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Abstract: Cherry orchards are transitioning to high-density plantings and dwarfing rootstocks to
maximize production, but the response of these rootstocks to drought stress is poorly characterized.
We used a 16-container, automated lysimeter system to apply repeated water stress to ungrafted
Krymsk® 5 and 6 rootstocks during two growing cycles. Drought stress was imposed by withholding
irrigation until the daily transpiration rate of each tree was 25% and 30% of the unstressed rate
during the first trial and second trial, respectively. After this point was reached, the root-zone water
status was restored to field capacity. Whole-tree transpiration measurements were supplemented
with leaf-level gas-exchange measurements. Krymsk® 6 had a higher rate of photosynthesis, more
vigorous vegetative growth and less conservative stomatal regulation during incipient drought than
Krymsk® 5. At harvest, carbon partitioning to roots was greater in Krymsk® 6 than Krymsk® 5.
The conservative rate of water use in Krymsk® 5 could be a function of greater stomatal control or
reduced carbon partitioning to roots, which thereby limited transpiration rates. Further studies are
needed to confirm that these results are applicable to trees grown using a common grafted scion
under field conditions.

Keywords: drought tolerance; cherry rootstocks; gas exchange; lysimeter

1. Introduction

Sweet (Prunus avium L.) and tart (Prunus cerasus L.) cherries are significant economic
crops in many regions of the world with the top five producers being Turkey, the U.S.,
China, Iran, and Chile [1,2]. Commercial orchard production of sweet cherry has shifted
to the use of dwarfing rootstocks and high-density plantings to maximize yields per
hectare [3,4]. Dwarfing rootstocks increase precocity and reduce costs associated with
pruning and harvesting while shortening return on investment times compared to full-
sized trees [5,6]. At the same time, climate change and increasing competition from
population growth is making water scarcer for irrigation [7]. Plants can overcome drought
through avoidance or adaptation. Morphological adaptations can include reduced leaf
area, greater stomatal regulation, more vertical leaf orientation, and larger root–shoot
biomass ratios. Physiological adaptive measures can also play a role in drought tolerance,
including osmotic adjustment, antioxidant production, and hormone regulation [8]. In
the field, vigorous rootstocks may be less susceptible to drought because large root-zone
volumes and deeper root penetration allow greater access to soil moisture [9]. However,
some studies indicate that dwarfing rootstocks can confer drought tolerance by conserving
water through greater stomatal regulation, increased ABA production, and increasing leaf
and stem water potentials. The dwarfing nature of the rootstocks also serves to reduce
vegetative growth, which limits transpiration [10–12]. Greater drought tolerance is required
as climate change makes precipitation patterns less predictable and extreme weather events
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more common [13]. Tolerance of water stress is also desirable to facilitate implementation
of deficit irrigation to improve orchard management and fruit quality [14].

The degree to which dwarfing rootstocks can withstand drought can vary significantly
among dwarfing lines. The Krymsk® series rootstocks were selected by Dr. Guennadi
Eramin of the Krymsk Experimental Breeding Station in the Krasnodar Krai region in
Russia near the Black Sea [15]. Krymsk® 5 (K5) (Prunus fruticosa × Prunus serrulata var.
lannesiana) is a semi-dwarfing rootstock that performs well under a range of soil types
and has been reported to tolerate heat and cold stress. Krymsk® 6 (K6) (Prunus cerasus ×
(Prunus cerasus × Prunus maackii)) was originally reported to be more dwarfing than K5 but
it has subsequently been found to exhibit variable degrees of dwarfing in relation to K5 [16].
Krymsk® 6 is tolerant of water stress and adapted to cold and heat stress. Both cultivars are
sensitive to prune dwarf virus and Prunus necrotic ringspot virus [17]. Despite widespread
use, there is little quantitative information on Krymsk® series rootstocks’ response to
drought.

Common physiological parameters for drought assessment include stem and leaf
water potentials, canopy temperature, stomatal conductance, sap flow, and trunk diameter
variation [18]. However, when focusing on any one method, there is the possibility of losing
an understanding of the whole plant response to water stress [19]. Weighing lysimeters
incorporate whole tree responses and results can be interpreted directly without scaling
or extensive data processing [20]. Lysimeters also avoid the problems of localized sensor
response and are unaffected by growth rate.

Our objective was to investigate the response of K5 and K6 rootstocks to acute severe
drought and their ability to recover using a weighing lysimeter. Results provide insights
into the differing responses of both cultivars during drought conditions and will help
breeders and growers make informed decisions in rootstock selections.

2. Materials and Methods

Ungrafted K5 and K6 rootstocks grown in Ellepot™ containers were obtained from a
commercial nursery (Sierra Gold Nurseries, Yuba City, CA, USA) in the fall. Trees for the
first trial were transplanted into 20 L containers filled with an 80% silty clay loam, 20%
peat media amended with 4.15 g/L slow-release fertilizer (Polyon 18-6-12, 5-6 Mo.) and
allowed to establish for 3 months in a greenhouse environment. Trees for the second trial
were transplanted into 3 L containers with the same media and allowed to overwinter
outdoors. The following spring, these trees were transplanted into 20 L containers and
grown for 1.5 months. For both trial establishment periods, trees were watered as needed
(generally every 2–3 days) to maintain well-watered conditions. In both trials, once trees
were well-established in the 20 L containers, eight trees per cultivar were selected for
uniformity and transferred onto a 16-cell weighing lysimeter system (Figure 1). This
greenhouse system has been described by [21,22] but will be briefly reviewed here. Each
load cell platform consisted of a 35 kg beam load cell anchored between two aluminum
plates (Figure 2). Load cells were spaced approximately 1.5 m away from each other
in all directions. Containers were white plastic to minimize thermal loading. During
the second trial, containers were wrapped with insulation to further minimize thermal
changes in the root zone. After establishing field capacity, drain holes in the bottom
were plugged to prevent leaching. The soil surface was covered with aluminum foil to
minimize evaporation. Load cells were connected to a data logger that continuously
recorded container mass. Load cells were able to provide resolution down to 0.1 g and
after calibration had an average error rate of less than 1% due to temperature effects.
Daily transpiration was calculated from change in initial and final mass every 30 min and
summed over 24 h. The root zone was brought to field capacity by irrigating until leachate
was observed from the drainage holes and then noting the container mass after 24 h from
when leaching stopped. Individual container masses were programmed into the data
logger as the upper soil moisture threshold. For both trials, trees were lightly pruned to
equalize initial transpiration rates. Peak transpiration rates under field capacity were noted
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for each individual tree before the start of each trial. Transpiration rates were then allowed
to decline to 25% of peak values before irrigation was triggered during the first trial. This
was increased to 30% of peak transpiration rates for the second trial because of leaf burn
and defoliation observed during the first trial. Transpiration responses were compared to
initial transpiration rates, before drought was imposed, for each tree. A relay driver was
used to control 16 solenoid valves that were activated when individual load cells fell below
a pre-programmed lower threshold.
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Figure 1. The 16-cell lysimeter system used to assess transpiration rates for Krymsk® 5 and 6
rootstocks for Trial 1 (A) and Trial 2 (B). Containers were covered with aluminum foil to minimize
evaporation from the soil surface. Three drought cycles were imposed during each trial period.

During the second trial, gas exchange measurements were made with a portable
photosynthesis system (Li-Cor 6800, Li-Cor, Lincoln, NE, USA) the day of peak drought
stress, and two days after irrigation when recovery transpiration rates had peaked. Cham-
ber conditions were set to the following parameters: fan speed of 5000 rpm, flow rate of
600 µmol s−1, CO2 concentration of 400 µmol mol−1, leaf temperature of 25 ◦C, leaf vapor
pressure of 1.5 kPa, and irradiance of 700 µmol m−2 s−1 with 10% blue and 90% red. Three
trees per treatment were measured with three leaves sampled per tree. After clamping on
a leaf, the chamber was allowed 10 min to come to equilibrium before taking a running
average of gas exchange parameters for 20 min.

For both trials, supplemental lighting was provided by nine 1000-watt high-pressure
sodium lights. During the first trial, average day/night greenhouse temperatures were
25/18 ◦C and daily light integral averaged 13 mol m−2 d−1. During the second trial, average
day/night greenhouse temperatures were 30/19 ◦C and daily light integral averaged
21 mol m−2 d−1. Trees were destructively harvested at the end of each trial. Trunk
diameter at 3 cm above the soil surface was measured and trunk cross-sectional area was
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calculated. Leaves were removed and weighed and area (LI-COR, model LI-3100C area
meter, Lincoln, NE) of leaves representing 10% of leaf fresh weight was determined, and
whole-canopy leaf area extrapolated. Leaf and woody tissue dry mass were measured after
drying for three days at 80 ◦C. Root balls were washed to remove all bound soil with care
taken to retain as many fine roots as possible. All tissues were oven dried for three days at
80 ◦C before final measurement of dry mass. The percentage of root mass was calculated
as a function of dry root mass over total dry mass.
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Figure 2. Diagram of individual lysimeter cell consisting of a 35 kg weighing load cell enclosed
by two aluminum plates and connected to a data logger. Data loggers also controlled irrigation
through solenoid valves and drip tubes connected to each bucket. Rootstocks had water withheld
until transpiration rates declined by 75% during Trial 1, and 70% in Trial 2. Once transpiration
rates declined to these thresholds irrigation was independently triggered for each individual tree,
returning the soil to field capacity.

Both trials were completely randomized on the lysimeter system with rootstock culti-
var treated as a fixed effect. Each rootstock cultivar had eight replicate trees. Cumulative
transpiration, number of dry-down days, and gas exchange parameters were analyzed
utilizing two-way repeated measures multivariate analysis of variance (MANOVA). All
other variables were analyzed using a two-way analysis of variance (ANOVA). All data
were analyzed using R statistical software (R Foundation for Statistical Computing, Vienna,
Austria).

3. Results

In the first trial, K6 had significantly more dry root mass (p = 0.01) and a higher
percentage of root mass (p < 0.01) than K5 rootstocks (Figure 3), but there were no statistical
differences among leaf or shoot dry mass, trunk cross-sectional area, or leaf area. In the
second trial, trunk cross-sectional area (p = 0.04) and percentage of root mass (p < 0.001)
were higher in the K6, though root dry mass was not significantly different between
cultivars (p = 0.22). Canopy harvest parameters were higher in the K5 series including leaf
dry mass (p < 0.01), leaf area (p < 0.001), and total shoot dry mass (p < 0.001).

The number of days to reach the minimum transpiration threshold, thus depleting soil
available water, was significantly greater (p = 0.02) during the first trial with K5 averaging
12 days and K6 averaging 8.8 days across all trees over three dry-down events (Figure 4).
During the second trial, there was no significant difference between rootstocks in the
number of days to dry down to the minimum threshold between treatments with both
rootstocks taking approximately 6 days.
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Figure 3. Selected average destructive harvest parameters: (A) leaf dry mass, (B) percentage root
mass, (C), shoot dry mass, (D) trunk cross-sectional area, (E) root dry mas, and (F) leaf area for
rootstocks Krymsk® 5 (red) and 6 (green) over the course of two trials in which drought was imposed
using a 16-cell lysimeter system. Each load cell was independently controlled, and when cumulative
transpiration fell below 75% of peak transpiration for the first trial, and 70% for the second trial,
irrigation was triggered. Bars represent standard error from 8 replicate trees. *** p < 0.001; ** p < 0.01;
* p < 0.05.

In both trials, there was no statistical difference between K5 and K6 transpiration rates.
For the first trial, pre-trial transpiration rates had an average of 1.2 kg/day in the K6, and
0.9 kg/day in the K5. For the second trial, pre-dry-down transpiration rates in K6 reached
1.7 kg/day and K5 transpiration rates peaked at 1.5 kg/day. For both the first and second
trials, transpiration rates did not recover to their pre-drought levels after the first drought
event (Figure 4). Both rootstocks had similar recovery (peak) transpiration rates following
the second and third drought events in both trials. However, during the second trial after
the first drought event, K5 tended to have higher average transpiration rates than K6 on
the day before peak transpiration rates were recorded.
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Figure 4. Average daily transpiration rates for Krymsk® 5 (red triangles) and Krymsk® 6 (green circles) rootstocks during
Trial 1 (A) and Trial 2 (B). Rootstocks had water withheld until transpiration rates declined by 75% during Trial 1 (top),
and 70% in Trial 2 (bottom). Once transpiration rates declined to these thresholds, irrigation (blue dotted lines) was
independently triggered for each individual tree, returning the soil to field capacity. Normalized trial date is used based on
when each tree began its drought cycle. Bars represent standard error from 8 replicate trees.

K6 rootstocks had higher rates of carbon assimilation (p = 0.01), transpiration (p < 0.01),
and stomatal conductance (p < 0.01) in the second trial (Figure 5). There was no difference
in water use efficiency (p = 0.67) between rootstocks; however, water efficiency increased
significantly over the course of the trial in K6 (p = 0.01) while no significant increase in
water use efficiency over time was noted in K5 (p = 0.10).
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Figure 5. Leaf level gas exchange parameters: (A) carbon assimilation, (B) transpiration, (C) stomatal
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4. Discussion

There were significant interactions between trials and leaf dry mass, shoot dry mass,
root dry mass, and leaf area (Figure 3). Differences in seasonality and overwintering of the
trees used in the second trial may have impacted trial results. Trees for the first trial were
received in the late fall, transplanted and allowed to establish for three months before being
placed on the lysimeter system. Because it was already late in the season, it is possible
that these trees had begun downregulation of their metabolism in preparation for winter
dormancy. Artificial extension of the growing season in a greenhouse setting may have
resulted in more muted physiological responses, as can be seen in lowered transpiration
rates for the first trial (Figure 4A). Trees for the first trial had a higher shoot and root mass
than those in the second trial; however, this was a result of being given three months to
establish before the start of the trial, partially due to their slower growth rate. For the
second trial, vigorous growth occurred in both rootstocks after emerging from the over
wintering period. This vigorous growth rate continued when plants were placed on the
lysimeter system 45 days later. The shorter establishment time was beneficial as smaller
trees were better accommodated by the lysimeter system. Despite these limitations, several
patterns were apparent in both trials.

Over the course of the first trial, K6 had significantly fewer days to minimum tran-
spiration thresholds (p = 0.02). During the second trial, while the difference in average
days to minimum transpiration was not significant (p = 0.75), K6 trees showed a pattern
of using available water more quickly than K5 (Figure 4B). This was corroborated by
higher leaf-level carbon assimilation (Figure 5A), transpiration (Figure 5B), and stomatal
conductance (Figure 5C) in K6 measured by gas exchange throughout the second trial. K6
also showed a significant increase in WUE (Figure 5D) over the course of the second trial.
Canopy effects can play a significant role in plant water use strategy and adaptation to
drought stress through increased stomatal regulation and decreased leaf area [23,24]. Given
the role of canopy effects in drought responses, consideration of physiological changes
in grafted trees is necessary before extrapolating from studies on ungrafted rootstocks.
However, previous studies on Prunus species have found that more vigorous rootstocks
increase stem water potential, CO2 assimilation rate, stomatal conductance, intercellular
CO2 concentration, and photochemical efficiency in their grafted scions [25]. Rootstock
growth potential has also been positively correlated to cytokinin levels in xylem sap, which
in turn impacts shoot vigor [26]. These changes to whole-plant physiology suggest that
responses of ungrafted rootstocks can provide a good indication of responses in grafted
trees. Furthermore, research in the Netherlands found Kordia scions grafted to K6 root-
stocks produced more fruit per tree than those grafted to K5, which suggests that greater
carbon assimilation may be conferred by K6 rootstocks [27]. Carbon assimilation rates
of K6 were also higher than those noted in the sweet cherry variety Black Star grafted to
semi-dwarfing rootstock Gisela™ 6, again suggesting more vigorous responses from K6
compared to other dwarfing rootstocks [28].

Consideration of parent species is useful in understanding results from this study. K6
is a hybrid between the domesticated P. cerasus and another hybrid consisting of P. cerasus
× P. maackii. Prunus cerasus is thought to have originated through a natural cross between
P. avium and P. fruticosa, which has been used in domesticated settings since 300 BCE. This
is thought to make it more responsive to intensive management [29]. K5, by contrast, is a
hybrid between the relatively wild species of P. fruticosa and the ornamental P. serrulata.
Prunus fruticosa is a relatively short, wild shrub (0.5–1 m) that confers dwarfing qualities
and drought and frost tolerance when crossed with other Prunus species [30]. Prunus
serrulata, while cultivated in landscaped settings, has not been the focus of agronomic
breeding and may be less developed for vigorous growth [31].

During the first study, there was no significant difference in leaf area (p = 0.99) or leaf
dry mass (p = 0.47) between cultivars, indicating equivalent canopy sizes, however K5 took
significantly longer to reach irrigation thresholds. During the second trial, differences in
time to reach irrigation thresholds was not significant between K5 and K6 but K5 rootstocks
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had a significantly larger canopy with greater leaf area (p < 0.01) and leaf dry mass (p < 0.01)
(Figure 3). In both trials, K5 had a lower percentage of root mass as a function of total dry
weight and lower leaf level transpiration rates, except for in the second recovery phase
during the second trial (Figure 5B). This pattern of more conservative water use in K5 could
be a function of either greater stomatal control or a smaller root system, which in turn
limited transpiration rates. More conservative water usage by K5 rootstocks may be due to
their relatively less domesticated lineage, as prolonged severe drought is more common in
wild land settings. K6 rootstocks, with a predominance of P. cesarus genetics, may be more
adapted to high-input agricultural settings in which resources are generally abundant and
trees are bred for vigor.

Drought events in the field often occur gradually, whereas the imposition of individual
drought events in this study occurred over 6 to 9 days. Osmotic adjustment is dependent
on the rate of stress development with more progressive water stress allowing for greater
upregulation of osmotic potential in plant tissues [32,33]. Significantly reduced leaf os-
motic potentials (Ψπ) have been observed in peach scions grafted to Prunus rootstocks
after 16 days and one month of progressive drought when compared to well-watered
controls [34,35]. This contrasts with findings in ungrafted P. persica where, following rapid
imposition of drought over the course of 8 days, stressed trees showed no significant
differences in Ψπ when compared to well-watered controls [36]. The more rapid onset
of individual drought events in this study may have limited the initial degree of osmotic
adjustment. However, the repeated cycling of drought and rewatering should have allowed
for osmotic adjustment over the course of the trials, which lasted 48 days for the first trial
and 25 days in the second trial.

5. Conclusions

Neither K5 nor K6 returned to pre-drought transpiration rates after water was restored,
but Krymsk® 6 maintained higher rates of photosynthesis, transpiration, and growth during
drought. Krymsk® 6 had a greater root mass fraction in both trials and appears to be better
adapted to repeated cycles of drought stress. Further studies are needed to determine if
these patterns in ungrafted rootstocks are consistent when rootstocks are grown with a
common grafted scion and under field conditions.
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