forests depends on the climatic 

characteristics of the area, on the local traditions and on the age of the plants. In 

Italy, the plant density is about 650–700 plants/ha after 20 years and 400 plants/ha 

after 30 years. The latter value has been used to estimate the costs and revenues. 

Considering that an average weight of cork equal to 7.5 kg/m2 corresponds to 

around 19 kg per plant, 400 plants lead to a cork yield of about 7,600 kg/ha.  

It is noteworthy that the cork collected during the first bark stripping is named 

“raw or virgin cork” and has poor quality because it is too rough and cracked. 

Conversely, the cork extracted in subsequent cycles is named “gentle or mature 

cork” and is of higher quality, thanks to a more regular structure and a greater 

softness and elasticity. 

The price of the cork has been subject to strong fluctuations in the last 15 years. 

According to the Portuguese National Forestry Product Prices Information System, 

net prices for gentle cork have decreased since 2003 with the current price 

amounting to €200 per quintal [10] and this value is also valid for Italy.  

Therefore, an economic income of about 15,200 €/ha could be estimated for 

every stripping of gentle cork. Considering the 32.6 ha for the plantation of this 

case study, the total profit per 10-year cycle of bark stripping would be about 

€495,520. Once the plantation reaches steady state, after about 27 years, it might 

ensure an income of about 50,000 €/yr without any human input. 

Conversely, the annual income from the first bark stripping is negligible because 

the current price of raw cork is about €20 per quintal (i.e., a one-off income of 

€49,500).  

In Italy, three main costs must be considered in an economic evaluation of a 

plantation and these are listed in Table 2. 
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Active Irrigation based on silty clay loam (SLC) soil 

Water supply at Tuscania = 48,000 m3/month  

         Values referred to 1 ha 

 

Values referred to 32.6 

ha (study sites) 

Max Monthly water 

deficit (ET0 - July) 

                 1,240 m3/ha 40,424 m3 

 

Max Monthly water 

consumption (ETc – July-

seedling stage) 

       1,240 * 0.7= 868 m3/ha 40,424 * 0.7 = 28,296 m3 

Max Monthly water 

consumption (ETc – July-

plant stage) 

1,240 * 1.0= 1,240 m3/ha 40,424 * 1.0 = 40,424 m3 

Max daily water 

consumption (dETc – 

July – seedling stage) 

28.93 m3/ha 943.2 m3 

Max daily water 

consumption (dETc – 

July – plant stage) 

41.33 m3/ha 1,347.46 m3 

Readily available water-

RAW (seedling stage) 

0.6*(0.255-0.148)*200mm=128.4 

m3/ha 

4,185.84 m3 

Readily available water-

RAW (plant stage) 

0.6* (0.255-0.148)*700mm=449.4 

m3/ha 

14,650.44 m3 

RAW/dETc (seedling 

stage) 

~ 4 days ~4 days 

RAW/dETc (plant stage) ~10 days ~10 days 

Irrigation turn (seedling 

stage) 

128.4 m3/ha every 4 days 

32.1.m3/ha every day 

4,185.84 m3every 4 days 

1,046.46 m3 every day 

Irrigation turn (plant 

stage) 

449.4 m3/ha every 10 days 

44.94 m3/ha every day 

14,650.44 m3 every 22 

days 

1,465 m3 every day 

Daily irrigation: monthly 

water requirement 

(seedling stage) 

963 m3/ha 31,393.8 m3 

Daily irrigation: monthly 

water requirement (plant 

stage) 

1,348.2 m3/ha 43,951.3 m3 

Monthly water amount 

available for irrigation 

purposes  

1,472.4 m3/ha 48,000 m3 

Monthly water residual 124.2 m3/ha 4,048.7 m3 

Table 1. Scheme of the proposed irrigation regime for the case study area. 
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 Cost per 

unit 

Total Costs 

Phytodepuration plant 100 €/m2 €2,000,000 

Plantation 2,500 €/ha €81,500 

Pipes for water collection and adduction 6.7 €/m €12,000 

TOTAL  €2,093,500 

Table 2. Estimated costs per unit area and total costs related to the case study. 

 

 

This estimation is based on currently available price lists and is valid for a 

municipality not equipped with an urban wastewater treatment plant. Otherwise, the 

costs of the entire operation decrease dramatically and they could be reduced by 

€100,000 if the plant is excluded. In this way, the cost of the plantation could be 

largely amortised by the first stripping of gentle cork. However, when referring to 

cases like Tuscania, a small phytodepurator for the finishing treatment of 

wastewater would cost about €250,000–300,000. 

 

 

4 Discussion 
Joining natural reserves, forest restoration and ecological corridors 

Forest restoration has a wide definition from the improvement of degraded 

forests to the reforestation of lands on which forests have been destroyed over time. 

In this latter case, every restoration action starts with the achievement of ecological 

corridors, in order to allow gene flow. Cork oak is optimally suited to recover forest 

fragmentation and to improve the biomass production; in fact, it can be used in tree 

rows along field borders, which can also be stripped for cork production. 

Ecological corridors can be complemented with plantations, as proposed in the 

present work, which allow forest recovery to begin and grow. At the same time, if 

abandoned (e.g., due to poor income), cork oak stands can evolve towards 

ecologically more stable forest types, because of its pioneer behaviour. This leads 

to a gradual restoration of forest and landscape. 

Thus, the Natural Reserve of Tuscania represents an optimal case study because 

the non-forested lands are bound to agro-forestry purposes. Indeed, parks and 

protected areas are the perfect scenarios for such planning, although the proposed 

model could be applied in many other contexts along the Tyrrhenian coast. 

 

Economic advantage of cork oak  

The main convenience of cork oak, in addition to the ecological factors, is the 

economic value of its bark. The present negative economic trend could be reversed 

thanks to new perspectives in using natural products, for instance, in green 

building. In particular, for Italy, the wine industry is another main market that could 

increase demand for cork. In fact, the production of high quality wine needs cork 

stoppers instead of synthetic ones.  

Therefore, a question might concern the possible retention of pollutants 

occurring in the water, even after the phytodepuration, which may be retained 

within the cork. In fact, it has been assessed that cork is able to absorb several toxic  
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elements that might compromise both the quality of the wine and perhaps human 

health [26].  

Two important steps in cork production are particularly relevant to the subject of 

human safety. First, both raw and gentle barks are boiled in hot water to give them 

elasticity. This process is able to destroy most of the pollutants. Second, raw cork 

cannot be used for the production of stoppers; it can only be used for products not 

involved with food. Indeed, cork quality has a positive correlation with its density 

and therefore, a negative correlation of the dimensions of the holes in the bark 

tissue, means a negative correlation with high growth rates and irrigation. 

Therefore, it is better to stop the water supply to the cork oak plantation after the 

first bark stripping in order to slow the growth rate and to ensure a higher density of 

the bark tissue. This would also avoid the transfer of pollutants from the water to 

the bark growing after the first stripping. 

Moreover, the treated water would be still available for a new irrigation phase on 

another plantation either of cork oak or other forest species, or on non-food species, 

such as for biomass production or for the watering of forests and ornamental 

nurseries, although these latter applications are not involved directly with forest 

restoration activity. In addition, the same water resource may be employed for 

reducing the risk of forest fires in the most vulnerable areas.  

Finally, another economic benefit could derive from the possibility of taking 

advantage of the absorbent capacity of the cork to remove pollutants from the 

water, including radionuclides such as uranium [26]. Therefore, cork scraps 

obtained both from raw and gentle cork might be employed as sorbent materials in 

wastewater treatment plants. 

 

Plantation and phytodepurator costs  

The initial costs of the plantation represent an aspect worthy of further 

investigation. The overall costs have to be divided between the cork plantation and 

the phytodepurator costs. The former are not significantly high and they could be 

compensated in a short time by the income from cork production. Furthermore, the 

cork plantation could be developed in several stages in order to avoid an expensive 

initial investment. 

The costs related to the phytodepurator are generally higher than for the 

plantation; however, they could be afforded by using public funds available by law 

for wastewater treatment plants. On the other hand, the application of such a model 

as in the case study of the Natural Reserve of Tuscania, is worthy of complete 

funding by the European Union under the LIFE Programme application and it could 

be implemented by further specific actions in order to meet the costs.  

For example, in the valuation mentioned above, 400 cork oaks/ha occupy a 

relatively small area, if each plant is five metres away from its closest neighbour 

and therefore, a large irrigated surface could be used for the cultivation of non-food 

species. One option concerns dyeing species, such as Isatis tinctoria L. and 

Alkanna tinctoria (L.) Tausch. 

Isatis tinctoria L. (woad) could be considered a new crop for countries such as 

Italy and it is the source of natural indigo [15]. The chemical dye extracted from  



 

Noble biomass                                                                                                      6509 

 

 

woad is the same as Indigofera tinctoria (true indigo) but in lower concentration. 

The species was cultivated widely in Europe up until the 18th century, when it was 

abandoned because of the synthetic production of indigo. Currently, there is an 

increasing demand for natural dyes as renewable products for industrial textile 

dyeing [3]. Isatis tinctoria L. does not need water or special care. After about four 

months, the clump (30–40 cm in diameter) is ready for the first harvest of leaves, 

which may be followed by others during the same season (possibly three or four). 

According to the Spindigo Project (http://cordis.europa.eu), woad can produce 30 

t/ha/yr of fresh leaves, which can produce 55 kg/ha/yr of raw indigo. Generally, 30 

g of pure indigo can be obtained from 100 g of raw indigo (http://mysare.sare.org). 

The area available for the cultivation of woad is estimated as one-half of the total 

32.6 hectares selected for the case study of Tuscania. Therefore, a production of up 

to 538 kg/yr of pure indigo powder could be expected. Considering that woad 

powder retails currently on the internet for €10 for 20 g (Bleu de Lectoure), a total 

annual income of €268,950 could be obtained. Assuming that field production and 

extraction of indigo is about 72 €/kg (http://www.underutilized-species.org/), 

annual production costs equal to €129,096 are conceivable. Therefore, net annual 

revenue of €139,854 could be expected. This income may ensure the recovery of all 

the initial costs of the cork oak plantation after two years but also ensure the 

recovery of the costs of the phytodepuration plant within 20 years, i.e., before the 

commencement of gentle cork production. Another interesting dyeing plant is 

Alkanna tinctoria L. (alkanet), which is an indigenous species in Southern Europe 

and Turkey. It is less profitable than Isatis tinctoria but it is extraordinarily resistant 

to drought, a feature that can be explained by its exceptionally effective water 

uptake and transport within the roots. During the growth period, regular weed 

control and occasional irrigation are necessary. In the second year of vegetation, the 

roots can be harvested in October [23]. Alkanet root is used primarily as a natural 

dyeing agent, which imparts a ruby red colour to natural fibres, wool, wood, stone, 

lip balm, lipstick, ointments, salve, soap, lotion and it can be used to tint oils, 

vinegar, tinctures, varnishes, or wine. 

 

 

5 Conclusions 

 

In most Mediterranean countries, the economic development that began after 

World War II was not accompanied by adequate policies to protect both the 

environment and the territory and awareness of environmental issues has only 

recently spread to the public consciousness. 

Although the Constitution of the Italian Republic, launched in 1948, in some 

ways is considered one of the most advanced in the world, it does not mention the 

protection either of the environment or of nature; it only states that “the Republic 

protects the landscape and the historical and artistic heritage of the Nation” (article 

9). Consequently, since the end of 1950s, the conditions of the Italian territory have 

deteriorated and presently, they are becoming alarming, in particular with regard to 

the fragmentation of forest cover and the resulting loss of biodiversity. The  
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consumption of land has not stopped since 1956, due to the overbuilding of houses, 

factories, roads and large highways and it has increased from 2.8% in 1956 up to 

6.9% in 2010. If this process is not halted, 75 ha per day will be lost over the next 

20 years. In addition, hydrogeological instability related to landscape management, 

has increased from 0.47% in 1966 (flood in Florence) to 9.8% in 2013, such that 

30% of agricultural land is presently at risk of erosion. Another issue concerns the 

decommissioning of industrial facilities, which started 25 years ago. According to 

the Organisation for Economic Co-operation and Development, about 5,000 

contaminated sites have been officially surveyed in Italy, 26 of which are of 

national interest. These areas should be redeveloped, assigning them a new use.  

In order to address such problems, environmental restoration with a special 

focus on forest restoration, has begun to be considered as one of the most efficient 

approaches. However, investment in forest restoration is insufficient due to the 

current economic crisis.  

This study has shown that by changing perspectives and by integrating solutions 

for different problems, it is possible to implement forest restoration plans, which 

are economically profitable and financially self-sustaining.  
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