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The Value of Soil Knowledge in
Understanding Wine Terroir

Robert E. White*

School of Agriculture and Food, The University of Melbourne, Melbourne, VIC, Australia

There is an extensive literature on the role of soil physicochemical factors such as rate of
water supply, N supply and soil temperature in wine terroir expression, especially for dry-
grown vines. Other recent literature invokes the possibility of unique strains of the natural
yeast Saccharomyces cerevisiae influencing must fermentations to produce distinctive
aroma profiles in wines. Others suggest that the composition of the soil microbiome at
particular sites can influence vine growth, fruit composition and wine characteristics to
create a microbial terroir. Because terroir is a multifactor concept, no general quantitative
relationships between one or more soil properties and the distinctive characteristics of
wine from a particular site have been identified; rather a unique combination of soil
factor values interacts with local climate, grape variety, vintage, canopy management,
and winemaker technique to determine a site’s terroir. However, with modern methods
of sensing spatially referenced values of environmental and other variables at high
resolution, terroirs can be mapped. This provides a platform for monitoring terroirs
over time and recording how they respond to changes in environmental factors or to
manipulations in the vineyard and winery.
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INTRODUCTION

Wine terroir is a multifaceted concept that is recognized as embodying three broad categories of
factors (Barham, 2003):

1. Natural factors that are associated with the environment (sometimes called “endowments”).

2. Human factors - involving the use of techniques in the vineyard and winery that are confined
to a particular region (sometimes referred to as “technologies”).

3. Historical factors - reflecting widespread public knowledge of the wine coming from a region
and recognition that this has been a long tradition.

Because terroir is such a broad concept, in this article I shall restrict my comments to the
first category of factors. This is consistent with the view of van Leeuwen et al. (2016) that terroir
is an ecosystem concept primarily incorporating the vine’s interaction with its environment, a
view shared by many scientists (e.g., Matthews, 2016) and respected wine writers (e.g., Goode,
2014; Hunt, 2015). With respect to the natural resources of a site, van Leeuwen and Seguin
(2006) identified climate, soil and vine cultivar as the key factors that interact to determine the
terroir. Although van Leeuwen et al. (2004) concluded, from a multi-season study in Bordeaux
vineyards, that climate had the most significant effect on grape properties, van Leeuwen and de
Rességuier (2018) acknowledged a specific effect of soil in terroir expression. While recognizing the
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complexity of the interactions determining terroir, in this article
I aim to update my review of the soil component (White et al.,
2007), focusing on soil properties as they affect vine phenology
and the consequential effects on the composition of grapes
that are converted into wine. In so doing, I argue, along with
van Leeuwen and de Rességuier (2018), that the recognition of
terroir must be based on a wine’s sensory characteristics that
are consistently evident over a considerable period of time. Note
that this requirement implicitly embraces the other two terroir
categories suggested by Barham (2003); that is, an historical
tradition that rests not only on consumer perceptions but also on
the consistency of winemaking techniques.

CONCEPTS OF TERROIR

Amongst soil scientists, the concept of terroir most commonly
accepted is that championed by the Bordeaux school (the
Institut des Sciences de la Vigne et du Vin) (e.g., Seguin,
1986; van Leeuwen et al, 2004; van Leeuwen and Seguin,
2006; van Leeuwen and de Rességuier, 2018). In this, terroir
is identified as an ecophysiological concept whereby a wine’s
sensory characteristics are related to the geographical origin of
the wine. Two important consequences flow from this concept -
first, that the appreciation of a wine’s terroir depends on the
consumers of the wine, whether they be experienced tasters
or individuals not concerned with the origin of the product,
only its enjoyment. Secondly, as Seguin (ibid.) explained, the
geographical “fingerprint” of a wine explicitly or implicitly
invokes the influence of many factors, which he listed as:

e Climatic conditions.

The heat and light conditions of the vine’s microclimate
resulting from the particular training system.

The cultivar and rootstock.

The yield.

Topography.

Soil properties, including the water supply and mineral
nutrition, especially of nitrogen (N).

e The “ecogeopedological milieu.”

To this, Seguin (ibid.) added technological factors relating to
winemaking techniques and conservation of the wines. Aside
from the technological factors, this long list of ecophysiological
factors is a fertile field for researchers to investigate which, if
any, of these factors alone or in combination is definitive in
determining the terroir of a wine from within a vineyard block,
or an individual vineyard, or a region. Seguin did not mention
soil biological factors, except as may be covered by the term
“ecogeopedological milieu.” However, the influence of the soil
microbiome leading to the concept of a microbial terroir has
received considerable attention in recent years, as is discussed
later (Gilbert et al., 2014).

At the time of writing, Seguin (ibid.) discussed wine produced
from vineyards in Bordeaux appellations with little reference to
the scale at which resource factors might vary. However, the issue
of scale became important as the terroir concept was extended
to other French regions, and globally. For example, Vaudour

et al. (2015) reviewed the tools available for rapid proximal-
and remote-sensing of soil properties, coupled with the storage
and manipulative power of geographic information systems, to
map viticultural terroirs at a range of scales. Proffitt et al. (2006)
demonstrated how the systematic analysis of spatial variability
within Australian vineyards could be used not only to define
terroirs, if that was a vigneron’s objective, but also how this
knowledge could be used to direct soil and canopy management,
pest and disease control and selective harvesting. van Leeuwen
et al. (2010), in describing methods for viticultural zoning
based on soil properties, emphasized the importance of having
clear objectives whether they be the demarcation of production
areas, or adaptation of management practices to soil type, or
protection of viticultural landscapes. Predictably, the precision
of zoning and hence the reliability of the information provided
increases with scale, but so does the cost. Nevertheless, as
Vaudour et al. (2015) have noted, terroir maps at an appropriate
scale can be updated and hence used to monitor changes in
the underlying variables in response, for example, to climate
change. The information provided can then inform changes in
viticultural management practices to offset or at least ameliorate
the effects of such change.

PHYSICOCHEMICAL FACTORS -
WATER, NITROGEN AND TEMPERATURE

van Leeuwen and de Rességuier (2018) have argued, from many
detailed studies in dry-grown French vineyards, that water and
nitrogen supply to the vines, as well as soil temperature, are
the major soil determinants of the terroir effect. These authors
discuss how moderate soil water deficits are necessary to produce
high quality wines, especially for red varieties. They describe
how this condition can be achieved through under-drainage
in wet clay soils, by appropriate choice of variety/rootstock,
or choice of vine training system in dry regions, or by deficit
irrigation where irrigation is practised. Also discussed is how
a controlled N supply prevents excessive vegetative growth,
but that sufficient N must be supplied to generate adequate
Yeast Available N in the fruit and promote the synthesis of
flavor and aroma compounds (especially in white wines) (Choné
et al., 2001). With respect to soil temperature, the authors
state that optimal terroir expression depends on the timing
of grape ripeness toward the end of a season. Although the
timing of ripeness is mainly driven by air temperature, they
argue that soil temperature, which can be affected by the
nature of the soil surface, as well as land slope and aspect,
is also important.

The implicit conclusion to be drawn from this analysis is that
the action of these factors, singly or in combination, is sufficiently
different among different sites for the wines produced at any
one site to express a distinctive terroir. Van Leeuwen and de
Rességuier’s (ibid.) stated that once the key soil factors have
been quantified, vignerons can choose their planting material
and management practices accordingly, to optimize the terroir
expression of a site. Among the management practices identified,
they acknowledged that irrigation may be necessary in dry areas
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to obtain economically sustainable yields, but stated that “only
deficit irrigation .... is compatible with terroir expression.”
However, this opinion reflects the Bordeaux school’s emphasis on
soil water deficits and the rate of water supply as the predominant
factors in a terroir effect, which is not necessarily borne out
by research in irrigated vineyards. For example, Bramley et al.
(2011) studied the grape and wine characteristics of a Cabernet
Sauvignon vineyard in the Murray Valley, Australia (mean
annual rainfall 289 mm), which received up to 5 ML/ha/year
of irrigation from 2004 to 2007. In this vineyard of 8.2 ha,
which was not deficit-irrigated, zones of high and low yield
were consistently identified that produced wines with different
sensory properties (color and phenolics), the causes of which
could not be established. However, the authors deemed that these
differences could reflect a terroir difference due to biophysical
characteristics of the site other than water supply. A similar
conclusion was reached in a study of irrigated Shiraz vines in
the Grampians region, Victoria, Australia, as discussed below
(Bramley et al., 2017).

Many vignerons have an empirical knowledge of the
robustness, or otherwise, of the relationships between particular
soil properties at a site and the composition of the grapes
produced and wines made: what is lacking in most cases is
a quantitative understanding of these relationships. For both
dry-grown and irrigated vineyards, key questions to be asked are:

e What is the critical soil water content (or water potential)
corresponding to a desirable stress level in the vines — at
what point in the vine’s phenology and for how long is this
applicable and how are these criteria affected by soil water-
holding capacity and depth?

e Can the optimum soil N supply during growth be defined
in terms of soil mineral N available in the whole soil profile
at bud burst, or in terms of soil organic N, or potentially
mineralizable N (measured by laboratory incubation),
which is found to be correlated with soil organic N (White
et al., 2008)?

e What is the optimum range for soil temperature to express
a site’s terroir? Although van Leeuwen and de Rességuier
(ibid.) cited the “ideal window” for ripeness to be March in
the southern hemisphere and between 10 September and
15 October in the northern hemisphere, they gave no soil
temperature criteria.

e Are there specific soil chemical or biological properties
responsible for a terroir effect at a given site?

Because soil properties interact with many other
environmental properties to determine vine growth and fruit
composition, it is likely there is no generally applicable answer to
these questions: rather the critical combination of factor values
will depend on the grape variety (sometimes the clone) and
vintage (Bodin and Morlat, 2006), canopy management (Kliewer
and Weaver, 1971), and soil type (van Leeuwen et al., 2009), and
therefore be different from site to site. This conclusion reinforces
the concept that a distinctive wine terroir reflects the uniqueness
of the interaction of variables at a given site.

PHYSICOCHEMICAL FACTORS - SOIL
NUTRIENTS

In his seminal 1986 paper, Seguin wrote at the time that
“it is impossible to establish any correlation between wine
quality and the soil content of any nutrient element.” (Seguin
believed that the expression of terroir and wine quality
were interdependent). van Leeuwen and de Rességuier (2018)
reiterated this view. Nevertheless, Seguin (ibid.) also offered
the somewhat contradictory notion that soils of the Premier
Grand Cru Classé (First Growths) in Bordeaux were generally
nutritionally “richer” than soils producing lesser wines, not
because they were naturally that way, but because the vineyard
owners had nurtured these soils over many years.

Subsequent to Seguin’s statement about the role of nutrients, a
range of sophisticated analytical techniques have been developed
for measuring the content of nutrient elements and many
non-essential elements in soil. Vaudour et al. (2015) reviewed
examples of the use of selected methods for relating wine
composition to soil or parent rock composition, from which it
may be concluded that these methods have value for determining
the provenance of a wine. However, even though in many cases
authors invoked the concept of terroir (e.g., Imre et al., 2012; Tarr
etal,, 2013), their results did not reveal any relationship between a
wine of distinctive character and the supply of an element in soil,
whether it be an essential nutrient or otherwise. In the context
of vine uptake, three main problems persist for the successful
quantification of such a relationship:

e Variations in the bio-availability of a nutrient, as controlled
by soil processes such as precipitation/dissolution,
sorption/desorption, buffering, mass flow (influenced by
water flow), diffusion and microbiological transformations.

e Variations in the demand for a nutrient created by the
growing vine and the selectivity for individual elements
imposed at the absorbing root surface and in translocation
within the plant.

e The influence of local climate fluctuations on the aforesaid
bio-availability and demand factors.

OTHER QUESTIONS

In addition to the questions raised above, arising from our lack
of quantitative knowledge of soil property—terroir relationships,
Seguin’s comment about Bordeaux First Growths begs the
question — to what extent can the many variations in vineyard
management modify a site’s terroir (this is discussed further
under ‘Microbiological factors)? Moreover, assuming one or
more quantitative soil-terroir relationships can be demonstrated
for a given site, how independent are such relationships of vintage
variations caused by climatic variations from one season to
another? A study of the distinctive character of Shiraz grapes in
the Grampians region of Victoria provides a partial answer to this
question. Although not specifically focused on soil properties,
Scarlett et al. (2014) and Bramley et al. (2017) found that
the variation within a single vineyard in the concentration of
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rotundone, a grape compound responsible for the pepper aroma
of some Shiraz wines (Jeffery et al., 2009), was spatially structured
and closely related to the topography of the land. This effect was
most likely due to the influence of aspect and slope on variations
in ambient temperature and/or the amount of incident solar
radiation received (Zhang et al., 2015). The pattern of variation
was the same for three consecutive vintages, even though
the mean rotundone concentration differed 40-fold between
vintages. Thus, the terroir effect in the studied vineyard appeared
to be temporally stable. Gupta et al. (2019) have investigated
this vineyard further to determine whether differences in any
soil properties, especially the structural composition of the
microbiome, might be associated with the rotundone variations,
as discussed later.

Finally, there is the question of how climate change might
affect the recognized terroir of many famous vineyards in
iconic wine-growing regions. Hannah et al. (2013) derived
ensemble mean temperature projections for the year 2050 for
world wine regions, based on 17 Global Circulation Models
and two Representative Concentration Pathways. They forecast
that the suitability of current viticultural areas would decrease
by 17-85%, depending on the region. van Leeuwen et al.
(2013) disputed this forecast, citing examples of premier regions
in France and Germany that were sustaining high-quality
viticulture in spite of higher temperatures. They pointed to
methodological flaws in the climate modeling, which used
uncapped Growing Degree Days (GDD), underestimated varietal
tolerances of higher temperatures and relied on a monthly
time-step in calculating GDD. Irrespective of questions about
the modeling, the projected decreases in suitable area in
some regions were so large that some viticultural changes
must occur, even though as van Leeuwen et al. (ibid.) stated,
growers are adapting through changed management to higher
temperatures and greater water stress. However, these authors
also referred to the “evolution of consumer’s preferences,
which suggests that terroir expression is as much in the
nose and taste of the consumer as it is in the natural
endowments of a vineyard.

MICROBIOLOGICAL FACTORS

Microbial terroir is a recent concept based on the idea there
is a unique composition of the microbial population (the soil
microbiome) at a site. The existence of diverse populations of
microorganisms associated with grapevines in the rhizosphere
and as endophytes and epiphytes has been known for some
time, and the possible influence of particular populations on
wine metabolites has been explored (reviewed by Liu et al,
2019). However, with the development of advanced genetic-
based techniques, such as next generation sequencing, the focus
of the research has been on (1) the uniqueness of the natural
yeast population present in the soil and on various plant parts,
and how this influences the array of compounds synthesized
during fermentation, and (2) the uniqueness of the suite of
microorganisms found in the soil and also on plant parts, which
influence the sensory properties of the fruit and wine.

Noting that strains of Saccharomyces cerevisiae outcompeted
other yeast strains during the later stages of alcoholic
fermentation, Goddard (2010) reported that the natural
populations of S. cerevisiae in New Zealand soils were genetically
distinct from those found internationally. Subsequently, Knight
et al. (2015) identified sub-populations of these organisms
residing in each of six major New Zealand wine regions.
They used a representative genotype from each regional sub-
population to ferment Sauvignon Blanc juice and found there
were differences in the aroma and flavor of the wines produced.
The authors argued that their results showed there was a
quantifiable microbial contribution to terroir, acknowledging
that they could not say anything about the temporal stability of
these results. The latter proviso is important because, given the
potential transfer of the organisms through insects, for example,
the suite of S. cerevisiae strains in a vineyard or sub-region in
any 1 year may differ from that in other years. This requires
further study to confirm the significance of a yeast contribution
to microbial terroir.

The research of Bokulich et al. (2013) and others supports
the hypothesis that soil microbial composition and activity are
linked with wine terroir. For example, Burns et al. (2015) studied
the structure of the soil microbial communities in 19 vineyards
selected from sub-appellations of the Napa Valley American
Viticultural Area (AVA). These sub-appellations, originally
delineated by qualitative assessment of climatic, topographic and
edaphic features (including soil), were found to have different soil
microbial communities. However, the authors were undecided as
to whether the differences were merely correlated with the AVA
features, or the microbiota had a direct effect on vine growth
and fruit properties. Similarly, Zarraonaindia et al. (2015) showed
that the majority of bacterial communities associated with vine
parts (leaves, flowers, fruit, and roots) were highly localized
and reflective of the corresponding soil populations. Bokulich
et al. (2016) provided a further link in the chain by showing
that the microbial “fingerprint” derived from the vineyard and
winery was reflected in the fermentations and correlated with the
chemical composition of the finished wines. Nevertheless, as the
authors indicate, correlation is not causation and more research
is needed to link one or more functional characteristics of the
soil microbiome to a specific sensory property of the finished
wines. Gupta et al. (2019) (ibid.) reached a similar conclusion
after they found distinct differences in the microbial communities
in soils supporting high and low rotundone concentrations in the
Grampians, Victoria; however, they could not assign any specific
function to the few microbial taxa/groups that accounted for
these differences.

Another group of soil microorganisms that have been
extensively studied is the arbuscular mycorrhizal fungi (AMF),
common symbionts with grapevines. Although much is known
about the effect of AMF on nutrient uptake, especially
phosphorus, zinc and copper (Schreiner, 2005), little is known
about the creation of a recognized wine terror through an AMF-
vine cultivar symbiosis. For example, based on experiments with
a specific clone of Tempranillo inoculated with a commercial
AMF inoculum (a mixture of five species), Torres et al. (2019)
speculated that infection with AMF might enhance the amino
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acid content of the grapes, which may in turn affect the aromatic
characteristics of the wine.

CONCLUSION

Although factors influencing terroir such as soil water supply, N
availability and soil temperature have been extensively reported
in the literature, we still lack quantitative information on these
relationships for individual grape cultivars at individual sites.
Similarly, whereas the relationships between an existing soil
microbiome, including the yeast S. cerevisiae, and vine phenology
and grape composition have been explored in a variety of
environments, quantitative relationships between a species or
group of microorganisms and wine sensory properties have yet
to be revealed. Gilbert et al. (2014) (ibid.) speculated that, with
the modern genomic tools of microbial ecology, we may develop
a mechanistic understanding of the practices that vignerons have
used for centuries, even to the point where the soil microbiome
could be manipulated to improve soil quality and wine terroir.
Similarly, looking to the future, Vaudour et al. (2015) suggested
that knowledge of the microbial genome could indicate how
a soil could be manipulated by probiotics designed to select
suitable bacterial species, which could improve soil quality and
crop productivity. Echoing this speculation, Gupta et al. (2019)
(ibid.) suggested that with such an understanding, a vineyard
could be managed to achieve specific grape and wine attributes,
for example, by inoculation with specific organisms and/or
by particular management practices. Perhaps in the future a
test of this speculation might involve characterizing the soil
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