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Societal Impact Statement

Climate change and shifts in management have produced a new world of challenges

for most winegrape growers, including increasing sugar levels and altered pest and

weather regimes. This new world has elevated the importance of exploiting the

genetic diversity of winegrapes and wild Vitis relatives. Here, we argue that how well

we exploit genetic diversity will depend on our understanding of “terroir,” especially
how the environment interacts with different cultivars (varieties). Addressing this

challenge could revolutionize grape growing but will require researchers and growers

to work together on new approaches to collect and synthesize data.

Summary

Anthropogenic climate change has produced a new world of challenges for many wild

species and crops, including shifted ranges and phenology, alongside altered pest and

weather regimes. These impacts are especially apparent in winegrapes, which has ele-

vated the importance of exploiting the genetic diversity of the crop and its wild rela-

tives. Here, we argue that how well growers can exploit this diversity will depend on

our understanding of “terroir,” especially how the environment interacts with differ-

ent genotypes (varieties). We argue that a globally predictive framework for wine-

growing is possible but requires greater efforts to integrate the genetic diversity of

vinifera and other Vitis species. This includes distributed approaches and efforts to

synthesize data, especially across rootstock � scion experiments, which currently

focus on one site alone. The opportunity and need for this transition, however, has

never been greater, as climate change means the climate of each region is shifting

over time—often towards the climate of another region, making the need to build a

predictive framework that works across regions increasingly urgent.
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1 | INTRODUCTION

As the pace of anthropogenic climate change becomes ever clearer,

impacts are increasing across both natural and agricultural systems.

In agricultural systems, this has been well documented for wine-

grapes, where growers are dealing with shifts in frost, storms,

drought, heat, and associated fires, alongside shifts in insect pests

and pathogens (van Leeuwen et al., 2024). At the same time shifts

towards more sustainable management, including organic and resil-

ient methods, have potentially reduced some environmental costs

while also possibly increasing losses to pests (Doering et al., 2019;

van der Werf et al., 2020). In parallel, anthropogenic warming has

rapidly achieved what more than 10,000 years of European grape-

vine breeding could not: higher alcohol in many regions

(Levadoux, 1956; Migicovsky, 2017; Negrul et al., 1946; Olmo, 2003;

This et al., 2006; Zhou et al., 2017). Combined these changes mean a

new landscape of higher sugar grapes alongside yield losses due to

disease, insect pests, weeds, and weather events for most growers

globally.

In this new world of grape growing, the importance of

exploiting the genetic diversity of grapes—including wild Vitis

relatives—has never been higher. Many regions are investigating

new or different rootstocks (Marin et al., 2021), which leverage

diversity in drought and disease tolerance from North American

and Asian Vitis. In some regions, interest in previously uncommon

vinifera varieties, which may be more drought or heat tolerant, is

on the rise (Anderson & Aryal, 2020; Bota et al., 2016)—an

approach that sometimes extends to introducing varieties from

other warmer regions (e.g., trials of Greek, Portuguese, and

Italian varieties underway in France)—while in other regions,

growers are increasingly looking towards interspecific hybrid grape

varieties.

Yet, while these shifts hold promise for a future winegrape

crop that is more diversified and richer—both genetically and

phenotypically—the crop today has low global diversity

(Anderson & Nelgen, 2021; Wolkovich et al., 2018), an issue shared

with other perennial crops (Arias et al., 2003; Krishnan et al.,

2021). Even if globally a large number of grape varieties are

planted, most hectares are planted with only a thin slice of this

diversity (Organisation Internationale de la Vigne et du Vin, 2017).

Further, we are likely losing diversity at a global scale as relic popu-

lations of ancient varieties, wild relatives of the winegrape, intravar-

ietal diversity, and broader grape diversity are lost to habitat

change and shifts in agriculture (e.g., Doncieux et al., 2022). Such

losses could limit how well winegrowing regions can adapt to

higher levels of climate change and shifts in insect pests and dis-

eases but will require a new approach by growers and researchers

alike to study phenotypic diversity across regions. Here, we briefly

review the importance of genetic and phenotypic diversity in wine-

grapes and then outline how new efforts to understand how the

environment interacts with the genetic diversity of winegrapes

could help adapt the crop.

2 | WHY DIVERSITY MATTERS: TRAITS,
ENVIRONMENTS, AND INTERACTIONS

2.1 | Trait diversity from the Fertile Crescent to
the warmer world of the Anthropocene

Genetic diversity underlies the traits that make crops valuable to

humans. Current genetic winegrape diversity is the outcome of a his-

tory of natural speciation of Vitis across the Northern Hemisphere,

combined with millennia of winegrape selection and breeding by

humans. Humans domesticated winegrapes (Vitis vinifera subsp. vinif-

era) 11,000 years ago from eastern Eurasia's one wild grape taxon

(Vitis vinifera subsp. sylvestris, Arroyo-Garcia et al., 2006; Dong et al.,

2023; McGovern et al., 2017; Riaz et al., 2018). North America and

western Asia have, in contrast, a much greater diversity of Vitis spe-

cies, but these have only been integrated into winegrowing in recent

centuries. North American Vitis species, in particular, became critical

to global winegrowing as rootstock (Campbell, 2005; Galet, 2015;

Rahemi et al., 2022) after the Phylloxera epidemic (Daktulosphaira viti-

foliae, Campbell, 2005; Galet, 1982). Today, North American Vitis

diversity underlies many critical traits in hybrid grape varieties as well,

including cold hardiness and disease resistance.

Over the history of winegrape domestication, growers and

breeders have continually selected on a suite of major traits that

affect both how easy it is to grow grapes—including ease of propaga-

tion, crop load and consistency, and pest tolerance—and the type of

juice such grapes produce, including berry size and color (Dong et al.,

2023). Alongside this, selection for phenology, drought and humidity

conditions, and cold and heat tolerance have produced grapes that

are more or less feasible to grow depending on a region's climate

(Ollat et al., 2023). With climate change, the feasibility of different

winegrapes in different regions has shifted as phenology has

advanced (Malheiro et al., 2013; van Leeuwen & Destrac-Irvine, 2017;

Webb et al., 2012), and reports of heat and drought stress have

increased in many growing regions (Blanco-Ward et al., 2019; Di Carlo

et al., 2019). The Anthropocene era of winegrowing has thus raised

the importance of traits related to responses to climate

(e.g., phenology and heat and drought tolerance) while climate change

and a growing shift to more environmentally sustainable practices in

some regions have increased the need for insect pest and disease

resistance (Doering et al., 2019; Merot et al., 2020; van der Werf

et al., 2020).

As the Anthropocene increases the importance of diversity in a

suite of traits, human pressures are reducing diversity. Habitat loss

and hybridization with vinifera have reduced populations of many wild

species, especially Vitis rupestris and some Vitis cinerea varieties

(Heinitz et al., 2019; Pap et al., 2015). This loss may be especially

problematic as these species were important for breeding rootstock,

providing critical resistance traits to disease, drought, and insect pests

(Marin et al., 2021). Little of this diversity is likely present in current

rootstocks, however, as most rootstocks used today were bred from

just three North American accessions (Migliaro et al., 2019; Riaz et al.,
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2019). Beyond this, commercial pressures drive low diversity. Loss of

rare vinifera cultivars in Europe continues (Maletic et al., 2015; Maul

et al., 2019) at the same time that the global wine market focuses

increasingly on a few select vinifera varieties (Anderson &

Nelgen, 2021; Wolkovich et al., 2018).

Yet how best to increase diversity to build a resilient winegrape

crop for the future is not straightforward. Because the magnitude of

variation in traits is not constant across different levels of diversity,

nor across different parts of the Vitis phylogenetic tree, how best to

exploit genetic diversity will require addressing major gaps in our

understanding of winegrowing (Sgubin et al., 2023; Wolkovich et al.,

2018). In particular, we argue that the Anthropocene has heightened

the importance of understanding how environmental variation scales

across regions and varieties—including the chimeric form of most

winegrape vines today (and many other perennial crops, Myles, 2013;

Warschefsky et al., 2016) through the combined varieties of the root-

stock and scion.

2.2 | Terroir and the double-edged sword of
environmental variation

Terroir—the concept of how the full suite of environmental character-

istics (soil and climate), combined with the viticultural practices and

the varieties planted, define the wines of a region—is both a blessing

and a curse to winegrowing. The concept of terroir captures how

much the environment can be expressed through the wine produced,

emphasizing how connected wines can be to the regions

(i.e., different environments) that produce them (Gladstones, 2011;

van Leeuwen & Seguin, 2006). But it also highlights the importance of

environmental interactions with genetic diversity, meaning that

understanding—and predicting—this interaction is paramount to

adapting winegrapes to climate change.

This winegrape by environment interaction is part of the concept

of terroir and also a common concept in biology—the genotype by

environment interaction (G �E, Falconer, 1952, 1990). These interac-

tions are critical to understand across all crops and traits, as breeders

need to isolate G (broad-sense heritability) to estimate how consistent

a new trait (e.g., disease tolerance) will be across environments

(Rincent et al., 2019), which also often includes differing management

regimes (sometimes referred to as G�E�M interactions in other

crops, Studnicki et al., 2016). G�E interactions underlie why one vari-

ety may have more accelerated development than another variety in a

warm versus cool year or why predicting variation in berry size in the

same vineyard requires considering both the variety and the climate

of each year together. Winegrapes as a crop likely have high levels of

such interactions (Firoozabdy & Olmo, 1987) and their complexity is

multiplied by interactions within each plant—through the rootstock

and scion.

Researchers and growers have studied rootstock by scion interac-

tions (R � S) since rootstock's widespread introduction after the Phyl-

loxera epidemic (e.g., Gautier et al., 2020; Lupe & Perry, 1988;

Marguerit et al., 2012; Pouget & Delas, 1982; Tandonnet et al., 2010).

Some R� S can produce wildly unexpected scion responses (see

Coombe & Dry, 1988; Lider, 1957; though some of these responses

may be due to diseased material, Golino, 1993), but often, the out-

come is much more dependent on environmental conditions. Certain

rootstocks work best in drier or more calcium-rich soils—a root-

stock� environment (R�E) interaction. But these interactions do not

seem always predictable by soil alone (Paul, 1996). Thus, any one

region will generally have suggested empirical pairings depending on

the scion variety, the soil, and other environmental factors. Suggested

pairings, however, are generally limited because current rootstocks

capture an extremely narrow fraction of potential diversity (Migliaro

et al., 2019; Riaz et al., 2019).

Despite the central importance of rootstock to managing environ-

mental variation across different soils (Marin et al., 2021), a frame-

work to understand and predict R � S�E has not yet emerged,

though the data to estimate such effects has, at least in part, been col-

lected. Research trials have tested for rootstock� scion interactions

for at least a century (Hussman, 1930) and are increasing. Growers

are increasingly recognizing the potential of rootstocks to help adapt

winegrowing to increasing drought and other challenges, with recent

work highlighting that optimally selected rootstock can improve yield

by over 75% (Migicovsky et al., 2021). R� S studies have now been

conducted in research experiments in dozens of regions (Figure 1) but

almost always with a focus on results in only one region (but see

Gonzaga Santesteban et al., 2023). This makes sense from the lens of

terroir, encouraging growers to focus on their unique environment,

but is short-sighted as climate shifts. Current experiments have likely

collected some of the data needed to estimate R� S�E and test how

consistent such interactions are across locations (Figure 1, see also

next section).

An alternative way to estimate interactions is through distributed

experiments, which have become widespread in other fields over

recent years and have long been used to standardize some crops,

including winegrapes (e.g., GEVES in France). Distributed experiments

are specifically designed to estimate how consistent effects—including

interaction effects—are across environments. Such experiments in

ecology have been widely successful in providing global answers to

major questions and are now increasing in both their spatial scale and

in the questions they address (Borer et al., 2014). These experiments

generally standardize part of the experimental design, including how

treatments are applied and which response variables must be mea-

sured, but allow each site to adapt the design to address specific locally

relevant aims—making experiments useful both locally and globally.

3 | A POTENTIAL FUTURE OF RESILIENT
WINEGROWING

To date most winegrowing regions have dealt with the interactive

complexity of growing grapes through ad hoc vineyard trials—of dif-

ferent rootstocks, or scion varieties, for example—followed by word

of mouth on what works. But the level of environmental variation in

winegrapes as a crop and the shifting climatic and disease landscape

WOLKOVICH ET AL. 1613
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of the Anthropocene make this approach less tenable. An alternative

is to use process-based models, which are designed to make predic-

tions across diverse environmental and management regions (García

de Cortázar-Atauri et al., 2025; Moriondo et al., 2015). These models

often use data from experiments and observational field settings to

build up from fundamental physiological processes to predict plant

responses (Knowling et al., 2021). However, they often parameterized

on data from one area (or country) and can be difficult to robustly

scale up to other varieties, limiting their utility in predicting which

varieties to grow where (e.g., Morales-Castilla et al., 2020; Moriondo

et al., 2015).

Building resilient winegrowing regions would benefit dramatically

from a concerted global effort to leverage existing data into a frame-

work that identifies trait variation across the different levels of

winegrape—and Vitis—diversity and predicts them based on the envi-

ronment. We argue a framework focused on leveraging global data

would allow growers to more predictably select the best rootstocks

and scions for their current—and future—terroir. It would also ideally

allow researchers to predict variation without measuring every geno-

type in every environment, allowing them to predict which unmea-

sured varieties, for example, may be most drought-tolerant or would

yield a suite of traits especially coveted by growers (e.g., heat and

drought tolerance or varieties with such extremely rapid phenology

that they reach maturity before major heat waves or fires). Such an

approach could feedback to improve process-based models and could

aid efforts to identify the genes underlying beneficial traits

(e.g., Dayer et al., 2022).

Working towards a globally predictive framework for winegrow-

ing will require researchers to tackle a suite of challenging—but

critical—questions, especially: What is the scale of variation in major

traits at each level of diversity (clones/varieties/species) and how

does it compare to variation due to interactions? Researchers, espe-

cially breeders, have long tackled aspects of this question—and data

to address it for some traits are available. Phenology, for example, var-

ies by up to 5 weeks for maturity across vinifera varieties (Boursiquot

et al., 1995; Parker et al., 2013), which may be on par with variation

across some species, though we generally lack comparable phenologi-

cal data for many Vitis species. In contrast, for certain traits such as

cold hardiness, vinifera cultivars have much smaller variation when

compared to variation across species (Londo & Kovaleski, 2017).

Addressing this could also provide insights to understand which traits

are correlated, a critical need for breeding. However, because so many

winegrape traits vary from environment to environment, partitioning

variation to different scales of diversity and estimating trait correla-

tions requires a firm understanding of the scale of G �E effects.

3.1 | A global distributed experiment already
underway

Rapid progress towards a globally predictive framework is possible, as

Vitis research collections, research trials and vineyards provide much

of the experimental setup needed. Vitis research collections aimed at

protecting and studying the grape germplasm exist in many

F IGURE 1 Data for understanding rootstock � scion� environment (R� S�E) interactions are already available. A subsample of published
rootstock� scion (R� S) experiments shows how widely they have already been conducted. We mapped locations from 91 different R� S
experiments, which included an average of 1.7 scions each (range of 1–13) and 3.7 rootstocks each (range of 1–30). Our 91 studies came from a
140-paper subsample of an ISI search of ALL FIELDS= [rootstock* AND scion* AND grape* ], which returned 530 references; scaling up this
subsample suggests hundreds of R� S studies already published on winegrapes. Further, this estimate does not include studies in the gray
literature, symposium proceedings, or in national languages, where many R� S studies are published (and does not include many studies
published before the 1960s); thus, the number of existing studies is likely much higher, though how much data can be extracted for useful meta-
analyses would require further study (e.g., Gonzaga Santesteban et al., 2023). To make overlapping (or near-overlapping) locations visible, we
jittered geographical points by 10. For an interactive version of this figure, visit https://temporalecology.org/wp-content/uploads/2023/09/
mercator_jittered.html; for details on methods (including how we randomly subsampled studies), visit the published dataset: “Data for rootstock
� scion winegrape study locations” at https://knb.ecoinformatics.org/.

1614 WOLKOVICH ET AL.

 25722611, 2025, 6, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1002/ppp3.70055 by U

niversity O
f B

ritish C
olum

bia, W
iley O

nline L
ibrary on [30/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://temporalecology.org/wp-content/uploads/2023/09/mercator_jittered.html
https://temporalecology.org/wp-content/uploads/2023/09/mercator_jittered.html
https://knb.ecoinformatics.org/


winegrowing countries, variously financed by federal and local gov-

ernments (e.g., INRAE Domaine de Vassal in France, IMIDRA in Spain,

and USDA germplasms in the USA). These collections are often setup

from an experimental standpoint—with standardized planting and

management methods—and thus, within each is often the opportunity

to estimate trait diversity across multiple levels. Funding towards

such research, however, is too rarely supported at the level required

to both maintain collections and gather data within them

(Lacombe, 2023).

Increasingly available genetic data and focused efforts could revo-

lutionize models of trait variation and G �E interactions in viticulture.

New initiatives have put together promising samples of vinifera culti-

vars for focused phenotypic and genetic research (e.g., the French

279 panel of Flutre et al., 2022; Nicolas et al., 2016); from this, quanti-

tative estimates of relatedness of different genotypes allow models

that can better partition out the effect of genotype from environment.

New models have also narrowed in on the history of vinifera specia-

tion and domestication, which could help breeders by understanding

better how traits have been gained in the past, though we still lack an

integrated view of Vitis speciation across recent studies (Aradhya

et al., 2013; Klein et al., 2018; Liang et al., 2019; Ma et al., 2018;

Miller et al., 2013; Peros et al., 2011; Trondle et al., 2010; Wan et al.,

2013; Zecca et al., 2020). Alongside efforts to standardize and orga-

nize the physiological, chemical, and molecular processes underlying

such traits (Cadle-Davidson et al., 2019), data across more diverse

varieties are beginning to come together.

F IGURE 2 Meta-analytic approaches can leverage current data from across the globe to help build more universal models that also predict
responses for each variety: New modeling approaches can better pool data from experiments and observational studies. Here, we show an
example of how R � S�E studies could be approached using models that build on evolutionary relatedness (conceptualized here as two

phylogenies, though relationships for Vitis scion and rootstocks are often more complex; each color represents a different rootstock). These
models can leverage current studies (left-hand side, under “Process�Environment relationships observed across R� S studies”) to organize and
fit—at once—the relationship between environment and observed response (or process) across scion and rootstock varieties of varying sample
sizes and given missing R� S studies. These modeling approaches will estimate responses for unstudied R�S (shown as dashed lines), which
could then highlight promising unstudied varieties for further research. They will also estimate an overall “universal” relationship (right-hand side)
that evolutionary history then shapes into the observed responses at the tips of each phylogeny. Though we show here R� S�E, these models
can also be used to understand R�E and S�E interactions separately.

WOLKOVICH ET AL. 1615
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Research trials of R � S conducted across environments for

decades (Figure 1) likely have the raw data for a more global frame-

work to predict how different varieties of rootstock and scion

together will respond to the changing pressures of the

Anthropocene—if leveraged through new modeling approaches.

Meta-analytic approaches, which combine results from similar studies,

can provide a broader and more robust understanding of effects and

have been critical in advances in many fields, from medicine to ecol-

ogy (e.g., Alberti et al., 1995; Gurevitch et al., 1992). While meta-

analyses are rarely used in winegrape research, new studies have

started to use them for winegrapes (e.g., Winter et al., 2018), including

to understand R� S for winegrapes (Gonzaga Santesteban et al.,

2023), and could provide even more useful insights using newer

approaches. For example, hierarchical meta-analyses can estimate an

overall effect and partition variance due to other factors defined in

the model (Nakagawa et al., 2017), such as the variety of scion, variety

of rootstock, and their interaction, while controlling for different sam-

ple sizes and measurement errors in different studies (Gelman &

Hill, 2009; Gelman et al., 2014).

New approaches to meta-analyses combined with data on the

genetic relatedness of Vitis can also tackle the inherent and extreme

unevenness in which scion and rootstock varieties have been studied.

Hierarchical meta-analyses present a problem for winegrape research

across diverse varieties because they assume model factors, such

as scion variety, are equally exchangeable and thus will pool

(or “shrink”) estimates towards the most studied varieties. Given how

few rootstocks and varieties are planted and researched (Riaz et al.,

2019; Wolkovich et al., 2018); such models will generally estimate

less studied varieties as similar to well-studied ones. New models

that incorporate the genetic relatedness of varieties into the hierar-

chy, however, could overcome this challenge. By estimating how well

genetic relatedness explains responses, then pooling on the related-

ness alongside a study's sample size and error, they produce better

models and forecasts (Morales-Castilla et al., 2024). Using this

approach on data from existing R � S studies (Figure 1) and adding in

information on climatic factors of where the study was conducted

(e.g., mean growing season temperature from gridded climate data-

sets) could provide the first global estimate of R� S�E effects

(Figure 2).

Estimating R � S�E effects most robustly would require

improved sharing of data across research teams. Compared to some

fields (e.g., climatology), data sharing is less common in winegrape

research but has been pivotal to major advances in many fields

(reviewed in Tenopir et al., 2011; Wolkovich et al., 2012) and may

explain while progress towards a more global framework has been

slow (Cadle-Davidson et al., 2019). Efforts are underway to address

this (e.g., Binet et al., 2019) and incorporate standards that make it

easy to find, use, and more effectively leverage existing data. In the

last 10 years, the FAIR principles (Findability, Accessibility, Interopera-

bility, and Reusability, Wilkinson et al., 2016) have been widely

taken up in other fields with some new work to incorporate them into

grape research (e.g., TEMPO and the grape information system,

GrapeIS through the International Grapevine Genome Program,

Cadle-Davidson et al., 2019; García de Cortázar-Atauri et al., 2025).

Building systems to house data is only part of the hurdle, however, as

researchers must then choose to post and share their data. This gen-

erally requires funders and journals to set and enforce expectations of

data sharing (Couture et al., 2018), which is rare in winegrape research

to date.

Funders can also play a role in emphasizing the value of meta-

analytic work—where the effort to gather and robustly analyze data

are recognized. Funding regimes that focus on new data from new

experiments in the belief that this is the major way to gain new knowl-

edge miss the power of data already collected to build mechanistic

models that can be predictive beyond one site and outside historical

climate regimes. Such a narrow focus on new data leaves pressing

questions unanswered but is not uncommon. In the sciences, this

problem is often tackled by explicit funding of synthesis work

(e.g., many government and nonprofit “think tanks” are designed

explicitly to gather and learn from existing data, Baron et al., 2017).

Vitis research in the Anthropocene appears poised to gain immensely

from placing a higher value on synthetic research that analyzes data

produced across environments.

4 | CONCLUSION

With climate change, each region is shifting away from its previous cli-

mate to a new climate—often similar to another region's climate—over

time, making the need to build a predictive framework that works

across regions increasingly clear. While the weather of recent years

has increased concerns that climates may be shifting to conditions

without any analog (Canadell et al., 2021), to date shifts appear mostly

predictable (Faranda et al., 2022), giving winegrowing an opportunity

to build a more resilient crop. Before the Anthropocene, a stable cli-

mate meant local research trials could provide long-term information

for growers, but climate change has made understanding how varie-

ties fare in different environments more critical. Today, growers

should be increasingly interested in what trials in regions warmer,

drier, or more variable compared to their own are finding (Canadell

et al., 2021; Hartick et al., 2022; Seager et al., 2019; Wolkovich et al.,

2025). This greatly raises the value of collecting and synthesizing data

across regions.
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