TRODUCTION

Conifers play a crucial role in the sustainability of temperate and
boreal forest ecosystems. Scots pine (Pinus sylvestris L.) is known for
its low ecological requirements, wide distribution, and phenotypic
plasticity under drought stress, making it ideal species for studying
adaptation for changing environment. Early-age spectral screening in
nurseries supports plant breeding and selection by accounting for
iIncreasing drought stress. However, due to the small projection area
of Scots pine needles, they present a challenge for processing optical
properties for validation image data acquired remotely.

Given the species’ genetically determined variability of
photosynthesis performance (Cep/ et al, 2016), we expect other
physiological parameters in seedlings to vary across populations during
drought and recovery phases. Fluorescence emission was monitored
during drought stress to track photosynthetic changes and plant
health non-destructively in real time. Optical properties like reflectance
and fluorescence offer insights into plant physiology via imaging in
high-throughput phenotyping (HTP). While common for crops, HTP is
less used for conifers due to challenges with their canopy structure.

The goal of this work is to better understand the spectral properties
of the visible range that underlie the variability in plant photosynthetic
functions caused by early-stress. Moreover, early detection of
drought stress at the ecosystem level in conifers offers a valuable
advantage for forest management, especially in addressing the ongoing
dieback of forest ecosystems in Central Europe.

JAL AND METHODS

Two-year-old seedlings of upland and lowland Scots pine
(Pinus sylvestis L.) ecotypes from Czech Republic were
subjected to drought stress in greenhouse from February to
August 2022. A high-throughput phenotyping system (HTP)
with automated irrigation monitored leaf physiological traits over
164 days.
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Chlorophyll Fluorescence:

FluorCam FC1300/8080-15 - r-o/white, 6 colours PAM fluorometer,
equipped with a high-resolution TOMI-2 camera (1360 x 1024 px,
frame rate 20 fps and 16-bit depth). Measurements were performed
on dark-adapted plants, starting from 22:00 pm to 04:00 am.
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Hyperspectral Imaging (HSI):

HC-900 Series visible hyperspectral scanner with a range 351-
898 nm, 480 bands and 1.03 mm? spatial resolution. K-means
clustering with pre-annotated centroids was used to classify
pixels across all treatments and time points to extract pure
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sé7: [T CONCLUSIONS

Gty 1) Using hyperspectral imaging (HSI), we developed a
phenology independent, robust, open-source pipeline—
built without pretrained models—that accurately classifies
plant parts with small projection areas (Neuwirthova et al.,

2025b, submitted).

Before treatment

Population

@ Decin
@ Trebon
o ® Plasy

1) Evergreen

2) Identification

3) Assessment

4) Determining

imaging data (HSI).
pine seedlings using fluorescence, and HSI. Asumption

based on FieldSpec data (Siejskal et al., 2023).

reliably explain photosynthetic function (QY max and NPQ)
under long-term water stress.

seedling segmentation from hyperspectral

three locally adapted populations of Scots

of drought stress using fluorescence and HSI.

whether underlying spectral variability can

may not

LDA or RF

2) In Scots pine classifications based on QYmax and NPQ

(Neuwirthova et al., 2025a, under revision); however, HSI
combined with classification methods such as LDA or RF
were successful (Neuwirthova et al., 2025b, submitted).

3) While variability in photosynthetic function (QYmax and
NPQ) reflects plant responses to stress (Neuwirthova et
al., 2025a, under revision); the variability between control
and stressed plants based on HSI was weak. Nevertheless,

over 80% accuracy in distinguishing treatment groups
(Neuwirthova et al., 2025b, submitted).

4) Spectroscopy-based PLSR models of canopy
photosynthesis traits reveal key spectral drivers in the green
and red-edge region (Neuwirthova et al, 2025c in
preparation).

effectively distinguish local populations

classification based on spectral data achieve

Physiological Responsiveness to Watering Regime
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Performance of the linear
discriminant analysis (LDA)
model in classifying Scots pine
seedlings by population origin
before stress period. The colour
dots indicate the following
locally adapted populations:
Decin (red, upland ecotype) and
lowland ecotype: Plasy (blue),
and Trebon (green)

The impact of differential watering regimens on two functional leaf physiological
traits (QY max, NPQ) over 166 days (day after transplantations= DAT), from
February 21, 2022, to August 7, 2022. Two groups of plants were studied:
controlled plants (C) receiving a consistent 50% SRWC watering and treated
plants (T) exposed to progressive substrate dry-down. Soil Relative Water Content
(SRWC, right vertical axis) assessed gravimetrically. Left axis represent tested
physiological traits. Symbols indicate significant (a < 0.05; full symbols) and non-
significant (a = 0.05; open symbols) differences between controlled and treated
plants. The red line represents the permanent wilting point (PWP), a crucial water
stress threshold.
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Classification method Before Stress period Recovery Predicted accuracy of classificat/:on
treatment phase methods (LDA and RF) for Scots pine
LDA Population 80% 78 % 81% seedlings by population origin and
oredicted accuracy Treatment A% 38 % 1% treatment across different water
stress periods (before treatment,
RF Population 69% 63 % 62% stress period %rw rec%ery phase).
predicted accuracy Treatment 54% 83 % 79%
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Scatterplots of predicted vs. measured QY max values based on leave-one-

out cross-validation (LOO-CV).

coefficient of determination (R’), root mean square error (RMSE), and

percentage RMSE relative to the
for control plants and circles for
are coloured according to days

DAT 29 (before treatment), brown for DAT 88 (water stress period), and dark
green for DAT 158 (recovery period).
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