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Abstract

Understanding the seasonal dynamics of phytochemical composition in evergreen species
is crucial for improving ecosystem productivity models and selecting appropriate species
for urban landscapes under changing climate conditions. However, knowledge about how
light environment, temperature, and precipitation interact to regulate leaf biochemical
processes across seasons remains limited. We investigated morphological and biochemical
responses of cherry laurel (Prunus laurocerasus L.) grown under contrasting light envi-
ronments (light-exposed versus shaded) across twelve months, analyzing photosynthetic
pigments, antioxidants, osmolytes, and secondary metabolites in relation to environmental
variables. Light-exposed leaves exhibited enhanced accumulation of photoprotective com-
pounds, including carotenoids (9.38 mg g−1), xanthophylls (3.60 mg g−1), and flavonoids
(0.51 mg g−1), along with superior total antioxidant capacity during spring and autumn.
Proline showed bimodal seasonal peaks (93.7 µmol g−1 in August under shade, 71.1 µmol
g−1 in July under light), indicating stress responses to both summer heat and winter cold.
Multivariate analyses revealed that seasonal variation accounted for 94.9% of total phyto-
chemical variability, with distinct metabolic signatures characterizing winter (high glycine
betaine, anthocyanin), spring (high chlorophyll, phenolics), summer (high proline, transient
carotenoid peaks), and autumn (maximum antioxidant capacity) periods. We conclude
that light environment significantly influences cherry laurel’s seasonal metabolic strategies,
with shade-grown plants prioritizing light harvesting efficiency and osmotic adjustment,
while light-exposed plants emphasize photoprotection and antioxidant defense. The coor-
dinated regulation of functionally related compounds reveals integrated stress response
mechanisms that contribute to cherry laurel’s remarkable environmental plasticity. These
quantitative seasonal patterns provide valuable parameters for optimizing cultivation
practices, predicting biochemical composition for harvesting purposes, and modeling the
ecological performance of this species in variable urban and forest environments under
climate change scenarios.
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1. Introduction
Light and nutrient availability represent critical environmental determinants shaping

the global distribution of plant species, regulating their optimal development, and influenc-
ing their longevity [1]. Plants adapted to shaded habitats typically produce leaves with
reduced leaf mass per area, whereas those in high-light environments tend to develop
leaves with greater structural investment per unit area [2,3]. Importantly, shade-acclimated
leaves frequently exhibit not only morphological adaptations but also distinct biochemical
profiles that may enhance stress tolerance and potentially extend leaf lifespan compared to
sun-exposed counterparts [4]. Understanding the interplay between light conditions and
leaf biochemistry is therefore crucial for comprehending plant longevity and ecosystem
sustainability. As primary producers, leaves play a crucial role not only for the plant itself
but also in optimizing ecosystem functioning through several key processes, including the
regulation of atmospheric CO2/O2 balance, the creation and maintenance of microclimates,
the preservation of biodiversity via food web dynamics, and the enrichment of soil organic
matter through litterfall and subsequent decomposition [1,5]. The sustainability of both the
leaf’s physiological functions and its ecological roles is closely influenced by environmental
factors such as temperature, light, and precipitation [4–6]. Leaf biochemical composition,
including photosynthetic pigments, free amino acids, secondary metabolites, vitamins,
antioxidant enzymes, phytohormones, and mineral elements, has been confirmed to be
highly responsive to environmental factors such as light/shade conditions, temperature,
soil nutrient availability, and silvicultural interventions, as demonstrated by the findings
of Mathur et al. [4], Kong et al. [5], and Kara et al. [7]. Furthermore, Boeckx et al. [8],
Atar et al. [9], and Carvalho et al. [10] stated that some of these compounds accumulate in
the spring when green plant tissue is at its most tender stage, while others tend to accumu-
late in the summer and even in the autumn and winter seasons. Therefore, elucidating the
relationship between leaf chemistry and environmental variables is essential for accurately
modeling ecosystem primary productivity. While light environment (shade vs. exposed)
and macroclimate variables (air temperature, precipitation) serve as accessible proximate
factors for this field study, previous studies acknowledge that unmeasured microclimatic
parameters, including photosynthetically active radiation (PAR), daily light integral (DLI),
leaf surface temperature, vapor pressure deficit (VPD), and soil moisture, represent more di-
rect physiological drivers whose absence may limit mechanistic interpretation of observed
biochemical responses [5,6,8].

Cherry laurel (Prunus laurocerasus L.) is an evergreen broadleaf shrub or tree primarily
distributed across the Black Sea region of Turkey, parts of the Balkans, Northern Ireland,
Western Europe, the southern and western Caucasus, Southwest Asia, and Iran [11,12].
As an evergreen species, it performs photosynthesis year-round, thereby contributing to the
regulation of atmospheric CO2/O2 balance. Its broad and persistent foliage plays a crucial
role not only in capturing airborne particulate pollutants but also in creating microclimates,
mitigating urban noise, and acting as a windbreak [13]. Additionally, its extensive root
system aids in soil stabilization and erosion control [3,11]. The aforementioned ecological
functions position Prunus laurocerasus as a valuable candidate for addressing environmental
challenges such as urban afforestation, flood prevention, and combating environmental
pollution. Beyond its ecological importance, cherry laurel is recognized as a medicinal
and aromatic plant species, particularly due to the bioactive compounds present in its
fruits [11,14]. While the fruits are utilized for their therapeutic properties and high content
of antioxidative phytochemicals, the leaves serve primarily ecological functions. Studies
on this species have predominantly focused on its medicinal properties [12,14]. However,
research investigating the seasonal and climatic variations in biochemical compounds
in leaves remains limited. For instance, Atar et al. [9] examined the seasonal alteration
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in chlorophyll accumulation in the leaves, while Abanoz et al. [11], Kolaylı et al. [12],
and Erenler et al. [14] conducted studies on the concentration of antioxidant compounds
in the fruits and their potential effects on human health. Yet, comprehensive analyses of
how photosynthetic pigments, osmoprotectants, and antioxidant compounds fluctuate
throughout the year under different light conditions have not been systematically ad-
dressed. We hypothesize that shade-grown cherry laurel will maintain higher chlorophyll
a and b concentrations during winter (>1.5-fold increase) to maximize light capture effi-
ciency, light-exposed plants will accumulate significantly elevated carotenoid and flavonoid
levels during spring–summer periods as photoprotective mechanisms, and osmolyte ac-
cumulation (proline, glycine betaine) will show bimodal peaks corresponding to summer
heat stress and winter cold stress, with magnitudes exceeding 70 µmol/g and 100 mg/g,
respectively [4,7,9].

The objectives of this study were (i) to elucidate the seasonal variations in leaf biochem-
ical composition of cherry laurel (P. laurocerasus) grown under contrasting light conditions
(sun and shade); (ii) to test the hypothesis that photosynthetic pigments, ascorbic acid,
and proline tend to accumulate during milder periods (spring and early autumn), en-
hancing photosynthetic efficiency and antioxidative capacity, whereas glycine betaine and
carotenoids are more prominent in colder seasons, potentially contributing to cellular os-
moprotection and photoprotection; and (iii) to provide novel insights into the physiological
resilience mechanisms that sustain the vegetative growth cycle of cherry laurel throughout
the year under different light environments, a topic that has been largely overlooked in
previous research.

2. Materials and Methods
This study was conducted in central Kastamonu (northern Türkiye), located within

the Euro-Siberian phytogeographic region. The area has a typical Black Sea climate with
cold springs and warm summers, influenced partially by continental conditions inland.
The mean annual temperature is 9.7 ◦C, and annual precipitation is 480 mm [7]. Eleva-
tion ranges between 700 and 800 m above sea level. Cherry laurel, naturally distributed
throughout regions bordering the Black Sea, naturally occurs within the study area [11,12].
Two light conditions were examined to evaluate the influence of light exposure on leaf
chemical composition: (i) full-light and (ii) full-shade. Light classification was based on
midday (11:00–14:00) direct solar exposure, where trees receiving ≥80% direct sunlight
were considered full-light, while those receiving ≤20% direct sunlight, due to obstruction
from structures or canopy cover, were classified as full-shade. We used a binary classi-
fication based on midday direct sunlight exposure (11:00–14:00) as it does not capture
continuous photosynthetically active radiation (PAR), daily light integral (DLI), sunfleck
dynamics, seasonal changes in solar angle, or diffuse radiation components [2,4]. The ≥80%
and ≤20% thresholds were selected to establish contrasting light regimes relevant to urban
and forest understory conditions where cherry laurel naturally occurs [11,13]. While time-
integrated PAR measurements at the leaf level would provide more mechanistic insight,
our approach offered a practical and replicable framework for characterizing light environ-
ments in field studies where continuous radiation sensors are logistically constrained [5,7].
To minimize environmental heterogeneity, sampling areas were chosen within similar slope
and soil characteristics. Thirty individuals were randomly selected for each light condi-
tion. For chemical analyses, the 3rd–5th fully expanded leaves were collected monthly for
two years. During each sampling event, 20 healthy leaves per tree were collected, equally
representing the four cardinal directions and similar canopy height to avoid positional bias.
The 20 leaves from each tree were pooled to create a single composite sample, with the tree
serving as the experimental unit (n = 30 trees per light condition per month). This pooling
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strategy reduced within-tree variation while maintaining independence among biological
replicates, as each tree represents an independent response to the light environment. All
chemical analyses were performed in triplicate, and standard deviations are presented in
all figures. Monthly temperature and precipitation data for 2023–2024 were obtained from
the General Directorate of Meteorology. Soil samples were collected at 20 and 40 cm depths
from each sampled tree location and analyzed for elemental composition at Kastamonu
University’s Central Research Laboratory. Table 1 presents soil elemental concentrations for
the sampling sites. Sodium and magnesium concentrations were approximately 1.8-fold
higher under shade conditions, while phosphorus, sulfur, and iron were 1.1-1.3-fold higher
under full-light conditions. To account for these systematic edaphic differences, soil mineral
contents (Na, Mg, P, S, K, Ca, Mn, Fe, Ni, Cu, Zn) were initially included as covariates in
preliminary mixed-effects models. However, none of the soil parameters showed signif-
icant effects (p > 0.05) on leaf biochemical traits after accounting for light environment,
season, and their interactions, and were subsequently excluded from final models to avoid
overparameterization [7].

Table 1. Soil mineral contents under light and shade conditions.

Minerals (ppm) Light Shade

Sodium 11,655 21,145
Magnesium 30,055 44,000
Phosphorus 2706 2408

Sulfur 12,136 9662
Potassium 12,520 14,095
Calcium 110,375 120,070

Manganese 1024.4 1019
Iron 59,350 53,630

Nickel 233.0 234.6
Copper 55.6 52.5

Zinc 95.5 114.4

2.1. Biochemical and Mineral Analyses

Fresh leaf samples collected during monthly sampling events were immediately
processed for biochemical analyses. All extractions were initiated within 2 h of collection to
minimize enzymatic degradation.

2.2. Pigment Analyses

Photosynthetic pigments (chlorophylls, carotenoids, and xanthophylls) were extracted
using 95% ethanol following established spectrophotometric protocols [15,16]. Fresh leaf
tissue (1000 mg) was precisely weighed, homogenized using a mortar and pestle, and trans-
ferred quantitatively to glass test tubes. Ethanol (10 mL) was added, and tubes were
incubated in darkness at room temperature for 15 min with periodic shaking, then cen-
trifuged at 3000 rpm for 10 min. Supernatants were collected and absorbance spectra were
recorded from 350 to 700 nm at 1.0 nm intervals using a Shimadzu UV-1700 spectropho-
tometer (Shimadzu Co., Ltd., Kyoto, Japan). Pigment concentrations were calculated using
the following equations [15,16]:

Chlorophyll a (mg g−1 FW) = (13.7 × A665) − (5.76 × A649)/(mass in g × 200)

Chlorophyll b (mg g−1 FW) = (25.8 × A649) − (7.6 × A665)/(mass in g × 200)

Total carotenoids (mg g−1 FW) = [4.7 × A440 − 0.263 × (Chl a + Chl b)]/(mass in g × 200)

Xanthophylls (mg g−1 FW) = (11.51 × A480) − (20.61 × A495)/(mass in g × 200)
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where Aλ represents absorbance at wavelength λ (nm), Chl a and Chl b are chlorophyll
concentrations in mg g−1 FW calculated from the first two equations, and mass is fresh
weight in grams.

2.3. Analyses of Antioxidant Compounds

Total phenolic content was quantified spectrophotometrically using the Folin–Ciocalteu
method [17]. Ethanolic leaf extracts (1 mL at 1000 mg L−1) were mixed with 5 mL
Folin–Ciocalteu reagent and 4 mL sodium carbonate solution (7.5% w/v). After incubation
in darkness for 2 h at room temperature, absorbance was measured at 765 nm. Gallic acid
(1–10 µg mL−1) served as the calibration standard (R2 = 0.998), and results were expressed
as mg gallic acid equivalents (GAE) per gram fresh weight (mg GAE g−1 FW). Recovery of
gallic acid standards spiked into leaf extracts averaged 97.3 ± 3.1% (n = 6). Total flavonoid
content (TFC) was determined using aluminum chloride complexation [18]. Fresh leaf
tissue (500 mg) was extracted in 10 mL acetone (80% v/v), filtered, and diluted to 50 mL.
Extract aliquots (1.5 mL) were mixed with 1.5 mL aluminum chloride solution (2% w/v),
and absorbance was recorded at 367.5 nm after 15 min. Rutin (0–0.3 mg mL−1) was used as
the calibration standard (R2 = 0.996), and results were expressed as mg rutin equivalents
(RE) per gram fresh weight (mg RE g−1 FW). Method recovery using rutin standards was
95.8 ± 4.2% (n = 6). Anthocyanin content was quantified following an acidified methanol
extraction procedure [19]. Fresh leaf tissue (500 mg) was homogenized in 3 mL methanol
containing 1% HCl (v/v) and incubated at 4 ◦C for 48 h with periodic agitation. Filtered
extracts were measured at 530 nm and 657 nm to correct for chlorophyll interference. An-
thocyanin concentration (µmol g−1 FW) was calculated as (A530 − 0.25 × A657) × dilution
factor/fresh weight, where the 0.25 correction factor accounts for residual chlorophyll
absorption at 530 nm [19].

Polyphenol oxidase (PPO) activity was assayed spectrophotometrically by monitoring
4-methylcatechol oxidation at 420 nm [20]. Crude enzyme extract (500 µL) was mixed
with 100 mM sodium phosphate buffer (pH 7.0) and 5 mM 4-methylcatechol in a total
volume of 3.0 mL. Absorbance increase was recorded for 3 min, and one unit (U) of PPO
activity was defined as the amount of enzyme causing an absorbance change of 0.001 per
minute. Activity was expressed as U g−1 FW. Protein content was determined using the
Bradford method with bovine serum albumin as standard, but PPO activities are reported
per fresh weight for consistency with other measurements. Total antioxidant capacity was
measured using two complementary assays: ferric reducing antioxidant power (FRAP) and
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical scavenging capacity.
For FRAP analysis [21], freshly prepared FRAP reagent (300 mM acetate buffer pH 3.6,
10 mM 2,4,6-tripyridyl-s-triazine in 40 mM HCl, and 20 mM FeCl3·6H2O in 10:1:1 ratio) was
mixed with sample extract (80 µL) and distilled water (240 µL) to a total volume of 2.4 mL.
After incubation at 37 ◦C for 5 min, absorbance was measured at 593 nm. Ferrous sulfate
(FeSO4·7H2O, 0–2 mM) served as the calibration standard (R2 = 0.999), and results were
expressed as mmol Fe2+ equivalents per gram fresh weight (mmol Fe2+ g−1 FW). Recovery
of FeSO4 standards averaged 98.2 ± 2.8% (n = 6).

For ABTS analysis [22], radical cation solution was prepared by mixing 7 mM ABTS
with 2.45 mM potassium persulfate and incubating in darkness for 12–16 h at room tem-
perature. The working solution was diluted with ethanol to achieve an absorbance of
0.70 ± 0.02 at 734 nm. Sample extract (100 µL) was mixed with 1 mL ABTS working solu-
tion and ethanol to a total volume of 5 mL, incubated in darkness for 6 min, and absorbance
was measured at 734 nm. Antioxidant capacity was calculated as percent inhibition:
[(A0 − A_sample)/A0] × 100, where A0 is the absorbance of the blank (reagent without
sample). Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid, 0–1 mM) was
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used as calibration standard (R2 = 0.998), and results were expressed as mmol Trolox
equivalents per gram fresh weight (mmol TE g−1 FW). Recovery of Trolox standards was
96.5 ± 3.5% (n = 6). Limits of detection (LOD) and quantification (LOQ) for ABTS assay
were 0.015 and 0.050 mmol TE g−1 FW, respectively.

Ascorbic acid content was quantified using the 2,6-dichlorophenolindophenol titration
method [23]. Dried methanolic extract (100 mg) was dissolved in 10 mL metaphosphoric
acid (1% w/v) and extracted for 45 min at room temperature with periodic shaking. Filtered
extract (1 mL) was mixed with 9 mL 2,6-dichlorophenolindophenol solution, and ab-
sorbance was measured at 515 nm after 30 min. L-ascorbic acid (0.020–0.12 mg mL−1)
served as calibration standard (R2 = 0.997), and results were expressed as mg ascorbic
acid per gram fresh weight (mg g−1 FW). Standard recovery averaged 94.7 ± 4.8% (n = 6).
Glycine betaine (GB) content was determined following the periodic-iodide complexa-
tion method [24]. Fresh leaf tissue (500 mg) was homogenized in 5 mL toluene–water
mixture (0.05% v/v toluene), mechanically shaken at 25 ◦C for 24 h, and filtered. Extract
aliquot (0.5 mL) was sequentially mixed with 1 mL HCl (2 N) and 0.1 mL potassium tri-
iodide solution, then incubated in ice-water bath for 90 min. After adding 10 mL ice-cold
1,2-dichloroethane (−10 ◦C) and 2 mL ice-cold water, the mixture was allowed to separate
for 2 min, the aqueous layer was discarded, and absorbance of the organic phase was
measured at 365 nm. Glycine betaine standards (0–100 µg mL−1) were used for calibra-
tion (R2 = 0.995), and results were expressed as mg g−1 FW. LOD and LOQ were 2.1 and
7.0 µg g−1 FW, respectively.

Free proline content was quantified using the acid-ninhydrin colorimetric method [25].
Fresh leaf tissue (200 mg) was homogenized in 5 mL ethanol (95% v/v), centrifuged,
and the residue was re-extracted twice with 5 mL ethanol (70% v/v). Pooled extracts were
stored at 4 ◦C until analysis. Extract aliquot (1 mL) was mixed with 1 mL distilled water,
2 mL acid-ninhydrin reagent (1.25 g ninhydrin in 30 mL glacial acetic acid + 20 mL 6 M
phosphoric acid), and 2 mL glacial acetic acid. The mixture was incubated at 100 ◦C for
1 h in a boiling water bath, immediately cooled in ice water, and the chromophore was
extracted with 4 mL toluene. Absorbance was measured at 520 nm. L-proline standards
(0–100 µg mL−1) were used for calibration (R2 = 0.998), and results were expressed as
µmol g−1 FW. Standard recovery was 96.1 ± 3.9% (n = 6), with LOD and LOQ of 1.2 and
4.0 µmol g−1 FW, respectively.

2.4. Statistical Analyses

The effects of light environment (full-light versus full-shade), month (categorical factor
representing seasonal variation), mean monthly temperature, mean monthly precipitation,
and tree size (crown diameter) on leaf biochemical composition were evaluated using
linear mixed-effects models. Individual trees were included as random intercepts to
account for repeated measurements across months. For each biochemical response variable
(total chlorophyll, carotenoid, xanthophyll, anthocyanin, flavonoid, phenolic, ascorbic acid,
proline, glycine betaine, PPO activity, FRAP, and ABTS), we constructed an initial full model
including all fixed effects and their two-way interactions. Prior to modeling, continuous
predictors (temperature, precipitation, crown diameter) were centered and scaled to reduce
multicollinearity; variance inflation factors (VIF) were calculated to diagnose collinearity,
and all VIF values were <3, indicating acceptable collinearity levels [26]. We employed
a backward stepwise selection procedure, sequentially removing terms with p > 0.05,
beginning with highest-order interactions. Model comparisons were validated using Akaike
Information Criterion (AIC), and only models with ∆AIC > 2 were considered improved fits.
Final models retained only significant predictors (p < 0.05). Model assumptions (normality
and homoscedasticity of residuals, linearity of relationships) were verified through visual



Horticulturae 2025, 11, 1403 7 of 21

inspection of residual plots and Q-Q plots. All mixed-effects analyses were conducted
using the “lme” function in the nlme package [27] in R version 4.3.1 (R Core Team, 2023). To
comprehensively evaluate relationships among phytochemical compounds and antioxidant
capacity, several complementary multivariate analyses were performed. Pearson correlation
coefficients between all measured variables were calculated and visualized as a correlation
matrix heatmap using the corrplot package in R [28]. Principal component analysis (PCA)
was conducted on standardized (mean-centered, unit-variance scaled) biochemical data
using the prcomp function in R. The resulting PCA biplot displays samples in the space
of the first two principal components (PC1 and PC2), with variable loadings shown as
vectors to illustrate their contributions to sample separation. Hierarchical clustering was
performed using Ward’s linkage method with Euclidean distance metrics on standardized
data, and the resulting dendrogram was visualized as an unrooted tree using the ape
package [29] to depict dissimilarity relationships among monthly samples grouped by light
environment and season. All statistical analyses and visualizations were conducted in R,
and significance was declared at p = 0.05.

3. Results
Cherry laurels grown under shade and light conditions exhibited distinct biochem-

ical profiles across the two-year study period (Table 2). Shade-grown plants maintained
lower mean total chlorophyll concentrations (0.95 ± 0.42 mg g−1 FW) compared to light-
exposed plants (1.11 ± 0.40 mg g−1 FW) when averaged across all months. Light-exposed
leaves showed elevated levels of carotenoids (9.38 ± 3.20 mg g−1 FW), xanthophylls
(3.60 ± 1.01 mg g−1 FW), total flavonoids (0.51 ± 0.09 mg g−1 FW), and glycine betaine
(43.60 ± 14.90 µg g−1 FW) compared to shade-grown leaves (8.63 ± 3.30, 2.97 ± 0.80,
0.45 ± 0.10, and 40.30 ± 14.03 µg g−1 FW, respectively). Total antioxidant capacity mea-
sured by FRAP was slightly higher under light conditions (0.171 ± 0.22 mmol Fe2+ g−1 FW)
compared to shade (0.169.00 ± 0.028 mmol Fe2+ g−1 FW), while ABTS radical scavenging
capacity showed similar values between treatments (light: 0.179 ± 0.24 mmol TE g−1 FW;
shade: 0.173 ± 0.33 mmol TE g−1 FW). Free proline concentrations were slightly
higher in shade-grown plants (56.40 ± 21.90 µmol g−1 FW) compared to light-exposed
plants (53.20 ± 16.80 µmol g−1 FW). Anthocyanin content was comparable between
light (0.67 ± 0.14 µmol g−1 FW) and shade conditions (0.65 ± 0.12 µmol g−1 FW). To-
tal phenolic content (TPC) showed similar mean values between treatments (shade:
21.50 ± 4.30 mg GAE g−1 FW; light: 21.10 ± 3.60 mg GAE g−1 FW), as did ascorbic acid
levels (shade: 0.40 ± 0.09 mg g−1 FW; light: 0.39 ± 0.15 mg g−1 FW). PPO activity demon-
strated slightly higher mean values under light conditions (4.31 ± 0.32 U g−1 FW) relative
to shade (3.91 ± 0.26 U g−1 FW).

Seasonal variations in photosynthetic pigments showed distinct patterns between
light environments. Total chlorophyll content in shade conditions peaked in Febru-
ary (1.81 mg g−1 FW) and remained consistently higher than light conditions through-
out most months, except April when light-exposed leaves reached maximum values
(2.06 mg g−1 FW). Summer months (June through September) showed reduced chloro-
phyll levels in both environments, with minimum values observed in May (light:
0.69 mg g−1 FW; shade: 0.59 mg g−1 FW). During autumn and winter, shade leaves main-
tained 1.5–2.0 times higher chlorophyll concentrations compared to light-exposed leaves
(Figure 1a). Carotenoid concentrations exhibited highest values in January for both con-
ditions (light: 11.1 mg g−1 FW; shade: 12.2 mg g−1 FW) and April (light: 12.9 mg g−1 FW;
shade: 12.5 mg g−1 FW), with shade leaves maintaining elevated levels through early
spring. A pronounced decline occurred from May onwards, reaching minimum in Decem-
ber (light: 3.7 mg g−1 FW; shade: 3.6 mg g−1 FW). August showed a transient peak in both
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conditions (light: 13.1 mg g−1 FW; shade: 10.3 mg g−1 FW) (Figure 1b). Xanthophylls con-
tent displayed a consistent declining trend from winter to summer in both environments,
with peak concentrations in January (light: 4.6 mg g−1 FW; shade: 3.5 mg g−1 FW) and
February (light: 4.7 mg g−1 FW; shade: 3.4 mg g−1 FW), followed by gradual reduction to
minimum values in August (light: 1.9 mg g−1 FW; shade: 1.7 mg g−1 FW). Light-exposed
leaves maintained higher xanthophylls levels throughout the year compared to shade
leaves. Ascorbic acid levels demonstrated contrasting patterns between light environ-
ments. Shade conditions showed pronounced seasonal variation, with a sharp increase
from February (0.19 mg g−1 FW) to May (1.04 mg g−1 FW), maintaining high concentra-
tions through summer (0.90–1.01 mg g−1 FW), followed by decline in autumn and winter
(0.51–0.64 mg g−1 FW). In contrast, light-exposed leaves maintained relatively stable and
lower concentrations throughout the year (0.19–0.57 mg g−1 FW), with maximum in June
(0.57 mg g−1 FW) (Figure 1c).

Table 2. The mean concentrations (two-year averages) of the chosen components of cherry laurels
grown in shade and light conditions. Numbers in parentheses show the standard deviations.

Components Shade Conditions Light Conditions

Total chlorophyll (mg g−1 FW) 0.95 ± 0.42 1.11 ± 0.40
Total carotenoids (mg g−1 FW) 8.63 ± 3.30 9.38 ± 3.20
Xanthophylls (mg g−1 FW) 2.97 ± 0.80 3.60 ± 1.01
Ascorbic acid (mg g−1 FW) 0.40 ± 0.09 0.39 ± 0.15
Anthocyanin (µmol g−1 FW) 0.65 ± 0.12 0.67 ± 0.14
Total flavonoids (mg RE g−1 FW) 0.45 ± 0.10 0.51 ± 0.09
Total phenolic (mg GAE g−1 FW) 21.50 ± 4.30 21.10 ± 3.60
PPO activity (U g−1 FW) 3.91 ± 0.26 4.31 ± 0.32
FRAP (mmol Fe2+ g−1 FW) 0.169 ± 0.028 0.171 ± 0.22
ABTS (mmol TE g−1 FW) 0.173 ± 0.33 0.179 ± 0.24
Glycine betaine (µg g−1 FW) 40.30 ± 14.03 43.60 ± 14.90
Free proline (µmol g−1 FW) 56.40 ± 21.90 53.20 ± 16.80

Osmoprotectant accumulation demonstrated marked seasonal dynamics with distinct
responses to light conditions. Proline concentrations in shade leaves showed bimodal
peaks, with highest values in August (93.7 µmol g−1 FW) and substantial accumulation
in January (78.6 µmol g−1 FW). Light-exposed leaves exhibited maximum proline in July
(71.1 µmol g−1 FW) and April (68.7 µmol g−1 FW), with generally lower concentrations
compared to shade throughout the year. Minimum proline levels occurred in May for light
conditions (40.8 µmol g−1 FW) and June for shade conditions (53.8 µmol g−1 FW). Both
environments showed elevated proline during summer and winter months, with reduced
levels in spring and autumn transitions (Figure 1d). Glycine betaine exhibited pronounced
seasonal fluctuations with the highest concentrations in winter months for both conditions.
January showed maximum accumulation (light: 106.7 µg g−1 FW; shade: 124.3 µg g−1 FW),
with shade leaves maintaining elevated levels through February (122.4 µg g−1 FW). A dra-
matic decline occurred from spring through summer, reaching minimum in August (light:
18.9 µg g−1 FW; shade: 39.2 µg g−1 FW). Autumn months showed recovery, particularly
in shade conditions, with October and December reaching 78.1 and 119.7 µg g−1 FW, re-
spectively. Shade leaves consistently accumulated 1.2–2.5 times higher glycine betaine
than light-exposed leaves across most months (Figure 1e). Anthocyanin content remained
consistently higher in shade leaves (0.59–1.70 µmol g−1 FW) compared to light leaves
(0.46–0.91 µmol g−1 FW) throughout the year. Maximum values occurred in December
for both conditions (light: 0.77 µmol g−1 FW; shade: 1.70 µmol g−1 FW), while mini-
mum levels were observed in January for light (0.46 µmol g−1 FW) and June for shade
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(0.59 µmol g−1 FW). Summer months showed relatively stable anthocyanin concentrations
in shade leaves (0.67–0.77 µmol g−1 FW), whereas light-exposed leaves displayed gradual
increase from summer to winter (Figure 1f).

 

Figure 1. Changes in concentrations of total chlorophyll (a), carotenoid (b), xanthophyll (c), ascorbic
acid (d), proline (e), glycine betaine (f), (anthocyanin (g), PPO activity (h) in leaves by months (letters
represent months).

Total phenolic content showed distinct seasonal patterns between environments. Shade
leaves accumulated significantly higher concentrations, particularly during winter months,
with maximum in January (11.2 mg GAE g−1 FW) and February (9.1 mg GAE g−1 FW).
Light-exposed leaves maintained lower and more stable levels throughout the year
(3.2–5.9 mg GAE g−1 FW), with peak values in January (5.9 mg GAE g−1 FW). Both condi-
tions showed minimum phenolic content during summer, with July recording the lowest
values (light: 3.2 mg GAE g−1 FW; shade: 5.5 mg GAE g−1 FW). Autumn months demon-
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strated recovery in phenolic accumulation, especially in shade conditions (Figure 1g). PPO
activity exhibited parallel trends to phenolic content, with shade leaves showing higher
enzyme activity across all months. Maximum PPO activity occurred in January for shade
(5.3 U g−1 FW) and October for light (5.2 U g−1 FW), while minimum values were observed
in June and July for both conditions (light: 2.4–2.6 U g−1 FW; shade: 3.1–3.2 U g−1 FW). Win-
ter months consistently showed elevated PPO activity in shade leaves (4.3–5.3 U g−1 FW)
compared to light-exposed leaves (3.4–4.8 U g−1 FW) (Figure 1h).

Multiple regression analyses revealed significant relationships between environmental
parameters and biochemical compounds. Total chlorophyll was positively influenced by
shade conditions (coefficient: 0.159, p < 0.05) but showed negative interaction between
shade and temperature (−0.03, p < 0.001) (AIC: −353.7). Carotenoid content increased
with shade (1.46, p < 0.05), temperature (0.07, p < 0.05), and precipitation (0.02, p < 0.01),
while shade–temperature interaction showed negative effect (−0.22, p < 0.001) (AIC: 456.9).
Xanthophylls were negatively affected by shade (−0.98, p < 0.001) and temperature (−0.14,
p < 0.001), but positively influenced by precipitation (0.03, p < 0.001) (AIC: 285.5). Total
flavonoids and anthocyanins displayed negative relationships with all environmental fac-
tors. Flavonoids decreased with shade (−0.05, p < 0.001), temperature (−0.01, p < 0.001),
and precipitation (−0.001, p < 0.001) (AIC: −1071). Anthocyanin content was negatively
correlated with temperature (−0.003, p < 0.001) and precipitation (−0.0007, p < 0.001)
(AIC: −415.9). TPC showed positive associations with shade (5.24, p < 0.001) and tempera-
ture (0.21, p < 0.001), negative correlation with precipitation (−0.02, p < 0.001), and negative
shade–temperature interaction (−0.01, p < 0.05). Polyphenol oxidase activity decreased with
shade (−0.22, p < 0.05), temperature (−0.11, p < 0.001), and precipitation (−0.03, p < 0.001),
including negative shade–temperature interaction (−0.47, p < 0.05) (AIC: 392.3). Ascorbic
acid increased with shade (0.089, p < 0.001) and temperature (0.02, p < 0.001), but showed
negative shade–temperature interaction (−0.01, p < 0.001) (AIC: −836). Glycine betaine was
negatively influenced by both shade (−3.53, p < 0.001) and temperature (−1.92, p < 0.001)
(AIC: 2005.1). Free proline demonstrated negative relationship with shade (−5.11, p < 0.01),
positive correlation with temperature (2.1, p < 0.001), and positive shade–temperature
interaction (0.81, p < 0.001) (AIC: 2251.3) (Table 3).

Table 3. Multiple regression analyses between the environmental parameters (i.e., light conditions,
temperature, and precipitation) on the dependent variables (i.e., total chlorophyll, carotenoid, xantho-
phyll, TPC, TFC, anthocyanin, glycine betaine, proline, and ascorbic acid content, and PPO activity).

Models AIC

Total chlorophyll = 1.061 + (0.159 SHADE) * − (0.03 SHADE:TEMP) *** −353.7
Carotenoid = 7.858 + (1.46 SHADE) * + (0.07 TEMP) * + (0.02 PREC) ** − (0.22 SHADE:TEMP) *** 456.9
Xanthophylls = 5.01 − (0.98 SHADE) *** − (0.14 TEMP) *** + (0.03 PREC) *** 285.5
Total flavonoids = 0.641 − (0.05 SHADE) *** − (0.01 TEMP) *** − (0.001 PREC) *** −1071
Anthocyanin = 0.728 − (0.003 TEMP) *** − (0.0007 PREC) *** −415.9
Total phenolic = 20.28 + (5.24 SHADE) *** + (0.21 TEMP) *** − (0.02 PREC) *** − (0.01 SHADE:TEMP) *
Polyphenol oxidase = 5.5 − (0.22 SHADE) * − (0.11 TEMP) *** − (0.03 PREC) *** − (0.47 SHADE:TEMP) * 392.3
Ascorbic acid = 0.211 + (0.089 SHADE) *** + (0.02 TEMP) *** − (0.01 SHADE:TEMP) *** − 836
Glycine betaine = 63.12- (3.53 SHADE) *** − (1.92 TEMP) *** 2005.1
Free proline = 32.28 − (5.11 SHADE) ** + (2.1 TEMP) *** + (0.81 SHADE:TEMP) *** 2251.3

TEMP: temperature and PREC: precipitation. AIC: Akaike Information Criterion, ns, *, **, *** are not significant,
p > 0.05, p < 0.05, p < 0.01, and p < 0.001, respectively. Regression models were selected based on the lowest AIC
value. Non-significant main effects were removed during model simplification; however, significant interaction
terms (e.g., SHADE:TEMP) were retained even if one of the corresponding main effects was excluded.

Flavonoid content exhibited significant seasonal variation (F = 745.03, p < 0.001) with
light-exposed leaves maintaining consistently higher concentrations than shade leaves
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across all months (Table 4). Maximum values occurred in December for both conditions
(light: 0.640 mg RE g−1 FW; shade: 0.665 mg RE g−1 FW), while minimum levels were
observed in July (light: 0.342 mg RE g−1 FW; shade: 0.287 mg RE g−1 FW). Winter and early
spring months showed elevated flavonoid accumulation, with gradual decline through
summer followed by recovery in autumn. TPC demonstrated highly significant seasonal
and light-dependent variation (F = 2785, p < 0.001). Light-exposed leaves displayed peak
concentrations in May (26.14 mg GAE g−1 FW) and November (25.15 mg GAE g−1 FW),
while shade leaves reached maximum in November (27.96 mg GAE g−1 FW) and April
(27.25 mg GAE g−1 FW). Shade conditions generally promoted higher phenolic accumu-
lation during spring (March–April) and autumn–winter (October–November) periods,
whereas light-exposed leaves showed elevated levels in late spring and early summer.
FRAP values showed significant variation (F = 1425.06, p < 0.001) with highest antioxi-
dant capacity in November for both environments (light: 0.232 mmol Fe2+ g−1 FW; shade:
0.216 mmol Fe2+ g−1 FW), followed by October and September. Minimum FRAP values
occurred in August and July. Light-exposed leaves exhibited slightly higher FRAP capac-
ity during spring and autumn, while shade leaves showed comparable or higher values
during winter months. ABTS radical scavenging activity displayed significant seasonal
patterns (F = 1205, p < 0.001) with maximum values in November (light: 0.256 mmol
TE g−1 FW; shade: 0.237 mmol TE g−1 FW). Light-exposed leaves demonstrated higher
ABTS activity during spring (April–May) and autumn (September–November), reaching
0.177–0.256 mmol TE g−1 FW. Shade leaves maintained elevated ABTS values in winter
and late summer (August: 0.178 mmol TE g−1 FW), with minimum levels occurring in
February for both conditions.

Table 4. Variation in total flavonoid and total phenolic compounds contents, and total antioxidant
activity capacity of leaves by monthly.

Month
Flavonoid (mg RE g−1 FW) Total Phenolic (mg GAE g−1 FW) FRAP (mmol Fe2+ g−1 FW) ABTS (mmol TE g−1 FW)

Light Shade Light Shade Light Shade Light Shade

JN 0.620 ± 0.003 b* 0.569 ± 0.003 b 14.88 ± 0.05 d 17.83 ± 0.06 c 0.161 ± 0.001 f 0.138 ± 0.002 f 0.143 ± 0.001 hı 0.150 ± 0.001 fg
F 0.553 ± 0.003 e 0.474 ± 0.002 17.68 ± 0.04 c 21.25 ± 0.06 b 0.136 ± 0.001 0.124 ± 0.001 g 0.134 ± 0.001 ı 0.125 ± 0.001 h
MR 0.569 ± 0.005 d 0.525 ± 0.002 cd 15.92 ± 0.02 cd 24.80 ± 0.13 ab 0.156 ± 0.001 g 0.142 ± 0.001 ef 0.149 ± 0.001 h 0.143 ± 0.001 g
AP 0.495 ± 0.004 g 0.437 ± 0.002 de 23.54 ± 0.06 ab 27.25 ± 0.05 a 0.178 ± 0.001 de 0.165 ± 0.001 d 0.177 ± 0.001 de 0.156 ± 0.001 f
MY 0.429 ± 0.004 ı 0.349 ± 0.002 f 26.14 ± 0.03 a 21.15 ± 0.05 b 0.184 ± 0.001 d 0.180 ± 0.001 c 0.205 ± 0.001 bc 0.186 ± 0.001 c
JU 0.389 ± 0.004 i 0.333 ± 0.003 fg 23.17 ± 0.06 ab 17.05 ± 0.06 c 0.145 ± 0.001 h 0.167 ± 0.001 d 0.166 ± 0.001 f 0.174 ± 0.001 d
JL 0.342 ± 0.003 j 0.287 ± 0.005 gh 21.61 ± 0.06 b 17.12 ± 0.05 c 0.135 ± 0.001 h 0.150 ± 0.001 e 0.154 ± 0.001 g 0.165 ± 0.001 e
AU 0.382 ± 0.004 i 0.292 ± 0.002 g 21.15 ± 0.03 b 17.51 ± 0.06 c 0.134 ± 0.001 h 0.148 ± 0.001 e 0.157 ± 0.001 g 0.178 ± 0.001 d
S 0.460 ± 0.006 h 0.393 ± 0.00 e 18.22 ± 0.07 c 17.28 ± 0.05 c 0.191 ± 0.001 c 0.208 ± 0.001 b 0.181 ± 0.001 d 0.177 ± 0.001 d
O 0.517 ± 0.003 f 0.477 ± 0.003 d 20.96 ± 0.02 b 23.28 ± 0.06 b 0.212 ± 0.001 b 0.224 ± 0.001 a 0.215 ± 0.001 b 0.199 ± 0.001 b
N 0.605 ± 0.003 c 0.556 ± 0.004 c 25.15 ± 0.04 a 27.96 ± 0.03 a 0.232 ± 0.001 a 0.216 ± 0.001 ab 0.256 ± 0.001 a 0.237 ± 0.001 a
D 0.640 ± 0.003 a 0.665 ± 0.004 a 24.85 ± 0.05 a 26.19 ± 0.04 a 0.181 ± 0.001 d 0.173 ± 0.001 c 0.198 ± 0.001 c 0.188 ± 0.001 c
F 745.03 2785 1425.06 1205
p <0.001 <0.001 <0.001 <0.001

* Data are mean ± standard error; JN: January, F: February, MR: March, AP: April, MY: May, JU: June, JL: July,
AU: August, S: September, O: October, N: November, D: December.

General Evaluation

The correlation matrix revealed complex relationships among phytochemical com-
pounds and antioxidant parameters (Figure 2a). The most notable positive correlations
include flavonoid–PPO (0.95), indicating these phenolic compounds accumulate together,
and glycine betaine–PPO (0.89), suggesting polyphenol oxidase activity is closely linked
to flavonoid content. Total antioxidant capacity strongly correlates with ABTS (0.86), con-
firming measurement consistency. Total chlorophyll and carotenoid show coordinated
synthesis (0.80). Strong negative correlations include proline–glycine betaine (−0.95), indi-
cating these osmoprotectants may have antagonistic accumulation patterns, and ascorbic
acid–glycine betaine (−0.83), suggesting inverse regulation. Carotenoid showed negative
correlation with anthocyanin (−0.64), antioxidant capacity (−0.56), and ABTS (−0.72),



Horticulturae 2025, 11, 1403 12 of 21

indicating potential metabolic trade-offs between different antioxidant pathways. On the
other hand, the PCA biplot revealed that PC1 and PC2 explained 88% and 6.9% of the total
variance, respectively, accounting for 94.9% of the total variability in the dataset (Figure 2b).
The loading vectors showed distinct groupings of variables based on their contributions
to the principal components. Chlorophyll exhibited a unique loading pattern positioned
distinctly in the negative PC1 region. Glycine betaine, total antioxidant capacity, and ABTS
displayed similar loading directions in the positive PC2 region, indicating their strong
co-variation. Total chlorophyll, carotenoid, and anthocyanin showed loading vectors in
the negative PC1 and slightly positive PC2 direction. Flavonoid, TPC, and PPO exhibited
loading patterns in the central region with moderate contributions to both components.
Proline and ascorbic acid were positioned in the positive PC2 region but with different
PC1 contributions. The sample distribution showed clear separation along PC1, with sam-
ples forming distinct clusters based on their phytochemical profiles. The orange-colored
sample (Group 70.19, referring to its PCA cluster code) was distinctly separated from the
other samples.

Figure 2. Correlation analysis and principal component analysis of phytochemical compounds and
antioxidant capacity in samples. (a) Correlation matrix showing Pearson correlation coefficients
between measured compounds and antioxidant capacity indicators. (b) PCA biplot displaying the
distribution of samples and loading vectors of phytochemical variables. (c) Hierarchical cluster
dendrogram of samples based on phytochemical profiles. (d) Unrooted clustering tree showing
relationships among samples.
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The hierarchical cluster dendrogram organized samples into several major clusters
with distinct branching patterns (Figure 2c). One primary cluster included O-L, O-S, MY-L,
and MY-S samples, indicating similar phytochemical profiles among October and May
samples. N-L and N-S (November samples) formed a tight sub-cluster, demonstrating
high similarity between leaf and stem tissues in this month. D-L and D-S (December
samples) clustered closely together in another branch. JN-L and JN-S (January samples)
formed a distinct cluster separate from other winter months. MR-L and MR-S (March
samples) grouped together but showed some distance from other spring samples. F-L
and F-S (February samples) clustered with AP-S, MR-S, and AP-L, suggesting shared
characteristics among late winter and early spring samples. A separate major cluster
included AU-S, J-L, and AU-L (August and June samples), indicating similarity among
summer samples. JL-S, J-S, S-L, and S-S (July, June, and September samples) formed
another distinct cluster, representing mid-to-late summer samples. The dendrogram scale
indicated a clustering distance of approximately 0.5 units. The unrooted clustering tree
provided an alternative visualization of sample relationships without assuming a root or
directionality (Figure 2d). The tree structure revealed several major clades with varying
branch lengths. N-L, N-S, D-L, and D-S formed one prominent clade, with relatively
short internal branches indicating close relationships among November and December
samples. MY-S and MY-L were positioned together on a relatively long branch, suggesting
distinctiveness from other samples. O-S and O-L occupied a separate branch with moderate
distance from the main cluster. JN-L and JN-S (January samples) formed an isolated clade
positioned distinctly from other groups. F-L and F-S showed close relationships in the tree
structure. AP-S, MR-S, AP-L, and MR-L formed an interconnected cluster representing
spring samples. The summer samples (AU, JL, J, and S) clustered in a complex branching
pattern, with AU-S, AU-L, and JL-L forming one sub-clade, while J-L, J-S, JL-S, and S-L, S-S
formed another interconnected group. The scale bar indicated a distance of 1 unit.

4. Discussion
4.1. Photosynthetic Pigment Dynamics Under Varying Light Environments

Cherry laurel leaves are rich in photosynthetic pigments, including chlorophylls
(chlorophyll a, b), xanthophyll, lycopene, and carotene [3,12,13]. While chlorophylls har-
vest light energy and arrest it in the chemical bonds of organic compounds, carotenoids
contribute to capturing light energy by leaves, protect the photosynthetic apparatus against
photo-oxidation, and inhibit UV damage to plants [6,7]. The observed patterns revealed
that shade leaves maintained considerably higher chlorophyll concentrations throughout
most of the year, particularly during autumn and winter months when they contained
1.5–2.0 times more chlorophyll than light-exposed leaves, although a few months with
unusually high chlorophyll peaks in light-exposed leaves shifted the overall annual average
to slightly higher values in the light treatment. This enhanced accumulation under shade
during winter represents a strategic adaptation to maximize light harvesting efficiency
under limited light availability [6,8,26]. The elevated chlorophyll levels in shade-grown
plants during winter may be interpreted as a compensatory mechanism to increase light
harvesting efficiency despite low light intensity [8,16]. Additionally, the temperature
change between day and night is less pronounced in the shade, while water movement
up to the leaves is higher in shade conditions, thereby ensuring the continuity of syn-
thesis events [1,5]. These findings align with reports by Mathur et al. [4], Kara et al. [7],
and Hasanuzzaman et al. [27], who noted that higher total chlorophyll accumulation in
shade during winter may likely be due to species’ shade tolerance or a strategy to prevent
chlorophyll degradation. It is important to note that while these patterns are consistent with
adaptive hypotheses regarding light harvesting efficiency, our correlative approach under
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naturally varying conditions precludes definitive mechanistic attribution. The observed
relationships between environmental factors and pigment concentrations may reflect direct
causal pathways or confounding by unmeasured variables. Controlled experiments with
targeted measurements of chlorophyll turnover rates, leaf temperature, and tissue water
status would be necessary to establish mechanism-level understanding of these physio-
logical responses. In similar studies, Atar et al. [9] and Carvalho et al. [10] observed that
shade-tolerant species usually had more chlorophyll than sensitive ones under light condi-
tions, and they also cited that plants increase their light absorption efficiency to produce
sufficient energy and nutrients to grow and thrive under low light intensity.

However, a notable shift occurred in April when light-exposed leaves reached max-
imum chlorophyll values, surpassing shade conditions. This peak in spring under light
conditions indicated the interactions involving temperature, light, and chlorophyll synthe-
sis [5,8,26]. Since cherry laurel is an evergreen plant, chlorophyll biosynthesis occurs in the
leaves, especially under light conditions during cool seasons [3,5]. Conversely, summer
months showed the lowest values in both environments, reflecting typical patterns where
high temperatures and intense radiation impair chlorophyll stability. Carotenoid content
exhibited highest values in January and April, followed by pronounced decline from May
onwards, reaching minimum in December. Notably, a transient peak appeared in August,
suggesting an adaptive response to summer stress. The regression analysis revealed that
carotenoid content increased with shade, temperature, and precipitation, though negative
shade–temperature interaction indicated complex environmental regulation. While our
regression models captured significant effects of shade, temperature, and precipitation, we
acknowledge that unmeasured factors such as soil heterogeneity, leaf-level temperature
differences, and vapor pressure deficit (VPD) between light environments may mediate
these relationships. Future studies incorporating direct measurements of leaf temper-
ature, water potential, and microclimate conditions would strengthen causal inference
regarding the observed phytochemical patterns. Light-exposed leaves maintained higher
xanthophylls levels throughout the year, with peaks in January–February and gradual
reduction to August minimums. The lowest xanthophyll values in summer months have
been associated with the protective roles of xanthophyll to the chlorophyll molecule during
increased temperatures [4,28]. A matching of a lower xanthophyll in summer with a higher
chlorophyll value in August also confirmed this event. Similarly, an increase in chlorophyll
and carotenoids in Juniperus grown under light conditions was noted by Kara et al. [7].
The physical–chemical properties of leaves are commonly investigated to predict future
plant health, assess tolerance to stress factors, and select appropriate species for greening
and reforestation efforts [4,10,13]. In this study, variations in the concentrations of pigments,
ascorbic acid, anthocyanin, amino acids, TFC, TPC, the activity of PPO, and total antiox-
idant capacity (TAC, measured via FRAP and ABTS) in the leaves of cherry laurel were
investigated in relation to environmental and climatic factors. These molecules not only
play a crucial role in the plant’s adaptation to changing environmental conditions, but also
modulate the accumulation of antioxidant compounds in both leaves and fruits [12,14].

4.2. Ascorbic Acid Accumulation Patterns and Their Physiological Significance

Ascorbic acid, a vitamin found at millimolar concentrations in fruits, flowers, roots,
and leaves, accumulates most abundantly in the primary production organ, the leaves,
as reported by Smirnoff and Wheeler [28]. It has been proposed that, by promoting
cell wall synthesis and tissue regeneration to enhance mechanical strength in plants [29],
as well as balancing redox status and suppressing ROS production, it plays a crucial
role in the induction of stress tolerance [30,31]. The dynamics in our results revealed
contrasting patterns between light environments that illuminate multiple roles of this
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essential compound. Shade conditions positively affected ascorbic acid concentration
in leaves, exhibiting pronounced seasonal variation with sharp increase from February
to May, maintaining high concentrations through summer, followed by autumn–winter
decline. This pattern suggests shade environments promote ascorbic acid biosynthesis
during growing season when metabolic demand peaks. In contrast, light-exposed leaves
maintained relatively stable and lower concentrations throughout the year, with maximum
in June. These findings appear somewhat contradictory to observations by Zhang et al. [30]
and Maruta [29], who observed that increasing light intensity stimulated the accumulation
of ascorbic acid in leaves, noting that light-induced antioxidant system contributes to
ascorbic acid accumulation. Similarly, Mastropasqua et al. [31] observed a decline in
ascorbic acid levels of oat leaves in darkness, but it was fully recovered upon irradiance
with blue light. However, the increased values in shade-grown plants during winter and
spring observed in our study are consistent with results of Massot et al. [32], who recorded
that despite light efficiency, higher temperature inhibited ascorbic acid accumulation. This
suggests that the interplay between light and temperature may be more complex than
previously understood, with temperature potentially playing a dominant role in ascorbic
acid metabolism under certain conditions.

4.3. Secondary Metabolite Dynamics and Adaptive Significance

Secondary metabolites, including anthocyanin, TFC, and TPC, play a role in the for-
mation of taste, flavor, and odor, as well as the coloration of plants [8,33]. They play a role
in the elimination of free radicals by inactivating enzymes responsible for the synthesis
of reactive oxygen species, restraining the breakdown of peroxides into free radicals and
switching radicals into less sentient forms [6,34]. Additionally, they contribute vitally to
stimulating autoimmunity against pathogen-induced diseases, nitrogen fixation, and re-
ducing UV damage [26,33]. The accumulation patterns revealed sophisticated adaptive
mechanisms varying with both light environment and season. Flavonoid content exhibited
significant seasonal variation with light-exposed leaves maintaining consistently higher
concentrations than shade leaves across all months, reaching maximum in December and
minimum in July. The regression analysis revealed that flavonoids decreased with shade,
temperature, and precipitation, indicating that light exposure and moderate environmen-
tal conditions favor flavonoid biosynthesis. These findings corroborate reports by Dan
Ravzani & Rodica [6], Zhou et al. [34], and Starks et al. [35], who noted that accumulation
of anthocyanin and flavonoid in leaves during autumn showed an increasing pattern. TPC
demonstrated highly significant seasonal and light-dependent variation. Shade leaves
displayed a consistent seasonal pattern across the study according to the Folin–Ciocalteu
assay, with concentrations peaking in November and April, while light-exposed leaves
showed their highest total phenolic levels in May and November. Both conditions showed
minimum phenolic content during summer. The regression showed positive associa-
tions with shade and temperature, negative correlation with precipitation, and negative
shade–temperature interaction. These results overlapped with findings by Stark et al. [35],
who noted that chlorophyll declined in plants grown in cool environments while TPC were
elevated by shifting protein metabolism to phenol synthesis. Similarly, Zhou et al. [34] and
Zhang et al. [36] demonstrated that phenolic compounds accumulated in low light density.
PPO activity exhibited parallel trends to phenolic content, with shade leaves showing
higher enzyme activity across all months, underscoring enzymatic regulation of phenolic
biosynthesis pathways. Anthocyanin content remained consistently higher in shade leaves
compared to light leaves throughout the year, with maximum values in December and
minimum in January (light) and June (shade). Zhang et al. [26] monitored that flavonoid
synthesis increased significantly in summer compared to winter, whereas anthocyanin
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accumulation was stimulated more in autumn–winter. The regression showed negative
correlations with temperature and precipitation, which aligns with the observed seasonal
patterns and suggests that cooler, drier conditions favor anthocyanin biosynthesis.

4.4. Enzyme Activity and Antioxidant Capacity Under Environmental Variation

PPO is a metalloenzyme found in both soluble and membrane-bound forms within
photosynthetic (chloroplast) and non-photosynthetic plant organelles. Although PPO indi-
rectly participates in the biosynthesis of secondary metabolites through specific phenolic
acids, it plays a prominent role in plant defense and disease-resistance metabolic pathways
due to its antioxidant function [20,34,36]. PPO activity showed slight differences between
conditions but exhibited consistently higher activity in light-exposed plants throughout
the year, with enhancement during colder periods. Light conditions may have encouraged
PPO activity by increasing ambient temperature [8]. The regression revealed PPO activ-
ity decreased with shade, temperature, precipitation, and shade–temperature interaction,
suggesting complex regulatory mechanisms involving multiple environmental factors.
The activity of total antioxidant capacity (TAC) can sometimes be determined by measuring
the inhibition of lipid or lipoprotein oxidation by antioxidants, as well as by measuring the
free radical elimination activities of these compounds [37]. The ABTS is used to examine the
antioxidant activity of compounds that are electron and/or hydrogen atom donors, while
the FRAP method reveals the antioxidant activity of substances that provide an electron [38].
Both assays provide comprehensive insights into the redox dynamics, antioxidant defense
pathways, and metabolic robustness of phytochemical constituents, thereby clarifying the
plant’s intrinsic ability to attenuate oxidative damage and sustain cellular homeostasis [39].
FRAP values showed highest antioxidant capacity in November for both environments,
followed by October and September, with minimum in August and July. Light-exposed
leaves exhibited slightly higher FRAP capacity during spring and autumn, while shade
leaves showed comparable or higher values during winter. ABTS radical scavenging ac-
tivity displayed maximum values in November, with light-exposed leaves demonstrating
higher activity during spring and autumn, while shade leaves maintained elevated values
in winter and late summer. The high TAC level of leaves was attributed to high levels of
phenolic compounds, flavonoids, and amino acids [35–38]. TAC values are in harmony
with literature showing that total phenolic compounds, flavonoids, vitamin C, and amino
acids contribute to enhancement of antioxidant capacity [40]. Previous studies reported
that when organs such as leaves [4], flowers, and fruits [41] are rich in these compounds,
their total antioxidant capacity is correspondingly very high. Studies by Carvalho et al. [10],
Maruta [29], and Stark et al. [35] provided valuable insights into how climatic factors and
growing environment shape antioxidant capacities through synthesis and accumulation of
antioxidative molecules. It is well known that shade and rainy conditions can suppress
photosynthetic metabolism and subsequent antioxidative molecule synthesis by lowering
light intensity due to cloud cover [5,26]. The data confirmed that phenols and flavones sig-
nificantly increase antioxidant properties of plants [7,8], thereby establishing a mechanistic
link between secondary metabolite accumulation and overall plant stress resilience.

4.5. Osmolyte Accumulation and Osmoregulation Mechanisms

Osmotic adjustment through the accumulation of osmolytes, including proline and
glycine betaine, is a key adaptive mechanism for maintaining cellular turgor [13,24]. Under
stress conditions, they accumulate at higher levels compared to normal conditions, play-
ing a crucial role in maintaining osmotic homeostasis, ROS elimination, and stabilizing
cellular membranes, proteins, and other vital macromolecules [7,42]. Proline concentra-
tions exhibited distinct bimodal peaks in shade leaves, with highest values in August and
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substantial accumulation in January (78.6 µmol g−1), while light-exposed leaves exhibited
maximum in July and April with generally lower concentrations. Both environments
showed elevated proline during summer and winter, with reduced levels during spring
and autumn transitions. The regression revealed negative relationship with shade, positive
correlation with temperature, and positive shade–temperature interaction, confirming that
hot temperatures stimulate proline accumulation. High proline accumulation in leaf tissues
during winter is considered essential to stabilize turgor pressure and ensure cytosolic
activity [7,27]. Junior et al. [43] in tomato, and Sorwong and Sakhonwasee [44] in marigold,
demonstrated that light significantly promotes proline accumulation, not only by enhancing
photosynthetic activity but also by activating stress-responsive signaling pathways. This
suggests that the lower proline levels observed in shade-grown leaves may reflect reduced
photosynthetic activity and, consequently, diminished capacity for proline biosynthesis.

Glycine betaine exhibited pronounced seasonal fluctuations with highest concentra-
tions in winter, showing maximum accumulation in January, with shade leaves maintaining
elevated levels through February. A dramatic decline occurred from spring through sum-
mer, reaching minimum in August, while autumn showed recovery particularly in shade
conditions. Shade leaves consistently accumulated 1.2–2.5 times higher glycine betaine than
light-exposed leaves across most months. The regression indicated glycine betaine was
negatively influenced by both shade and temperature, which appears paradoxical given
the higher accumulation in shade leaves. This apparent contradiction may be resolved
by considering that the regression captures overall trends across all conditions, while the
shade effect may be mediated through other environmental factors such as improved water
status or reduced evaporative demand. This apparent discrepancy between the negative
regression coefficient for shade and the higher observed glycine betaine concentrations
in shade leaves warrants clarification. The regression coefficient represents the partial
effect of shade while statistically controlling for temperature and precipitation, whereas the
raw comparisons reflect the combined influence of all co-varying environmental factors.
In shade environments, lower temperatures and reduced evaporative demand likely create
conditions favoring glycine betaine accumulation despite the negative partial effect of
light limitation per se. Interactive effects between shade and temperature (as indicated
by the shade–temperature interaction term) further complicate interpretation, suggesting
that the relationship between light environment and osmolyte accumulation is context-
dependent and modulated by thermal conditions. Sorwong and Sakhonwasee [44] and
Hasanuzzaman et al. [27] stated that betaine accumulates under low-temperature condi-
tions, preventing icing and water scarcity in cells, maintaining cellular membrane in-
tegrity, and providing a nitrogen source for developing tissues. Carvalho et al. [10] and
Zhang et al. [26] observed that nitrogenous compounds increased in flower tissue during
vegetation while decreasing in leaves and suggested this may be an adaptation for distribu-
tion of nutrients from leaves to reproductive organs in seasons when metabolism slows
down. Similarly to this study, research demonstrated that proline and betaine are the most
effective osmoprotectants among compatible solutes [45,46], highlighting their central role
in plant stress tolerance mechanisms.

4.6. Integrated Metabolic Responses: Correlation and Multivariate Analyses

The correlation matrix revealed complex relationships among phytochemical com-
pounds and antioxidant parameters (Figure 2a). The strongest positive correlations were
observed between flavonoid and anthocyanin (r = 0.95), indicating these phenolic com-
pounds accumulate together through shared biosynthetic pathways, and total antioxidant
capacity with ABTS (r = 0.86), confirming measurement consistency between different
antioxidant assays. Flavonoid content also showed strong positive correlation with PPO
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activity (r = 0.89), suggesting polyphenol oxidase plays a central role in phenolic compound
biosynthesis. Total chlorophyll and carotenoid displayed coordinated synthesis (r = 0.80),
reflecting their functional integration in the photosynthetic apparatus. Notable negative
correlations included proline and glycine betaine (r = −0.95), indicating these osmoprotec-
tants may have antagonistic accumulation patterns despite their similar osmoregulatory
functions, and ascorbic acid with PPO activity (r = −0.83), suggesting inverse regulation
between these antioxidant components. Carotenoid content showed negative correlations
with flavonoid (r = −0.64), total antioxidant capacity (r = −0.56), and ABTS (r = −0.72),
indicating potential metabolic trade-offs where plants allocate resources between primary
photosynthetic pigments and secondary antioxidant metabolites. This pattern suggests that
environmental conditions favoring chlorophyll and carotenoid accumulation for photosyn-
thesis may not necessarily promote secondary metabolite synthesis, reflecting the balance
between growth-related primary metabolism and stress-induced secondary metabolism.
The PCA biplot revealed PC1 and PC2 explained 88% and 6.9% of total variance, respec-
tively, accounting for 94.9% of total variability. This high variance explanation indicates
two principal components effectively capture major patterns of phytochemical variation.
Loading vectors showed distinct groupings based on contributions to principal components.
Glycine betaine, total antioxidant capacity, and ABTS displayed similar loading directions
in positive PC2 region, indicating strong co-variation and supporting functional relation-
ship in stress response. Total chlorophyll, carotenoid, and anthocyanin showed loading
vectors in negative PC1 and slightly positive PC2 direction, reflecting coordinated roles in
photosynthesis and photoprotection. Sample distribution showed clear separation along
PC1, with samples forming distinct clusters based on phytochemical profiles, demonstrat-
ing that environmental conditions and sampling time create distinct metabolic signatures.
The hierarchical cluster dendrogram organized samples into several major clusters with
distinct branching patterns, with October and May samples showing similar phytochemical
profiles, while November–December samples formed tight sub-clusters, demonstrating
high similarity within late autumn and early winter. January–February samples formed
distinct clusters reflecting unique winter stress responses, while summer samples clustered
together, representing distinctive metabolic state during hot season. The unrooted cluster-
ing tree provided alternative visualization, with November–December, May, and October
samples forming prominent clades with relatively short internal branches, indicating close
relationships, while January samples formed isolated clade, emphasizing unique metabolic
profile during peak winter. These multivariate analyses collectively demonstrate that cherry
laurel exhibits sophisticated metabolic plasticity in response to environmental variation,
with clear seasonal and light-environment-dependent patterns in phytochemical composi-
tion. The strong correlations among functionally related compounds and distinct clustering
patterns suggest coordinated regulation of metabolic pathways rather than independent
responses to environmental factors. This integrated metabolic response likely contributes
to cherry laurel’s ability to thrive across diverse light and seasonal conditions, making
it a valuable species for urban greening and reforestation efforts where environmental
conditions vary considerably [4,10,13]. Furthermore, the temporal clustering of samples
indicates that cherry laurel employs distinct metabolic strategies corresponding to sea-
sonal environmental challenges, shifting from cold stress responses in winter to heat and
drought stress adaptations in summer, with transitional metabolic states during spring and
autumn periods.

5. Conclusions
Our study revealed that light environment and seasonal variation significantly influence

phytochemical composition and antioxidant properties in cherry laurel (P. laurocerasus L.)
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leaves under observed field conditions. Comparing light-exposed and shade-grown plants
across twelve months, we found that these environments elicited distinct biochemical
strategies, with shade conditions promoting light-harvesting efficiency and osmotic adjust-
ment, while light exposure enhanced photoprotection and antioxidant defense mechanisms.
However, several methodological limitations warrant acknowledgment: the binary light
classification (light vs. shade) may oversimplify the light gradient continuum; absence of
direct measurements of photosynthetically active radiation (PAR), daily light integral (DLI),
leaf temperature, and vapor pressure deficit (VPD) limits mechanistic interpretation; poten-
tial soil heterogeneity between light environments may confound observed phytochemical
patterns. These factors suggest that the reported light effects represent composite influences
of co-varying environmental conditions rather than isolated light responses. Overall, cherry
laurel exhibited flexible and environment-dependent adjustments in its phytochemical
and antioxidant metabolism. Shade conditions promoted chlorophyll retention, osmolyte
accumulation, and sustained antioxidant support during the growing season, helping
maintain photosynthetic efficiency under reduced light. In contrast, high light stimulated
the production of photoprotective pigments and enhanced antioxidant enzyme activity,
strengthening the plant’s capacity to cope with oxidative stress. These coordinated and
seasonally distinct metabolic patterns indicate that cherry laurel does not rely on a single
protective mechanism, but instead employs an integrated strategy that shifts with changing
environmental conditions. From an applied perspective, our findings suggest testable hy-
potheses for urban forestry and landscape management, though recommendations should
be considered preliminary pending validation under controlled conditions. Future re-
search should employ paired sun–shade tree comparisons with matched soil properties,
continuous monitoring of DLI and VPD, direct leaf temperature measurements, and tis-
sue water status assessments to disentangle light effects from confounding microclimatic
factors. Controlled experiments manipulating individual environmental variables would
strengthen causal inference regarding the observed phytochemical responses. Shade-grown
plants appear well-suited for understory planting and shaded urban landscapes due to
their sustained chlorophyll retention and osmotic adjustment capacity, promoting efficient
photosynthesis under low-light conditions. In contrast, plants under high light develop
stronger photoprotective and antioxidant systems, indicating potential suitability for open,
sun-exposed environments where oxidative stress potential is greater. These practical
applications warrant empirical validation through reciprocal transplant experiments and
performance monitoring across diverse urban microclimates to establish evidence-based
guidelines for species deployment in landscape design.
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