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Abstract

Due to climate change, seedling damage caused by drought stress is expected to increase in both
afforestation sites and nurseries. Therefore, to ensure stable seedling production under high-
temperature conditions and to cultivate seedlings with enhanced drought tolerance through
hardening treatments, the development of an effective irrigation system is required. Conventional
physiological methods for non-destructive drought detection, such as chlorophyll fluorescence and
leaf temperature measurements, require expensive and manual operation, thereby limiting their real-
time applicability in forest nurseries. This study evaluated the feasibility of using image-based leaf
angle measurements for drought stress detection in Quercus acutissima seedlings. One-year-old
seedlings were grown under two water regimes—well-watered (control; CT) and unwatered
(drought; DT)—and physiological parameters, including chlorophyll fluorescence, vapor pressure
deficit, and leaf angle, were measured. Statistical analyses (RMANOVA) revealed that changes in the
leaf angle parameter (PMD-MD: difference between the previous measurement day and the current
measurement day) exhibited temporal patterns similar to physiological responses to drought on day
6 (D6), but not earlier than physiological changes. Multiple regression models identified air
temperature, soil moisture, Fm', and VPD as the main factors influencing leaf angle variation. These
findings demonstrate that leaf angle monitoring can serve as an effective surrogate indicator of
physiological drought stress responses in forest nursery seedlings, with potential for integration into
automated irrigation systems for drought hardening management, thus enabling enhanced real-time
applicability over conventional methods constrained by costly equipment and manual handling.

Keywords: Quercus acutissima; forest nursery; drought stress; leaf angle; tree physiology

1. Introduction

Recent climate change—driven increases in temperature and the frequency of localized heavy
rainfall have intensified environmental stress on reforestation species, raising the potential for severe
damage [1-4]. In particular, drought stress can have a critical impact on the survival of young
seedlings planted in open-field conditions [5,6]. Such stress leads to physiological impairments,
including reduced water-use efficiency, stomatal closure, and suppression of photosynthesis, and in
extreme cases, can result in mortality [7]. However, in sites such as high-altitude or sloped terrains,
the installation and maintenance of irrigation systems is challenging, and the ability to respond
promptly to weather fluctuations is limited. Therefore, the establishment of seedling production
systems that enhance stress adaptability is required to ensure stable rooting and growth.
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Conventional forest nursery systems have limited capacity to cope with climate change, and
even within the same species, survival rates can vary substantially depending on the planting site
conditions. To overcome these challenges, precision nursery technologies that induce stress tolerance
from the early growth stage or preselect seedlings with proven resilience are required. In particular,
hardening treatments—controlled drought exposure during nursery production—have been
reported as an effective strategy for improving drought tolerance [8-11]. Such treatments can be
implemented more efficiently using ICT-based smart nursery systems capable of environmental
monitoring and automated irrigation control [12-14]. However, compared to agricultural crops,
forest seedlings have different production cycles and economic scales, making direct application of
existing smart-farm technologies costly and technically challenging. Consequently, foundational
research is needed to guide the development of smart nursery systems tailored to reforestation
seedlings.

Non-destructive physiological measurement methods, such as chlorophyll fluorescence and leaf
temperature, can detect drought stress earlier than visible symptoms like leaf browning or wilting
[15,16]. However, these methods require expensive equipment and manual operation, limiting their
real-time applicability in conventional nursery systems. Determining the optimal irrigation timing
before drought stress reaches a physiological limit is crucial for effective management, and
monitoring changes in leaf angle offers a promising approach. Leaf angle is known to be a physical
adaptive strategy to environmental stress factors such as light, heat, and water availability [17].
Under drought stress, stomatal closure and reduced turgor pressure cause leaf wilting, which can be
detected before irreversible damage occurs. However, continuous and precise manual measurement
of leaf angle in nurseries is impractical. Recently, image-based monitoring of leaf angle has emerged
as a low-cost, non-contact approach for assessing plant physiological status [18-22].

Leaf angle holds strong potential as an indirect indicator of drought-induced physiological and
morphological changes in leaves. Nonetheless, previous research has primarily focused on mature
trees in ecological and physiological studies [17,23-28], with limited application to seedlings in forest
nursery environments [29-31]. In particular, there is a need for empirical validation of how well
drought-induced changes in leaf angle reflect conventional physiological parameters and how early
such changes can be detected. The adoption of early detection and proactive response systems could
significantly improve seedling survival rates and enhance irrigation resource efficiency. Therefore,
this study conducted a pilot investigation on one-year-old Quercus acutissima seedlings,
simultaneously measuring physiological parameters and image-based leaf angle, to validate the
feasibility of using leaf angle variation as a drought stress detection method.

2. Results

2.1. Growth Conditions

During the experiment, alternating sunny, cloudy, and rainy days resulted in considerable day
to day variability in AH, AT, and SR values (Figure 1A). Among the measurement days, D4 was the
only day with clear weather, recording the lowest AH (59.43%) and the highest AT (33.93 °C) and SR
(220.39 W m) during the experimental period. From BD to D8, the drought treatment consistently
maintained higher ST than the control (average 5.13 = 2.23 °C) (Figure 1B). The SM of the control
remained at 25.30 + 1.32% from BD to D8, whereas the SM of the drought treatment continuously
declined, reaching 2.19 + 0.56% on D4 and converging to 0% thereafter.
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Figure 1. Overview of growth conditions during the experimental period. (A) Climatic conditions; (B) Soil
conditions.
2.2. Physiological Responses

Physiological parameters showing an interaction effect were Fm’, PNO, SPAD, and CWSI (Table
1). Except for CWS], all showed main effect for day. The parameters that showed main effect for
treatment were Fo’, Fm’, ®NO, and CWSI.

Table 1. Results of two-way RMANOVA for physiology parameters.

parameter Sum of df Mean square F P
square

D 9039198.58 2.46 3677270.36 190.34 < 0.001
Fo’ T 2169069.76 1.00 2169069.76 11.849 <0.01
DxT 44031.19 2.46 17912.50 0.93 >0.05
D 208508197.18 2.16 96431192.15 137.57 < 0.001
Fm’ T 30413395.13 1.00 30413395.13 15.17 < 0.001
DxT 5333267.68 2.16 2466537.85 3.52 <0.05
D 0.73 1.64 0.44 36.78 < 0.001
Fv'/Fm’ T 0.02 1.00 0.02 1.79 >0.05
DxT 0.06 1.64 0.04 3.14 >0.05
D 1.07 1.69 0.64 35.42 < 0.001
@Il T <0.00 1.00 <0.00 <0.00 >0.05
DxT 0.04 1.69 0.03 1.37 >0.05
D 0.05 1.98 0.03 21.78 < 0.001
ONO T 0.01 1.00 0.01 7.35 <0.01
DxT 0.01 1.98 0.01 4.93 <0.01
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D 1.60 1.62 0.99 38.34 <0.001
ONPQ T 0.01 1.00 0.01 0.53 >0.05
DxT 0.10 1.62 0.06 2.33 > (.05
D 0.19 2.24 0.09 6.14 <0.001
qL T 0.08 1.00 0.08 4.84 >0.05
DxT 0.02 2.24 0.01 0.71 >0.05
D 200.06 2.05 97.49 21.1 <0.001
SPAD T 41.66 1.00 41.66 0.86 > (.05
DxT 66.37 2.05 32.34 7.00 < 0.001
D 153.96 1.44 106.73 419.34 <0.001
VPD T 0.50 1.00 0.5 3.00 >0.05
DxT 1.29 1.44 0.89 3.51 > (.05
D 0.73 1.27 0.57 2.8 >0.05
CWSI T 0.36 1 0.36 7.75 <0.05
DxT 1.12 1.27 0.88 4.31 <0.05

Two-way RMANOVA was conducted, followed by pairwise t-tests with Bonferroni correction for

post-hoc analysis (P < 0.05). Bold and italic indicate statistically significant effect.

Overall, chlorophyll fluorescence indicated that both treatments showed sharp increase in stress
on D4 (Table 2). This could be attributed to high light intensity and high temperature on D4 (Figure
1), which may also explain why the main effect between treatments was not significant. Except for
D4, DT showed a consistent decreasing trend over time in certain physiological parameters (Fv'/Fm’,
®II, PNO, ®NPQ). Parameters that did not exhibit consistent trends over time seemed to be strongly
influenced by weather conditions. From D6 onward, physiological parameters such as ®NO and qL
(except Fo' and Fm') consistently showed significant differences between treatments, indicating the
beginning of drought stress.

Table 2. Statistical analysis results of physiology parameters by day and treatment.

D2 D4 Deé6 D8
CT CT DT CT DT CT DT
1555.76+ 1067.30+  901.14+ 130297+ 1094.11+ 1351.68+ 1211.00+
Fo’ 253.68A 235.62C  204.61d  220.82B 243.10c 204.70B 264.06b
*3% 3% 4% *
5147.79+ 2773.73+ 244997+ 427541+ 349191+ 474226+ 3738.03x
Fm" 779.32A 1147.19B  970.43c¢  742.00C 1062.68b 717.08B  1065.19b
* ns 4% F4%

Fv’/F 0.70+0.03B 0.70+0.03a 0.57+0.13C 0.58+0.15b 0.69+0.03B 0.67+0.07ab 0.71+0.02A 0.66+0.10b

’

m ns

ns

ns

Ns

0.60+0.04A 0.62+0.04a 0.45+0.15B 0.47+0.18c 0.58+0.07A 0.58+0.08b 0.61+0.07A 0.57+0.11b

DIl
ns

ns

ns

ns

0.19+0.02B 0.19+0.02a 0.15+0.05C 0.16+0.05b

ONO

0.19+0.02A

0.18+0.02a 0.20+0.02A 0.17+0.03ab

B

ns

ns

*%

*%34

0.21+0.05B 0.19+0.04b 0.40+0.18A 0.38+0.22a 0.23+0.06B 0.24+0.10b 0.19+0.06C 0.26+0.13ab

ONPQ

ns

ns

ns

ns

0.67+0.07A 0.69+£0.09a 0.61+0.14A 0.62+0.17a 0.63+0.11A 0.67+0.06a 0.64+0.11A 0.70+0.05a

ns

ns

*

*%

28.33+4.22 29.14+4.11b 30.04+4.24

SPAD C

31.9713.56a29'19i3'94B

30.1743.00p 20812364

29.09+3.26¢

ns

ns

ns

ns

0.14+0.11D 0.11+0.10d 2.02+0.52A 1.97+0.61a 0.35+0.11C 0.49+0.12c¢ 1.00+0.48B 1.27+0.40b

VPD
ns

ns

ns

ns
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0.61+0.31A 0.57+0.29a 0.54+0.32A 0.47+0.20a 0.36+0.18A 0.58+0.19a 0.38+0.35A 0.54+0.31a
ns ns ook ns

CWSI

Mean + SD (n = 37). Two-way RMANOVA was conducted, followed by pairwise t-tests with
Bonferroni correction for post-hoc analysis (P < 0.05). Uppercase letters indicate comparisons within
CT across days, while lowercase letters indicate comparisons within DT across days. Significance
levels for comparisons between the two treatments are denoted as follows: ns (P > 0.05), * (P < 0.05),
** (P < 0.01), ** (P < 0.001).

2.3. Leaf Angle Variation

Visual observation revealed that noticeable leaf inclination occurred on D8 (Figure 2). BD-MD
exhibited significant interaction and main effects (Figure 3A), with significant differences between
treatments observed from D8 (P < 0.001). PMD-MD showed both interaction effect and main effect
for treatment (Figure 3B), with significant differences between treatments beginning on D6 (D6: P <
0.01; D8: P < 0.05). This indicates that leaf angle responded to drought stress at a timing similar to
physiological responses. In contrast, no significant differences were found over time (P > 0.05). These
results suggest that statistical significance can vary depending on the leaf angle parameter used. In
DT, ST1 and ST2, which were within the negative angle range, exhibited an upward trend over time
(Figure 4), with ST2 showing the greatest increase (y = 1.00x + 4.00). In contrast, ST5 showed the most
pronounced decline (y = -0.56x + 7.03).

Figure 2. Monitoring of temporal change in leaf angle during the experimental period.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Statistical analysis results of leaf angle parameters by day and treatment. (A) BD-MD; (B) PMD-MD.
Bar graph represents mean and error bar indicates SD. Two-way RMANOVA was conducted, followed by
pairwise t-tests with Bonferroni correction for post-hoc analysis (P < 0.05). Uppercase letters indicate
comparisons within control across days, while lowercase letters indicate comparisons within drought treatment
across days. Significance levels for comparisons between the two treatments are denoted as follows: ns (P > 0.05),
* (P < 0.05), ** (P < 0.01), ** (P < 0.001).
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2.4. Relationship Between Physiological and Leaf Angle Parameters

The BD-MD model (adjusted R2 = 0.389) exhibited relatively higher stability in explanatory
power compared to the PMD-MD model (adjusted R? = 0.242) (Table 3). However, since both models
had R? values below 0.5, they were appropriate for identifying general trends but could not be
considered highly predictive. The addition of new variables contributed to increase in explanatory
power (Sig. F change < 0.05). The Durbin—-Watson (DW) values were close to 2, indicating minimal
DW values were close to 2, indicating minimal autocorrelation. Significant variables selected in both
models included SM, AT, Fm’, and VPD. Except for Fm’, most of these were environmental factors
(AT, VPD, SM), which were identified as key drivers influencing leaf angle. In particular, AT (BD-
MD standardized coefficient 3 = -1.079; PMD-MD standardized coefficient 3 = -0.672) exerted the
strongest influence (negative) on both leaf angle parameters. PCA results showed that CT and DT
overlapped in the score plots on D2 and D4 but exhibited clear separation between treatments from
D6 onward (Figure 5). In the loading plot, the direction of the leaf angle parameters along PC1
appeared to contribute to the separation between the two treatments.

Table 3. Stepwise multiple regression model results for leaf angle parameters.

R? Adjusted R? F change Sig. F change DW
BD-MD 0.409 0.389- 6.973 0.009 2.197
Standardized
B .. P-value Tolerance VIF
coefficient B
intercept 138.799 - <0.001 - -
SM -1.249 -0.384 <0.001 0.665 1.504
AT -4.208 -1.079 <0.001 0.279 3.588
VPD 11.454 0.565 <0.001 0.351 2.853
Fm’ -0.005 -0.386 <0.001 0.592 1.688
CWSI -13.213 -0.204 <0.01 0.694 1.441
R? Adjusted R? F change Sig. F change DW
PMD-MD 0.263 0.242. 4.746 0.031 2.112
B Stand‘at:d1zed P-value Tolerance VIF
coefficient B
intercept 44.965 - <0.001 - -
SM -0.651 -0.403 <0.001 0.667 1.499
AT -1.302 -0.672 <0.001 0.374 2.675
Fm’ -0.002 -0.305 <0.01 0.646 1.548
VPD 2.336 0.232 <0.05 0.455 2.200

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. PCA results by experimental day. (A) Day 2; (B) Day 4; (C) Day 6; (D) Day 8.
3. Discussion

3.1. Physiological Responses of Q. acutissima to Drought Stress

In contrast to this study, previous studies have shown that 1-2-year-old Q. acutissima seedlings
can survive beyond 30 days of drought treatment [32-35]. Up to 30 days of drought, no significant
differences in chlorophyll content between irrigated and drought-treated seedlings have been
observed, and chlorophyll fluorescence responses also showed minimal variation [32,35]. Before
rewatering, leaves exhibited visible wilting, but recovery was observed following rewatering [35,36].
Thermal imaging further confirmed that leaf temperatures returned to pre-drought levels after
rewatering [35]. Although the seedlings did not die, leaf abscission occurred progressively over time,
while surviving leaves tended to recover in photosynthetic parameters [36]. These studies
consistently indicate that, even under DT, SM levels remained higher than in this study, and recovery
upon rewatering was possible as long as SM did not reach 0%. According to Lim et al. [32], SM
dropped below 1% after 30 days, after which drought stress responses were detected in chlorophyll
fluorescence (Fv/Fm). This is consistent with the findings of this study, in which drought stress
symptoms appeared when SM approached 0%. Further investigation is therefore required to
determine whether leaf recovery can occur following rewatering once SM has reached 0%. Even when
leaf recovery was slow, Wang et al. [34] reported that stem starch concentrations increased 60 days
after defoliation, suggesting an enhancement of drought tolerance through resource reallocation
strategies. Liu et al. [37] observed that nutrient supplementation under drought conditions mitigated
structural damage to leaves and maintained physiological functions, thereby alleviating drought
stress. From physiological perspective, such effects could reduce leaf mortality, mitigate growth
reduction, and enhance the feasibility of leaf-based drought stress detection. According to Li et al.
[33], hardening treatment in Q. acutissima improved drought readaptation capacity by enhancing

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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photosynthetic performance, activating carbon consumption reduction strategies, and increasing the
fine-to-coarse root ratio. These findings highlight Q. acutissima as suitable species for developing
drought stress detection technologies applicable to future nursery systems.

3.2. Potential Applications of Leaf Angle Measurement

This study confirmed that changes in leaf angle closely align with physiological responses of
seedlings to drought stress. Leaf angle is known to significantly influence various physiological
processes, including suppression of excessive light saturation, prevention of leaf temperature rise,
protection of the photosynthetic apparatus, activation of the xanthophyll cycle, and improvement of
photosynthetic efficiency [38]. In some species, inherent leaf angles serve as an adaptive strategy for
enhancing survival [26]. Under nursery conditions, seedlings with positive mean leaf angle exhibited
significantly improved physiological responses even under reduced irrigation, whereas those with
negative mean leaf angle required greater irrigation inputs [29,30]. In conifers such as larch, upper
needles exhibited more rapid wilting response compared to broadleaved species, and drought stress
symptoms were detectable earlier than physiological changes [31]. These findings suggest that
monitoring strategies based on leaf angle should be adapted to species-specific traits. When applied
in practice, individual leaf angle analysis can identify areas within the greenhouse that are subject to
the highest levels of drought and heat stress. These high-stress areas are likely to endure the most
severe stress, while other areas remain relatively less affected, thereby reducing the risk of mortality.

Recent advances in machine learning and deep learning techniques have enhanced the precision
of image-based leaf angle analysis [20,21]. For example, Qi et al. [20] applied Pyramid Convolutional
Neural Network (PCNN) to smartphone images of Euonymus japonicus Thunb., effectively estimating
leaf azimuth with high accuracy, as indicated by strong R? values, thus demonstrating its field
applicability. Several other studies have also reported methods for measuring leaf angle distributions
in various plant and crop species [18,19]. Jiang et al. [22] developed the Auto-LIA (leaf inclination
angle) system, which integrates RGB imaging with computer vision techniques to achieve fully
automated LIA measurement based on leaf-plant connectivity and 3D spatial information. This
approach offers advantages of low cost and high precision, highlighting its potential for plant
physiological monitoring and phenotyping. Furthermore, leaf angle datasets can be utilized for
calibration modeling to improve measurement accuracy, and the data collected in this study are also
expected to contribute to the development of future application technologies [30,39].

3.3. Limitation and Future Study

This study was conducted only in July, and thus did not account for variations in leaf angle
across different seasons or leaf development stages. Previous studies have reported seasonal changes
in mean leaf angle [17,27]. Therefore, increasing the number of replicates for different time periods,
and creating separate datasets based on leaf position and weather conditions, would enable more
accurate leaf angle analysis through modeling. Additionally, because leaf angle changes occur in
three-dimensional space, measuring only from the side may overlook important azimuth
information. Simultaneous detection of changes from the top view could provide more precise
drought stress detection when integrated into modeling approaches. Finally, to enhance field
applicability, future research should include rewatering experiments and expand measurement and
analysis methods from the individual leaf scale to containerized seedlings.

4. Materials and Methods

4.1. Plant materials

One-year-old Q. acutissima seedlings used in this study were produced in the greenhouse of
Forest Technology and Management Research Center (37°45'39”N, 127°10"13”E). In April 2024, seeds
were sown in containers (top 6.4 cm x bottom 4.2 cm x height 14 cm, cell volume 320 mL, 24 cells

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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per tray) filled with growth medium composed of peat moss, perlite, and vermiculite at 1:1:1 (v/v)
ratio. Irrigation was applied daily at 20 L m= via sprinkler system. Fertilization was applied once per
week using 1 g L (1,000 ppm) solution of MultiFeed 19 (19N:19P205:19K20; Haifa Chemicals, Haifa,
Israel). From June until the start of the experiment, seedlings were transferred to the greenhouse of
Kangwon National University, College of Forest and Environmental Sciences (37°52'00”N,
127°44’51”E) and acclimated under the same irrigation regime.

4.2. Experimental Conditions

Seedlings were randomly assigned to control (CT, n = 7) and drought treatment (DT, n = 6).
Seedlings were positioned so that each image frame contained CT (n =2-3) and DT (n = 2) seedlings,
with a black background board placed behind them. CT received 2.35 L of water per container,
applied directly to the soil with a watering can between 11:00 AM and 12:00 PM daily. DT (no
irrigation) was applied from July 1 (D1) to July 8 (D8). Air temperature (AT), air humidity (AH), and
solar radiation (SR) in the greenhouse were recorded every 10 min using Juns OL sensors (PurumbBio,
Suwon, Korea). Soil temperature (ST) and soil moisture (SH) were measured by inserting temperature
sensor (S-SMDMO005, Onset, Bourne, MA, USA) and moisture sensor (S-TMB-M002, Onset, Bourne,
MA, USA) into the growth medium. Data were collected at 30 min intervals using Hobo micro station
(H21-USB, Onset, Bourne, MA, USA).

4.3. Physiological Measurements

Prior to measurements, leaves (n = 37) from each treatment (CT and DT) were labeled for
measurement. The measured parameters included chlorophyll index (SPAD), chlorophyll
fluorescence (Fm': maximum fluorescence in light-adapted state; Fo": minimum fluorescence in light-
adapted state; Fv'//Fm’: maximum quantum yield of PSII in light-adapted state; ®II: quantum yield of
PSII; ®NO: quantum yield of non-regulated energy dissipation; ®NPQ: quantum yield of regulated
energy dissipation; qL: fraction of open PSII reaction centers), vapor pressure deficit (VPD), and crop
water stress index (CWSI). SPAD and chlorophyll fluorescence were measured with MultispeQ V2.0
device (PhotosynQ, East Lansing, MI, USA) between 12:00 PM and 6:00 PM. Leaf temperature data
for VPD and CWSI calculations were collected using thermal camera (PI 160i, Optris, Berlin,
Germany) positioned 2-3 m from the seedlings, with 10-min recordings (n = 3) taken daily (Figure
6A). The equations for calculating VPD and CWSI followed Gardner et al. [40], Stull [41], Grossiord
et al. [42], and Zhou et al. [43] (Equations 1,2).

VPD = {0.61078 x exp(17.27 x T1 / Tl +237.3)} — {0.61078 x exp(17.27 x Ta / Ta @
+237.3) x (AH/100)}

CWSIL: {(T1 - Ta) — (Tlw — Taw)} / {(Tld — Tad) — (Tlw — Taw)} ()

TI refers to leaf temperature, Ta to air temperature, TIw to minimum leaf temperature, Tld to
maximum leaf temperature, Taw to minimum air temperature, and Tad to maximum air temperature.

4.4. Leaf Angle Measurements

Leaf angle was measured using time-lapse camera (ATL200S, Afidus, New Taipei City, Taiwan)
that captured RGB images (16:9 ratio) at 10 min intervals (n = 3). To capture all labeled leaves within
a single frame, images were taken from a height of 70 cm above the base of the target pot and 60 cm
away from the seedlings. To minimize image distortion, all wide-angle, digital zoom, image
stabilization, and auto-exposure optimization functions were disabled. RGB images were analyzed
in Image]J ver. 1.53k (NIH, Bethesda, MD, USA) to extract leaf angle data. Leaf angle was defined as
the internal angle formed between horizontal reference line drawn from the petiole and line from the
petiole to the leaf tip (Figure 6B). Leaves pointing upward were assigned angles between 0° and +90°,
while downward-facing leaves were assigned between -90° and 0°. Collected leaf angle data were
processed into leaf angle parameters according to equations 3, 4, and 5.
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leaf angle ranges divided into six intervals (5Tx): — 90° < ST1 < - 60°, — 60° <
ST2 <—-30° —30°<ST3<0° 0°<ST4 <+30° +30°<ST5<+60° +60°<ST6 (1)

<+90°
Aleaf angle (BD-MD): leaf angle (before drought) — leaf angle o)
(measurement day)
Aleaf angle (PMD-MD): leaf angle (previous measurement day) — leaf angle 3

(measurement day)

Figure 6. Image-based monitoring methods for Q. acutissima seedlings. (A) Thermal imaging; (B) RGB image-

based leaf angle monitoring.

4.5. Statistical Analyses

To assess the effects of DT on temporal and treatment-based variations in physiological
parameters and leaf angle, two-way repeated measures analysis of variance (RMANOVA) was
performed. Post-hoc pairwise t-tests with Bonferroni correction (P < 0.05) were used. Stepwise
multiple regression analysis was conducted to identify factors determining leaf angle variation, with
leaf angle parameters as dependent variables and physiological parameters as independent variables.
Multicollinearity among predictors was checked using tolerance and variance inflation factor (VIF)
values. Principal component analysis (PCA) was performed to visualize variations in physiological
and leaf angle characteristics across measurement days and to identify contributing factors.
RMANOVA and regression analyses were conducted using SPSS ver. 26 (IBM, Armonk, NY, USA).
PCA was performed in Python using the scikit-learn PCA module ver. 1.3.0, with StandardScaler
applied to normalize all numerical data to account for differences in variable scales. Results were
visualized as score plots for PC1 and PC2 using matplotlib ver. 3.7.2, and variable contributions were
displayed as loading vectors.

5. Conclusions

This study demonstrated that image-based monitoring of leaf angle can detect drought-induced
changes in Q. acutissima seedlings, showing temporal dynamics comparable to conventional
physiological stress indicators. PMD-MD, like physiological parameters, showed significant
differences between treatments starting on D6, but it did not allow for earlier detection. Multiple
regression models indicated that environmental variables, especially AT and SM, were strong
determinants of leaf angle variation under drought conditions. Future studies should account for
temporal variability (e.g., seasonal changes, leaf development stages), incorporate multi-view
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imaging capable of capturing both inclination and azimuth changes, and expand to large-scale
containerized seedling systems, including rewatering experiments, to validate field applicability.
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