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Abstract

Vineyards in the Azores have been traditionally settled on lava field “terroirs” but the
practical limitations of mechanization and high demand on man labor imposed by the
typical micro parcel structure of these vineyards contradict the sustainability of these
areas for wine production, except under government policies of heavy financial support.5

Besides the traditional vineyards there are significant areas in some of the islands
whose soils, climate and physiographic characteristics suggest a potential for wine
production that deserves to be object of an assessment, with a view to the development
of new vineyard areas offering conditions for a better management and sustainability.

The landscape zoning approach for the present study was based in a Geographic10

Information System (GIS) analysis incorporating factors related to climate, topogra-
phy and soils. Three thermal intervals referred to climate maturity groups were defined
and combined with a single slope interval of 0–15 % to exclude the landscape units
above this limit. Over this resulting composite grid, the soils were than selectively car-
tographed thru the exclusion of the soil units not fulfilling the suitability criteria.15

The results show that the thermal interval of warmer conditions, well represented in
the traditional “terroir” of Pico island, has practically no expression in the other islands.
However, for the intermediate and the cooler classes, we could map areas of 3739 and
19 395 ha respectively, fulfilling the defined soils and slope criteria, indicating thus the
existence of some landscapes in the studied islands revealing adequate potential for20

future development of viticulture, although certainly demanding a good judgment on
the better grape varieties to be adapted to those climatic conditions.

1 Introduction

Under the holistic concept of “terroir”, which deals with the influence of environmen-
tal factors on vine behavior and fruit ripening, climate is recognized as the factor that25

exerts the most significant effect on the ability of a region to produce quality grapes.
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It is also well accepted that the particular soil conditions are of great importance in
defining the characteristics and qualities of the wine as the final product, in spite of the
recognized difficulty of establishing and interpreting this relationship clearly. The geo-
logical diversity seems to correlate with the characteristics defined in accordance with
the classification system employed in France Appellation d’ Origine Contrôlée (AOC),5

suggesting that, in addition to the variety and climate, geology and soil play an im-
portant role in the properties and characteristics of the grapes produced in a given
geographical location (Wilson, 1998). Moreover, although it is known that the vine is
adaptable to a wide diversity of soil types, it appears also that many of the world’s most
famous vineyards are installed in poor and rocky terrain where no other crop would be10

grown in favorable conditions. Such is the case, almost extreme, of the vines implanted
in the lands of “biscoito” and “lagido”, the traditional names in the archipelago of the
Azores to the cracked surfaces of basaltic lava fields of heterogeneous size ranging
from gravel to blocks, an harsh environment for all forms of agriculture except for grape
vines where the plants still manage to survive and produce. This is mostly expressed15

in the landscape of the Pico island vineyard culture, recently classified as a UNESCO
World Heritage Site (987 ha).

Due to the financial support measures implemented by the regional government of
the Azores, the maintenance and recovery of abandoned areas of traditional vineyards
within the limits of the classified area recently have gained a renewed interest by the20

land owners and wine producers. However, outside of these limits, there are vast ar-
eas with similar conditions where the ancient vineyards are abandoned since long time
without any perspective of recovery, being presently colonized by invasive trees and
shrubs species, predominantly the Pittosporum undulatum Vent. In fact, the practical
limitations of mechanization and high demand on man labor imposed by the micro par-25

cel structure of the vineyards aggravated by the absence of financial subsidies outside
of the classified area, make it impossible to admit the recovery of these areas for the
wine production in present times.
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Besides Pico island, where the costal landscape is dominated by lava fields of aban-
doned vineyards with the exception of the classified area, a few small spots also exist
in some of the other islands of the archipelago, where in most cases the production
has been partially abandoned as well.

Apart from this traditional Azorean model of “terroir” of recognized cultural value5

and where a few interesting wines have been produced, there are significant areas in
some of the islands whose soils, climate and physiographic characteristics suggest a
potential for wine production that deserves to be object of an assessment, with a view
to the development of new vineyard areas offering conditions for a better management
and sustainability. We refer specifically to landscape units of the lower area of some10

islands, in many cases presently devoted to pasture where productivity tends to be
marginal because strongly affected by water stress during the summer. Such areas,
presenting gentle to moderate slopes and providing conditions to the mechanization of
farming operations, comprise some well drained soils of the Andisol Order (Soil Survey
Staff, 2014).15

In this preliminary study climatic, pedological and topographical characteristics of
the landscape are considered based on GIS tools, in order to define the distribution of
the most representative landscape units with the greatest apparent potential for wine
production in some islands of the Azores. It is not our objective to produce a detailed
cartographic definition of vineyard suitability classes but rather to establish some basic20

criteria for prediction and identification of new areas from which representative sites
can be depicted for experimental studies in a subsequent phase.

2 Data and methodology

The landscape zoning approach for the present study was based on a Geographic In-
formation System (GIS) analysis incorporating factors of climate and topography which25

was then combined with the soil mapping units fulfilling the suitable criteria concerning
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the soil properties taken as the most relevant for viticulture (Deloire et al., 2005; Jones
et al., 2004; Dutt et al., 1985).

Three thermal intervals referred to climate maturity groups were defined and com-
bined with a single slope interval of 0–15 % to exclude the landscape units above this
limit. The resulting composite grid for each island was finally combined with the re-5

spective soil map to incorporate the cartographic units of Hapludands and Udivitrands
great groups, whose average parameters of drainage, water holding capacity, depth to
bed-rock and pH fall within the adequacy limits for grapevine growth and production.

2.1 Climate

The Azores Archipelago, located in the middle of the Atlantic Ocean basin, north of10

the predominant influence of the trade winds and on the influence of the subtropical
high-pressure belt, sits in an area of transition and confrontation between air masses
from the tropics and colder air masses coming from north. Sufficiently far apart from the
continental coasts, the air masses that hit it reveal a strong increment in properties as-
sociated with their maritime route. In this geographic context, the climate of the Islands15

of the Azores depends, quite evidently, of their geographic setting and their relationship
with the surrounding sea, but also of particular aspects that set them apart from each
other. A strong climatic differentiation can be observed in altitude, as well as signifi-
cant climatic asymmetries inland of each island. The spatial expression of the climatic
elements is related in each island to its dimension and orography, the topographical20

orientation, the superficial geologic structure, the top soils and the vegetation. In some
cases the climate of one island is affected by the “shadow” effect from its neighbouring
islands. Locally, important subscale characteristics and mechanisms have a prominent
role in the climatic spatial differentiation. Advective transport of air and the consequent
adiabatic cooling due to the orographic obstacle is determinant in the configuration of25

the temperature and humidity fields. The same mechanism is in the origin of the oro-
graphic clouds cover that, besides the reinforcement of precipitation, have an indirect
but important interference on the local water balance since they act as a filter to the
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solar radiation and as a source of long-wave radiation to the local balance of energy.
Also, the saturation (or near saturation) conditions that they provide constitute a bar-
rier to water vapour diffusion in the mechanisms of evapotranspiration (Azevedo et al.,
1998). Diversity of soils and geology, typical of volcanic environments leads to a diver-
sification of heat capacity and heat fluxes, affecting strongly the climate of the parcels,5

playing a strong influence on the properties of the “terroirs”.
According to the Köppen climate classification, the littoral climate of the Azores

Archipelago islands is included in the temperate climates category (group C), char-
acterized by having a summer and a winter and an average temperature of the colder
month below 18 ◦C but above −3 ◦C. However, the diagonal distribution of the islands10

across of about 700 km, leads to its climate being classified from east to west as a
transition between the Cs and Cf subgroups, respectively, transitioning from temper-
ate rainy climate with dry summer to temperate rainy climate, humid on all seasons.
Still according to the same classification system, the mildness of the island’s climate
can be emphasized by combining the letter b with these two codes, becoming, both of15

them, Csb and Cfb, meaning that the average temperature of the warmest month is,
on average, below 22 ◦C. The oceanic characteristics are accentuated from the East
to the West, with the islands of Flores and Corvo having the most oceanic properties.
The characteristic factors of each island overlaps to this regional scale climatic frame,
giving them climatic specificities at local and microclimatic scales. The annual average20

air temperature on the coast of Pico Island (the one that presents the greatest climatic
diversity of the whole archipelago of the Azores) is located around 18.0 ◦C, with aver-
age minima of 10.5 ◦C felt on February and maxima going over 26.0 ◦C in August. The
annual average diurnal amplitude is low, around 6.0 ◦C. As the altitude increases, the
temperature decreases regularly; on a ratio of 0.9 ◦C per 100 m (dry lapse rate) until25

the dew point temperature is reached, at an average altitude of about 600 m.
The climatic elements of precipitation (amount and seasonal pattern), growing sea-

son length, solar radiation and heat, all affect grape and wine quality (Van Leeuwen et
al., 2004; Jones, 2006). In this work the CIELO model (Azevedo, 1996) was used to
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set up spatial climatic differentiation based on three climate/maturity classes defined
on the basis of the sum of the daily average temperatures along the growing season,
as expressed in growing degree-days (GrDDs) concept and representing the potential
for the region to ripen given varieties based upon heat accumulation, in accordance to
the Winkler index (Amerine and Winkler, 1944; Winkler et al., 1974). For the establish-5

ment of these three classes, the thermal conditions found in the traditional vineyards
of Pico island were taken as the baseline reference. From this analysis the accumu-
lating growing degree-days were defined in the following intervals: I: 1600–1800; II:
1800–2000; III: 2000–2200, being the altitude the factor that mostly defines the ther-
mal differentiation. Average annual rainfall is in the range of 800–900 mm with no signif-10

icant differences among the three climate/maturity groupings. Frost risk doesn’t exist,
as the average winter temperatures rarely descend below 8–9 ◦C in coastal areas of
the Azores. For the cumulative temperatures calculation the cultural period was con-
sidered from 1 March to 30 September, to better fit the initial growing and harvesting
timings in the Azores. The CIELO model (acronym for “Clima Insular à Escala Local”)15

is a physically based model that simulates the transformations of the climatic variables
in an island using data from a synoptic reference weather station or downscaling from
a lower resolution climatic model. The model reproduces the thermodynamic transfor-
mations experienced by an air mass crossing the island, and simulates the evolution of
the air parcel’s properties starting from the sea level (Azevedo et al., 1998, 1999). The20

domain of computation is based on the digital elevation models of the islands (DEM).
The model consists of two main sub-models. One, relative to the advective component
simulation, assumes the Foehn effect to reproduce the dynamic and thermodynamic
processes. This makes possible to simulate the air temperature, air humidity, cloudi-
ness and precipitation as influenced by the orography along its trajectory. The second25

concerns the radiative component as affected by the clouds of orographic origin and by
the shadow produced by the relief. The application of the CIELO model has been suc-
cessful for modeling species distributions (e.g. Hortal et al., 2010; Jiménez-Valverde et
al., 2009; Aranda et al., 2011; Boieiro et al., 2013; Florencio et al., 2013; Guerreiro et
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al., 2014) and patterns of species richness (e.g. Borges et al., 2006) in the Macarone-
sian Islands.

2.2 Topography

The topography influences grapevine growth and quality thru elevation, slope, exposure
and morphology of the proximate landscape which may also define the occurrence of5

microclimatic zones. Topography was analyzed based on the tridimensional models of
the islands in GIS. Instead of various slope classes we considered only one global
interval in the 0–15 % range as the suitability limit to include the best slopes for the
mechanization of the vineyard cultural operations (Jones et al., 2004). As the temper-
ature tends to correlate well with the altitude in the Azores, it becomes evident that10

the thermal classes where vineyards may show growth potential are located in general
below the 180–200 m of altitude, along coastal areas of the Azores islands where the
maritime influence on the growing season is obvious, particularly in the moderation of
temperatures.

2.3 Soils15

Soils of the Azores archipelago are originated from modern volcanic materials that
have evolved under humid and moderate Atlantic climate. In general they accomplish
the criteria to be classified in the the Andisol Order (Soil Survey Staff, 2014).

The typical parent material of Andisols is tephra, a general term for all airborne vol-
canic ejecta, regardless of morphology, size, and composition, being often quite porous20

with a large active specific surface. It is also difficult to determine the mineralogy
of tephra because of microcrystallinity and/or non-crystalline nature of the materials
(Dahlgren et al., 1993).

Andisols present unique soil properties resulting from the weathering of volcanic ma-
terials and in particular of their tephra glassy products which show a very low resistance25

to chemical weathering, suffering a rapid evolution to the formation of large amounts
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of non-crystalline products, usually referred in literature as “short range-order materi-
als” (SROM). The noncrystalline materials consist primarily of allophane, imogolite and
ferryhidrite (Parfitt and Kimble, 1989).

In the Azores, at the lower altitudes where climatic conditions can be marked by a
dry spell in the summer, the Andisols show an evolutionary tendency to other soil cate-5

gories mainly of the Inceptisol Order, especially in the more stable and older geological
areas of the islands (Pinheiro, 1990).

Andisols may have AC, ABC, or multisequa of these horizon sequences, as the soil
environment is characterized by deposition of parent materials, gradually or repeatedly
being buried under new fresh vitric materials. Vitrudands formed from thick pumice or10

scoria tephras show the AC profile while intermittent tephra deposition and subsequent
soil formation result in the development of other Andisols with a multisequum profile
(Shoji et al., 1993).

Soils of the Azores Archipelago have been studied in detail, and their characteristics
and classification have been discussed in several papers (Auxtero et al., 2004; Pinheiro15

et al., 2004, 2001; Madeira et al., 2003, 2002, 1980; Pinheiro, 1999, 1990; Madruga,
1995; Medina and Grilo, 1981; Ricardo et al., 1977).

For the present study soils were analyzed based on data and soil map units as
defined in the soil surveys of the Azores archipelago (ongoing project by the soils
group of the University of the Azores). Hapludands and Udivitrands great groups were20

selected as the taxonomic soil categories mostly represented in the lower surfaces
of the islands and where grapevine growth can be admitted. As the present study
attempts to define and map landscape units in alternative to the traditional lava field
based “terroir”, this one was not included in the selected areas with apparent potential
for viticulture in the Azores.25

The soil properties taken as the most relevant for this analysis where: drainage, water
holding capacity, depth to bed-rock and pH. Soil drainage, being dependent on various
soil characteristics such as texture, structure depth and slope, affects crop health and
management conditions.
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Soil depth, not only defines the soil volume for root development and mineral nutrition
as it defines and limits the available soil water capacity. Soil pH, being a regulator
of chemical and biological processes, gives an indication of the potential for nutrient
availability. The neutral to slightly acid reaction is the best pH condition for nutrient
fertility and balance in the soil. However, it is well recognized that the nutritive fertility for5

grapevines should be only moderate, as an high nutritional condition leads to excessive
vegetative growth and induces in the wine an overall lowering of the quality parameters.

Andisols can retain a large amount of water primary due to their large volume of
mesopores and micropores produced within the stable soil aggregates. Formation of
these aggregates is greatly enhanced by noncrystalline materials and soil organic mat-10

ter (Maeda et al., 1977).
High water permeability is a distinctive physical property of volcanic ash soils un-

der both saturated and unsaturated conditions. Under unsaturated conditions, Andisols
have greater hydraulic conductivity than other mineral soils such as clayed alluvial soils
(Nanzyo et al., 1993). Both, Hapludands and Udivitrands of the considered areas gen-15

erally present average to good drainage conditions without impeding layers. Even the
finer textured Hapludands, found in the older geological areas of the islands Terceira
(Pinheiro, 1999) and Graciosa (Medina and Grilo, 1981) showing an eutric character,
have no drainage constrains. In these soils the available water-holding capacity (AWC)
is relatively high, varying between 0.20 and 0.25 cm3 of water per 1 cm3 of soil. The20

Udivitrands, which predominate in the islands of S. Miguel (Ricardo et al., 1977) and
Faial (Madeira et al., 2002), have in general coarse textures with significant fractions
of pomice and cinders fragments from sand to gravel dimensions. Under these textural
conditions the water-holding capacity may be somewhat limited. As in these soils the
internal drainage is frequently very high, these combined factors may increase the risk25

of draught periods during the growing season and the average interval of AWC variation
lowers to 0.10–0.15 cm3 of water per cubic centimeter of soil in the Udivitrands.

In volcanic landscapes the profile characteristics concerning horizon sequence and
thickness can be quite variable even within short distances. Depth to bed rock of the
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Hapludands in the selected areas averages 60 cm with no less than 40 cm and the
Udivitrands are in general more than 1 m deep.

The soil reaction found in the considered altitudes for both soil categories is in gen-
eral slightly acid to neutral, being the pH range of 5.6 to 6.5.

3 Results and conclusions5

In this study we attempt to define and map landscape areas with apparent potential
for grapevine growing in the Azores islands of S. Miguel, Terceira, Faial and Graciosa,
as an alternative to the traditional “terroir”. The lava field “terroir” was not included in
the potential areas here defined because the management costs imposed by the pe-
culiarities of these vineyards, established over a micro parcel and stony structure, deny10

their economical sustainability and maintenance in the Azores, except under significant
government funding as it is the case of the UNESCO protected vineyard area in Pico
island.

The spatial potential for viticulture of each island is presented in the maps of Fig. 1,
with the area distribution depicted by climate maturity groups. The cartographic rep-15

resentation of these landscape areas resulted from a GIS supported spatial analysis
of climate, soils and topography based on the combination of the selected criteria for
each of these three factors. Three thermal classes defined as climate/maturity group-
ings were established from a baseline reference (vineyards area of Pico island), and
then combined with the soils fulfilling the most advantageous characteristics of mod-20

erate to good drainage, adequate soil depth, fair to good water-holding capacity and
near neutral pH, and being distributed within a slope interval of 0 to 15 % taken as the
most adequate to the vineyard cultural operations. The calculated surfaces (ha) of the
cartographic areas with potential for grapevine production, as defined for each island
and thermal class are presented in Table 1. The warmer conditions of thermal class III,25

well represented in the traditional “terroir” of Pico island, has practically no expression
in the other islands. However, for the intermediate class II and the cooler class I, we
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could map significant areas – 3739 and 19 395 ha respectively – fulfilling the defined
soils and slope criteria. These results indicate that landscape units exist across the
climate maturity classes II and I of the studied islands revealing adequate potential for
future development of viticulture, although certainly demanding a good judgment on
the better grape varieties to be adapted to those climatic conditions.5

The present study, through the use of spatial analysis based on climate, soils and
slope, conducted at an intermediate scale level, provides an overall perspective and
understanding of the potential for expansion of viticulture in the Azores. Additionally, the
results presented should serve as a decision support tool in the site selection process
for new vineyards establishment. However, there are limitations and further issues to10

be addressed before developing any individual site. In fact, the resolution limits of the
landscape analysis, related to elevation and slope data as well as to soils variability,
request a detailed site specific assessment to be conducted prior to any final decision
on a new vineyard establishment.
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adapted the GIS model. J. Madruga and J. Sampaio selected the background soils data and
analysis. J. Pinheiro participated in soil analysis and prepared the manuscript with contributions
from all co-authors.

Acknowledgements. The climatic CIELO model simulations for this work were done under the
framework of the project ESTRAMAR (FEDER – MAC/3/C177) from the Program MAC 2007–20

2013, Transnational Cooperation.

References

Amerine, M. A. and Winlder, A. J.: Composition and quality of must and wines of California
grapes, Hilgardia, 15, 493–675, 1944.

Aranda, S. C., Gabriel, R., Borges, P., Azevedo, E. B., and Lobo, J. M.: Designing a survey25

protocol to overcome the Wallacean shortfall: a working guide using bryophyte distribution
data on Terceira Island (Azores), Bryologist, 114, 611–624, 2011.

1158

http://www.soil-discuss.net
http://www.soil-discuss.net/1/1147/2014/soild-1-1147-2014-print.pdf
http://www.soil-discuss.net/1/1147/2014/soild-1-1147-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


SOILD
1, 1147–1163, 2014

Analysis and
definition of potential

new areas for
viticulture

J. Madruga et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Auxtero, E., Madeira, M., and Sousa, E.: Variable charge characteristics of selected Andisols
from the Azores, Portugal, Catena, 56, 111–125, 2004.

Azevedo, E. B.: Modelação do Clima Insular à Escala Local. Modelo CIELO aplicado à ilha
Terceira, Ph.D. thesis, University of the Azores, Portugal, 247 pp., 1996.

Azevedo, E. B.: Climate Overview, in: Pico Island Natural History Handbook, Observatório Vul-5

canológico e Geotérmico dos Açores, 2014.
Azevedo, E. B., Pereira, L. S., and Itier, B.: Modeling the Local Climate in Islands Environ-

ments, Orographic Clouds Cover, in: First International Conference on Fog and Fog Collec-
tion, IDRC, Ottawa, Canada, 433–436, 1998.

Azevedo, E. B., Pereira, L. S., and Itier, B.: Modelling the local climate in island environments:10

water balance applications, Agr. Water Manage., 40, 393–403, 1999.
Boieiro, M., Carvalho, J. C., Cardoso, P., Aguiar, C. S., Rego C., Silva I. F., Amorim, I. R.,

Pereira, F., Azevedo, E. B., Borges, P. B., and Serrano, A. M.: Spatial Factors Play a Major
Role as Determinants of Endemic Ground Beetle Beta Diversity of Madeira Island Laurisilva,
PLoS ONE, 8, e64591, doi:10.1371/journal.pone.0064591, 2013.15

Borges, P. A. V., Lobo, J. M., Azevedo, E. B., Gaspar, C., Melo, C., and Nunes, L. V.: Invasibility
and species richness of island endemic arthropods: a general model of endemic vs. exotic
species, J. Biogeogr., 33, 169–187, 2006.

Dahlgren, R., Shoji, S., and Nanzyo, M.: Mineralogical characteristics of volcanic ash soils, in:
Volcanic Ash Soils. Genesis, Properties and Utilization, edited by: Shoji, S., Nanzyo, M., and20

Dahlgren, R. A., Developments in Soil Science 21, Amsterdam: Elsevier, 101–143, 1993.
Deloire, A., Vaudour, E., Carey, V., Bonnardot, V., and van Leeuwen, C.: Grapevine responses

to terroir: A global approach, J. Int. Sci. Vigne Vin, 39, 149–162, 2005.
Dutt, G., Mielke, E. A., and Wolfe, W. H.: The use of soils for the delineation of viticultural zones

in the four corners region, Am. J. Enol. Viticult., 32, 290–296, 1985.25

Florencio, M., Cardoso, P., Lobo, J. M., Azevedo, E. B., and Borges, P. A. V.: Arthropod assem-
blage homogenization in oceanic islands: the role of indigenous and exotic species under
landscape disturbance, Divers. Distrib., 19, 1450–1460, 2013.

Guerreiro, O., Cardoso, P., Ferreira, J. M., Ferreira, M. T., and Borges, P. A. V.: Potential Distribu-
tion and Cost Estimation of the Damage Caused by Cryptotermes brevis (Isoptera: Kaloter-30

mitidae) in the Azores, J. Econ. Entomol., 107, 1554–1562, 2014.

1159

http://www.soil-discuss.net
http://www.soil-discuss.net/1/1147/2014/soild-1-1147-2014-print.pdf
http://www.soil-discuss.net/1/1147/2014/soild-1-1147-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1371/journal.pone.0064591


SOILD
1, 1147–1163, 2014

Analysis and
definition of potential

new areas for
viticulture

J. Madruga et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Hortal, J., Borges, P. A. V., Jiménez-Valverde, A., Azevedo, E. B., and Silva, L.: Assessing the
areas under risk of invasion within islands through potential distribution modelling: the case
of Pittosporum undulatum in São Miguel, Azores, J. Nat. Conserv., 18, 247–257, 2010.

Jiménez-Valverde, A., Diniz, F., Azevedo, E. B., and Borges, P. A. V.: Species distribution mod-
els do not account for abundance: the case of arthropods in Terceira Island, Ann. Zool. Fenn.,5

46, 451–464, 2009.
Jones, G. J., Snead, N., and Nelson, P.: Geology and Wine 8. Modeling viticultural landscapes:

A GIS analysis of the terroir potential in the Umpqua valley of Oregon: Geoscience Canada,
31, 167–178, 2004.

Jones, G. V.: Climate and terroir: Impacts of climate variability and change on wine, in: Fine10

Wine and Terroir – The Geoscience Perspective, edited by: Macqueen, R. W. and Meinert,
L. D., Geoscience Canada Reprint Series 9, Geological Association of Canada, 203–216,
2006.

Madeira, M.: Esboço Pedológico da Ilha da Santa Maria (Açores), Instituto Nacional de Inves-
tigação Científica, Lisboa, 68 pp., 1980.15

Madeira, M., Pinheiro, J., Monteiro, F., Fonseca, M., and Medina, J.: Características físicas,
químicas e mineralógicas dos solos da Ilha do Faial (Arquipélago dos Açores), Revista de
Ciências Agrárias, 25, 53–66, 2002.

Madeira, M., Auxtero, E. and Sousa, E.: Cation and anion exchange properties of Andisols
from the Azores, Portugal, as determined by the compulsive exchange and the ammonium20

acetate method, Geoderma, 117, 225–241, 2003.
Madruga, J. S.: Características e Génese do Horizonte Plácico em Solos Vulcânicos do

Arquipélago dos Açores, Tese de Doutoramento. Universidade dos Açores, Angra do
Heroísmo, 1995.

Maeda, T., Takenaka, H., and Warkentin, B. P.: Physical properties of allophane soils, Adv.25

Agron., 29, 229–264, 1977.
Medina, J. M. B. and Grilo, J. T.: Esboço Pedológico da Ilha Graciosa (Açores), Instituto Na-

cional de Investigação Científica & Universidade dos Açores, Lisboa, 1981.
Nanzio, M., Shoji, S., and Dahlgren, R.: Physical characteristics of volcanic ash soils, in: Vol-

canic Ash Soils, Genesis, Properties and Utilization, edited by: Shoji, S., Nanzyo, M., and30

Dahlgren, R. A., Developments in Soil Science 21, Amsterdam: Elsevier, 189–207, 1993.
Parfitt, R. L. and Kimble, J.: Conditions for formation of allophane in soils, Soil Sci. Am. J., 53,

971–977, 1989.

1160

http://www.soil-discuss.net
http://www.soil-discuss.net/1/1147/2014/soild-1-1147-2014-print.pdf
http://www.soil-discuss.net/1/1147/2014/soild-1-1147-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


SOILD
1, 1147–1163, 2014

Analysis and
definition of potential

new areas for
viticulture

J. Madruga et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Pinheiro, J.: Estudo dos principais tipos de solos da ilha Terceira (Açores), Ph.D. thesis. Uni-
versity of the Azores, Portugal, 212 pp., 1990.

Pinheiro, J.: Caracterização geral dos solos da Ilha Terceira que se enquadram na Ordem
Andisols, Anais do Instituto Superior de Agronomia, 47, 99–117, 1999.

Pinheiro, J., Madeira, M., Monteiro, F., and Medina, J.: Características e classificação dos An-5

dossolos da Ilha do Pico (Arquipélago dos Açores), Revista de Ciências Agrárias, 24, 48–60,
2001.

Pinheiro, J., Rodriguez, A., and Salguero, M. T.: Genesis of placic horizon in Andisols from
Terceira Island (Azores-Portugal), Catena, 56, 85–94, 2004.

Ricardo, R. P., Madeira, M., Medina, J. M. B., Marques, M. M., and Furtado, A. F. S.: Esboço10

pedológico da ilha de S. Miguel (Açores), Anais do Instituto Superior de Agronomia, 37,
275–385, 1977.

Shoji, S., Dahlgren, R., and Nanzyo, M.: Genesis of Volcanic Ash Soils, in: Volcanic Ash Soils –
Genesis, Properties and Utilization, Elsevier, Amsterdam – New York – Tokyo, 37–72, 1993.

Soil Survey Staff: Keys to Soil Taxonomy, 12th Edn., USDA-Natural Resources Conservation15

Service, Washington, DC, 2014.
Van Leeuwen, C., Friant, P., Chone, X., Tregoat, O., Koundouras, S., and Dubourdieu, D.: Influ-

ence of climate, soil, and cultivar on terroir, Am. J. Enol. Viticult., 55, 207–217, 2004.
Wilson, J. E.: Terroir: The role of geology, climate, and culture in the making of French wines,

University of California Press, Berkeley, 336 pp., 1998.20

Winkler, A. J., Cook, A. J., Kliewer, W. M., and Lider, L. A.: General Viticulture, 2nd Edn., Univ.
of California Press, California, 710 pp., 1974.

1161

http://www.soil-discuss.net
http://www.soil-discuss.net/1/1147/2014/soild-1-1147-2014-print.pdf
http://www.soil-discuss.net/1/1147/2014/soild-1-1147-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


SOILD
1, 1147–1163, 2014

Analysis and
definition of potential

new areas for
viticulture

J. Madruga et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 1. Areas (ha) with potential for grapevine production for each island and thermal class.

Area (ha)

climate maturity class
Island I II III

S. Miguel 7215 681 0
Terceira 7770 1618 0
Faial 2150 1377 8
Graciosa 2260 63 0

Total: 19 395 3739 8
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Figure 1. Composite landscape units with potential for viticulture in each island with distribution
depicted by climate maturity groups.
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