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Abstract 
 

Models to predict bloom timing in deciduous trees have, to date, focused entirely on the effects of 

temperature, including the interaction between both chill and heat accumulation during eco-

dormancy. Recent research has confirmed however that drought stress during either of these 

dormancy periods can substantially delay bloom. A one-year experiment was performed using 

potted almond (Prunus dulcis) trees exposed to different levels of drought stress at different 

dormancy stages to extend these results. Our results confirmed that winter drought stress caused 

a delay in the development of flower buds that led to a delay in the start of bloom. It also confirmed 

that this delay, expressed as growing degree hours (GDH) past the completion of chilling for the 

start of bloom, was a linear function of integrated stress, expressed as bardays, over the entire 

period from the beginning of chill accumulation, to approximately the beginning of bud swelling.  

However, stress at or after bud swell was associated with a much longer delay in flowering than 

expected based on this relationship. Since this is the period of GDH accumulation, and it has 

previously been suggested that a stress factor during this time to account for increased GDH 

requirements for bloom (i.e., a decrease in effective GDH accumulation), we were able to estimate 

this factor to be about a 4% reduction in GDH accumulation per 100 bardays of water stress.  We 

did not find a stress-related reduction in the number of buds that opened into flowers, but did 

find a statistically significant increase in fruit set for trees delayed due to stress at or after bud 

swell, presumably as a result of more favorable temperature conditions for 

pollination/fertilization.  These results demonstrate the importance of monitoring SWP during 

the winter to support decision making for the management of winter/early spring irrigation. 
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Introduction 

 

The almond tree (Prunus dulcis [Miller] Webb) is a hardy crop that evolved in the dry and semi-

arid territories of the Caucasus and nearby regions to the north of the Fertile Crescent (Arrobas 

et al., 2019). Almonds are a more drought-tolerant crop compared to their cultivated relatives, 

and the earliest temperate tree crop to bloom (Alonso 2017). They are well adapted to well-drained 

and poor soils, a result from a strong and deep taproot (Fereres et al., 1981). However, the early 

bloom and high susceptibility to excessive soil moisture limits almond production areas (Gradziel 

et al., 2017). The ability to develop a deep and extensive root system combined with adaptation to 

harsh climates has allowed almond to exploit a wide range of ecological niches where periodic 

droughts (Kozlowsky, 2002), or marginal water supply limits the survival of other species. (Abd 

E1 Rahman et al., 1966; EI-Sharkawi and El-Monayeri, 1976). Almonds are able to survive on as 

little as 7.6 inches of water (Doll & Shackel, 2016), which explains why rainfed cultivation is a 

traditional practice in Europe and Asia (Abd E1 Rahman et al., 1966; EI-Sharkawi and E1-

Monayeri., 1976). However, maximal yields are achieved with 54 to 58 inches of water a year 

under Californian central valley conditions (Sanden, 2007). 

 

Almond trees have played a major socioeconomic role in the agriculture of countries benefiting 

from a Mediterranean type climate (Arrobas et al., 2019), where wet and cold winters, followed 

by dry and hot summers become a perfect climate for its cultivation. The climate and the positive 

response of almond tree yields to increasing water availability has resulted in tremendous U.S. 

expansion from the 1960s to the present in the Central Valley of California where irrigation water 

has been relatively plentiful (Ramos et al., 2011, Gradziel et al., 2017).  About 80% of the world’s 

almonds and 100% of the U.S. commercial almonds are produced in California, becoming the 

second leading agricultural commodity in the state (Yufang et al., 2020). The land area under 

cultivation has doubled in the last decade, reaching 538,232 hectares in 2017 (USDA-NASS, 2018) 
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and Nonpareil remains as the dominant commercial cultivar (Gradziel et al., 2017). More than 

95% of this land area relies heavily on surface irrigation deliveries and / or on the use of 

groundwater since water available from soil water storage of winter rains is not adequate to meet 

the seasonal demands (Yufang et al., 2020).  

 

A simplified climate change scenario for California describes increases in air temperature, greater 

variability in annual precipitation, amplified evaporative fluxes and severe vulnerability to 

drought (Lobell et al., 2011; Berg & Hall, 2015, Pathak et al., 2017). In the Central Valley, the mean 

temperature has risen 0.17º C decade-1 between 1950 and 2000 (LaDochy et al., 2007) and it has 

been predicted that the long-term viability of the California’s almond production will be 

threatened by the projected climatic conditions by the middle to end of the 21st century (Luedeling 

et al., 2009). Thus, the physiological issues of bud dormancy and cold exposure gain importance 

when considering the recently proposed models for global warming (da S. Falavigna et al., 2015). 

Models have predicted that bloom in fruit and nut trees in California would be strongly reduced 

(14 - 33%) by decreases in winter chill (Luedeling et al., 2011). Loss in yields by up to 10 percent 

are predicted in almonds as a results of the increase in minimum temperatures in February that 

would affect sensitive processes like pollination (Lobell & Field, 2011, Polito et al., 1996). Other 

models predict that arid and semiarid systems may be among the most sensitive to increased 

variability in precipitation patterns, reduced snowpack, and groundwater depletion, due to 

recurring and prolonged droughts (Pathak et al., 2018). Although precipitation predictions differ 

between models, there is agreement that changes in rainfall averages will be season-specific and 

that the inter-annual variation in rainfall amount will likely increase (Schwinning et al., 2005). 

On the other hand, most agriculture in California is irrigated, and current models may 

underestimate predicted rainfall, creating an overly pessimistic view of the future impacts on the 

agricultural economy (Medellin-Azuara et al., 2011). Historically, California has been more likely 

to experience drought if precipitation deficits co-occur with warm conditions (Diffenbaugh et al., 
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2015) so efforts to understand drought without examining the role of temperature will miss a 

critical contributor to the drought risk (Mann and Glieck, 2015). Projected climate conditions may 

affect both the dormancy cycle as well as overall plant phenology (Campoy et al., 2017).  

 

Bloom timing is an essential trait in almond cultivars, mainly since the flowers and the young 

fruits are very sensitive to freezing temperatures (Alonso-Segura et al., 2017). Consequently, 

plants have evolved elaborate mechanisms for surviving unfavorable growing conditions 

experienced in nature (Horvath et al., 2003). Bud dormancy is the mechanism that plants use to 

protect sensitive tissues from unfavorable climatic conditions (Campoy et al., 2011). It involves 

multiple and complex phenomenon, manifested in different forms or appearances that occur in 

the annual growth cycle (Liu et al., 2015).  This process includes a sequence of stages, degrees of 

development and the outgrowth that is tightly synchronized with seasonal changes, ensuring plant 

survival (Chao et al., 2015; Horvath et al., 2003).  For dormancy establishment, growth cessation 

is necessary. Growth cessation is caused by environmental signals, such as cold, drought, 

photoperiod, and light quality (Allona et al., 2008), but once established, dormancy is considered 

dependent on the progression of winter temperatures, depending on the stage of dormancy (Lang 

et al., 1987). Kozlowsky (2002) proposed a classification scheme that divides dormancy into three 

different stages: para-dormancy, which is equivalent to correlative inhibition or apical 

dominance; endo-dormancy, which is deep dormancy or winter dormancy; and eco-dormancy, 

which is found in late winter and spring and controlled by temperatures unfavorable for growth. 

Although these types of dormancy are usually thought of as occurring separately, any or all of the 

signals regulating these aspects of dormancy (Horvath et al., 2003) might simultaneously control 

any given bud.  

 

Para-dormancy is the process allowing plants to devote resources to reproduction and to control 

plant architecture, maximizing light harvesting while allowing for regeneration, should shoots 
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become damaged (Horvath et al., 2003). This type of inhibition confers endurance in unfavorable 

winter conditions and, most importantly, delays the reproductive processes, i.e., flowering and 

fruit set, ensuring the survival and reproduction of the individual (Campoy et al., 2011). By the 

time this dormancy stage starts, almond flower buds are mostly completely differentiated (Lamp 

et al., 2001). This process of differentiation starts in mid-summer, around 170 days after bloom 

(DAB) depending on cultivar and location (Lamp et al., 2001), with shoot apical meristem 

showing the first evidence of the transition from the vegetative to the reproductive condition.   

 

Endo-dormancy is the result of physiological changes internal to the bud that prevent untimely 

growth during seasonal transitions, when environmental conditions often fluctuate between those 

permissive or inhibitory to growth. It provides an important mechanism for protecting vegetative 

buds by ensuring that meristems will not resume growth until the stable return of permissive 

conditions (Horvath et al., 2003). During this time, bud development continues but is barely 

perceptible (Alonso et al., 2005). Low temperatures are the most important factor affecting endo-

dormancy completion, though other climatic factors such as heat, photoperiod, light intensity, 

and humidity can also affect it (Alonso, 2017). The minimum amount of chill necessary to exit 

endo-dormancy is known as the chilling requirement and it has been predicted using different 

models. It appears to be determined by genetic factors and varies from species to species and from 

cultivar to cultivar within the same species (Arora et al., 2003).  For Nonpareil, the most planted 

almond cultivar in California, the chilling requirement is estimated to be 23 chill portions (CP; 

Ramirez et al., 2010), which, in California, is generally achieved by mid-December (Pope et al., 

2014).  

The beginning and end of each dormancy stage cannot be precisely determined since the phases 

overlap somewhat (Kozlowsky, 2002); therefore, the information related to this topic remains 

extremely fragmented in comparison with the information available on other biological processes 

(Fadon & Rodrigo, 2018). The classical approach to determine when endo-dormancy has been 



5 
 

completed is based on evaluating phenology and bud growth in relation to time spent at low 

temperatures (Fadon & Rodrigo, 2018).  For example, the breaking of endo-dormancy has been 

established when flower buds on shoots harvested from the field have increased significantly in 

weight after several weeks at favorable temperatures in a growth chamber (Brown and Kotob, 

1957), or when flower primordia increase in relative growth rate (Weibaum et al., 1989). Other 

examples include the assessment of fresh and dry bud weight dynamics (Nemeth & Szalay, 2012) 

as well as changes in the color of anthers after the completion of meiosis (Julian et al., 2014).  

 

Once the transition between endo-dormancy and eco-dormancy is assumed finished, eco-

dormancy is imposed by external environmental factors such as temperature and drought 

(Horvath et al., 2003, Campbell, 2006). Once eco-dormancy has started, bud growth rate depends 

on favorable growth temperatures and can increase considerably with warm temperatures during 

the final stages of winter in Mediterranean climates (Kester and Gradziel, 1996; Alonso, 2017). 

However, the molecular mechanisms controlling this stage have not been fully characterized yet 

(Alonso, 2017). To account the effect of the heat accumulation, defined as growing degree hours 

(GDH) needed to break eco-dormancy, mathematical models have been used. One of these is the 

ASYMCUR model of Anderson et al. (1986), which defined three cardinal temperatures for 

almond (base temperature of 4°C, optimum temperature of 25°C, and a critical temperature of 

36°C, above which no appreciable growth will occur), and an “F” factor for stress. This factor 

ranges from 1 (no stress) to 0 (no accumulation of any GDH) to account for growth inhibition as 

a result of any form of plant stress.  

 

A few weeks before bloom, a series of rapid changes are visually evident (Austin, 1998, Socias et 

al., 2017). Buds start swelling and budburst proceeds rapidly (Fadon et al., 2015). During these 

late stages of bud swelling, the bud scales separate and the sepals appear. Sepal expansion takes 

place concomitantly with the start of pistil elongation. The appearance of the petals is followed by 
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the rapid elongation of the pistil and finally, the flower opens, showing five sepals, five petals, 

numerous stamens, and one carpel (Julian et al., 2010; Fadon et al., 2015). The order of bloom 

timing among the different almond cultivars is generally maintained over the years (Alonso et al., 

2005).  

 

Bloom timing has been described by the Chill Overlap (CO) model (Pope et al., 2014), which 

estimates the date at which 50% bloom will occur. This model was built considering that initially, 

a critical amount of chill (Cr) must be accumulated. This is a precondition that must be met prior 

to running the model. Meeting (Cr) then triggers the initiation of a heat sub-model. However, 

unlike other models used to predict spring phenological events, the amount of additional chill 

received in the CO model after (Cr) acts to progressively decrease the amount of heat required to 

meet conditions for flowering. The CO model calculates chill accumulation using the Dynamic 

model of Fishman et al., (1987) and heat accumulation with the ASYMCUR model of Anderson et 

al., (1986). Once bloom starts for a given tree, the bloom duration and the fraction of open flowers 

over time is also temperature dependent (De Grandi-Hoffman et al., 1996). Low temperatures 

following the start of bloom will result in a prolonged bloom, whereas warmer than normal 

temperatures result in the compression of the bloom season (Chandler & Brown, 1951). Plant-to-

plant variability in bloom has been reported in almonds, pears, and apricots (Szalay, 2006, Julian 

et al., 2011) in addition to small shifts that may result from subtle cultivar differences in endo-

dormancy and eco-dormancy interactions (Alonso et al., 2017). In apricots, a close relative to 

almonds, delays in floral bud development or in response to non-favorable soil moisture 

conditions/lack of irrigation during dormancy had been reported (Brown et al., 1957, 

Albuquerque et al., 2003). Declines in flower density and yields in almond due to post-harvest 

water stress have been reported (Goldhamer & Viveros, 2000; Goldhamer et al., 2006), but the 

literature on the effects of winter water stress on bloom in almonds or other deciduous crops is 

limited, possibly due to the lack of a simple and reliable method to evaluate plant water status 
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when plants are leafless. For example, smaller hulls and shell size have been reported after a dry 

winter when water deficits were imposed early in a growing season (Girona et al., 2010), but the 

water status of the plants during winter was not reported. The relation of irrigation practices to 

the differentiation and development of apricot flower buds at Davis was studied by Brown (1952), 

who found that withholding irrigation for various lengths of time reduced the number of flowers 

buds differentiated, delayed the time of flower differentiation, and slowed down the rate of 

development of floral buds. A drop of unopened buds was also reported before flowering, but the 

author did not relate it to irrigation regimes since the effect was observed in all treatments. Buds 

that were about to fall unopened had a marked deterioration of anthers, pistils or both, however 

he did not attribute low yields to this. In Brown’s experiment, water deficit was considered as the 

time that the soils remained at the wilting point after the irrigation was withheld (Brown, 1952). 

The lack of irrigation, or infrequent irrigations applied before May and not later than September, 

caused the soils to reach and maintain values equivalent to the wilting point for extended periods. 

The delay in bud development observed was proportional to the time the soils remained at the 

wilting point. The buds of the trees that were in soils at the wilting point for 9 and 10 months were 

the most affected, showing a greater delay compared to the trees that had more favorable soil 

moisture conditions. However, only the trees that were in soils at the wilting point for 10 months 

showed a delay in the date of bloom (Introductory Fig. 1). 
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Introductory Figure 1. Stage of development on different dates of apricot flower buds from irrigation plots in Davis, 
California (Brown, 1952, graphical representation of data from table 1). Numbers on the y-axis represent 
microscopically determined bud stages as described in Brown’s figures 1 to 11, where 1 represented sepal and early 
petal initials, 5 represented pistils and young ovules, and 9 represented Bloom. A value of .25 was used to replace 
the + or – designations used by Brown, with mean values  1 SD shown for each weekly sampling date. Numbers 
following the treatments A to E indicate the number of months the soil remained at wilting point according the 
author.  Treatment B is not shown in the chart because it appeared to be nearly identical to treatment A in tree and 
bud behavior. 

Brown reported that it was possible that any of the retarding effects of water deficits on bud 

development may have been accentuated, since the winter of 1950-1951 was one of the mildest on 

record, especially until late December. However, for comparison purposes, less than 1 inch of rain 

in December has been shown to be necessary to fully recover tree water status in a very dry area 

of California (Shafter, Shackel, personal communication).  Therefore, it is possible that the winter 

rains that were recorded in a nearby area (Sacramento) in January, February and March of 1951, 

which totaled 3.54 inches (ipm.ucanr.edu/WEATHER), would have allowed partial recovery of 

the trees independent of their prior level of stress, since the development rates of two of three 

treatments were similar to the controls for most of the interval (Introductory Fig. 1). The increased 

variability in bud stage for soils dried for a longer time reported by Brown (Introductory Fig. 1) is 

also consistent with the increased importance of local soil conditions in determining plant water 

availability under drought conditions.  

 

Treat D 10 month 
Treat C   8 month 
Treat A   0 month 

Treat E   9 month 

09/01        10/01         10/31          11/30         12/30         01/29         02/28         03/30  
Date, 1951. 



9 
 

In order to test the effects of winter drought stress on flower bud development and almond bloom, 

Rawls (2020) carried out a 3-year experiment in which potted almond trees were exposed to 

different levels of water stress at different periods of endo-dormancy and/or or eco-dormancy. It 

was found that winter drought stress caused a delay in flower bud development, a delay in the 

start of bloom, and a decline in the number of buds opening into flowers. Interestingly, winter 

drought stress did not affect bloom duration (i.e. the time required between 10% and 90% bloom). 

Based on the measurement of dormant twig water potential (Milliron et al., 2018), the first two 

years in Rawls (2020) showed that the start of bloom, as measured by growing degree hours 

(GDH) after chilling, was delayed (i.e., more GDH was required to reach bloom) in treatments of 

higher stress levels and longer stress durations (R2=69, p<0.0001), when stress was integrated 

over time as a product (i.e., with units of bardays).  It was also found that by adjusting the value 

of bardays to account for an overall longer experimental period in year 1 compared to year 2, the 

relationship between GDH and bardays was improved (R2=0.76, p<0.0001). In both cases, the 

same relation of GHD to bardays was found regardless of the period of stress (endo-dormancy or 

eco-dormancy), but all stress treatments in years 1 and 2 began at endo-dormancy. In the third 

year, one treatment stressed the trees only during endo-dormancy and another only in eco-

dormancy. Because the relation of bloom delay to bardays remained similar under these 

conditions (R2:0.67, p<0.0001) a single relation for the entire dormant period and all 3 years was 

proposed. 

 

In year 1 and 2, the shortest stress duration applied by Rawls (2020), which included endo-

dormancy as well as early eco-dormancy, achieved a relatively narrow range in bardays. In year 

3, the endo-dormancy treatment did not start from the beginning of chill accumulation. Hence, 

the question arises whether the overall relationship between GDH and bardays found by Rawls, 

indicating a similar sensitivity of bloom delay to water stress in both endo- and eco-dormancy 
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periods, would be maintained if more substantial stress extended to the beginning of chill 

accumulation. 

 

Flower bud development has been found to be very slow in early winter, but this is followed by 

two stages of faster growth rates before bloom (Weibaum et al., 1989). In the first stage, a slight 

increase in growth rate occurs in mid-December, coinciding with the end of chill portion 

accumulation. The second stage occurs approximately at the end of January, which typically is 

around 15 days before bloom in the location used for this study. High growth rates are mainly 

associated with cell expansion, which is considered very sensitive to water stress (Hsiao et al., 

1976).  Therefore, it could be hypothesized that those are the times when the delay in bloom may 

be more strongly influenced by water stress. In addition, in year 3 of the Rawls (2020) study, the 

stress applied in eco-dormancy was both late and mild, so it is important to determine if the 

results would differ if the stress applied were more intense. Since eco-dormancy is also when heat 

is being accumulated, it may be possible to numerically characterize the F factor proposed by 

Anderson et al. (1986), if drought was imposed only during this period. Predicting the timing of 

bud break has important application in agriculture and forestry, for instance, in planning for 

pollinator bees (Richardson et al., 2013). Since winter drought stress had an effect on the start 

date of flowering, a unified description of its effect based on multiple years of experimental 

evidence would represent a new factor in our understanding of the role heat and chill 

requirements in dormancy (Rawls, 2020). Therefore, our ultimate goal will be to find a single 

model that accounts for both the seasonal variation of GDH as well as winter drought stress. In 

this way, we hope to provide a new perspective on the modeling of bloom in deciduous trees. 
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Materials and Methods 
 

Site 

The experiment was carried out in the facilities of the West Campus Greenhouse Complex, 

University of California, Davis (38°32’N and 121° 46’W. Davis, California, USA.  

Trees 

For this experiment, thirty-two, three-year-old potted almonds trees Prunus dulcis 

(Miller) D.A. Webb cv. Nonpareil grafted on Viking rootstock and six Monterey pollinizers 

grafted on the same rootstock were used. The trees were spaced 1.2 meters between rows 

and 1.2 meters apart within the rows. The trees from each treatment were randomly 

distributed in seven rows as shown in Figure 1.  

 

Figure 1. Water stress (WS) treatment distribution. Each filled circle represents a tree. Pollinators are indicated with 
a letter P. Circle colors represent treatments: green: Mild stress the whole dormancy; red: Pre-chill, yellow: Post-
chill and blue: Controls, which were fully irrigated throughout dormancy.   

 

The trees were transplanted from nursery pots on October 2017 into 65L black polyvinyl chloride 

containers, with 45-cm top, 36-cm bottom diameter and 38-cm height. Then grown for 18 months 

before the start of the experiment. The containers were filled with a mix of equal parts of sand, 
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redwood sawdust, pumice rock, and peat moss with 2.4 kg of dolomitic lime per cubic meter.   At 

the start of the experiment, the trees were 2 m tall and 1.2 m wide, and had little variation in size 

or shape.  

Each treatment consisted of nine Nonpareil trees and one or two pollinizers trees depending on 

the treatment. The Mild and Post-chill treatment included two Monterey pollinizers each, while 

the Pre-chill and Control treatments had only one.  

Irrigation  

Because of the limited water holding capacity of the pots, from June 21 to October 15, all the potted 

trees were irrigated 7 times a day to supply 100% of the crop evapotranspiration (ETc) making 

sure to have some drainage every day in all the pots (Table 1). The water demand was checked 

using the reference evapotranspiration (ET0) data from the nearby CIMIS Station #6, Davis and 

crop coefficients (Kc) proposed by Goldhamer (2012).  

Irrigation was programmed with a 4-station irrigation controller (Mod 57894, Orbit Irrigation 

Products LLC, USA). Each row had a set of four irrigation lines that supplied water at the rates 

corresponding to each treatment. Each pot had one 2 GPH Netafim® Woodpecker® pressure 

compensating emitter that was connected to the irrigation line corresponding to its treatment. In 

order to have a more uniform water distribution in each pot, the emitters were attached to a flat 

4-way manifold connected to four angle arrow drippers (one in each quadrant of the pot).  Early 

in the season, the coefficient of uniformity of the emitters was assessed to ensure a uniform water 

distribution by measuring the flow rate of all the emitters, sorting them from low to high flow 

rates, then comparing the mean flow rate of the worst quarter of emitters with the grand mean 

flow rate. The system showed a coefficient of uniformity of 96%.  
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Table 1. Details of the irrigation schedule used from July to October. Water applied was calculated based on ETo 
forecast from Davis (CIMIS) and Kc from Goldhamer (2012). The data in column “Offer” for October, week 4 is only 
valid for Control, Post-chill and Mild stress treatments.  

 

 

Soil moisture 

The soil moisture in the pots was measured as volumetric soil water content (v/v) by time domain 

reflectometry (TDR) using ECH2O EC-5 sensors (ECH2O soil moisture probes, Decagon Devices, 

Pullman, Washington, USA). The sensors were installed on June 21, 2019 at a single soil depth 

(10 cm) in the East side of each pot, three inches from the dripper. The data was automatically 

recorded at 20-minute intervals using 5-port self-contained Em50 data loggers. These data were 

used as complementary information to schedule the irrigation, to check the irrigation frequencies 

and track soil drying.  

Winter drought 

In order to impose differential stress levels during dormancy, a combination of three factors was 

used: 1) preventing the rain from reaching the pots by placing the plants under a tent canopy, 2) 

by timely adjustments of irrigation schedules and 3) by keeping an active growing cover crop in 

the pots to to produce partial soil water depletion, thus stressing the trees.  

 

 

 

Month Week Total Et0
Irrigation 

events/day
Time 
(min)

%
Effective 

time (min)
Total time 

(min)
Flow rate 

(l/h)
Tree area 

(m2)
Irrigation 
(mm/day)

Avg ET/day 
(mm)

Avg ET/week 
(mm)

Demand 
(L/tree/day)

Offer 
(L/tree/day)

Demand vs 
Offer

1 7/1/2019 - 7/7/2019 80 12 84 8 6.8 47.5 11.4 11.0 103%
2 7/8/2019 - 7/14/2019 80 12 84 8 6.8 47.3 11.3 11.0 103%
3 7/15/2019 - 7/21/2019 80 12 84 8 6.6 46.5 11.1 11.0 101%
4 7/22/2019 - 7/28/2019 80 12 84 8 7.0 49.3 11.8 11.0 107%
1 7/29/2019 - 8/4/2019 80 12 84 8 6.4 45.0 11.0 11.0 100%
2 8/5/2019 - 8/11/2019 80 12 84 8 6.1 42.9 10.5 11.0 95%
3 8/12/2019 - 8/18/2019 80 12 84 8 6.5 45.5 11.1 11.0 101%
4 8/19/2019 - 8/25/2019 80 12 84 8 6.1 42.4 10.4 11.0 94%
5 8/26/2019 - 9/1/2019 80 12 84 8 5.8 40.7 9.9 11.0 90%
1 9/2/2019 - 9/8/2019 70 11 74 7 5.3 36.8 8.6 9.6 89%
2 9/9/2019 - 9/15/2019 70 11 74 7 5.1 35.6 8.3 9.6 86%
3 9/16/2019 - 9/21/2019 60 9 63 6 3.3 23.1 5.4 8.3 65%
4 9/22/2019 - 9/28/2019 60 9 63 6 4.9 34.0 8.0 8.3 96%
1 09/29/2019 - 10/06/19 50 7.5 53 5 3.9 27.4 4.9 6.9 71%
2 10/07/2019 - 10/13/19 30 4.5 32 3 4.7 32.8 5.8 4.1 141%
3 10/14/2019 -10/20/19 30 4.5 32 3 3.1 21.9 3.9 4.1 94%
4 10/21/2019 - 10/27/19 30 4.5 32 3 5.6 39.1 6.9 4.1 168%

1.46

1.46

15

15

7.9

7.9

7.9

7.9

Sep

Oct 

7

7

7

7

Jul

Aug

15

15

1.46

1.46
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Tent 

The trees were grown under an open aluminum pyramid hip roof tent structure. The structure 

was 14ft (4.3 m) tall in the center and 9 ft. (2.75 m) tall on the sides. It was 40 ft. (12.2 m) long by 

40 ft. (12.2 m) wide.  

Two days before the start of rains (November 25, 2019) and until February 6, 2020 the structure 

was covered with a white flexible vinyl covering, so that the trees would not receive any water from 

rainfall. On sunny days, the one third of the southern side was retracted to favor drying and 

minimize variations on light and temperature received by trees (Fig. 2). To prevent the pots 

getting wet from rain splashes, both the north and south sides were covered with a 20% white 

shade cloth during rainfall events.  

From November to February, the trees were kept covered on average 55% of the days. Detailed 

data for each month is shown in Table 2. During this time, the tent helped to prevent 16 rain 

events and 197 millimeters of rain falling over the winter months.  

 

 

 

 

 

A                                                            B                                                             C 

Figure 2. Vinyl cover management. A. Summer and Fall, uncovered; B. Winter, from November to February during 
rainy days, C. Winter, from November to February on sunny days. Yellow arrows represent sunlight 

 



15 
 

 

Table 2. Number of days per month and percentages of days covered during the course of the experiment.  

Month 
Days  %  

month 
covered Covered Uncovered 

Nov 9 - 100 

Dec 23 8 74.2 

Jan 10 21 31 
Feb - 6 0 

Total 42 35 54.5 
 

Cover crop 

In order to deplete soil moisture and to establish water stress during dormancy when the trees 

were leafless, a dense and active cover crop was established around each tree, including the 

Controls.  On Sep 18, 2019, the existing weeds were removed by hand from each plot and 8.7 g of 

95.6% viable wheat seeds per pot (~220 seeds) were seeded, covered with 1 quarter of steam 

sterilized potting soil, and hand watered daily at noon during the first week. Simultaneously, the 

pots were irrigated 7 times a day, 12-minutes per day in total by the drip system. During 

dormancy, when trees had reached the desired level of water stress in any particular treatment, 

the cover crop was cut at the soil level to stop further water use.  

Winter water management 

Starting on October 21, an individual irrigation schedule was made for each treatment. Once the 

cover crop showed fully expanded leaves, its water demand was considered to estimate the water 

requirements (Table 3). 

Table 3. Almond and Wheat crop coefficients (Kc) from June 2019 to February 2020. Footnotes indicates sources 
for Kc used to schedule irrigation.  

Plant Jun Jul Aug Sep Oct Nov Dec Jan Feb 

Almond1 1.09 1.15 1.17 1.12 0.85 0.69* - - - 

Wheat2 - - - - 1.20 1.20 1.00 - - 
1 Goldhamer (2012)  2 FAO for windy areas  *Sanden (2007) 
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The run time was adjusted based on the measured stem water potential (SWP) using leaves or 

twigs (see below) and the desired stress level for each treatment. In the case of the Post-chill and 

Mild treatments, irrigation was essentially withheld. Only during January, trees from these 

treatments that were drier than the desired stress range were slightly hand irrigated after SWP 

measurements (Table S2). The response of the trees to these adjustments are shown in Table S3.  

The early start of the Pre-chill treatment created some conditions that required detailed 

adjustment of the irrigation schedule. To adjust the stress level of these trees, irrigation was 

adjusted three times between Oct 22 and Oct 27, moving from 2.8 to 0.9 l/tree/day based on SWP 

measurements. After the last adjustment, the trees started getting stressed, but cover crops 

rapidly showed severe stress symptoms.  Irrigation volume was raised back to 1.9 l/tree/day for 

one day until the cover crop recovered. After that, it remained set around ~0.85 l/tree/day until 

Nov 15. Once all trees defoliated, irrigation was adjusted to 0.2 l/tree/day to maintain the cover 

crops active until Nov 25 when irrigation was withheld to start the pre-chill stress treatment. 

Treatments and experimental design 

Four water stress treatments, with nine replicates each were randomly imposed during the endo-

dormancy to eco-dormancy period where each individual tree was considered a replicate. A 

combination of irrigation, water withholding and winter cover crop water uptake was used to 

create differential plant water status at the desired stages.  The Control trees were fully irrigated 

during the entire experiment.  The duration and level of stress imposed on each treatment is 

detailed in Table 4. On December 23, 2019, three days after chill completion, the Pre-chill trees 

were irrigated to field capacity, and after that, they shared the irrigation schedule with the Control 

trees until bloom. The Mild and Post-chill trees were irrigated on February 6, 2020, which was 

one week before bloom. Stem water potential (SWP) was measured daily after irrigation to track 

the recovery on each stressed treatment until the trees returned to the SWP levels of the Controls.   
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Table 4. Almond dormancy water stress treatments 

Treatment Treatment description 
Water stress  

Period Days 

Mild Moderate water stress (~ -15 Bars) during dormancy Oct 15  to Feb 6 115 

Pre-chill Water stress during chill accumulation (~ -20 to -35 bars) Oct 15 to Dec 23 69 

Post-chill Water stress from chill completion to 1 week before bloom (~ -20 to -35 bars) Dec 23 to Feb 6 45 

Control Control, full irrigation during dormancy No stress - 
 

Stem water potentials 

To track the water status of the trees during the growing season and measure the plant response 

to the water stress applied during dormancy, SWP was measured in leaves and twigs respectively. 

From June until the trees shed their leaves, SWP was measured weekly on bagged leaves at 

midday (1-4 pm) using a pump-up pressure chamber (PMS Instrument Company, Albany, OR. 

USA). In total, 10-11 adult healthy shaded leaves per treatment (one leaf per tree) were covered 

with an aluminized Mylar envelope/bag for about 10 minutes before detachment and 

measurement as described by McCutchan and Shackel, (1992) and Fulton et al. (2014). From 

November 15 until one week before bloom, SWP was measured using twigs. One leafless twig from 

each tree was sampled and measured once a week by using a pressure chamber (Model 3000, Soil 

Moisture Equipment Co., Santa Barbara, CA. USA) as described by Milliron et al, (2018). The 

stress accumulated in each tree from October 14 until bloom was calculated as the integral of a 

linear interpolation between periodic SWP measurements over time (bardays) as described by 

Rawls, 2020. In order to compare the value of bardays across different seasons with different 

overall lengths of time that SWP was measured (Rawls, 2020), the values were adjusted with a 

simple proportion of the average number of days across all seasons divided by the number of days 

in each particular season.   

Eco-dormancy release 

Flower bud dry weight (DW) was used to determine the effect of drought stress on flower bud 

development when applied during chill accumulation. It was also used as an indication of the early 
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stages of bud swelling.  The first sample was taken six days before the end of chill accumulation 

on December 14, 2019. The second and third samples were taken on January 20 and January 27, 

2020. Fruiting spurs in each tree were randomly sampled in duplicate; totaling 84 spurs per 

sampling date, and spurs were processed in the lab on the same date. Flower buds were detached 

by hand, counted, placed in paper envelops and average bud weight was determined after drying 

in an oven at 80ºC for 7 days until constant weight.  

Bud development 

Once bud dry weight showed a clear increase in some of the treatments, the population of buds 

on each tree were scored by visual observation using a seven-stage scale (Figure 3). This scale was 

similar to the one described by Austin & Hewett, (1998). The scoring was performed once a week 

from January 30 to February 6, 2020, and performed every 2-3 days until the end of bloom. In 

the proposed scale, 1 represented no visible bud swell, 2-separation of bud scales / initial 

protrusion of sepals; 3-broadening of exposed sepals; 4-expansion and rounding of sepals; 5- 

initial protrusion of petals; 6-expansion of petals; 7-anthesis (presentation of anthers and stigma). 

The score assigned for each date represented the visual mean bud stage observed for each tree.  

 

 

 

 

 

 
Four additional subcategories were created between stages 6 and 7 to better describe the onset of 

bloom when it overlapped with other bud stages simultaneously (Table 5). Based 0n this score, 

any number equal or higher than 6.2 was considered the visual ‘start of bloom’ for a particular 

tree.  

Figure 3. Flower bud development stages for Nonpareil almonds. 
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Table 5. Complementary stages used to describe overlapped bud growth stages at bloom 

Stage Description 

6.2 Most buds in stage 5 but some flowers are open 
6.4 Most buds in stage 6 but some flowers are open 
6.6 Most of the buds bloomed but some remain in stage 5  
6.8 Most of the buds bloomed but some remain in stage 6 

 
 

Bloom tracking 

On December 6, 2019, eight spurs and three twigs at ~1.2 m height and above, from the four 

compass quadrants, were randomly chosen and tagged on each tree. The number of buds in each 

structure was counted. A week before bloom, pictures of every tagged spur and shoot were taken, 

compiled in a pdf file and used to digitally track bloom in each tree. On a daily basis, the date at 

which each bud on the tagged spurs or shoots opened into a flower was noted on the pictures. 

Only fully opened flowers were noted as “open” on each date. Monitoring continued until all the 

flower buds on tagged structures opened into flowers.  

The date of first bloom was determined for each tree as the first observed open flower on any of 

the monitored spurs or shoots. Starting with the first open flower, the number of newly opened 

flowers each day were recorded, and the cumulative number of opened flowers was calculated, 

and expressed as a percentage of the total number of flowers on the monitored spurs and shoots 

for each tree.  The dates and degree days corresponding to 10%, 50% and 90% bloom, as well as 

the bloom duration from 10 and 90% bloom (Godini et al., 2008) was determined by fitting the 

cumulative percent of open flowers to a Weibull function using SAS PROC NLIN.  The bloom data 

from the 2016/17, 2017/18 and 2018/19 seasons (Rawls, 2020) was also similarly re-analyzed.  

Fruit set & early fruit growth 

Fruit set was determined on April 1, 45 days after full bloom. The number of well-developed fruits 

on tagged spurs and shoots was counted and compared with the number of open blossoms 
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recorded.  Fruit dry weight was used as a measure of the effect of water stress on early fruit 

development. It was evaluated twice, the first on April 14 and the second on April 17 for Pre-chill 

treatment trees and on April 22 for Mild and Post-chill treatments. On the first date, all trees were 

sampled 60 days after the mean 50% bloom date of Control trees. On that date, the fruits from 

Pre-chill, Mild and Post-chill treatments had 57 and 52 days of growth respectively. The second 

sampling date was carried out 60 days after 50%bloom was reached in each treatment. 

On each sampling date, 15 fruits per tree were collected at random, weighed individually, placed 

in paper bags and dried in an oven at 80ºC for 7 days until constant weight. Average fruit weight 

per tree on each sampling date was calculated as the average of individual fruit weights.  

Additionally, the water content (WC) of fruit was calculated by the Equation 1: 

WC (%) = [(FW-DW)  100]  FW-1                                     Eq. 1 

Chill and Heat accumulation  

Chill accumulation was considered using the Dynamic model (Fishman et al. 1987) from the 

University of California, Agricultural and Natural Resources, UC Davis Fruit and Nut Research 

and information web page, using CIMIS weather station #6, Davis-Yolo County 

(http://fruitsandnuts.ucdavis.edu/Weather_Services/Chill_Calculators/?step=form&type=port

ion&station=6).  23 Chill portions (CP) was used as the chill requirement (Cr) for chill completion 

in almond (Ramirez et al. 2010). In the 2019-2020 season, the chill completion date was 

December 20.  

The asymmetric curvilinear model (ASYMCUR, Anderson et al, 1986) was used to calculate 

growing degree hours (GDH). This model accumulates temperatures over a threshold of 4ºC, 

considering 25ºC the optimal temperature for maximum heat accumulation. The 50% Bloom in 

each season was also determined according to the Chill Overlap Model (Pope et al., 2014; Eq. 2). 

The date predicted by this model corresponds to the date when the GDH >Ha, and: 
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 Eq. 2 

Where Ha represents heat accumulation from the hour after chill requirement (Cr) is met through 

the day before bloom, Ca represents chill accumulation following Cr. The parameters used is this 

experiment come from Table 4, Pope et al., 2014: Cultivar Nonpareil, Cr 23 CP, Over-lap 75, β1= 

2308, β2=5624 and β3 =0.01536.  

Meteorological data 

The meteorological data used in this research was obtained from the California Irrigation 

Management Information System (CIMIS) station #6 (Davis) located near the experimental site 

(http://wwwcimis.water.ca.gov/cimis/welcome.jsp). Daily and hourly precipitation, ET0, air 

temperature, relative humidity (RH), wind speed, solar radiation and dew point data was used for 

irrigation scheduling, heat accumulation and data analysis involving plant physiological 

responses.  Temperature and RH were also measured independently inside and outside of the tent 

using radiation shielded Campbell Scientific 207 T/RH probes.  Other than a slightly higher RH 

at night under the tent on some dates, there were no differences in temperature or RH in either 

location, and both matched the hourly average values obtained by the nearby CIMIS station (data 

not shown).  Monthly meteorological data from July 2019 to June 2020 from the Davis CIMIS 

station  is summarized in table 6. 

Statistical analysis 

 All statistical tests were conducted using PROC GLM and PROC REG in SAS version 9.4 

considering trees as replicates. Treatment mean separations were performed using Duncan’s 

Multiple Range Test at p<0.05. 
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Results  

 

Stem water potentials 

By week 44 and coinciding with the beginning of chill accumulation (i.e., the first non-zero chill 

portion), the treatments already showed a response to the differential irrigation strategy started 

two weeks earlier (Fig. 4). Trees in the Pre-chill treatment had the lowest SWP, trees in the Control 

and Post-chill treatments the highest, and trees in the Mild treatment intermediate SWP values.  

After leaf fall (Week 48), Control, Mild and Post-chill trees showed a recovery in SWP to a range 

of -5 to -2.5 bars. For the rest of the chill accumulation and until the release of the stress in the 

Pre-chill treatment on Dec 23 (Fig 4. Arrow A), Pre-chill trees continued to decline in SWP mainly 

due to non-uniform defoliation, which resulted in a variable response to irrigation adjustments 

performed to created stress and keep cover crops active for later use. 

At the same time the Pre-chill trees were released from stress (irrigated), the Post-chill trees began 

their period of stress, reaching a minimum SWP by the end of January. Although Post-chill 

treatment trees exhibited a SWP that was intermediate between Control and Mild trees for 4 

weeks in early January, by the end of January their SWP was similar to Mild trees. Both Post-chill 

and Mild stress trees recovered to fully irrigated values a week before bloom when the trees were 

irrigated (Fig 4. Arrow B).  
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Figure 4. Mean stem water potential data of the winter drought-stress experiment for the 2019-20 season. Numbers 
along the x-axis represent weeks of the year starting on Jan 1st. Different color lines and markers indicate 
treatments.  The CC indicates when 23 chill portions were completed (Dec. 20); Letter A indicates irrigation 
resumption, the end of stress for the Pre-chill treatment and start of stress for the Mild and Post-chill treatments. 
Letter B indicates irrigation resumption for the Mild and Post-chill treatments, seven days before bloom. Dashed line 
indicates the start of bloom in the controls. 

 

Table 6 summarizes the start and end dates of each treatment, treatment duration, mean 

minimum SWP, and resulting accumulated stress in bardays. 

Table 6. Time periods of drought stress for treatments and their duration.  Mean ± 1 standard deviation for 
minimum stem water potential (SWP) and accumulated stress (bardays) from October 15, 2019 to February 
6, 2020 (one week before Control bloom) exhibited by trees in the treatments.  Means in rows followed by 
the same letter do not differ significantly according to Duncan’s test at p<0.05 

Treatment 
Drought Stress Minimum 

SWP (bars) 
 

Accumulated 
stress 

(Bardays) Start Finish 
Duration 

(Days) 
Control - -10.0 ± 2.7 -670 ± 73 c 
Pre-chill 10/15/19 12/23/19 69 -32.4 ± 6.1 -1450 ± 319 a 

Mild 10/15/19 2/6/20 114 -27.5 ± 2.7 -1360 ± 250 ab 
Post-chill 12/23/19 2/6/20 45 -27.9 ± 4.1 -1240 ± 206 b 
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Overall, dormant stressed trees had double the accumulated stress compared to Controls, ending 

with in an average of -1350 bardays before the start of bloom (Table 1). However, each treatment 

had its own pattern of stress accumulation (Fig. 5). Pre-chill trees accumulated stress early in the 

season until the end of December, and then were parallel to the controls after their recovery. 

Control, Mild and Post-chill tress accumulated different levels of stress at low rates until January. 

Controls continued with a low rate of accumulation, with Mild stress trees declining first, followed 

by Post-chill trees, which showed an increased rate of decline towards the start of bloom (Fig. 5).  

 

Figure 5. Mean bardays resulting from the treatments applied. Symbols represent treatments (n=9). Shaded in grey 
is the bloom window. 

 

Chill and heat accumulation overview and bloom prediction 

In the 2019/20 season, chill accumulation started on Oct 29, and finished on Dec 20, when 23 

chill portions were met (Fig. 6). Both dates were within a normal range of dates for Davis (data 

not shown).  

Based on the combination of ASYMCUR heat accumulation (growing degree hours, GDH) as well 

as the additional chilling after 23 chill portions, the Chill Overlap model (Eq. 2), predicted 50% 

bloom would occur on Feb 15, coincident with the mean date of 50% bloom for the Control trees 
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(Fig. 6). The Pre-chill, Mild and Post-chill trees achieved 50% bloom, 3, 8 and 9 days later, 

respectively.  

Figure 6 also indicates the dates and GDH accumulation when dry weights of floral buds were 

measured.  The first measurement was made prior to the chill completion, thus it characterized 

bud development during endo-dormancy. The second and third dry weights were measured when 

the Pre-chill treatment trees were not experiencing stress (SWP similar to Controls), but when 

Mild and Post-chill treatment trees were experiencing stress. These last two dates provided 

information about bud growth, and helped to determine the onset of bud swelling. The last 

measurement was made one week before Mild stress and Post-chill were relieved from the stress 

and two weeks before Controls trees started to bloom. 

 

Figure 6. Chill Portion (CP, right axis) accumulation from 1 October 2019 to 29 February 2020, and growing degree 
hour (GDH) accumulation and Heat accumulation required for bloom (Ha, left axis) from Dec 20, 2019 to Feb 29, 
2020 calculated for Davis. Vertical solid line represents chill completion (Dec 20).  Arrows represent dates of: (DW) 
floral bud dry weights samplings (A, Dec 14, B, Jan 20 & C, Jan27); (Ir) Irrigation and treatment recovery after stress 
for Pre-chill (A, Dec 23, 2019), Post-chill and Mild (B, Feb 6, 2020) treatments. Vertical dash line: predicted 50% bloom 
by Chill Overlap Model (Feb 15). Open circles: (Bl) Mean 50% bloom GDH for Controls (A, Feb 15); Pre-chill (B, Feb 
18); Mild (C, Feb 23) and Post-chill treatments (D, Feb 24).  
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Bud DW growth and bloom by visual tree estimates 

Dry weights 

Floral bud dry weights (DW) in all treatments were similar one week before chill completion as 

well as after 31 days of heat accumulation (Fig 6; Dec 14, 2019 and Jan 20, 2020 respectively).  On 

Dec 14, Pre-chill trees had accumulated significantly higher more bardays compared to the 

Control trees, -1358 bardays vs -604 bardays (see Fig. 5), but trees in both treatments had similar 

bud weights (11.1 mg and 10.7 mg respectively; Fig. 7).  Over the next 37 days, buds in all trees 

showed a similar increase in weight, despite differences in water stress.  On Jan 20, mean bud 

DW was not different for any treatment (Fig. 7), and the increase in weight from the previous 

measurement was also found not to be significantly affected by treatment when measured either 

on a relative or an absolute basis (data not shown). The onset of bud swelling was observed in 

Control and Pre-chill trees on Jan 24. This was consistent with the increase in DW measured on 

Jan 27 that diverged trees in two groups. By that date, Control and Pre-chill trees had mean bud 

weights of 17.0 and 17.7 mg respectively, compared to 13.5 and 14.3 mg for Mild and Post-chill 

trees, respectively (Fig. 7, Jan, 27).   
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Figure 7. Dry weights of flower buds over time. Symbols indicate treatment means (n=9), error bars represent ± 1 
SD). Arrow indicates the date of chill completion. Vertical dash lines indicate irrigation events for Pre-chill (A) and 
Mild and Post-chill (B) treatments. Significant ANOVA (n=9, p<0.05) separation between treatments is indicated with 
*.  Different letters indicate a significant difference according to Duncan’s test at p<0.05. 

 

Visual bud development and bloom estimation 

At each scoring date, Controls and Pre-chill trees showed a significantly more advanced bud 

development than Mild and Post-chill trees (Table 7). By the first date of visual scoring, Controls 

and Pre-chill already showed a more advanced bud development than Mild and Post-chill trees, 

which were in the early stages of bud swell  (Table 7, Jan 29, Fig.8).  Controls and Pre-chill stress 

trees only differed at one time, with Controls blooming on Feb 14 and Pre-chill trees blooming on 

Feb. 17 (Table 7).  Mild and Post-chill treatments also only differed on one date but otherwise 

behaved the same during most of the scoring dates (Table 7 & Fig. 8). Only on Feb 6, when Mild 

stress trees showed evidence of the transition between endo to eco-dormancy, were Post-chill 

trees at a significantly earlier stage (Table 7, 2/6).  
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Table 7. Whole tree visual scores of bud stages on a 1 to 7 visual scale from January 29 to February 24, 2020. Bold 
numbers represent mean dates of visual start of bloom for each treatment. Data represents means +/- 1 SD. Means 
in columns followed by the same letter do not differ significantly according to Duncan’s test at p<0.05. 

 

Post-chill treatment trees showed a significantly lower visual score than Mild treatment trees on 

Feb 6 (Table 7), but both treatments were irrigated after scoring on this date. Three days later, 

visual bud scores on trees in both treatments were more similar (Fig. 8, Table 7), suggesting that 

the more marked advance by the Post-chill treatment trees was related to a more marked water 

status recovery. By that time, despite this response, no differences were observed in the transition 

from one stage to another in response to the water application after Feb 10. By Feb 24, both Mild 

and Post-chill trees were already in bloom, with Mild stress trees starting to bloom slightly earlier 

than Post-chill trees when determined by visual estimation (Fig. 8).   

 

Figure 8. Bud stages on a 1 to 7 visual scale from Jan 29 to March 2. Symbols represent treatment means, error bars 
± 1SD for each treatment (n=9, refer to Table 7 for statistical separations). The visual start of bloom is shown as a 
dash line at 6.2. The arrow indicates the irrigation event that released Mild and Post-chill trees from the drought 
stress. Pictures shows buds size on the same scale.  

29-Jan 6-Feb 10-Feb 12-Feb 14-Feb 17-Feb 19-Feb 21-Feb 24-Feb

Control 2.78±0.44 a 4.33±0.71 a 5.11±0.33 a 5.89±0.68 a 6.73±0.32 a 6.89±0.20 a 7±0 a 7±0 a 7±0 a

Pre-chill 2.78±0.97 a 3.89±0.93 a 4.44±0.88 a 4.98±1.06 a 5.62±1.04 b 6.49±0.38 a 6.80±0.24 a 6.84±0.19 a 6.98±0.07 a

Mild 1.44±0.53 b 2.44±1.24 b 2.89±0.93 b 3.71±1.58 b 4.07±1.35 c 4.53±1.55 b 5.36±1.13 b 6.0±0.81 b 6.53±0.32 b

Post-chill 1.33±0.5 b 1.44±0.53 c 2.33±0.50 b 3.33±0.50 b 3.56±0.53 c 4.00±0.71 b 4.87±1.10 b 5.58±0.69 b 6.6±0.24 b

F 13.93 20.06 30.43 11.51 23.21 23.63 15.67 14.19 13.19

p <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

CV 33.51 41.05 22.43 22.76 19.53 16.09 13.82 8.56 3.23

Treat

Date
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Floral bud swelling and stress 

There was some tree-to-tree variability in the visual early stage of bud swell, but for most of the 

Control and Pre-chill treatment trees, this bud stage occurred about January 24, whereas for a 

number of Mild and Post-chill treatment trees this stage occurred on February 6.  A regression 

analysis showed that bud stages visually determined were related with the level of the stress that 

the trees experienced around those two dates (Fig. 9 A and B).  On January 29 (Fig. 9 left), all 

Controls and Pre-chill trees except for one showed buds in a stage equal or more advanced than 

2. That was true independently whether any of the Mild trees received a slight irrigation before 

that date or not, whereas all Post-chill and Mild trees had buds in stage 2 or less.  A week later, 

prior to irrigation in the Post-chill and Mild treatments, buds from some Mild treatment trees 

advanced in their bud stage, even though they were experiencing lower SWP levels. Post-chill trees 

showed no advance in bud stage even though most had been given a small hand watering in 

advance of the final irrigation (Fig 9. right). 

   

Figure 9. Relationship between bud stage and SWP on January 29 (left) and on February 6 (right). The SWP shown 
on the X-axis are the average SWP of the two dates closest to the scoring date when most of the trees had SWP 
records: 1/24 and 1/31 (left), and 1/31 and 2/6 (right). Symbols represent treatments, Dash lines represent 
regression lines (n=36 p<0.001 for both dates. R2= 0.55 on Jan 29 and R2= 0.63 on Feb 6) 
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Bloom 

Dates of first bloom 

The start of bloom determined by counting opened flowers showed a significant delay in response 

to water stress, with the mean start of bloom for the Control trees being significantly earlier than 

all other treatments (Table 8). The date the first Control tree started to bloom, and the number of 

days it took for all Control trees to start to bloom indicated that there was bloom overlap between 

Control, Pre-chill, and Mild trees, but not with Post-chill trees, which only overlapped the start of 

bloom with Mild stress trees (Table 8).  The range of days it took all trees in each treatment to 

start bloom and the GDH at the start of bloom in the 2019/20 season are listed in Table 8. 

Table 8. Start of bloom dates recorded in 2019/20 season.  GDH represent means ± 1 standard deviation 
growing degree hours accumulated. Means dates followed by the same letter do not differ significantly 
according to Duncan’s test at p< 0.05. 

Treatment 

Start of bloom 

 GDH 
1st tree 

Mean 
date 

Range 
of days 

Control Feb 13 Feb 14 a 4 5390 ± 210 a  

Pre-chill Feb 14 Feb 17 b 6 5900 ± 452 b 

Mild Feb 16 Feb 21 c 9 6750 ± 680 c 

Post-chill Feb 21 Feb 23 c 4 7090 ± 286 c 

 

Start of bloom and stress 

As found by Rawls (2020), an ANCOVA and regression analysis showed that bloom timing, as 

measured by the GDH at first bloom, was significantly delayed (increased) as stress increased 

across all treatments (Fig. 10).  A full ANCOVA, including the effects of treatments, bardays and 

their interaction, only indicated a significant barday (covariate) effect (Table S5).  However, since 

the interaction term was not significant, a revised ANCOVA without the interaction was carried 

out, showing a highly significant effect of both treatments as well as bardays (Table 9), consistent 

with the treatment mean separation obtained by ANOVA (Table 8).   
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In parallel, the pollinizers bloomed at the same time as the rest of the trees in all treatments (Fig. 

S1), and flowers appeared normal.  Subsequently, trees from treatments that bloomed latter 

showed better fruit set (Fig. S2), which was likely related to the higher maximum air temperatures 

recorded during bloom (Fig. S3). 

 

Figure 10. Time of start of bloom, in GDH from chill completion as a function of bardays accumulated from Oct 15, 
2019 to Feb 6, 2020. Solid line indicates a significant linear relationship for all the data (n=36, R2=0.38, p<0.0001). 
Dashed lines show individual regression trends for each treatment. Symbols represent treatments. 

 

Table 9. Revised Ancova (without interaction) results testing the effect of stress accumulated (Bardays) and 
treatments on the start of bloom measured as GDH. 

Variable Error 
Type 

DF MS F p> F 

Bardays I 1 5351116 19.95 <0.0001 

Treatment III 3 2483463 26.99 <0.0001 
 

Winter drought stress during heat accumulation 

The much higher level of GDH required for both the Mild and the Post-chill treatments at the 

same level of bardays shown in Figure 9 contrasts with the results of Rawls (2020), who showed 

that only the level, and not the timing of stress, influenced GDH.  However, both the Mild and the 

Post-chill accumulated a substantial amount of water stress relatively late during the period of 
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heat accumulation (GDH), which was not the case for Rawls (2020).  Since a difference in SWP 

between the control and the Post-chill treatment only occurred during heat accumulation after 

chilling (see Fig. 4), the relation between GDH and bardays over this time was analyzed, and a 

strong linear relation was found (Fig. 11).  Based on the regression coefficients for this relation, 

and the observed range in bardays and GDH shown in Fig. 10, it can be calculated that each 100 

bardays reduced the effective GDH by about 4% (see Supplementary Data).   

 

Figure 11. Relationship between accumulated bardays between Dec 14, 2019 and Feb 6, 2020 by Post-chill and 
Control trees and GDH at the start of bloom (n=18, R2=0.90, p=<0.0001).  

 

2019/20 compared with Rawls (2020) three-season relationship 

In order to focus on dormancy-related treatments, only data from the Control and Pre-chill 

treatments from the current study was compared to the 3-year results of Rawls (2020). This 

comparison indicated that GDH showed a similar increase as bardays decreased across years (Fig. 

12), and while the associated ANCOVA indicated no significant barday*GDH interaction, it did 

indicate a substantial difference between the 2019/20 season and the pooled previous 3 years of 

data (Table 10), with the 2019/20 season showing a systematic reduction of about 1000 GDH 

relative to the previous 3 years for any given value of bardays (Fig. 12).    
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Figure 12. Time of start of bloom in GDH, as function of bardays for all four seasons. Solid lines indicate significant 
linear regressions for all treatments in pooled seasons 2016/17, 2017/18, 2018/19 (n=93, p<0.0001, R2=0.60), and 
for Controls and Pre-chill treatments in 2019/20 (n=18, p<0.0001, R2=0.78). 

 

Table 10. ANCOVA comparing the 2019/20 season Pre-chill relationship between bardays and GDH at the start of 
bloom vs three previous seasons relationship 

Variable 
Error 
Type 

DF MS F pr > F 

Bardays I 1 310006369 100.79 < 0.0001 
Bardays * Season I 1 81345 0.26 0.6080 

Season III 1 3076198 10 0.0020 
 

 

Stress and bloom relationships across seasons 

In order to determine whether a single model could account for GDH variation both with stress 

(bardays) as well as in different seasons for the same level of stress, a number of alternative 

models were tested (Table 13).  In every case, adjusting the value of bardays to represent the same 

length of time across all seasons increased the r-square and decreased the RMSE for the relation 

of bloom timing (GDH) to accumulated stress (bardays) (Table 13).  Also, in every case the 

relationship that was most consistent across years was between bardays (adjusted or not) and the 



34 
 

GDH at the start of bloom, rather than at 10 or 50% bloom, although the r-square and RMSE for 

50% bloom were not substantially different from the values for the start of bloom (Table 13).  In 

all cases, r-squared increased and RMSE decreased when GDH was expressed as a difference from 

controls, giving the highest r-square (0.73) and lowest RMSE (407) for the GDH difference from 

controls as a function of adjusted bardays (Table 11), which is the relation shown in Figure 13.     

Table 11. Summary of alternative models for the relationship between GDH at bloom and bardays for the four seasons 
shown in Figure 11.  Models are based on alternative measures of bloom (1st bloom, 10%, or 50% bloom), and either 
absolute or relative quantities for GDH and bardays.  Columns with a dash (-) indicate that absolute GDH values (as 
in Figure 11) were used.  Adjusted barday values were adjusted (scaled) for the overall length of each season’s 
experiment, which was somewhat different for each season. 

Bloom measure 
GDH 

Relative to Expressed as 
Bardays 

Adjusted 
bardays 

R2 RMSE R2 RMSE 

GDH at first bloom 
- - 0.349 684 0.642 507 

 Control Mean GDH 
at start of bloom Difference 0.501 558 0.734 407 

GDH at 10% bloom 
- - 0.245 812 0.518 649 

Control Mean GDH at 
10% bloom 

Difference 0.363 723 0.646 542 

GDH 50% bloom 

- - 0.201 780 0.504 614 
Control Mean GDH at 

50% bloom 
Difference 0.422 568 0.685 422 

GDH at 50% bloom 
predicted by Chill 

Overlap Model 
Difference 0.353 623 0.644 462 
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Figure 13. Time of start of bloom expressed as the GDH difference relative to the mean Control values for each year 
as a function of adjusted bardays. Solid line indicates significant linear regression (n=111, p=<0.0001, R2=0.73, RMSE 
407.4), with separate symbols for each season. 

 

An analysis of covariance based on adjusted bardays was performed to evaluate whether detecting 

a seasonal difference in GDH at the same level of bardays (e.g., Fig. 12) would depend on whether 

absolute GDH or the difference in GDH from the controls were considered. In either case this 

analysis showed a non-significant Adjusted Bardays * Season interaction, but a very highly 

significant effect of Season on GDH when using absolute GDH, and no significant effect of season 

when the difference in GDH from the controls was used (Table 14). 

Table 12. Ancova results comparing the effect of using either growing degree hours (GDH) or the difference in GDH 
from the Control treatment on whether a significant season effect occurred on GDH, independent of the covariate 
(bardays) effect. 

  Variable Error Type DF MS F pr > F 

GDH 

Adjusted Bardays I 1 44908195 287.64 < 0.0001 

Adjusted Bardays * Season I 1 275603 1.77 0.1585 

Season III 3 1082522 6.93 0.0003 

GDH difference 
from Control 

Adjusted Bardays I 1 44908195 287.64 < 0.0001 

Adjusted Bardays * Season I 1 275603 1.77 0.1585 

Season III 3 226781 1.45 0.2309 
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Discussion 

 

Dormant bud development 

Although the term “bud swelling” is often used to describe phenological stages, the precise start 

of bud swelling in the field is very difficult to ascertain at regular intervals over a multitude of 

buds (Basler & Korner, 2014). For this reason, we must depend on the dry weight (DW) of buds 

as an indicator of the effects of drought on the initial stages of bud development. There is clear 

evidence that, although imperceptible, buds have a slow and sustained development during endo-

dormancy (Weinbaum et al., 1989 & Brown et al., 1957), which Rawls (2020) demonstrated could 

be delayed by water stress.  

In the 2018/19 season, Rawls (2020) found that at the time of chill-completion, on average, buds 

on trees subjected to pre-chill stress had significantly lower DW compared to buds on non-

stressed control trees. Contrary to the average results from Rawls (2020), our data showed that 

the average bud DW of Pre-chill stressed trees was not different than that of non-stressed trees in 

spite of the fact that on average, Pre-chill trees had double the bardays of the Controls by chill 

completion. Although the Pre-chill treatment trees did start to bloom later than the Controls, 

some trees from the Pre-chill treatment overlapped with the Controls, which may suggest that the 

stress they received was not enough to cause a delay in flowering. This was in agreement with 

Rawls, who reported that trees that accumulated the least stress at chill completion did not differ 

from Controls either in DW or bloom dates, which he considered as evidence of a threshold of 

allowable stress in eco-dormancy for which cell division/development was not affected. More 

research could be done to determine this potential threshold, which would require a more 

continuous range of accumulated stress in the endo-dormancy period as was accomplished in the 

current study. 
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Visual bud growth and bloom estimation 

Control trees, as well as those stressed during chill accumulation, showed a rapid increase in bud 

dry weight and resumption of bud growth around Jan 24, approximately three weeks before the 

start of bloom. Trees stressed after chill completion showed a delay, with bud swell occurring from 

5 to 12 days later. In apricots it has been found that the resumption of the floral bud FW increase 

as well as the DW gain is determined roughly at the time the xylem vessels reach 3/4 of the length 

of the flower bud axis, which occurs between the phenological stages B-C in this species (Bartolini 

& Georgeli, 1994). The B-C stages described by these authors in apricots are equivalent to stages 

2 and 3 used to visually score bud growth in almonds in our experiment, and because of the close 

relatedness between almonds and apricots, it might be possible to extend this concept to our trees. 

During bud rest and until the xylem connections are completely reestablished, the axillary buds 

are presumably connected to the tree through pro-cambium cells (Ashworth, 1984). This 

connection ensures the life of the cells and the arrival of water, nutrients and hormones that 

maintains cells. However, this connection may not be sufficient to sustain rapid cell growth. 

Therefore, if the xylem differentiation is affected by stress, this might explain the lower increase 

in dry weight that the stressed trees showed by the end of January, and the substantial delay in 

bud growth and bloom in the eco-dormancy stressed trees of our experiment.  This lack of vascular 

differentiation or poor connection between the axillary bud and the stem, would limit the rapid 

flow of water, nutrients and hormones necessary to initiate bud swelling and cell expansion.  

Evidence for this should be obtained by further research focusing on the effects of water stress on 

the changes in bud dry weight during this time. 

Heat accumulation and stress 

In a classical definition, eco-dormancy is imposed by external environmental factors such as cold 

and drought stress (Horvath et al., 2003, Campbell, 2006). It is also known that bud development, 

the onset of bloom, and bloom progression, are highly dependent on temperature (De Grandi-
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Hoffman et al., 1996, Bernard and Socias-i-Company, 1995). However, the role of drought stress 

has been poorly characterized in this key process. Dormancy studies performed on boreal and 

temperate forests have suggested that, in addition to chill and heat accumulation, a number of 

environmental factors might delay or hasten the end of dormancy or the beginning of bud break 

of different tree species (Linkosalo et al., 2006; Basler & Korner, 2014).  Based on a three-year 

almond study, Rawls (2020) found that winter drought stress delayed the start of bloom, and 

suggested that winter stress should be used to refine bloom prediction models. In our experiment, 

as well as that of Rawls, all trees were exposed to the same environmental temperature conditions 

in a given year. Compared to the controls, the trees of our experiment that were only stressed 

during Post-chill required 4% more GDH for every -100 bar days of accumulated stress to bloom, 

meaning that the F value proposed by Anderson et al. (1986) ranged from 0.77 to 1 depending on 

the level of stress experienced by the tree. To our understanding, this the first study that is able to 

provide a value to quantify the effect of stress on the temperature dependence of almond bloom. 

Thus, it provides an important insight for understanding the effect of winter drought stress on 

GDH accumulation in deciduous fruit trees, and therefore on the effect of winter drought stress 

on bloom timing. 

Treatment effect 

To date, a single relationship had been found between winter drought stresses and bloom delay, 

regardless of the duration and level of stress applied (Rawls 2020). However, it was unclear 

whether this relationship would remain unique if stress was applied only during endo-dormancy, 

since the shortest stress duration applied by Rawls (2020) included endo-dormancy as well as the 

initial portion of eco-dormancy, and a relatively narrow range in accumulated stresses was 

achieved.  Consistent with Rawls (2020), our results showed that this relationship remained 

consistent when stress was restricted to endo-dormancy, and even when the stress accumulation 

began before the start of chill accumulation. However, this relationship changed when the stress 
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was extended towards the onset of rapid growth that led to bud swelling, a period not considered 

by Rawls (2020).  For this period, bloom showed a longer delay for the same level of stress 

compared to earlier periods.  We hypothesize that this increased sensitivity to stress in the later 

stages of eco-dormancy is due to the increased overall rate of growth due to cell expansion during 

this period, compared to much lower rates of growth, presumably associated with cell division, in 

early eco-dormancy. Hence, we hypothesize that there may be two stages of flower bud 

development that can be affected by winter drought stress. The first, less sensitive stage, covering 

the whole pre-chill (endo-dormancy) and early post-chill (eco-dormancy) periods, followed by a 

second stage, which may show a gradual increase in sensitivity over time. These periods of more 

or less sensitivity would be dictated by periods of highest or lowest growth rates of the bud, 

respectively. The primary focus of Rawls (2020) was to impose stress on all treatments starting 

with endo-dormancy, and most stress treatments only extended to mid-January, which would be 

prior to the start of significant bud growth, based on our results.  Hence, it is not surprising that 

the relation of bloom delay to bardays for the Control and Pre-chill treatments of the current study 

was consistent with the data reported by Rawls (2020) for all of his treatments.  It is interesting 

however, that the most consistent relation across years was obtained when GDH was adjusted to 

the GDH of the control trees.  This may indicate that there are some year-to-year differences in 

bud development that are not accurately reflected in the current chill overlap model (Pope et al., 

2014).  

Fruit set 

It has been shown that post-harvest stress applied between mid-July and late October can cause 

a decrease in the density of flowering and production the following year (Goldhamer et al., 2006; 

Goldhamer & Viveros, 2000). Since anther development occurs early in dormancy while ovule 

development occurs close to bloom, it is possible that stress may have more of an effect on anthers 

or ovules depending on the timing of the stress, but that fruit set may be reduced in either case. 
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Our results however, showed that the post-chill stress treatments were beneficial to fruit set, and 

that extended stress imposed from mid-October to chill completion did not cause any effect on 

fruit set since it did not differ from controls. Despite the severity and acuteness of the stress 

applied at the end of eco-dormancy, the effects of the stress on bloom delay seems to be more 

positive than detrimental. This might be because the delay in bloom exposed the reproductive 

organs to more favorable environmental conditions for fertilization. It has been a concern 

however, that winter stress management for the purpose of delaying bloom might have negative 

effects if all varieties are not delayed similarly, resulting in a lack of coordinated bloom between 

the commercial variety and the pollinizers. Our data would suggest that at least one pollinizer 

(Monterey) responds the same to stress as does Nonpareil, so both varieties may continue to be 

synchronized. For our study, pre-chill stressed trees had the same fruit set as the controls, and 

the two post-chill treatments had significantly higher fruit set, so there was no evidence of a lack 

coordination. Based on our results, and due to the importance of pollinizer synchronicity this 

topic deserves further study. 
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Supplementary data 
 

 

 

 

 

 

 

 

 

 

Figure S1. Start of bloom in days of the year (DOY) comparing Nonpareils and pollinizers included in each treatment. 
Values represent mean dates ± 1SD.  Same letters indicates no ANOVA no significant difference between pollinizer 
and Nonpareil trees within treatments. Mean separations by Duncan (p<0.05). 

 

Fruit set 

The delay observed by the increase of the stress accumulated resulted in trees that in average have 

better fruit set compared with the controls or those that bloom earlier (Fig. S2, right). When 

shoots and spurs were analyzed separately, the shoots from Post-chill trees showed in average the 

highest fruit set, while Pre-chill trees had the lowest, with values in between for the other two 

treatments (Fig. S2, Center). In the spurs, the highest fruit set was found in Mild stress trees and 

the lowest in the two treatments that on average started to bloom earlier (Fig. S2, Right). 
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Although no significant differences were observed between the mean meteorological values 

recorded during the time window in which each treatment bloomed (Table S6), higher max air 

temperatures resulted in higher fruit set (p=<0.001). This increase in temperatures resulted in 

fruit set that doubled the percentages observed in average in trees that bloomed earlier. Thus 

indicating that a delay in bloom caused by the accumulated stress, put flowers in more favorable 

environmental conditions for fruit set (Fig. S3). 

 

 

Figure S3. Relationship between air max temperatures during the start of bloom and fruit set. Temperatures data 
corresponds to station 6, Davis, CIMIS measured from Feb 12, 2020 to Feb 25, 2020 (R2=0.85, p<0.0001) 

 

 

      Pre-chill   Control    Mild    Post-chill 
   Treatment 

      Pre-chill   Control    Mild    Post-chill 
   Treatment 

      Pre-chill   Control    Mild    Post-chill 
   Treatment 

Figure S2, Number of flower buds counted and opened into flowers on all tree (Left) shoots (Center) and spurs 
(Right) and percentage of fruit set of these flowers. No significant ANOVA (p>0.05) separation between treatment 
is indicated with same letters over the columns. Lower case letters for number of flowers, capital letters for fruit 
set. Bars indicate ± 1 Standard deviation.  
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Early fruit development 

The Control trees had the highest dry weights of all treatments by April 15th which was 60 days 

after the start of bloom. The other treatments showed dry weights that followed the sequence of 

how they had flowered (Fig. S4, Left). However, when the measurement was repeated exactly 60 

days after each treatment had flowered, the Pre-chill trees showed larger drupe weight compare 

to those that bloomed later (Fig. S4, Right). The data showed that the drupe size measured as dry 

weight was time dependent and potentially affected by the time of stress.  
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Figure S4. Fruit dry weight measured on April 14, 60 days after Controls trees started to bloom (left) and at variable 
dates (right), at 60 days after the start of bloom of each treatment. No significant ANOVA (p>0.05) separation 
between treatment is indicated with same letters over the columns 
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Table S1. Summary of the meteorological data in the study area during the experiment. Data sourced from CIMIS  

 
Table S 2. Dates and volumes in (ml) applied to keep the Mild and Post-chill trees within the stress ranges stipulated 
for each treatment, ~ -25 bars (Post-chill) and ~ -15 bars (Mild). There were no SWP adjustments outside of the dates 
indicated in the table. 

Treatment tree 3-Jan 10-Jan 13-Jan 17-Jan 24-Jan 27-Jan 31-Jan 

Mild 

44 -   -  -  -  - -  300 

54  -  - 200  -  -  - 300 

52 300  -  -  -  -  - -  
65  -  - 200  -  - 200  - 

50  -  -  -  -  -  -  - 
64  -  -  -  -  -  -  - 

41  -  -  -  -  -  -  - 
77 400  -  -  -  -  - 300 

59  -  -  -  -  -  -  - 

Post-chill 

72  -  -  -  -  - 200 400 

76  -  -  -  -  - -  300 

60  -  -  -  -  -  - 200 
46  -  -  -  -  -  - 300 

74  -  -  -  -  - 400 300 
63  -  -  -  -  - 200 300 

73  -  -  -  -  - 200 -  
49  -  -  -  -  -  -  - 

62  -  -  -  -  -  -  - 
 

  

Year Month   ETo 
(mm) 

 Precip 
(mm) 

Avg Air 
Temp (C) 

Avg Rel 
Hum (%) 

Avg 
Wind  
(m/s) 

Sol Rad avg 
(W/sq.m) 

Avg Vap 
Pres 
(kPa) 

Avg Dew 
Point (C) 

2019 

Jul 209.7 0.2 22.8 56 2.3 340 1.6 13.5 
Aug 191.1 0.3 23.7 55 2.1 306 1.6 13.9 
Sep 148.7 29.8 21.3 52 2.6 234 1.3 10.7 
Oct 137.0 0.2 16.7 37 3 185 0.7 1 
Nov 63.8 20.5 11.8 59 1.9 123 0.8 3.6 
Dec 24.9 146.7 9.5 88 2.3 68 1.1 7.5 

2020 

Jan 33.6 29.8 8.9 87 2 91 1 6.8 
Feb 92.7 0.5 12 55 2.9 166 0.8 2.5 
Mar 92.7 27.7 11.7 67 2.6 181 0.9 5.3 
Apr 136.6 30.2 16 60 2.5 251 1.1 7.7 
May 187.2 7.6 19.7 52 2.8 295 1.2 8.9 
Jun 215.6 2.1 22.6 47 2.8 339 1.3 10.5 
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Table S 3. SWP measurements between Jan 3 and Feb 8 in Mild and Post-chill trees. Shaded cells indicate dates when 
hand irrigations were applied. Dashes (-) indicate dates without SWP measurements. The asterix (*) indicates the 
date when treatments were irrigated to full capacity. Hand irrigations were performed based on the SWP results on 
a particular date. Only in Feb 6, SWP measurements were performed two hours after the irrigation. 

Treatment tree 3-Jan 10-Jan 13-Jan 20-Jan 24-Jan 27-Jan 31-Jan 3-Feb 6-Feb* 8-Feb 

Mild 

44 -4.4 -10.8 - -16.6 -18.6 - -23.6 -24 -9.6 -4.0 

54 -14.6 -24.7 - -23.0 -17.8 - -28.8 -28.8 -8.0 -4.2 

52 -20.2 -10.2 -13.8 -14.0 -14.0 - -14.0 - -27.0 -4.1 

65 -17 -29.8 -22.6 -24.4 -19.4 -22.6 -15.6 - -27.4 -4.4 

50 -5.6 -7.0 - -15.0 -17.8 - -22.2 -20.2 -25.4 -5.6 

64 -4.4 -4.0 - -4.0 -8.0 - -6.0 - -6.0 -3.0 

41 -18 -7.0 -6.2 -6.2 -5.0 - -9.2 - -15.8 -3.2 

77 -24 -15.2 -19.6 -16.8 -16.6 -16.9 -27.2 -18.4 -26.4 -3.4 

59 -8.2 -7.0 -13.8 -16.8 -27.0 -14.0 -20.6 -22.0 -24.2 -3.2 

Post-chill 

72 -7.2 -21.2 -25.6 -35.7 -26.1 -19.8 -36.2 -11.8 -11.8 -4.0 

76 -5.2 -5.0 -8.4 -9.0 -14.8 -20.5 -28.2 -28.2 -8.0 -3.4 

60 -6.6 -7.6 -10.2 -10.2 -16.8 -19.1 -22.2 -20.2 -27.6 -3.6 
46 -4.8 -5.4 -7.8 -8.0 -10.8 -17.8 -27.2 -19.6 -23.1 -3.2 

74 -7.6 -17.4 -18.7 -21.7 -32.4 -30.2 -27.2 -24.0 -22.8 -3.6 
63 -5.6 -11.6 -13.6 -18.4 -25.0 -24.8 -24.6 -20.8 -17.0 -4.0 

73 -5.2 -11.2 -12.7 -16.2 -20.2 -25.8 -23.6 -27.0 -21.6 -3.2 
49 -3.8 -5.6 -12.8 -12.4 -23.5 -14.2 -18.8 - -23.4 -3.4 

62 -0.4 -4.6 -6.4 -10.7 -23.0 -11.0 -14.8 - -24.2 -3.2 
 

 

 

 

Level Length Start Finish Duration Control Treatments Control Treatments

Short 12/21/2016 30 2/18/2017 5992 0 50 -410 -18.5 73

Medium 1/13/2017 53 2/22/2017 6393 40 40 -748 -23.6 76

Long 1/31/2017 71 2/28/2017 7002 28 28 -1151 -30.0 50

Short 12/21/2016 30 2/19/2017 6122 60 60 -677 -30.9 74

Medium 1/13/2017 53 3/3/2017 7318 49 49 -1360 -37.3 58

Long 1/31/2017 71 3/6/2017 7871 34 34 -1684 -36.1 62

Short 12/27/2017 19 2/7/2018 5784 42 42 -283 -16.3 47

Medium 1/14/2018 37 2/10/2018 6541 29 28 -448 -15.3 36

Long 1/29/2018 52 2/16/2018 7320 19 19 -540 -16.9 29

Short 12/27/2017 19 2/11/2018 6658 47 47 -600 -37.4 53

Medium 1/14/2018 37 2/15/2018 7113 33 33 -1043 -37.2 44

Long 1/29/2018 52 2/26/2018 8119 28 28 -1331 -3.5 38

12/18/2018 57 2/22/2019 6849 66 66 -1517 -41.0 104

1/31/2019 73 2/14/2019 6078 15 15 -363 -9.0 20

10/15/2019 69 2/17/2020 5949 56 56 -1453 -32.4 78

2/6/2020 114 2/21/2020 6750 16 16 -1359 -27.5 33

2/6/2020 45 2/23/2020 7090 17 17 -1239 -27.9 13

Pre-chill

Mild

Post-chill

Drought Stress

16/17

17/18

18/19

19/20

Medium

High

`

High

Endodormancy

Ecodormancy

2/8/2018

2/12/2019

2/15/2020

2/16/2017

2/8/2018

2/4/2019

2/15/2019

-175

-121

-240

-673

First bloom

2/18/2017

2/8/2018

2/12/2019

2/14/2019

Season Prediected 
50% Bloom

GDH at 
bloom

Days from 
min SWP

Minimum 
SWP (bars)

BardaysDays after 
recovery

Compared 
to control

2/18/2017

Table S4. Summary of winter drought experimental conditions and resulting variables for seasons 20016/17 to 2019/20 
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Table S5. ANCOVA results testing the effect of stress accumulated (Bardays) and treatments on start of bloom 
measured as GDH with interaction 

Variable Error 
Type 

DF MS F pr > F 

Bardays I 1 2483463 18.53 0.0002 

Bardays * Treatment I 3 35010 0.26 0.8527 

Treatment III 3 199782 1.49 0.2386 
 

 

Table S6. Mean meteorological values recorded during the bloom dates of each treatment. Same letters in a column 
indicate no statistical separation by Duncan (p<0.05). 

 

 

 
Winter drought stress during heat accumulation (F factor calculus) 

Anderson et al., (1986) proposed that water and other stresses may cause a proportional reduction 

in GDH (factor ‘F’ in equation 3 and 4) that applies either for the effective GDH accumulation at 

temperatures above the optimum or between the base and optimum temperature respectively.   

 GDH= F*A* (1+ COS (π+ π*(TH-TB)/(TU-TB))) Eq.3 

GDH= F*A* (1+ COS (π/2+ π/2*(TH-TU)/(TC-TU))) Eq.4 

Where: 

GDH: the accumulation of growing degree hours during an hour 

TH: the hourly temperature 

TB: The base temperature (4°C for fruit trees) 

TU: optimum temperature (25°C for fruit trees) 

TC: critical temperature (36°C for fruit trees) 
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A: TU-TB (the amplitude of the growth curve) 

F: stress factor, assumed to be 1 unless tree is under stress.  

F can be calculated for the data shown in Fig. 11 as follows:   

7400*F=5400, so F=0.73.  If F=1 at -160 BD and 0.73 at -800 BD then it is 0.04 per 100 bardays. 
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Materials and Methods 

Site 

A field experiment evaluating the effect of no winter rain on dormant almond trees and bloom 

was carried out from November 2019 to June 2, 2020 in an experimental orchard near Davis, 

California, USA. (38°32.2’ N, 121°47.7’ W).  

The orchard was planted with Prunus dulcis (Miller) D.A. Webb cv. Nonpareil grafted on 

Kaminski 86 in 2015. Trees were planted on 3 meters spacing in North –South rows 6 meter apart. 

Monterrey and Wood Colony pollinators grafted on Kaminski 86 rootstock were planted 

interspersed every two Nonpareil trees completing the pool of trees. 

Six trees from one row were randomly chosen and grouped in two set of trees. Every set had their 

own irrigation valve and were considered as an independent treatment. The Control trees were 

located in the North half of the row, and the trees received 40 mm irrigation before winter, and 

then were exposed to the regular regime of precipitations. In the second treatment, Covered 

located in the South part of the row, the trees were not irrigated and the ground around them was 

covered with a plastic film to keep the rains out and mimic a dry winter with no rains (Fig. A1). 

 

Figure A14. Experiment location and replicate locations 

Weather 

The climate in the area of study was Mediterranean, with dry and hot summers, followed by wet 

and cool winters. The rainy season started on November 25, 2019, accumulating 198 mm in 16 
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events until the end of bloom. During the spring, 67 mm fallen, totalizing 285 mm from November 

to the end of May. During the month of rese 

arch, the average air temperature was 13.0ºC, no frosts were registered and the accumulated 

evapotranspiration (ET0) was 568 mm.   

Soil 

The soil in the experiment site belongs to the Rincon series (USDA, 1972). They are well drained, 

have slow permeability and slow to rapid runoff. They correspond to fine, Smectitic, Termic, 

Mollic Haploxerafals taxonomic class (Fig. A2).  

 

Figure A15. Soil maps in the research area 

The soil texture is silty clay loam (Fig. 2, https://casoilresource.lawr.ucdavis.edu/gmap/), with a 

matric bulk density of 84.66 lb/ft3 equivalent to 1.365 Kg/m3, and a water holding capacity in the 

first 0.90 m of 208 mm according to Saxton model Version 6.02.74, which represent 88% of 

irrigation applied at the end of November plus the rainwater fallen in winter.  

Winter covers 

With the goal to keep the orchard soil dry during winter, the ground around the Covered trees was 

covered with a single 400-square-foot white 6000 mil plastic film placed around them on 

November 25, 2019. To help to drain the rain water off of the tree, 6m3 of dirt was added around 

each tree. The surface of the dirt added was leveled with a 0.3 inch/ft. side slope keeping the berm 

as the highest point. To minimize the chances of leaking, a single lateral cut was used to place the 

Experimental site 
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plastic film. The two sides of the cut were double-folded, stapled and taped to seal the surface. 

The plastic cover around the trunk was stapled to it and covered with plastic wrap film (Fig. A3). 

Two drainage outlets facing south in the lower point of the coverage were built to favor the water 

out. Within the row, the areas in between the leveled ground were covered with transparent plastic 

film and then, covered with dirt to minimize lateral water infiltration. The trees in the north side 

of the row were just tagged and used as controls.   

 

Irrigation 

The irrigation system included one 40L/h Netafin® SuperNet® PC micro sprinkler per tree. 

However, they didn´t received any irrigation during the 2019 summer. The micro sprinklers were 

removed just before to put the plastic cover.  On November 22, the uncovered trees received 40 

mm irrigation just before the first rain of the season.  

Prior to the irrigation, SWP measurements were performed in both sets of trees, and then 

repeated on November 24, 2020 in tree Control 3 and Covered 1 to check the differential response 

to water. On November 26th, few hours before the rain started, the SWP was measured in all the 

trees and used as starting point values. After that, the trees were not irrigated until June, 2020.  

Weather data  
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Figure A16.  Sketch of plastic cover installation around Covered trees. 
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Rain data, ET0, air temperature and relative humidity used to calculate crop evapotranspiration, 

growing degree hours accumulation and SWP baseline was downloaded from the California 

Irrigation Management Information System (CIMIS), Station #6 Davis, California (38º31.8´N 

and -121º46.2´W) located near the experiment.  

Stem water potentials 

Stem water potential was measured in a single leafless twigs per tree once a week during dormancy 

by using a pressure chamber (Model 3000, Soil Moisture Equipment Co., Santa Barbara, CA. 

USA) according to Milliron et al., (2017).  

After bloom, and until June, SWP was measured weekly in duplicate using a pump-up pressure 

chamber (PMS Instrument Co., Albany, OR. USA). Adult healthy shaded leaves were bagged and 

covered with aluminum foil for about 10 minutes before detachment (Mc Cutchan and Schakel 

1992, Fulton et al.2014). Stress accumulated in each tree was integrated as Bardays as done in 

Chapter I. 

Bloom dates 

Eight spurs, two per compass quadrant, with similar blossom number, all located in between 1.5 

and 2.5 m height were randomly chosen and tagged on each tree. Starting on February 17, 2020, 

the bloom date of every floral bud on the tagged spurs was monitored daily throughout the bloom 

period until all flower buds bloomed. The date of first bloom, full bloom (50% of all blossoms 

opened), 90% bloom and bloom duration was calculated based on the number of blossoms opened 

related to the total blossoms counted per tree. This counting was complemented with a visual 

estimation of the percentage of bloom progression in each tree. 

Spurs leaf surface area 

Spur’s leaf area was measured on March 31, 2020 and May 22, 2020. The second measurement 

was measured once the leaf area expansion was arrested. Thirty-two spurs per tree at 1.5- and 3-

meter heights were sampled. At every height, 4 spurs per quadrant were taken in order to have a 

homogeneous spur distribution at different light exposures. Sampled spurs with intact leaves were 

bagged in plastics bag and kept under refrigeration until leaf areas were measured later in the day. 

The spurs were de-leafed keeping the petioles attached to the leaf blades. The leaves were placed 

on the scanning glass following the natural phyllo-taxis distribution. The first leaf (oldest) was 

place in the upper left corner of the scanner, then placing the rest in diagonal below it. The leaves 

were digitally scanned (Canon 9000, Canon, Tokyo, Japan) then processed with ImageJ (U. S. 
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National Institutes of Health, Bethesda, Maryland, USA). The digital analysis output included: 

number of leaves; RGB values; position; leaf area; perimeter; major and minor diameter.  

Fruit dry weight 

The fruit weight was measured twice to determine the effects of water stress at different moments 

during the early stages of fruit development. The first sampling was made on April 3, 43 days after 

full bloom (DAB), approximately halfway through stage 1. The second, on May 22, 92 DAB, 

coinciding with the end of the stage 2 of the fruit development. Both stages are considered keys in 

the almond fruit development.  In the first there is an active growth of the fruit, while in the stage 

2 is when the embryo growth happen (Doll & Shackel, 2015).  

Sixty fruit per tree were collected at random, bagged and kept refrigerated until weighed in the 

lab for fresh weight. Then placed in paper bags and dried in an oven at 80ºC for 7 days until 

constant weight to determine dry weight. Both, fresh and dry weights were determined using a 

bench top scale. The averages weights per trees were calculated by averaging individual drupe 

weights at each sampling date.  Additionally, the water content (WC) of drupe was calculated by 

Equation 1: 

 
WC (%) = [(FW-DW) X 100] x FW-1                                   Eq. 1 

 
Soil matric potential 

During the experiment, the soil matric potential (SMP) was measured since is considered a 

realistic criterion for measuring soil water availability to plants as it constitutes the force with 

which water is held by soil matrix (soil particles and pore space).  It was continuously measured 

at two locations using a set of three Watermark® soil moisture sensors.  They were installed at 

the in between two rows at 12, 18 and 36 inch deep, 1 meter away from the trunk. Before the 

installation, the blocks received several drying and wetting cycles as recommended by the 

manufacturer. One set of sensors was installed in front of Control tree #3 (uncovered) and the 

other in front of Covered tree #1. The soil sensors sets were installed 6 meters apart to contrast 

treatments effect. The data was recorded weekly, moving to 10 minutes measurement on February 

27, 2020. The data was collected and stored in a data logger (Mod. 900M Monitor, Irrometer, 

Riverside, CA. USA). A single soil temperature was measured at 36 inch depth under the plastic 

cover of Covered 1 tree. The data was collected using the same frequency and data logger used for 

the soil moisture sensors.  
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Soil water retention curves 

This data was used to calculate the theoretical soil moisture content (% vol) at the three soil depth 

studied based on the water retention curves for silty clay loam soils resulting from the Saxton 

model Version 6.02.74 (Fig. A4).  

 

Figure A17. Theoretical soil retention curve of a silty clay loam soil texture. Adapted from Soil water characteristics 
model, version 6.02.74, KE Saxton). Detailed scale in between 0 and 3 potentials values added.  

Based on this curves and SMP measured, the soil moisture at the depth measured ranged from 50 

to 27% vol in the Control treatment.  

Rain water depletion 

To understand the effects of the SMP on the plant water status and its impacts on the early stages 

of fruit development, the rain water depletion was calculated. It was assumed that at the onset of 

the leaf-out, all the water stored in the soil was available for the plants. From that date (February 

27, 2020), the cumulative ETc daily values were subtracted from the water stored in the soil and 

then, related to matric potential measured in the soil. 

Statistical analysis 
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ANOVAS of treatments were performed using PROC GLM and individual trees as replicates. The 

linear regressions between variables were performed using PROC REG. In all the cases the 

analysis were performed using SAS version 9.4.  
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Results 

Winter and spring rains 

Between Nov 25 and the end of bloom on Feb 25, 197 mm of rain fell. From the 40 rains recorded, 

only 12 were greater than 5 mm. On Dec 1, a single event recorded 53 mm. After bloom, there were 

25 rains that totalizing 153 mm, with an accumulated rainfall from Oct 15 to Jun 15 of 349 mm 

(Fig. A5)  

 
Figure A18. Rain events and accumulated precipitation from Oct 15, 2020 to Jun15, 2020 at Davis, station #6, CIMIS 
Stations. X-axis includes the length of dormancy and growth stages. The bloom windows is shaded in grey in the 
center.  

 
Soil moisture 

Sensors installed at 12, 18 and 36 inch depth clearly showed how soil moisture change according 

the two treatments imposed (Fig. 6, Covered & Fig. 7, Control).  Under the plastic cover, once 

installed, they stabilized at the minimum values they were capable to measure, then, remaining 

in the same range throughout the entire experiment. Therefore, soils layers were considered dry 

at -199 cbars. The rains registered did not modify the soil moisture level under the plastic cover 

(Fig. 6, Covered). 
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Figure A19. Soil moisture at three depths: 12, 18 and 36 inches, six feet apart from Covered tree #1 tree trunk. 
Measurements considered as representative of replicates with covered ground.  

 
In contrast, the sensors placed at the same depth in the Control soil, 6 meters apart from the 

covered plot, showed a different pattern. Changes in soil moisture due to irrigation, rain and plant 

evapotranspiration were sensed immediately after installed (Fig. A7, Control).  

 
Figure A20. Soil moisture at three depths, six feet apart from Control tree #3 trunk. Measurements considered as 
representative of the replicates that have uncovered ground. 

 
Sensors placed under both conditions tended to stabilized with the actual soil moisture fast. 

However, in the Control tree, they were interrupted due to the irrigation and rain occurred 

immediately after their installation.  
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The top layer of soil in the Control tree reached saturation two days after the water from the 

irrigation applied and the first rain. A day later, the soil moisture at 18-inch depth increased 

rapidly. However, the saturation point at this depth was reached after 40 mm of irrigation and 93 

mm of rain. At 36 inch depth, the sensor showed a slow and steady process of stabilization that 

lasted 12 days. By Dec 3, the whole soil profile was under saturation, and remained saturated for 

two weeks.  

After that, the two most superficial layers showed a slight moisture decline that was interrupted 

by the rains of the second week of January. After a short saturation period, the soil began to dry 

out slowly. After Jan 16, the soil moisture at the three depths showed the same drying trend, with 

rains having no effect on them. 

 
Spring soil desiccation and SWP on Control tree 

Soil moisture sensors placed underneath the plastic cover did not showed changes in soil moisture 

until removed at the end of the experiment (data not shown). Contrary to that, the soil profile of 

ground that remain uncovered showed a clear desiccation pattern along the season (Fig. A8. 

Seasonal soil desiccation). 

 
 

 
Figure A21. Seasonal soil matrix potentials at 12, 18 and 36 inch of soil depth representative of soil moisture 
depletion in a Control condition. Precipitation data from Cimis Station #6, Davis. CA. Shaded in grey the 2019/2020 
bloom dates. 
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Under these conditions, the soil desiccation resulted in a continuous process that started before 

bloom and was affected by either plants evapotranspiration or rains when fallen before May. After 

that leaves came out, the desiccation rate increased, mostly at the top two layers. By mid-April, 

the soil moisture at 12 and 18 inches decreased at rates of -6 Cbars day-1, doubling the rate 

observed in the previous 2 weeks. From April 23, 2020, the soil moisture at 18 inches dropped to 

values lower than in the top layer, reaching “dry soil” values first. The same date at the deepest 

layer the soil moisture decreased exceeded the rates of the two most superficial layers (Fig. 8) 

Stem water potentials 

After a dry and hot autumn, and no post-harvest irrigation, on Nov 20, 2020 (beginning of the 

experiment), trees from both treatments showed similar water status. The Control trees showed 

a fast recovery after the 40 mm of irrigation, moving from an average of -15.6 bars to -6.7 bars, 

remaining at high SWP values until the end of January (Fig. A9 left).  After that, the rains helped 

to keep them in a range of -5 and -7 Bars.  

 

 
 
Figure A22. Stem water potential on Control trees (left) and Covered trees (right). Accumulated rains from Nov 22, 
2019 to Jan 31, 2020 shaded in blue. 

 

The plastic covers resulted effective to keep the rain out of the ground around the trees, keeping 

two of the three covered trees at moderate stress levels during the chill accumulation (Fig. A9 

right). However, after 200 mm of rain, all the Covered trees showed SWP values similar to Control 

trees. In average, the trees Covered remain below -10 bars for two weeks until they were recovered 

to values near -5 bars on Jan 19 (Fig. A9 left).  For two month, included the heat accumulation, 

bloom and post-leaf out, trees from both treatments showed similar water status.  
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Despite the different amount of water received due to plastics covers, only in four dates the levels 

of stress recorded were different between treatments (Fig. A10). Two happened early in the season 

(March 13 and March 19), one in the middle (April 15) and one towards the beginning of June 

(Fig. 10). After April 10 the Control trees showed a steep decline in the SWP, which made that on 

June 2, the mean SWP of the Control trees were more negative than the Covered trees. After 96 

days of green growth, and just with the water stored during the winter, stem water potential 

reached -27.8 and -32.3 bars at Covered and Control treatments respectively.   

 

 
 
Figure A23. Seasonal means of stem water potential for Control trees (circles) and Covered trees (squares).  
Measurements made in duplicate. Vertical dash lines indicates when chill accumulation was met. Shaded in grey, 
bloom window. Asterisks indicates Duncan mean significant difference between treatments (p<0.05)  

 

Soil matrix potential and SWP on tree Control 3 

The water status of the Control trees followed a pattern similar to the described by the soil 

desiccation (Fig. A11).  Trees showed an decrease in SWP when the soil matrix potential (SMP) on 

the two upper depths dropped from -72 to -133 CBars and -58 to -132 CBars respectively. By the 

same time, the variation at 36 inch depth was only -18 CBars, falling from -39 to -57 CBars.   
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Figure A24. Spring water status of tree Control3 (covered ground) and soil desiccation patterns measured at 12, 18 
and 36 inches depth.  

The SWP showed a strong relationship with the soil matrix potential at 12, 18 and 36 inch (Fig. 

A12, p < 0.001). Note that at 12 and 18 inch below -15 bars the points are separated on the line 

but have the same relationship. Conversely, at 36 inches after -10 Cbars onwards the relationship 

loses linearity showing a polynomic shape.  

 

   

Figure A25. Relationship between the soil matric potential at three depth a) 12 inch, b) 18 inch, c) 36 inch and the 
SWP measured on the Control tree 3 over the  2020 the season.  

 

VPD and evapotranspiration 

The open circles (Fig. A13) shows the dates when significant differences between the mean SWP 

of Covered and Control trees were observed after leaf out. Three of the differences were observed 

in coincidence with events of high atmospheric demand. The first two, were observed in two 
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contiguous weekly measurements during the leaf expansion, which occurred two weeks after leaf-

out. The third and fourth dates occurred after the first week of April when a seasonal condition of 

sustained and increased evaotranspiratory demand occurred, in particular coinciding with two 

spike events on April 15 and June 2. Surprisingly no differences were observed during 

evaotranspiratory spikes on May.  

 
 

  
Figure A26. Daily ET0 and Vapor pressure deficit at Davis station (CIMIS) from February to June. Red open circles 
represent dates when mean SWP differences were significant. Dash grey lines represent Et0 and solid lines VPD. The 
blue dash line is the polynomial order 2 model that fit the data. Vertical dash lines indicates leaf samplings. 

 
Plant 

 

Bloom dates 

Trees in both treatments started the bloom, got full bloom and ended bloom on Feb 19, Feb 20 

and Feb 21, 2020 respectively and there were no differences between treatments (Fig. A14). The 

bloom was concentrated and lasted less than 3 days (data not shown).  
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Figure A27. Average 1st, 50% and 90% bloom dates expressed as day of the year (DOY) for both treatment. Same 
letters represent no significant mean difference between treatments by Duncan (p<0.05).  

 

Morphological leaf response 

Leaves 

Although water stress had no effect on bloom, it affected the early stages of vegetative growth. 

Despite the Covered trees had similar SWP than Controls at leaf out, thirty days later (Fig. 10), 

they had less total spur leaf area, smaller leaves and less leaves per spur than Control trees (Fig. 

A15 a, b, c). In combination, the reduced number of leaves and the smaller leaf size resulted in a 

52% reduction of the total leaf area of the spurs compared to those with not water limitations. 

Visually, these differences were evident. Canopies looked paler and more transparent than the 

controls.  
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Figure A28. Early plant response to limited soil moisture conditions observed on March 30, 2020, 30 days after leaf 
out in a) total spur leaf area, b) single leaf area and c) number of leaves per spur.  Error bars represent ± 1 Standard 
Deviation. Different capital letters on the bars represent significant differences in treatment means by Duncan 
(p<0.05).  

Between March 30 and May 29, total leaf area increased by 11.7% in the Covered trees, but not in 

the Control trees. The leaf size increased in both, Covered and Control trees by 14.5% and 8.2% 

respectively (Table A1). There were no changes in the number of leaves in Covered trees, but it 

decreased in the Control trees by 8.2% which compensate the increase in leaf size observed (Table 

1).  Therefore, the no changes in the total leaf area it was due to a decrease in the number of leaves. 

In both dates Control trees showed larger values in all the variables measured (p<0.0001).  

Table A13. Total leaf area per spur, leaf size and number of leaf per spur measured in two sampling dates in almonds 
deprived from winter rains (Covered) and trees that received irrigation and winter rains (Controls). Data represent 
means + 1 standard deviation.  Different letters in the column represent significant mean difference between 
sampling dates by Duncan (p<0.05). 

Date 

Total area (cm2) Avg area (cm2) # leaf 

Covered Control Covered Control Covered Control 

30-Mar 3.6±1.03 b 5.48±1.63 a 0.55±0.12 b 0.73±0.15 b 6.46±0.83 a 7.45±1.33 a 

29-May 4.02±1.3 a 5.52±1.8 a 0.63±0.15 a 0.79±0.16 a 6.31±0.92 a 6.84±1.27 b 

Change 11.7% 0.7% 14.5% 8.2% -2.3% -8.2% 

p-value 0.0129 0.84 0.001 0.004 0.25 0.001 

F 6.3 0.04 15.38 8.53 1.32 10.39 

CV 30.81 31.21 22.97 20.43 13.75 18.18 
 

 
Leaf size and stress 

The above described appear to be strongly affected by the level of stress reached by each tree As 

it is shown in Fig. 16A and 16B, as the stress level of the plants increased, the size of the leaves 

was reduced and the relationship between these two variables was defined by the following 

equations:  

 

a a a 

b 
b 

b 

A                                                         B                                                        C 
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1st sampling                 Leaf area = 0.006 * Bardays + 1.20                            Eq. 1 
 

2nd sampling               Leaf area = 0.005 * Bardays + 1.50                            Eq. 2 
 

 
The slope in equations Eq. 1 and Eq. 2 showed that the size of the leaves was more affected by 

earlier stress than later stress when leaves have reached almost full expansion. 

On the first sampling date, the trees exposed to early drought conditions showed smaller leaves 

as consequences of the higher levels of stress accumulated. This group of trees was well separated 

from the trees that had greater water availability, less stress and larger leaves (Fig. A16 A). In the 

first sampling date, Covered trees have average leaf area between 0.45 and 0.65 cm2, while Control 

trees in a range from 0.7 and 0.8 cm2.   At the second sampling date, the difference between 

treatments was less evident. The increase in atmospheric demand and the soil moisture depletion 

raised the stress levels of Control trees, and therefore the difference in leaf size were smaller (Fig. 

A16 B). 

  
Figure A29. Relationship between total leaf area measured on Mar 31, 2020 (A) and May 29, 2020 (B) and the bardays 
from leaf out (February 27) to two nearest dates to the sampling (March 27 and May 14 respectively). Triangles 
represent Covered trees, Circles Control trees.  Each point is the mean leaf area of 32 spurs per tree.  

 
Fruit development 

Limited soil moisture during stage 1 of fruit growth negatively affected the drupe development 

measured as dry or fresh weight. Even though, at the end of the stage 2 both treatment showed 

the same weights (Table A2). 
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Table A14 Fresh and dry weight of fruit at stage 1 of growth (Apr, 3) and stage 2of growth (May 22). Data represent 
means ± 1 SD.  Different letters represent significant mean difference between treatment by Duncan (p<0.05).   

 
 
The fruit from trees exposed to early drought in the season (Covered tree) had significant less 

water content than the controls at stage 1 (p<0.0001). However, by the end of stage 2 they showed 

the same water content (Table A3)  

 
Table A15. Evolution of mean water content of fruit in two stages over the growth cycle. Different letters next to the 
means indicate significant differences according to Duncan multiple range test between treatments (p < 0.05).  

Date 
Treat 

Covered Control 
3-Apr 84.07 ± 6.07 a 85.77 ± 4.94 a 

22-May 75.00 ± 7.89 b 74.69 ± 7.39 a 
p 0.0038 0.696 
F 8.5 0.15 

CV 6.54 10.21 
 
The extended lack of soil moisture experienced by Covered trees over the season did not affect 

increase of dry weight compared to Control trees. However, the natural water stress imposed to 

Control trees later in the season negatively influenced its increase in fresh weight (Table A4). 

 
Table A16. One-way analysis of variance (ANOVA) of the percentage of Dry and Fresh weight gained during the 
early stages of fruit growth (Apr 3 and May 22). Same letters in each weight represent not significant difference by 
Duncan multiple range test (p < 0.05). 

Weight Treatment 
Weight increase 

(%) 

Dry  1 
Covered   + 61.73 ± 4.48 a 
Control   + 54.01 ± 3.66 a 

Fresh 2 
Covered   + 38.51 ± 5.66 a 
Control   + 18.49 ± 7.00 b 
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Although the dry weight of the fruit was strongly related to the stress accumulated during stage 1 

of growth, the relationship was not significant at the end of stage 2 of development (Fig.17 A and 

B). 

 

Figure A30. Relationship between total fruit dry weight on Apr 3 (A) and May 22 (B) and bardays at the two nearest 
dates (March 27 and May 14 respectively) Triangles represent Covered trees, Circles Control trees.  Each point is 
the mean leaf area of 32 spurs per tree. 

 

However, in the second stage, a relation between accumulated stress until Apr 30 (three weeks 

before weights) and dry weight was found (Fig.17B). In this case the equation that related the two 

variables was: fruit weight (g) = 0.1075 * SWP + 4.73. This would indicate that the increase of 

stress on the second part of the experiment had a greater impact on the fruit dry weight than the 

early than the previously accumulated stress. 

Total leaf area and fruit weight 

The increase in leaf area between March 30 and May 29 was greater in Covered trees than in the 

Controls. Although the relationship with the dry weight was not significant (p = 0.0574), it showed 

that the increase in dry weight in the fruit was related to the increase in leaf area observed (Fig. 

A18) 
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Figure 31. Dry weight increase in fruit in response to total leaf area increase between March 30 and May 20, 2020. 
Symbols represent treatments. Each data points means of 60 fruit and means total leaf area of 32 spurs per tree.  

 

Stress level and fruit development  

The fully irrigated baseline SWP for any given day and time is defined as the SWP that is expected 

if soil moisture is abundant and not limiting transpiration under the prevailing temperature and 

humidity conditions (Fulton et al, 2018). The comparison of the SWP measurements on each tree 

to fully irrigated baseline SWP estimates at that time allowed to express each tree's SWP in a 

normalized unit of bars below baseline and indirectly estimate the soil moisture status, the water 

depletion performed by each tree, thus the stress produced by this condition.  

According the data, the trees started the vegetative cycle with a water status similar to the base 

line, which means the soil moisture was not a limiting factor early in the season. The trees 

reflected the high environmental demand of the first half of March. After that, all the Control trees 

recovered to values close to the base line, while the Covered ones started to show different levels 

of stress, being the Control 1 tree the most stressed with 10 bars under the baseline (Fig. A19). 

This showed that presumably, the waterproof achieved with the plastic cover was not 

homogeneous, and trees received differential amount of rainwater during the winter.  

From April 23 on, the Control trees became stressed at the levels of the Covered trees, showing a 

gradient different to the observed early in the season (Fig. A19). The trees of both treatments 

increased their stress and were moving away from the base line until the end of the experiment.  
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The stress levels observed from leaf out to the end of March were sufficient to reduce the size and 

number of leaves of the spurs as well as the total leaf area of each spurs as shown before. The early 

growth of the fruits it was also affected by the stress levels observed. There was a strong 

relationship between the dry weight of the fruit collected on April 3 and the stress level measured 

15 days after the leaf out (Fig. A20). This condition did not change the relationship found that 

greater the stress, the smaller the fruit size. However, it showed that the effects of early stress 

could be reversed. 
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Figure A32. Normalized SWP data from leaf out to June 2, 2020. Symbols indicates trees, Covered (filled), 
Control (open). Solid lines describes Control trees, dash lines Covered trees. The shaded area represents the
pattern described by the base line in the site of the study the dates and times SWP were measured. Vertical 
lines represent sampling dates. Each point represent a measure in duplicate 
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Figure A33. Relationship between Normalized SWP respect the base line and fruit dry weights per tree on April 3 
(filled circles) and May 22 (open circles).  Each data point represent mean value 
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