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Abstract: Sweet chestnut is a relevant species in Europe for the production of timber and fruit,
alongside environmental effects such as biodiversity of protection against soil erosion. In Portugal,
chestnut is cultivated mainly for fruit production, in two areas, in the North and the South of the
country, with moderate water deficit and low slope and at altitudes higher than 500 m. The current
area (845 ha) of the southern so-called Marvão Protected Designation of Origin, of a fortyfold lower
order of magnitude by comparison with the Northern productive area, has a significant expansion
potential, given its similarity with contiguous areas in the same region. In this context, the main
objective of the present work was the evaluation through geographic information analysis of that
expansive potential, by comparison of physiographic profiling of the current production area with
contiguous areas. A GIS-based characterization of current and potential chestnut areas in Marvão
is presented. The methodology involved (i) digital profiling of the main classes/values of the
geographical spatial ecological fingerprint considering topography, soil and microclimate variables
in the areas currently occupied with sweet chestnut stands and (ii) the evaluation of the distribution
of that environmental fingerprint in the whole Marvão productive area, for extending the cultivation
to contiguous areas with a similar ecological fingerprint. An enlarged 9889 ha chestnut area was
proposed, allocated for high forest stands aiming at agroforestry fruit production and coppiced
stands for timber production and environmental protection, corresponding to 4590 ha and 5299 ha,
respectively. Fruit production was proposed to field slopes of 0–4% and 4–8%, and altitudes between
400 m and 500 m. Presumable high-quality sites allocated to temporary dry/irrigated cultivations
were also proposed for fruit production, in the same slope classes and altitudes higher than 500 m.
Timber production and environmental protection were proposed for slopes within 8−12% and
>12% ranges. This selection took into account the logistical feasibility facilitated in lower slopes for
intensive mechanized management operations. This methodology permits a future field evaluation
of site indexes, productivity, and correlations between environmental variables and stand biometry.

Keywords: chestnut; geographic information systems; fruit production; timber and ecological
protection; undifferentiated soils; physiographic profiling

1. Introduction

The most relevant chestnut species in Europe amongst the thirteen species from the
Castanea genus is Castanea sativa, M., commonly called sweet chestnut, a typical multipur-
pose species. Sweet chestnut stands have been extensively managed in high forest and
coppice agroforestry land covers aiming production of edible fruits and timber, under a
context of encouraging expansion and regeneration of the species in Europe [1–3].
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Experimental evidence points to the convenience of coppicing management in short-
ening the growing lifecycle. This topic shows potentially positive effects, e.g., in timber
production and environmental agro-forestry, being implemented primarily in higher alti-
tudes, aiming for soil and landscape conservation and biodiversity. The contribution of
chestnut stand management for carbon sequestration and mitigation of climate change
was also considered [4]. The survival rates of individuals of these species under Mediter-
ranean conditions is problematic depending on factors such as fire disturbance, shade from
competitive late-successional species, grazing pressure from goats or repeated gall wasp
(Dryocosmus kuriphilus) attacks [5]. A decline of the financially feasible cultivation of sweet
chestnut in Europe occurred in the 20th century, due to the introduction and spread of
severe diseases such as the soil-borne ink disease (Phytophthora spp.) and the chestnut
blight (Cryphonectria parasitica) [6,7]. Nowadays woodlands of the species correspond to
about 2.5 million ha in Europe, mostly in the Mediterranean and Sub-Mediterranean areas
corresponding to a climatic envelope with mean annual temperatures ranging between
8 ◦C and 15 ◦C and minimum annual precipitation between 600 mm and 800 mm [8,9].
For Central and Southern Europe, under the current context of climate change, chestnut
is considered a potentially resilient tree species (e.g., [10,11]). Castanea sativa woodlands
have traditionally been managed under different agroforestry systems (AFS) [8,12–14].
Several types of AFS include chestnut trees as the main element but differ concerning their
productive aim. The main agroecosystems services provided by chestnut AFS in European
Mediterranean and Atlantic regions are food provision from fruit, biomaterials (wood
and biomass), bioenergy, climate regulation and control of soil and vegetation erosion
(e.g., [14]).

In Portugal, chestnut is cultivated mainly for fruit production in orchards under low
summer rainfall, moderate water deficit and low slope, mainly in Northern and Central
mountainous Portugal. This contrasts with Central and Western Europe where, by far, the
largest proportions of chestnut areas are coppices. The stands aiming for fruit production
are widely distributed in the Northeastern part of the country, covering 35,000 ha, along
with a smaller area of about 850 ha corresponding to the designated Marvão Protected
Designation of Origin. This designation was established by the Portuguese and European
authorities and includes the county of Marvão and the São Mamede mountain range,
located in the Central Eastern part of the country.

The fruit productivity of chestnut stands is around 1300 kg ha−1 y−1, with a recent
decreasing tendency due to fungal ink, cancer diseases or soilborne Phytophthora cinnamomi
pathogen [15]. Under adequate sanitary conditions, chestnuts maintain steady increasing
fruit productivity from about 20-year-old to 60-year-old or even older trees, within stand
densities up to 400 trees per hectare. The usual production ranges between 10 kg and 90 kg
per tree, and as high as 250 kg to 300 kg per tree for high productive trees [16]. Should the
sanitary status or stand management be improved, and the fruit production perspectives
would be for increasing to about 1800 kg ha−1 y−1 in 2022 and about 3000 kg ha−1 y−1 in
2030 [17]. The cultivation of chestnuts for fruit production is a profitable activity and the
expansion of their areas under adequate management would therefore be determinant to
boost the social and economic development of the rural areas involved. Timber production
is possible in steep and stony hilly areas where fruit production is not financially feasible,
and in adult stands can range between 5 m3 ha−1 y−1 and 10 m3 ha−1 y−1. In Portugal,
the current area and productivity per hectare are restrained by as much as 50% due to the
impact of the diseases and pests already referred [2,14–16].

The wide range of factors influencing chestnut stand management is related to vari-
ables associated e.g., with climate, topography, soil, or even natural vegetation. Those
factors are not directly controllable by anthropogenic actions, and thereby agro-forest man-
agement should be conducted for optimizing their impact and to maximize the long-term
sustainability of chestnut stands. In Europe, transformations have been proposed, with
conservation and landscape protection objectives [18], such as the conversion of coppicing
to high forest systems for reducing fire risk, or conversion of high forest to coppice on
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steep slopes to improve the hydrological balance and soil protection [19]. The relevance
of environmental factors in the productive potential of chestnut stands and their impact
on forest management is widely presented in the literature The better climate conditions
for chestnut stands are those without significant frost risks, shade and cool environments,
annual precipitation ranging between 600 mm and 1500 mm, annual sunlight periods
ranging between 2400 h and 2600 h, mean annual temperatures between 9 ◦C and 13 ◦C
and long-term maximal mean of annual maximum temperatures of about 27 ◦C. Climate
variables related to air temperature, precipitation and evapotranspiration were found as
the most contributive to the variance in chestnut stand biometry, with, e.g., sprout and
stool density of 0.43 and 0.59 [20].

Chestnuts are adaptable to various climates such as the warm and rainy Atlantic mar-
itime, the hot and dry Mediterranean, or the severe continental with rigorous winter and
hot summer. This plasticity of the species is determinant to the aforementioned resilience
to climate change in Europe. In this context, climate factors contribute to the regulation
of physiological processes such as budbreak emerging, summer evapotranspiration, soil
moisture storage or drought season length. On the other hand, trees can control stomatal
opening for regulating photosynthetic gas exchanges and transpiration. This latter effect
can be enhanced in Mediterranean-like climates, by implementing cultivations at higher
altitudes linked to lower environmental temperature and higher moisture, which is also
contributive to minimizing hydric stress [21]. Overall, although adult chestnut stands
withhold severe drought conditions, young trees are considered as far more sensitive to
water stress. Thus, coppicing by allowing to obtain higher soil water and nutrient amounts,
can enhance plant growing when water scarcity is not very drastic [21,22]. Chestnut prefers
sedimentary or siliceous soils with acidic to neutral conditions, tending to occupy hills
and ridges because their roots tend to decay in poorly drained soils. Soil drainage is a
necessary condition since chestnut is sensitive to water-logging and rocky materials can
exist up to about 30%, provided that the soil is sufficiently deep to provide the necessary
fertility and supply water needs in dry summer [13,16,23–25]. The adequate soil texture
should be sandy loamy, loamy sand or silt loamy, typical of undifferentiated soil types, e.g.,
cambisols, and not too heavy wherein productive potential can be very low. A finer texture
can be tolerated if the soil exhibits an adequate structure.

The availability of soil organic matter, at amounts higher than 2%, besides improving
soil structure, porosity and water and nutrient availability and reducing waterlogging, is a
factor potentially allowing to minimize the impact of chestnut ink disease [26]. Elevation
between 700 m and 1000 m is mentioned as adequate for chestnut fruit production [13].
The intensity of agroforestry management is dependent on the site quality and productivity,
insofar that higher site index (SI) values allow for more intensive clear-cutting or reduction
of rotation times [1,27,28]. A study about chestnut for timber production in Northern
Spain showed that climate and edaphic variables were those better explaining SI [29].
Altitude was shown as closely correlated to more than 85% of the climatic variables, such
as precipitation, mean annual temperature or potential evapotranspiration, and thereby
influencing SI. Slope was not shown as particularly relevant, with timber productivity of
coppice stands in steep slopes being positively affected by increased rainfall, and negatively
influenced by extreme seasonal air temperature variations. The lack of waterlogging is also
a determinant for the mitigation of ink disease [29].

For chestnut aiming timber production in Northern Spain, models including edaphic
and climatic variables explained the higher percentage of variability of 52%, while genetic
factors explained the remnant [30]. Sand content was shown as the main soil-related
variable which controls height growth of the chestnut coppice stands with soils, with
sand amounts higher than 57% delivering significant SI gains. SI was also higher in sites
with soils with clay amounts lower than 29% and with summer precipitation exceeding
151 mm, confirming the low adaptation of chestnuts to clay soils due to compressibility
and low aeration.
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Geographic information systems (GIS) allow evaluating the impacts of isolated eco-
logical factors, related to climate, physiography, and soil, in site quality and temporal
and spatial variability of forest productivity (e.g., [31–34]). The analysis of the impact
of isolated ecological factors permits the identification of spatial-temporal interconnect-
edness between these factors and forest management traits. GIS methodologies can be
relevant for the modelling and prediction of new areas for implementation of chestnut for
fruit, timber production, ecological protection, or agro-forest restoration [20,34,35]. Also,
such an approach of environmental impact analysis would allow evaluating how such
factors constrained previous landscape uses, contributing to the optimization of the current
management decision processes [20].

In Portugal, a GIS-based study, using an 8 km × 8 km cell grid map, showed that 86%
of the cells with prevalence of chestnut stands corresponded to altitudes ranging between
500 m and 1000 m [34]. GIS was used to establish relationships between forest variables
and chestnut trees in these AFS, showing that ecological variables can condition stand
management, being, therefore, a key issue for planning the expansion of areas of chestnut
cultivation [36]. Slope and altitude were shown as significantly correlated with stool and
sprout density. The soils in the study were considered adequate for chestnut cultivation and
derived from similar lithological substrates of quartzites, sandstones, schists, granites and
slates and thus overall biometric data was not found to vary with the available soil datasets.

In all the above context, the present study aimed to estimate the potential total area for
expansion of chestnut stands in Marvão productive zone, for fruit and timber production
and environmental conservation. A spatial approach was followed for evaluating the
prevailing soil, altitude, slope, and climate profiles in the current chestnut areas. This
approach was followed under the assumption of similarity of sites adjacent to the current
productive area in the whole zone. These physiographic profiles were overlaid with the
area distribution of land use classes considered as major sources for the generalization of
the potential locations for installing new chestnut stands: permanent pastures, pastures
with permanent cultivations, herbaceous vegetation, shrubs, and temporary dry/irrigated
cultivations. This study was encouraged by authorities to boost the local economy and
preserve the unique and valuable genetic resources of this region endangered by rural
depopulation. This strategy should also present global relevance for the evaluation of crop
production. The obtained potential area should thereby reflect the physiographical and
landscape aptitude of this region for the development of chestnut productive clusters for
fruit and timber.

2. Materials and Methods

GIS was used to evaluate the possible extension of the current area, of around 845 ha,
of sweet chestnut for fruit production in the Marvão productive region. The area specifically
under study includes Serra de São Mamede, a small mountain range that separates the
basins of the Tagus (north) and Guadiana (south) rivers. This productive area is one of
the four so-called Protected Designation of Origin regions in the country for chestnut
cultivation. An extension of the surface cultivated with sweet chestnut was considered as
possible, due to the apparent environmental similarity of the whole studied area regardless
of the current occupation with stands of this species. Empirical historical evidence points
furthermore to an old-time tradition relevance of sweet chestnut fruit production in the
economic and social fabric of the region.

The methodological strategy was, therefore: (i) to characterize the prevailing classes
or values of the geographical spatial ecological fingerprint considering variables linked
to topography, soil and microclimate in the current chestnut area; and (ii) to evaluate the
distribution of that environmental fingerprint in the entire Marvão productive area, for
generalizing the possible cultivation with sweet chestnut to additional areas not occupied
with the species, but exhibiting topography, soil and climate profiles similar to the current
chestnut areas. The Marvão productive area has a maximum elevation of 1025 m, covering
an area of approx. 30 km by 10 km along the NE-SW direction, and is included in the
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namesake natural park, a protected area located within the limits of the range (Figure 1).
The range influences a microclimate with rainfall and humidity levels that are higher than
the surrounding territory. Despite its small area, local climatic diversity and soil typology
support a combination of Atlantic forest with Mediterranean land cover. A reference land-
use dataset was used for determining and characterizing the current sweet chestnut area.
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Figure 1. Location of the Marvão productive chestnut study area.

The footprint of slope and altitude of the current sweet chestnut area, resulting from
the overlay of the land use and elevation datasets, determined the choice of two altitude
classes, “400–500 m” and “>500 m”, and four slope intervals, “0–4%”, “4–8%”, “8–12%”
and “>12%”, as physiographical criteria for the estimation and evaluation of the potential
expansion area of chestnut stands for fruit and timber production. The land use map
was also considered for obtaining areas of five land-use classes, corresponding to land
occupations with low economic value, which can be considered as a first filtering criterion
for extending the current sweet chestnut area. These classes were “permanent pastures”,
“pastures with permanent cultivations”, “natural herbaceous vegetation”, “shrubs” and “temporary
dry/irrigated cultivations”.

Another constraint for spatial modelling was the soil map of the region. The boundary
of both the current and potential sweet chestnut areas encompassed by this study was
defined by the extension of four layers of this soil map, defining a study area of approx-
imately 25 km in length (N-S) and 20 km in width (W-E), covering the productive zone
with a slightly irregular shape due to the Spanish-Portuguese border east of the range. The
resulting datasets were the output of a further digital overlaying of the soil and land use
datasets with altitude and slope datasets, considering the physiographical and soil classes
obtained from the digital datasets relative to the current chestnut area.

The methodology to obtain the potential chestnut area used a GIS in three sequential
stages (Figure 2). Firstly, the land use map was used to select the current chestnut area.
In the second stage, the current chestnut area dataset was then combined with other
datasets (elevation, slope, soil, and climate) to characterize the current chestnut stand
distribution, with the extraction of environmental ranges for elevation, slope, and soil types
confirmed as typical for chestnut habitat preferences from literature. In the third stage,
the potential chestnut area was obtained from overlaying the environmental ranges of the
current chestnut area with the five soil use classes, which were considered as sources for
the generalization method to obtain the areas for chestnut installation.
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For delivering the described modelling the following digital spatial datasets used are
briefly described as follows:

Land use/cover cartography: The reference thematic map for land use/land cover data
is the land occupation map (COS), published by the Portuguese governmental agency of
territory and spatial planning (Direção-Geral do Território). The dataset, in vector format
(polygons, non-overlapping), has a minimum cartographic unit of 1 ha, mapping the
landscape units according to a 5-level hierarchical classification that is detailed enough to
indicate the dominant species in agriculture or forest classes. The 2015 edition (COS2015
v1.0) at its most detailed level (level 5) was used to obtain the magnitude areas of current
chestnut occupation and the abovementioned five land use classes considered for its
expansion (Figure 3).
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Soil classification: The soil dataset used was the soil classification map (1/50,000 scale
compatible detail) edited by the Portuguese agency of agriculture (Figure 4).
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Elevation: The elevation dataset used was the European Digital Elevation Model (EU-
DEM 1.1, provided by the EU GMES/Copernicus package in Geotiff 32-bit format). It has a
spatial resolution of 25 m with a vertical accuracy of +/− 7 m RMSE. In the studied area,
elevations range between 230 m and 1018 m (Figure 5).
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Climate: Climate data was extracted for Portugal from the most detailed Worldclim 2
Global Climate datasets [37]. This extensive collection of raster datasets (ca. 1 km2 cells)
has average monthly climate data for minimum, mean, and maximum temperatures and
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precipitation for the years 1970–2000, obtained by the interpolation of monthly climate data
of global land areas.

The climate variables, namely air temperature and rainfall, were deemed as not
varying within the relatively small area of the study, after a short digital analysis with
Worldclim 2 Global Climate datasets. Along the period 1970–2000, the long-term averages
of the main climatic variables in the productive zone ranged between 13.1 ◦C and 14.4 ◦C
for annual air temperatures, between 6.6 ◦C and 7.3 ◦C, and 22.4 ◦C to 23 ◦C for winter
(December–February) and summer (June–August) temperatures, between 707 mm and
1153 mm for annual precipitation, and between 191 mm and 238 mm (winter) and 18 mm to
19 mm (summer) accumulated precipitations. Summer precipitation is significantly lower
than 151 mm, a threshold [30] that determines its relevance in defining SI. The average
annual and summer air temperatures were typical of a Mediterranean climate with this
weather profile being surely enhanced in a context of climate change, which could lead to
significant air temperature increases and precipitation decreases [38].

ArcGIS Desktop 10.7 (Esri, Redlands, CA, USA) was used to handle all described
data and perform the spatial analysis operations. The cartographic basis was the elevation
dataset with 25 m of spatial resolution, and all the other datasets were converted to raster
or resampled to match the extent and resolution of this dataset.

3. Results
3.1. Slope and Altitude

Sweet chestnut covers 845 ha in the study area. Its distribution by slope interval and
altitude classes is shown in Table 1.

Table 1. Current chestnut areas (ha) by four slope intervals and two altitude classes and the respective
percentages to sub-total and total areas.

Slope
Altitude

Sub-Totals
400–500 m >500 m

0–4% 26.6 33.5 60.0
4–8% 26.5 87.4 113.9
8–12% 19.2 94.0 113.2
>12% 12.8 545.2 558.0

Sub-totals 85.1 760.0

Total 845.1

A dominance of about 90%, or 760 ha, of the current chestnut area in the class of
altitude higher than 500 m was observed (Table 1). This dominance is in line with a
previous assessment [34], concluding that about 85% of the Portuguese chestnut tree area
for fruit in 2006 lies above 500 m. The prevailing slope interval was >12% with an area of
558 ha, 66% of the total, followed by the 4–8% and 8–12% intervals corresponding to around
13.5% each and by the 0–4% interval with about 60 ha, 7.1% of the total chestnut area. The
areas within 400–500 m altitude class and the 0–4% and 4–8% slope intervals, supposedly
suitable for highly intensive managed chestnut stand for fruit production, corresponded to
ca. 26.5 ha (3.0%) each. The high representativeness of slopes higher than 12% in the current
chestnut area, of around 66% of the total (Table 1), is indicative of a marginal relevance of
aspect for cultivation, considering solar radiation as essentially abundant for tree growth
and development. Within the study area, the total available expansion was estimated as of
around 27,930 ha (Table 2). The 4–8% and >12% slope intervals prevailed, with respectively
26.9% and 39.5% of the total area. From the slope class >12% sub-total, about 32.6% of
the total area (9097 ha) was relative to altitudes above 500 m. The slope interval of 4–8%
corresponds to an area of 7525 ha. The two altitude classes correspond to similar perceived
areas with about 48.2% (13,460 ha) and 51.8% (14,470 ha) to the 400–500 m and >500 m
classes, respectively (Table 2). The areas corresponding to the 400–500 m altitude class and
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slopes of 0–4% and 4–8% were about 3476 ha and 5402 ha, totalling 8878 ha, corresponding
to 12.4% and 40.1% of the total area of 27,930 ha.

Table 2. Available areas (ha) by two altitude classes and four slope intervals.

Slope
Altitude Sub-Totals

Per Slope Interval400 m–500 m >500 m

0–4% 3476.4 1171.1 4647.4

4–8% 5401.8 2123.0 7524.8

8–12% 2628.4 2078.5 4706.9

>12% 1953.6 9097.6 11,051.2

Sub-totals 13,460.2 14,470.1 ------

Total 27,930.4

3.2. Land Use and Potential Expansion of the Chestnut Area

The total potential area for expansion of the chestnut stands was about 10,012 ha, from
the soil and land use maps, corresponding to the five abovementioned land use classes and
considering either the two altitude classes or four slope intervals (Table 3, Figures 6 and 7)
mentioned as the physiographic framework of the current chestnut area.

Table 3. Available areas (ha) of five soil uses at two altitude classes and four slope intervals, and percentages to total area.

Soil Use Totals (ha) 1 Altitude
Class (m)

Slope Interval Sub-Totals
(ha)

Totals
(ha)0–4% 4–8% 8–12% >12%

Permanent pastures 5365.5 400–500 443.6 523.4 207.8 121.0 1295.7 1605.7
(16.0%)(29.1%) >500 55.1 80.1 61.8 112.9 310.0

Pastures with
permanent cultivations

728.9 400–500 55.0 77.5 33.9 22.7 189.0 509.1
(5.1%)(3.9%) >500 44.4 94.5 66.1 115.0 320.1

Herbaceous vegetation 717.1 400–500 65.7 73.6 26.3 18.1 183.7 329.7
(3.3%)(3.9%) >500 10.6 28.4 34.0 73.0 146.0

Shrubs
8999.2 400–500 840.4 1392.1 664.3 447.5 3344.3 5899.9

(59.0%)(48.9%) >500 128.5 310.0 339.0 1778.2 2555.6

Temporary dry/
irrigated cultivations

2604.2 400–500 277.1 275.4 87.7 33.6 676.8 1667.7
(16.7%)(14.1%) >500 256.0 341.2 182.6 211.2 990.9

Sub-totals - 400–500
1681.6
(77.3%)
(16.7%)

2342.1
(73.2%)
(23.3%)

1020.0
(59.8%)
(10.1%)

645.8
(21.9%)
(6.4%)

5689.5
(56.8%) -

>500
494.6

(22.7%)
(4.9%)

854.1
(21.7%)
(8.5%)

683.6
(40.0%)
(6.8%)

2290.4
(78.0%)
(2.8%)

4322.6
(43.1%)

Totals 18,685.5 - 2176.2
(21.7%)

3196.2
(31.9%)

1703.6
(17.0%)

2936.2
(29.3%) - 10,012.1

1 All altitudes and slopes.

Using the four soil map layers in the Marvão region, the total available area of those
five land uses was about 18,690 ha, regardless of slope and altitude. The potential total
area of the five land uses considered in the altitude class ranging between 400 m and 500 m
of 5690 ha was higher than that in the >500 m class, of 4322.6 ha, corresponding to about
57% and 43% of the total area, respectively. The total joint potential area of these land
uses within the 0–4% and 4–8% slope ranges was about 5372 ha. The corresponding total
potential area for the higher slope intervals was about 4639 ha (Table 3). Shrub areas were
the larger contributor with about 59% or 5900 ha, followed by temporary dry/irrigated
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cultivations and permanent pastures with about 17%, or 1668 ha, and 16% or 1606 ha, of
the total area, respectively (Table 3).
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Shrub areas were located among all slope and altitude classes with percentages ranging
between 1.3% and 17.7% of the total area, respectively for the slope intervals 0–4% and
>12% and altitudes higher than 500 m. For the altitude classes 400–500 m and >500 m, the
total percentages of shrub areas were 33.4% or 3344 ha and 25.5% or 2556 ha, respectively
(Table 3). Temporary dry/irrigated cultivation areas corresponded to about 6.8%, or 677 ha,
and about 9.9%, or 990 ha, of the total potential area of 10,012 ha, for the 400–500 m and
>500 m altitude classes, respectively (Table 3). As expected, the slope intervals with higher
areas were corresponding to lower values, with about 5.3% (533 ha) for 0–4% and 6.2%
(617 ha) for 4–8% slope intervals, respectively (Table 3). The per cent areas of permanent
pastures for 400–500 m and >500 m elevations were 12.9% (1296 ha) and 3.0% (310 ha) of
the total potential area, respectively. The distribution of these later canopies within the
altitude class 400–500 m along the four slope classes ranged between 1.2% and 5.2% of the
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total potential area, for the slopes >12% and 4–8%. An area of 1561 ha from permanent
pastures, shrubs and temporary dry/irrigated cultivations was available at slopes in the
0–4% interval and altitudes between 400 m and 500 m. For the same altitudes, the area
corresponding to these three land uses in the slopes ranging between 4% and 8% was about
2190 ha (Table 3). Especially relevant is the 597 ha area corresponding to the combination
of slope classes of 0–4% and 4–8%, within altitudes higher than 500 m, given their potential
for fruit production.

3.3. Soil Classes in Current and Potential Chestnut Areas

Table 4 shows the main nine soil classes of the existing 845 ha area of sweet chestnut.
The dystric cambisols covering 309 ha (33.6%) and chromic luvisols and eutric cambisols
over 194 ha (23%) and 156 ha (18.4%) dominate the soil type on higher than 500 m. Chromic
luvisols, eutric cambisols, haplic luvisols, eutric leptosols and dystric leptosols were mainly
located in altitudes higher than 500 m typical of the current chestnut distribution. Dystric
cambisols, despite a predominance above 500 m, followed a more even distribution with
about 30% and 6.5% of the total current chestnut area, within the two altitude classes
(Table 4). Rocky outcrops showed also a more homogeneous distribution within the
altitude classes with 3.5% and 7.2% of the total, respectively located in the 400–500 m and
>500 m classes. Among the most representative surfaces, the rocky outcrops class was the
most heterogeneous, insofar that a somewhat significant proportion of 6.9% of the current
total sweet chestnut area with those surfaces in slopes higher than 12% contrasted with
much smaller areas of about 0.1% and 1.5% in the other intervals. Fluvisols with a very
small representation of about 4.4 ha in the current chestnut area are young soils whose
formation was conditioned by the topography of the terrain in the same way as leptosols
which scattered through an area of about 20% of the total. These are young aerated or
waterlogged soils with incipient horizon differentiation having mostly AC-profiles.

Table 4. Current chestnut area (ha) by soil, slope, and altitude.

Soil Class
Altitude
Class (m)

Slope Interval Sub-Totals
(ha)

Totals
(ha)0–4% 4–8% 8–12% >12%

Dystric
cambisols

400–500 20.1 16.0 10.9 8.1 55.2 309.3
(33.6%)>500 17.3 38.6 30.6 167.7 254.1

Chromic
luvisols

400–500 0.0 0.1 0.0 0.0 0.1 194.9
(23.1%)>500 11.5 31.1 31.9 120.3 194.9

Eutric
cambisols

400–500 0.0 0.1 0.0 0.0 0.1 155.7
(18.4%)>500 1.6 8.4 14.8 130.9 155.6

Rocky
outcrops

400–500 6.4 10.3 8.3 4.7 29.6 91.1
(10.7%)>500 1.3 2.3 3.8 54.1 61.4

Haplic luvisols 400–500 0.0 0.1 0.0 0.0 0.1 70.7
(8.3%)>500 0.3 2.1 7.9 60.3 70.6

Eutric
leptosols

400–500 0.0 0.0 0.0 0.0 0.0 9.5
(1.1%)>500 0.2 1.9 1.9 5.4 9.5

Dystric
leptosols

400–500 0.0 0.1 0.0 0.0 0.1 9.6
(1.1%)>500 0.2 1.9 1.9 5.4 9.5

Eutric fluvisols
400–500 0.0 0.0 0.0 0.0 0.0 2.0

(0.0%)>500 0.5 0.5 0.5 0.5 2.0

Dystric
fluvisols

400–500 0.0 0.0 0.0 0.0 0.0 2.4
(0.3%)>500 0.6 0.6 0.6 0.6 2.4

Sub-totals
400–500 26.6 26.5 19.2 12.8 85.1 -

>500 33.5 87.4 94.0 541.8 760.0

Totals - 60.0
(7.1%)

113.9
(13.5%)

113.2
(13.4%)

558.0
(66.0%) - 845.1
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Essentially, cambisols are an incipient soil group, wherein limited age with slight
profile differentiation prevails in the definition of physical-chemical characteristics. Luvi-
sols are usually well-structured and fertile, and in upland areas are commonly associated
with cambisols.

Rocky outcrops of granites or quartz diorites with an area totalizing about 91 ha, or
11% of the total area from which about 7.3% and 3.5% corresponded to altitudes classes
>500 m and 400–500 m, respectively. Rocky outcrops were significant surface areas covering
existing sweet chestnut stands, overlaying, as aforementioned, soil layers with enough
fertility and water retention.

Haplic luvisols on 70.7 ha (8.3%) and eutric leptosols and dystric leptosols, each with
over 9.5 ha (1.1%), were the least represented in the current sweet chestnut area. In the
current chestnut occupation, the relatively scarce areas of eutric and dystric leptosols
occupy about 9.5 ha each. In the estimated potential areas eutric leptosols occupy about
85 ha and 338 ha concerning slope intervals 8–12% and >12% (Table 5).

Table 5. Potential chestnut area (ha) by soil, slope, and altitude.

Soil Class
Altitude
Class (m)

Slope Interval Sub-Totals
(ha)

Totals
(ha) 10–4% 4–8% 8–12% >12%

Eutric
cambisols

400–500 1264.1 1556.9 538.3 251.7 3610.9 4661.2
(47.1%)>500 168.1 295.8 214.6 371.8 1050.3

Rocky
outcrops

400–500 365.4 736.0 455.7 363.4 1920.5 2426.1
(24.5%)>500 34.5 105.9 115.4 249.9 505.6

Dystric
cambisols

400–500 0.3 0.3 0.1 0.5 1.2 846.1
(8.5%)>500 12.4 39.8 88.3 704.4 844.9

Chromic
luvisols

400–500 0.5 1.9 2.1 9.9 14.5 612.9
(6.1%)>500 84.4 121.1 86.9 306.0 598.4

Eutric
leptosols

400–500 0.3 0.8 0.7 1.9 3.7 577.5
(5.8%)>500 50.8 99.0 85.4 338.6 573.8

Haplic luvisols 400–500 0.3 0.4 2.1 9.6 12.3 527.3
(5.3%)>500 56.4 112.6 71.2 274.9 515.0

Eutric fluvisols
400–500 26.6 12.8 3.9 0.7 43.9 193.2

(1.9%)>500 67.1 54.8 17.8 9.5 149.3

Dystric
fluvisols

400–500 10.1 16.2 8.6 3.7 38.6 44.9
(0.4%)>500 0.9 3.4 1.6 0.4 6.3

Sub-totals
400–500 1667.6 2325.3 1011.5 641.5 5645.8 -

>500 474.7 832.3 681.3 2255.5 4243.6

Totals - 2142.2
(21.7%)

3157.6
(31.9%)

1692.7
(17.1%)

2896.9
(29.3%) - 9889.3

1 All altitudes and slopes.

The percentages of the physiographic area of the two altitude classes and four slope
intervals with interest for chestnut cultivation (Table 2) show a distribution pattern that
is closer to that of the potential chestnut area (Table 5) than to that of the current area
(Table 1), insofar that this latter is, as above mentioned, characterized by the prominence of
higher altitudes and slopes. Table 5 shows the potential chestnut area of around 9889 ha,
resulting from layering the total 10,012 ha in Table 3, of five soil/land use classes, with two
altitude and four slope intervals and with the areas of the main 9 soil types obtained from
the soil topology of the Marvão current productive area; it also displays a physiographic
profile wherein the altitude range of 400–500 m with an area of about 57% (5646 ha) of the
total potential area, prevailing over the >500 m class with an area of about 42% (4243 ha).
The lower slopes in potential areas show a higher weight than in current areas with the
0–4%, and 4–8% intervals being prevalent with 21% (2142 ha) and 32% (3157 ha) of the total
potential area.
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Areas of the altitude class 400–500 m show a prevalence of 0–4% and 4–8% slope
intervals, respectively corresponding to about 3993 ha, corresponding to components of
1668 ha and 2325 ha or 17% and 23.5% of the total area, respectively (Table 5). These lower
sloped areas can be better adequate for intensive management for fruit production due
to the facilitation of mechanized logistics. Allocation to chestnut coppicing for timber
production and protective agroforestry can be attributed to areas of about 1652 ha (17% of
the total), corresponding to terrains with altitudes between 400 m and 500 m and slopes
above 8%, and to 4243 ha (43% of the total) corresponding to altitudes higher than 500 m,
could be allocated to timber and protective coppice forestry. The later area can be decreased
to 3647 ha (37% of the total) by discounting 597 ha, relative to the soil use class of temporary
dry/irrigated cultivations with a slope lower than 8% and altitude greater than 500 m, due
to higher site fertility therein apt to the more profitable fruit production. The potential
area of 3993 ha abovementioned for fruit production is thereby increased to 4590 ha. In
the above context, the total areas attributed to fruit production and timber and protective
agroforestry will be about 4590 ha and 5299 ha, respectively.

The soil distribution profile in the estimated sweet chestnut potential area (Table 5)
was essentially the same as that corresponding to the current chestnut areas, thus being
not strictly relevant for the allocation of potential chestnut productive areas. This reflects
the relative homogeneity of the Marvão region, with the difference that dystric leptosols
were nonexistent in the potential chestnut areas, and existent with about 9.5 ha in the
current chestnut area (Table 4). Eutric and dystric cambisols with around 4660 ha and
846 ha and rocky outcrops with about 2426 ha prevailed in the potential productive area.
Rocky outcrops represent about 2426 ha, with about 1100 ha corresponding to the two
lowest slope intervals with about 1100 ha corresponding to the 0–4% and 4–8% slope
classes and 400–500 m altitude range, Dystric cambisols, chromic luvisols, eutric leptosols,
haplic luvisols and eutric fluvisols followed, with lower percentages of 8.5%, 6.1%, 5.8%,
5.3% and 1.9% of the total potential area for chestnut stand expansion. These five soil
classes correspond to higher altitudes and/or slopes. Eutric leptosols, considered as very
poor mineral soils, show a relatively substantial representation of 577 ha, potentially
allocable to chestnut coppicing, corresponding to their prevalence at altitudes higher than
500 m. In absence of waterlogging problems, the estimated areas of eutric and dystric
fluvisols in potential chestnut areas of about 193 ha and 45 ha, mainly in the 0–4% and
4–8% slope intervals, would be adequate for the extension of chestnut high forest area to
fruit production.

4. Discussion

Physiographic and environmental strata profiling have been used in Spain [20,22] and
Portugal [34] for digital mapping of the suitability of chestnut stands and the selection of
stands to be studied. In this work, physiographic profiles of altitude and slope were the
main distinctive characteristics of the current and potential expansion areas of chestnut
stands, because of the aforementioned similitude of climate and soil type mosaic in the
whole Marvão productive area. Correlations between physiography defined through
altitude and slope are established with chestnut biometrical and stand variables such
as stool density, basal area, or crown density. The influence of site altitude in chestnut
growth appears thereby to be mainly indirect in relation with climatic variables [20],
explaining about 40% to 47% of the overall variability from multivariate analysis in sets of
climatic, stand biometry and understorey floristic composition. The correlations of joint
physiographic variables with sprout and stool density and crown coverage were 0.44, 0.43
and 0.6, respectively. This physiographic criterion was considered, as abovementioned,
with priority for fruit production, due to the more facilitated logistical feasibility of forest
intensive mechanized management operations such as ploughing, understory liming,
clearing or irrigation in higher slope and, to a lesser extent, higher altitude [13,23,25,39,40].

The estimated chestnut potential area of 9889 ha resulted in a significant enlargement
from the current chestnut area for fruit production of around 845 ha, with about 4590 ha and
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5299 ha attributed respectively to profitable fruit production and timber and protective agro-
forestry. Chestnut timber was shown as a feedstock with a good aptitude for construction
corresponding to individuals with diameters higher than 60 cm [13]. The management of
stands aiming at timber protection has also impact on carbon sequestration and stocks in
ecosystems, simultaneously with environmental conservation. In mediu–long periods, the
planning of management in these stands should thereby diversify to take on account these
environmental aims (e.g., [4,41,42]). The logistical upgrading is obviously determinant for
the financial feasibility of high forest stand management for fruit production. In Spain, a
conversion on high forest chestnut stands aiming for fruit production to coppice for timber
in steep slopes was proposed for improving hydrological balance and soil protection. In
Portugal, chestnut stands for fruit production are located on medium and low slopes, also
increasingly appearing in lowland agricultural areas. These stands with heterogeneous
tree dispositions can also appear in more mountainous areas within a fauna and flora
biodiverse landscape [12–14,16,23].

The relevance given to sweet chestnut coppicing for timber/environmental protection
to altitudes higher than 500 m is related to the higher sensitivity of younger trees to a
higher temperature and lower atmospheric moisture prevalent in lower altitudes. The
implementation of coppicing with young plants exhibiting full mature root systems, formed
since the beginning of the production cycles, would allow for higher wood productivity
(e.g., [21]). Also, from a study implemented in a set of 97 experimental conditions [22],
it was concluded that optimal growing conditions for 1- to 16-year-old young chestnuts
from seedling and clones, were altitudes below 800 m, with climatic conditions such as
evapotranspiration lower than 650 mm or summer precipitation higher than 130 mm.

The Marvão productive region shows a typical Mediterranean climate, with a scarcity
of accumulated precipitation in summer on only about 18 mm to 19 mm. Drought and
environmental heating are associated with the inevitable context of climate change and
can inclusively have implications in the sanitary status of chestnut stands. The necessary
equilibrium between achieving air temperatures e.g., adequate for flowering and fruitifica-
tion, while avoiding the drought and environmental heating can be fulfilled through the
installation of chestnut cultivations at distinct altitudes [20]. This is because air temperature
tends to decrease with altitude alongside possible increases in precipitation and moisture.

On the other way, on a micro-scale perspective, one advantage of the installation of
stands in altitudes between 400 m and 500 m could derive from decreasing of chestnut
growth with elevation, due to the negative influence of lower air temperatures, with reper-
cussions in adequate flowering and fruitification [22]. In this context, positive and negative
correlations were shown [29] between altitude and climatic air temperature and precipi-
tation related variables with absolute values ranging between 0.85 and 0.93 for chestnut
stands aiming at timber production in Spain. Furthermore, higher site slopes in conjugation
with stoniness reduce the soil water holding capacity. Slope configuration influences also
drainage through the concavity, convexity, or flatness of the terrain [13,20,23].

Temporary dry/irrigated cultivations were also be considered as favorable for presum-
able high-quality chestnut sites, given the intensive agricultural management inputs [14].
Indeed, an area of 597 ha of temporary dry/irrigated cultivations, with slope lower than
8% but altitude higher than 500 m, due to high site quality was directed for the more
profitable fruit production. Regarding fruit production in a Mediterranean area, the in-
clusion of 597 ha of potential high-quality sites above 500 m, corresponding to temporary
dry/irrigated cultivations, would enhance the mild effects of lower temperatures and
higher precipitation [13,14,20,23].

Eutric and dystric cambisols prevalent in the current area were also mentioned in
chestnut stands aimed for timber production in Spain [26]. These soils can generally make
good intensive agricultural land. In steep slopes, cambisols are best kept under forestry,
notably in highlands. Major areas of these soils should deliver adequate fertility conditions
for high fruit productivity. A good indicator for the area expansion is the predominance of
cambisols and luvisols in either current or potential areas, insofar that these are commonly
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associated soil types, slightly differentiated, with a good potential aptitude to chestnut
implementation and management [26].

The allocation of these soils to future fruit and timber stands should be allocated
under the defined general principles of slope and altitude intervals. Chromic and haplic
luvisols can be considered as somewhat differentiated fertile soil classes, which should be
allocated for timber/environmental high forestry and fruit production. Eutric leptosols are
the poorest occurring in the potential expansion area, mainly located in altitudes higher
than 500 m and slopes greater than 8%.

In the Marvão productive region, the installation of new chestnut areas has taken
into account the problem of ink and blight diseases, by planting hybrid varieties used as
rootstocks, selected from the breeding program on course, based on controlled crosses
between sweet chestnut, the European chestnut, and the Japanese and Chinese chestnut
species, very resistant to these diseases. A large-scale greenhouse unit was thereby created
for rootstocks production, providing improved plant material for expansion of the area of
sweet chestnut plantation for fruit production. The installation of new stand areas should
be complementary with good plant material and adequate management. The impact of
diseases is highlighted by bad management practices leading, e.g., to low amounts of
soil organic matter, excessive pruning, or immoderate ploughing with heavy machinery
disruptive of plant roots. An impoverishment of species’ natural ecological range and
autecology and of soil fungal community thereby occurs with loss of biodiversity and stand
vigour [9,12,13,43].

5. Conclusions

An exploratory GIS-based methodology allowed to estimate a substantial potential
expansion of the current 845 ha productive area to 9889 ha, with about 4590 ha and 5299 ha
attributed to profitable high fruit production and timber and protective agro-forestry
coppice.

Under a relatively homogeneous soil mosaic, slope and altitude classes were found as
the main profiling variables for mapping potential areas of chestnut stands aiming fruit
and timber/environmental protection. The relevance of lower slopes as a criterion for fruit
production is related to the logistical and economic feasibility of the intensive mechanized
management operations. The conjugation of site altitude and slope contributes indirectly to
the modulation of air temperature and moisture, and waterlogging associated with rainfall
and poor drainage.

This approach is susceptible of application for sustainable chestnut management
in other European Mediterranean countries, allowing the recovery of marginal lands
and enhancing the common European market of chestnut products and services. This
methodology can also be generalized for future evaluation of site indices concerning fruit
and timber productivity and exploration of multicriteria analysis tools.
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