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The research aimed to study the dynamics of photosynthetic pigments (chlorophylls a, b,
and carotenoids) in the leaves of different pea morphotypes under contrasting climatic
conditions of the Akmola region in 2022-2024. The methodology included field research,
spectrophotometric determination of pigments, statistical data processing, and correlation
analysis. The study found that the climate of the Akmola region had a significant impact
on the photosynthetic pigments in pea plants: in the dry years of 2022-2023, a sharp
decrease in chlorophyll a content was observed, ranging from 41% to 49%, while
carotenoid levels increased by 67% in the wet year of 2024. Tendril morphotypes
exhibited higher stress adaptability, as indicated by an increased chlorophyll b content
(0.51 mg/g) and a more stable pigment system. In contrast, leaf forms displayed higher
photosynthetic activity under favourable conditions. Correlation analysis revealed a
strong positive relationship between chlorophyll a content and yield in tendril genotypes
under drought stress (r = 0.840). Tendril morphotypes showed higher adaptability to
stress through the optimisation of pigment composition, while carotenoids were key
biomarkers of hydrothermal stress. The practical significance of this research lies in the
possibility of using the results for breeding resistant pea varieties and developing adaptive

agrotechnologies for regions with unstable moisture.

1. INTRODUCTION

Global climate changes, manifested in the form of increased
average annual temperatures and disturbances in precipitation
patterns, significantly affect agroecosystems, especially in
regions with a sharply continental climate, such as the Akmola
region of Kazakhstan. The increase in frequency and duration
of abiotic stresses, in particular droughts and periods of
excessive moisture, raises risks for the stable cultivation of
sensitive agricultural crops. Pea (Pisum sativum L.), as one of
the key leguminous crops of the region, demonstrates a high
dependence of productivity on environmental conditions, with
potential yield reduction in case of disturbance of the water-
temperature regime.

Special attention in 2020-2024 was paid to studying
changes in the pigment profile of leaves under the influence of
unfavourable environmental factors. Photosynthetic pigments,
in particular chlorophyll a and b (Chl a, Chl b) and carotenoids,
serve as important bioindicators of stress resistance, since the
content rapidly responds to changes in the external
environment. For instance, in the work of Tafesse et al. [1], a
significant correlation was established between chlorophyll
content, wax layer, and spectral vegetation indices, which
makes it possible to forecast heat resistance in pea varieties.
Chl b increases under shade or stress to enhance light capture,
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broadening the absorption spectrum and improving
photosynthetic efficiency in low-light or stress conditions.
This adaptation allows the plant to optimise light harvesting
when light is limited. Carotenoids, via the xanthophyll cycle,
provide photoprotection by dissipating excess light energy as
heat, preventing damage to the photosynthetic machinery [2-
6]. Under high light stress, the cycle converts violaxanthin to
zeaxanthin, safeguarding the plant from photooxidative
damage and maintaining photosynthetic stability.

Against the backdrop of growing interest in the biological
regulation of adaptive crop responses to drought, Sultan et al.
[7] proved the effectiveness of using biostimulants such as
benzylaminopurine, moringa extract, and ascorbic acid to
mitigate the impact of water deficit on peas. The results
confirm the enhancement of plant resistance through the
stimulation of photosynthesis and the maintenance of pigment
balance. In the context of temperature stress, the study of Rath
et al. [8] indicates reversible changes in photosynthetic
efficiency and in the structure of pea thylakoid membranes
under high temperatures. This study demonstrates the ability
of plants to functionally reorganise chloroplasts to preserve
photosynthetic activity under heat load conditions.

Li et al. [9] reviewed biochemical pathways of pigment
breakdown and synthesis in response to environmental factors
to assess the effects of abiotic stresses on chlorophyll
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metabolism. Most research is done on model crops and lab
conditions, limiting its applicability to field systems.
Tomaskinova et al. [10] confirmed this trend by evaluating the
effects of environmental stressors on chlorophyll fluorescence
and Glycine max content in a controlled environment.
Muhammad et al. [11] systematically studied photosynthetic
control under drought, salt, and severe temperatures. The
involvement of photosynthetic pigments, antioxidant systems,
and plant adaptive responses was highlighted, confirming the
importance of pigment composition monitoring for
agricultural crop stress resistance. Uzakbay et al. [12]
described the dynamics of absolute and relative pigment
content in Glycyrrhiza uralensis under flooding, which
partially models Akmola's natural conditions. Water stress
changes the pigment system, affecting plant adaptation.
Another regional field study was Atabayeva et al. [13], which
examined rice resistance to cadmium stress under iron
deficiency. The authors underline the need of analysing stress
variables and pigment status together to assess plant
physiological response. Sharma et al. [14]'s review on
photosynthetic stress responses emphasised the need for
adaptable methods for varied climates and crops, shaping
present scientific discourse. Field studies for agricultural
application are needed due to the scarcity of data from harsh
climate locations. Talebzadeh and Valeo [15] examined how
environmental stress affects chlorophyll concentration in tree
leaves, a sign of plant health. The researchers stressed the need
of non-invasive leaf pigment composition monitoring to
measure urban and natural tree health.

Tendril (afila) and leafed morphotypes in peas differ
significantly in canopy architecture and stress adaptation [16-
20]. Tendril morphotypes have smaller leaves and tendrils,
resulting in a more compact canopy. This structure reduces
water loss through transpiration, enhancing drought resistance
and improving lodging resistance in adverse weather. The
open canopy allows better light penetration to lower plant parts
[21-25]. In contrast, leafed morphotypes have larger leaves,
increasing photosynthetic capacity under favourable
conditions but also making them more susceptible to lodging
and higher transpiration rates. Their denser canopy can limit
light distribution, reducing photosynthesis in lower leaves.
These differences make tendril morphotypes more resilient to
stress, while leafed morphotypes thrive in optimal conditions,
highlighting the importance of canopy structure in breeding
for stress tolerance, especially in regions like Akmola with
extreme climatic conditions.

The research gap specific to the Akmola region lies in the
limited understanding of how abiotic stresses, particularly
fluctuations in moisture availability and temperature extremes,
impact the photosynthetic pigment composition in peas under
field conditions. While previous studies have investigated the
effects of environmental stressors on photosynthetic efficiency
in model crops or controlled environments, there is a lack of
comprehensive field-based research in the Akmola region,
which has a sharply continental climate with frequent droughts
and excessive moisture. The current study fills this gap by
examining the dynamic responses of Chl a, Chl b, and
carotenoids in pea plants of different morphotypes under real
agroclimatic conditions in this region. The aim of this work
was a comprehensive assessment of the impact of contrasting
abiotic conditions on the content of Chl a, b, and carotenoids
in the leaves of pea plants of different morphotypes in the
conditions of the Akmola region (Kazakhstan). We
hypothesise that tendril morphotypes maintain higher Chl b
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and carotenoid levels under drought, leading to better yield
stability.

2. MATERIALS AND METHODS

Field studies took place in the Shortandinsky district of
Akmola region, the village of Naukove, Republic of
Kazakhstan, at the base of the Limited Liability Partnership
“A.L Baraev research and production centre for grain farming”
[26] during 2022-2024. Field experiments were laid out on
clean fallow. The soils of the experimental plot were
represented by ordinary low-humus chernozems with fertility
indicators (layer 0-20 cm): humus 4.2%, easily available
nitrogen (N-NH+*+N-NOs") 32.1 mg/100 g of soil, mobile
phosphorus (P20s) 24.5 mg/100 g, exchangeable potassium
(K20) 35.7 mg/100 g, pH 6.8.

A total of 21 pea samples were studied, each having
different ecological-geographical origins, of which 7
genotypes belonged to the tendrilled morphological leaf type
and 14 to the leafed type. The selection included pea samples
with clearly expressed morphotypes of leaf (tendrilled and
leafed), different ecological-geographical origins, and stable
agronomic characteristics, which ensured genetic diversity
and adaptability to stress. Samples with an insufficient number
of seeds, signs of diseases or damage, as well as those that did
not correspond to the conditions of standardised cultivation,
were excluded in order to avoid the influence of external
factors on the research results.

Sowing was carried out at the optimal times for the region:
the end of the second, the beginning of the third ten-day period
of May. The sowing depth of seeds was 3-4 cm, row spacing
was 15 cm. The experiment was duplicated (2 replications).
The seed material was sown with a breeding, fractional, cone
precision seeder with 7 sowing units (SSFK-7, Kazakhstan) on
plots of 4 m? During the growing season, phenological
monitoring was conducted to record the duration of interphase
intervals and the total vegetation period. At the ripening stage,
before harvesting, structural sheaves were collected from
control plots. For harvesting from experimental plots, a
breeding combine Wintersteiger Classic (Austria) was used.

The assessment of agroclimatic conditions during the
research (2022-2024) was carried out based on daily
meteorological observations obtained from the state
meteorological station of Shortandy (Shortandinsky district,
Akmola region, Kazakhstan). The data included: total
precipitation (mm), average daily air temperature (°C), relative
air humidity (%). The hydrothermal coefficient (HTC) was
calculated according to Selyaninov’s Eq. (1):

P

HTC = —2———
01X Y Tout

(1)

where, 2P — total precipitation (mm) for the vegetation season,
2Tuee — sum of average daily air temperatures >+10 °C for the
same period, coefficient 0.1 — normalising multiplier
according to Selyaninov’s method.

Threshold values for different drought categories are as
follows: extreme drought occurs when the HTC is below 0.4,
indicating severe moisture stress relative to temperature and
evapotranspiration demands; moderate drought is defined by
an HTC between 0.4 and 0.6, where water availability remains
a limiting factor but not as severe as in extreme drought
conditions; mild drought is characterised by an HTC between



0.6 and 0.8, signifying a moderate imbalance between
precipitation and temperature, though crops can still survive
with proper moisture management; and normal conditions are
indicated by an HTC greater than 0.8, suggesting adequate
moisture for optimal crop growth [27]. These thresholds are
widely used to categorise drought intensity and guide
agricultural management strategies.

The determination of chlorophyll a, b, and carotenoids was
carried out by spectrophotometry, based on the ability of
pigments to absorb light of a certain wavelength using a
spectrophotometer Venta Lab T6 (Biogenetix, China). The
quantitative assessment of chlorophyll content was carried out
by the traditional method, which included extraction with
acetone or ethanol followed by spectrophotometry or high-
performance liquid chromatography, using the average sample
method [28].

The spectrophotometric analysis was performed using 5 mL
of 96% ethanol for each sample, with pigment extraction
carried out at room temperature (25 °C) for 30 minutes,
ensuring periodic shaking to enhance extraction efficiency.
The extraction was conducted in the dark to prevent light-
induced degradation of the pigments. After extraction, the
samples were centrifuged at 3000 rpm for 10 minutes to
remove solid debris, and the supernatant was filtered through
a 0.45 pum nylon filter to obtain a clear solution for analysis.
The spectrophotometric measurements were conducted using
a 1 cm cuvette, with 96% ethanol serving as the blank solvent.
The instrument (Venta Lab T6) was calibrated using the blank
solvent, and wavelength accuracy was verified using
calibration standards for 470 nm (carotenoids), 646 nm (Chl
b), and 663 nm (Chl a) to ensure precise readings. This
protocol ensures accurate and reproducible measurements of
photosynthetic pigments under controlled conditions.

For each sample at each growth phase, three independent
measurements were carried out, which allowed the variability
to be assessed and the reliability of the results to be improved.
Leaf samples for the determination of photosynthetic pigments
were taken at the phases: “seedlings”, “flowering”, and
“ripening”.

The experimental layout was designed as a Randomised
Complete Block Design (RCBD), with two replications per
plot, where each replication represents a separate block. The
plots were randomly assigned within each block to ensure
randomisation of the experimental conditions. Each plot
consisted of three randomly selected plants per genotype, and
the leaves from these plants were pooled to account for plant-
to-plant variability. Pigment sampling was averaged per plot
to ensure consistency across experimental conditions, and the
data from two replications were used for statistical analysis.
Border rows were included to mitigate edge effects and
maintain plot integrity. The two replications per plot helped in
ensuring robust and reliable statistical analysis, allowing for
accurate assessment of pigment content under the different
experimental conditions.

A portion of plant material (0.2 g) was ground in a mortar
to a homogeneous mass. Extraction and determination of
chlorophyll and carotenoid contents were carried out in 96%
ethyl alcohol in accordance with established recommendations
[29]. The following calculation formulas were used.

Eq. (2) for the concentration of Chl a:

Cchla = 12.21Dgg3 — 2.81Dgye 2)

where, Ccn o — concentration of Chl a in extract (mg/L); Dess3 —
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optical density of extract at wavelength 663 nm; Dgys — optical
density of extract at wavelength 646 nm.
Eq. (3) for the concentration of Chl b:

Cchlb = 20.13 D64—6 - 5.03 D663 (3)
where, Ccnp— concentration of Chl b in extract (mg/L); Desss —
optical density of extract at wavelength 646 nm; Dgs3 — optical
density of extract at wavelength 663 nm.

Eq. (4) for the concentration of carotenoids [14]:

_ Day0 = (Cenia X kcnia) = (Cenib X kcnib)
CCar -

(4)

kcar

where, C..r — concentration of carotenoids in extract (mg/L);
Da70 — optical density of extract at wavelength 470 nm; Ccp 4
— concentration of chlorophyll a (mg/L), calculated by Eq. (1);
Ccni » — concentration of chlorophyll b (mg/L), calculated by
Eq. (3); kch1a» Kcnb, and k., — specific coefficients for Chl a
(11.64), Chl b (22.25), and carotenoids (4.69), respectively,
derived for the 96% ethanol solvent system.

After determining the concentration of pigment in the
extract, its content in the studied tissue was calculated taking
into account the extract volume and the sample mass according
to Eq. (5):

F=(VxC)/P (5)
where, F' — pigment content in plant material (mg/g fresh
mass); V — extract volume (L); C — pigment concentration
(mg/L); P — mass of plant material portion (g). Additionally,
the ratios of pigments Chl a/Chl b and (Chl a + b)/car were
calculated.

In addition to the analysis of photosynthetic pigments, the
yield of each genotype (g/m?) was measured after full ripening.
To assess the relationship between pigment composition and
productivity, Pearson’s correlation analysis was used (at p <
0.05). Sampling for pigment analysis and determination of
yield was carried out on the same experimental plots, which
allowed the influence of microclimatic differences to be
avoided. The statistical processing of experimental data was
carried out in the Statistica 6.0 software environment. The
analysis of results included methods of descriptive statistics
and Pearson’s correlation analysis (significance level p <
0.05). The strength of correlations was evaluated according to
the standard scale: coefficient values r < 0.3 indicated a weak
correlation, r = 0.3-0.7 indicated a moderate correlation, and
r> (.7 indicated a strong statistical relationship.

3. RESULTS

3.1 Climatic conditions of the study and the dynamics over
the years

The relief of the Akmola region (Kazakhstan) was
characterised by diversity: steppe landscapes predominated,
with small-hill massifs, weakly dissected plains, river valleys,
and forested mountains. The region was distinguished by a
sharply continental climate with a short hot summer and a long
severe winter, accompanied by strong winds and snowstorms.
Temperature indicators ranged from — 40 °C in winter to
+44 °C in summer. The year 2022 proved to be relatively drier.
Pea sowing was carried out against the background of a deficit



of precipitation (during the Sowing-Seedling stage, only 16.9
mm, which was 15.5 mm below the norm) and elevated
temperatures (+3.2 °C above the long-term average). The
HTC, calculated by Eq. (1), in May was 0.30, which indicated
an extreme drought. Soil moisture content in the 0-100 cm
layer at the time of sowing (15 May) was 51.42 mm. During
May-August, the total amount of precipitation (117.2 mm) was
51.5 mm lower than the norm, and the average daily
temperature (+18.5 °C) exceeded the norm by 1.5 °C (Table
1). Such conditions created stressful situations for leguminous
crops.

The year 2023 was marked by an even more pronounced
drought. During the Sowing-Seedling stage, only 2.5 mm of
precipitation fell (29.9 mm below the norm) at a temperature
of 15.3 °C (+2.8 °C above the norm); the HTC was a critically
low 0.03. During the growing season, total precipitation (35.2
mm) was 133.5 mm lower than the long-term average, and the
temperature (19.6 °C) exceeded the norm by 2.6 °C. The
growing-season HTC was 0.12. Conditions remained severe in
June: precipitation totalled 13.2 mm (vs. a norm of 39.5 mm),
with a mean temperature of 21.1 °C and an HTC of 0.12. The
most extreme period occurred during the Flowering—Ripening
stage, when precipitation was very low (19.5 mm; norm 57
mm), and the mean temperature reached 21.3 °C (4.5 °C above
the norm), with an HTC of 0.16. Overall, these conditions
reflect a pronounced moisture deficit and were associated with
reduced pea productivity, including a shortened growing
season, decreased leaf photosynthetic activity, and smaller

seed size.

In 2024, a significant contrast in conditions was observed
due to excessive moisture. During the growing season, 309.1
mm of precipitation fell, which exceeded the norm by 140.4
mm, and the HTC value (1.22) indicated sufficient moisture
availability. The temperature regime was moderate (18.0 °C;
1.0 °C above the norm), but heavy rainfall slowed down
maturation. A characteristic feature of the season was stable
soil moisture and the presence of heat stress only at the
beginning of the growing season (during the Sowing-Seedling
stage). In the Akmola region, a high yield of agricultural crops
was formed, but the maturation process was significantly
delayed compared to previous years due to excessive moisture
availability during the growing season. Excess moisture in
2024 may increase disease pressure, such as Botrytis cinerea,
impairing leaf function and reducing photosynthetic
efficiency, which could lower chlorophyll and pigment levels.
Additionally, waterlogged conditions may reduce solar
radiation penetration, limiting photosynthesis and affecting
Chl a and carotenoid content. Changes in nitrogen dynamics
due to waterlogging can also hinder nitrogen uptake, essential
for chlorophyll synthesis, potentially reducing both pigment
concentration and yield. A characteristic feature of the
growing season was the formation and maturation of seeds
under stable temperature conditions. The maximum
temperature increase was observed in April (2.2 times higher
than the norm), but during the active growth of crops, a
sufficient level of soil moisture was noted.

Table 1. Precipitation, air temperature, and hydrothermal coefficient (HTC) during pea growing seasons (2022-2024)

Year Indicator Sowing-Seedling  Seedling-Flowering  Flowering-Ripening Total  Deviation from the Norm
Precipitation, mm 16.9 255 74.8 117.2 -51.5
2022  Air temperature, °C 15.7 21.1 19.3 18.5 +1.5
HTC 0.30 0.30 0.70 0.40 -0.40
Precipitation, mm 2.5 13.2 19.5 352 -133.5
2023  Air temperature, °C 15.3 21.1 21.3 19.6 +2.6
HTC 0.03 0.12 0.16 0.12 -0.68
Precipitation, mm 111.8 66.5 130.8 309.1 +140.4
2024  Air temperature, °C 15.8 22.7 19.3 18.0 +1.0
HTC 2.00 1.02 0.90 1.22 +0.42

Note: Growth stages loosely correspond to the monthly timeline: "Sowing-Seedling" (May), "Seedling-Flowering" (June), and "Flowering-Ripening" (July-
August). "Air temperature" refers to the average daily mean temperature for the specified growth stage.

Over three years of observations (2022-2024), significant
climatic fluctuations were recorded: from severe droughts to
excessive precipitation. Such variability of conditions made it
possible to assess how different types of abiotic stress affected
the formation of photosynthetic pigments in peas.

3.2 Growing conditions and dynamics of photosynthetic
pigments in peas

The growing conditions during the study differed
significantly, which had a strong effect on the development of
pea plants, especially at the vegetative stage of growth.
Weather conditions caused noticeable changes in the
formation of the assimilation apparatus and, as a consequence,

in the amount of pigments in the studied samples. It was
confirmed that the pigment content depended on
environmental conditions, intensity, and quality of light,
structural features of the leaf blade, anthropogenic and other
factors; therefore, the absolute pigment content and the ratio
in plants were unstable. The results of the study showed that
leaf morphotypes of peas had a higher content of Chl a than
tendril ones, but only at the flowering stage. The difference in
Chl a concentration averaged +0.04 mg/g of fresh weight,
which may indicate activation of photosynthetic processes in
these samples, since it is Chl a that plays a leading role in light
absorption. The genotype values in Table 2 represent pooled
data from all three years of the study.

Table 2. Content of photosynthetic pigments in pea plants of different leaf morphological types, 2022-2024

Chl a (mg/g Fresh Weight +£SD)

Chl b (mg/g Fresh Weight £SD)

Carotenoids (mg/g Fresh Weight +

Genotype SD)
Seedling  Flowering  Ripening  Seedling  Flowering Ripening  Seedling  Flowering  Ripening
Tendril Morphological Type
KASIB 0.81 % 0.82 = 0.87 = 0.34 = 043 % 0.37 % 0.21 % 0.21 0.25 =
0.03¢ 0.03° 0.032 0.05¢ 0.052 0.05° 0.02° 0.02° 0.022

2002



VU 24/90 0.89 + 0.85 + 0.87 + 0.47 = 0.48 + 0.25 + 0.18 + 0.15 + 031+
0.022 0.02¢ 0.02° 0.13° 0.132 0.13¢ 0.09° 0.09¢ 0.092

Aksay tendril 0.82 + 0.88 + 0.86 + 0.38 + 0.53 + 0.30 + 0.20 + 0.16 + 021+
k8921 0.03¢ 0.03? 0.03° 0.12° 0.122 0.12¢ 0.03° 0.03¢ 0.032

Kombainovy 2 0.87 = 0.89 + 0.66 &= 0.38 = 0.49 = 0.27 = 0.21 = 0.18 = 0.17 =
0.13° 0.132 0.13¢ 0.11° 0.112@ 0.11¢ 0.022 0.02° 0.02¢

L-38-98 0.89 = 0.86 = 0.84 = 0.49 = 0.63 = 0.24 = 0.17 = 011+ 0.24 =
0.032 0.03° 0.03¢ 0.20° 0.202 0.20°¢ 0.07° 0.07¢ 0.072

Aksay tendril 15 0.84 + 0.85 + 0.72 + 0.35+ 0.40 + 0.26 + 0.22 + 0.22 + 0.26 +
0.07° 0.072 0.07¢ 0.07° 0.072 0.07¢ 0.02b 0.02° 0.022

L-46-08 0.84 + 0.93 + 0.73 = 0.55 + 0.62 + 0.26 + 0.12 + 0.14 + 019+
0.10° 0.109 0.10¢ 0.19° 0.192 0.19¢ 0.04¢ 0.04° 0.042

Mean for tendril 0.85 = 0.87 = 0.79 = 0.42 = 051+ 0.28 = 0.19 = 0.17 = 0.23 =
type 0.07° 0.07¢2 0.07°¢ 0.08° 0.082 0.08° 0.03° 0.03¢ 0.032

Leafed Morphological Type

UG 95-8882 0.85 + 0.98 + 0.61 + 0.43 + 0.59 + 021+ 0.16 + 0.17 = 0.18 +
0.08° 0.08? 0.08¢ 0.12° 0.122 0.12¢ 0.02¢ 0.02° 0.022

Chelyabinsk 24 0.77 0.94 + 0.81 + 0.40 = 0.43 + 0.25 + 0.17 + 0.23 + 0.28 +
0.09¢ 0.092 0.09° 0.09° 0.092 0.09¢ 0.04¢ 0.04° 0.042

Alexandrite 0.87 = 0.92 + 0.67 = 041+ 0.49 = 0.27 = 0.14 = 0.18 + 0.24 =
0.09° 0.09? 0.09¢ 0.10° 0.102 0.10¢ 0.05¢ 0.05° 0.052

Omsk 10 0.79 = 0.89 = 0.64 = 032+ 043 = 0.20 = 0.18 = 021 + 0.22 =
0.08° 0.08? 0.08¢ 0.10° 0.102 0.10¢ 0.02¢ 0.02° 0.022

28/01 0.85 + 0.87 = 0.65 + 0.48 + 0.49 + 0.25 + 011+ 0.18 = 0.18 +
0.06° 0.06? 0.06¢ 0.08° 0.082 0.08¢ 0.03° 0.03? 0.032

45/02 0.82 + 0.77 = 0.66 + 0.43 + 0.46 + 0.23+ 0.10 + 0.14 + 021+
0.072 0.07° 0.07¢ 0.07° 0.072 0.07¢ 0.04¢ 0.04° 0.042

Vyatich 0.82 = 0.90 = 0.85 % 043+ 0.54 = 0.20 = 0.18 = 0.14 = 0.29 =
0.06° 0.06? 0.06° 0.07° 0.072 0.07¢ 0.06° 0.06° 0.062

Talovets 0.84 = 091+ 0.74 = 035+ 0.38 = 0.23 021+ 0.22 + 0.25
(Zorya) 0.07° 0.072 0.07¢ 0.09° 0.092 0.09¢ 0.04¢ 0.04° 0.042

Kamerton 0.73 + 0.95 + 0.56 + 0.43 + 0.60 + 0.23+ 013+ 0.15 + 0.19 +
0.11° 0.118 0.11°¢ 0.10° 0.102 0.10¢ 0.03¢ 0.03° 0.032

Kharkiv Amber 0.85 + 0.97 = 0.66 + 0.41 + 0.54 + 019+ 0.18 + 0.18 = 0.22 +
0.06° 0.06? 0.06° 0.07° 0.072 0.07¢ 0.03° 0.03° 0.032

Svitozar 0.87 = 0.95+ 0.81 % 0.36 = 041+ 0.26 = 0.20 = 0.24 + 0.27 =
0.05° 0.05? 0.05¢ 0.09° 0.092 0.09¢ 0.04¢ 0.04° 0.042

Novosibirets 091+ 0.94 + 0.82 = 0.39 %+ 043 = 0.19+ 0.21 = 0.23+ 0.26 =
0.07° 0.072 0.07¢ 0.07° 0.072 0.07¢ 0.04°¢ 0.04° 0.042

Cristall 0.80 = 0.87 = 0.82 = 0.37 = 0.58 = 0.36 = 0.14 = 0.14 = 0.19 =
0.05°¢ 0.052 0.05° 0.11° 0.118 0.11°¢ 0.03° 0.03° 0.032

Nitouche 0.81 + 0.83 + 0.73 = 0.42 = 041 = 0.28 = 0.17 = 0.18 = 0.19 =
0.06° 0.06? 0.06° 0.042 0.04° 0.04¢ 0.02¢ 0.02° 0.022

Mean for leaf 0.83 % 091+ 0.72 = 0.40 = 0.48 = 0.24 = 0.16 = 0.18 = 0.23
type 0.06° 0.06° 0.06° 0.07° 0.078 0.07¢ 0.03¢ 0.03° 0.032

Note: all values are given in mg per 1 g fresh plant mass; mean values calculated separately for each morphological type. Concentrations of chlorophylls (a, b)
and carotenoids were calculated according to Eqgs. (2)-(5). Different letters indicate statistically significant differences between growth stages at p < 0.05: “a”
denotes the highest statistical group, followed by “b” for an intermediate value and “c” for a lower value.

SD = standard deviation

According to the results of the study, at the flowering stage,
the leafed variety UG 95-8882 demonstrated peak Chl a values
—0.98 mg/g fresh mass, while the other studied leafed samples
had Chl a values in the range 0.77-0.97 mg/g. The data on Chl
b are of significant scientific value, since this pigment
determines the ability of plants to adapt to changing
environmental conditions. On average, the Chl b content in pea
samples of tendril morphotype exceeded that of leafed forms
by 0.03 mg/g fresh plant mass, confirming the role of Chl b in
plant adaptive mechanisms. It helped plants to effectively
absorb light under low illumination and protected the plants
from potentially harmful effects of bright light. Samples L-38-
98 and L-46-08 showed the best average Chl b content across
the studied growth stages — 0.45 and 0.48 mg/g fresh plant
mass, respectively. This may indicate increased resistance and
efficiency under different lighting conditions, making these
samples promising for further research and breeding.

Carotenoids perform a dual function in plants: light-
harvesting and light-protecting, activating mechanisms for the
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dissipation of excess excitation energy [30-35]. A detailed
analysis of the content of these pigments in pea samples
revealed a clear seasonal dynamic — there was progressive
growth of the concentration from the seedling stage to
ripening. The maximum carotenoid content was recorded in
both morphotypes (tendril and leafed) at the ripening stage,
with an average of 0.23 mg/g fresh mass. This confirmed the
key role of carotenoids in plant functioning, especially at the
final stages of ontogenesis.

3.3 Dynamics of photosynthetic pigments in different
phases of pea ontogenesis

Figure 1 presents the pigment content in pea leaves at the
seedling stage across the three years. The study revealed
significant fluctuations in Chl a content at the seedling stage:
the minimum value of 0.27 mg/g was recorded in Chelyabinsk
24 (2022), while the maximum of 1.14 mg/g was observed in
Novosibirets (2023). Chl b content ranged from 0.12 mg/g



(Cristall, 2022) to 0.89 mg/g (L 46-08). Carotenoids, as key
elements of the pigment complex, reached peak values of 0.3
mg/g in 2024, which was 67% and 34% higher than the levels
of 2023 and 2022, respectively, with individual variations
from 0.05 mg/g (Chelyabinsk 24) to 0.31 mg/g (Vu 24/90).
At the flowering stage (Figure 2), the maximum Chl a
content was recorded in 2023 in the genotype Novosibirets
(sample 19; 1.10 mg/g). Chl b content in this period varied: in
2022 from 0.28 mg/g in Nitouche (sample 20) to 0.53 mg/g in
Kharkiv Amber (sample 17); in 2023 from 0.42 mg/g in
Novosibirets (sample 19) to 0.89 mg/g in L-46-08 (sample 21);
in 2024 from 0.47 mg/g in 45/02 (sample 13) to 0.78 mg/g in
L-38-98 (sample 5). Carotenoids in the flowering stage of
2024 reached an average of 0.3 mg/g, showing an increase of
27% and 14% compared with 2023 and 2022, respectively,
indicating activation of antioxidant mechanisms under
conditions of thermal stress. Considering the dual function of
carotenoids as photoprotectors and light-harvesting
complexes, the increased content in wet years can be regarded
as an adaptive response to unfavourable environmental

conditions. In wet years, increased cloud cover and periodic
sun breaks can lead to light fluctuations that stress the
photosynthetic machinery, prompting the plant to enhance its
carotenoid content for photoprotection, ensuring efficient
photosynthesis and safeguarding against oxidative damage.

At the ripening stage (Figure 3), the accumulation of Chl a
varied widely across the three years, reflecting the different
environmental conditions experienced in each growing
season. The genotypes Vyatich (sample 14) and Kharkiv
Amber (sample 17) stood out with maximum Chl a in 2022
(1.40 mg/g), with Kharkiv Amber also leading in 2023 (0.86
mg/g), while in 2024 the leader was the standard variety
KASIB (sample 1; 1.05 mg/g). Chl b content at ripening
ranged from minimal values around 0.06 mg/g (2023-2024) to
0.60 mg/g in Kharkiv Amber (sample 11) in 2022, with the
lowest overall mean values occurring in the drought year 2023.
Carotenoids at this period showed average values from 0.19
mg/g (2023) to 0.29 mg/g (2022), with an absolute maximum
in genotype UG 95-8882 (sample 8) at 0.43 mg/g in 2022.
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Notes: error bars represent standard deviation (SD) of the mean. Source: compiled by the authors.

3.4 Correlation analysis of relationships between pigments
and yield

Application of Pearson’s correlation analysis revealed the
relationship between photosynthetic pigment concentration in
leaves and productivity of different pea morphotypes (2022-
2024). The analysis showed a clear dependence of results on
climatic conditions and plant type (Table 3).

Under the drought conditions of 2022, a strong positive
correlation between Chl a content and yield was observed in
tendril morphotypes, indicating that increased Chl a levels
were strongly linked to better productivity. It likely reflects
Chl a as a marker of plant health rather than a direct cause of
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higher yield. Higher Chl a content suggests better
photosynthetic efficiency and stress adaptation, enabling the
plant to maintain growth despite drought, but it is more an
indicator of overall plant vitality than a direct driver of yield.
In contrast, the correlation between carotenoids and yield
was moderate, suggesting a lesser but still notable role of
carotenoids in stress adaptation. No significant correlations
were found in leafed genotypes in 2022, although a high
correlation between carotenoids and Chl a was evident,
highlighting the interdependence of these pigments in
maintaining photosynthetic function. During the extreme
drought of 2023, tendril morphotypes still showed a significant
positive correlation between Chl a and yield, whereas



carotenoids-yield and all leafed pigment—yield correlations
were not significant. However, in leafed morphotypes, a
moderate correlation between carotenoids and Chl a was
recorded, suggesting some degree of pigment stability despite
the stress. In 2024, under wetter conditions, tendril genotypes
showed a strong positive correlation between carotenoids and
yield, indicating the importance of carotenoids in promoting
productivity when moisture was more abundant. Notably, the
relationship between Chl a and Chl b was moderate in tendril
morphotypes, while leafed forms exhibited a high correlation
between these two chlorophylls, reflecting their synergistic
role in photosynthesis. However, no significant relationship
between pigments and yield was found in leafed genotypes in
2024, suggesting that under more favourable moisture
conditions, other factors may have influenced yield more than
pigment composition alone.

Table 3. Correlations between photosynthetic pigments and
yield for tendril and leafed morphotypes (2022-2024)

Correlation Morphotype  Year r p
2022 0.840 <0.05
Tendril 2023 0.750 <0.05
. 2024 0.790 <0.05
Chlavs Yield 2022 0.430 0.15
Leafed 2023 0.380 0.20
2024 0.360 0.25
2022 0.487 0.15
Tendril 2023 0.500 0.12
Carotenoids vs 2024 0.710 <0.05
Yield 2022 0.420 0.18
Leafed 2023 0.420 0.18
2024 0.380 0.22
2022 0.720 <0.05
Tendril 2023 0.680 0.06
Carotenoids vs 2024 0.750 <0.05
Chla 2022 0.848 <0.01
Leafed 2023 0.422 0.16
2024 0.490 0.12
2022 0.650 0.05
Tendril 2023 0.600 0.07
2024 0.421 0.22
Chlavs Chl'b 2022 0710  0.02
Leafed 2023 0.750 0.03
2024 0.840 <0.01

4. DISCUSSION

The obtained data on the dynamics of photosynthetic
pigments in pea (Pisum sativum L.) under contrasting climatic
scenarios of the Akmola region represented significant
scientific interest in the context of plant adaptation to abiotic
stress factors. These results demonstrated the complex
interaction between the plant morphotype, vegetation phase,
and external conditions, which found numerous parallels in
modern research. A sharp decrease in Chl a content by 41-49%
in the drought years 2022-2023 (0.51-0.68 mg/g compared to
1.03 mg/g in the 2022, which was relatively drier but slightly
better than 2023) fully corresponded to the data of Farooq et
al. [36], who described a similar decrease in Chl a
concentration in pea under combined heat and water stress.
Particularly noteworthy was the correlation revealed between
Chl a content and yield in tendril morphotypes in 2022 (r =
0.840), which agreed with the study of Pandey et al. [37], who
proved the relationship between the stability of the
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photosynthetic apparatus and pea productivity under drought
conditions.

An increased content of Chl b in tendril morphotypes (0.51
mg/g at the flowering stage) during the drought of 2023
confirmed the data of Wisniewska et al. [38] on the adaptive
role of this pigment under stress conditions. The authors
established that Chl b contributed to optimising light
absorption under reduced insolation, which fully corresponded
to the conducted observations. However, the degree of Chl b
decrease at the ripening stage in 2023 (to 0.15 mg/g) turned
out to be more pronounced than in the studies of Jahan et al.
[39] on tomato, which may indicate species-specific reactions.
The 67% increase in carotenoids at the seedling stage in the
wet 2024 year (0.3 mg/g) found confirmation in the works of
Dhami and Cazzonelli [40], who described the activation of
the synthesis of these pigments as a response to oxidative
stress. This effect was especially pronounced in the early
phases of ontogenesis, which fully confirmed the data obtained
in this study. The role of carotenoids in reflecting oxidative
stress is better understood when considering the
carotenoids/chlorophyll ratio, as this index accounts for the
balance between protective pigments and chlorophyll, offering
accurate assessment of stress levels than absolute carotenoid
content alone.

At the same time, the peak accumulation of carotenoids at
the ripening stage (0.29 mg/g in 2022) agreed with the studies
of Sarker et al. [41] on amaranth, but significantly differed
from the results of Dogru and Cakirlar [42], who recorded
maximum concentration already at the seedling stage.
However, the absence of correlation between pigments and
yield in these forms in 2024 contradicted the data of Balde et

al. [43], who revealed a stable relationship between
chlorophyll fluorescence and productivity in forest
ecosystems.

The 27% increase in carotenoids at the flowering stage in
the wet 2024 year fully matched expectations based on the
work of Sun et al. [44], who described the antioxidant function
of these pigments. However, the absence of a similar reaction
in Al-Huqail et al. [45] on basil indicated a genus—species
specificity of responses. A strong correlation between Chl a
and Chl b in leafed forms in 2024 (r = 0.840) found theoretical
confirmation in the study of Quian-Ulloa and Stange [46],
where the coordination of chlorophyll biosynthesis under
external factors was described in detail. This effect was less
pronounced in tendril forms (r = 0.421), which may indicate
different adaptive strategies of morphotypes.

The obtained data on the dynamics of pigments at different
stages of ontogenesis found confirmation in modern literature.
The increase in carotenoids from seedling to ripening,
recorded in this study, fully agreed with the concept of
KolasSinac et al. [47] on the ontogenetic dynamics of these
pigments. At the same time, the revealed decrease in Chl b
content at the ripening stage during the drought of 2023 found
confirmation in the works of Sachdev et al. [48], who
described the enhanced degradation of this pigment under
oxidative stress. The obtained data on the role of chlorophyll
b as an adaptive pigment in tendril morphotypes during
drought found confirmation in the works of Moustakas et al.
[49], where it was proven that changes in chlorophyll
fluorescence were a sensitive indicator of early stress.
Particularly noteworthy was the coincidence of results on the
decrease of Chl a by 41-49% in drought years with the data of
Moustaka and Moustakas [50], who revealed similar changes
in fluorescence parameters in plants under abiotic stress.



The revealed increase in carotenoid content by 67% at the
seedling stage under excess moisture fully corresponded to the
studies of Hossain et al. [S1] on amaranth, where salt stress
caused a similar activation of the synthesis of these pigments.
However, the degree of increase was higher in the studied
case, which may indicate species-specificity of reactions.

At the same time, the current data on the protective role of
carotenoids was confirmed by the works of Hamani et al. [52],
who described the antioxidant function in cotton under salt
stress. The decrease in Chl b content to 0.15 mg/g in the dry
2023 year found a partial analogue in the studies of Kalisz et
al. [53] on lettuce, where metal nanoparticles caused similar
changes in chlorophyll fluorescence. However, in this case, the
effect was more pronounced, highlighting the intensity of
climatic stress. The higher Chl a content in leafed forms (by
0.04 mg/g) agreed with the data of Trejo-Téllez et al. [54] on
the positive effect of silicon on chlorophyll concentration in
pepper, confirming the general patterns of photosynthetic
apparatus formation under favourable conditions.

A comparative analysis revealed significant consistency of
the main trends with the results of other researchers,
confirming the universality of photosynthetic apparatus
reactions to stress. At the same time, specific features such as
morphotype-dependent Chl b dynamics and carotenoid
synthesis intensity indicated the necessity of considering
regional climatic conditions and genotypic characteristics.
These observations formed the scientific basis for further
conclusions regarding the adaptive potential of pea under
climate change conditions.

5. CONCLUSIONS

Three-year comprehensive studies (2022-2024) of
photosynthetic pigments in pea under the conditions of the
Akmola region revealed a significant dependence of plant
productivity on climatic factors. The extreme weather
conditions of the studied period, which ranged from drought
to excessive moisture, demonstrated a clear impact on the
formation of the pigment complex and crop productivity.

The most critical conditions were observed in 2023, when
the HTC dropped to 0.03 during the Sowing-Seedling stage
(with a total HTC of 0.12 for the growing season), and the total
amount of precipitation during the growing season was only
35.2 mm (133.5 mm below normal). Under such conditions, a
sharp decrease in chlorophyll a content to a range of 0.51-0.68
mg/g was observed, which was up to 51% less compared to
2022. Particularly notable was the strong correlation (r =
0.840) between Chl a content and yield in tendril morphotypes,
confirming the potential for cultivation under drought
conditions.

The contrasting conditions of 2024, with excessive
precipitation (309.1 mm, +140.4 mm above normal) and HTC
1.22, contributed to the activation of carotenoid synthesis, the
content of which at the seedling stage reached 0.3 mg/g (67%
higher than in 2023). This indicated the activation of plant
protective mechanisms in response to stress conditions. Leafed
forms, despite the absence of a direct correlation between
pigment content and yield, demonstrated consistently high Chl
a content (up to 1.14 mg/g in Novosibirets), indicating the
potential effectiveness under various climatic conditions. For
farmers and breeders in drought-prone areas, it is advised to
focus on tendril morphotypes such as L-38-98 and L-46-08, as
they exhibit a strong correlation between chlorophyll a content
and yield under water stress. In regions with more consistent
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moisture, leafed morphotypes may be more suitable, though
their productivity is less predictable during dry spells.

The limitations of the study lay in the fact that the analysis
was conducted for only three years (2022-2024), which did not
allow for a full assessment of long-term trends in changes of
photosynthetic pigments in pea under climate fluctuations.
Further research should be directed towards studying the
adaptation mechanisms of different pea morphotypes to
climate change, particularly at the molecular level, which will
make it possible to develop more effective breeding strategies
and cultivation technologies for this important leguminous
crop.
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NOMENCLATURE

Chl a
Chlb
Car

HTC

mg/g

°C
r
p

Dss3
Desas
Da7o
Cchla
Ccnib
Car

Chlorophyll a

Chlorophyll b

Carotenoids

Hydrothermal coefficient

Milligrams per gram of fresh weight

Degrees Celsius

Pearson’s correlation coefficient

Statistical significance (probability)

Optical density at 663 nm (chlorophyll a)
Optical density at 646 nm (chlorophyll b)
Optical density at 470 nm (carotenoids)
Concentration of chlorophyll a in extract (mg/L)
Concentration of chlorophyll b in extract (mg/L)
Concentration of carotenoids in extract (mg/L)
Pigment content in plant material (mg/g fresh



mass) k Coefficient for the 96% ethanol solvent system
Extract volume (L)
Mass of plant material portion (g)

2010





