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Abstract — Leaf color is not only an aesthetic characteristic for plants, but also an important indicator reflecting the
physiological status of the plant. This study aimed to determine chlorophyll differences arising depending on leaf
color (green and red) in Photinia x fraseri Dress. seedlings and to reveal the relationship between these differences
and vegetation indices derived from RGB-based image analyses. The study material consisted of green and red leaves
collected from four-year-old seedlings grown under the same environmental conditions. Leaf chlorophyll content was
determined using a portable chlorophyll meter (SPAD-502); red (R), green (G), and blue (B) color values of the same
leaves were obtained from scanned images using ImageJ software. Based on RGB values, excess green (ExG) index,
normalized green—red difference index (NGRDI), visible atmospherically resistant index (VARI), green leaf index
(GLI), and greenness index (GI) values were calculated. The obtained data were evaluated using independent samples
t-test, Spearman's rank correlation analysis, and regression analyses. The results revealed statistically significant
differences between green and red leaves in all RGB color values except the blue value, in SPAD values, and in
vegetation indices (p < 0.01). SPAD values in green leaves (79.83) were found to be markedly higher than those in
red leaves (30.15). In particular, the ExG index showed higher performance than the other indices in reflecting
chlorophyll differences associated with leaf color and in explaining SPAD values. Regression analyses revealed that
the relationships between SPAD values and vegetation indices exhibited a non-linear structure and that quadratic
models provided higher explanatory power. The findings indicate that RGB-based vegetation indices can be used for
the non-destructive and practical monitoring of leaf color—associated physiological differences in ornamental plants
such as Photinia x fraseri.
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Oz — Yaprak rengi, bitkiler igin estetik bir 6zellik olmanin yan1 sra, bitkinin fizyolojik durumunu da yansitan énemli
bir gostergedir. Bu ¢alismada, Photinia * fraseri Dress. fidanlarinda yaprak rengine (yesil ve kirmizi) bagli olarak
ortaya ¢ikan klorofil farkliliklarmm belirlenmesi ve bu farkliliklarin RGB tabanli goriintii analizlerinden tiiretilen
vejetasyon indeksleri ile iligkisinin ortaya konulmasi amaglanmistir. Calisma materyalini, ayni ¢evresel kosullarda
yetistirilen dort yagindaki fidanlardan alinan yesil ve kirmizi yapraklar olusturmustur. Yaprak klorofil igerigi
tagiabilir klorofilmetre (SPAD-502) kullanilarak belirlenmis; ayni yapraklara ait kirmizi (R), yesil (G) ve mavi (B)
renk degerleri taranmis goriintiiler tizerinden ImageJ yazilimu ile elde edilmistir. RGB verileri kullanilarak asir1 yesil
indeksi (excess green, ExG), normalize edilmis yesil-kirmiz1 fark indeksi (normalized green—red difference index,
NGRDI), goriiniir atmosfere dayanikli indeks (visible atmospherically resistant index, VARI), yesil yaprak indeksi
(green leaf index, GLI) ve yesillik indeksi (greenness index, GI) degerleri hesaplanmustir. Elde edilen veriler bagimsiz
orneklem t-testi, Spearman sira korelasyon analizi ve regresyon analizleri ile degerlendirilmistir. Sonuglar, mavi renk
degeri disindaki tim RGB renk degerlerinde, SPAD degerlerinde ve vejetasyon indekslerinde yesil ve kirmizi
yapraklar arasinda istatistiksel olarak anlamli farkliliklar bulundugunu gostermistir (p < 0,01). Yesil yapraklardaki
(79,83) SPAD degerleri kirmiz1 yapraklara (30,15) kiyasla belirgin bicimde daha yiiksek bulunmustur. Ozellikle ExG
indeksi, yaprak rengine bagl klorofil farkliliklarni yansitmada ve SPAD degerlerini agiklamada diger indekslerden
daha yiiksek bir performans gostermistir. Regresyon analizleri, SPAD degerleri ile vejetasyon indeksleri arasindaki
iligkilerin dogrusal olmayan bir yapi sergiledigini ve kuadratik modellerin daha yiiksek agiklayicilik sagladigini ortaya
koymustur. Elde edilen bulgular, RGB tabanli vejetasyon indekslerinin Photinia x fraseri gibi siis bitkilerinde yaprak
rengine bagl fizyolojik farkliliklarin tahribatsiz ve pratik bir sekilde izlenmesinde kullanilabilecegini gostermektedir.
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1. Introduction

Plants not only perform fundamental functions for the continuity of ecosystems (Rawat and Agarwal, 2015),
but also provide multifaceted benefits to human life in physiological, psychological, and socio-cultural
dimensions (Alvarsson et al., 2010; Bowler et al., 2010; Tyrviinen et al., 2014; Elsadek et al., 2019). Among
these benefits, the effects of aesthetic and visual qualities on mental well-being stand out; the literature
emphasizes that plant characteristics such as flowers or leaves with different colors, forms, and textures create
perceptual diversity, positively influence mood, and strengthen individuals’ psychological interaction with
space (Janeczko et al., 2019; Wang et al., 2019; Holzman et al., 2025). Photinia x fraseri Dress. (photinia),
which is distinguished by its vivid leaf colors and high aesthetic value, is a member of the Rosaceae family
and is an ornamental plant obtained through the hybridization of P. glabra and P. serrulata. The young leaves
of'this evergreen species display shades ranging from red to purple during spring and autumn, gradually turning
green during summer and winter. This dynamic change in leaf color observed throughout the year adds
significant ornamental value to the species in landscape applications (Larraburu et al., 2010; Li et al., 2025).
Leaf color is one of the main characteristics determining the aesthetic value of ornamental plants, and its
formation is associated with the quantity and relative proportions of plant pigments such as chlorophyll,
anthocyanins, and carotenoids (Tang et al., 2020). High chlorophyll content causes green coloration to become
dominant in leaves, whereas carotenoids are generally associated with the formation of yellow, orange, and
red tones (Yang et al., 2015). On the other hand, anthocyanins—whose presence in photinia leaves has been
demonstrated and which constitute a subgroup of flavonoids—are water-soluble pigments that play an
important role in the emergence of a wide range of colors extending from red to purple and blue (Kytridis and
Manetas, 2006).

The two main pigment groups that play a crucial role in photosynthesis—a fundamental biological process in
which green plants capture light energy to convert carbon dioxide and water into organic compounds while
simultaneously releasing oxygen—are chlorophylls and carotenoids (Cutolo et al., 2023; Li et al., 2024).
Chlorophyll, the most important pigment due to its primary responsibility for light absorption and participation
in photochemical reactions, characteristically absorbs red and blue-violet wavelengths while reflecting green
light, thereby giving plant leaves their green color (Nishio, 2000; Li et al., 2024). In the measurement of leaf
chlorophyll content, destructive methods based on chemical extraction and spectrophotometry under
laboratory conditions can be used (Lichtenthaler and Wellburn, 1983). However, non-destructive methods
performed using portable handheld devices (SPAD-502, Konica—Minolta, Inc., Osaka, Japan), which offer a
simpler, faster, and more cost-efficient alternative, are also widely preferred (Richardson et al., 2002; Cerovic
et al.,, 2012). In both approaches, leaf chlorophyll content is determined based on the measurement of
chlorophyll absorption or transmittance in the red band (Castelli et al., 1996; Dong et al., 2019). Furthermore,
it is emphasized that SPAD measurements reflect not only chlorophyll content but also leaf nitrogen status and
photosynthetic activity; therefore, they can be used as an indirect yet powerful indicator in physiological
evaluations (Chang and Robison, 2003; Reis et al., 2009; Cerovic et al., 2012; Zhang et al., 2022).

In recent years, with the development of digital camera and image processing techniques, vegetation indices
based on visible spectrum bands have emerged as a practical alternative for the indirect estimation of leaf
chlorophyll (Hunt et al., 2011; Saberioon et al., 2014; Barman and Choudhury, 2022; Wang et al., 2024). The
RGB system, which defines colors through the simple combination of three primary colors (Red, Green, and
Blue), generally represents the colors perceived by the human eye, which has three types of cone cells sensitive
to the reddish, greenish, and bluish regions of the visible spectrum (Trussell et al., 2005; Hunt and Pointer,
2011). To date, many studies have listed and used various vegetation indices developed by different authors
using RGB values—such as excess green (ExG) index, normalized green—red difference index (NGRDI),
visible atmospherically resistant index (VARI), green leaf index (GLI), and greenness index (GI)—for the
estimation of SPAD values (Hunt et al., 2011; Cen et al., 2019; Mao et al., 2020; Liu et al., 2021; Yuan et al.,
2022; Zhang et al., 2022; Signorelli et al., 2025).

The aim of this study was to determine chlorophyll levels (SPAD values) associated with different leaf colors
(green and red) in Photinia % fraseri seedlings using a portable chlorophyll meter and to examine the
relationships between the obtained values and vegetation indices (ExG, NGRDI, VARI, GLI, and GI) derived
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from RGB-based image analyses. Additionally, the objective was to identify the indices with the highest
explanatory power for estimating SPAD values based on leaf color differences.

2. Materials and Methods

The study was conducted on November 6, 2025, using Photinia % fraseri Dress. seedlings grown at the Of
Forest Nursery Unit under the Trabzon Forest Nursery Directorate, Tiirkiye. A total of 30 four-year-old
seedlings, grown under identical conditions and exhibiting similar growth patterns, constituted the study
material. For each seedling, SPAD values were measured on five green and five red leaves using a portable
chlorophyll meter (SPAD-502, Konica—Minolta, Inc., Osaka, Japan). In total, 300 leaves (150 green and 150
red) were used in the study. Measurements were taken from three points on each leaf—apex, middle, and
base—and recorded as arithmetic means. The leaves whose SPAD values were determined were numbered,
transported to the laboratory, arranged in sequence, and scanned individually according to seedling and leaf
color using an HP Scanjet G4010 flatbed scanner at a resolution of 600 dpi. The use of scanned images
provided standardized image acquisition conditions for all samples and reduced potential variability arising
from differences in illumination, shadowing, and viewing geometry. Similar approaches based on scanned leaf
images have been employed in studies investigating relationships between leaf color characteristics and
chlorophyll content (Yadav et al., 2010; Treder et al., 2021).

In the scanned leaves, R (red), G (green), and B (blue) color values were obtained from three regions,
corresponding to the locations used for SPAD measurements, using the ImageJ software, and the arithmetic
means were recorded for further analyses. Images related to the P. X fraseri seedlings used in the study, the
portable chlorophyll meter readings, and the acquisition of color values in the ImagelJ software are presented
in Figure 1.

Figure 1. P. X fraseri seedlings (a), SPAD measurements (b), and acquisition of RGB color values (c)
Sekil 1. P. % fraseri fidanlart (a), SPAD olgiimleri (b), ve RGB renk degerlerinin elde edilme siireci (c)
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The mean RGB color values recorded for each leaf were substituted into the formulas presented in Table 1 to
calculate the vegetation indices. These indices quantitatively represent the level of greenness in leaf tissues by
emphasizing green reflectance within the visible spectrum and are widely used as indirect indicators of
chlorophyll content (Mao et al., 2020; Yuan et al., 2022).

Table 1. Formulas of vegetation indices used in the study
Tablo 1. Calismada kullamilan vejetasyon indekslerinin formiilleri

Index Index Formula References
Excess Green (ExG) ExG=2xG-R-B Woebbecke et al., 1995
Normalized Green-Red Difference Hunt et al., 2005

Index (NGRDI) NGRDI= (G-R)/(G+R)

Visible Atmospherically Resistant Gitelson et al., 2002

VARI= (G-R)/(G+R-B)

Index (VARI)
Green Leaf Index (GLI) GLI= (2xG-R-B)/(2xG+R+B) Gobron et al., 2000
Greenness Index (GI) GI=G/(R+G+B) Kawashima and Nakatani, 1998

Although VARI was originally developed to reduce atmospheric effects in field imagery, it was included in
this study as a visible-band-based greenness index to allow comparative evaluation under controlled scanning
conditions. SPAD values, RGB color values (R, G, B), and vegetation indices were determined separately for
green and red leaves. For statistical analyses, the mean values obtained from five leaves of the same color class
were used to represent each seedling. Consequently, all statistical analyses were performed using 30
independent observations for each leaf color group. Prior to statistical analyses, data normality was evaluated
using skewness and kurtosis statistics. All variables exhibited skewness and kurtosis values within acceptable
limits (£2), indicating approximate normality of the data distribution. Homogeneity of variances was assessed
using Levene’s test. Differences between green and red leaves were evaluated using independent samples t-
tests in IBM SPSS Statistics 27 software. When the assumption of homogeneity of variances was violated, the
results based on unequal variances were considered. Furthermore, the direction and strength of the
relationships among the parameters were determined using Spearman's rank correlation analysis in RStudio.
In addition, non-linear relationships between SPAD values and vegetation indices were analyzed using the
regression (curve estimation) module in IBM SPSS Statistics 27 to identify the mathematical models that best
described these relationships. Model performance was evaluated using the coefficient of determination (R?),
root mean square error (RMSE), and mean absolute error (MAE), with higher R? values and lower RMSE and
MAE values indicating better model performance (Ozdamar, 1999; Quinn and Keough, 2002; Ozkan, 2003;
Crawley, 2013).

3. Results

Levene’s test for homogeneity of variances indicated unequal variances between green and red leaves for
SPAD values, red and blue color values, and the vegetation indices ExG, NGRDI, VARI, and GLI (p < 0.05).
In contrast, variance homogeneity was confirmed for green color values (G) and GI (p > 0.05). Accordingly,
independent samples t-test results were reported according to the appropriate variance assumption for each
variable (Table 2).

301



Bartin Orman Fakiiltesi Dergisi 2026, Cilt 28, Sayi 2, Sayfa: 298-312

Table 2. Independent samples t-test results for the measured parameters
Tablo 2. Olgiilen parametreler icin bagimsiz 6rneklem t-testi sonuglar

Variables t df Mean Difference p

SPAD 15.08 39.15 49.69 <0.001**
R -8.40 34.74 -27.31 <0.001**
G 9.70 58.00 18.35 <0.001**

B 1.13 50.52 2.16 0.262
ExG 20.63 43.60 61.85 <0.001**
NGRDI 29.45 32.98 0.49 <0.001**
VARI 36.66 36.53 0.74 <0.001**
GLI 24.67 43.62 0.38 <0.001**
GI 26.64 58.00 0.17 <0.001**

**p < 0.01: Statistically significant at the 99% confidence level.

As shown in Table 2, statistically significant differences (p < 0.001) were detected between green and red
leaves in all RGB color values except blue, in SPAD values, and in vegetation indices. The clear separation of
SPAD values between groups was considered a strong indicator of physiological differences associated with
leaf color. When RGB color values were evaluated, significant differences were observed between groups in
the red and green values. The negative mean difference in the red value indicated that the first group (green
leaves) had lower red color intensity compared to the second group (red leaves). Conversely, the positive mean
difference in the green value showed that the first group had higher green color intensity. In contrast, the small
mean difference and statistically non-significant result observed for the blue value (p = 0.262) suggest that this
color component has limited sensitivity in distinguishing between groups. All vegetation indices consistently
reflected the green—red leaf differentiation based on SPAD values in the same direction and with statistical
significance. The mean and standard deviation values of all variables examined in the study are presented in
Figure 2. To avoid visual distortion due to differences in variable scales, the graphs were arranged in two
separate panels.
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Figure 2. Mean and standard deviation values of all measured variables in green and red leaves
Sekil 2. Yesil ve kirmizi yapraklarda élgiilen tiim parametrelerin ortalama ve standart sapma degerleri

According to Figure 2, the mean SPAD value obtained in green leaves (79.83) was approximately 165% higher
than the mean value measured in red leaves (30.15). Consistent with expectations, the mean green (G) color
value in green leaves (50.68) was markedly higher than that of red leaves (32.33), whereas the mean red (R)
color value in red leaves (63.97) was higher than that measured in green leaves (36.66). The only variable that
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did not show a significant difference in the independent samples t-test was the blue (B) color value, with similar
means observed in green (33.23) and red (31.07) leaves. These findings indicate that leaf color differentiation
was clearly reflected through the dominant RGB color components. Regarding vegetation indices, all mean
values obtained in green leaves were positive. In contrast, except for GI (0.25), for which negative values are
mathematically not possible, ExG (-30.39), NGRDI (-0.33), VARI (-0.48), and GLI (-0.19) values were
negative in red leaves. This pattern indicates that the dominance of green color intensity in green leaves,
associated with higher chlorophyll content, resulted in positive values of indices, including ExG (31.46),
NGRDI (0.16), VARI (0.26), GLI (0.19), and GI (0.42). Conversely, the increased red color intensity in red
leaves, likely associated with anthocyanin accumulation and reduced chlorophyll content, led to negative
values of these indices. Among the vegetation indices, ExG demonstrated clear separation between green and
red leaf groups, whereas the GI index, although producing positive values in both leaf types, exhibited limited
discriminative power when mean values and variation ranges were considered. These findings demonstrate
that RGB-based vegetation indices successfully capture leaf color—associated differences and can serve as
effective indicators for distinguishing between green and red leaves.

The results of the Spearman correlation analysis among SPAD values, RGB color values (R, G, and B), and
the vegetation indices derived from these color components (ExG, NGRDI, VARI, GLI, and GI) are presented
using correlation coefficients and a color scale (Figure 3). In the correlation matrix, the lower triangle
represents the results for green leaves, whereas the upper triangle corresponds to red leaves. Only statistically
significant correlations (p < 0.05) are shown in the figure, and blank cells indicate statistically non-significant
relationships.
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Figure 3. Spearman correlation matrix for green (lower triangle) and red (upper triangle) leaves
Sekil 3. Yesil (alt iicgen) ve kirmizi (iist liggen) yapraklara ait Spearman korelasyon matrisi
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When the Spearman correlation results for green leaves were examined, no statistically significant relationship
was detected between SPAD values and RGB color values or vegetation indices. However, significant
relationships were observed among RGB color components and vegetation indices. Among RGB color values,
strong positive correlations were found between R and G (r=0.97), between R and B (r=0.71), and a moderate
positive correlation was observed between G and B (r = 0.61). Regarding the relationships between RGB color
values and vegetation indices, R was negatively correlated with NGRDI (r = -0.55) and VARI (r = -0.50),
while G was positively correlated with ExG (r = 0.45) and negatively correlated with NGRDI (r = -0.38) and
VARI (r = -0.40). The B color value showed negative correlations with NGRDI (r = -0.65), GLI (r = -0.70),
and GI (r = -0.71). Among the vegetation indices, ExG was strongly and positively correlated with GLI (r =
0.86) and GI (r = 0.84). NGRDI showed positive correlations with VARI (r = 0.74), GLI (r = 0.66), and GI (r
= 0.68), while GLI and GI exhibited an almost perfect positive correlation (r = 1.00).

For red leaves, SPAD values showed significant negative correlations with the red color value (r = -0.69) and
blue color value (r = -0.49). In contrast, SPAD values were positively correlated with all vegetation indices,
with the strongest relationship observed for ExG (r = 0.81), followed by GI (r = 0.61), VARI (r = 0.60), GLI
(r = 0.60), and NGRDI (r = 0.51). Among RGB color values, positive correlations were detected between R
and G (r=0.71), R and B (r = 0.76), and G and B (r = 0.94). Regarding the relationships between RGB color
values and vegetation indices, R was negatively correlated with ExG (r = -0.84), NGRDI (r = -0.41), VARI (r
=-0.49), GLI (r = -0.49), and GI (r = -0.49), while B was negatively correlated with ExG (r = -0.48). Among
the vegetation indices, ExG showed strong positive correlations with NGRDI (r=0.74), VARI (r = 0.84), GLI
(r=0.84), and GI (r = 0.85). Very strong positive correlations were also observed between NGRDI and VARI
(r=10.97), NGRDI and GLI (r = 0.96), NGRDI and GI (r = 0.95), VARI and GLI (r = 0.99), VARI and GI (r
=0.99), and GLI and GI (r = 1.00). Overall, SPAD values were more closely associated with vegetation indices
in red leaves than in green leaves.

Different regression models were tested to evaluate the relationships between SPAD values and vegetation
indices. Since the highest R? values were obtained from quadratic models, the regression results for both green
and red leaves are presented based on these models. The general regression model applied in the study is
expressed as follows:

SPAD =a + bx + cx? (3.1)

In the model, x represents the respective vegetation index, while a, b, and ¢ denote the regression coefficients.
The quadratic model results indicated that the change in SPAD values as a function of vegetation index values
did not follow a constant linear trend and that the second-order term contributed significantly to the model.
Because NGRDI and VARI explained only a negligible proportion of the variation in SPAD values (R*= 0.01)
in green leaves, these indices were excluded from further regression analyses. The relationships between SPAD
values and the remaining vegetation indices were evaluated using quadratic regression models are presented
in Figure 4.
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Figure 4. Quadratic regression models showing the relationships between SPAD values and vegetation indi-
ces in green leaves
Sekil 4. Yesil yapraklarda SPAD degerleri ile vejetasyon indeksleri arasindaki iliskileri gdsteren kuadratik
regresyon modelleri

The quadratic regression equations describing the relationships between SPAD values and vegetation indices
in green leaves are presented below.

SPAD = 151 — 4.89ExG + 0.08ExG” (3.2)
SPAD =237 — 1830GLI + 5100GLI? (3.3)
SPAD =3930 — 18400GI + 22000GI* (3.4)

Although the explanatory power of the quadratic models for green leaves was relatively limited, the
relationships between SPAD values and the vegetation indices could still be described mathematically. Among
the evaluated indices, ExXG exhibited the highest explanatory power (R? = 0.242, RMSE = 14.252, MAE =
11.218). The corresponding values for GI and GLI were R*> = 0.202, RMSE = 18.431, MAE = 14.860 and R?
=0.190, RMSE = 14.732, MAE = 11.990, respectively. These results indicate that EXG provided the strongest
fit to the observed SPAD values among the vegetation indices evaluated for green leaves. The corresponding
quadratic regression models for red leaves are presented in Figure 5.
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Figure 5. Quadratic regression models showing the relationships between SPAD values and vegetation indi-
ces in red leaves

Sekil 5. Kirmizi yapraklarda SPAD degerleri ile vejetasyon indeksleri arasindaki iliskileri gosteren kuadratik
regresyon modelleri

The corresponding quadratic regression equations for red leaves are presented below.

SPAD = 47.82 + 0.73ExG + 0.00402ExG? (3.5)
SPAD = 42.23 + 29.76NGRDI — 19.74NGRDI? (3.6)
SPAD = 51.09 + 46.1VARI + 4.21VARI? (3.7
SPAD = 47.31 + 113GLI + 113GLI? (3.8)
SPAD =28.3 — 164GI + 668GI> (3.9)
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For red leaves, the quadratic regression models generally exhibited higher explanatory power than those
observed for green leaves. The strongest relationship was obtained with ExG (R? = 0.715, RMSE = 3.705,
MAE =2.727), indicating a substantial proportion of the variation in SPAD values could be explained by this
index. The remaining vegetation indices also showed moderate explanatory performance, with R? values of
0.411 for GLI (RMSE = 5.331, MAE = 4.046), 0.400 for GI (RMSE = 5,376, MAE = 4.126), 0.378 for VARI
(RMSE =5.475, MAE =4.236), and 0.311 for NGRDI (RMSE = 5.763, MAE =4.562). These findings suggest
that color-based vegetation indices, particularly ExG, were closely associated with SPAD values in red leaves.
The obtained quadratic regression equations enabled a mathematical characterization of the relationships
between SPAD values and vegetation indices.

4. Discussion

In this study, chlorophyll differences associated with leaf color (green and red) in Photinia % fraseri Dress.
seedlings were determined using portable chlorophyll meter (SPAD-502) measurements. Furthermore, the
relationships between vegetation indices derived from RGB-based image analyses and SPAD values obtained
from green and red leaves were evaluated. The findings revealed clear and statistically significant differences
between green and red leaves in terms of SPAD values, RGB color values (except blue), and vegetation indices.
According to the results, the mean SPAD value in green leaves (79.83) was more than 2.5 times higher than
that measured in red leaves (30.15). This finding indicates that green leaves possess higher chlorophyll content
and, consequently, potentially greater photosynthetic capacity compared to red leaves. Since SPAD
measurements were conducted simultaneously on green and red leaves from the same seedlings at the same
developmental stage, inter-seedling physiological variation and environmental effects were minimized.
Therefore, the observed differences can be attributed primarily to leaf color and associated pigment
composition. Previous studies conducted on different plant species have demonstrated that chlorophyll content
varies depending on leaf color (Jaleel et al., 2008; Zhang et al., 2018; Taques et al., 2021; Tota and Sala, 2023),
which is consistent with the marked chlorophyll differences observed between green and red leaves in P. X
fraseri seedlings. In this context, a study on P. X fraseri that examined variations according to leaf type and
shoot position using a portable chlorophyll meter (SPAD 502Plus) reported that SPAD values ranged from
68.23 to 74.03 in green leaves and from 23.55 to 28.58 in red leaves (Tota and Sala, 2023). In another study,
leaf chlorophyll content (SPAD) in P. X fraseri cuttings has also been reported to be sensitive to growing
media and hormone applications. SPAD values averaged 76.38 in a peatmoss + sand + soil medium, while
they decreased to 62.66 in a peatmoss + sand + clay medium. Regarding hormone treatments, SPAD values
increased with IBA dose, reaching 66.90 in the control, 68.85 at 3500 mg L' IBA, and 72.82 at 7000 mg L™
IBA (Edo, 2025). It has been reported that SPAD values obtained using portable chlorophyll meters exhibit
considerable variation among plant species, largely associated with species-specific leaf characteristics (Atar
et al., 2020; Atar and Bayraktar, 2022). For example, Atar et al. (2020) found that mean SPAD values ranged
from 25.00 (Acer negundo) to 78.60 (Laurocerasus officinalis). Similarly, Atar and Bayraktar (2022) reported
the highest mean SPAD value (73.68) in Arbutus unedo and the lowest (35.64) in Hydrangea macrophylla.
Although these studies did not directly classify leaves according to color, the marked interspecific differences
in SPAD values may be associated with differences in perceived leaf greenness related to chlorophyll content.
Additionally, a study employing a non-destructive method to determine leaf chlorophyll content reported that
SPAD values obtained from branches representing the four cardinal directions (north, south, east, and west) of
the same species could vary significantly within the species (Atar et al., 2023). In this framework, the
pronounced SPAD differences identified between green and red leaves in P. x fraseri seedlings may
reasonably be attributed to differences in pigment composition reflected in leaf coloration, as also supported
by previous findings (Tota and Sala, 2023).

Among the vegetation indices examined in this study, ExG emerged as the most sensitive variable reflecting
leaf color—associated differentiation based on the overall findings of the correlation and regression analyses,
despite the absence of significant correlations between SPAD values and vegetation indices in green leaves.
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In particular, it exhibited higher explanatory power for predicting SPAD values in red leaves. In contrast, the
relatively narrow range of chlorophyll content in green leaves and the associated saturation effect may have
weakened the relationships with RGB-based vegetation indices. The higher performance of EXG in red leaves
may be associated with the combined influence of chlorophyll and anthocyanin accumulation on leaf optical
properties in P. x fraseri. The increase in red color values and the suppression of green color values due to
anthocyanin accumulation may have enabled the ExG index, by its mathematical structure, to produce results
that are more sensitive to differences between green and red color values. Conversely, indices such as NGRDI,
VARI, GLI, and GI, which represent RGB color components in a more balanced manner, may have shown
lower discriminative performance specifically in green leaves, where high chlorophyll levels and limited
variability may have constrained index sensitivity. These findings indicate that the performance of RGB-based
vegetation indices may vary depending on leaf pigment composition. Since all measurements were performed
on the same species under identical sampling conditions, the contrasting relationships observed between green
and red leaves are likely attributable to leaf-level optical and biochemical differences rather than external
environmental factors. Vesali et al. (2017) reported that the red color value showed a much stronger
relationship with chlorophyll-related measurements than the green color value. Similarly, Du et al. (2018)
demonstrated that ExG exhibited the highest and significant relationship with SPAD-derived chlorophyll
measurements. However, other vegetation indices have also been proposed for estimating chlorophyll content.
For example, Signorelli et al. (2025) reported that GI, which showed strong correlations with leaf chlorophyll
content, provides a simple and cost-effective alternative for monitoring chlorophyll dynamics. Likewise, Yuan
et al. (2022) indicated that appropriate mathematical models can successfully quantify the relationship between
vegetation indices and SPAD values using stable model structures and parameters.

The RGB-based vegetation indices used in this study were calculated based on mean RGB color values
obtained from scanned leaf images using ImageJ software and were intended to compare relative color-based
differences associated with leaf color. Therefore, the findings are not directly comparable with sensor-based
field measurements but are primarily applicable to leaf-level physiological assessments conducted under
controlled conditions. Indeed, the literature indicates that the color components used in RGB-based vegetation
indices can be obtained through different data acquisition approaches depending on the measurement objective
and experimental design. For example, in the study by Vesali et al. (2017), although the vegetation index
((G-R)/(G+R)) retained the same mathematical structure, it was calculated based on RGB color values
obtained through contact imaging of light transmitted through the leaf using a smartphone camera. In that
approach, the RGB color values represented relative spectral information derived from light absorption
characteristics. In contrast, in the present study, RGB color components were derived from scanned leaf images
and represent mean surface-based color values. In both approaches, the calculated indices aim to reveal relative
color differences associated with leaf pigmentation. Similarly, numerous studies in the literature have
employed RGB-based vegetation indices derived from scanned leaf images or digital camera—based color data
(Kawashima and Nakatani, 1998; Karcher and Richardson, 2003; Yadav et al., 2010). In these studies, instead
of sensor-based spectral measurements, mean RGB color values obtained from leaf surfaces were used to
establish relationships between leaf color and chlorophyll content or nutritional status. Therefore, the use of
different imaging techniques for deriving RGB-based indices should not be considered a limitation affecting
methodological validity; rather, it should be interpreted as a methodological choice aligned with the specific
application objective. At the same time, it should also be recognized that RGB values and vegetation indices
may vary according to the image acquisition platform and measurement conditions. Previous studies have
demonstrated that image-based approaches employing scanners, smartphones, digital cameras, and other
imaging systems can successfully capture chlorophyll-related variation and provide reliable estimates of plant
physiological status (Kawashima and Nakatani, 1998; Yadav et al., 2010; Vesali et al., 2017; Cen et al., 2019;
Treder et al., 2021).
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5. Conclusion

Based on the findings of this study, the marked differences observed in SPAD values between green and red
leaves demonstrated a close association between leaf coloration and chlorophyll-related characteristics in
Photinia x fraseri. Furthermore, RGB-based vegetation indices, particularly ExXG, showed potential for
quantifying leaf color—associated differences and estimating SPAD values in P. x fraseri. The practical
applicability and repeatable nature of the method suggest that RGB-based vegetation indices can serve as
useful tools for monitoring leaf color—associated physiological changes in ornamental plants such as P. x
fraseri. In this context, incorporating RGB-based vegetation indices into future studies that simultaneously
evaluate physiological and biochemical parameters would contribute to a clearer understanding of the
relationships between leaf color and plant physiological status. In particular, statistically linking color-based
indices with measurable physiological and biochemical indicators could strengthen their potential use as
indirect markers for assessing plant health and stress conditions. Such an approach also offers potential for the
development of rapid, non-destructive, and cost-effective monitoring methods. Furthermore, since no
significant relationships were detected between SPAD values and the evaluated vegetation indices in green
leaves, future studies should investigate additional vegetation indices and image-based approaches that may
better capture chlorophyll variation within green foliage.
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