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Abstract. Irrigation decision support systems evolving in the domestic temperate tree
fruit production industry incorporate measures of soil moisture status, which diverges
from classic physiological indicators of edaphic stress. This study used an autonomous
sensor-based irrigation system to impose a water deficit (soil matric potential targets
of -25, 40, —60, and —80 kPa) on ‘Autumn Gala’, ‘CrimsonCrisp’, and ‘Golden Deli-
cious’ apple (Malus domestica) cultivars grafted to ‘Budagovsky 9’ rootstock in the
greenhouse (n = 60). It was hypothesized that relationships between physiological
plant function, assessed via infrared gas exchange and chlorophyll fluorescence, and
the soil matric potential may be used to advance emerging irrigation decision support
systems. Complications arising from defoliation by day 11 at —60 and —80 kPa indicate
the generation of substrate-specific soil-water relationships in research applications of
autonomous sensor-based irrigation systems. ‘Autumn Gala’ carbon assimilation rates
at —80 kPa declined from day 0 to day 8 (9.93 and 5.86 pmol-m s~ carbon dioxide),
whereas the transpiration rate was maintained, potentially reducing observed defolia-
tion as other cultivars increased transpiration to maintain carbon assimilation. Correla-
tion matrices revealed Pearson’s r < |0.43| for all physiological metrics considered with
soil matric potential. Nevertheless, exploratory regression analysis on predawn leaf wa-
ter potential, carbon assimilation, transpiration, stomatal conductance, and nonphoto-
chemical quenching exposed speculatively useful data and data shapes that warrant
additional study. Nonlinear piecewise regression suggested soil matric potential may
useful as a predictor for the rate of change in predawn leaf water potential upon expo-
sure to a water deficit. The critical point bridging the linear spans, —30.6 kPa, could be

useful for incorporating in emerging irrigation decision support systems.

Irrigation management choices in com-
mercial temperate fruit production systems
vary by region, yet are dominated simply by
grower experience or, in fewer cases, by fol-
lowing regional evapotranspiration estimates.
Nevertheless, the use of agricultural technol-
ogy providers and concomitant popularity of
decision support platforms is hypothesized to
increase as autonomous monitoring technolo-
gies mature and the cost barrier to entry
declines. Principally, irrigation monitoring
technologies can be separated by those using
soil-based indicators, weather-based indicators,
plant-based indicators, and some combination
of the preceding (Osroosh et al. 2016). Cur-
rently, numerous decision support platforms
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incorporate soil moisture indicators into irri-
gation recommendations. Equipment, how-
ever, is varied, from applications of remote
sensing such as the North American Space
Administration’s Soil Moisture Active Passive
satellite network, unmanned aerial vehicles in-
corporating agricultural imaging systems (i.e.,
drones), and ground-based measures consist-
ing of multiple environmental sensor types.
Soil moisture sensors can be divided into
those that measure volumetric water content
and those that measure the tension (i.e., pres-
sure) of water held in the soil. The volumetric
sensor type includes capacitance-based sen-
sors determinant on the capability of the soil
to store electric charge, time domain reflec-
tometry sensors measuring the dielectric
constant of the soil, and radioactive neutron
probes measuring the scattering of neutrons
dependent on soil hydrogen content. Tension-
type soil moisture sensors include tensiometers
that measure pressure directly and granular
matrix sensors that function as a rheostat, a
variable resistor dependent on water ingress
into the granular matrix. For a more compre-
hensive discussion of soil moisture sensing,
we direct readers to a description by the Uni-
versity of Minnesota Extension (2019). Soil
moisture is a commonly used sensing tech-
nology for irrigation support systems because

of its lower cost of entry, ease of measure-
ment, and interpretation relative to techniques
focusing directly on plant physiology. Some
real-time plant physiological monitoring plat-
forms are currently in an early adopter phase,
yet the classic measures of plant physiologi-
cal response to drought stress are point-based
handmade measures.

Leaf and stem water potential indicate the
internal water status of plants and are used
routinely as one of the metrics for quantifying
drought responses in woody species includ-
ing apple (Davies and Lakso 1979; Twor-
koski et al. 2016). It has also been established
that as leaf water potential declines, stoma
closure occurs to prevent water loss via tran-
spiration, thereby limiting atmospheric CO,
intake and inhibiting photosynthesis (Lakso
and Seeley 1978). Therefore, photosynthesis
parameters with respect to gas exchange, in-
cluding photosynthetic carbon assimilation (A),
transpiration rate (E), stomatal conductance (gs),
intrinsic water-use efficiency (WUE) (A-to-g;
ratio, indicating a trade-off between photosyn-
thesis and transpiration), and chlorophyll fluo-
resce, such as quantum yield for photosystem II
photochemistry (Sooriyapathirana et al. 2021),
are identified as standard indicators for plant
physiological changes under a water deficit.

The prior physiological metrics, despite
being commonly used in research settings,
have a limited commercial adoption as a re-
sult of costly equipment requirements, techni-
cal proficiencies inconsonant with workforce
composition, and 3 lack of autonomy (Rodri-
guez-Dominguez et al. 2022). These con-
cerns, coupled with the need for continual
measurement for the detection of the onset of
water deficit stress, have led to commercial
movement toward autonomous decision sup-
port systems referred to earlier (Jiang and He
2021; Osroosh et al. 2016).

In an academic setting, horticultural drought
stress research is typically conducted in one of
three ways. First and most commonly, water
supply is removed entirely or modified as a per-
centage of a “typical” event volume (Bhusal
et al. 2023). Second, lysimeters can be used to
determine precisely the plant water demand us-
ing a mass-balance approach for watering, but
may be best suited to studies of short duration,
which limits the biomass accumulation to avoid
entanglement with the inferred water mass
balance (Granier et al. 2006; McCauely and
Nackley 2022). Third, researchers may derive
or measure evapotranspiration dynamics and
modify irrigation events conforming to a per-
centage of total evapotranspiration (Osroosh
et al. 2015, 2016). Attempts to study the effi-
cacy of using soil tension sensors for informing
irrigation decisions in apple have relied on the
“refill” methodology. Herein, two thresholds of
soil matric potential are selected for repre-
senting wet and dry soil conditions. Irrigation
is initiated manually upon sensor readings
surpassing the dry threshold and is ceased
when the wet threshold is reached, thereby
refilling the media’s pore space. In prior
investigations, both adequate and underirriga-
tion of field-planted apple trees were ob-
served using this methodology compared
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with competing decision support systems in-
corporating weather-based and conventional
intuition-based approaches (Jiang and He
2021; Osroosh et al. 2016). Additional efforts
to maintain soil matric potential in between
wet and dry conditions are needed for a more
complete understanding of the potential of
tension-based soil moisture sensors for irriga-
tion decision support systems. Furthermore,
measurement of plant physiological response
to drought stress conducted concomitantly
with autonomous soil moisture monitoring
and control systems can provide practical in-
sights for increasing the utility of soil mois-
ture sensory platforms and decision support
systems. One example, in a regression of pre-
dawn leaf water potential of potted apple
trees by soil water content reported by Twor-
koski et al. (2016), suggested the probability
of encountering substantially stressful plant
water potentials may be deduced from the ra-
tio of the soil water mass to the substrate
mass.

Recently, a platform for soil matric potential
measurement and sensor-based irrigation auto-
mation, Open_Irr (USDA-ARS, Kearneysville,
WV, USA), was designed for use in horticul-
tural research studies of edaphic stresses (Bierer
2023). The Open_Irr system was designed
to use granular matrix Watermark® sensors
(Irrometer Co. Inc., Riverside, CA, USA)
because they have a lower cost compared
with several other soil-based sensor types;
as an analog sensor, they are well suited for
low-cost data-logging solutions; and tension-
based sensors have a direct tie to plant water
availability over volumetric-based sensors.
Some disadvantages of the granular matrix
Watermark® sensors are that the response
time to changes in soil water is on a minutes-
scale delay; sensor-to-soil contact is critical
for proper readings, which leads to a lesser
reliability in sandy soils; and soil salinity and
temperature can affect readings. Notably, the
Open_Irr system allows for long-term horti-
cultural study (i.e., scenarios encountering sub-
stantial biomass accumulation or dynamic plant
water needs by triggering irrigation events di-
rectly and autonomously using Watermark®
sensor readings). In this way, the water deficit
imposition is fully autonomous and can be
studied at various extremities between the typi-
cal wet and dry threshold system previously ex-
plored for soil tension sensors. Furthermore,
research emphasis can be placed on plant
physiological response rather than water ad-
ministration. Therefore, it is of particular in-
terest to examine relationships between the
soil matric potential and the scientific stan-
dard physiological responses to a water defi-
cit with the ambition of improving emerging
decision support systems incorporating soil-
based sensing technologies.

This study details the first research trial of the
Open_Irr platform for autonomous imposition of
drought stress in three apple cultivars—Autumn
Gala, CrimsonCrisp, and Golden Delicious—
grafted to a common ‘Budagovsky 9’ rootstock.
Despite varying in their fiuit quality and disease
resistance, these three midseason cultivars are
similar in vigor (moderate to moderately high)
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and economically important apples in the mid-
Atlantic region of study, and thus were selected
for this research. The objectives of this study
were to identify plant physiological responses to
water deficit levels imposed by the Open_Irr sys-
tem, to determine any influence of scion cultivar
grafted on a common rootstock on physiologi-
cal responses of the trees to a water deficit, and
to determine whether useful relationships exist
between plant physiological responses and soil
moisture status (i.e., the matric potential) that
may support emerging decision support
systems.

Materials and Methods

Two factors, scion cultivar (Autumn Gala,
CrimsonCrisp, and Golden Delicious) and
the targeted soil matric potential (—25, —40,
—60, and —80 kPa), were considered in a ran-
domized complete block design, with five
blocks arranged in north-south rows in a
climate-controlled greenhouse. In this ar-
rangement, all cultivar-by-matric potential
combinations (n = 12) were present in each
block (N = 60). Three pots in each block
were assigned the same matric potential target
and were considered as a group for the trigger
of irrigation events based on the mean soil ma-
tric potential. In our study, drought conditions
were imposed based on limiting watering
events to occur based on a soil matric potential
target using the Open_Irr platform (Bierer
2023). Briefly, a municipal water source was
routed to distribution manifolds connected to
solenoid valves and a 1.9-cm-diameter irriga-
tion dripline with a single emitter installed per
pot. Resistive granular matrix type Water-
mark™ sensors were installed in each pot and
the sensor readings were used to trigger irriga-
tion events following an algorithm to identify
potential outlier sensors and calculate a mean
for each three-pot group. The irrigation event
duration was 6 s, corresponding to a mean dis-
charge volume of 10.2 mL per event. After an
event was triggered, additional events were
prohibited for 15 min to allow for a granular
matrix sensor response time. For additional in-
formation on the irrigation automation setup
or the outlier algorithm, a more comprehen-
sive explanation is given in the Open_Irr hard-
ware publication (Bierer 2023).

The potting substrate was specified as a
mineral soil to optimize the contact between
the Watermark® sensors and substrate because
commercial potting media is less effective for
resistive-based soil moisture monitoring. Soil
was collected from the top 20 cm of a soil
profile in Jefferson county, WV, USA, and
was classified as a Funkstown silt loam (fine-
loamy, mixed, active, mesic, Oxyaquic Haplu-
dalfs) based on latitude and longitude by web
soil survey (Soil Survey Staff 2021). The soil
was collected from a field in perennial hay
production with primary constituents of alfalfa
(Medicago sativa L.), johnsongrass (Sorghum
halepense L.), and orchardgrass (Dactylis
glomerata L.). Soil was field-screened to 1 cm
then dried at 60 °C before further use. High-
drainage 3150-cm’-square tree pots (with a
height of 30.5 cm and a taper of 13 x 13 mm-—

7.6 x 7.6 mm) were selected to allow addi-
tional height for sensor deployment, enhanced
drainage properties, and compatibility with a
grid-based support frame constructed in the
greenhouse. Cheese cloth was placed over
the bottom of each pot to prevent soil
passthrough.

Two-year-old bare-rooted nursery trees
were potted in the following stages to allow
proper deployment of soil moisture and tem-
perature sensors within the rooting zone.
First, 725 g of air-dried soil was placed into
each pot. Soil moisture and temperature sen-
sors were then held in place as a 2:1 soil-to-
water mixture was poured to surround and
support the Watermark® and calibration-re-
lated temperature sensors. The mixture was
prepared by mass as 800 g of air-dried soil;
the water counterpart was from a municipal
source. Pots were left to rest for 5 d to attain
partial drying and support the sensors firmly.
During this time, 30-cm cotton-fiber wicking
cords were installed in each pot by folding
one edge of a cord around a flat-head screw-
driver and inserting it, through the cheese
cloth cover, 5 cm into the bottom of each pot.
After 5 d had elapsed, trees were removed
from cold storage and pruned to a 10-cm
rooting depth and a 70-cm height above the
graft union for approximate standardization.
On 3 Feb 2022, trees were held in place as
1335 g air-dried soil was poured into the pot
around the root tissues. The soil in each pot
was pressed gently to ensure stability of the
potted trees. Then, 800 mL of municipal
water was added to each pot to wet the media
thoroughly. The tree diameter 15 cm above
the graft union was recorded immediately
after planting as the average of north—south
and east—west measures using digital calipers.
All trees were hand-watered twice per week
to saturation while breaking dormancy and
accumulating foliage before the period of
study. None of the experimental trees pro-
duced flowers during the period of study.

On 25 Mar 2022, hand-watering ceased
and the water management system of the
Open_Irr device was enabled and set to main-
tain a soil matric potential of all pots at
—25 kPa to equilibrate. The Open_Irr device
recorded the soil matric potential of each pot
on a 15-min interval and opened solenoid
valves automatically in between the pressur-
ized municipal water line and dripline leading
to respective emitters for 6 s at a time for in-
tended maintenance of the soil matric poten-
tial targets. On 16 May 2022, the soil matric
potential targets (25, 40, —60, and —80 kPa)
were specified in the Open_Irr device and the
water deficit study commenced. The soil ma-
tric potential targets were chosen to reflect a
generalized soil-water retention curve for the
silt loam soil texture (Leong and Rahardjo
1997) and existing literature regarding soil
matric potential thresholds for irrigation in
apple. Note that substantial desiccation, lead-
ing to defoliation, occurred during pot dry-
down in the —60- and —80-kPa treatments,
which restricted the number of measurements
made with either fluorometer or infrared gas
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analyzer (IRGA) devices on later dates start-
ing 27 May (day 11).

A fluorometer (MultispeQ; PhotosynQ
Inc., East Lansing, MI, USA) was used to
measure aspects of photosynthetic quenching
based on leaf chlorophyll fluorescence on 16,
18, 19, 20, 23, 25, 31 May 2022 and 2, 6, 8,
10, 13 Jun 2022 on two fully expanded leaves
per tree. Inadvertently, on 31 May, only a
single leaf per tree was measured by the fluo-
rometer. Similarly, a CO,/H,O differential
(CIRAS-3; PP Systems, Amesbury, MA,
USA) was used to measure leaf gas exchange
on 17, 18, 20, 23, 25, 31 May and 2, 6, 8, 10,
13 Jun also on two fully expanded leaves per
tree. Measurements were acquired at solar
noon (~11:30 AM—-1:30 PM) to ensure stable
environmental conditions (mean air tempera-
ture, 29.6 + 2.9°C; intensity of photosyntheti-
cally active radiation, 471 + 338 wmol-s '-m™).
Note that incoming radiation was partially re-
duced by a conventional greenhouse shading
agent (manufacturer unknown) during the pe-
riod of study. A Scholander pressure chamber
(Soil Moisture Equipment Corp., Santa
Barbara, CA, USA) was used to observe pre-
dawn leaf water potential on 16, 18, 21, 23,
25,27, 31 May and 2, 6, 8, 10, 13 Jun 2022
on a single leaf from each tree. Leaves
were bagged with plastic bags (Whirl-Pak;
Filtration Group, Oak Brook, IL, USA) di-
rectly before petiole excision at the branch,
after which the bag was transferred to the
Scholander pressure chamber for pressuriza-
tion using 99% N, gas.

Statistical analysis. All analyses were
completed using the R programing language
(R ver. 4.1.1; Foundation for Statistical
Computing, Vienna, Austria) with support
of the tidyverse package [tidyverse ver.
1.3.2 (Wickham et al. 2019)] and associated
dependencies. Tree diameters were assessed
via one-way analysis of variance (ANOVA)
by cultivar to determine potential differences
in vigor at the beginning of the study. Scho-
lander pressure chamber measurements were

limited by the presence of viable leaves for
assessment beginning on 2 Jun 2022. When
fluorometer and IRGA measurements were
available for two leaves, parameter means
were determined and used thereafter. A sub-
set of fluorescence-based parameters: non-
photochemical quenching (NPQ,), quantum
yield of photosystem II (¢,), relative fluores-
cence during or after illumination (Fm’), ini-
tial fluorescence during or after illumination
(Fo’), maximum quantum efficiency, proton
conductivity (gH+), leaf temperature, leaf
temperature differential, photosystem I active
centers, photosystem I open centers, photo-
system I over-reduced centers, photosystem
I oxidized centers, and soil plant analysis
development relative chlorophyll content
(SPAD), and gas exchange parameters—gs,
sub-stomatal CO, concentration (Ci), leaf
temperature, A, E, and WUE—were se-
lected for analysis. It was of interest to
identify physiological responses that were
correlated with the soil matric potential.
Therefore, Pearson’s correlation matrices
were generated between plant physiological
measures and the soil matric potential using
the Hmisc [Hmisc ver. 4.8-0 (Harrell Frank
and Charles 2021)] and corrplot [corrplot
ver. 0.92 (Wei et al. 2021)] packages. To
coalesce data sets, soil matric potential data
were filtered for observations within time inter-
vals of physiological measurements using the
lubridate package [lubridate ver. 1.9.2 (Spinu
et al. 2023)]. The mean soil matric potential
occurring within the time interval of physio-
logical measurements was determined for
each pot and used thereafter. Before genera-
tion of the correlation matrix, data were
screened for outliers using the Hampel Filter
method, in which observations above or below
three median absolute deviations were omitted
from the Pearson’s correlation. All tests were
considered significant at a P < 0.05, excluding
additional exploratory regression analysis con-
ducted when qualified by Pearson correlation
coefficients > |0.2| between the soil matric

potential and photosynthesis-related measures
derived from chlorophyll fluorometer and
IRGA devices. The photosynthesis-related
physiological parameters are summarized in
Table 1.

To determine the effects of scion cultivar
and water deficit extremity (i.e., treatment),
the Ime4 and lmerTest packages [lme4 ver.
1.1-31 and lmerTest ver. 3.1-3 (Bates et al.
2015; Kuznetsova et al. 2017)] were used to
develop linear mixed-effects models by de-
pendent variable, and days after water deficit
imposition using fixed effects of cultivar, the
soil matric potential setting, and their interac-
tion, whereas block was considered a random
effect. The Satterthwaite method was used for
denominator df and all ANOVAs considered
significance at P < 0.05. Because the intention
was to provide an overview of relationships be-
tween plant physiological parameters and the
soil matric potential, ANOVA output is pre-
sented whereas summary statistics and post-hoc
mean separation have been provided as Supple-
mental Tables 1-5 for additional consideration.

Results

One-way ANOVA indicated, before the
start of the study, no significant difference
(P = 0.275) in scion diameter by cultivar.
Scion diameters ranged from 6.7 to 9.6 mm,
with a mean of 8.4 mm. At the onset of water
deficit imposition, the fully autonomous
Open_Irr irrigation system was observed to
induce irrigation events corresponding to pre-
determined soil matric potential thresholds,
which continued until study completion
(Bierer 2023) (Fig. 1).

Core functionality of the platform to trig-
ger irrigation events was deemed successful;
however, mean deviation from the matric po-
tential targets after the first drying curve was
common and exacerbated at the —60- and
—80-kPa targets as a result of rewetting
events and the logarithmic nature of soil
water retention. In consequence, results

Table 1. Photosynthesis-related parameters considered in fluorometer and infrared gas analyzer monitoring equipment.

Parameter Abbreviation Reference
Leaf chlorophyll fluorescence fluorometer
Nonphotochemical quenching NPQ;, Tietz et al. (2017)
Quantum yield for photosystem II photochemistry [0 Genty et al. (1989)
Relative fluorescence yield during or after illumination Fm’ Tietz et al. (2017)
Initial fluorescence during or after illumination Fo’ Tietz et al. (2017)
Maximum quantum efficiency Fv/Fm’ Kitajima and Butler (1975)
Proton conductivity gH+ Kanazawa and Kramer (2002)

Leaf temperature

Leaf temperature differential

Fraction of photosystem I active centers
Fraction of photosystem I open centers
Fraction of photosystem I over-reduced centers
Fraction of photosystem I oxidized centers

Soil plant analysis development relative chlorophyll content

Gas exchange by infrared gas analyzer
Carbon assimilation
Substomatal CO, concentration
Transpiration
Stomatal conductance
Leaf temperature
Photosynthetic water use efficiency

PSI active centers
PSI open centers
PSI over-reduced centers
PSI oxidized centers
SPAD

A
Ci
E
8&s

WUE

PP Systems (2013)

PP Systems (2013)

Kanazawa et al. (2017)

Kanazawa et al. (2017)

Kanazawa et al. (2017)

Kanazawa et al. (2017)

Raymond Hunt and Daughtry (2014)

PP Systems (2013)
PP Systems (2013)
PP Systems (2013)
PP Systems (2013)
PP Systems (2013)
PP Systems (2013)
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Fig. 1. Daily means and one standard deviation of the mean soil matric potential as observed during the period of study. Four matric potential points (-25,
—40, —60, and —80 kPa) were used as irrigation thresholds (i.e., trigger points) for a singular irrigation event in the Open_Irr automation firmware.

presented hereafter may be focused within
the context of time-matched observations.

Pearson’s correlation matrices between
the soil matric potential and plant physiologi-
cal parameters suggested no significant corre-
lations; nevertheless, correlation coefficients
ranged from —0.16 to 0.43 under gas exchange
parameters Ci and A, respectively (Figs. 2 and
3). Four gas exchange parameters had correlation
coefficients with a soil matric potential > (0.2,
prompting additional exploratory regression
analysis.

A significant intercorrelation among fluo-
rometer or IRGA parameters was more com-
mon. Photosystem I measures did not correlate
significantly outside of intra-photosystem I
comparisons (Fig. 2). Similarly, in 13 of 15 in-
stances, chlorophyll fluorescence measures cor-
related significantly, although they were not the
focus of our study and are not explored here.
Relative chlorophyll content correlated signifi-
cantly with all fluorescence metrics. In the IRGA
gas exchange correlation matrix, E and g had sig-
nificant positive correlations with A (» > 0.80)
and with each other (» > 0.95) (Fig. 3). Con-
versely, significant negative correlations were ob-
served between WUE and leaf temperature or Ci
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(r = —0.5 and —0.92, respectively). Fluorometer-
measured leaf temperature held a significant nega-
tive correlation with Fm’ (P = 0.07, » = -0.3),
but did not correlate significantly with other fluo-
rescence parameters. Predictably, fluorometer leaf
temperature correlated positively with the fluo-
rometer-measured leaf temperature differential
(r=0235).

Additional exploratory regression analysis
of IRGA gas exchange parameters WUE, g,
A, and E produced anticipated patterns of at-
tribute decline with a more negative soil ma-
tric potential (Fig. 4).

In the case of WUE, the slope of the linear
fit was 0.02, whereas * = 0.12. Each other
IRGA gas exchange parameter (gs, A, and E)
followed a quadratic relationship with the
soil matric potential; coefficients of determi-
nation were 0.12, 0.15, and 0.20, respec-
tively, for g, A, and E. Anecdotally, critical
inflection points could be discerned visually
in the g, and E regressions; however, least-squares
model selection did not attribute any statistical ad-
vantage to a more complex two-linear fit.

Conversely, predawn leaf water potential
was plotted against the soil matric potential,
following preceding work by Tworkoski et al.

(2016). In our study, this regression followed a
two-linear fit. The critical point was identified
as —30.6 kPa, which corresponded to a plant
water potential of —0.73 MPa #* = 029)
(Fig. 5).

Analysis of variance indicated a signifi-
cant effect of treatment on predawn leaf wa-
ter potential beginning 2 d after water deficit
imposition, which largely persisted through-
out the study (Table 2). There was not
substantial evidence to suggest a significant
effect of cultivar on predawn leaf water po-
tential outside of irregular occurrence on
days 23 and 25 of deficit imposition. We sug-
gest these two observations originated from a
shortage of suitable leaves for measurement
as a result of defoliation during later stages of
deficit imposition.

Analysis of variance suggested IRGA gas
exchange parameters were far more sensitive
to scion cultivar relative to predawn leaf wa-
ter potential. Analysis of variance suggested
A, E, g, and leaf temperature had significant
cultivar-by-treatment interactions on multiple
days after deficit imposition (Table 3). This
article intends to identify responsive plant
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Fig. 2. Pearson’s correlation coefficient matrix containing leaf chlorophyll fluorescence parameters and the soil matric potential. The top portion of the matrix
contains correlation coefficients whereas the bottom portion of the matrix contains correlation P values. Cells of the matrix identified with an asterisk in
the top right corner of the cell were considered significant at P < 0.05. Additional regression analysis between the soil matric potential and physiological
parameters was conducted on correlation coefficients > |0.2|. Fm’ = relative fluorescence yield during or after illumination; Fo’ = initial fluorescence
during or after illumination; Fv//Fm’ = maximum quantum efficiency; gH+ = proton conductivity; NPQ; = nonphotochemical quenching; PS = photo-
system; o, = quantum yield for photosystem II photochemistry; SPAD = soil plant analysis development chlorophyll content.

physiological parameters to water deficit that
have potentially useful relationships with the
soil matric potential. Further exploration of
cultivar differences on specific parameters
was beyond the scope of our study; however,
we remind readers that summary statistics
and post hoc testing has been provided for
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consideration as Supplemental Tables 1-5 for
predawn leaf water potential, A, E, WUE,
and g.

In contrast, Ci and WUE were unaffected
by scion cultivar outside of days 14 and 16 of
deficit, when the WUE of ‘Autumn Gala’ de-
clined, respectively, by a factor of 0.52 and

0.64 under —80 kPa relative to ‘CrimsonCrisp’
and ‘Golden Delicious’ cultivars.
‘CrimsonCrisp’ observed an increase in
A of 4.9 pmol CO,m2s™! over ‘Autumn
Gala’ and ‘Golden Delicious’ cultivars at
—80 kPa when pooling days after deficit im-
position. ‘Autumn Gala’ was observed to be
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Fig. 3. Pearson’s correlation coefficient matrix containing infrared gas exchange parameters and the soil matric potential. The top portion of the matrix con-
tains correlation coefficients whereas the bottom portion of the matrix contains correlation P values. Cells of the matrix identified with an asterisk in the
top right corner of the cell were considered significant at P < 0.05. Additional regression analysis between the soil matric potential and physiological pa-
rameters was conducted on correlation coefficients > |0.2]. A = photosynthetic carbon assimilation; Ci = substomatal CO, concentration; E = transpira-
tion rate; g; = stomatal conductance; WUE = water-use efficiency.

the least-efficient assimilator under the driest
conditions at —80 kPa, yet outperformed
‘CrimsonCrisp’ and ‘Golden Delicious’ at
—60 and —40 kPa. Transpiration rates at
—80 kPa followed suit; ‘Autumn Gala’ E was
less than that of ‘CrimsonCrisp’ and ‘Golden
Delicious’ by a factor of 0.59. Predictably,
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pooled g; at —80 kPa was less for ‘Autumn
Gala’ (53.9 mmol CO,-mol”" H,0) than
“CrimsonCrisp’ (122.5 mmol CO,-mol™" H,0)
or ‘Golden Delicious’ (95.3 mmol CO,-mol™
H,0). A significant cultivar-by-treatment inter-
action was indicated on 8 of 10 d for IRGA-
measured leaf temperature observations. On a

macroscale, leaf temperature shadowed weekly
temperature patterns as minor incremental
changes occurred within the greenhouse. The
first to third quartile range of observed tempera-
ture was 32.7 to 34.9°C during the period
of deficit imposition. Infrared gas analyzer—
measured leaf temperature was 0.65 °C less on
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Fig. 4. Exploratory regression analysis of selected infrared gas exchange parameter observations against the soil matric potential. Water use efficiency (top
left); stomatal conductance (top right); carbon assimilation (bottom left); transpiration (bottom right). Model selection was performed using the method
of nonlinear least squares and appropriate fit statistics. Converging models containing fewer terms were selected when similar fit statistics were observed.

average for ‘CrimsonCrisp’ trees relative to
‘Autumn Gala’ and ‘Golden Delicious’ culti-
vars during the period of deficit imposition. A
significant interaction effect for IRGA-mea-
sured leaf temperature on individual days likely
originates from the variance in cultivar E rates.

Two-linear Fit, Bud 9 rootstock

Analysis of variance conducted on chloro-
phyll fluorescence parameter measures gener-
ally suggest the effects of cultivar and/or
treatment were intermittent (Table 4).

On day 0, mean NPQ, of ‘CrimsonCrisp’
(0.262) was significantly less than that of

y1=(-0.11 - 0.02*-30.58) + (-0.03 + 0.02)*x, y2 = -0.11 + -0.03*x

5
Critical Point = =30.6 kPa
E ?=0.29
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Fig. 5. Predawn leaf water potential as influenced by the soil matric potential during the period of study.
The two-linear fit was obtained using nonlinear least squares. The breakpoint (—30.6 kPa) was deter-
mined by allowing the slope of the left line to be a function of the critical point and other model

parameters.
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‘Autumn Gala’ (0.462). When pooling all ob-
servations, ‘Autumn Gala’ held a +19% dif-
ferential in NPQ, over ‘CrimsonCrisp’ and
‘Golden Delicious’. Only by day 7 was NPQ;
observed to increase clearly, according to
deficit extremity, spanning from 0.583 at
—25 kPa to 1.56 at —80 kPa. From days 8 to
10, watering events triggered in the —60- and
—80-kPa treatments rewetted planting con-
tainers, which presumably led to declines in
NPQ; on day 15 relative to day 7 (Fig. 1).
From 21 to 28 d after deficit imposition,
NPQ, resumed the trend of increasing with
edaphic drought stress level. Nevertheless,
this did not manifest in the Pearson’s correla-
tion matrix (Fig. 2).

Day 0 ¢, measurements suggested minor
differences between ‘Autumn Gala’ (0.594)
‘CrimsonCrisp’ (0.626), and ‘Golden Deli-
cious’ (0.599), which did not persist for the
remainder of the study (Table 4). On day 7, a
significant effect of treatment was suggested,
as the mean @, value at —25 kPa (0.505) was
greater than the ¢, value at —80 kPa (0.410).
Albeit at a lesser differential, similar differ-
ences produced the significant treatment ef-
fect noted on days 9 and 21 (Table 4).

Relative fluorescence yield was largely
unresponsive to cultivar and water deficit ex-
tremity. On day 7, a significant treatment ef-
fect was observed, as mean Fm’ value at
—25 kPa (4544) was significantly greater than
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Table 2. Type III analysis of variance P values (significant at P < 0.05) of predawn leaf water potential as affected by scion cultivar, soil matric potential

setting (i.e., treatment), and their interaction.

Days elapsed

Variable 0 2 5 7 9 11 15 17 21 23 25 28

Scion 0.342 0.454 0.530 0.303 0.376 0.659 0.754 0.410 0.652 <0.001 0.074 0.381
Treatment 0.996 0.005 <0.001 <0.001 <0.001 0.117 <0.001 0.062 <0.001 <0.001 <0.001 0.002
Scion x Treatment 0.787 0.998 0.413 0.714 0.146 0.618 0.716 0.855 0.874 0.001 0.329 0.915

Fm’ at —80 kPa (3270). Similarly, on day 23,
the mean Fm’ value at —25 kPa (5099) was
significantly different from the mean Fm’
value at —60 kPa (4497).

For the related parameter Fo’, there was
no evidence of a significant cultivar-by-treat-
ment interaction. On days 2, 3, 17, and 23, a
significant effect of cultivar was suggested;
Fo’ tended to be greatest for ‘Autumn Gala’.
Pooling all days, mean Fo’ was, respectively,
1066, 998, and 1002 for ‘Autumn Gala’, ‘Crim-
son Crisp’, and ‘Golden Delicious’. A signifi-
cant treatment effect on Fo’ was indicated on
days 17 and 23. Model-estimated marginal
means suggested Fo’ was significantly greater
at —60 kPa relative to all other treatments.

There was no evidence of an effect of cul-
tivar on gH+, despite a cultivar-by-treatment
interaction suggested on days 2 and 3, when
gH+ of ‘CrimsonCrisp’ was greater than ei-
ther ‘Autumn Gala’ or ‘CrimsonCrisp’ at —25
kPa. Proton conductivity was responsive to
treatment on days 2 through 7, 21, and 25; af-
ter pooling all days, mean gH+ at —25 kPa
(157) was numerically greater than at —40 kPa
(142) and —60 or —80 kPa (both equal to 128).

Unlike the IRGA apparatus, leaf tempera-
ture recorded by the fluorometer did not
suggest differences by cultivar; however, a sig-
nificant effect of water deficit (i.e., treatment)
was still suggested on days 2 through 9, 23,

and 25. Temperature means in the —25-, —40-,
—60-, and —80-kPa treatments pooled across all
days were, respectively, 25.6, 25.9, 26.3, and
26.6 °C. The largest numerical difference be-
tween treatments occurred on day 7, when the
mean leaf temperature at —25 kPa (23.4 °C)
was considerably less than that at —80 kPa
(25.6 °C). The leaf temperature differential
was less responsive to either cultivar or treat-
ment. The presence of a significant effect of
treatment was indicated only on day 4 of deficit
imposition, when the delta from ambient values
for the —25-, —40-, —60-, and —80-kPa treatments
were —4.0, 3.7, 2.3, and —1.9 °C, respectively.

Chlorophyl fluorescence parameters de-
scribing aspects of reaction centers within
photosystem [ complexes were not equiva-
lently responsive to effects of cultivar or
treatment. Photosystem I active centers were
most responsive whereas open centers, over-
reduced centers, and oxidized centers sug-
gested a less frequent occurrence of any ef-
fect, despite happening concurrently on
days 3, 4, 17, and 21. The photosystem I ac-
tive center parameter responded to both culti-
var and treatment. Pooling scion cultivars at
—25 kPa resulted in a positive linear relation-
ship of photosystem I active center measures
with time, with a slope of 0.025. Conversely,
at —40 kPa, photosystem I active centers were
stable, but declined across time at —60 and

—80 kPa. Pooling days in the —25-kPa treat-
ment, mean photosystem I active centers
were, respectively, 2.55, 3.45, and 2.80
for ‘Autumn Gala’, ‘CrimsonCrisp’, and
‘Golden Delicious’. This variance by culti-
var did not persist at —-60 or —80 kPa. At
—60 kPa, the pooled mean photosystem I
active centers were 2.63, 2.42, and 2.82
for ‘Autumn Gala’, ‘CrimsonCrisp’, and
‘Golden Delicious’, respectively.

Relative chlorophyll content was able to
differentiate between scion cultivars on 7 of
12 d of measure, including day 0 before
imposition of water deficit. Mean SPAD of
‘Autumn Gala’, ‘CrimsonCrisp’, and ‘Golden
Delicious’ cultivars on day 0 was, respec-
tively, 53.7, 61.2, and 57.3, which declined to
46.4, 52.6, and 49.8 by day 7 of water deficit
imposition (i.e., the primary drying curve). A
significant treatment effect was indicated on
days 2, 17, 21, 25, and 28; however, the Pear-
son’s correlation matrix did not identify sepa-
rately a practical relationship between SPAD
and the soil matric potential (Fig. 2).

Upon exhumation of rooting systems,
ANOVA suggested no difference in rooting
depth among scion cultivar or soil matric po-
tential targets, as 40 of 60 trees had rooted to
the maximum depth permitted by the pots
(30.0 cm), whereas the remainder had rooted
to depths = 28.0 cm. Consider, though, that

Table 3. Type III analysis of variance P values (significant at P < 0.05) of infrared gas analyzer gas exchange parameters as affected by scion cultivar,
soil matric potential setting (i.e., treatment), and their interaction.'

Days elapsed

Parameter 0 1 3 6 8 14 16 20 22 24 27
Carbon assimilation

Scion 0.076 0.001 0.001 0.016 0.293 0.011 <0.001 <0.001 — 0.006 0.084

Treatment 0.678 0.296 <0.001 0.144 0.070 0.244 0.302 0.190 — 0.157 0.269

Scion x Treatment 0.184 0.007 <0.001 0.012 0.001 <0.001 <0.001 <0.001 — 0.003 0.309
Transpiration

Scion 0.380 0.002 <0.001 <0.001 0.291 <0.001 <0.001 0.003 — 0.013 0.069

Treatment 0.517 0.022 <0.001 0.038 0.085 0.016 0.349 0.122 — 0.398 0.184

Scion x Treatment 0.037 0.009 <0.001 0.004 <0.001 <0.001 <0.001 0.003 — 0.049 0.270
Substomatal CO, concentration

Scion 0.099 0.424 0.743 0.869 0.898 0.677 0.601 0911 — 0.419 0.480

Treatment 0.356 0.012 0.397 0.832 0.012 0.347 0.752 0.444 — 0.008 0.741

Scion x Treatment 0.246 0.293 0.508 0.124 0.297 0.007 <0.001 0.900 — 0.839 0.718
Stomatal conductance

Scion 0.758 0.002 <0.001 <0.001 0.188 <0.001 <0.001 0.001 — 0.013 0.031

Treatment 0.517 0.040 <0.001 0.066 0.059 0.014 0.139 0.070 — 0.384 0.254

Scion x Treatment 0.039 0.018 <0.001 0.002 <0.001 <0.001 <0.001 0.003 — 0.057 0.210
Leaf temperature

Scion 0.055 0.424 <0.001 0.635 0.002 <0.001 0.226 0.043 — 0.011 0.010

Treatment 0.332 0.346 0.110 0.134 0.125 0.435 0.467 0.715 — 0.698 0.096

Scion X Treatment 0.009 0.747 0.001 0.002 0.035 <0.001 0.001 <0.001 — 0.002 0.231
Water use efficiency

Scion 0.105 0.510 0.240 0.359 0.898 0.283 0.134 0.216 — 0.352 0.164

Treatment 0.523 0.029 0.481 0.389 0.006 0.503 0.819 0.650 — 0.118 0.318

Scion x Treatment 0.083 0.057 0.155 0.176 0.135 <0.001 <0.001 0.083 — 0.885 0.649

' Twenty-two days after deficit imposition a lack of viable readings prevented model convergence.
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Table 4. Type III analysis of variance P values (significant at P < 0.05) of photosynthesis-related measurements based on leaf chlorophyll fluorescence as
affected by scion cultivar, soil matric potential setting (i.e., treatment), and their interaction.

Days elapsed

Variable 0 2 3 4 7 9 15 17 21 23 25 28
Nonphotochemical quenching

Scion 0.001 0.070 0.626 0.363 0.650 0.114  0.481 0.147 0.031 0.008 0.007  0.057

Treatment 0.516 0.592 0.018 0.003  <0.001 <0.001 0.700 0.346  <0.001 <0.001 <0.001 0.072

Scion x Treatment 0.664 0.384 0.706 0.988 0.243 0.181  0.508 0.839 0.091 0.186 0.596  0.046
Quantum yield

Scion 0.037 0.821 0.273 0.806 0.962 0.514  0.545 0.181 0.549 0.583 0.391  0.166

Treatment 0.570 0.767 0.973 0.815 0.012 0.023  0.930 0.206 0.015 0.093 0.500  0.305

Scion x Treatment 0.847 0.638 0.772 0.996 0.772 0.635  0.424 0.984 0.900 0.921 0.953  0.663
Relative fluorescence yield

Scion 0.943 0.227 0.116 0.971 0.586 0.982  0.654 0.770 0.363 0.245 0.385  0.519

Treatment 0.713 0.387 0.062 0.157 0.016 0.519  0.547 0.734 0.536 0.037 0.102  0.253

Scion x Treatment 0.614 0.038 0.670 0.988 0.898 0.957  0.901 0.871 0.695 0.497 0.716  0.602
Initial fluorescence

Scion 0.232 <0.001  <0.001 0.787 0.270 0.847  0.421 0.001 0.737 0.022 0.092  0.785

Treatment 0.600 0.156 0.270 0.924 0.801 0.602 0228 <0.001 0.773 0.012 0.775  0.147

Scion x Treatment 0.661 0.033 0.902 0.996 0.826 0.822  0.787 0.102 0.960 0.113 0.865  0.572
Maximum quantum efficiency

Scion <0.001 0.078 0.657 0.325 0.719 0.102  0.515 0.124 0.048 0.004 0.005  0.050

Treatment 0.492 0.555 0.015 <0.001 <0.001 <0.001 0.661 0292  <0.001 <0.001 <0.001 0.077

Scion x Treatment 0.684 0.349 0.697 0.989 0.219 0.203  0.526 0.838 0.102 0.198 0.675  0.056
Proton conductivity

Scion 0.470 0.663 0.395 0.770 0.627 0.609  0.447 0.356 0.170 0.871 0.220  0.232

Treatment 0.633 0.032 0.032 0.015 0.007 0.567  0.053 0.176 0.004 0.209 0.040  0.121

Scion x Treatment 0.606 0.015 0.024 0.766 0.689 0.668  0.961 0.084 0.731 0.212 0.868  0.774
Leaf temperature

Scion 0.443 0.044 0.213 0.785 0.326 0.727  0.540 0.383 0.444 0.467 0.160  0.605

Treatment 0.652 0.002 0.003  <0.001  <0.001 0.004 0.192 0.730 0.094 0.018  <0.001  0.933

Scion x Treatment 0.435 0.858 0.667 0.736 0.795 0.646  0.679 0.905 0.682 0.243 0.185  0.038
Leaf temperature differential

Scion 0.518 0.545 0.644 0.941 0.761 0.503  0.312 0.085 0.783 0.890 0.455 0.814

Treatment 0.746 0.157 0.024  <0.001 0.328 0.799  0.445 0.771 0.359 0.175 0.010  0.165

Scion x Treatment 0.963 0.929 0.989 0.852 0.954 0.624  0.527 0.816 0.974 0.413 0.802  0.980
Photosystem I active centers

Scion 0.004 0.553 0.001 0.075 0.050 0.081 0.313 0.095 0.240 0.066 0.328  0.067

Treatment 0.013 0.056 0.017 0.105 0.009 0.003  0.467 0.003  <0.001 0.178  <0.001  0.050

Scion x Treatment 0.742 0.283 0.605 0.959 0.015 0.031  0.519 0.168 0.001 0.401 0.026  0.180
Photosystem I open centers

Scion 0.372 0.714 0.074 0.023 0.930 0.722  0.719 0.746 0.009 0.965 0.726  0.654

Treatment 0.297 0.632 0.112 0.032 0.369 0.824  0.491 0.763 0.012 0.455 0.610  0.661

Scion x Treatment 0.422 0.791 0.086 0.346 0.846 0.274  0.714 0.387 0.248 0.363 0.734  0.788
Photosystem I over-reduced centers

Scion 0.746 0.765 0.031 0.212 0.837 0.752 0.790 0.009 0.414 0.803 0.785  0.525

Treatment 0.163 0.683 0.035 0.320 0.241 0.826  0.386 0.071 0.015 0.401 0.659  0.773

Scion x Treatment 0.795 0.675 0.525 0.289 0.081 0.353  0.930 0.061 0.170 0.301 0.694  0.523
Photosystem I oxidized centers

Scion 0.504 0.770 0.118 0.289 0.762 0.839  0.597 0.048 0.030 0.190 0.609  0.439

Treatment 0.163 0.706 0.079 0.484 0.328 0917  0.607 0.243 0.118 0.527 0.532  0.880

Scion x Treatment 0.715 0.616 0.114 0.248 0.036 0.631  0.582 0.194 0.271 0.508 0.752  0.329
Soil plant analysis development relative chlorophyll content

Scion <0.001 <0.001 <0.001 0.012 0.032 0.244  0.165 0.009 0.038 0.131 0.362  0.865

Treatment 0.274 0.015 0.161 0.196 0.096 0.354  0.537 0.032  <0.001 0.125 0.005  0.003

Scion x Treatment 0.110 0.044 0.519 0.869 0.231 0.483  0.502 0.353 0.075 0.110 0.742  0.631

rooting systems developed before the onset
of the study after planting occurred on 3 Feb
2022, and the available pot volume was lim-
ited to 3150 cm’.

Discussion

Irrigation events were occurring regularly
at the —25- and —40-kPa thresholds 2 d after
the onset of the trial; however, events were
not triggered until 23 and 24 May at —60 and
—80 kPa, respectively (Fig. 1). Substantive
desiccation of tree foliage had occurred by
this time in the —60- and —80-kPa treatments,
suggesting that the related reduction in plant
water requirements thereafter, at least in part,
contributed to the soil matric potential dynamics

HorTSciENCE VoL. 59(4) ArriL 2024

observed. In effect, the wet—dry-like cyclic na-
ture of the soil matric potential encountered dur-
ing these treatments is expected to be a function
of the irrigation parameters in Open_Irr, along
with the plant water demands during drying and
the recovery wetting curves. Elsewhere, —80 kPa
has been used as a threshold for irrigation events
to refill the soil profile in field-planted apple
(Bhusal et al. 2019; Jiang and He 2021; Osroosh
et al. 2016), with reporting varying from minor
or moderate underirrigation to satisfactory. These
preceding studies were implemented in field-
grown apple trees where access to greater soil
depth, and therefore volume, in addition to unlim-
ited rooting systems may be less detrimental to
tree health. Our study supplements existing litera-
ture specifically by examining potted apple trees

using a soil matric potential-driven irrigation
practice.

Pearson’s correlation matrix of fluorome-
ter measures failed to identify relationships
between physiological photosynthesis meas-
ures and the soil matric potential (Fig. 2). As
subsequent ANOVAs suggested, select pa-
rameters (NPQ,, ¢,, Fo’, gH+) responded to
deficit treatments primarily during the first
and last week of the study. It may be that dry-
ing cycle dynamics, at least in part, obfus-
cated the nature of this relationship. For
example, Fo’ was greater on average in the
—60-kPa treatment on days 17 and 21 relative
to all other treatments. Likewise, the soil wa-
ter content was numerically greater in the
—60-kPa treatment relative to the —80-kPa
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treatment, which manifested from a combina-
tion of a lag period between the Open_Irr
system triggering brief, 6-s irrigation events
and substantive refill of the container pore
space to reach the soil matric potential sen-
sors; and a sharp decline in plant water
demand in the —80-kPa treatment after desic-
cation and defoliation (Fig. 1). This pattern
also presented itself with gH+ (Fig. 2); else-
where, gH+ in wheat (Triticum aestivum)
was unresponsive only during moderate drought
conditions (Zivcak et al. 2014).

Differences in chlorophyll florescence-
based NPQ; and ¢, of scion cultivars on day
0 indicate the inherent (genetic) differences
related to the photosynthetic apparatus, which
may contribute to varied stomatal control
among the cultivars and therefore differences
in gas exchange readings, including A, E, g,
during the first week of water deficit imposi-
tion. Nevertheless, plant water status, as indi-
cated by the leaf water potential of scion
cultivars, was not significantly different on
any data collection day at any soil moisture
level. It is of interest that the leaf water po-
tential of ‘Autumn Gala’ was numerically
greater (less negative) than that of ‘Crimson-
Crisp’ and ‘Golden Delicious’ on day 2 of the
—60- and —80-kPa treatments, respectively, with
no readings less than —1.5 MPa. During both
treatment conditions, the leaf water potential of
all varieties decreased drastically to severe levels
(<-3.0 MPa) on day 5. It is therefore possible
that the difference by cultivar in plant water sta-
tus took place between the two sampling days
and may not have been captured by our study.

Gas exchange rate measures A and E sug-
gest different survival strategies among the
cultivars studied. Carbon assimilation of ‘Au-
tumn Gala’ in the —80-kPa treatment was ob-
served to decline from day 0 (9.93 pmol
CO,m2s™) to day 8 (5.86 pmol CO,-m s,
whereas both ‘CrimsonCrisp’ and ‘Golden Deli-
cious’ maintained A while increasing E by an
average of 47% over the same period. This
downregulation of photochemistry is known to be
an important defense mechanism against the onset
of water deficit conditions (Chaves et al. 2002).
A similar observation to our study was made
previously in a comparison of ‘Fuji’ and ‘Gala’
apples. Upon withholding water completely for
4 d, it was reported that ‘Gala’ decreased A
rates by nearly 90%, whereas during the same
period ‘Fuji’ declined by only 47% (Tworkoski
et al. 2016). Thus, it appears that ‘Gala’ has a
greater proclivity for stomatal regulation as a de-
fense mechanism against water deficit. Like-
wise, perhaps ‘CrimsonCrisp’ and ‘Golden
Delicious’ exhibit nonstomatal factors that con-
tribute to decreased A under water stress, as ex-
plained by Wang et al. (2018).

The most extreme drought treatment of
this study (the soil matric potential at —80 kPa)
resulted in leaf water potential values less than
—1.5 MPa, the threshold value for reportedly
significant drought stress in apple (Tworkoski
et al. 2016), within 7 d for the three apple
cultivars tested. Trees in this treatment also ex-
perienced desiccation progressing to defoliation
during the primary drying curve after the onset
of the trial (Fig. 1). Measurement of the leaf
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water potential therefore became limited, pro-
gressing to impossible, in some replicates star-
ing at day 11 for ‘CrimsonCrisp’ and ‘Golden
Delicious’, and at day 15 for ‘Autumn Gala’,
even though photosynthesis-related data were
still recorded with the remaining leaves
throughout the experiment in all trees. Notably,
irrigation events prompted by the Open_Irr
system in response to a soil water deficit
subsequently promoted the growth of new
flushes in defoliating trees (Fig. 1). Thus, the
physiological data collected in trees at —80 kPa
on later days may either still demonstrate
drought-triggered responses (as in ‘Autumn
Gala’, which had relatively moderate leaf ab-
scission) or may reflect a postdrought recovery
process (as in ‘CrimsonCrisp’, with new fo-
liage after all five individual-tree replicates
lost viable leaves for water potential quantifi-
cation on day 17). This possibility could sup-
port, in part, the greater g; and A in actively
growing leaves of ‘CrimsonCrisp’ than that of
stress-induced senescing leaves of ‘Autumn
Gala’ at —80 kPa when pooling days after
deficit imposition. The inference is consis-
tent with the increase in both g and A from
the drought stress period to rehydration (re-
covery) in potted ‘Gamhong’ apple on ‘M.9’
rootstock (Bhusal et al. 2023).

Our results demonstrate that the soil ma-
tric potential, when < —30.6 kPa, explained
29% of the variation in the leaf water poten-
tial in apple trees. This critical point of soil
water content corresponded to the leaf water
potential of —0.73 MPa, within the range
of water status for nonstressed plants [i.e.,
< —1.5 MPa for apple (Tworkoski et al.
2016)], suggesting the applicability of this
model in predicting plant water status, to a
certain extent, before significant water deficit
stress. The critical point corresponding to a
leaf water potential of —0.73 MPa as a poten-
tially useful management threshold is compa-
rable to a similar report of —0.55 MPa in
mandarin (Citrus reticulata) trees (Maotani
and Machida 1980). It is interesting, though,
that the threshold indicated by our study per-
tains to the soil matric potential and is within
the range of field capacities (—10 to —33 kPa)
for various soil textures. One possible explana-
tion is the transition from plant use of gravimet-
ric to capillary water stores for maintenance of
turgor. Regardless of rationale, we hesitate to
recommend the —30.6-kPa soil matric potential
threshold for use as a singular indicator for irri-
gation needs because, conceptually, this corre-
sponds with a known adequate water supply for
the majority of soils.

Several “extreme” observations of pre-
dawn leaf water potential occurred concomi-
tantly with a soil matric potential = -25 kPa.
We suggest this is an artifact of the timing
and nature of the automated watering system
and/or a recovery period after an irrigation
event. Irrigation water could have followed
preferential flow paths in the drying soil (e.g.,
voids surrounding sensor wires or roots), rap-
idly reaching the Watermark® sensors before
sufficient rewetting of the surrounding soil
matrix. In addition, a day-scale delay be-
tween the cessation of drought stress and

hydraulic recovery has been reported in
field-planted ‘Gamhong’ apple (Bhusal et al.
2023), which could also explain the several
counterintuitive observation points. Con-
versely, potted apple trees have been reported
to respond rapidly to rewetting with attempts
to maintain the water potential at target levels
(Tang and Lovatt 2022). Regardless, we rec-
ommend future endeavors using automated
watering equipment to implement stresses
more gradually at the onset of study and to
fine-tune irrigation events to avoid obfuscat-
ing responses upon water additions, because
they are not as useful for developing manage-
ment thresholds. For instance, predawn leaf
water potential and photosynthesis readings
obtained after day 15 in the —60-kPa and
—80-kPa treatments used primarily newly pro-
duced leaves following rewetting after re-
spective thresholds were crossed. To this end,
future experimental design should focus on
mild to moderate drought treatments by con-
sidering soil substrate and media-specific wa-
ter relations, which, in a commercial setting,
may also be more common than extreme or
abrupt drought, as fruit growers typically
strive to avoid detrimental effects on yield or
quality, as when practicing deficit irrigation
for size or bitter pit control (Reid and Kalcsits
2020). Anecdotally, it was confirmed that deri-
vation of a soil-specific soil water retention curve
improved implementation of edaphic stress dur-
ing subsequent investigations during Summer
2023 (Bierer, unpublished data). Therefore, we
emphasize the utility of generating a water reten-
tion curve before the use of the Open_Irr system,
especially for academic purposes.

The exploratory regression analysis con-
ducted on IRGA gas exchange parameters
(A, E, g, and WUE) produced a generally
poor fit with the soil matric potential (all
¥ < 0.25), yet offered curious data shapes,
similar to the piecewise regression encoun-
tered with the leaf water potential. Although
much data obtained in our study could not be
used statistically in the same way, we believe
the possibility itself warrants further explora-
tion. For example, similar correlation and re-
gression approaches have been applied to
measurements of maximum daily trunk shrink-
age on stem water potential and xylem sap
flow in the pursuit of identifying apple irriga-
tion thresholds (De Swaef et al. 2009). If con-
sistent linkages between cost-effective scalable
metrics and plant physiological function can be
identified, they stand to improve developing
decision support platforms.

Conclusion

A new, autonomous sensor-based irriga-
tion platform was used to impose four levels
of drought stress in greenhouse containerized
‘Budagovsky 9’ rootstocks grafted with three
apple cultivars in effort to identify valuable as-
sociations between the soil matric potential and
plant physiological indicators of drought stress.
All scion cultivars encountered substantive
desiccation and defoliation at —60 and —80 kPa
beginning 7 to 10 d after the imposition of
deficit. We recommend using media-specific
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soil-water relationships in future research en-
deavors using autonomous sensor-based irriga-
tion platforms to avoid premature decline of
tree function. Analysis of variance suggested
scion cultivar and deficit extremity signifi-
cantly influence A and E rates, g;, and NPQ;,
significantly. Pearson’s correlation matrices
indicated all physiological parameters had an
r vale = [0.43]. Nevertheless, supplemental
nonlinear regression suggested potentially use-
ful data shapes that, if refined, may prove valu-
able for irrigation decision support systems. The
soil matric potential considered with predawn
leaf water potential converged on a piecewise re-
gression identifying a critical point of —30.6 kPa,
below which the slope of leaf water potential is
increased when subjected to additional decreases
in the soil matric potential. Therefore, additional
efforts to describe the relationship between ardu-
ous measurements of physiological function
with scalable and autonomous monitoring tech-
nologies appears beneficial and is advised.
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