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Abstract

Premise: Changes in habitat suitability due to climate change are causing range shifts,
with new habitat potentially available at cold range edges. We must predict these range
shifts, but forecasters have limited knowledge of how genetic differences in plant
physiological tolerances influence range shifts. Here, we focus on a major determinant
of species ranges—physiological tolerance to extreme cold—to ask how warming over
recent decades and genetic variation shape expansion across complex landscapes.
Methods: We examined how genotypes vary in maximum cold tolerance from 9 years
of cold hardiness data across 18 genotypes from 13 sites, using winegrapes
(Vitis vinifera subsp. vinifera) as a case study. Combining a Bayesian hierarchical
dose-response model with gridded climate data, we then project changes in climatic
suitability near winegrapes’ current cold range-edge between 1949 and 2016.
Results: Plants increased maximum cold hardiness non-linearly with decreasing air
temperature (maximum cold hardiness: -23.6°C), but with substantial (by 2°C)
variation across genotypes. Our results suggest, since the 1980s, decreasing freeze
injury risk has made conditions more favorable for all genotypes at the cold range-
edge, but conditions remained more favorable for more cold hardy genotypes and in
warmer areas. There was substantial spatial variation in habitat suitability, with the
majority of suitably warm habitat located in a narrow north-south oriented strip.
Conclusions: We highlight the importance of genotypic differences in physiological
tolerances when assessing range shift potential with climate change. Habitat
improvements were unevenly distributed over the spatially complex landscape,
though, emphasizing the importance of dispersal in range expansion.
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The location of species’ climatic niches strongly influences
their geographic ranges (Pereira et al, 2010), meaning
species distributions will shift with climate change. Species
are mainly moving to higher altitudes and latitudes, but the
details of each species’ movements vary (Parmesan and
Yohe, 2003; Hickling et al., 2006; Chen et al., 2011). These
range shifts will likely modify community composition
(Munson et al., 2012; Lindstrom et al., 2013; Poloczanska
et al., 2013), thereby disrupting interspecific interactions
(Klein et al., 2008; Ovaskainen et al., 2013; Alexander
et al., 2015) and changing ecosystem functioning (Dieleman
et al., 2015; Mokany et al., 2015).

Sufficient phenotypic variation within a species is crucial
for expansion at range edges (Oney et al., 2013). This

variation can arise from phenotypic plasticity or genetic
variation (Chevin et al., 2010; Peterson et al., 2018), with
both sources of variation offering potential benefits for
species adapting to climate change. Species with more
phenotypic plasticity in response to climate fare better
under warming conditions (Bennett et al., 2019), and
species with higher genetic diversity are predicted to
maintain relatively more stable distributions under climate
change scenarios (Theodoridis et al., 2018). Although initial
responses to a novel environmental condition are likely to
originate from phenotypic plasticity (Bradshaw, 1965),
species with greater genetic variation in trait responses
have more potential for adaptive evolution (Barrett and
Schluter, 2008).
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For wild species, the influence of intraspecific variation in
facilitating range shifts is dependent on the spatial landscape of
climate. The climate at range edges is typically less favorable
than that at the central core of species’ ranges, meaning
individuals tolerant of harsher range-edge environments may
be at an advantage in exploiting new habitat availability (Rehm
et al, 2015). The interaction between species’ physiological
tolerances and climate at the leading range edges of species’
ranges is particularly important because this is where migration
will take place (Thuiller et al., 2008). We consequently need a
better understanding of species’ physiological tolerances to
their environment, especially at range edges, to predict range
shifts with climate change.

For many species, an important limiting factor is the
presence of extreme cold events. Warmer winters in the
future may allow species to move into areas that currently
experience extreme cold if warming is sufficient to lift
minimum winter temperatures above lethal cold tempera-
tures (Hickling et al., 2006). We are already seeing examples
of this in the southern pine beetle (Dendroctonus frontalis
Zimmermann [Curculionidae]), which has shifted north-
ward as warmer winters mean temperatures no longer dip
below the critical threshold routinely enough for winter die
off (Lesk et al., 2017).

To combat the threat of winter damage, many species in
colder areas temporarily gain cold hardiness during the winter.
This trait is particularly critical for plants because they cannot
move to avoid extreme temperatures. Cold hardiness is a
plastic trait regulated by genes, where cold temperatures are
generally needed to induce hardiness (Charrier et al., 2011;
Wisniewski et al., 2018), and likely critical to many plants’
poleward range expansion (Zanne et al., 2014). Maximum cold
hardiness, which is the lowest temperature that a plant can
experience without damage, dictates an extreme limit for how
cold a winter the plant can survive. Maximum cold hardiness,
however, is complex to model. Existing cold hardiness models
(e.g., Bergjord et al., 2008; Ferguson et al, 2014; Kovaleski
et al., 2018; Kimura et al., 2020; Salazar-Guttierrez and Chaves-
Cordoba, 2020) generally focus on the complex dynamics of
inducing cold hardiness. These models require substantial
tracking of an individual plant's cold hardiness throughout a
season, and such data are only available for a very few well-
studied crop species. In addition, models generally focus on
only one genotype at a time, making it difficult to robustly
compare genotypic versus spatial climatic effects critical to
range expansions.

Here, we address the question of how genotypic
variation in maximum cold hardiness may affect range
expansions with climate change, using winegrapes (Vitis
vinifera L. subsp. vinifera [Vitaceae]) as a case study.
Focusing on winegrapes provides enough data to develop
models that estimate cold hardiness across genotypes and
space, while also yielding insights into an important crop.
Winegrape phenology, growth, and crop quality are all
closely related to climate (van Leeuwen et al, 2004;
Urhausen et al., 2011). Winegrapes are very sensitive to
climate, with the timing of their phenological events used as

a proxy for historical climate (Meier et al., 2007). They are
also a valuable crop, thus how climate change will affect
winegrapes has major economic implications (Ashenfelter
and Storchmann, 2016).

This interest is especially pronounced at the cold edges
of current winegrowing regions that are likely to undergo
substantial changes as temperatures increase (Hannah
et al., 2013; Moriondo et al., 2013). Winegrapes have been
domesticated for many thousands of years, and over that
time viticulturists have cultivated a wide range of genetically
separate varieties with different physiological and ecological
characteristics. These genotypes show a diverse range of
trait responses to climate (van Leeuwen et al, 2004),
including cold hardiness (Mills et al., 2006; Ferguson
et al., 2014; Kovaleski et al., 2018). However, current
models predicting cold hardiness in winegrapes (Ferguson
etal, 2011, 2014; Kovaleski et al., 2018) treat each variety as
fully independent, making it difficult to assess the relative
importance of varietal differences versus other important
factors, such as environmental differences.

Questions

Here, we explore the influence of genotypic variation on
winegrape maximum cold hardiness, an important physiologi-
cal limit for winegrapes growing at their cold (in our study
here: northern) range limit. We assess winegrapes’ maximum
cold hardiness within a season, which winegrapes typically
reach during the heart of winter, and then evaluate the
consequences for potentially lethal freeze damage at wine-
grapes’ cold range edge. Using a model of maximum cold
hardiness in response to air temperature, we ask whether
genotypes vary in their potential for cold-edge range expansion.
Specifically, do the differences in maximum cold hardiness
between genotypes lead to measurable differences in habitat
suitability in terms of numbers of yearly freeze injury risk days?
And how do these differences vary over space and time?

MATERIALS AND METHODS
Study location and data

Buds from 18 different winegrape genotypes (commercial
“varieties”), representing 90% of the study region's harvest
in 2019 (Bennett et al., 2019), were collected from 13
different vineyard sites in the Okanagan Valley, British
Colombia, Canada (Figure 1), which is located at the cold
(northern: latitudes 40.0° to 50.5°N) edge of winegrapes’
current range. The Okanagan Valley has a mild and
relatively dry climate with approximately 250 to 400 mm
of precipitation yearly. Areas further north experience a
more humid continental climate whereas areas further
south experience more of a semi-arid climate. Except for
two of the genotypes Mourvedre (Morrastel) and Grenache
(Garnacha), each genotype was represented in at least two
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FIGURE 1 Site locations where we collected winegrape material to
assess maximum cold hardiness.

sites. Locations were selected to represent variability in
vineyard climates within the Okanagan Valley. Two sites
were only represented by a single genotype: Oliver West and
West Kelowna.

Buds were collected biweekly from late October to early
April every year between autumn 2012 and spring 2021. At
each location, for each genotype selected there, we sampled
a cane from 3 to 6 vines with bud hardiness measured on
buds from nodes 3 through 7. We used differential thermal
analysis (DTA, see Mills et al. [2006] for details) to
estimate the cold hardiness of each bud. This method
detects heat spikes released when internal cellular water
freezes, which is the point where the bud dies. The final
bud cold hardiness values used in our model are the mean
of 15 buds per genotype and location, and are expressed as
the Low Temperature Exotherms where there was 50% bud
mortality (LTE50), the standard method for estimating
critical lethal temperatures for winegrape field damage
(Mills et al., 2006).

To predict cold hardiness, we calculated mean daily
temperature from minimum and maximum daily air
temperature data collected at the Environment Canada
Penticton Weather Station, Penicton, British Colombia,
Canada (latitude 49.29° N, longitude -119.35° W, elevation
347.5m) between 2012 and 2021. We used the average

temperature over the 24hours before the buds were
collected, which we calculated as the minimum temperature
for the collection day and maximum temperature for day
before collection day, divided by two. We also tested models
using a 2-day mean temperature and found that this model
gave very similar results to our main 24-hour mean model
(Appendix S1, Figure S1).

Modelling genotype cold hardiness

Because of the non-linear relationship between air tempera-
ture and cold hardiness, we chose to base our model
regressing cold hardiness (7) against air temperature (x) on a
four-parameter log-logistic model (Equations 1 and 2;
Table 1). These models are a type of dose-response model
that was developed for modeling the effect of a dose on a
biological response (Ritz et al., 2015). Variations on the dose-
response model have been applied to a wide variety of
ecological questions, including species richness responses to
nitrogen (Jones et al., 2018), eco-toxicology (Haanstra
et al., 1985), and phenology (Kovaleski and Londo, 2019).
An advantage in using this dose-response model for
modeling maximum cold hardiness is that most of the
parameters of the model—maximum cold hardiness d,
minimum cold hardiness ¢, rate of change of cold hardiness
b (averaging over both periods where vines gain and lose cold
hardiness), and the log of the midway air temperature é—are
biologically relevant and interpretable. The exception in our
model is the parameter b (rate of change of cold hardiness).

Ji ~ normal(y;, o) (1)

(d + dgeno, i + dsite, i)—c

Hi :f(xi, (bycd,e)) =c+ 1+ gprgEno(log(xi)fé)

2)

Applying a mixed effect hierarchical approach to these
equations allowed us to estimate differences among genotypes
and sites within a single model, while accounting for
imbalances in data (i.e., the common reality that not all
varieties are equally sampled at all sites and timepoints). We fit
air temperature as a predictor (fixed effect) with genotype and
site included as modeled groups (random effects) on the
maximum cold hardiness parameter d. For genotype, the offset
of each genotype's maximum cold hardiness (d,,) from the
model average was normally distributed with a standard
deviation of 044, (Equation 3). Similarly, the offset of each
site's maximum cold hardiness (ds;,) from the model average
was normally distributed with a standard deviation of g,
(Equation 4). This model structure allows for direct compari-
son of the influence of genotype and site and maximum cold
hardiness through the 044en, and o, parameters. We also
included genotype as a modeled group on the rate of change of
cold hardiness, where each genotype's offset from the mean
rate of change of cold hardiness (bge,,) is normally distributed
with a standard deviation of 0g.,, (Equation 5).
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TABLE 1 Detailed descriptions of the parameters used in our dose-response model (Equations 1-5) to model maximum cold hardiness in winegrapes,

including the effect of site and genotype.

Parameter Description

x Mean daily temperature (°C)

B Mean rate of change of cold hardiness per unit of x

D Mean maximum cold hardiness (upper asymptote of the response)

C Mean minimum cold hardiness (lower asymptote of the response)

dgeno Effect of genotypeg.,, on the maximum cold hardiness (d)

site Effect of site,;,, on the maximum cold hardiness (d)

bgeno Effect of genotype,.,, on the rate of change of cold hardiness (b)

e Log of the effective dose ED50, which is the winter temperature where cold hardiness is
halfway between maximum cold hardiness (d) and minimum cold hardiness (c)

dgeno Variance of the maximum cold hardiness (d)

“dsite Variance of the effect of site on the maximum cold hardiness (d)

“bgeno Variance of the effect of genetic diversity on the rate of change of cold hardiness (b)

Variance of the distribution of final predicted y~ values around the mean modeled values

dgeno ~ normal (0, Udgeno) (3)
dsire ~ normal (0, 0gire) (4)
bgeno ~ normal (0, Uhgeno) (5)

This mixed-effect hierarchical approach deviates from
previous attempts at modelling cold hardiness in winegrapes,
which have fitted separate models to each genotype, and used
data from single study sites (Ferguson et al., 2011, 2014;
Kovaleski et al., 2018)

While providing better estimates of uncertainty across
the full model, and especially for genotypes and sites, our
approach does have limitations. Perhaps most especially for
winegrapes, it estimates only one curve for periods when
plants gain cold hardiness (acclimation) and when they lose
cold hardiness (deacclimation); thus, averaging over two
processes that recent work suggest are distinct for some
woody species like grapes (Howe et al., 2003; Pagter and
Arora, 2013; Vyse et al,, 2019). Extending this model to
include acclimation and de-acclimation responses is an
important next step, but likely requires a novel approach to
temperature response curve models to be applied in this
context, given that we do not currently mechanistically
understand how or when plants transition between hardi-
ness phases (Cragin et al., 2017; Vyse et al., 2019).

We built our dose-response model using a Bayesian
framework in Stan (Stan Development Team, 2019)
through the package Rstan (Stan Development Team, 2020)
in R (R Core Team, 2020). For most parameters in the
model, we chose semi-informative priors that did not
constrain the model away from any biologically possible
values (Appendix S1, Table S1). The notable exception to
this is the parameter for minimum cold hardiness (c). It

was not possible to gain accurate cold hardiness values for
green tissue using our methodology because the amount of
water is incompatible with accurate differential thermal
analysis. Consequently, we lacked data around minimum
cold hardiness for our vines. To allow the model to fit
despite this issue we applied a prior on the ¢ parameter
limiting minimum cold hardiness to values from a normal
distribution with a mean of 2 and a standard deviation of
0.5 (based on values extracted from the literature, see
Ferguson et al., 2011, 2014). We ran four chains for our
model, each with 4000 iterations, 3000 of which were
warmup iterations. We use the highest posterior density
interval (HPDI) to define 90% uncertainty intervals, which
is the narrowest interval that contains 90% of the posterior
estimates. From here on we refer to 90% HPDI interval
values simply as “uncertainty.”

Climate suitability assessment

Plants are vulnerable to damaging freeze events when
midwinter air temperatures drop below maximum cold
hardiness. More numerous freeze events increase the risk of
potentially lethal cold damage. In our analysis, we evaluated
the risk of cold damage by estimating how often winegrape
genotypes were exposed to freeze events in terms of the
number of freeze injury risk days per year (the number of
days during winter that minimum air temperatures fell below
modelled winegrape maximum cold tolerance). We used
gridded climate data extracted from the observation-based
meteorological dataset of Sheffield et al. (2006) to estimate
recent shifts in climate suitability in the Okanagan Valley
wine growing region. This dataset models climate parameters
at a global scale for the study of seasonal and inter-annual
variability. First, we extracted daily minimum temperatures
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between 1949 and 2016 for a 7 x 5 grid of 16km x 16 km
cells between latitude 49.0° to 50.75° N and longitude
-120.25° to -119.00° W, representing the Okanagan Valley
and its surrounding area. Each grid cell contains data on
daily minimum and maximum temperatures within that grid
cell each day. We then checked the climate data was not
systematically different from local climate estimates by
comparing weather data from three weather stations in the
Okanagan Valley to data extracted from the gridded climate
data for that location (Appendix S1, Figure S2. To do this we
estimated daily temperature as the minimum and maximum
daily air temperature per cell.

Next, for each geographic location (grid cell), we
calculated the number of days each year that minimum
temperatures in each grid cell dropped below the modelled
maximum cold hardiness of each genotype (number of
yearly freeze injury risk days). Because maximum cold
hardiness is a plastic response, a vine would be more cold
hardy in a cold year than a warm year. To account for this,
we used the lower 90% estimate (because cold hardiness is
a negative value) of maximum cold hardiness d as our
genotype average estimate and added the genotype specific
modifier to this value to estimate genotype specific
maximum cold hardiness on a colder year. We checked
that the choice to include another source of climate data in
our analysis did not bias our results by re-fitting our model
using temperature data extracted from the grid cell where
the Penticton Weather Station is located (Appendix S1,
Figure S3). We also estimated the number of freeze injury
risk days for three weather stations in the Okanagan Valley
and compared these values with estimates from the grid
cell where each weather station is located to assess
potential biases in estimated freeze injury risk days using
the gridded climate data.

To evaluate any recent changes in winter freeze injury
risk, we plotted the mean number of freeze injury risk days
each year across locations for three categories: 1950s to
1970s (pre-1980s, before significant anthropogenic warm-
ing), 1980 to 1999, and 2000 to 2016. Next, we selected
only locations that overlapped with the winegrape growing
region (Figure 1) and used a Poisson linear model in R (R
Core Team, 2020) to regress the number of freeze injury
risk days each year against the fixed effects of year,
geographic location, and genotype. We also included
interaction effects for geographic location and genotype
against year to assess whether trends in freeze injury risk
vary. Finally, for each day a freeze injury event occurred,
we used the minimum low temperature to calculate the
proportion of genotypes that would have experienced a
freeze injury event that day. When minimum air
temperatures were lower than the most cold hardy
genotypes’ maximum cold hardiness then 100% of the
genotypes would experience a freeze injury event. Con-
versely, when the minimum air temperature fell between
the maximum cold tolerance of the most and least cold
hardy genotypes then less than 100% of the genotypes
would experience a freeze injury event that day.

RESULTS
Modelling maximum cold hardiness

We found lower air temperatures increased maximum cold
hardiness in winegrapes (Figure 2) in the Okanagan Valley up
to an estimated mean maximum cold hardiness (d) of -23.6°C
(uncertainty -24.2°C, -23°C; Table 2). See Table 2 for further
parameter estimates maximum cold hardiness was affected
similarly by genotypic variation and site (Figure 3). Maximum
cold hardiness varied between genotypes with a standard
deviation of 1°C (uncertainty: 1.4°C, 0.5°C; see Appendix S1,
Figure S4 for estimates of all sites). The two most cold hardy
genotypes were Pinot noir and Riesling, and the two least cold
hardy genotypes were Mouvedre and Grenache. Between sites,
maximum cold hardiness varied with a standard deviation of
0.6°C (uncertainty: 0.8°C, 0.3°C; see Appendix S1, Figure S5
for estimates of all sites). The two most cold hardy sites were
Osoyoos north and Black Sage, and the two least cold hardy
sites were Oliver West and Naramata Bench. We detected no
effect of genotype and the rate of change b in cold hardiness
(overall mean change in °C per °C: 6.9; uncertainty: 7.4, 6.4;
see Appendix S1, Figure S6 for estimates of all genotypes.)

Climate suitability assessment
We detected a decrease in the frequency of freeze injury risk

days over the last 70 years (-0.017 days per year, Standard
error: 0.001). Although change of 15 of the 18 genotypes in

Genotype Maximum
Hardiness (°C)

L
o

Winter Hardiness (LTE50 °C)
N
o

-10 0 10 20
Mean Daily Air Temperature (°C)

FIGURE 2 Relationship between cold hardiness and daily mean air
temperature in winegrapes, overlaid with the observed data (dots, colored
by modelled maximum genotype maximum cold hardiness). We show
estimates from our Bayesian hierarchical dose-response model, including
several layers of variation: (1) the mean (dark line represents the mean
prediction of the posterior) and the 90% uncertainty intervals around that
mean prediction (bands closest to the line); and (2) (further bands),
estimates for the most extreme genotype and site, showing again the mean
and 90% uncertainty intervals.
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TABLE 2 The parameter estimates from our dose-response model. Parameter values have been transformed back to the original scales for ease of

interpretation.

Mean Lower 90% Upper 90%
Description Parameter Pre- diction uncertainty uncertainty
Maximum cold hardiness d -23.6°C -23°C -24.2°C
Minimum cold hardiness c -2.2°C -3°C -1.4°C
Rate of change b 6.9°C/°C 6.4°C 7.4°C
Midway air temperature exp(e”) 3.8°C 3.7°C 3.8°C
Distribution of the effect of genotype on maximum cold hardiness “dgeno 1°C 0.5°C 1.4°C
Distribution of the effect of genotype on rate of change of cold hardiness bgeno 0.5°C 0°C 1°C
Distribution of the effect of site on maximum cold hardiness “dsite 0.6°C 0.3°C 0.8°C
Distribution of final predicted y~ values around the average predicted value mu 4 2.4°C 2.4°C 2.4°C

freeze injury differed from the genotype average, with values
between -0.033 and -0.01, differences were too small to
translate into noticeably different trends in freeze injury risk
days over time (Figure 4A).

In most cases, between 60% and 90% of genotypes were
likely to have experienced 50% primary bud mortality on a
potential freeze day (Figure 4B). It was more common in the
1970s than the 2000s for freeze injury risk days to affect all
genotypes (Figure 4C and D, respectively).

The gridded climate data generally estimated similar
temperatures as local weather station data (Appendix S1,
Figure S2). When compared to the number of freeze injury
risk days each year using gridded data, weather station
data estimated lower numbers of freeze risk days for two of
the three stations we tested (Appendix S1, Table S2).
Although the trend in fewer freeze injury risk days we
detected is consistent across geographic locations, there is
substantial variation in the suitability for winegrape
growing in the Okanagan Valley. There is a central ribbon
of warmer conditions that overlaps closely with the current
winegrowing region (Figure 5).

DISCUSSION

Accurately predicting responses of species to warming
winters requires knowing how much genotypes vary in their
maximum cold hardiness and freeze risk across complex
landscapes. To address this challenge, we used Bayesian
hierarchical models and data from multiple genotypes and
sites to find clear evidence of genotypic variation influencing
shifts in climate suitability for our case study species,
winegrapes (Figure 3). Although decreasing freeze risk meant
conditions became more favorable for all genotypes in recent
decades, conditions were still more favorable for more cold
hardy genotypes. There was also substantial spatial variation
in habitat suitability, with the majority of suitably warm
winters located in a narrow north-south orientated strip,
likely due to the effects of lakes and lower elevation.

Our results highlight the importance of genotypic
differences in physiological tolerances when assessing
range shifts and climate change in a spatially complex
landscape.

Genotypic variation in maximum cold
hardiness

We found that maximum cold hardiness varied between
genotypes (Figure 3), with the genotypes estimated as most
cold hardy (e.g., Riesling, Pinot noir) and least cold hardy (e.g.,
Mourvedre, Grenache), in line with other winegrape studies
(Mills et al., 2006; Ferguson et al., 2011; Kovaleski et al., 2018),
but our analysis is the first to comprehensively test these
genotypic differences within a single model while accounting
for other sources of variation and uncertainty. While we
focused on a crop species for this study, our results also
broadly support the paradigm that genotypic variation in
climate-related traits are critical for range expansion at the
cold edges (Crawford, 2008; Williams et al., 2008; Theodoridis
et al.,, 2018), suggesting continued research on evolutionary
responses at range edges is important.

Harmful low winter temperatures were less common in
recent years than before the 1980s (Figures 4, 5), with freeze
injury risk in later years often threatening only the least cold
hardy genotypes. Our results thus highlight the importance of
selecting appropriate genotypes for assisted migration and
crop choice in marginal areas for both initial success and
long-term sustainability with climate change. Current models
for selecting genotypes, however, often rely in correlating
average genotype performance with various geographic and
climactic variables (i.e., Koralewski et al., 2015; Hillfors
et al,, 2016), which can make less accurate predictions for
new scenarios than modelling approaches incorporating
biological mechanisms and processes (Buckley et al., 2010).
Models focused on quantifying the effect of genotypic
variation on a physiological parameter, like maximum cold
hardiness, are consequently essential for building more
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on maximum cold hardiness from our Bayesian hierarchical dose-response
model (A, showing the distribution of the posteriors). Both effects have a
similar influence on a winegrape vine's maximum cold hardiness. The
distribution of individual genotypes and sites are shown in panels (B) and
(C), respectively. See Appendix S1, Figures S4 and S5 for more detail on
individual genotype and site distributions.

mechanistic species distribution models for adaptation and
migration planning with climate change.

Understanding genetic variation in physiological toler-
ances at range edges is not only important for planning crop
distributions and assisted migrations; these results also
provide insight into how wild, naturally dispersing, species
respond to warming. If reduced cold risk translates into
higher survival during midwinter for more cold hardy
genotypes, then warming could lead to decreasing genetic
variability as more cold-adapted genotypes are selected
for in leading-edge populations. Maximum cold hardiness

selection pressure will prove especially problematic if low
genetic diversity contributes to a build-up of deleterious
mutations at the expanding range edge (Peischl et al., 2013).
Alternatively, warming may reshape the fitness advantages
of hardiness if the most cold-adapted genotypes lose their
competitive advantage as climate at the cold range edge
continues to warm (Block and Levine, 2021). Additionally,
maximum cold hardiness is a plastic trait that responds to
air temperatures. In this study, we modelled a single
maximum cold tolerance for each genotype, but the
warming we detected in our study could eventually cause
reduced maximum cold hardiness.

Maximum cold hardiness is the main barrier to vine
survival in the Okanagan Valley because minimum winter
temperatures are often dangerously close to or exceeding
winegrape cold hardiness, but this may not be the same in
other regions, or for long in the Okanagan. As climate
change decreases the likelihood of vine and bud winter
mortality, other factors may limit vine survival including
other aspects of cold hardiness. Autumn acclimation (where
plants gain cold hardiness) and spring deacclimation (where
plants lose cold hardiness) can also affect cold damage risk
of species and may be more important given different
climatic regimes. Cold snaps during either process can
potentially cause damage to plants even when temperatures
are well above maximum cold tolerance if air temperatures
drop below the vine's current level of cold hardiness. Spring
frosts in particular pose a substantial risk (Chamberlain
et al,, 2019), and this risk is increasing with climate change
in some regions (Gu et al., 2008; Marino et al., 2011;
Augspurger, 2013; IPCC, 2014; Richardson et al., 2018).

Our model included a proxy for acclimation and
deacclimation, by estimating only one rate of change in
cold hardiness. Yet recent research highlights that acclima-
tion and deacclimation have two opposite effects on plants,
and are not controlled by the same processes (Howe
et al., 2003; Pagter and Arora, 2013; Vyse et al., 2019), nor
are they always affected by the same cues (Gay and
Eagles, 1991; Charrier et al., 2011; Arora and Taula-
vuori, 2016), suggesting this is an important area to advance
models. Although our model shows promise as a useful tool
for predicting maximum cold hardiness—especially given
our aims to model effects with uncertainty across varieties
and sites—it performed less well at predicting intermediate
hardiness levels during acclimation and deacclimation, and
thus may miss important variation in these processes.
For example, the lack of differentiation between acclimation
and deacclimation in our model may explain why we did
not see the differences between rate of change of different
varieties (Appendix S1, Figure S5), whereas other cold
hardiness assessments have (particularly in deacclimation
rates, see Ferguson et al.,, 2011, 2014; Kovaleski et al., 2018).
Our current understanding of how plants progress from
acclimation to maximum cold hardiness to deacclimation
makes it difficult to mechanistically model the full process
together, but new mechanistic understanding could
allow new modeling approaches that fit acclimation and
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FIGURE 4 Decrease in freeze risk over time near the cold (northern) edge of winegrapes in Canada (Okanagan Valley, British Colombia). Panel (A)
shows freeze injury risk days for winegrapes from 1949 to 2016, with grey points showing the number of freeze injury risk days for a genotype at a specific
geographic location (grid cell) based on estimates from our hierarchical Bayesian dose-response model. We show the median genotype trend at the median
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(expressed in terms of density) of days per year in each decade where a freeze day for the least cold hardy genotype also affected (C) the genotype average

and (D) the most cold-hardy genotype.

deacclimation curves as separate processes. This develop-
ment will be essential for weighing relative susceptibility of
different varieties to spring and autumn frost events.

Spatial variability

We found evidence of increasing suitability for winegrapes
at their cold range edge, as well as new potentially suitable
habitat. However, our results suggest spatial variability in
the improvement of range edge conditions, with habitat
suitability predominantly improving in a narrow north-
south orientated ribbon along a valley bottom. Even in the
warmest areas, though, our results suggest that conditions
in the Okanagan Valley only became suitable for winegrape
winter survival in the 2000s and 2010s; before then there
were too many lethally cold days across the landscape. This
warming coincides with an increase in hectares, number of

vineyards and value of the Vitis vinifera winegrape crops
since 2008, as well as a decrease in the proportion of
more cold hardy hybrid grapes after 1999 (Geldart and
Whithler, 2021), likely reflecting the improved conditions
for winegrape growing that we detected.

Although our case study uses a crop species with
dispersal that is largely controlled by human decisions, our
findings of spatial variability in improving habitat have
important implications for the role of dispersal in range
expansions for wild species. Wild populations at range edges
are often adapted to difficult conditions (Rehm et al., 2015),
but they must also be able to disperse sufficiently to
reach new habitats (Block and Levine, 2021). How much
genotypic variation decreases cold-edge range expansion of
species is limited if there are barriers to dispersal (Peterson
et al, 2019). Patchy and potentially difficult to traverse
landscapes, as we see in the narrow strip of warmer
conditions along the bottom of the Okanagan Valley, may
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act as a barrier to the most well-adapted genotypes reaching
suitable habitats.

Implications for winegrape management

Although our focus in this study is on the implications of
climate change in the range expansion of wild species, our
results also highlight an impact of climate change on
agriculture. We found clear evidence that winegrape maxi-
mum cold hardiness depends on both location and genotype.
Farmers must carefully match habitat and genotype to
successfully grow crops, especially at the range edge. A good
understanding of genotypic differences in climatic responses
is consequently important for sustainable agriculture because
adapting to climate change involves selecting the optimum
genotype for a new climate (Duchéne et al., 2010; Wolkovich
et al., 2018). In our case study location, for example, more
cold hardy winegrape genotypes like Riesling and Pinot noir
remain popular in colder northern locations whereas less
cold hardy genotypes like Shiraz and Merlot are more
commonly grown in warmer southern regions (Geldart and
Whithler, 2021). Our new modelling approach, therefore, has
potential for improving agricultural forecasts as well as wild
species distribution modelling by integrating more data and
better partitioning variance attributable to genotypes versus
geographic location.
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SUPPORTING INFORMATION
Additional supporting information can be found online in
the Supporting Information section at the end of this article.

Appendix 1. Extra figures and tables.

Table S1. The prior distributions chosen for each parameter
of our dose response model with associated reasoning.
Before analysis, the cold hardiness date was multiplied
with —1 to be positive, and 30 was added to the air
temperature data. The prior distributions reflect this data
transformation.)

Table S2. A comparison between the estimated number of
freeze days for the least cold hardy genotype between
gridded climate data and local weather stations.)

Figure S1. A comparison between model fit for mean air
temperature values potentially used in our model estimating
maximum cold hardiness. The two air temperatures options
are a 1-Day Mean (minimum temperature from the measure-
ment day plus maximum temperature for the day before,
divided by two), and a 2-Day Mean (minimum temperature
from the measurement day and the day before plus maximum
temperature for the day before and two days before, divided by
four). Panel a) shows the posterior distributions of the models’
estimates for maximum cold hardiness (d). Panel b) shows the
mean predicted cold hardiness values at each temperature
from each temperature model.

Figure S2. A comparison between gridded climate estimates
and weather data collected from Agriculture Canada weather
stations in Penticton, Osoyoos and Kelowna. While accuracy
varies, there is no systematic trend across all locations.
Figure S3. The posterior distribution of predicted cold
hardiness values (~y;) from the model using the gridded
climate data and the model using the Penticton weather
station data. Both models’ predictions overlap extensively.
Figure S4. The variation in maximum hardiness (d) of each
genotype. The gray dotted line represents the mean maximum
hardiness (d).

Figure S5. The variation in maximum hardiness (d) of each site
(dsite).The gray dotted line represents the mean maximum
hardiness (d).

Figure S6. The variation in rate of change of hardiness (b) of
each genotype (Opgeno). The gray dotted line represents the
mean rate of change of hardiness (b). There were no discernible
differences between genotypes in their rates of change of cold
hardiness (that is, all the distributions fully overlap). This rate
of change of cold hardiness includes both acclimation
(becoming more cold hardy) and deacclimation (becoming
less cold hardy).
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