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Abstract

Idesia polycarpa Maxim. is an important woody oilseed species and is dioecious; however,
systematic evidence for sex-specific differences in leaf physico-chemical traits and their
spectral responses remains limited. In this study, mature female and male trees were
investigated. Leaves were sampled throughout the growing season (May–October), and
FTIR-ATR spectra were acquired to derive peak height and peak area metrics for diagnostic
bands. In parallel, leaf antioxidant enzyme activities (SOD, CAT, POD, and APX), biomass-
related traits, leaf nutrient concentrations, and rhizosphere soil nutrient indices were
measured. Differences between sexes, seasonal dynamics, and spectrum–trait coupling
were evaluated using repeated-measures analysis and correlation analyses. The results
showed that the positions of major absorption bands were largely consistent between
sexes, indicating broadly similar chemical composition, whereas the male plants lacked an
obvious band near 1671 cm−1 in May. Several spectral peak parameters were significantly
correlated with leaf pH, leaf dry matter content, total phosphorus, and APX activity. Female
and male plants exhibited month-dependent differences in enzyme activities, dry matter
content, and leaf N and K, and leaf–soil nutrient linkages were also detected, suggesting
sex-specific resource allocation patterns. Overall, FTIR-ATR peak metrics provide a rapid
means to characterize seasonal variation in leaf physico-chemical properties of I. polycarpa
and offer supporting evidence for studies of sexual dimorphism.

Keywords: Idesia polycarpa; dioecy; female and male plants; FTIR-ATR; nutrients;
antioxidant enzyme activities; biomass

1. Introduction
Idesia polycarpa Maxim. is a dioecious species widely distributed across multiple

provinces in China [1]. It is one of the most important woody oilseed trees in the country,
with high development value and promising prospects for cultivation and utilization. The
fruits have high yield and oil content and can be processed into high-quality edible oil [2].
The press cake can be further used to produce bio-organic fertilizer or feed [3], and the
species also has potential for cosmetic, health-care, pharmaceutical, and chemical prod-
ucts [4,5]. Consequently, female trees generally have greater economic value than male
trees, whereas male trees serve as essential pollinizers. At present, I. polycarpa is mainly
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propagated by seed or clonal nursery stock. Under natural conditions, seed germination
is extremely low, and seedlings usually require several years after field establishment
before flowering. Because the sex of juvenile plants cannot be distinguished visually [6],
reliable sex identification remains unavailable, which constrains production and practi-
cal deployment of this species [7]. In dioecious plants, sexual dimorphism is commonly
associated with differences in reproductive costs and resource-use strategies. Therefore,
investigating sex-related differences in I. polycarpa is of both economic and ecological sig-
nificance. However, studies on sex-specific traits in I. polycarpa are still limited, and the
underlying mechanisms remain unclear. Clarifying sex differences in this dioecious species
will improve our understanding of sexual differentiation processes and sex determina-
tion, and will also provide a theoretical basis for orchard management and optimized
sex-ratio configuration, thereby supporting stable and high fruit yield and maximizing
economic benefits.

Fourier transform infrared spectroscopy (FTIR) is an advanced analytical technique
based on molecular vibrational spectroscopy. By identifying characteristic infrared absorp-
tion bands, FTIR enables elucidation of chemical structures and qualitative or quantitative
assessment of components in mixtures [8]. Owing to its rapidity, high sensitivity, minimal
sample requirement, and broad applicability to solid, liquid [9], and gaseous samples [10],
FTIR has become an indispensable tool in structural and analytical chemistry. During
spectral acquisition, covalent bonds within molecules (e.g., C–H, O–H, and C=O) absorb in-
frared radiation at specific frequencies and undergo stretching or bending vibrations. These
vibrational modes depend on bond type, functional-group conformation, and intermolecu-
lar interactions [11]. For example, researchers have developed diagnostic models to classify
anthracnose severity with 100% accuracy [12]. Plant nutrient deficiency or environmental
stress can alter foliar protein content and ester compounds [13]. Accordingly, changes
in diagnostic bands—such as the amide I band (~1650 cm−1; proteins), C–H stretching
(~2920 cm−1; lipids), and polysaccharide-related features (~1150 cm−1)—have been used
to discriminate among different nutrient-stress types [14,15]. FTIR can also characterize
functional groups in soil organic matter, including those associated with benzoic and stearic
acids (e.g., carbonyl and hydrocarbon moieties in carboxylic compounds), and has been
used to estimate soil mass fractions with a reported fitting coefficient of 0.88 [16]. Compared
with conventional chemical assays, FTIR-ATR provides integrative spectral information that
can help identify spectral regions or peak metrics associated with key physico-chemical
traits, and can offer chemical-level evidence to support interpretation of physiological
differences. Beyond FTIR, other spectroscopic approaches such as VIS/NIR and Raman
spectroscopy have also shown strong potential for leaf-based phenotyping. VIS/NIR spec-
troscopy has been successfully used to estimate foliar nitrogen and other physiological
or chemical traits, including chlorophyll, water status, specific leaf area, and potassium
content [17]. Recent studies have further shown that leaf spectroscopy can assist in sex-
related discrimination in dioecious plants. For instance, non-destructive optical leaf indices
were able to separate papaya sexual types in seedling-stage phenotyping [18], and Raman-
based leaf spectral fingerprints have been used to identify sex in Litsea cubeba (Lour.)
Pers. [19] and mature Amaranthus palmeri S. Watson [20]. These studies suggest that spec-
troscopy can provide a useful bridge between leaf chemistry and sexual dimorphism, be-
cause sex-related differences in nutrient allocation, pigments, lipids, and defense-associated
compounds may be reflected in leaf spectral signatures. However, for the dioecious woody
oilseed tree Idesia polycarpa, it remains unclear whether female and male leaves exhibit sta-
ble or stage-dependent differences in FTIR-ATR spectral characteristics across the growing
season, and whether spectral variation is coupled with leaf physiological traits, nutrient
status, and rhizosphere soil conditions. Against this background, we investigated ma-
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ture female and male I. polycarpa trees and conducted monthly sampling throughout the
growing season (May–October). FTIR-ATR spectra were acquired from dried leaf powder
samples, and peak height and peak area metrics for diagnostic bands were extracted. In
parallel, antioxidant enzyme activities (SOD, CAT, POD, and APX), biomass-related traits
(e.g., specific leaf area and leaf dry matter content), and nutrient indices of both leaves
and rhizosphere soils were determined. Using significance tests and correlation analyses,
we characterized FTIR-ATR spectral features and their seasonal dynamics in female and
male leaves; quantified sex-by-month patterns in leaf physiological traits, nutrients, and
biomass-related traits, with reference to concurrent changes in rhizosphere soil nutrients;
and identified key spectral peak metrics most strongly coupled with core leaf traits. This
study provides spectral evidence for understanding sexual dimorphism and sex-specific
resource allocation in I. polycarpa, and offers a basis for rapid spectral characterization of
seasonal variation in leaf physico-chemical properties.

2. Materials and Methods
2.1. Experimental Site

All seedlings used in this study were planted at the Teaching and Practice Base of
the Henan Engineering Technology Research Center for I. polycarpa in Jinshui District,
Zhengzhou, Henan Province, China (113◦42′ E, 34◦43′ N; mean elevation 96 m). The
site is located in the southern North China Plain and has a temperate monsoon climate,
characterized by pronounced seasonality with concurrent heat and rainfall. Spring and
autumn are relatively short with large temperature fluctuations, whereas summer and
winter are comparatively long. The mean annual temperature is 16–18 ◦C, and the long-
term mean annual precipitation is approximately 640.8 mm, with about 65% occurring in
summer. The mean frost-free period is 212 days.

2.2. Experimental Materials and Design

Twenty 10-year-old mature female trees and twenty 10-year-old mature male trees of
I. polycarpa with known sex were selected (sex was confirmed during flowering based on
floral morphology). From May to October 2024, leaves and rhizosphere soil were collected
monthly. Leaf samples were taken from healthy, pest- and disease-free leaves at the same
height and with a consistent orientation. Rhizosphere soil was sampled within a 1 m radius
of the trunk after removing surface debris; soil cores were collected from the 20–40 cm layer
using a soil auger.

2.3. FTIR Spectrometry on Leaf Samples

Leaves were thoroughly washed with clean water to remove surface dust and im-
purities, then dried (kill-green at 105 ◦C for 30 min, followed by drying at 65 ◦C for 48 h
until constant weight). The dried leaves were ground through a 100-mesh standard sieve
(0.15 mm). The resulting leaf powder was stored in a glass vacuum desiccator for later use
and required thorough regrinding prior to each application. Fourier transform infrared
(FTIR) spectra were acquired using an FTIR spectrometer (ALPHA II, Bruker, Ettlingen,
Germany) equipped with an attenuated total reflectance (ATR) accessory. Spectra were
recorded over 4000–400 cm−1 at a resolution of 4 cm−1, with 32 scans collected per sample.
To ensure uniform contact between the leaf powder and the ATR crystal, a constant pressure
was applied to all samples using the integrated pressure applicator. To mitigate inherent
variations associated with the ATR technique, the raw spectral data were subjected to a rig-
orous preprocessing pipeline using OMNIC 8.2 software. The preprocessing steps included:
(1) ATR correction to compensate for wavelength-dependent penetration depth changes;
(2) Automatic baseline correction to eliminate baseline drift; (3) Savitzky–Golay smoothing
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to reduce instrumental noise; and (4) Min-Max normalization (or Vector Normalization)
to correct for path length variations and contact-related inconsistencies. Peak heights and
areas were solely extracted from these fully preprocessed and normalized spectra to ensure
reliable quantitative comparisons.

2.4. Determination of Leaf Area and Leaf Dry Matter Content

Leaf area was measured using Leafbyte software 1.3.0. After cleaning, leaves were
rinsed 1–2 times with distilled water and dried. They were dark-treated at 5 ◦C for 12 h,
then weighed to determine saturated fresh mass (g). After drying, leaves were weighed
again to determine dry mass (g). The formula is as follows:

Leaf dry matter content (LDMC) = (leaf dry mass/saturated fresh mass) × 1000 (g·kg−1)

Specific leaf area (SLA) = leaf area/leaf dry mass (m2·kg−1)

2.5. Measurement of Leaf Enzyme Activity

Determine ascorbate peroxidase (APX) and catalase (CAT) activity using the method
described in Chen, J.X. et al.’s Guide to Plant Physiology Experiments [21]. Following
the methods described by Wang Xuekui et al.: Superoxide dismutase (SOD) activity was
measured using the nitroblue tetrazolium (NBT) assay, while peroxidase (POD) activity
was determined using the guaiacol method [22].

2.6. Determination of Nutrient Content in Leaves and Rhizosphere Soil

The pH of soil and leaves was determined using the potentiometric method. Samples
were mixed with deionized water at specific ratios and shaken for 2 min. The soil-to-water
ratio was 2.5:1 [23], while the leaf-to-water ratio was 1:10 [24]. After standing for 30 min, pH
was measured using a pH meter (PHS-3E; Shanghai Yidian Scientific Instrument Co., Ltd.,
Shanghai, China). Potassium dichromate oxidation with external heating was employed to
oxidize carbon in soil organic matter, determining soil organic carbon and total leaf carbon
content. Ammonium acetate extraction yielded the test solution, with flame photometry
(WGH6400; Shanghai Lichen Instrument Technology Co., Ltd., Shanghai, China) measuring
total leaf potassium and soil available potassium. The test solution was obtained through
the H2SO4-H2O2 digestion method. Total nitrogen content was determined using an
automatic Kjeldahl nitrogen analyzer (K9840; Haineng Future Technology Group Co.,
Ltd., Jinan, China). Total phosphorus content in soil and leaves was measured using the
molybdenum–antimony colorimetric method [25].

2.7. Experimental Indicators and Measurement Methods

FTIR spectral preprocessing was performed in OMNIC 8.2. After ATR correction,
baseline correction, Savitzky–Golay smoothing, and normalization, the processed spectra
were used for subsequent analyses. Peak height and peak area of the selected character-
istic bands were extracted in OriginPro 2025. In addition, principal component analysis
(PCA) was performed on the fully preprocessed FTIR spectra using the whole spectral
dataset to evaluate overall spectral variation among samples and to assess the effects of
sampling month and sex at the multivariate level. The data were analyzed using a two-
way repeated-measures ANOVA, with sex as the between-subject factor and month as the
within-subject factor. All data are presented as mean ± standard deviation (SD). Pearson
correlation analysis was used to evaluate the relationships among FTIR peak parameters,
leaf physicochemical traits, and rhizosphere soil nutrient variables. Statistical analyses
were performed in SPSS 13.0, and significance was set at p < 0.05. Figures were prepared in
OriginPro 2025.
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3. Results
3.1. Dynamic Characteristics of Leaf Infrared Spectra in Female and Male I. polycarpa
3.1.1. Infrared Spectral Characterization of Leaves from Female and Male Plants

FTIR spectra of leaves from female and male I. polycarpa collected in different months
are shown in Figure 1. The positions and intensities (peak heights) of the main absorption
bands were generally similar between sexes, and the characteristic band positions and peak
heights were also largely consistent across months. Among these bands, a pronounced
sharp peak was consistently observed near 1620 cm−1.

Figure 1. Average infrared absorbance spectrogram of leaves from male and female I. polycarpa plants.
In the figure, “(a)” represents female plants and “(b)” represents male plants. n = 20. The spectral
diagram is an average curve.

After converting the original reflectance spectra to absorbance spectra, the data were
preprocessed (including baseline correction and smoothing), yielding the spectra shown
below. Four characteristic spectral regions were identified and annotated, mainly centered
at 3420, 1620, 1350, and 765 cm−1.

3.1.2. Principal Component Analysis of Whole FTIR Spectra

To further evaluate the multivariate structure of the FTIR dataset, principal compo-
nent analysis (PCA) was performed using the fully preprocessed spectra of female and
male I. polycarpa leaves collected from May to October (Figure 2). The first two principal
components explained 46.55% and 35.01% of the total variance, respectively, accounting
for 81.56% of the overall spectral variation. The PCA score plot showed that samples
from different sex–month groups exhibited partial separation in the reduced multivariate
space, indicating that both seasonal and sex-related variation were reflected to some extent
in the whole-spectrum FTIR data. However, substantial overlap among several groups
was also observed, suggesting that the spectral differences were not sufficiently strong
to produce complete group discrimination. Overall, the PCA results indicate that FTIR
spectra captured broad seasonal structure in leaf chemical variation, whereas sex-related
differences appeared to be more limited and stage-dependent.
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Figure 2. Principal component analysis (PCA) of the preprocessed FTIR spectra of female and male
Idesia polycarpa leaves collected from May to October. Each point represents one leaf sample, colored
by sex–month group. n = 20. F represents female plants, and M represents male plants. The numbers
indicate the sampling months. PC1 and PC2 explained 46.55% and 35.01% of the total spectral
variance, respectively. Ellipses indicate the distribution tendency of each group in the PCA space.

3.1.3. Analysis and Comparison of Characteristic Absorption Peaks in Leaves of Female
and Male Plants

Comparison of the infrared absorption peaks of female and male I. polycarpa leaves
across months (Figure 3) showed clear seasonal variation in peak intensity. During May,
June and August, male plants exhibited higher peaks. During July, September and October,
female plants exhibited higher peaks. In addition, in May, the characteristic band near
1671 cm−1 was not detected in male leaves.

Based on ANOVA, the peak heights of the four characteristic FTIR bands (3420, 1620,
1350, and 765 cm−1) in leaves of female and male I. polycarpa differed significantly among
months, whereas no significant differences were detected between sexes for any band. As
shown in Table 1, for females, peak height at 3420 cm−1 in May, August, and October dif-
fered significantly from that in the other months, while values in June, July, and September
were similar. Male plants exhibited the same pattern of monthly variation for this band.

At 1620 cm−1, female peak heights in June and August differed significantly from
those in the other months, whereas in males, significant differences were observed in July
and August relative to the other sampling months. At 1350 cm−1, the female peak height in
May differed significantly from those in June, July, and September; in males, peak heights
in May, June, and August were collectively and significantly different from those in the
remaining months.

At 765 cm−1, the female peak height in August differed significantly from those in all
other months. In males, significant differences were detected for the values in May and
August, and both months also differed significantly from the remaining months.

Based on ANOVA, the peak areas of the four characteristic FTIR bands (3420, 1620,
1350, and 765 cm−1) in leaves of female and male I. polycarpa differed significantly among
months, whereas no significant differences were detected between sexes for any band. As
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shown in Table 2, for females, the peak area at 3420 cm−1 differed significantly between
May and August, and these values also differed from those in the other months; in males, a
significant difference at this band was observed between June and August.

 

Figure 3. Infrared absorbance spectrogram of leaves from male and female I. polycarpa in different
months. In the figure, the letters (a−f) represent May, June, July, August, September, and October,
respectively. n = 20. The spectral diagram is an average curve.
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Table 1. Analysis of the differences in infrared characteristic peak heights of leaves of male and
female I. polycarpa in different months.

Wave Number
(cm−1) Sex May June July August September October

3420
Female 0.42 ± 0.04 Ca 0.19 ± 0.06 Da 0.16 ± 0.06 Da 0.56 ± 0.15 Ba 0.24 ± 0.09 Da 2.30 ± 0.07 Aa
Male 0.39 ± 0.11 Ca 0.25 ± 0.09 Da 0.15 ± 0.04 Da 0.54 ± 0.10 Ba 0.22 ± 0.08 Da 2.27 ± 0.05 Aa

1620
Female 0.95 ± 0.12 BCa 0.78 ± 0.18 Ca 2.82 ± 0.16 Aa 1.08 ± 0.25 Ba 0.79 ± 0.17 Ca 0.77 ± 0.18 Ca
Male 0.91 ± 0.33 BCa 0.81 ± 0.12 Ca 2.64 ± 0.10 Aa 1.11 ± 0.18 Ba 0.71 ± 0.16 Ca 0.70 ± 0.15 Ca

1350
Female 0.14 ± 0.01 Aa 0.11 ± 0.02 BCa 0.08 ± 0.02 Ca 0.14 ± 0.03 ABa 0.11 ± 0.02 BCa 0.11 ± 0.03 ABCa
Male 0.14 ± 0.05 Aa 0.12 ± 0.02 Aa 0.07 ± 0.01 Ba 0.14 ± 0.02 Aa 0.09 ± 0.02 Ba 0.10 ± 0.02 Ba

765
Female 0.04 ± 0.02 Aa 0.06 ± 0.02 Aa 0.06 ± 0.01 Aa 0.02 ± 0.01 Ba 0.06 ± 0.01 Aa 0.06 ± 0.01 Aa
Male 0.03 ± 0.02 Ba 0.06 ± 0.02 Aa 0.05 ± 0.01 Aa 0.02 ± 0.00 Ba 0.06 ± 0.02 Aa 0.05 ± 0.02 Aa

Note: each value in the table represents the mean ± SD. Different lowercase letters indicate significant differences
between female and male plants within the same month, whereas different uppercase letters indicate significant
differences among months within the same sex, based on two-way ANOVA followed by post hoc multiple
comparisons at p < 0.05.

Table 2. Analysis of the differences in infrared characteristic peak areas of leaves of male and female
I. polycarpa in different months.

Wave
Number (cm−1) Sex May June July August September October

3420
Female 136.20 ± 35.47 Ba 67.83 ± 23.09 Ca 59.18 ± 23.86 Ca 206.45 ± 56.10 Aa 86.29 ± 32.13 Ca 81.17 ± 9.47 Ca
Male 143.22 ± 40.96 Ba 90.74 ± 36.60 Ca 56.79 ± 14.96 Ba 202.90 ± 36.37 Aa 67.94 ± 7.52 Ba 69.67 ± 4.62 Ba

1620
Female 61.80 ± 5.45 Ba 48.72 ± 9.38 Ba 496.02 ± 16.03 Aa 61.81 ± 16.28 Ba 54.31 ± 12.72 Ba 54.96 ± 13.52 Ba
Male 59.42 ± 19.56 Ba 54.93 ± 9.32 Ba 484.48 ± 9.53 Aa 64.45 ± 11.27 Ba 49.33 ± 13.39 Ba 48.56 ± 9.09 Ba

1350
Female 3.25 ± 0.32 Aa 2.23 ± 0.55 Ba 1.51 ± 0.34 Ca 3.23 ± 0.69 Aa 2.27 ± 0.43 Ba 2.33 ± 0.58 Ba
Male 3.12 ± 1.11 Aa 2.63 ± 0.47 ABa 1.43 ± 0.32 Ca 3.30 ± 0.54 Aa 1.79 ± 0.48 Ca 2.07 ± 0.40 BCa

765
Female 1.07 ± 0.57 Aa 1.60 ± 0.59 Aa 1.52 ± 0.30 Aa 0.44 ± 0.42 Ba 1.65 ± 0.29 Aa 1.54 ± 0.28 Aa
Male 0.73 ± 0.59 Ba 1.55 ± 0.40 Aa 1.28 ± 0.17 Aa 0.29 ± 0.19 Ca 1.53 ± 0.41 Aa 1.40 ± 0.41 Aa

Note: each value in the table represents the mean ± SD. Different lowercase letters indicate significant differences
between female and male plants within the same month, whereas different uppercase letters indicate significant
differences among months within the same sex, based on two-way ANOVA followed by post hoc multiple
comparisons at p < 0.05.

At 1620 cm−1, significant differences were detected in July, as the peak area in this
month differed significantly from those in all other months in females; the same pattern
was also observed in males. At 1350 cm−1, significant differences were detected in July in
females, whereas in males, the peak area in May differed significantly from those in July,
September, and October.

At 765 cm−1, the peak area in August in females differed significantly from those in
all other months. In males, significant differences were detected in May and August, and
the values in both months also differed significantly from those in the remaining months.

3.2. Dynamic Differences in Leaf Traits Between Female and Male I. polycarpa
3.2.1. Seasonal Dynamics of Leaf Enzyme Activities

According to the two-way repeated-measures ANOVA followed by post hoc multiple
comparisons, the activities of the four antioxidant enzymes varied significantly across
sampling months, whereas sex differences were enzyme-specific (Figure 4). For SOD
(Figure 4a), a significant sex difference was detected only in May, when male plants showed
higher activity than female plants. For CAT (Figure 4b), significant sex differences were
observed in May and October, with higher values in male plants in both months. For
POD (Figure 4c), activity increased markedly from May to October in both sexes, but no
significant differences between sexes were detected in any month. For APX (Figure 4d),
significant sex differences were observed from July to October. Overall, these results
indicate that antioxidant enzyme activities were primarily shaped by seasonal variation,
whereas sex-related differences were restricted to specific enzymes and months.
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Figure 4. Seasonal dynamics of leaf enzyme activities in male and female I. polycarpa from May to
October. (a) SOD activity. (b) CAT activity. (c) POD activity. (d) APX activity. Symbols represent the
mean values of 20 plants for each sex in each month (n = 20), and error bars indicate the standard
deviation (SD). Different lowercase letters indicate significant differences between female and male
plants within the same month, whereas different uppercase letters indicate significant differences
among months within the same sex, based on two-way ANOVA followed by post hoc multiple
comparisons at p < 0.05.

3.2.2. Seasonal Dynamics of Biomass-Related Leaf Traits in Female and Male I. polycarpa

Biomass-related leaf traits also showed temporal variation during the growing season
(Figure 5). For SLA (Figure 5a), a significant sex difference was detected only in June,
when male plants showed higher values than female plants. Within both sexes, SLA
tended to be higher in the early growing season and lower in the later months. In contrast,
LDMC (Figure 5b) showed no significant month-to-month variation within either sex, but
female plants had significantly higher LDMC than male plants in June and July. These
results suggest that seasonal effects were more evident for SLA, whereas sex differences in
biomass-related traits were limited to specific sampling stages.

https://doi.org/10.3390/f17030387

https://doi.org/10.3390/f17030387


Forests 2026, 17, 387 10 of 21

Figure 5. Seasonal dynamics of leaf biomass in male and female I. polycarpa from May to October.
(a) SLA. (b) LDMC. Symbols represent the mean values of 20 plants for each sex in each month
(n = 20), and error bars indicate the standard deviation (SD). Different lowercase letters indicate
significant differences between female and male plants within the same month, whereas different
uppercase letters indicate significant differences among months within the same sex, based on
two-way ANOVA followed by post hoc multiple comparisons at p < 0.05.

3.2.3. Seasonal Dynamics of Leaf Nutrient Traits in Female and Male I. polycarpa

Leaf nutrient traits exhibited clear month-dependent variation, although sex-related
differences were limited to specific variables and time points (Figure 6). Leaf pH (Figure 6a),
total carbon (Figure 6b), and total phosphorus (Figure 6d) varied across months, but no
significant differences between female and male plants were detected within individual
months. For total nitrogen (Figure 6c), a significant sex difference was observed only
in May, when female plants had higher total N than male plants. For total potassium
(Figure 6e), male plants showed significantly higher values than female plants in May, June,
and August, whereas no significant sex differences were detected in the remaining months.
Taken together, these results indicate that seasonal progression was the primary source of
variation in leaf nutrient status, while sex differences were mainly evident for N and K at
particular stages of the growing season.

3.3. Seasonal Dynamics of Rhizosphere Soil Nutrients in Female and Male I. polycarpa

Rhizosphere soil properties also showed pronounced seasonal variation during the
study period (Figure 7). Soil pH (Figure 7a) changed significantly across months in both
sexes, but no significant differences between female and male plants were detected within
any month. Similarly, no significant sex differences were observed for rhizosphere soil total
phosphorus (Figure 7d). In contrast, soil organic carbon (Figure 7b) differed significantly
between sexes in May and September, with higher values in the rhizosphere of female
plants. Rhizosphere soil total nitrogen (Figure 7c) showed a significant sex difference only
in May, when female plants had higher values than male plants. Available potassium
(Figure 6e) also differed significantly between sexes only in May, with higher values in the
rhizosphere of male plants. Overall, these results indicate that rhizosphere soil nutrient
variation was primarily associated with sampling month, whereas sex-related differences
were restricted to a limited number of variables and time points.
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Figure 6. Seasonal dynamics of leaf nutrient concentrations in male and female I. polycarpa from
May to October. (a) pH. (b) C. (c) N. (d) P. (e) K. Symbols represent the mean values of 20 plants
for each sex in each month (n = 20), and error bars indicate the standard deviation (SD). Different
lowercase letters indicate significant differences between female and male plants within the same
month, whereas different uppercase letters indicate significant differences among months within the
same sex, based on two-way ANOVA followed by post hoc multiple comparisons at p < 0.05.

3.4. Associations Between FTIR Peak Parameters and Leaf/Soil Traits
3.4.1. Correlations Between Leaf Physicochemical Traits and FTIR Peak Height in Female
and Male I. polycarpa

Correlation analyses were conducted to examine relationships between the peak
heights of four diagnostic FTIR bands (3420, 1620, 1350, and 765 cm−1) and leaf physico-
chemical traits (biomass-related traits, enzyme activities, and nutrient indices) in female
and male I. polycarpa.
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Figure 7. Seasonal dynamics of rhizosphere soil nutrient contents associated with male and female I.
polycarpa from May to October. (a) pH. (b) C. (c) N. (d) P. (e) K. Symbols represent the mean values of
20 plants for each sex in each month (n = 20), and error bars indicate the standard deviation (SD).
Different lowercase letters indicate significant differences between female and male plants within
the same month, whereas different uppercase letters indicate significant differences among months
within the same sex, based on two-way ANOVA followed by post hoc multiple comparisons at
p < 0.05.

As shown in Figure 8a, for female I. polycarpa, peak heights at 3420, 1620, and
1350 cm−1 were not significantly correlated with any leaf physicochemical trait. Nev-
ertheless, the overall pattern suggested predominantly negative associations between these
peak heights and the measured leaf traits. In contrast, the peak height at 765 cm−1 showed
a highly significant positive correlation with leaf pH (r = 0.506).
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Figure 8. Correlation analysis of physicochemical traits and characteristic band peak heights of leaves
from male and female I. polycarpa. n = 20. * indicates a significant correlation (p < 0.05) and ** indicates
a highly significant correlation (p < 0.01)—the same notation is applied in Figures 9–11. In the figure,
“(a)” represents female plants and “(b)” represents male plants.

Figure 9. Correlation analysis of physicochemical traits and characteristic band peak areas of
leaves from male and female I. polycarpa. n = 20. In the figure, “(a)” represents female plants and
“(b)” represents male plants.
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Figure 10. Correlation analysis of physicochemical traits of leaves from male and female I. polycarpa.
n = 20. “(a)” represents female plants and “(b)” represents male plants.

Figure 11. Correlation analysis of nutrients of male and female I. polycarpa leaf and rhizosphere soil
nutrients. n = 20. In the figure, “(a)” represents female plants and “(b)” represents male plants.

As shown in Figure 8b, for male I. polycarpa, peak heights at 3420 and 1620 cm−1

were not significantly correlated with leaf physicochemical traits, although the overall
associations were generally positive. Peak height at 1350 cm−1 was significantly positively
correlated with leaf total phosphorus (r = 0.444), whereas peak height at 765 cm−1 was
highly significantly negatively correlated with APX activity (r = −0.531).

3.4.2. Correlations Between Leaf Physicochemical Traits and FTIR Peak Area in Female and
Male I. polycarpa

Correlation analyses were performed to evaluate the relationships between the peak
areas of four diagnostic FTIR bands (3420, 1620, 1350, and 765 cm−1) and leaf physicochem-
ical traits (biomass-related traits, enzyme activities, and nutrient indices) in female and
male I. polycarpa.

As shown in Figure 9a, for female I. polycarpa, peak areas in the 3420 and 1620 cm−1

regions were not significantly correlated with most leaf physicochemical traits, and the
overall pattern indicated predominantly negative associations between peak area and
the measured traits. However, the peak area in the 3420 cm−1 region was significantly
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negatively correlated with leaf pH (r = −0.383) and significantly positively correlated with
LDMC (r = 0.500). In addition, the peak area in the 765 cm−1 region showed a highly
significant positive correlation with leaf pH (r = 0.376).

As shown in Figure 9b, for male I. polycarpa, peak area in the 1620 cm−1 region was
not significantly correlated with leaf physicochemical traits, although overall associations
were generally positive. The peak area in the 1350 cm−1 region was significantly positively
correlated with leaf total phosphorus (r = 0.376). The peak area in the 3420 cm−1 region was
significantly positively correlated with APX activity (r = 0.395), whereas another association
involving the 3420 cm−1 peak area and APX activity was highly significantly negative
(r = −0.519).

3.4.3. Correlations Among Leaf Physicochemical Traits in Female and Male I. polycarpa

Correlation analyses among leaf traits are summarized in Figure 10. As shown in
Figure 10a, in female I. polycarpa, LDMC was highly significantly negatively correlated
with leaf area (r = −0.566). Leaf area was also significantly negatively correlated with leaf
pH (r = −0.279). For enzyme activities, APX activity showed significant correlations with
the other measured leaf traits. POD activity was highly significantly positively correlated
with CAT (r = 0.599), and was significantly positively correlated with total K and total C
(r = 0.263 and 0.369, respectively), but highly significantly negatively correlated with total P
(r = −0.506). CAT activity was highly significantly positively correlated with SOD and total
K (r = 0.452 and 0.676, respectively), and significantly negatively correlated with total P
(r = −0.456). SOD activity was significantly negatively correlated with total P (r = −0.499).
Total K was highly significantly negatively correlated with total P (r = −0.653), and total P
was significantly negatively correlated with leaf pH (r = −0.459).

As shown in Figure 10b, in male I. polycarpa, LDMC was highly significantly negatively
correlated with leaf area (r = −0.668). Leaf area was significantly negatively correlated with
POD activity (r = −0.246). In terms of enzyme activities, APX activity was significantly
positively correlated with CAT (r = 0.414). POD activity was highly significantly positively
correlated with leaf pH (r = 0.367), highly significantly negatively correlated with total P
(r = −0.708), and significantly positively correlated with total K (r = 0.231). Total K was
significantly positively correlated with total C and total N (r = 0.389 and 0.414, respectively),
and total N was significantly positively correlated with total C (r = 0.371).

3.4.4. Correlations Between Leaf Nutrient Traits and Rhizosphere Soil Nutrients in Female
and Male I. polycarpa

Correlations between aboveground leaf nutrient traits and belowground rhizosphere
soil nutrients were analyzed separately for female and male I. polycarpa (Figure 11). As
shown in Figure 11a, in female I. polycarpa, rhizosphere soil pH was highly significantly
negatively correlated with leaf total K (r = −0.472), and highly significantly positively
correlated with leaf total P (r = 0.495). Soil pH was also significantly negatively correlated
with leaf total C (r = −0.388). Soil organic carbon (SOC) was highly significantly positively
correlated with leaf total K (r = 0.659) and significantly negatively correlated with leaf total
P (r = −0.455). Rhizosphere soil total N (TN) was significantly negatively correlated with
leaf total C (r = −0.499). Rhizosphere soil total P (TP) was significantly positively correlated
with leaf total K (r = 0.415) and highly significantly negatively correlated with leaf total P
(r = −0.472).

As shown in Figure 11b, in male I. polycarpa, rhizosphere soil pH was highly signif-
icantly negatively correlated with leaf total K and leaf total N (r = −0.465 and −0.464,
respectively), and highly significantly positively correlated with leaf total P (r = 0.652). Soil
pH was also significantly negatively correlated with leaf total C (r = −0.390). Soil organic
carbon was significantly negatively correlated with leaf total P (r = −0.377). Rhizosphere
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soil total N was significantly positively correlated with leaf pH (r = 0.388). Rhizosphere soil
total P was significantly negatively correlated with leaf total P (r = −0.459). In addition,
soil available K was significantly negatively correlated with leaf total K and leaf total N
(r = −0.215 and −0.381, respectively).

4. Discussion
FTIR–ATR provides an integrative characterization of the overall chemical composition

of plant tissues by capturing information on functional-group vibrations. In this study, the
principal peak positions of female and male leaves were broadly consistent, indicating that
the major classes of chemical constituents were generally similar between sexes. Based
on the preprocessed spectra, four diagnostic spectral regions were identified and can be
assigned to common functional groups in plant materials. The characteristic band of I.
polycarpa is associated with O–H stretching vibrations; because hydroxyl groups are highly
polar, the corresponding absorption is typically strong. A comparable pattern was reported
for Cinnamomum chekiangense, whose leaf spectra showed an absorbance of up to 91% near
3420 cm−1, suggesting broadly similar chemical features to those of I. polycarpa [26]. The
second characteristic band, around 1620 cm−1, corresponds to aromatic C=C stretching. In
Houttuynia cordata, comparison of absorption peaks among three organs indicated that roots
contained the highest abundance of aromatic compounds in second-derivative spectra; the
corresponding band was similar to that observed in I. polycarpa leaves and exhibited the
greatest peak height [27]. The third characteristic band near 1350 cm−1 is related to C–N
stretching; in tea leaves, the band around 1350 cm−1 has also been assigned to the stretching
vibration of aliphatic –NO2 groups in plant compounds [28]. The fourth characteristic
band at 765 cm−1 is mainly attributed to out-of-plane bending vibrations of aromatic C–H
bonds; the absorption band was markedly weakened at this position. Previous work has
suggested that C–H bending vibrations are associated with starch content [29]. Notably,
in the early growing season (May), no corresponding absorption feature was observed
in male leaves near 1671 cm−1. This finding implies that components contributing to
this band may differ between sexes early in the season, although the specific chemical
origin requires validation using quantitative chemical analyses. Previous studies have
shown that shifts in peak position or changes in band shape in infrared spectra can reflect
sample handling and/or compositional variation [30]; therefore, the stage-specific signal
detected here provides a useful clue for more targeted chemical verification. In addition
to the peak-based analysis, PCA of the full FTIR spectra provided a multivariate view of
spectral variation among samples. The first two principal components explained more than
80% of the total variance, indicating that the major patterns of whole-spectrum variation
were effectively captured in the reduced-dimensional space. The PCA score distribution
suggested that seasonal variation contributed substantially to the spectral structure of
the samples, whereas sex-related separation was more limited and overlapped among
several groups. This result implies that whole-spectrum FTIR data are informative for
tracking seasonal changes in leaf chemical composition, but their ability to discriminate
sexual dimorphism is moderate and appears to depend on the sampling stage. Therefore,
the multivariate analysis complements the characteristic-band analysis by showing that
seasonal spectral dynamics are detectable at the whole-spectrum level, while sex-related
differences are better interpreted as stage-dependent rather than universally distinct.

With respect to leaf functional traits, female and male plants exhibited pronounced
month-dependent variation during the growing season, and significant sex differences were
detected in certain months, suggesting sex-specific physiological–ecological expressions
in this dioecious species. The antioxidant enzyme system is a key pathway by which
plants scavenge reactive oxygen species and maintain cellular homeostasis [31]. In the
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present study, sex differences in SOD and CAT were observed in May and September,
consistent with reports that many dioecious species exhibit sex-specific responses under
stress or seasonal environmental fluctuations [32–35]. POD and APX also showed dy-
namic seasonal patterns; APX differed between sexes from July to October, aligning with
findings that APX responses can be inconsistent across species and stress contexts [36,37].
Moreover, SLA and LDMC—two traits widely used to indicate leaf growth strategies and
resource-use efficiency [38]—showed pronounced seasonal variation in this study, while sex
differences were detected only at specific sampling stages. The direction of sex differences
in SLA/LDMC is not uniform across dioecious species [39–41], further highlighting that
sexual dimorphism is both species-specific and season-dependent. Regarding leaf nutri-
ents, dioecious plants often differ in nutrient status because of sex-specific reproductive
investment and resource allocation [42,43]. Here, leaf C, N, P, and K differed between sexes
in some months; these patterns were partly consistent with, yet also distinct from, those
reported in other species [44–48], suggesting that female and male I. polycarpa may adopt
different strategies of nutrient acquisition and allocation across the growing season.

Rhizosphere soil nutrients likewise exhibited clear seasonal dynamics and sex dif-
ferences in certain months. However, the direction of rhizosphere nutrient differences
between sexes varies among dioecious species [49–51], likely due to the combined effects
of phenological stage, root activity, microenvironmental conditions, and management
practices. Consequently, in this study, soil variables are more appropriately interpreted as
environmental context for understanding leaf nutrient status and sex-related differences
rather than as a single determining factor.

Correlation analyses further revealed coupling among internal leaf traits and between
leaf and soil variables. LDMC was significantly negatively correlated with leaf area,
consistent with the classic resource-acquisitive versus resource-conservative axis in the
leaf economics spectrum and with previous reports [52]. Significant correlations were
also detected among antioxidant enzymes and between enzymes and nutrient variables;
for example, the relationships of POD with CAT and with total P were consistent with
the findings of Yue Jianhua [53]. In addition, trade-offs between K and P are commonly
observed across plant taxa [54]. In terms of aboveground–belowground coupling, leaf
nutrient variables were predominantly negatively correlated with rhizosphere soil nutrients,
and these relationships exhibited a degree of sex-specific structuring. Existing evidence
indicates tight linkages among soil pH, organic matter, and available nutrients, which
can influence plant uptake and utilization of elements such as K [55,56]. Meanwhile,
relationships between soil total N and leaf nutrient/carbon status may differ among
ecosystems and experimental contexts [57,58]. Collectively, these results suggest that
resource allocation and environmental responses of female and male I. polycarpa may
differ at the growing-season scale, although the underlying mechanisms require further
testing through refined measurements of root processes, microhabitat factors, and long-
term observations.

From a methodological perspective, our results indicate that FTIR–ATR peak parame-
ters (peak height and peak area) are significantly correlated with several key physicochemi-
cal leaf variables, suggesting that these spectral metrics may serve as rapid indicators of
leaf physicochemical variation. Previous studies have likewise demonstrated that FTIR
can be used to rapidly discriminate among sample types or to establish relationships with
physicochemical traits [59–61], supporting its feasibility for characterizing leaf constituents.
Nonetheless, it should be emphasized that the present study is primarily based on correla-
tional evidence between peak parameters and traits. To further develop FTIR–ATR into a
quantitative estimation or classification tool, future work should incorporate chemometric

https://doi.org/10.3390/f17030387

https://doi.org/10.3390/f17030387


Forests 2026, 17, 387 18 of 21

modeling, independent validation datasets, and spatiotemporal out-of-sample testing to
enhance robustness and generalizability.

5. Conclusions
FTIR–ATR characterization showed that the major diagnostic absorption bands of

female and male leaves were generally coincident, indicating broadly similar classes of
chemical constituents between sexes (with identifiable signals attributable to functional
groups associated with alcohols/phenolics, polysaccharides, aromatics, and amines). No-
tably, in the early growing season (May), no corresponding absorption feature was observed
in male leaves near 1671 cm−1. Overall, neither peak height nor peak area differed signifi-
cantly between sexes, suggesting that sexual differences are expressed mainly as month-
specific shifts in relative band intensity and in the coupling between spectral features and
functional traits.

Leaf antioxidant enzyme activities, dry matter content, and nutrient indices
(e.g., N and K) exhibited pronounced seasonal dynamics and significant sex differences in
certain months, implying sex-specific strategies of resource allocation and physiological
regulation during the growing season. Rhizosphere soil nutrient variables also showed
clear seasonal variation and sex differences in some months, providing an environmental
context for interpreting leaf-trait variation. Spectral–trait association analyses further in-
dicated significant relationships between peak height/area and leaf pH and dry matter
content in females, as well as between peak height/area and leaf total P and APX activity
in males, suggesting that FTIR–ATR peak parameters can serve as useful spectral proxies
for changes in leaf physicochemical properties. Leaf nutrient variables were predominantly
negatively correlated with rhizosphere soil nutrient indices, and the correlation structure
differed between sexes, implying that aboveground–belowground nutrient allocation may
exhibit sex-dependent patterns. Collectively, these findings provide evidence for sexual
dimorphism and sex-related differences in resource allocation in I. polycarpa.
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