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Abstract

During crop growth, leaf photosynthetic capacity changes continuously, and the vertical distribution
of leaf nitrogen (Na) and chlorophyll (Chla) affects photosynthesis in different canopy layers.
Understanding stratified photosynthesis is vital for accurate prediction of crop photosynthetic
capacity. We conducted a two-year field study on winter wheat and paddy rice in Eastern China,
measuring leaf maximum carboxylation rate (Vemaxs), maximum electron transport rate (Jmaxzs), Na,
and Chl. every 7-10 days from greening to maturity. We analyzed vertical variations of these
parameters in upper (T-1), middle (T-2), and lower (T-3) canopy layers and explored relationships
between Na/Chla and Vemaxzs. Results showed significant vertical variations: Vemax2s and Jmaxs in T-1
were higher than T-2, and T-2 higher than T-3. The vertical distribution of Na and Vemax2s was more
pronounced than Chla. Correlation between Na and Vemaxs increased from T-1 to lower layers, while
Vemax25-Chla correlation decreased. A single Vemaxs estimation model based on Na performed well
across layers (R>=0.619, RMSE=15.751 umol m=2 s'). Differentiating T-1 from T-2/T-3 improved Chla-
based models. Na was better than Chl. for characterizing Vemaxs vertical variation, with Chla-based
models requiring separation of T-1 from T-2/T-3. This study provides key insights for remote sensing
of photosynthetic parameters and improves understanding of crop canopy photosynthesis.

Keywords: maximum carboxylation rate at 25 °C (Vemaxes); maximum electron transport rate at 25 °C
(Jmaxzs); leaf nitrogen content; leaf chlorophyll content; winter wheat; paddy rice

1. Introduction

Photosynthesis is one of the most important chemical reactions on the earth, and about 90% of
the dry matter accumulated by plants comes from photosynthetic products [1,2]. The photosynthetic
capacity of plant leaves exhibits considerable variability within canopies, which leads to spatial
heterogeneity in overall canopy photosynthesis [3-8]. As the structure of the vegetation canopy
changes, leaves can acclimate to varying light conditions by adjusting components involved in
photosynthetic mechanisms within a few days [3]. For example, leaf nitrogen (N), which is highly
mobile within plants, can be redistributed effectively to rapidly optimize whole-plant photosynthesis
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[7,9]. Studies have demonstrated that the vertical distribution of N within the canopy is closely
associated with light gradients, generally following the Beer-Lambert law [10]. Specifically, the
cumulative leaf area index (LAI) decreases exponentially from the top of the canopy downward as
the cumulative LAl increases [11]. The attenuation of light in the canopy led to the vertical variations
of leaf morphology and physiological parameters. The leaves in the upper layer had more activated
Rubisco enzyme, its net photosynthetic rate (An) is often higher than that of leaves in the lower layers
[12,13].

In most terrestrial biosphere models (TBMs), the net photosynthetic rate (An) of vegetation leaves
is calculated using the Farquhar-von Caemmerer-Berry (FvCB) model [14], and Anis controlled by
carboxylase reaction rate and electron transfer rate. The maximum carboxylation rate at 25C (Vemaxes)
and maximum electron transfer rate at 25°C (Jmax2s) are two key parameters of the FvCB model. Vemax2s
is a kinetic parameter that characterizes ribulose 1,5-diphosphate carboxylase (Rubisco) in the Calvin
cycle, and Jmaxs characterizes the effectiveness of cytochrome in transporting electrons to produce
chemical energy transfer. On average, it takes two electrons to reduce one unit of Rubisco, which
means that the ratio between Jmaxs and Vemaxs is generally constant. In TBMs, Jmawes is usually
determined by a linear empirical formula based on Vemaxs [15,16]. Thus, accurate estimates of Vemaxzs
are very important to simulate An and gross primary productivity (GPP) as errors in these two entities
may be exacerbated when upscaling from leaf to ecosystem level [17].

Vemaxzs has significant spatiotemporal variation characteristics [18,19]. Leaf Vemaxs is closely
related to leaf nitrogen (N) and chlorophyll (Chl) contents [20,21]. Studies have shown that leaf
nitrogen (normanlly expressed on an area basis in g m2, Na) and Chl ( normanlly expressed on an
area basis in pig cm™, Chla) can be used as proxies of Vemaxs, yet the relative performance of the two
proxies continues to be debated [22-24]. These studies focused only on the top leaves within plant
canopies with sufficient light, neglecting the leaves in the middle and lower canopy layers.
Quantitative studies specifically addressing the relationships between Vemaxs and Na (Chla) in the
middle and lower canopy layers of crops remain relatively scarce.

There were studies found that the vertical distribution of leaf N in the canopy affected the
photosynthetic process of leaves at different positions in the canopy [8,25,26]. Leaves located in the
upper layer of the vegetation canopy had more activated Rubisco enzyme, and Vemaxzs and Jmaxes were
higher than those in the lower layers. Therefore, TBMs estimate the average Vemaxs for plant canopy
based on the assumption that the vertical variation pattern of Vemaxs inside the canopy aligns with
that of nitrogen (N) content [23,27,28]. The estimation assumes that the vertical profile of Vemaxs in
the middle and lower canopy layers mirrors exactly that of N. Moreover, studies exploring the
relationship between Vemazs and Chl have generally adopted the same assumption—often
extrapolating Vemaxes values derived from upper-canopy leaves to estimate those in the middle and
lower layers. However, there is insufficient empirical evidence to confirm that..

In the process of crop growth, vertical heterogeneity appears in wheat and rice canopies [29].
After entering the jointing stage, differences in light energy absorption capacity among leaf layers
become more pronounced due to variations in leaf age and position, leading to significant
differentiation in the photosynthetic capacity of leaves at different canopy levels. Therefore, without
considering the differences in the non-uniform vertical distribution of leaf biochemical parameters,
the accuracy of monitoring the photosynthetic capacity and nutrient accumulation capacity of crops
will be significantly affected, and the accuracy of estimated photosynthesis will be reduced. Previous
studies have developed separate Vcmaxzs—Chl regression models for the pre-anthesis and post-anthesis
periods and has found significantly reducded uncertainty in model simulations [21]. During the
growing season of crops, the uptake, translocation, and redistribution of nitrogen in leaves undergo
dynamic changes. Senescence advances from the basal leaves upward, while the flag leaves remain
green, forming distinct vertical heterogeneity of photosynthesis capacity within the canopy [30].
Therefore, it is essential to understand the characteristics of crop photosynthesis and physiology, and
to obtain the photosynthetic capacity, biochemical parameters of the upper, middle and lower layers
of crop canopy, so as to improve the prediction accuracy of photosynthetic capacity.
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In this study, we took a two-year field observation of winter wheat and paddy rice in eastern
China. We measured Vemaxs, Jmaxzs, N and Chl within canopies of winter wheat and paddy rice across
multiple growth seasons. The objectives of the study are: (1) to study the seasonal and vertical
patterns of photosynthetic parameters Vemaxzs, Jmaxzs, N and Chl of winter wheat and paddy rice leaves
within canopies; (2) to investigate the relationships between Vemaxs and N (Chl) within canopies, and
whether the characteristics of this relationship vary across growth stages.

2. Materials and Methods

2.1. Field Sites

Field campaigns were conducted at two farmlands in Jurong and Shanggiu, China (Figure 1).
The first site is located at the Jurong Ecological Observation Station (JROS, 31.81°N, 119.22°E, and
elevation 15 m above the sea level), Jurong city, Jiangsu Province, China. This station is characterized
as northern subtropical monsoon climate, with an average annual temperature of 15.5°C and average
annual precipitation of 1099.1 mm. Further information about this site was described by Dai and Li
[31,32]. The second site is an experimental station of the Farmland Irrigation Research Institute,
Chinese Academy of Agricultural Sciences, located in Shangqiu, Henan province, China (SQOS,
34.52°N, 115.59°E, elevation 52 m). The site is a typical wheat-growing region in China, located in a
warm temperate continental monsoon climatic region, with annual precipitation of 708 mm, mean
temperature of 13.9 °C, sunshine duration of 2398 h [33].

Measurements were conducted for winter wheat (Triticum aestivum L., Aizhuang58) at SQOS
(2018), and for paddy rice (Oryza sativa L., Nanjing5508) at JROS (2017, 2018). Winter wheat was sown
at late October in 2017 at SQOS and harvested at late May next year. At JROS, paddy rice seeds were
sown in early May, and the seedlings were transplanted in middle June and harvested in late October.
Further detail about crops cultivation was described by Li [32]. Our observations were conducted
about every 7 to 10 days during the growing seasons of winter wheat and paddy rice (Figure 1). The
top 3 leaves (labeled T-1, T-2, and T-3, respectively) of plants were measured for studies found that
the top 3 leaves contributed more than 90% to the yield of winter wheat and paddy rice[34]. The
observation period commenced with the winter wheat at the greening stage and the paddy rice at the
tillering stage.
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Figure 1. Locations of two sites with observations conducted (left) and the day of year (DOY) for different growth
stages and observations at two sites (right). On the right panel, colors represent duration of different growth
stages and black triangles indicate DOYs of observations. (Note: this image is a modified version, and a similar

image have published in previous studies of the same series by our team [21]).

2.2. Measurements of Leaf Gas Exchange

At each sampling event, three independent, representative plants were selected as biological
replicates, and the top three fully expanded leaves (T-1, T-2, T-3) were measured for gas exchange.
Layer-specific values for each date were then calculated as the mean of the three biological replicates.
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This design yielded a total of 69 leaf photosynthetic parameters estimates for winter wheat (2018) and
192 for paddy rice (2017-2018), forming the basis for all subsequent statistical modeling.

In 2018 at SQOS, we measured leaf-level gas exchanges on expanded leaves of three labeled
winter wheat plants using a portable photosynthesis system (LI-6800, LI-COR, Lincoln, NE, USA).
The CO: response curves (An-Ci curves) were produced under conditions of saturated photosynthetic
photon flux density (PPFD) (1800 pumol m-2 s-1) and stepwise CO:z concentrations of 400, 200, 150,
100, 50, 400, 400, 600, 800, 1000, 1200, 1500 ppm. From March 25 (tillering stage) to May 23 (maturity
stage), eight measurements were taken on each plant, obtaining 24 top leaf (T-1), 24 middle leaf (T-
2), and 21 lower leaf (T-3) samples, yielding a total of 69 leaf-level observations (69 A~-Ci curves in
total).

At JROS, An-Ci curves were measured by LI-6400XT in 2017 and by LI-6800 in 2018. Both the LI-
6400XT and LI-6800 instruments were routinely calibrated according to the manufacturer’s protocols
before each measurement campaign. For paddy rice, photosynthetic observations were conducted
over 15 campaigns (7 July-30 October 2017) and 9 campaigns (10 July-11 October 2018), respectively.
A total of 192 An-Ci curves were generated in 2017 (117 samples in total: 45 from T-1, 36 from T-2, 36
from T-3) and 75 curves in 2018 (75 samples in total: 27 from T-1, 24 from T-2, 24 from T-3).

Leaf gas exchange data were analyzed and An-Ci curves were fitted using the ‘plantecophys’ R
package [35] to estimate photosynthetic parameters Vemaxs and Jmaxs. These parameters were then
normalized to 25°C using the Arrhenius temperature response function [36]. More detail was
described by Li [21].

2.3. Measurements of Leaf Biochemical Parameters

We sampled leaves from 3 plants adjacent to those used for An-Ci curve measurements, targeting
the same canopy positions (top, middle, lower layers) to ensure consistency. A SPAD-502 portable
chlorophyll meter (Konica Minolta Inc., Osaka, Japan) was used to select leaves for chlorophyll (Chl)
and nitrogen (N) analysis—only those with SPAD readings matching the An-Ci curve leaves (+2) were
included. Subsequent laboratory analyzes quantified Chl and N content, with leaf N expressed as
area-based units (g m™2) and Chl as area-based units (pg cm). Detailed protocols for Chl and N
measurement were described by Li [21].

2.4. Analysis

The Vemaxzs, Jmaxzs, Na and Chla from the three sampled leaves were averaged to represent the
campaign-level values. The seasonal patterns of these parameters across canopy layers were
examined. Then, linear regression models relating Vemax2s to Na and Chl. were developed separately
for paddy rice and winter wheat. The experimental data were collected from two field sites—Jurong
and Shangqiu —over multiple years: paddy rice in 2017 and 2018, and winter wheat in 2018. To
evaluate whether a generalized Vemaxs estimation model could be developed across these varying
environmental and temporal conditions, we first pooled all observations, we applied dummy
variable regression analysis [37]. Dummy variable regression analysis is a widely used method to
determine whether the coefficients of different regression lines are significantly different [21].

To investigate how species (paddy rice vs. winter wheat) and growth stages influence these
relationships, We employed dummy variable regression analysis to test whether the intercepts and
slopes of the linear estimation models relating Vemaxs to Na or Chla in paddy rice differed significantly
from those in winter wheat. Furthermore, we evaluated whether a unified linear model—based on
Na or Chla—could be applied across the entire growing season for both crops. Model performance
was evaluated using the coefficient of determination (R?), root mean square error (RMSE), and the p-
values of regression coefficients. Due to the limited number of observational samples, the established
linear estimation model of Vemaxzs based on N. and Chl. was validated using the Leave-One-Out Cross-
Validation (LOO-) method. All statistical analyses and model diagnostics were conducted in R
(version 4.3.1) and Microsoft Excel 2019 (Microsoft, Redmond, WA, USA).

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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3. Results

3.1. Seasonal Variations of Leaf Na and Chla in Crop Canopies

Naand Chla of T-1, T-2 and T-3 in the leaves of winter wheat (WW) and paddy rice (PR) exhibited
distinct vertical and seasonal patterns (Figure 2). Na of winter wheat leaves ranged from 0.81 to 2.31
g'm?2. The mean Na values for T-1, T-2, and T-3 leaves were 1.89, 1.88, and 1.34 g:m?, respectively,
with standard deviations (SD) of 0.38, 0.37, and 0.34 g'-m2. Dynamically, the Na of T-1 leaves initially
decreased, then increased after the flag leaves were fully expanded, reaching a peak at the flowering
stage. The Na in T-2 leaves peaked at the jointing stage, slightly decreased during the heading to
flowering stages, and then declined rapidly from the grain-filling to maturity stages. The variation
trend of Na in T-3 leaves was similar to that of T-2 . For paddy rice at JROS in 2017, the Na ranged
from 0.61 to 2.25 g'-m?, with mean values of 1.42, 1.19, and 1.09 g-m? for T-1, T-2, and T-3 leaves,
respectively (Figure 2b). In 2018, the mean Na of T-1, T-2 and T-3 were 1.66, 1.59 and 1.53 g m?,
respectively. The seasonal trends of Na across leaf layers in rice during both years were similar to
those observed in winter wheat.

In 2018 at SQOS, Chla of winter wheat ranged from 24.28 to 82.47 ug cm?, and the mean Chla
values of T-1, T-2 and T-3 leaves were 59.17, 57.39 and 47.73 pug cm, respectively. For paddy rice in
2017, the mean Chla for T-1, T-2, and T-3 leaves were 54.13, 54.68 and 45.89 ug cm?, respectively. In
2018, the mean Chla values for the respective leaf layers of rice were 49.32, 52.32 and 48.53 ug cm™.
The seasonal patterns of Chla across different leaf layers were similar for both winter wheat and
paddy rice, but differed from those of Na. The Chla in T-1 leaves initially increased, peaked at the
flowering stage, remained high during the grain-filling, and then decreased rapidly at maturity. In
contrast, the Chla in T-2 and T-3 leaves peaked at the jointing stage, maintained relatively high levels
during the heading, flowering, grain-filling stages, and declined significantly by maturity.
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Figure 2. Temporal variations of Na, Chla and Chla/Na for winter wheat (WW) and paddy rice (PR). (a), (d) and
(g) for winter wheat at SQOS in 2018; (b), (e) and (h) for paddy rice at JROS in 2017; (c), (f) and (i) for paddy rice
at JROS in 2018. T-1 was the uppermost leaf, T-2 was the 2nd leaf from the top of the tiller, and T-3 was the 3rd
leaf from the top of the tiller.
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The seasonal changes of the ratio of Chla to Na (Chla/N.) in leaves of each canopy layer of winter
wheat and paddy rice are shown in Figure 2¢, f, i. During the grain-filling to maturity stages, the
Chla/Na values in all leaf layers of both winter wheat and paddy rice exhibited a noticeable decline.
When the data of winter wheat and rice were combined, the mean Chl./Na value for T-1 leaves during
the growing seasons was 0.35, while the mean values for T-2 and T-3 leaves were both approximately
0.39. This confirms that lower-canopy leaves, under low-light conditions, possess a relatively high
chlorophyll content to capture light energy and enhance light use efficiency, which is a manifestation
of the chlorophyll light compensation effect [38,39].

The relationships between Chl. and N for leaves of winter wheat and paddy rice are shown in
Figure 3. In general, there was a significant linear correlation between Chl. and Na in winter wheat
and paddy rice, and the coefficient of determination R? was 0.374.
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Figure 3. Relationships between Chla and Na for leaves of winter wheat and paddy rice. represents the

significance level of 0.001.

3.2. Seasonal Variations of Leaf Vemax2s and Jmaxzs in Crop Canopies

The seasonal changes of Vemax2s and Jmaxs in leaves of different canopy layers of winter wheat and
paddy rice are presented in Figure 4. For T-1 leaves of both species, Vemaxs and Jmaxes increased before
flowering, peaked at this stage, and then declined rapidly. In contrast, T-2 and T-3 leaves exhibited
earlier peaks: their Vemax2s and Jmaxzs reached maxima at the jointing or heading stage, followed by
gradual decreases. Across all growing seasons, a consistent vertical gradient was observed: Vemaxs
and Jmaxzs in T-1 > T-2 > T-3. Notably, both parameters were significantly higher in winter wheat than
in paddy rice at all canopy layers.

During the 2018 growing season, Vemax2s in winter wheat leaves ranged from 19.03 to 118.23 umol
m™ s7!, with Jmaxs ranging from 31.79 to 252.88 umol m= s™'. Layer-specific means Vemaxs values
revealed a stepwise decline: T-1 (91.07 pmol m=2 s7) >T-2 (83.11 umol m=2 s, ~91% of T-1) > T-3 (75.29
umol m=2 s, ~82% of T-1). Jmaxs followed a similar pattern, with layer means of 185.73 (T-1), 154.34
(T-2), and 135.98 pmol m2 s7* (T-3).

At JROS, Vemaxes and Jmaxzs of 2017 and 2018 paddy rice leaves also showed significant seasonality.
The average values of T-1, T-2 and T-3 Vemaxs in 2017 were 86.93, 71.70 and 56.21 pumol m? s,
respectively, and SD were 8.88, 7.19 and 8.84 umol m s, respectively. The average Jmaxs values for
T-1, T-2, and T-3 were 162.32, 139.65, and 103.2 pumol m?2 s, respectively. In 2018, the average Vemaxs
values of T-1, T-2 and T-3 were 82.26, 73.9 and 57.96 pmol m?2 s, respectively, and the average Jmaxs
values of T-1, T-2 and T-3 were 160.41, 141.15 and 119.16 pmol m2 s, respectively. A clear downward
trend in both parameters was observed from the canopy top to the lower layers. In both years, the
average Vemaxs of T-2 was approximately 85% of that in T-1, and T-3 Vemax2s was ~67% of T-1. Notably,

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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these vertical reduction ratios were more pronounced in paddy rice than in winter wheat, indicating
a steeper decline in photosynthetic capacity with depth in the rice canopy. The greater vertical
heterogeneity in rice likely reflects its compact growth habit and the stronger light attenuation in
dense rice canopies, which exacerbates resource limitations for lower-layer leaves.
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Figure 4. Seasonal variations of three leaf layers Vemax2s and Jmax2s of winter wheat and paddy rice. (a) and (b) for
winter wheat at SQOS in 2018; (c) and (d) for paddy rice at JROS in 2017; (e) and (f) for paddy rice at JROS in
2018. T-1 is the uppermost leaf in the canopy. T-2 and T-3 are the 2nd and 3rd leaves from the top of a tiller.

There was a significant linear correlation between leaf Vemaxzs and Jmaxzs across different layers of
wheat and paddy rice canopy (Figure 5). By integrating all the data of all paddy rice and winter
wheat, the fitted linear equation of Jmaxes based on Vemaxas is:

Jmaxzs = 1.919 X Vnaxos + 1.162 1)

The R? of the fitted equation is 0.915, and and RMSE is 17.012 pmol m? s, p < 0.001.

There was significant correlation between leaf Vemaxzs in different layers of winter wheat and
paddy rice canopy (Figure 6). The R? values were 0.790 for T-1 vs. T-2, 0.556 for T-1 vs. T-3, and 0.813
for T-2 vs. T-3 all reaching a significant level of 0.001. It is feasible to use the Vemaxs of the upper blade
to estimate the Vemaxzs of the lower leaves.
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the significance level of 0.001.
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Figure 6. Relationships between Vemaxs at different layers of winter wheat (WW) and paddy rice (PR). ***

represents the significance level of 0.001.

3.3. Relationships of Vemaxzs with Na and Chla

Figure 7 shows the linear correlation between Vemaxzs and Na in leaves of each inner layer of
winter wheat and paddy rice canopy. For winter wheat and paddy rice, Vemaxzs was significantly
correlated with Na (p < 0.001). Linear regression models (Vemax2s = a x Na + b) were established
separately. Na explained 51.3%, 59.1% and 66.9% of the seasonal variations of Vemaxs in T-1, T-2 and
T-3 leaves of winter wheat and paddy rice, respectively, and the coefficient of determination R?
increased with the downward position of leaves. The slopes of the linear regression equations for T-
1, T-2 and T-3 are 46.05, 41.04 and 44.62, respectively, and the intercepts are 12.64, 12.23 and 0.34 pmol
m? s, respectively. We applied the dummy test to detect whether wheat and rice can be lumped
together. The dummy variable was set to 1 for winter wheat and 0 for paddy rice to identify subsets
of observations. Then, a multiple linear regression model was built with Vemaxs as the dependent
variable and Na as independent variables. The significance of individual coefficients of the multiple
linear regression model was tested. It was found the differences in slopes (p = 0.114) and intercepts (p
=0.351) of regression models for winter wheat and rice were both failed to pass the significance test,
suggesting the difference were insignificant.

By integrating the Vemaxs and Na data of each layer of winter wheat in 2018 and paddy rice in
2017 and 2018 (Figure 7a), the following Na-based Vemaxzs estimation equation can be obtained:

Vemaxas = 45.916 X N, + 8.171 @)
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The result of comparing the estimated Vemaxzs with the measured value is shown in Figure 8. The
R? is 0.619, and RMSE is 15.751 umol m? s. In general, there is a good agreement between the
estimated Vemaxzs and the measured values. However, the low value of Vemax2s is overestimated and

the high value is underestimated.
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Figure 7. Changes of Vemaxs with Na for winter wheat (WW) and paddy rice (PR). (a) for all samples of three
layers. (b), (c) and (d) are for T-1, T-2 and T-3 samples, respectively. *** represents significance level of p < 0.001.
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Figure 8. The comparison of estimated Vemaxs by Na to observations (a) (RMSE = 15.751 umol m?s), and

comparison of observed Vemaxzs and Vemaxzs estimated from leave one out (LOO-) cross validation (b) (RMSE =

17.245 pumol m2s1). *** represents significance indicator p <0.001.

Figure 9 shows the variation characteristics of Vemaxzs with Chla in different growth stages of
winter wheat and paddy rice. There was a significant linear correlation between Vemaws and Chla in
all layers of winter wheat, and Chl. could explain 41% (T-2) to 49% (T-1) of the seasonal variation of
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Vemax2s. The slope of the Vemaxs equation for T-1, T-2 and T-3 based on Chl. is between 1.5-1.8, and the
slope of T-1 is significantly greater than that of T-2 and T-3. The T-1 leaf has an intercept of -7.12 pumol
m2 s, while the T-2 and T-3 have intercepts of -10.51 umol m2 s and -17.82 umol m2 s! respectively.
The Vemaxes of T-1 had the best correlation with Chl., while the Vemaxs of T-2 and T-3 had similar
correlation with Chla. For all leaf layers of winter wheat and paddy rice, the Vemaxs estimation
equation based on Chla is as follows (Figure 9a):

Vonaxss = 1.702 X Chl, — 15.846 3)
120 | o B Y AUSWNTL T ®
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Figure 9. Changes of Vemaxs with Chla for winter wheat (WW) and paddy rice (PR). (a) for all samples of three
layers. (b), (c) and (d) are for T-1, T-2 and T-3 samples, respectively. *** represents significance level of p < 0.001.

The RMSE of Vemaxes estimated by equation (3) compared with the observed data is 29.568 pmol
m2 s, which is significantly higher than the RMSE of the Na-based Vemaxs estimation model (15.751
umol m2 s). It was found that the Vemaxs estimation model based on Chl. was established before and
after flowering, which could significantly improve the estimation accuracy of Vemaxs [21]. In this
paper, for samples with T-1, T-2 and T-3 observation data at the same time, the necessity of
establishing a Chla-based Vemaxs estimation model for leaves of different layers to distinguish between
pre-flowering and post-flowering was analyzed. As shown in Figure 10a, for T-1 leaves, the
estimation accuracy of Vemaxs could be significantly improved by distinguishing between pre-
flowering and post-flowering stages, and the R? of pre-flowering and flowering stages was 0.731 and
0.756, which was significantly higher than that of the whole growth stage (0.492). For T-2 and T-3
leaves, modeling before and after flowering could not improve the estimation accuracy of Vemaxs.
Dummy variable analysis showed that a unified Chls-based Vemaxs estimation model could be
adopted for T-2 and T-3 blades (Figure 10).

The following three equations were used to estimate the Vemaxs of leaves of different layers:

T-1 pre-flowering:  Vipnaxas = 1.372 X Chl, + 26.417 R2=0.731 4)
T-1 post-flowering;: V enaxo5=1.903xChl,-35.255 R2=0.756 (5)
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T-2 and T-3: Vomanzs=1.660xChl,-18.626 R2=0.468 (6)

A unified Chla based Vemaxzs estimation model (Formula 3), without distinguishing between pre-
and post- flowering and leaf position differences, would significantly overestimate the low value of
Vemax2s and underestimate the high value of Vemaxs (Figure 11a). Differentiating T-1 from T-2 and T-3,
and applying pre-flowering and post-flowering modeling strategies for T-1 (formulas 4, 5) can
significantly improve the estimation accuracy of Vemaos (Figure 11b). The R? and RMSE of the
estimated Vemaxzs compared with the observed data were 0.702 and 13.654 umol m2 s,

8 T-1 pre-floweri (@) ®
- T-1 pre-flow em‘lg - = R )
= 120 [=T-1post-flowering 120 b
w o =
o ~ .I
E g
T 30 S 30
g g
= y=1372x+26.417 -
& R?=0.73] *** 4
%40 % 40
g y= 1.903 x - 35.255 g ‘-'!' .
> . R:‘_O -'”'6*_*‘*-‘_ } L y= 1.660x - 18.626
o R2=0.468%**
0 : 1 L 0 s L .
0 20 40 60 80 0 20 40 60 80
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Figure 10. Relationships between Vemaxs and Chla for three layers of winter wheat and paddy rice. The red
squares in (a) represent the T-1 leaves at pre-flowering stages, the blue represents the T-1 leaves at post-flowering

stages, and the black square in (b) represents the T-2 and T-3 leaves.

Table 1. Correlations of Vemaxs with of Na and Chla.*** indicate the significance levels of p <0.001.

Group Description Inézs:;)c}:nt Slope Intercept R? Significance
T-1+T-2+T-3 Na 45.916 8.171 0.619 o
T-1 Na 46.046 12.643 0.513 o
T-2 Na 41.036 12.234 0.591 o
T-3 Na 44.622 0.337 0.669 o
T-1+T-2+T-3 Chl, 1.702 -15.846 0.454 o
T-1 Chl, 1.735 -7.120 0.492 o
T-2 Chl, 1.525 -10.519 0.410 o
T-3 Chl, 1.592 -17.816 0.442 o
T-1 pre-flowering Chl, 1.372 26.417 0.731 o
T-1 post-flowering Chl, 1.903 -35.255 0.756 e
T-2+T-3 Chl, 1.660 -18.626 0.468 o
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Figure 11. The comparison of Vemaxs estimated from Chl. with observations. (a) Vemaxs estimated using the same
model for different layers and growing stages (Equation 3), and (c) Vemax2s estimated from leave one out (LOO-)
cross validation accordingly; (b) Vemaxs estimated using the different models for different layers and for T-1 at
different stages (Equations 4, 5 and 6), and (d) Vemaxs estimated from leave one out (LOO-) cross validation

accordingly. *** represents significance level of 0.001.
4. Discussion

4.1. Difference in Vertical Patterns of Photosynthetic and Biochemical Parameters

Many studies have analyzed the vertical differences of photosynthetic and biochemical
parameters of leaves at different positions within the canopy of crops [34,38-42]. However, most
studies focus on a certain growth period of crops, and it is difficult to fully characterize the vertical
changes of photosynthetic and biochemical parameters of leaves at different growth stages and
positions of crops. In order to make up for this shortcoming, the biochemical and photosynthetic
parameters of different growth stages and different leaf positions were observed in winter wheat and
paddy rice fields, and their seasonal differences were analyzed.

Chla in the upper canopy (T-1) peaked at flowering and remained elevated until milk-ripening,
whereas middle layers (T-2 and T-3) retained high Chla levels from jointing to maturity before sharp
declines at senescence (Figure 2). This pattern aligns with the “light compensation effect,” where
shaded leaves prioritize Chla retention to enhance light capture efficiency under limited light
conditions [40,41]. In contrast, Na demonstrated a more uniform vertical decline, with T-1 values
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decreasing rapidly post-flowering and T-2/T-3 following at jointing-head stages. The delayed Chla
decline compared to Na in middle layers suggests a physiological trade-off: maintaining Chla content
for light absorption despite reduced nitrogen availability, likely due to its role in light-harvesting
complexes rather than direct nitrogen storage [42].

The vertical gradients of Vemaxes and Jmaxes, key indicators of photosynthetic capacity, were tightly
linked to leaf age and canopy position. Both parameters exhibited a pronounced stepwise decline
from T-1 to T-3 across growth stages, with T-1 values peaking at flowering and decreasing sharply
thereafter (Figure 4). This trend mirrors findings in forests, where photosynthetic capacity parameters
showed strict proportionality to light availability and leaf nitrogen content [43—45]. The accelerated
decline of Vemax2s/Jmax2s in lower layers (T-3) compared to Chla can be attributed to Rubisco enzyme
degradation during leaf senescence, which directly impacts carboxylation efficiency but leaves
pigments (Chl.) relatively stable until advanced senescence [46].

4.2. The Ability of Chla and Na to Characterize Vemax2s of Leaves at Different Positions in the Canopy

Our results demonstrate that both Na and Chla serve as reliable proxies for estimating Vemaxs, but
their predictive power varies significantly across canopy layers. The strong correlations observed
between Na/Chl. and Vemax2s (Figures 7, 9) align with the physiological premise that Rubisco content—
the primary determinant of carboxylation capacity —scales with both nitrogen allocation and
chlorophyll abundance[1,21]. The integrated data analysis of Luo et al. [28] showed that there was no
significant difference in the relationship between Chl. content and Rubisco content among C3 crops.
The observational data in our study proved that for T-1, T-2 and T-3 leaves, the same Vemaxs
estimation equation based on Na and Chla could be used for both winter wheat and paddy rice.
However, the strength of these relationships exhibited notable vertical stratification.

Na demonstrated superior predictive capability compared to Chls, particularly in middle layers,
where Rubisco degradation outpaced chlorophyll breakdown during senescence [47,48]. This
divergence stems from fundamental differences in their physiological roles: Rubisco degradation is
directly linked to leaf aging and photooxidative stress, whereas Chl. retention in shaded layers
represents an adaptive strategy for maximizing light capture under limited radiation [23]. Our
modeling approach revealed that while a unified Na-based model provided reasonable accuracy
across all layers (R? = 0.619, RMSE = 15.751 umol m=2 s71), layer-specific differentiation substantially
improved Chla.-based estimations. For T-1 leaves, separate pre- and post-flowering models (Equations
4-5) increased R? from 0.492 to 0.731-0.756, capturing phenological shifts in nitrogen allocation
priorities. In contrast, T-2 and T-3 leaves maintained consistent Chla-Vemaxes relationships throughout
development (Equation 6), reflecting their more stable light environment and gradual senescence
pattern.

4.3. Implications and Uncertainties in Remote Sensing of Canopy Photosynthetic Capacity

The vertical heterogeneity in photosynthetic parameters revealed by our study has profound
implications for remote sensing-based monitoring of crop productivity. Current vegetation indices,
such as those derived from multispectral sensors, predominantly capture signals from the upper
canopy, potentially overlooking the significant contributions of middle and lower layers to overall
carbon assimilation [49]. Our finding that T-2 and T-3 leaves maintain substantial photosynthetic
activity throughout much of the growing season underscores the need for vertical stratification in
canopy photosynthesis models. The demonstrated relationships between Na/Chla and Vemax2s offer
promising pathways for improving remote sensing retrievals. Hyperspectral indices sensitive to
chlorophyll and nitrogen content could be calibrated with layer-specific coefficients to account for
vertical gradients [23]. Multi-angle observation techniques show particular promise, as they can
penetrate deeper into the canopy and provide information on the vertical distribution of biochemical
traits [50,51]. By integrating our measured relationships between photosynthetic parameters and
pigment content (Figures 7-11), future studies could develop mechanistic links between canopy
reflectance spectra and vertically-resolved photosynthetic capacity.
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Several uncertainties must be acknowledged in translating our findings to regional applications.
The leaf-level measurements presented here, while detailed, represent discrete points in time and
space. Our use of different leaf samples for photosynthetic versus biochemical measurements, though
necessary for logistical reasons, may introduce uncertainty in the observed correlations. Furthermore,
the single-year dataset for winter wheat limits our ability to capture interannual variability in
parameter relationships. Additionally, the biological replication at each sampling event was limited
to three plants per crop per site—a common constraint in field gas exchange studies due to the
destructive and time-intensive nature of An-Ci curve measurements. While our total dataset
comprises hundreds of leaf-level observations across multiple phenological stages and two years for
rice, this per-event replication level warrants caution in overgeneralizing the derived models. The
focus on functional leaves (T-1 to T-3) provides valuable insights for yield formation periods but
neglects the contributions of lower canopy strata. In dense canopies, these lower layers may
significantly influence overall canopy conductance and carbon cycling. Additionally, the interaction
between leaf age and position warrants further investigation, as these factors collectively determine
photosynthetic efficiency but are difficult to disentangle in field observations.

5. Conclusions

Our study systematically analyzed the vertical distribution of photosynthetic and biochemical
parameters (Vemaxs, Jmaxs, leaf nitrogen content (Na), and chlorophyll (Chls)) across canopy layers in
winter wheat and paddy rice, revealing dynamic adaptive mechanisms of canopy photosynthesis.
The main conclusions are as follows:

(1) Significant vertical heterogeneity in photosynthetic parameters, with Vemaxs and Jmaxs
exhibiting a consistent stepwise decline from T-1 to T-3, driven by Rubisco enzyme activity and leaf
senescence

(2) T-1 Vemaxzs peaked at flowering, while T-2/T-3 peaked earlier (heading/jointing stages),
aligning with Na dynamics while lagging Chla decline - a pattern suggestive of a strategy to retain
Chla for weak-light capture.

(3) A unified Na-based Vemaxzs model (R? = 0.619) demonstrated promising general applicability,
with Chl.-based models requiring separation of T-1 from T-2/T-3 due to Rubisco degradation-light
compensation trade-offs. Na outperformed Chla in characterizing vertical Vemaxs variation, supporting
the potential value of layered parameterization in canopy photosynthesis models to enhance
simulation precision.

Our findings demonstrate that acknowledging vertical heterogeneity in photosynthetic
parameters is essential for accurate monitoring and modeling of crop productivity. The integration
of layer-specific biochemical-photosynthetic relationships with advanced remote sensing techniques
holds great promise for advancing precision agriculture and improving yield predictions in a
changing climate. Future multi-site, multi-year studies with larger replication are needed to validate
and refine the models proposed here.
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