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Abstract: Winter chill accumulation is critical for the productivity and profitability of perennial tree
fruit production systems. Several studies have quantified the impacts of global warming on risks of
insufficient chill accumulation in the warmer tree fruit and nut production regions of the United
States (US), such as the Southeast and California, where these risks are currently prevalent. In this
work, we focus on the Pacific Northwest US - the largest production area in the US for apples, pears
and cherries - and quantify the potential risk of insufficient chill accumulation. Our results highlight
large spatial variations in response within the PNW, with northern areas projected to have reduced
risks and southern areas projected to have increased risks. In the southern areas, rather than chill
accumulation in and of itself, it is the combination of reduced and delayed chill accumulation with
likely advancement in spring phenology that lead to production risks. In spite of future reductions
to chill accumulation, risks of insufficient chill accumulation seem limited for apple even with
advancement of spring phenology. Under the extreme “no climate policy” RCP 8.5 climate
projections, the production risks are significant for early blooming crops (e.g. cherries) and varieties
with relatively high chill portions requirements (e.g. Sam cherries), necessitating planning for
management strategies such as frost protection and chemical management of budbreak to address
potential risks which have not historically been a concern in the region. Under less extreme warming
outcomes, the PNW tree fruit production systems are likely to remain resilient. Given that the
convergence of the fulfillment of chilling requirements and environmental conditions promoting
budbreak is where potential risk to perennial tree fruit production exists, future work should focus
on understanding, modelling and projecting responses within this convergence space. Additionally,
given significant spatial differences across a relatively small geographic range, it is also critical to
understand and model these dynamics at a local landscape resolution for regions such as the PNW
that faced limited risk historically, but could be exposed to new risks under a warming climate.
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1. Introduction

Winter chill accumulation is as critical as the active growing season for the productivity and
profitability of temperate, perennial tree fruit production systems. Specifically, chilling affects
emergence from endodormancy, transition to ecodormancy, and the resumption of growth in the
spring [1]. While chill accumulation is an important part of crop suitability to a region, commercial
varieties have a broad range of chilling requirements that make them suitable for many different
regions [2-4]. Currently, insufficient chill accumulation is most important in subtropical tree-fruit
growing regions such as Israel, South Africa, Spain, and California where varietal selection can be
often based largely on chill requirements [5-10]. While subtropical areas have been the focus for
problems related to insufficient chilling requirements, decreased winter chill accumulations related
to a warming climate mean that potentially many more regions will face this issue in the near future
[2, 3, 6-8, 11-15].

Dormancy for perennial tree fruit species is a time period during the annual cycle where buds
remain inactive. In an attempt to establish more accurate terminology to describe the two primary
dormant phases during winter, Lang et al. [16] proposed two stages: endo-, and ecodormancy. The
Endo- and ecodormancy stages are defined by physiological and environmental inhibitions of
regrowth, respectively. The two stages are not discrete, but rather are dynamic in response to
environmental stimuli [17]. Dormancy induction in autumn is regulated by either photoperiod,
temperature, or a combination of both [18-20]. Once dormancy has been induced, a tree will remain
in the endodormant stage until it fulfills its chilling requirement at which point it enters the
ecodormant stage when environmental conditions prevent bud break. As climate change advances
spring phenology, there is a risk of convergence between the fulfillment of chilling requirements
(break of endodormancy) and environmental conditions promoting budbreak (break of
ecodormancy).

Within the United States of America (US), the focus of most existing studies on climate change
implications for winter chill accumulation are primarily in the warmer tree-fruit production regions
such as California and the Southeast where risk of insufficient accumulation currently exists, and
large global warming related reductions in chill accumulation can be expected [6-8, 15]. Although
temperate tree fruit crops are grown throughout the continental US, the Pacific Northwest region
(PNW) is the largest apple, pear, and cherry production region. The PNW accounted for 67% of the
US apple production in 2018 with a value of $2.1 billion, and 87% of the US fresh cherry production
valued at $470 million (USDA NASS 2018 statistics). Cool wet winters and warm, dry summers of
the PNW are ideal for specialty crop production. Irrigation water availability and proximity to
processors and markets provide an additional competitive advantage [21]. Therefore, while
insufficient chill accumulation is not currently a significant production risk in the PNW, given its
position as the largest production area in the US for multiple tree fruit, it is critical to understand
future production risks in the PNW under future warming scenarios. Only two studies have
addressed climate change in the Pacific Northwest United States (PNW) and those were restricted to
two locations [21] or in the larger context of tree fruit production worldwide [3]. These studies did
not account for the risk of insufficient chill accumulation risk in the context of likely advancement of
spring phenology under warming.

A variety of temperature-based empirical models have been developed to estimate chill
accumulation and the transition from endo- to ecodormancy. These include the Chilling Hours Model
[22], the Utah Model [23] and the Dynamic Model [24, 25] The Dynamic Model takes into account the
positive effect of cool temperatures, the negative effect of high temperatures, the positive effect of
moderate temperatures, the effect of moderate temperatures alternating with chilling temperatures,
and the time inhomogeneity of chilling negation. The Dynamic Model has been reported to better
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capture the dynamic nature of the chilling process as compared with other models [2, 12, 26, 27],
work for a variety of crops and cultivars [7, 28, 29], and for a variety of climatic regimes [12, 30].
Moreover, the Dynamic Model has been shown to work well in warmer climatic regimes [7, 12, 24]-
critical from the point of climate change and a shift to warmer temperature regimes.

This work aims to characterize changing winter-chill accumulation risk in the tree-fruit
production regions of the PNW by driving the Dynamic Chilling Portions Model [24, 25] with
historical climate and future climate projections. In particular, we consider risk in the context of
potential advancement of the timing of bloom, and discuss uncertainties, implications and potential
adaptation strategies for the PNW.

2. Methods

2.1 Historical Climate and Future Climate Projections

Historical simulations (1979--2016) were based on the gridded meteorological observations
product - GridMET [31]. Future climate projections (2026- 2099) were based on the Coupled Model
Intercomparison Project 5 (CMIP5; [32].) which were down-scaled to the 4km resolution based on the
Modified Multivariate Adaptive Constructed Analog (MACA) method [33], and subsequently re-
gridded to the 1/16 degree (~6km) resolution by linear interpolation for computational efficiency.
Nineteen climate projections under two representative concentration pathways (RCPs) were used for
a total of 38 projections that captured the range in uncertainty in projections. The 19 models used in
this study were bcc-csm1-1, bee-csm1-1-m, BNU-ESM, CanESM2, CCSM4, CNRM-CMS5, CSIRO-MKk3-
6-0, GFDL-ESM2G, GFDL-ESM2M, HadGEM2-CC365, HadGEM2-ES365, inmcm4, IPSL-CM5A-LR,
IPSL-CM5A-MR, IPSL-CM5B-LR, MIROC-ESM-CHEM, MIROC5, MRI-CGCM3, and NorESM1-M.
The RCP 4.5 scenario assumed a stabilization or reduction of greenhouse gas emissions starting
around mid-century while the RCP 8.5 is an extreme “no climate policy” scenario that assumed
increasing emissions until the end of the century and is associated with relatively high temperature
increases post mid-century compared with RCP 4.5 [34]. The observed historical data and future
climate projections of temperature were assembled as a daily time step and then were then
disaggregated into an hourly time step using a sine-logarithmic algorithm [35].

2.2 Dynamic Model

The Dynamic Model [24, 25] computes chill accumulation in units referred to as “chill portions”
(CP). Chill accumulation is considered a two-step process. The first step is a reversible intermediary
process where chill accumulates under low temperatures (a bell curve between -2°C and 13°C with
optimal accumulation around 6°C), with no accumulation under -2°C, and potential for a negative
accumulation by exposure to higher temperatures. The negation is a complex process that depends
on the level, duration and cycle of exposure to high temperatures and only occurs during the
intermediary process. Accumulation during this time can also be enhanced by exposure to
moderately high temperatures (13°C - 16°C) alternating with lower temperatures such as in a diurnal
cycle. Once the intermediate accumulation threshold is surpassed, chill accumulation increases by a
unit called a chill portion unit. The accumulated chill portion units are conserved and cannot be
reversed, and the intermediate level is set back to zero. Further details can be found in [24, 25].

The Dynamic Model implementation we used was provided as part of the chillR package for the
R software [36]. The Dynamic Model runs on an hourly temperature time series. The daily
temperature inputs from Section 2.1 were converted to hourly temperatures by a function in the chillR
package that was based on [35]. We used a simulation time frame of September 1st to March 31st.
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2.3 Bloom Phenology Model

While the focus of this work is on chill accumulation, we also use a bloom phenology model to
consider chill accumulation in the context of bloom phenology advancements. We used the bloom
phenology model used in the Washington State University Tree Fruit Decision Aid System (DAS)
[37]. This model was developed based on experimental observations of bloom at nine field sites
between 2010 and 2014 and corresponding temperature observations. The bloom curve was
estimated at multiple locations and years by choosing a 1m long branch with 50-100 flower buds
present on 10 different trees per block per cultivar and evaluated the number of flowers open at each
visit with 2-3 visits per week. Temperatures used to estimate heat units came from Daymet [38] for
each location and year. Heat unit accumulations started from 1 January of each year, and the heat
units were calculated using the equations of [39], which fits a sine wave to the maximum and
minimum temperatures and calculates the area under the curve for heat unit accumulation. A 5.5°C
lower temperature threshold and a 25.3°C upper temperature threshold with a vertical cutoff was
used. Here, we used the phenology model parameters for the Cripps Pink cultivar as representative
of apples. For this cultivar, the timing of 50% bloom completion is projected based on a cumulative
normal distribution with a mean and standard deviation of 436.61 and 52.58 heat units respectively.
A bloom phenology model for cherry trees was not available. Because cherry trees typically bloom
about 2 weeks earlier than apple trees in this region, we shifted the Cripps Pink bloom time by two
weeks to represent cherry bloom time.

2.4 Chill Portion Requirements

Chill portion requirements are species- and cultivar-specific [2, 3]. In order for the analysis to be
applicable to a range of different tree-fruits as well as cultivars, we consider chill portion requirement
thresholds from 20 to 75 at intervals of 5 chill portions. This is based on the range of values compiled
through literature reviews by [2] and [40]. Specific to PNW, some of the known minimum chill
portions requirements [41,42] are listed in Table 1 and they fall within the 20-75 chill portions range
considered in this analysis.

Table 1. Chill Portions accumulation requirements for some commonly grown varieties in the PNW.

Cultivar Minimum CP requirement
Brooks 37
Sweet Cherry Lapins 35
Rainier 45
Sam 70
Golden Delicious 50
Apple Gala 50-55

3. Results and Discussion

The results present regional spatial maps of average results and focus on four representative
locations spread across the PNW (Figure 1) to highlight temporal aspects and the spread of results
from the the 19 climate models.
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Figure 1. Map of the study domain. Red dots correspond to apple, cherry, pear growing areas that
were simulated. Stars correspond to four locations (Omak, Yakima, Walla Walla, Eugene) across the
study domain that we selected to highlight specific time series details.

3.1 Chill Portions Accumulation

3.1.1 Chill Portions Accumulation

Historically, the southern tree fruit growing areas of the Willamette Valley in Oregon State
accumulated the most, and the northern parts of Washington State accumulated the least chill
portions (CP) units (Figure 2). The apparent contradiction in the warmer areas (Willamette Valley)
having the most CP units and the colder areas having the least is a function of the way CPs are defined
where temperatures lower than -2°C result in no CP accumulations. With climate change, modeled
CP accumulations increased in the relatively colder northern parts of Washington state but decreased
in other regions, with larger differences for the RCP 8.5 scenario. By the end of the century, in a switch
from historical conditions, the northern parts of Washington state were projected to accumulate more
CP than the other regions in this study (Figure 2).
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Figure 2. Average CP accumulation between September 1st and March 31st for different
time frames under multiple climate models. First the accumulated CP by March 31st is
computed for each location, year and model. Then for each location, the median of these
values is taken over the years within each time window. Finally, the mean of these median
values is taken over the 19 climate models. Results are shown for the RCP 8.5 and 4.5
scenarios.

3.1.2 Magnitude of Change

Our simulations showed both increases and decreases across relatively short geographical
ranges (Figure 3). For the RCP 8.5 scenario, CP accumulation was generally projected to change by
+/- 25% for most areas with some coastal areas showing decreases larger than 40% (Figure 3). The
changes are smaller in magnitude for the RCP 4.5 scenario, especially after 2050. However, it should
be noted that for all regions, by the end of the century, the average over all 19 climate models
accumulated more than 80 CP by March 31st even under the more extreme RCP 8.5 scenario. These
levels of CP accumulation are above the range of minimum chilling requirements identified for
different tree fruit species and cultivars in the PNW. This suggests that there is limited risk of
insufficient chill accumulation. This is in contrast to [21] who quantified the risk for insufficient chill
accumulation for two locations in the PNW; Corvallis (close to Eugene) and Wenatchee (close to
Yakima). The differences reported are likely because [21] is based on the chill accumulation model of
Baldocchi and Wong [6] while we used the Dynamic Model. Models that do not account for dynamic
conditions have shown exaggerated responses to warming compared to the Dynamic Model whose
response may be better able to capture changes to chilling conditions [8, 12] However, the general
direction of change in Corvallis/Eugene is consistent across both studies. While [21] does not consider
locations in northern Washington state, increases in chill accumulation in these colder regions are
consistent with those reported by [26] in their global study which highlights changes in the Okanagan
Valley in Canada which is just north of the Omak region in northern Washington state.
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Figure 3. Percentage differences of CP accumulation between projections and historical
observations; In this plot, for a given location and model, we computed the median of CP
accumulation across years in three future time periods. Then, the differences between these
projections and historical observations were computed. Then, we computed the median of
percentage differences over the 19 climatic models. Chill seasons start on September 1st
and end on March 31st. Results are shown for the RCP 8.5 and 4.5 scenarios.

3.1.3 Time Series Evolution of CP Accumulation and Spread Across Models

Figure 4 shows the time series evolution of changes in CP as well as the spread across models
for the four representative locations highlighted in Figure 1 (black stars). In all four locations, there
was a considerable spread in accumulated CP under the two different climate change scenarios.
Across locations, there were differences in the rate of change over time. CP was projected to increase
slightly in Omak until approximately mid-century and then minimally increase after that point
(Figure 4). For other regions in southern Washington State and Oregon, CP was projected to decrease
at a nearly linear rate until the end of the century (Figure 4). This was particularly true for the
southwestern location in Eugene, Oregon. While there is a large spread across models, most models
indicated meeting minimum CP requirements in all locations. There are just a couple of climate
models that indicate a risk of not meeting minimum CP requirements for species and cultivars with
high CP requirements (above 70 CP), especially in Oregon State (Eugene) and southeastern
Washington State (Walla Walla) towards the end-of-century. The end-of-century minimum and
maximum projected CP accumulation for Eugene (RCP 8.5) across the nineteen models were 56.4 and
119.2 chilling portions, respectively. For Omak, the minimum and maximum CP accumulations were
80.7 and 122.5 CP, respectively.
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Figure 4. Time series evolution of CP accumulation (September 1- March 31st) in Omak,
Yakima, Walla Walla, and Eugene for the RCP 4.5 and 8.5 scenarios. The range for a given
year corresponds to the 19 climate models.

3.1.4 Reasons for Simulated Changes

To highlight the factors producing regional differences discussed above, Table 2 provides the
fraction of total hours (%) spent in different temperature ranges as relevant for the Dynamic Model
(see Section 2.2, and references [24, 25] for the simulation time frame of September 1st to March 31st.
The increasing trend in CP accumulation for northern Washington State (Figs. 3 and 4) can be
attributed to the models projecting significantly less time (-19%) with exposure to very cold
temperatures (less than -2°C) which do not accumulate CP, and more time (7%) with exposure to a
range of temperatures where CP accumulate. In contrast, other regions see decreases in the relative
time of exposure to temperatures conducive to chill accumulation (-18% for Eugene). This, coupled
with CP negating effects of temperatures outside the optimum range of -2 to 13 C, contributed to
more rapid decreases in CP accumulation for the warmer southern regions. Table 3 provides
information similar to Table 2 except limits the timing for CP accumulation from September 1 to
December 31. Model runs for Northern Washington state (Omak) did not indicate increases in relative
time of chilling exposure in this time frame (1% in Table 3 as compared with 7% in Table 2), indicating
that most of the increases in CP accumulation observed for this region will likely take place during
the later part of the winter season.
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Table 2. The relative fraction of time (%) spent within specific temperature intervals
between September 1st and March 31st. These intervals correspond to differing effects on
CP accumulation in the Dynamic Model. The results are for the RCP 8.5 scenario.

<-2°C -2°C-13°C 13°C -16°C  >16°C
Historical 23.9 61.6 51 9.4
Omak RCP8.5(2076-2099) 4.9 68.8 7.3 19
Difference -19 7.1 2.3 9.6
Historical 17.6 65.8 6 10.6
Yakima RCP 8.5 (2076-2099) 4.5 65.2 9 21.2
Difference -13.1 -0.7 3.1 10.7
Historical 94 71.3 7.1 12.3
Walla Walla RCP 8.5 (2076-2099) 1.7 61.3 11.8 25.3
Difference -7.7 9.9 4.6 13
Historical 2.1 79.7 7.5 10.7
Eugene RCP 8.5 (2076-2099) 0.3 62 14.4 23.3
Difference -1.8 -17.7 6.9 12.6

3.2. Timing of Accumulation of Various Chill Portions

In general, most areas other than the northern region (e.g., Omak) see a projected delay in the
timing of when different CP thresholds will be met (Figure 5). For the end of the century, models
consistently projected that Eugene, Oregon had a one-month delay in the timing of a range in CP
thresholds being met, compared with historical timings, and a little more than a 2-week delay for mid
21st century projections. For northern Washington State (Omak), models projected a delay in the
timing for chilling fulfillment for the lower CP thresholds and an advancement for the greater CP
thresholds with a reversal at thresholds around 45 CP in late December. This occurs because
increased exposure to temperatures optimal for chill accumulation is in effect only after January (see
discussion around Tables 2 and 3 in section 3.1). Even for central Washington State (Yakima), we can
see that earlier delays are compensated later in the season with a shrinking delay. This, again, points

to the wide variation in the response to warming within this tree fruit production region.
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Figure 5. Day of the Year a given range CP accumulation thresholds (20 to 75 CP) are met.
The range encompasses minimum CP requirements for the range of tree fruit species and
cultivars grown in the region. These are average Day of the Year values across years and
averaged across the 19 climate models.

Table 3. The relative fraction of time (%) spent within specific temperature intervals
between September 1st and December 31st. These intervals correspond to differing effects
on CP accumulation in the Dynamic Model. The results are for the RCP 8.5 scenario.

<-2°C -2°C-13°C 13°C - 16°C >16°C

Historical 19.5 57.8 7.1 15.6
Omak RCP 8.5 (2076-2099) 45 58.6 8.6 284
Difference -15.1 0.9 1.4 12.8
Historical 16.3 59.2 7.5 16.9
Yakima RCP 8.5 (2076-2099) 4.6 55.7 9.4 30.3
Difference -11.7 -3.6 1.9 13.3
Historical 8.2 62.9 9.1 19.8
Walla Walla RCP 8.5 (2076-2099) 1.6 514 11.5 35.5
Difference -6.6 -114 24 15.7
Historical 1.7 72.1 94 16.9
Eugene RCP 8.5 (2076-2099) 0.3 51.4 15 334
Difference -1.5 -20.7 5.6 16.5

Although there was no observed risk for chilling requirements being met for cultivars with
chilling requirements of less than 70 CP by March 31st, the timing of the fulfillment of chilling
thresholds can have implications for locations where spring phenology occurs earlier. These delays
can have significant implications for tree fruit production, through affecting the dormancy cycle both
in terms of altering the heat accumulation required for emerging from dormancy, and timing of
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bloom. Furthermore, chilling past the minimum chilling threshold for tree fruit species has been
shown to reduce thermal heat unit requirements for bud break in the spring [43-47].

3.3. Effect of changes in the timings of the first frost event and bloom

The results, discussed above, consider a simulation time frame of September 1st to March 31st
for historical and future climate simulations. However, there could be changes to the initiation of the
dormancy period and chill accumulation under warming. There are large gaps in our knowledge of
the process that triggers initiation of dormancy [20, 48]. While for many species, photoperiod is the
primary elicitor for dormancy induction and is a function of latitude and day of the year, for tree fruit
species, exposure to freezing temperatures is necessary to initiate chill accumulation [49]. The
implication is that results discussed earlier are conservative and a delay in the first frost date under
climate change (Figure 6) may possibly delay chill accumulation as well. This could lead to lower
accumulations than noted above, potentially elevating, albeit by small amounts, the risk for
insufficient chill accumulation.

Under warming, accelerated heat accumulation can advance the timing of bloom. When chill
requirements are not met before bloom, the result is non-uniform budbreak which has severe
implications for fruit production. There are significant effects of insufficient chilling that increases
flower bud abscission, reduces flower quality and fruit set, and affects both fruit and vegetative
growth and development [50]. Since accumulated CP can strongly vary across tree fruit species and
cultivar, we look at the time series of chill accumulation and bloom time in conjunction for cherries
and apples and a medium (45 CP; Figure 7) and high (75 CP; Figure 8) minimum CP requirement.

Omak Yakima
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Figure 6. First frost day for Omak, Eugene, Walla Walla and Yakima as per RCP 8.5. The spread in
each year corresponds to the 19 models. Different shades of blue envelop the 25th to 75th percentile,
10 to 90th percentile, and the full range of the first day of frost, respectively.
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Figure 7. Day of the year for timing of 50% bloom and medium CP accumulation (45 CP)
for Omak, Eugene, Yakima, and Walla Walla for RCP 8.5. Parts (a) through (d) correspond
to apples and parts (e) though (h) correspond to cherries. The orange part corresponds to
the timing of bloom and the green part corresponds to timing of CP accumulation. The
spread corresponds to the 19 climate models.

There is a significant variability across climate models producing a wide range in model
projections for bloom and CP accumulation. However, for species/cultivars with medium CP
requirements, (e.g. Golden Delicious apple) the clouds for bloom and CP accumulation do not
converge until the end of the century (except for select extreme climate model projections for cherries
in Eugene), indicating no apparent risk for insufficient chill accumulation in the PNW for
species/cultivars with medium CP requirements (Figure 7). In contrast, for cultivars with high CP
requirements (Figure 8), when advancement of bloom time is considered, significant risk of
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insufficient chill accumulation is introduced past mid-century in Eugene and Walla Walla and some
climate models indicate introduction of risk in Yakima as well. Post mid-century, more than 50% of
model projections indicate an onset of bloom before minimum CP requirements have been met
(Figures 8 and 9). In spite of uncertainties, it is possible that past mid-century, cultivation of
species/cultivars with high CP requirements (e.g. ‘Sam’ Sweet Cherries) in these areas may require

interventions to alleviate these risks.
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Figure 8. Day of the year for timing of 50% bloom and high CP accumulation (75 CP) for Omak,
Eugene, Yakima, and Walla Walla for RCP 8.5. Parts a) through d) correspond to apples and parts e)
though f) correspond to cherries. The orange part corresponds to the timing of bloom and the green
part corresponds to timing of CP accumulation. The spread corresponds to the 19 climate models.
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The high spread in CP accumulation corresponds to years when a CP of 75 was not met and the day
of the year was set to 365 days from the simulation start of September 1st.
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Figure 9. Number of climate models (out of a possible 19) showing a convergence between 50% bloom
and 75 chill portions accumulation for Walla Walla and Eugene. Parts a) through d) correspond to
apples and parts e) though f) correspond to cherries.

4. Conclusions

The tree fruit producing areas of the Pacific Northwest United States experience large spatial
variations in the response of chill accumulation to climate change. Moving north, there is a general
trend from decreasing chill accumulation to minimal change then to increasing chill accumulation in
response to climate change. The key factors contributing to differential responses within the PNW
can also vary by region, with more exposure to optimal temperatures likely contributing to changes
in the northern areas and chill negation due to higher temperatures contributing to projected changes
in other areas.

While delayed and reduced chill accumulation in and of itself does not pose as much of a threat
to tree fruit production in the PNW, a combination of delayed and reduced chill accumulation along
with likely advancement in bloom time introduces risks of insufficient chill accumulation under the
extreme “no climate policy” RCP 8.5 future climate scenario. This is especially true for southeastern
regions of Washington State and parts of Oregon, as well as for tree fruit species and cultivars with
relatively earlier bloom and high chill portions requirements (e.g. Sam cherries) and likely not as
much of a concern for apple varieties. Even though northern Washington State has less risk of
insufficient accumulation, other warmer regions of the PNW with potential future risk of insufficient
chill accumulation for some cultivars will likely continue as key production regions given their
competitive advantage in terms of faster time to market. These regions would need to plan for
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management strategies such as overhead irrigation, and chemical management of budbreak (with
increased production costs) to address potential risks. Adaptation strategies such as overhead
irrigation face other obstacles such as availability of irrigation water. Irrigation water rights typically
come with a specified season of use, and if future early season evaporative cooling is outside the
current permitted season of use, it would require an approval subject to examination that such a
change does not adversely affect another water right holder with a higher priority to the use of water.
There is limited projected risk under the RCP 4.5 scenario with less extreme temperature increase
projections.

The advancement of bloom could be overestimated in our results given the possibility that
delayed chilling can counteract advancement of flowering [43-47], and this dynamic nature of heat
requirement for bloom is not considered in our results. However, results indicate that in spite of such
a counteraction, parts of the region are likely to face production risks, especially for early blooming
cherry varieties with high chill portions requirements. Additionally, the bloom model was an
empirical model developed based on historical data in the PNW. Extrapolating it to future warming
conditions outside the range the data used to build the model creates uncertainties around the
stability of the model under different climates [44]. A similar uncertainty also exists for the Dynamic
Model, although it has been evaluated with success in different parts of the world including warmer
temperature regimes such as in California--closer to temperature regimes expected in the PNW in the
future--giving greater confidence in its application from a climate change perspective.

Significant gaps in our biological understanding of the winter dynamics and dormancy
processes in tree fruit create uncertainty in quantifying the response under climate change [3, 44, 51].
Given the potential for increased risk of insufficient chill accumulation in the PNW - one of the
prominent tree fruit production regions of the United States - efforts by the scientific community to
address these knowledge gaps will be critical for identifying appropriate adaptation or mitigation
strategies. Future modeling efforts must also account for the risk of convergence between the
fulfillment of chilling requirements (breaking of endodormancy) and environmental conditions
promoting budbreak (break of ecodormancy). It is under these conditions where risk to perennial
tree fruit production exists and needs to be better understood, modeled, and projected. Given the
significant spatial differences across a relatively small geographic range, it is also critical to
understand, model and project these dynamics at a local landscape resolution.
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