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We estimate how the value and the spatial distribution of carbon storage, water yield and wild pollination services
are expected to change with potential expansion of lava ﬂow inundation at Mount Etna volcano (Sicily, Italy). We
rely on a hazard map lava by ﬂow inundation to simulate a set of three future land use/land cover (LU/LC)
scenarios related to different hazard levels with a speciﬁc probability of occurrence. Our assessment used the
Integrated Valuation of Environmental Services and Tradeoffs (InVEST) tool and GIS spatial analysis and indicates
that changes in the delivery of all three ecosystem services are biophysically and economically sizeable. The
variation between scenarios demonstrates that the carbon storage and wild pollination services will decrease
because of the loss of woods and natural habitats. In contrast, the water yield capacity will increase for the
creation of new naked land surfaces characterised by high permeability values. In the worst-case scenario, we
estimate a loss of 17% and 10% for carbon storage and wild pollination services respectively, and an increase of
approximately 10% for water yield.

1. Introduction
Estimating consequences of volcanic eruptions is a challenging task.
Impacts depend on the style, magnitude, dynamicity and intensity of
eruptions and vulnerability of surrounding areas, and can vary in size and
temporal and spatial scale (Doocy et al., 2013; Loughlin et al., 2015;
Molist, 2017; National Academies of Sciences, 2017; Neild et al., 1999;
Papale and Shroder, 2014). Several attempts have economically assessed
the impacts of volcanic eruptions (Daniell et al., 2015; Halliday et al.,
2019; McDonald et al., 2017; Scaini et al., 2013; Tuck et al., 1992; Tuck
and Huskey, 1994; Wilson et al., 2014; Zuccaro et al., 2013). Despite
being based on complex computational and sophisticated empirical
models, these efforts usually only captured fractions of the full spectrum
of eruption effects. They addressed only priced assets (e.g. human-made
and productive capital), marketed economic activities (e.g. tourism,
agriculture and forestry) and healthcare expenses. Additionally, when
aimed at estimating indirect and long-term impacts, they relied on
market macro-economic indicators (Botzen et al., 2019). Consequences
on natural stocks were generally excluded unless effects of volcanic
eruption degraded priced goods and services (Neild et al., 1999). Economic analysis should go beyond market boundaries and indicators by

accounting for the full range of ecosystem services delivered to society by
natural habitats to avoid misleading pictures of impacts. Additionally,
the analysis should consider how the ﬂow of these ecosystem services
varies with LU/LC changes caused by volcanic eruptions (Burkhard et al.,
2009; Cunningham, 2018; Geneletti, 2011; Daily, 1997; Daily et al.,
2009; Marske et al., 2007; Marti and Ernst, 2009; Missemer, 2018; Ochoa
and Urbina-Cardona, 2017; Polasky et al., 2011). Now, practitioners have
an extensive array of tools and models to value and map ecosystem services (de Groot et al., 2012; Kareiva et al., 2011; Burkhard and Maes,
2017; Dennedy-Frank et al., 2016; Neugarten et al., 2018; Villa et al.,
2014). Among them, a universally adopted tool is Integrated Valuation of
Environmental Services and Tradeoffs (InVEST), which was developed
inside the Natural Capital Project (Mandle and TallisGeneletti, 2016;
Posner et al., 2016; Sharp et al., 2018; Mandle, 2019; Tallis and Polasky,
2009). In comparison to other available instruments, InVEST does not
require particular expertise, provides relatively accurate simulations
with feasible and low demand for input parameters and is suitable for
contexts in which ecological processes are well understood (Bagstad
et al., 2013; Bangash et al., 2013; Neugarten et al., 2018).
This research used InVEST and GIS analysis to value and map carbon
storage, water yield and wild pollination services at the Mount (Mt) Etna
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2. Material and methods

volcano, and assessed how hypothetical eruption events could change
these ecosystem services.
Mt Etna is the largest and highest active volcano in Europe, characterised by the occurrence of frequent eruptions that affect the natural
environment (Branca et al., 2004). We estimate how carbon storage,
water yield and wild pollination services are expected to change in value
and space with the occurrence of potential lava ﬂow inundation. In the
simulation, we use the hazard map by lava ﬂow inundation built by Del
Negro et al. (Del Negro et al., 2013) to estimate the probability of certain
areas being inundated by future lava ﬂows over the next 50 years. We
imagine three future LU/LC scenarios related to different probabilities of
hazard occurrences: high probability (Scenario 1), medium probability
(Scenario 2) and low probability (Scenario 3). The volcanic activity of Mt
Etna can be divided into two principal categories—summit activity
eruptions and ﬂank eruptions. Both types of eruptions produce lava ﬂow,
which represents the main volcanic hazard; however, geological records
suggest that summit eruptions are more frequent than ﬂank ones (Del
Negro et al., 2013). In this article, we speciﬁcally focus on the effects of
ﬂank eruptions because they involve the middle and lower slopes of the
volcanic ediﬁce (densely populated areas that are abundant in wood or
crops). Despite Mt Etna providing a wide array of ecosystem services, in
line with their relevance, our analysis is restricted to carbon storage,
water yield and pollination (Alcamo et al., 2003). Carbon storage is the
amount of carbon stored in a terrestrial ecosystem (He et al., 2016).
Forests, grasslands and other terrestrial ecosystems collectively store
more carbon than the atmosphere (Lal, 2004). By storing this carbon in
biomass such as wood or soil, CO2 is prevented from accumulating in the
atmosphere and contributing to climate change. Water yield contributes
to water accessibility for consumptive use or in situ water supply (e.g.
hydropower) (Vigerstol and Aukema, 2011). Pollination is a signiﬁcant
biotic regulating and maintenance service—more than a third of global
crop yield depends on the activity of animal pollinators (Bailes et al.,
2015; Breeze et al., 2011; Klein et al., 2007). Moreover, 75% of crop
species depend on animal pollinators to produce fruits or seeds (Hanley
et al., 2015). In particular, Garibaldi et al. (2013) found that the role of
wild pollinators are more effective than honey bees in enhancing crop
productions. Our research hypothesis is that potential volcanic eruptions
at Mt Etna would induce substantial changes in the value and spatial
distribution of investigated ecosystem services.

2.1. Study area
Mt Etna is the largest active volcano in Europe. In 2013, it was
included in the UNESCO World Heritage List. It was ediﬁed by the
products of different eruptive centres that were active at various times
during the past 600,000 years. The youngest of these centres, Mongibello
volcano, is prevalently effusive in style eruptions (Branca et al., 2011).
Mt Etna is a stratovolcano localised along the east coast of Sicily
(southern Italy) and has a basal diameter of approximately 40 km, a
surface of 1340 km2 and an elevation of 3340 m above mean sea level
(AMSL).
The Mt Etna volcanic body represents an important aquifer in Sicily
because of its position, high elevation and internal structure. Indeed, it is
highly exposed to winter precipitation from being surrounded by lower
mountain chains (Hyblean and Peloritani), the Ionian Sea and the Catania plain (see Fig. 1). In addition, the volcanic ediﬁce is constructed by
overlapped lava ﬂows (permeable rocks) and volcanoclastites (impermeable volcanic layers), which create a large ‘multiple aquifer’. The high
permeability of Mt Etna’s volcanic rocks is reﬂected by an inﬁltration
coefﬁcient for rainfall of approximately 75% and a runoff coefﬁcient of
approximately 25% (Ferrara, 1975). These features present Mt Etna as an
important groundwater reservoir; an approximate medium volume of
500  106 m3 is withdrawn per year (Ferrara and Pappalardo, 2008) to
satisfy the water demand of 42 urban centres (a combined population of
approximately 857,000) and 20,000 ha equipped for irrigation. The
groundwaters of Mt Etna’s many aquifers are naturally enriched in elements such as magnesium, iron and manganese. Similarly, Veschetti et al.
(2007) highlighted a possible low presence of ﬂuorine and Vanadium.
Regarding ﬂuorine, the small concentration relates to the adsorption and
retention capacity of the Etnean soils (D’Alessandro et al., 2012). In Mt
Etna’s aquifer, Vanadium is widely present in the less-active reducing
form; however, the effects of this chemical contaminant on health are not
signiﬁcant; therefore, water from Mt Etna is drinkable (Giammanco et al.,
1995).
In the current (or baseline) scenario, natural and semi-natural communities (especially forests and shrublands) cover approximately 35% of
the study area and prevail above 1000 m AMSL (see Fig. 2). Artiﬁcial

Fig. 1. Geographical context of the study area.
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Fig. 2. LU/LC of Mt Etna in the current or baseline scenario.

on historical eruptions, rheological behaviour of ﬂowing lava and effusion rate values. To produce the hazard map, MAGFLOW followed a
four-stage methodology based on ‘(i) assessment of the spatiotemporal
probability of future vent opening, (ii) estimation of the occurrence
probability associated with classes of expected eruptions, (iii) simulation
of a large number of eruptive scenarios with the MAGFLOW model, and
(iv) computation of the long-term probability that a lava ﬂow will
inundate a certain area’ [40, p. 2].
Three occurrence probabilities of lava inundation (high, medium and
low) were considered to create maps of the three LU/LC change scenarios
(see Fig. 3). These maps were created by combining the three different
classes of probability from MAGFLOW with the current LU/LC map
through a GIS overlay analysis.
Scenario 1 considers a 40% probability of inundation by lava ﬂows.
This scenario represents a realistic situation and only affects a very
narrow area (approximately 1160 ha). The map, displayed in Fig. 2, indicates that the eastern sector of Mt Etna is affected by a higher rate of a
volcanic hazard than the western sector. Speciﬁcally, the zones with the
highest probability of lava ﬂow inundation are the Valle del Bove area
and the north-east sector of the volcano. Scenario 2 describes an intermediate case referring to 20% probability of inundation. Various areas
affected by lava ﬂow are the same as Scenario 1; however, they are wider
(approximately 4800 ha) because of larger emission rates and duration
values. Scenario 3 depicts further severity to changes in LU/LC by
considering a 5% probability of lava ﬂow inundation. It represents a very
dramatic scenario (approximately 17,800 ha covered by lava) partially
reﬂects conditions of the ﬁrst two scenarios. However, it considers very
high effusion rate values (over 100 m3/s) over a few days, which

areas cover 10% of the surface and are located predominantly in the
south-eastern sector below 700 m AMSL, and the agricultural regions
occupy approximately 43% and prevail below 1000 m AMSL. These areas
cover a surface of 56,853 ha and contain both intensive crops and several
combinations of closed agroforestry systems. The Mt Etna ﬂanks host
various crops, including ﬁeld crops, citrus, orchards, prickly pear, olive
trees, vineyards, hazelnuts and pistachios. In 2019, the estimated total
gross annual value of agricultural production amounted to €376 million
(Consiglio per la ricerca, 2020). Insect-dependent crops, including vegetables, citrus, orchards, prickly pear, olive trees and vineyards, cover
approximately 45,000 ha and yield a total gross annual value equal to
€323 million. Open spaces with minimal or non-existent vegetation
dominate areas above 2500 m of altitude. Since 1985, the majority of Mt
Etna’s territory—approximately 59,000 ha—is included in the regional
protected areas network. Altitude, temperature, rainfall and frequent
eruptions are the predominant force for landscape and biodiversity in Mt
Etna (Signorello et al., 2018) (more than 70 ﬂank eruptions have
occurred in the last 420 years (Branca et al., 2004)).
2.2. LU/LC change scenarios
To create hypothetical LU/LC change scenarios we relied on the
volcanic hazard map proposed by Del Negro et al. (Del Negro et al.,
2013), which linked the morphological setting and historical data of the
Mt Etna volcano. This map simulates lava ﬂow paths and indicates the
probability of a certain area being inundated by future lava ﬂows over the
next 50 years. The map is produced by a digital elevation model, probability analyses and MAGFLOW—a quantitative simulation model based

Fig. 3. Lava ﬂow paths related to different probabilities of lava inundation occurrences (P): high (Scenario 1), medium (Scenario 2) and low (Scenario 3).
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represents a rare event. In the third scenario, several densely populated
areas that rest on the lower south-eastern ﬂank of the volcano will be
affected by lava ﬂow invasion.
It is important to highlight that, despite the three hypothesised scenarios indicating that approximately 1160 ha, 4800 ha and 17,800 ha of
the landscape will be invaded by lava, the changes in LU/LC will be
considerably lower because most of the lava ﬂow would cover preexistent volcanic bare soils. The predominant changes in LU/LC regard
areas located in medium or high belts that are close to eruption vents.
When considering how this would inﬂuence each scenario, Scenario 1
would only be minorly changed, but Scenario 2 would be greatly affected—approximately 1937 ha of natural areas (forest, scrub and herbaceous vegetation associations) would be lost. Scenario 3 would suffer the
most change: natural areas would decrease by 6870 ha, forests would
decrease by 3411 ha, approximately 1224 ha of artiﬁcial areas would be
destroyed and agricultural regions would reduce by 10% (see Table 1).

where Pi is the annual precipitation (expressed in mm) on grid cell I,
AETi,m is the annual evapotranspiration (expressed in mm) on grid cell i
for LU/LC m.
The InVEST model relates AET to potential evapotranspiration. It is
based on a formula by Budyko (1974) and an algorithm by Zhang et al.
(2004), in which soil depth, plant available water content, plant root
depths and land use characteristics were considered. Figures regarding
root restricting layer depth and available water content (AWC), both
measured in mm, were obtained from the European Soil Database (ESDB)
version 2.0 (European and Soil Data Centre [ESDAC]). Similarly, LU/LC
data were extracted from this source to run the carbon model (i.e. the
Italian land cover map) at a 20 m resolution. From the period of
1990–2010, the mean precipitation data (P) and mean potential evapotranspiration data (PET), both measured in mm, were obtained from the
Sicilian meteorological database. P and PET data were spatially interpolated using the Kriging method provided by the ESRI ArcGIS® software. The total water yield in the current landscape (Ycurrent) and for each
scenario (Yscen1, Yscen2 and Yscen3) was calculated in m3 by

2.3. Carbon storage
The InVEST carbon storage model uses the sum of carbon stored
aboveground (Ca), belowground (Cb), in the soil (Cs), in dead organic
matter (Cd) and harvested wood products to estimate the average amount
of carbon stored in each LU/LC class (Sharp et al., 2018). We used the
National Land Cover Database at a 20 m resolution to spatially identify
relevant LU/LC classes, which included forests, woods, orchards, row
crop and barren (see Fig. 4). Estimates for carbon storage were based on
the carbon storage values available in InVEST. The total amount of carbon stored (Ci,m) in each grid cell (i) with land use type (m) was calculated by
Ci;m ¼ A  ðCai;m þ Cbi;m þ Csi;m þ Cdi;m Þ

Ys ¼ Ax

X

ΔYEtna ¼ Yi  Ycurrent ; I ¼ scen1; scen2 and scen3

(1)

Ci;m ; s ¼ current; scen1; scen2 and scen3

(6)

We quantiﬁed volumes of water for agricultural and domestic use.
Water volume for the agricultural sector (WVagriculture) was calculated by
multiplying the crop water requirement (m3/ha) by the irrigated area
(approximately 20,000 ha). Water volume for the domestic sector
(WVdomestic) was calculated multiplying the area’s population (approximately 850,000 people) by the average household water consumption
(200 l/day per person). To assess the monetary value associated with
water yield, we employed €0.90/m3 as unit prices of domestic water and
€0.40/m3 as unit prices of water supplied to agriculture. The monetary
value of total water yield was calculated as the sum of total agriculture
and domestic water values.

(2)

Finally, the change in carbon storage (ΔCEtna) from Ccurrent, which
represents the baseline for future scenarios, was calculated by
ΔCEtna ¼ Ci  Ccurrent ; I ¼ scen1; scen2 and scen3

(5)

Ymi

where s indicates the current and other scenarios (scen1, scen2 and scen3)
and A is the total surface of Mt Etna. Because the InVEST water model
does not discern between surface and sub-surface water ﬂow, the water
yield value was multiplied by the inﬁltration coefﬁcient (0.75) (Ferrara,
1975) to estimate groundwater recharge. The change of water yield
(ΔYEtna) from Ycurrent, which represents the baseline, to future scenarios
was calculated by

where A is the actual area of each grid cell equal to 0.04 ha. Wood
harvesting was not considered because it was not a signiﬁcant activity on
Mt Etna. Therefore, the total carbon storage to the current landscape
(Ccurrent) and for each scenario (Cscen1, Cscen2 and Cscen3) was calculated in
units of tonnes of carbon by
Cs ¼

X

(3)

To convert carbon storage in monetary terms, we followed van den
Berg and Botzen (van den Berg and Botzen, 2015), who assigned a value
of US$125 per tonne of emitted CO2, which corresponded to US$34 per
tonne of C (or €26.6 per tonne of C in 2019).

2.5. Wild pollination service
The InVEST pollination model maps where the wild bee pollination
service is provided (i.e. map of pollination supply) as well as the crop
areas that receive biotic pollination for optimal production (i.e. map of
pollination delivery). An index of agricultural production attributable to
wild pollinator insects was also evaluated (index of a pollination service).
The map of pollinator supply indicates where wild pollinator insects
originate and elaborated on the available nesting sites, the ﬂoral resources across the landscape and the foraging range of pollinators. This
spatially explicit map can be understood as an index of pollination supply
for each unit area in the landscape. It represents the potential sources of

2.4. Water yield
The InVEST Water yield model estimates the annual water yield (Yi,m)
(mm/year) using


AETi;m
Yi;m ¼ 1 
 Pi
Pi

(4)

Table 1
Predominant LU/LC changes in Mount Etna between scenarios. P: occurrence probabilities of lava inundation.
Land use classes (LULC)

Open spaces with little or no vegetation
Forest
Agricultural areas
Scrub and/or herbaceous vegetation associations
Artiﬁcial areas

Current Scenario

Scenario 1 (P ¼ 40%)

area (ha)

area (ha)

Δ (%)

area (ha)

Δ (%)

area (ha)

Δ (%)

16,371
20,904
56,853
24,641
12.991

17,036
20,702
56,707
24,364
12.972

4.1
-1.0
-0.3
-1.1
-0,2

19,541
19,887
55,903
23,721
12.765

19.4
-4.9
-1.7
-3.7
-1,7

30,196
17,493
51,426
21,181
11.767

84.4
-16.3
-9.5
-14.0
-9,4
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Fig. 4. Spatial distribution of Etnean land-use classes (20 m resolution).

was calculated using data from Klein et al. (2007), Giannini et al. (2015)
and Lo Verde et al. (Lo Verde and La Mantia, 2011) (see Table 2).
Following this method, Ywp was not calculated as a ﬁxed proportion of
total production attributed to insect pollination; instead, it related to the
potential spatial distribution of wild bees.
To use the InVEST pollination model, we created a table of pollinator
species and a LU/LC map. The table concerned only bees (Apis spp.) and
bumbles bees (Bombus spp.) to represent all pollinator insects and contained information on ﬂight season, nesting requirements and ﬂight
distance. The LU/LC map (see Fig. 5) with a 20 m resolution was elaborated in a GIS environment. The map on ‘Landscape Protection Plan of
Catania’, which was created by the Regional Department for Cultural and
Environmental Heritage and Public Education, was combined with La
Via’s (La Via, 2009) map of orchards in the Etna.
The LU/LC attribute table includes data regarding the suitability for
nesting and the amount of ﬂoral resources. The InVEST pollination model
produces the index of a pollination service (Ywp) as ﬁnal output. To
measure the economic value of pollination, we followed Morse and
Calderone’s (Morse and Calderone, 2000) study in which the economic
value is obtained by equating the value of pollination service to the
proportion of total production value dependent on insect pollination. We
assumed that the pollination index (Ywp) was the proportion of the
pollination service provided by wild bee. Consequently, the economic
values were estimated by

pollination services but does not incorporate any demand information.
To connect the areas of ‘supply’ and ‘demand’, an index of potential wild
bee abundance (PWA) was developed for each agricultural cell. PWA was
calculated by considering the suitability of nesting, relative amount of
ﬂoral resources in the land use types, distance between habitats (areas
that supply the service) and crops (areas that demand the service) and the
maximum foraging ﬂight distance of wild pollinators. We generated a set
of maps—one for each pollinator-dependent crop. These maps conveyed
the potential sources of pollination services to the relative degree of
pollination service at the demand points, or at points in which the service
is ‘delivered’.
To estimate the agricultural production attributable to wild pollinators (Ywp) (i.e. index of a pollination service), the InVEST tool measures
the PWA by using a simple saturating crop yield function, which assumes
that yield increases as wild pollinator visitation increases. However,
there are diminishing returns (Greenleaf and Kremen, 2006), as
demonstrated by
Ywp ¼ Dc

PWA
PWA þ Kc

(7)

where Dc represents the portion of yield that is dependent pollinators
(wild and managed) and Kc is a half-saturation constant that represents
the abundance of pollinators required to reach 50% of pollinatordependent yield. In this study, Kc ¼ 0.125 for all crops, whereas Dc

Vw ¼ P*Ywp
Table 2
Area (ha) and dependency on wild insect pollinator (D) of each pollinatordependent crop.
Crops

Area
(ha)

Dependence on insect
pollination (Dc)a

Vineyard (Vitis vinifera L.)
Vegetable (Lycopersicon esculentum Mill.,
Brassica chinensis L. …)
Orchards (Pyrus malus L./Pyrus communis
L./Prunus avium L.)
Prickly pear (Opuntia ﬁcus-indica)
Citrus (Citrus aurantium L.,/C. limon L.)
Prickly pear and olive (Opuntia ﬁcusindica, Olea europaea L.)
Olive (Olea europaea L.)

4,688
998

0,10
0,83

7,741

0,86

1,378
20,672
4,817

0,80
0,10
0,40

4,742

0,10

(8)

where Vw is the pollination service value provided by wild bees and P is
the market value of each crop retrieved from a recent Italian agriculture
report by the Italian Council for Agricultural Research and Economics
(CREA) (Consiglio per la ricerca, 2020). To compare pollination service
values across the three scenarios, we assumed that there was no variation
in P, farmers were not compensated for the loss in pollinators, honeybees
were not added, and there was no change in crop species or farm management systems.
3. Results and discussion
3.1. Carbon storage
Currently, Mt Etna stores approximately 16.4 million tonnes of carbon.
This amount was calculated as the sum of carbon density of various LU/LC

a

Mean value from Klein et al. (2007), Giannini et al. (2015) and Lo Verde et al.
(Lo Verde and La Mantia, 2011).
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Fig. 5. Spatial distribution of Etnean land-use classes (20 m resolution) used to run the InVEST pollination module.

The maximum carbon storage coincides with the biggest forests,
including the pine forest in the south sector, the chestnut and the oak
forests in the eastern sector, the birch and pine forests in the north-east
sector, and the mixed forest (beech and pine) in the north sector. Forests have the lowest carbon storage capacity and are often interrupted by
barren areas that follow the contours of post–18th century lava ﬂow (see
Fig. 7). Mt Etna’s higher slopes are homogeneously characterised by
exceptionally low values of carbon storage because of the presence of
volcanic desert. This loss results in a decreased amount of orchard and
forest surfaces and an increase in fresh lava surfaces where no vegetation
(which is responsible for carbon store activity) will be present for a long
time. On the lower altitudes (below 1000 m AMSL), Fig. 7 depicts a
cluster of areas with different values of carbon storage. This is evident on
the east ﬂank where different LU/LC types are present, including urban
areas, relicts of fresh lava surfaces, uncultivated areas, vineyards, orchards, oak savannas and small mixed forests. Fig. 7 overlaps the new
lava ﬂow ﬁelds that were hypothesised in the third scenario. Mt Etna
stores approximately 13.6 million tonnes of carbon in the third scenario,
which is 2.8 million tonnes of carbon less than the present day. This
results from the increase of fresh lava surface and the reduction of orchards and forest surfaces.
Fig. 8 demonstrates the decrement of carbon storage between the
scenarios. The decrease is strictly linked with an increase in barren surface but it is not directly proportional to the reduction of wooded areas.
Indeed, Scenarios 1 and 2 indicate that the invasion of a new lava ﬂow
ﬁeld is conﬁned on the high slopes where woods are scarcely present.
Additionally, the carbon storage values are similar to those in the current
situation. Further, on the medium slopes, new lava will cover only barren
surfaces and a limited section of wooded surfaces. However, the third
scenario depicts a large portion of territory below 1000 m AMSL will be
affected by the invasion of lava ﬂow, which would destroy of large
portion of orchards and woods and, consequently, reduce carbon storage
capacity. Unfortunately, similar to Scenario 3, a large amount of orchards
are already reducing; a large portion of territory previously used for
agricultural purposes are now abandoned and planned as building areas.
If this trend does not change, the reduction in carbon storage as
demonstrated in Scenario 3 may become likely to occur. Crucially, this
would not be caused by natural phenomena, but by the careless actions of
humans.

types. The amount is equivalent to the amount of carbon emitted from the
entire Sicilian population over two years, which is based on average per
capita emission rates of 5.9 tonnes of CO2 per person each year (Muntean
et al., 2018). The amount of carbon for each unit of LU/LC changes according to variations in vegetation density and species composition (see
Fig. 6). Berries and vineyard have the lowest carbon storage capacity
because of their low surface and low vegetation density, whereas orchards
play an important role in carbon storage because of their large surface.
Natural shrub, which covers approximately 18,257 ha, is the third-largest
LU/LC class and stores approximately 803,348 tC, which corresponds to
5% of Mt Etna’s total carbon storage. Wooded areas are the largest source
of carbon storage with approximately 7.9 million tonnes, which is equal to
48.7% of the total. The carbon store capacity of wood correlates to surface
extension and vegetation density, as well as belonging to temperate evergreens, which is a plant category that demonstrates the greatest carbon
storage capacity (Papale and Shroder, 2014).
Fig. 7 presents the distribution of carbon storage across the three
scenarios. The changes result from the differences in vegetation structure. The highest carbon storage is within the supra-Mediterranean belt
(1000–1500 m AMSL) because of the large presence of forests (mixed
forest, conifer, woodlot and oak savanna), which is characterised by a
high carbon storage capacity (a mean value of 400 tC/ha).

Fig. 6. Area and relative percentage of carbon storage for different LU/LC types.
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Fig. 7. Amounts of carbon stored within the different scenarios*
* Values are expressed in tonnes/grid cell (20 m  20 m). The loss of carbon from present day to Scenario 3 is emphasised by the decrease of dark green areas. . (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

and the groundwater recharge is estimated to be equal to 310  106 m3.
These volumes are lower than the amount of water that is available
annually (700  106 m3/year), as reported in Federico et al. (2017), and
lower than the medium volume annually withdrawn (500  106
m3/year), as published in Ferrara and Pappalardo (2008) and based on
the monitoring of wells and springs. Two reasons can explain the differences between InVEST estimates and available data. First, the InVEST
water yield module is not a hydrological model; therefore, it contains
several limitations and simpliﬁcations such as lacking consideration of
the effects of complex land use patterns or underlying geology (Sharp
et al., 2018). Second, a more accurate deﬁnition of model parameters and
input data is needed, including AWC, root restricting layer depth and the
plant evapotranspiration coefﬁcient (Kc), which is used to obtain PET to
which the model is most sensitive (Redhead et al., 2016).
Fig. 9 depicts Mt Etna’s water yield by using different shades of blue.
Values range from 0 mm to 990 mm. When considering the entire Etnean
ediﬁce, the water yield values are bigger in the eastern sector than the
western sector. This evidence is likely to be closely linked with the
varying rate of rainfall between the two sectors, which depends on the
volcano’s geographic and geological setting. Mt Etna’s eastern side is
generally more humid than its western side because the former overlooks
the sea and the latter faces dry inner-land zones. Further, the eastern
slopes are steeper and humid currents coming from the sea climb the
volcano’s ﬂank rapidly, which forms dense clouds and results in heavy
rainfall. Importantly, the difference in water yield values between the
volcano’s eastern and western sides is because of the larger fresh lava
surface that covers the eastern side, which results in a higher inﬁltration
rate. Additionally, the eastern side is generally more affected by the
occurrence of eruptions.
Fig. 9 depicts the higher and medium slopes of the volcanic ediﬁce in
the current or baseline scenario presenting the highest values of water
yield (indicated by dark blue colouring), which generally follows the

Fig. 8. Amount of carbon storage (tonne C/year) and value of carbon storage
(€) within the different scenarios.

Economically, the value of carbon storage services provided by
Etnean natural capital in the baseline scenario is approximately equal to
€435 million. It is expected that carbon storage will decrease in future
scenarios because of changes in LU/LC by potential lava eruption events
in the future. Speciﬁcally, a loss equal to €2 million and €11 million
would occur in the ﬁrst and second scenarios, respectively. Dramatically,
a loss of €74 million would occur in the third scenario.

3.2. Water yield
The InVEST water yield model is founded on the difference between
rainfall and the rate of evapotranspiration in each land parcel. The water
yield of Mt Etna in the baseline scenario is approximately 418  106 m3
7
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Fig. 9. Water yield in Mt Etna within the different scenarios*
*. The increase of water yield value from current to Scenario 3 is emphasised by the increase of dark blue areas. . (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the Web version of this article.)

post–19th century lava ﬂow ﬁeld contours. This results from the lack of
vegetation on the recent lava volcanic surfaces. These areas do not present the evapotranspiration process and the lack of soil favours the rate of
water inﬁltration. This feature is mostly evident in the volcano’s high and
medium slopes that are within Mt Etna Park and thus, less affected by
human activity. Conversely, the areas with lower values of water yield
are covered by forestry, which implies a high ratio of evapotranspiration
processes and thickness of soil. Interpreting the map generated by
InVEST becomes more complicated when focusing on the volcano’s
lower zones (below the altitude of 1000 m AMSL). Because these areas
are outside Mt Etna Park’s perimeter, the high degree of anthropisation
can occasionally supply false information. Additionally, the areas with
the highest values of water yield on this belt overlap the urbanised areas
(town and villages). This likely occurred because the input of evapotranspiration and the presence of soil in these areas are equal to zero;
therefore, the InVEST data depended solely on the precipitation level.
The increase of water yield value increasing with the extension of fresh
volcanic surfaces is easily explained when considering the loss of
evapotranspiration rate and the corresponding increase of permeable
surfaces.
Fig. 10 displays the water yield values relative to the different scenarios. The LUI/LC changes are primarily represented by the formations
of new naked lava surfaces (barren surfaces). The consequent decrease of
forested areas (see Table 1) relate to the varying water yields across the
respective scenarios. The economic values relative to the baseline scenario (418,000,000 m3 and €278 million) and the Scenario 1
(420,000,000 m3 and €279 million) are very similar, as it is speculated
that the new lava ﬂow predominantly overlapped the naked areas.
Conversely, the water yield values in Scenario 3 (the worst but least
likely scenario) is higher than previous values (465,000,000 m3 and €308
million) because this scenario involves lava ﬂow invasion on the
volcano’s medium and lower vegetated sectors.
Nevertheless, it is important to note that the values of water yield in
the various scenarios share some similarities. This pattern emphasises the

Fig. 10. Water yield (1,000,000 m3/year) and economic estimation within the
different scenarios.

signiﬁcant role of the rate of precipitation in respect to other input
considered by the InVEST model.
3.3. Pollination
Fig. 11 describes the index of pollination supply map, which demonstrates potential capabilities of speciﬁc LU/LC to provide crop pollination service on a relative scale ranging from 0 to 1. Zero indicates that
there is no capacity to supply pollination services, whereas 1 refers to
maximum capacity to supply pollination services by wild pollinators
(represented by bees and bumbles).
The general map pattern in the baseline scenario indicates high
pollination supply between 500 m and 1500 m AMSL (depicted by green
colouring) in which the mixed forests, often interrupted by natural pastures and cultivated crops, prevail. The areas with low pollination supply
8
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Fig. 11. PWA on landscape within the different scenarios.

pollinators. Such a trend is particularly evident in the eastern and
southern sectors of Mt Etna where the lava ﬂow is more abundant.
Mapping and assessing where pollination services are delivered can
be useful to locate crops, optimise conservation investments that beneﬁt
biodiversity and farmers, and predict consequences of different policies
on pollination services. An area could be abundant in pollinator; however, if there are no bee-pollinated crops in that area, pollinator insects
could not provide a crop pollination service. Fig. 12 maps natural areas
(indicated in green) and agricultural areas (indicated in orange and blue)

(depicted by the purple colouring) are characterised by volcanic desert
(over 2000 m AMSL) and coastal and sub-coastal plains (lower than 500
m AMSL). These areas have relatively low nesting suitability and offer
limited resources for foraging because of a low abundance of ﬂowers
carrying nectar. Future scenarios (particularly Scenario 3) observe a
generally widespread reduction of areas with high pollination supply and
an increase of areas with low capability to provide the service. This can
be explained by the decrease in natural and extensive agricultural areas
and the increase of naked lava surfaces that are unﬁt to support wild

Fig. 12. PWA of pollinator-dependent crops within different scenarios.
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distance between habitats. Mapping pollination services permitted visualising and understanding the connection between habitats where insects live and areas where pollination services are delivered.
Improvements to the InVEST pollination service model should
consider landscape elements such as riparian margins, water bodies and
secondary roads that offer ideal foraging and nest conditions for wild bee.
Additionally, the service model could integrate climate conditions such
as solar radiation or atmospheric temperature. Our analysis examines the
role pollinators play in the Etnean agriculture and highlights how this
economic activity requires stable pollinator populations. These issues are
particularly relevant in Mt Etna’s east sector, which is characterised as a
high volcanic hazard, where traditional crops (e.g. citrus) are progressively replaced by tropical crops that strongly depend on insect pollination (e.g. mango, avocado and lychee).
The results demonstrate a different trend regarding variations to the
ecosystem services that are linked to an increase of eruptive activity, as
hypothesised in the three different scenarios. The carbon storage and
pollination service will be reduced by the loss of woods and natural
habitats resulting from new volcanic surfaces. Conversely, water yield
increases with the rise of the volcanic activity because the rate of inﬁltration water is positively inﬂuenced by the creation of new naked land
surfaces.
Overall, the ﬁndings indicate that the volcano’s east sector will be
affected by a substantial decrement in ecological functions. Despite this
study only considering a section of Mt Etna’s full range of ecosystem
services, it provides useful insights that can be integrated into the
traditional impact assessment of Mt Etna’s eruptions. Additionally, this
study can assist policymakers in designing superior land use and conservation plans in areas subject to volcanic events.

where pollination services are delivered, to demonstrate the exchange
between PWA and pollinator-dependent crops. The present-day scenario
displays a tremendous pollination service in the eastern sector of Mt Etna,
where the landscape presents a high level of heterogeneity with a
mixture of LU/LC types, including pollinator-dependent crops. The
pollination service is low in the northern and southern areas where crops
are minimal in natural and urban areas, as well as low in the eastern
sector because insects do not depend on these crops for pollination.
The blue square in Fig. 12 demonstrates an example of decreased
PWA and increased new lava surfaces. In this area, crop isolation and the
consequent reduction of pollination services is evident. Table 3 reports
the economic value provided by wild bees for crop yield dependency
within different scenarios. Overall, the pollination service value is
approximately €45 million and represents 12% of the gross value of farm
production of the entire Etnean crop sector, which is approximately €376
million. A progressive reduction of economic value across scenarios was
observed with a loss of approximately €4 million between the current and
third scenario. This reduction is mostly imputable on the lava ﬂow’s
destruction of approximately 7000 ha of natural habitat. Results
demonstrate that orchards are the predominant relevant crop for pollination services on Mt Etna because of its extension (7,700 ha), hectare
value (€7000) and strict dependence (Dc ¼ 0.7–0.8) on pollination service. Despite irrigated crops holding high Dc value (0.7) and average
output, they are less important because of their low extension (900 ha),
and their citrus causes their very low Dc value of (0.1).
4. Conclusion
Sicily’s Mt Etna volcano is continuously transforming; frequent
eruptions create new lava ﬂow ﬁelds that can radically and suddenly
change ecosystem services and natural and semi-natural environments.
In this paper, we used InVEST models and GIS spatial analysis to assess
Mt Etna’s carbon storage, water yield and pollination. These ecosystem
services were valued in the present-day environmental setting and in
three possible future scenarios of LU/LC changes, which were created by
following Del Negro et al.‘s (Del Negro et al., 2013) hazard map of lava
ﬂow inundation. In the hypothetical scenarios, the ecosystem service
values can be affected over time by variations linked to the volcano’s rate
of activity. InVEST analysed the landscape’s spatial distribution of
ecosystem services and accounted for changes in ecosystem services
under various scenarios.
Biophysical carbon storage assessment required few data as it depends on LU/LC map accuracy and the availability of carbon pools data.
The evaluation of water yield required more data; the relative InVEST
model is sensitive to precipitation and evapotranspiration values and
does not consider the effects of complex land use patterns or underlying
geology. Pollination services evaluation required a small-scale approach
because its provision is reliant on the distribution of ﬂoral resources and
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