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Abstract

Accurate acquisition of biochemical information from crop canopies is of great
significance for monitoring crop growth and guiding precision fertilization. Exist-
ing research on the vertical distribution of crop biochemical parameters primar-
ily focuses on hyperspectral remote sensing inversion, lacking connection with
photosynthetic physiology. This study mainly investigated the vertical distribu-
tion characteristics of biochemical parameters such as chlorophyll, carotenoids,
dry matter, and water content within oilseed rape canopies at the seedling
stage under different nitrogen treatment levels, while simultaneously using rapid
chlorophyll fluorescence technology to measure leaf photosynthetic performance,
and further analyzing the intrinsic relationship between fluorescence response
and biochemical parameters through linear regression analysis and principal
component analysis. The experimental results showed that: (1) Chlorophyll con-
tent, carotenoid content, dry matter, and water content in oilseed rape canopies
at the mid-seedling stage all exhibited parabolic non-uniform vertical distribu-
tions, whereas the chlorophyll to carotenoid ratio displayed a distinct vertical
distribution pattern from other biochemical parameters, gradually decreasing
with increasing leaf position and nitrogen application rate, which was consis-
tent with the vertical distribution patterns of fluorescence parameters such as
driving force DFTotal and quantum yield at the end of electron transport chain
¢Ro; (2) Fluorescence parameters, particularly DFTotal, demonstrated strong
evaluation capability for the chlorophyll to carotenoid ratio, chlorophyll content,
and dry matter content in oilseed rape leaves; (3) Nitrogen deficiency reduced
the performance of photosystem I and IT (PSI and PSII) in oilseed rape leaves
at the seedling stage, and nitrogen stress could be diagnosed through fluores-
cence parameters such as maximum photochemical efficiency ¢Po; moreover,
leaves at different positions showed significant differences in PSI performance,
i.e., electron transport efficiency at the terminal end, and DFTotal could effec-
tively characterize the vertical heterogeneity of canopy biochemical parameters.
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These results demonstrate that applying rapid chlorophyll fluorescence technol-
ogy for vertical heterogeneity monitoring of biochemical information in crops is
feasible, and can provide new ideas and technical support for guiding precision
fertilization and improving high quality and high yield.
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Abstract

Accurate acquisition of crop canopy biochemical information is of great signifi-
cance for monitoring crop growth and guiding precision fertilization. Existing re-
search on the vertical distribution of crop biochemical parameters has primarily
focused on hyperspectral remote sensing inversion, lacking connection with pho-
tosynthetic physiology. This study investigated the vertical distribution charac-
teristics of biochemical parameters—including chlorophyll, carotenoids, dry mat-
ter, and water content—in oilseed rape canopies under different nitrogen treat-
ments during the mid-seedling stage. Concurrently, leaf photosynthetic perfor-
mance was measured using fast chlorophyll fluorescence technology, and linear
regression analysis and principal component analysis were employed to further
explore the intrinsic relationships between fluorescence responses and biochem-
ical parameters. The experimental results demonstrated that: (1) Chlorophyll
content, carotenoid content, dry matter, and water content in the rape canopy at
the mid-seedling stage all exhibited non-uniform parabolic vertical distributions,
while the chlorophyll-to-carotenoid ratio showed a distinct vertical distribution
pattern, gradually decreasing with increasing leaf position and nitrogen applica-
tion rate—matching the vertical distribution patterns of fluorescence parameters
such as driving force DFp,,, and end-chain quantum yield ¢p,; (2) Fluores-
cence parameters, particularly DFp,,.;, exhibited strong evaluation capabilities
for the chlorophyll-to-carotenoid ratio, chlorophyll content, and dry matter con-
tent in rape leaves; (3) Nitrogen deficiency reduced the Photosystem IT (PSII)
and Photosystem I (PSI) performance of rape leaves at the seedling stage, and
fluorescence parameters such as maximum photochemical efficiency ¢p, could
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diagnose nitrogen stress, while leaves at different positions showed significant
differences in PSI performance (i.e., electron transfer efficiency at the acceptor
side), which could be effectively characterized by DFy.,,,; to represent vertical
heterogeneity of canopy biochemical parameters. These findings indicate the
feasibility of applying fast chlorophyll fluorescence technology for vertical hetero-
geneity monitoring of crop biochemical information, providing new insights and
technical support for guiding precision fertilization and achieving high-quality,
high-yield production.

Keywords: fast chlorophyll fluorescence transient; JIP-test; vertical hetero-
geneity; chlorophyll; carotenoid; nitrogen

1 Introduction

Oilseed rape is the world’ s second-largest oil crop after soybean, playing a
crucial role in global petroleum resource substitution, animal feed, and biofuel
supply [1]. Rapid acquisition of biochemical phenotypic information (e.g., pig-
ments, dry matter, water content) is essential for breeding superior varieties
and improving crop quality and yield. Leaf biochemical characteristics often ex-
hibit significant non-uniform vertical distribution within canopies; for instance,
nitrogen concentration is typically higher in upper leaves with more active pho-
tosynthesis [2,3]. This spatial heterogeneity within crop canopies can be viewed
as an adaptive strategy that continuously adjusts allocation among leaves under
limited nutrient resources and changing environmental conditions to maximize
canopy photosynthetic rates [2,4]. Therefore, quantitative research and anal-
ysis of vertical heterogeneity of biochemical components within crop canopies
are necessary to provide effective theoretical methods and technical support for
dynamic monitoring of rape growth information and precision scientific fertil-
ization.

Current research on vertical distribution of crop biochemical components pri-
marily focuses on hyperspectral remote sensing for assessing nitrogen vertical
distribution, establishing relationships between canopy spectra and nitrogen
content in various vertical layers through statistical models [5-8]. However,
reflectance-based monitoring methods often contain mixed signals from plants
and soil, reducing inversion accuracy and robustness, and the connection with
physiological mechanisms such as photosynthesis is not well understood [9,10].
Moreover, research on vertical distribution of biochemical components closely
related to photosynthetic physiology, such as photosynthetic pigments, is rela-
tively scarce, failing to meet the requirements for high-throughput phenotypic
information acquisition in field crop breeding and nitrogen management during
critical growth stages.

In plant photosynthesis, energy absorbed by chlorophyll molecules is generally
converted through three pathways: photochemistry, thermal dissipation, and
chlorophyll fluorescence [11]. In other words, the remaining light energy not
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consumed by photochemical reactions or converted to heat is radiated from the
plant as fluorescence. Plant senescence or stress conditions—including high /low
temperature, salinity, and drought—can cause changes in these three energy
forms [12,13]. Therefore, changes in chlorophyll fluorescence can detect varia-
tions in leaf physiological status, such as light energy absorption and transfer,
reaction center status, excess energy and its dissipation, PSII donor and accep-
tor side activity, and photosynthetic photoinhibition and photodamage [14,15].

Compared with traditional gas exchange measurement methods, chlorophyll
fluorescence technology has become a more effective, convenient, and high-
throughput approach for understanding spatiotemporal dynamics of photosyn-
thetic function and physiological characteristics. Its main advantage lies in that
fluorescence signals originate only from plants themselves, effectively avoiding in-
terference from other signals such as soil and directly reflecting the most authen-
tic plant physiological status. Beyond detecting plant stress responses, numer-
ous studies have applied chlorophyll fluorescence to analyze physiological and
ecological indicators such as crop chlorophyll content and nitrogen nutrient in-
dex (NNI). Fluorescence parameters are significantly affected by nutrient supply
such as nitrogen; for example, non-photochemical quenching (NPQ) increases
with nitrogen application in rice [16], while excessive nitrogen application in cot-
ton causes declines in maximum photochemical efficiency (F,,/F,,) and electron
transport rate (ETR) [17]. Additionally, some studies have observed significant
differences in PSII activity and energy utilization efficiency across different leaf
layers using fluorescence parameters [18,19], demonstrating the sensitivity and
great potential of chlorophyll fluorescence response for characterizing crop pho-
tosynthetic physiology, particularly vertical heterogeneity. However, research
on vertical heterogeneity of fluorescence parameters within crop canopies re-
mains limited. Therefore, exploring the vertical heterogeneity of fluorescence
parameters within crop canopies and their relationship with biochemical infor-
mation using chlorophyll fluorescence technology holds considerable promise as
an alternative method for evaluating crop biochemical parameters.

This study primarily used spectrophotometry to measure and analyze the ver-
tical distribution characteristics of biochemical parameters such as chlorophyll,
carotenoids, dry matter, and water content in oilseed rape canopies during the
seedling stage. Concurrently, fast chlorophyll fluorescence technology was em-
ployed to investigate vertical heterogeneity of photosynthetic physiological char-
acteristics within the canopy, analyze the intrinsic connections and physiological
mechanisms between fluorescence responses and biochemical parameters, and ul-
timately identify the most suitable fluorescence parameters for characterizing
rape biochemical information.
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2 Materials and Methods
2.1 Experimental Design

The experimental material was the Brassica napus L. cultivar Zheshuang 758.
The field experiment was conducted at the Agricultural Experimental Station
of Zhejiang University in Zijingang Campus. Three nitrogen levels were estab-
lished: no nitrogen (NO, 0 kg N/ha), normal nitrogen (N1, 215 kg N/ha), and
excessive nitrogen (N2, 430 kg N/ha), with a ratio of NO:N1:N2 = 0:1:2. Ni-
trogen fertilizer was applied at a 3:1:2 ratio before transplanting, at the early
seedling stage, and at the bolting stage, respectively. Phosphorus and potas-
sium fertilizers were applied as basal fertilizers. The experimental field used
a randomized block design with three replicates for each nitrogen level, total-
ing nine plots. Each plot area was 6.6 m? (5.5 m x 1.2 m), with 0.4 m wide
protective rows in both north-south and east-west directions. Oilseed rape was
transplanted in early November 2019, and the experiment was conducted on
January 6, 2020 (mid-seedling stage).

2.2 Measurement Methods

2.2.1 Fast Chlorophyll Fluorescence Measurement In each of the three
plots for each nitrogen level, three rape samples with similar and healthy growth
were randomly selected. Leaves along the main stem were marked from bottom
to top as L1 (bottom 1st leaf), L2 (bottom 2nd leaf), L3 (bottom 3rd leaf), L4
(bottom 4th leaf), L5 (bottom 5th leaf), L6 (bottom 6th leaf), and L7 (bottom
7th leaf). Based on their relative vertical positions, they were classified as
basal leaves (L1, L2), middle leaves (L3-L5), and top leaves (L6, L7). During
measurement, a point in the upper-middle region on the right side of the leaf
vein was selected as the sampling point. In the field, a leaf clip (diameter 4 mm)
was used for 20 minutes of dark adaptation at the sampling point, followed by
measurement of fast chlorophyll fluorescence induction kinetics using a Handy-
PEA (Handy Plant Efficiency Analyzer, Hansatech Instruments Ltd., UK).

2.2.2 Biochemical Parameter Measurement After completing field mea-
surements, leaf samples from each leaf position were collected. In the laboratory,
sampling points from each leaf position were punched with a 0.85 cm diameter
hole punch and weighed for fresh weight. Pigments were extracted by soaking
in 1.8 mL of 95% ethanol in darkness for 24 hours. Chlorophyll a, chlorophyll
b, and carotenoid contents were measured using a spectrophotometer (Epoch,
BioTek Instruments, Winooski, USA). Samples that completed pigment mea-
surement were then dried in a 60°C oven to constant weight and weighed for
dry matter. Water content was calculated by subtracting dry weight from fresh
weight.
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2.3 Data Analysis

2.3.1 OJIP Transient and JIP-test Parameters When green plants or
chlorophyll-containing tissues are dark-adapted and suddenly exposed to visible
light, they emit a dark-red fluorescence signal with changing intensity, known
as the Kautsky effect [20]. During this process, fluorescence intensity first rises
and then declines. The minimum fluorescence immediately after light exposure
is defined as point O, the peak as point P, with two intermediate steps at point J
(2 ms) and point I (30 ms). The fast chlorophyll fluorescence induction kinetics
(OJIP) curve refers to the fluorescence change from point O to point P [21,22].

Changes in OJIP curve morphology reflect variations in the electron transport
chain of photosynthetic primary reactions and the structure and state of photo-
synthetic apparatus in plant leaves. The JIP-test method enables quantitative
analysis and physiological interpretation of these changes. Its theoretical foun-
dation is the biomembrane energy flow model: antenna pigments convert a
small portion of absorbed energy (ABS) into heat and fluorescence, while the
remainder is trapped (TR) by reaction centers (RC) to reduce the oxidized pri-
mary electron acceptor () 4 to @7, which continues downward through electron
transport (ET) to form an electron transport chain [23]. A series of chlorophyll
fluorescence parameters are derived from this process. The specific calculation
formulas and parameter definitions are shown in Table 1 [21].

2.3.2 Principal Component Analysis Principal Component Analysis
(PCA) processes multivariate data by utilizing a “dimensionality reduction”
approach to transform multiple indicators into a few comprehensive indicators
[24]. The JIP-test based on OJIP curves involves numerous parameters,
some of which are highly correlated, increasing analytical complexity. There-
fore, PCA was employed to transform data from high-dimensional space to
low-dimensional space, facilitating further statistical analysis of fluorescence
parameters across different nitrogen treatments and leaf positions.

2.3.3 Data Processing and Statistical Analysis Significant differences in
leaf biochemical parameters under different nitrogen treatments and leaf posi-
tions were tested using the Least Significant Difference (LSD) method (P <
0.05). PCA of JIP-test parameters, correlation analysis between biochemical
and fluorescence parameters, and significance analysis were all performed using
SPSS Statistics 19 software (IBM Corporation, USA).
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3 Results and Analysis

3.1 Vertical Heterogeneity of Biochemical Parameters in Oilseed Rape
Canopy

The variations in leaf chlorophyll content (C,;), carotenoid content (C,.),
chlorophyll-to-carotenoid ratio (C,,/C,.), chlorophyll a/b ratio (Chl a/b), dry
matter content (C,,), and water content (C,,) at different leaf positions during
the mid-seedling stage are shown in Figure 1 [Figure 1: see original paper].
These biochemical parameters all changed significantly across leaf positions,
demonstrating vertical heterogeneity, with consistent vertical spatial patterns
across different nitrogen treatments.

Specifically, chlorophyll (Figure 1(a)) and carotenoid (Figure 1(b)) contents ex-
hibited downward-opening parabolic patterns from bottom to top, while dry
matter (Figure 1(e)) and water content (Figure 1(f)) showed upward-opening
parabolic patterns. This indicates that middle leaves (L3-L5) had the high-
est chlorophyll and carotenoid contents, while basal leaves (L1, L2) had higher
chlorophyll and water contents but lower carotenoid and dry matter contents
compared to top leaves (L6, L7). Since basal leaves were partially shaded
and received less light intensity than top leaves, they required relatively less
carotenoids for photoprotection. Notably, the normal nitrogen group (N1)
had higher chlorophyll and carotenoid contents in basal leaves than both the
nitrogen-deficient (N0O) and excessive nitrogen (N2) groups, while middle leaves
had the lowest values for chlorophyll, carotenoids, dry matter, and water con-
tent. Additionally, top leaf chlorophyll content tended to decrease with increas-
ing nitrogen application. These results indicate that while nitrogen stress did
not significantly affect the vertical distribution patterns of biochemical param-
eters in the rape canopy, under nitrogen deficiency, rape prioritized nitrogen
allocation to top leaves to meet growth demands [25], whereas under sufficient
nitrogen, more resources were supplied for continuous growth of new top leaves,
resulting in higher chlorophyll content in top leaves of the nitrogen-deficient

group.

The chlorophyll-to-carotenoid ratio (Figure 1(c)) showed a significant decreas-
ing trend from bottom to top, reflecting higher carotenoid content and lower
chlorophyll content in top leaves, with the opposite pattern in basal leaves. This
ratio effectively reflects the photoprotective xanthophyll cycle response [26,27],
indicating more active xanthophyll cycling for photoprotection in top leaves
receiving more light energy. Furthermore, the ratio gradually decreased with
increasing nitrogen application, suggesting a potential linear relationship with
both leaf position (leaf age) and nitrogen level. The chlorophyll a/b ratio (Fig-
ure 1(d)) reflects antenna size, which plants adjust to adapt to different light
intensities or nitrogen supply conditions. In basal leaves, the chlorophyll a/b
ratio was significantly lower than in middle and top leaves, and generally in-
creased with nitrogen application across leaf positions, reflecting larger antenna
sizes (greater proportion of light-harvesting chlorophyll b) in basal leaves to
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adapt to lower light intensities [28].

3.2 Vertical Heterogeneity of Photosynthetic Physiology Based on
JIP-test Parameters

Using the JIP-test parameter values of the bottom leaf (L1) as a baseline (as-
signed as 1), the parameter values of other leaf positions were divided by this
baseline to observe differences in JIP-test parameters across leaf positions, with
results for different nitrogen treatments shown in Figure 2 [Figure 2: see orig-
inal paper]. The radar plot revealed that important JIP-test parameters such
as DFpo,01s Yro» REG/RC, S,,, and N showed minimum values in top leaves,
indicating weakest end-chain electron transport performance in top leaves. In
nitrogen-deficient (NO) and normal nitrogen (N1) groups, heat dissipation per
reaction center or per cross-section (DI,/RC and DI,/CS,,) was highest in top
leaves, as light energy absorbed by leaves increased with leaf position, and top
leaves absorbed more light energy resulting in higher thermal dissipation. How-
ever, this value was not highest in the excessive nitrogen group (N2), possibly
due to higher chlorophyll a/b ratios in top and middle leaves of N2, indicating
relatively smaller antenna sizes (less light-harvesting chlorophyll b) that did not
capture more light energy than other leaf positions.

3.3 Correlation Analysis Between Biochemical Parameters and JIP-
test Parameters

To further investigate potential relationships between rape leaf biochemical pa-
rameters and JIP-test parameters, Pearson correlation analysis was performed,
with results shown in Figure 3 [Figure 3: see original paper]. The logarithm of
the chlorophyll-to-carotenoid ratio showed stronger correlations with JIP-test
parameters than the ratio itself. Chlorophyll content, chlorophyll-to-carotenoid
ratio, log(C,;/C,.), and dry matter content showed high correlations with mul-
tiple JIP-parameters, while carotenoid content, chlorophyll a/b ratio, and water
content showed weaker correlations.

Specifically, dr,, YRy, and DFr ., showed highly significant positive correla-
tions with chlorophyll content (r > 0.5, P < 0.01). DFrp 1015 Pros PLans: Sms
and RE,/RC all showed highly significant positive correlations with both the
chlorophyll-to-carotenoid ratio and its logarithm. ABS/RC showed a highly
significant positive correlation with dry matter content, while d5, and DFp,,.;
showed highly significant negative correlations (r < —0.5, P < 0.01). These
results indicate that increasing chlorophyll content and its ratio to carotenoids
significantly enhances quantum yield and driving force for electron transfer to
the PSI end-chain in primary photochemical reactions, while excessive dry mat-
ter and insufficient water content hinder electron transport, as reduced water
content (the initial electron donor) affects the water photolysis process in pho-
tosynthesis.

Linear regression results for three JIP-test parameters highly correlated with
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log(Cy/Ce) (Figure 4(a)-(c)), chlorophyll content (Figure 4(d)-(f)), and dry
matter content (Figure 4(g)-(i)) revealed that all three biochemical parame-
ters showed significant linear relationships with DFp ., (P < 0.0001), with
coefficients of determination (R?) of 0.45, 0.35, and 0.27, respectively. Based
on scatter distribution across leaf positions, the logarithm of the chlorophyll-
to-carotenoid ratio effectively distinguished basal from top leaves compared
to chlorophyll and dry matter content, further demonstrating the potential of
DFp .. to reflect vertical heterogeneity in photoprotective xanthophyll cycling
and other photosynthetic physiological processes.

3.4 PCA-based Clustering Analysis of JIP-test Parameters

Principal component analysis of JIP-test parameters from rape leaves at the
mid-seedling stage was conducted to further explore variation patterns of pho-
tosynthetic apparatus structure and function across leaf positions and nitrogen
treatments, with results shown in Figure 5 [Figure 5: see original paper]. The
JIP-test parameters formed three well-separated clusters. Two clusters (Cluster
1 and Cluster 3) were located on the first principal component (PC1), while
one cluster (Cluster 2) was located on the second principal component (PC2).
Based on the physiological significance of parameters in each cluster, they cor-
responded to different photosynthetic processes: light absorption and capture
stage (Cluster 1), electron transport and heat dissipation stage (Cluster 2), and
end-chain electron transport stage (Cluster 3).

Further analysis revealed that PC1 corresponded to PSI activity, with higher
values indicating higher PSI performance (high end-chain electron transport
efficiency), represented by parameters such as ¢g,, 0g,, and RE;/RC. PC2
corresponded to PSII activity, with higher values indicating higher PSII perfor-
mance (high light absorption, photochemical, and electron transport efficiency),
represented by parameters including ABS/CS,,, ¢p,, and ET,/CS,,.

Clustering results from different nitrogen treatment groups showed that cluster
positions changed with nitrogen application levels: the nitrogen-deficient group
(NO) was mainly located in the third and fourth quadrants, the normal nitrogen
group (N1) was primarily distributed between Cluster 1 and Cluster 3 in the sec-
ond, third, and fourth quadrants, while the excessive nitrogen group (N2) was
mainly distributed in Cluster 2 in the first quadrant. JIP-test parameter anal-
ysis revealed that compared with normal nitrogen, excessive nitrogen resulted
in higher PSIT and PSI performance in rape leaves, while nitrogen deficiency
weakened both PSIT and PSI performance, particularly in light capture and
energy transfer stages. Within the same nitrogen level, cluster positions also
changed with leaf position: data points representing bottom leaves (L1, darker
colors) were mainly distributed in the first and fourth quadrants, while those
representing top new leaves (L7, lighter colors) were located in the second and
third quadrants, indicating significant differences in PSI performance (end-chain
electron transfer efficiency) between top new leaves and bottom mature leaves.
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Combining results from Figures 3 and 4, JIP-test parameters with high cor-
relations to leaf biochemical parameters were all distributed within Cluster 3,
which reflects end-chain electron transport performance. The vector direction
of DFp,. pointed precisely toward the direction of increasing leaf position,
consistent with results in Figure 1(c). DFyp,,,; represents the driving force for
electron transport to the end-chain, calculated from parameters PI, g and dp,
(Formula (30)), which also explains why these three parameters showed small
angles between their vectors and high correlations with leaf biochemical param-
eters in the PCA results. It can be further inferred that the comprehensive
performance parameter DFy_,,; can effectively characterize vertical heterogene-
ity of biochemical parameters in oilseed rape canopies.

4 Conclusion

This study primarily utilized fast chlorophyll fluorescence technology to detect
and evaluate vertical heterogeneity of biochemical parameters in oilseed rape
canopies, yielding the following results:

1. Chlorophyll content, carotenoid content, dry matter, and water content in
rape canopies at the mid-seedling stage all showed parabolic vertical dis-
tributions, while the chlorophyll-to-carotenoid ratio exhibited a distinct
vertical distribution pattern, gradually decreasing with increasing leaf po-
sition and nitrogen application rate—matching the vertical distribution
patterns of fluorescence parameters DFp,,,; and ¢p,.

2. Fluorescence parameters demonstrated relatively strong evaluation capa-
bilities for the chlorophyll-to-carotenoid ratio, chlorophyll content, and dry
matter content in rape leaves. Specifically, the driving force performance
parameter DFyp .., showed highly significant positive correlations with
both the chlorophyll-to-carotenoid ratio and chlorophyll content (r > 0.5,
P < 0.01), and a significant negative correlation with dry matter content
(r < —0.5, P <0.01).

3. Nitrogen deficiency weakened PSII and PSI performance in rape leaves at
the seedling stage, and nitrogen stress could be effectively diagnosed using
fluorescence parameters such as maximum photochemical efficiency ¢p,.
Significant differences in PSI performance (end-chain electron transfer ef-
ficiency) existed among leaves at different positions, and the fluorescence
parameter DFr. .., could effectively characterize vertical heterogeneity of
canopy biochemical parameters.

These findings demonstrate that chlorophyll fluorescence technology can serve as
an effective alternative method for evaluating vertical heterogeneity of crop bio-
chemical parameters, providing new insights and technical support for achieving
high-throughput phenotyping-based crop growth monitoring. Future research
will further characterize biochemical parameters within rape canopies at dif-
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ferent growth stages to enable monitoring of biochemical parameter vertical
distribution throughout the entire growth period.
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