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Plant energy use is fundamental to plant survival and growth. However, we still lack effective means to quantify
plant energy use strategies. This study introduced a concept quantifying the light level at which photochemical
and non-photochemical energy use in plants are in equilibrium — the photochemical compensation point (PCCP)
which can be determined with chlorophyll fluorescence measurements. We used winter wheat as a test case to
explore the dynamics of PCCP and its physiological and biochemical regulations. Winter wheat PCCP decreased
significantly across growth stages from jointing to grain filling. Long-term nitrogen and phosphate (NP) fertil-
ization significantly increased PCCP, whereas potassium (K) and manure (M) fertilizer supplementation had
negligible effects. PCCP exhibited significant positive correlations with leaf thickness, leaf P and sulfur (S), and
stomatal conductance (g;) across all growth stages. All manure-amended treatments exhibited positive correla-
tions of PCCP with leaf N, P, K and g, and negative correlations with leaf calcium (Ca). Random forest analysis
revealed that g; was the most significant predictor of PCCP variation, followed by leaf P, iWUE, and leaf thickness
across all treatments. We suggest that plant energy use strategies are strongly coupled with plant water use
strategies and nutrient availability through a complex interplay of effects on physiological and biochemical
traits.

1. Introduction

Light is essential for plant growth and development [1]. Under
normal light conditions, leaves utilize or dissipate absorbed light energy
through processes such as photochemical quenching (PQ), chlorophyll
fluorescence (ChlF), and non-photochemical quenching (NPQ) [2-4].
Because of the conservation of energy, these energy dissipation path-
ways compete for excitation energy; as a result, changes in one pathway
are often correlated with energy dissipation in the others [5-7]. How-
ever, the relative energy allocations among the different pathways are
dynamic and vary with species, growth stage, and environmental con-
ditions [8,9]. Of particular importance is the partitioning of absorbed

light energy in photosystem II (PSII) between the PQ and NPQ pathways,
which reflects fundamental plant energy use strategies. Understanding
plant energy use strategies is crucial to predicting photosynthetic re-
sponses to environmental variations.

Physically, the relative energy use by PQ and NPQ pathways depends
on the rate constants of excitation energy transfer to reaction centers and
dissipation as heat [10]. The precise values of these rate constants vary
with the aggregation states of the antenna complexes, their coupling
with reaction centers, properties of the electron transport chain, acidity
of the lumen, and the dynamic structure of the thylakoid [8,9,11-14].
The biological mechanisms controlling these rate constants and there-
fore the relative energy use by the PQ and NPQ pathways in plants are
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complex and still under active research [15]. For example, multiple
types of NPQ exist and each type is activated by different mechanisms
and operates at different time scales with corresponding competition
with PQ for excitation energy [16]. The operation of these biological
mechanisms, however, ultimately depends on environmental condi-
tions. Several studies have demonstrated that nitrogen (N) deficiency,
compared to N replete controls, induces a decrease in carbon dioxide
(COy) assimilation capacity, PQ and photochemical quantum yield of
PSII (®pgyp) and an increase in NPQ in major agricultural crops such as
wheat (Triticum aestivum L.), maize (Zea mays L.), and rice (Oryza
sativa L.) [17-19]. Besides N, phosphorus (P) starvation induce lumen
acidification, leading to an increase in NPQ, and a decrease in the
photochemical dissipation of excitation energy from PSII [20,21]. In
addition, stomata regulate CO5 and water vapor diffusion from ambient
air to leaf interior, and many photosynthetic parameters, including
electron transport rate, respiration rate in the light, and steady-state
chlorophyll fluorescence (F;), are highly dependent on stomatal
conductance (g;) [22,23]. Furthermore, leaf intrinsic water use effi-
ciency (iWUE), the ratio of net photosynthetic CO, assimilation rate (Ap)
to gs, has been demonstrated to be a key determinant of photosynthesis
with strong correlation with CO5 diffusion [24-26]. These findings
suggest that plant energy use strategies are affected by soil nutrient
availability which alters leaf physiological and biochemical traits (e.g.,
&, IWUE, and nutrient contents).

This study aims to gather insights into how plant photochemical vs
non-photochemical energy use strategies are shaped by constraints in
other crucial resources such as nutrients and water. We first demonstrate
that the light level at which the photochemical energy use equals the
non-photochemical energy use is a simple yet effective index for char-
acterizing the plant energy use strategies. This index, which is termed
the photochemical compensation point (PCCP, pmolm_zs_l), is analo-
gous to the long-established concepts of light compensation point [27]
and CO, photocompensation point [28], and is expected to play a
similarly significant role in photosynthesis research. We took advantage
of a 23-year long-term integrated fertilization experiment of winter
wheat-summer maize rotation in the North China Plain to evaluate the
dynamics of PCCP. We performed combined measurements of ChlF and
gas exchange of wheat across different fertilization treatments and
growth stages, inferred the PCCP from fluorescence parameters and
related them to leaf morphological, physiological, and developmental
traits. We analyzed the data to answer the following questions: 1) How
does the PCCP of wheat vary with growth stages under different
long-term fertilization treatments? and 2) how do plant physiology and
biochemistry regulate the PCCP of wheat? Understanding these two
questions will lead to insights regarding plant energy use and how it is
regulated.

2. Materials and methods
2.1. Energy allocation index

As light intensity increases under physiological conditions, the
photochemical quantum yield of photosystem II (®pgy) decreases while
the corresponding non-photochemical quantum yield (®npg) increases
[29-33]. At some intermediate level of light intensity, the photochemical
energy use equals the nonphotochemical energy use, and ®pg; and Pnpg
have the same value (Fig. 1). This photochemical-nonphotochemical
equilibrium point is termed the PCCP. Below PCCP, more energy is
used to drive electron transport than is actively dissipated as heat whereas
above it, the opposite is true. Thus, PCCP represents a turning point in
plant energy use. A high PCCP value will enable plants to utilize available
sunlight more fully. However, this energy use strategy may run into an
increased risk of photodamage, particularly when the capacity of plants to
consume the products of electron transport (e.g., NADPH and ATP) is
curtailed by environmental stresses such as drought, extreme tempera-
tures and nutrient deficiencies. Thus we expect an optimal PCCP depends
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Fig. 1. A practical example of PCCP calculation. PCCP: photochemical
compensation point; ®pgy: the fraction of absorbed light used for photochem-
istry; ®npg: the fraction of light quenched via dynamic NPQ.

on prevailing environmental conditions, plant growth stages, and life
history strategies [3,33-35]. For managed crops where environmental
stresses are managed, a higher PCCP may be advantagous for crop yield.
For plants in natural environments, it will be essential for plants to have a
PCCP that balances photosynthetic efficiency and risks of photodamage.
This expectation makes PCCP an interesting index to analyze for plant

physiology.
2.2. Site description

The long-term field experiment was established in 2001 at the
Luancheng Agroecosystem Experimental Station, Chinese Academy of
Sciences (37° 53'N, 114° 41'E, elevation 50.1 m), located in Luancheng
county, Hebei Province, China. The climate is warm, temperate semi-
humid monsoon with cold winters and hot summers. The average
annual precipitation for the period 1982-2021 is about 478.6 mm with a
mean temperature of 12.6 °C. The soil of the area is an aquic cinnamon
soil. Soil properties (0-20 cm) at the long-term fertilization site obtained
in October 2022 were listed in Table 1.

The dominant cropping system in this region is winter wheat and
summer maize rotation with no fallow in between. Summer maize is
usually sown in June and harvested in early October, and winter wheat
is sown in late October and harvested in early June the following year.

2.3. Experimental design

The long-term experiment was designed to test the effects of different
fertilization strategies in a winter wheat (Kenong 2011) - summer maize
(Zhengdan 958) cropping system. The experimental design consisted of
ten treatments arranged in a randomized complete block design with
three replications, resulting in a total of 30 plots each measuring 8 m x
16 m. For this study, eight fertilization treatments were selected in the
winter wheat cropping system. The treatments were: (1) CK (no fertil-
izer); (2) N (inorganic N fertilizer); (3) NP (inorganic N and P fertilizer);
(4): NPK (inorganic N, P, and K fertilizer); (5) M (manure); (6) NM
(inorganic N fertilizer and manure); (7) NPM (inorganic N and P fertil-
izer and manure); (8) NPKM (inorganic N, P, and K fertilizer and
manure). All treatments received the same fertilization rates: 300 kg
hala!ofN,52.4kghalalofP,62.6 kgha'a!ofK, and 6294 kg
ha™! a! of manure. N, P, and K fertilizer were supplied as urea
(46 % N), superphosphate (12 % P,05), and potassium chloride (60 %
K50), respectively, with manure applied in dried pig manure. N fertilizer
was applied annually in three split applications: 75 kg ha™! as basal
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Table 1

Characteristics of the topsoil (0-20 cm) sampled in October 2022 (mean + S.E.).
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Treatment Organic matter (g kg’l) Toal N (g kg’l) Available N (mg kg’l) Available P (mg kg’l) Available K (ing kg’l)
CK 16.2 + 0.05d 0.98 + 0.02d 79.8 + 1.76e 4.02 + 0.44d 150 + 12.5a
N 15.7 + 0.03d 1.09 £ 0.02cd 105 + 5.27d 4.50 + 0.2d 140 + 4.66a
NP 21.5 +0.37 ab 1.48 + 0.06 ab 149 + 3.64 ab 80.9 + 5.7 ab 136 + 17.4a
NPK 18.2 £ 0.98cd 1.28 + 0.02bc 100 + 2.77d 33.5 + 5.32cd 175 + 10.9a
M 20.6 + 0.86bc 1.32 + 0.04bc 114 + 7.36¢cd 97.2 + 9.49a 167 + 3.72a
NM 19.4 + 2.10bc 1.26 + 0.16bc 113 +11.8cd 55.2 + 6.93bc 170 + 5.57a
NPM 24.3 + 0.40a 1.63 £+ 0.01a 152 + 1.80a 88.8 + 1.30 ab 159 +9.78a
NPKM 20.6 + 1.41bc 1.38 +0.12b 129 + 6.71bc 61.9 + 8.01abc 179 + 4.81a

CK: control without fertilizer; N: inorganic nitrogen fertilizer; NP: inorganic nitrogen and phosphate fertilizer; NPK: inorganic nitrogen, phosphate, and potassium fertilizer;
M: manure; NM: inorganic nitrogen fertilizer and manure; NPM: inorganic nitrogen and phosphate fertilizer and manure; NPKM: inorganic nitrogen, phosphate, and
potassium fertilizer and manure. S.E. stands for standard error. Different letters within columns indicate significant difference between treatments (p < 0.05).

Table 2

Application rates of mineral fertilizer and manure at the long-term fertilization site.

Treatment Winter wheat Summer maize
Basal Supplement Supplement
N (kg ha™') P (kg ha™') K (kg ha™!) Manure (kg ha™1) N (kg ha™!) N (kg ha™1) K (kgha™1)
CK
N 75 75 150
NP 75 52.4 75 150
NPK 75 52.4 31.3 75 150 31.3
M 6294
NM 75 6294 75 150
NPM 75 52.4 6294 75 150
NPKM 75 52.4 31.3 6294 75 150 31.3

Fertilizer N, P, and K represent the content of pure N, P, and K, respectively. CK: control without fertilizer; N: inorganic nitrogen fertilizer; NP: inorganic nitrogen and
phosphate fertilizer; NPK: inorganic nitrogen, phosphate, and potassium fertilizer; M: manure; NM: inorganic nitrogen fertilizer and manure; NPM: inorganic nitrogen
and phosphate fertilizer and manure; NPKM: inorganic nitrogen, phosphate, and potassium fertilizer and manure.
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Fig. 2. The PCCP of wheat across different growth stages. PCCP: photochemical compensation point. Error bars represent standard errors. Different letters indicate
significant difference between growth stages (p < 0.05).
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fertilizer for wheat, 75 kg ha™! as wheat topdressing, and 150 kg ha™! as
maize topdressing. P fertilizer and manure were applied as basal fertil-
izer for wheat. K fertilizer was applied twice a year, with half used as
basal fertilizer for wheat and the other half as topdressing for maize.
Base fertilizer was broadcast before wheat sowing, followed by rotary
tillage and seeding. Topdressing was surface-applied at the jointing
stage and immediately irrigated. For the two crops, the post-harvest
straw was removed from the fields, with irrigation, herbicides, and
pesticides applied as needed during the growing season. A detailed
description of manure and inorganic fertilizers inputs were shown in
Table 2.

2.4. Gas exchange and chlorophyll fluorescence measurements

During the 2023 and 2024 wheat growing seasons, simultaneous
light response curves of gas exchange and ChlF were measured on fully
expanded top leaves at the jointing, flowering, and filling stages. Dark-
adapted minimum and maximum fluorescence (F, and Fy,, respectively)
were measured before dawn using a LI-6400XT photosynthesis system
equipped with a LI-6400-40 leaf chamber fluorometer (Li-Cor, Lincoln,
NE, USA). The rest measurements were performed between 9:00 and

0 100 200 300 400 500
—=—CK, @ g ——CK @ \pg——N, Py ——N®Dpq

NP, ® g,
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16:00. For production of light response curves, leaves were adapted to
400 pmol mol ™! CO,, 1200 pmol m~2 5! photosynthetically active ra-
diation (PAR), 500 pmol st airflow, and ambient temperature and
relative humidity until A, and g; were stable. Measurements of light-
adapted steady-state (F;) and maximum (F,,) fluorescence were made
at successively decreasing light intensities (1200, 1000, 800, 600, 400,
300, 200, 150, 100, 50, 20, and 0 pmol m~2s™1). Prior to each recording,
leaves were acclimated to each PAR level for 2-4 min, after which CO,
and HO concentrations of sample cell and reference cell were auto-
matically matched. Four replicate measurements per treatment yielded
122 wheat light response curves.

®pgy and Pypg were calculated using F"I‘;FS and £ — FF—m [36,371,

respectively, and absorbed light energy by PSII was calculated as aff x
PAR, where F; is the fluorescence emission yield from light-adapted
leaves at steady-state, F,, is the maximal fluorescence from
light-adapted leaves, Fp, is the maximal fluorescence from dark-adapted
leaves, PAR (pmol m~2 s71) is the incident photosynthetically active
radiation, @ = 0.85 is the leaf absorptance in PAR, and g = 0.5 is the
fraction of absorbed PAR allocated to PSII. Linear interpolation of
measured ®pgyy and ®pg values at varying PSII light absorption levels
yielded light response curves. The light intensity at their intersection

CK N NP NPK M NV NPM NPKW
NP, ® g —NPK g ——NPK, ® g

—M, D, ——M, D \pq —NM, D g— —NM, O \pq—>—NPM, © o — —NPM, @ o, ——NPKM, © 5i——NPKM, ® o0

Fig. 3. ®pgy; and @ypq light response curves and PCCP of wheat across different fertilization treatments. PCCP: photochemical compensation point; ®pgy;: the fraction
of absorbed light used for photochemistry; ®npo: the fraction of light quenched via dynamic NPQ. Error bars represent standard errors. al and a2: jointing; bl and b2:
flowering; c1 and c2: filling. Different letters indicate significant difference between treatments (p < 0.05).
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represented the PCCP (Fig. 1). Data interpolation and PCCP point
calculation were performed using NumPy [38].

2.5. Leaf traits

After gas exchange measurements, all leaves were collected, leaf area
(using an electronic area meter, LI-3000A, Li-Cor, Lincoln, NE), leaf
thickness (using a digital micrometer, Mitutoyo, Japan) and leaf dry
mass (after drying at 60 °C to constant mass) were measured, and spe-
cific leaf weight was calculated as the ratio of leaf dry mass to leaf area.
Subsequently, dried leaf samples were ground and analyzed for N con-
tent by Kjeldahl method (Kjeltec 8400, Foss, Sweden), P content by
molybdate colorimetric method (UV-2450, Shimadzu, Japan), K content
by flame atomic absorption spectrophotometer (Analytik Jena, Ger-
many) and calcium (Ca), iron (Fe), and sulfur (S) content by inductively
coupled plasma spectrometer (iCAP PRO, Thermo Fisher, Germany).

gs and iWUE were calculated under a light intensity of 1200 pmol
m~2 s . iWUE was calculated as An/g;, where A, (pmol m 25 is the
net photosynthetic CO, assimilation rate, and g; (mol m 2 s71) is the

Plant Phenomics 7 (2025) 100063

stomatal conductance, both of which were measured using the LI-
6400XT photosynthesis system.

Thus, a total of ten leaf traits were quantified: leaf thickness, specific
leaf weight, leaf N, P, K, Ca, Fe, and S contents, g, and iWUE.

2.6. Statistical analyses

Kolmogorov-Smirnov test was used to check the data distribution,
and data were transformed to normal for one-way analysis of variance
(ANOVA) when necessary. ANOVA followed by least significant differ-
ence (LSD) multiple comparison (p < 0.05) was used to assess the dif-
ferences in PCCP between treatments at different growth stages. Linear
and nonlinear regression models were employed to evaluate the rela-
tionship between PCCP and leaf traits across fertilization treatments and
growth stages, as well as the link between stage-specific PCCP and final
grain yield. The model with the highest coefficient of determination (R?)
was selected. Random forest analysis was performed using the rfPermute
and A3 packages to assess the relative importance of leaf traits on PCCP
[39], with each variable's importance expressed as the increase in mean
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Fig. 4. Relationship between PCCP and leaf biochemical traits across fertilization treatments. a: PCCP vs. leaf N; b: PCCP vs. leaf P; c: PCCP vs. leaf K; d: PCCP vs. leaf
Ca; e: PCCP vs. leaf Fe; f: PCCP vs. leaf S. Fertilization treatments: CK (jungle green squares); N (burnt orange circles); NP (slate blue upward triangles); NPK
(razzmatazz downward triangles); M (lime green diamonds); NM (goldenrod left triangles); NPM (golden brown right triangles); NPKM (dim gray stars). PCCP:
photochemical compensation point.
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squared error (IncMSE) value. To improve prediction accuracy, a full
random forest model was first constructed by incorporating all collected
variables into the algorithm. Subsequently, the identified significant
variables mentioned above were selected and randomly dropped to
develop a more accurate sparse model. Prior to constructing the sparse
model, ten-fold cross-validation with 10 repetitions was conducted to
determine the optimal number of variables to include. During each
repetition, the dataset was randomly split into 10 subsets, with nine used
for training and one for testing. The optimal number of variables was
selected based on the cross-validation error. PCCP was calculated in
Anaconda version 3, ANOVA analyses were performed using SPSS 19 for
Windows, and random forest analysis was conducted in R version 4.3.3.

3. Results
3.1. Temporal dynamics of PCCP

Daily mean PCCP of wheat averaged 272 + 10.3 pmol m 2 s™! from
2023 to 2024 (Fig. 2). Throughout the growing season, daily PCCP
decreased significantly from 337 + 12.3 pmol m 2 s ! at jointing to 291
4 14.3 pmol m~2 s7! at flowering, and then to 163 + 15.9 pmol m 2 s~*
at filling (Fig. 2). A significant reduction in PCCP was observed at filling
compared to the jointing and flowering (except for CK and NP at flow-
ering) (Fig. 2). However, with the exception of CK, M, and NPKM
treatments, the difference in PCCP between the jointing and flowering
was not significant (Fig. 2). PCCP significantly decreased across growth
stages, particularly at filling.

3.2. Variations of PCCP between treatments

Long-term different fertilization significantly influenced the PCCP of
wheat (Fig. 3). Among all the treatments, the PCCP was highest in NP
and NPK (NPKM at jointing) and lowest in the N treatment (Fig. 3).
Compared with CK, N and M application did not significantly increase or
even decrease the PCCP, whereas combined N and M application
significantly increased the PCCP (Fig. 3). PCCP in NP, NPK, NPM, and
NPKM treatments was significantly higher than control (except NPM at
jointing and NPKM at filling), while there was no significant difference
between NP and NPK and between NP and NPM, and NPM application

Plant Phenomics 7 (2025) 100063

even decreased the PCCP at jointing and filling stages (Fig. 3). Long-term
NP fertilization significantly increased wheat PCCP, whereas K and M
supplementation had little effect on the PCCP.

3.3. Variations of PCCP with leaf traits

Fertilization regimes significantly influenced the relationship be-
tween PCCP and leaf biochemical traits (Fig. 4). PCCP was positively
correlated with leaf N and K under CK and NP treatments, and with leaf
P under NP and NPK treatments (Fig. 4a—c). In contrast, it was consis-
tently negatively correlated with leaf Ca under CK, N, and NPK treat-
ments (Fig. 4d). All manure-amended treatments (M, NM, NPM, NPKM)
exhibited positive correlations of PCCP with leaf N, P and K, and
negative with leaf Ca (Fig. 4a—d), with manure addition enhancing these
relationships. For micronutrients, PCCP correlated negatively with Fe
under N, NPK, and NM but positively under M, whereas its correlation
with S was negative under NPK and turned positive under both M and
NPM (Fig. 4e and f). Regarding leaf physiological traits (Fig. 5), PCCP
correlated positively with g in all treatments except NP and NPK
(Fig. 5a), and with leaf thickness in NP, NM, NPM and NPKM (Fig. 5b). It
was also positively related to iWUE under N, NP, and M but negatively
under NPM (Fig. 5¢), and showed no significant relationship with spe-
cific leaf weight (p > 0.05).

Beyond fertilization effects, PCCP also exhibited dynamic relation-
ships with leaf biochemical traits during wheat growth (Fig. 6). Specif-
ically, strong positive correlations were observed with leaf P across all
growth stages (Fig. 6a). A weak but statistically significant positive
correlation was also found with leaf S (Fig. 6b). Leaf N and K exhibited
complex stage-dependent relationships, showing positive and negative
correlations respectively at jointing, but a consistent positive correlation
across the entire season (Fig. 6¢ and d). Similarly, the positive correla-
tion between PCCP and leaf Ca was stage-specific (jointing, flowering,
and grain filling, Fig. 6e), unlike the consistent positive relationship
with leaf Fe observed only during grain filling (Fig. 6f). Regarding the
effects of leaf physiological traits on PCCP, significant positive correla-
tions were found with leaf thickness and gs across all growth stages
(Fig. 7a and b). No significant correlation was observed with specific leaf
weight (p > 0.05). PCCP displayed a significant positive correlation with
iWUE during grain filling and across the entire growing season (Fig. 7c).

500 = CK:RP=0.84 p=0.000 [~ NP:R=032p-0.028 R Flg: 5. Re-latlonshlp bet.V\.zeerT PCCP and leaf physio-
o N:R=0.53 p=0.008 |, (@ (b) logical traits across fertilization treatments. a: PCCP
~ 4004 * | vs. g; b: PCCP vs. leaf thickness; c: PCCP vs. iWUE.
o Fertilization treatments: CK (jungle green squares); N
E 300 4 (burnt orange circles); NP (slate blue upward tri-
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3.4. Potential drivers of PCCP

The full random forest model explained 75.5 % of the variation in
PCCP (Fig. 8). Six significant predictors were identified, of which g; was
the most important (IncMSE = 30.2 %), followed by leaf P (16.5 %),
iWUE (11.9 %), leaf thickness (11.0 %), leaf N (7.37 %), and leaf K (6.45
%) (Fig. 8a). Based on the results, sparse random forest model was built
using the significant variables identified above, and it explained 77.6 %
of the total variation (Fig. 8b). Ten-fold cross-validation indicated that
the model achieved the lowest cross-validation error with four variables.
As a result, we excluded the insignificant variables to enhance the
model's robustness. The final optimized model included g;, leaf P, iWUE,
and leaf thickness as predictors, accounting for 76.8 % of the total
variations (Fig. 8b).

4. Discussion
To our knowledge, this is the first time that the concept of PCCP is

introduced so no previous study existed for direct comparison. Never-
theless, relevant studies provide context for the importance and
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usefulness of PCCP and for the findings of the present study. Light energy
absorbed by PSII is allocated to either photochemistry, thermal dissi-
pation or chlorophyll fluorescence [40]. Several studies have reported
energy allocation and its response to environmental conditions [41,42].
For example, Ishida et al. [3] and Endo et al. [6] revealed that ®pgy
responded very rapidly to sudden fluctuations of PAR, accompanied by
an inverse change in ®ypq. Chen et al. [40] and Hendrickson et al. [43]
concluded that, under high light conditions, most absorbed light energy
is consumed via thermal dissipation, with only a small proportion used
for photochemistry. Conversely, under low light or non-stress condi-
tions, most light energy was utilized for photochemistry, with smaller
amounts of energy allocated to thermal dissipation [2,3]. Despite
extensive research into the connection between plant photochemical
and non-photochemical energy use [33,44], the scenarios where light
energy converted to photochemistry is equal to energy dissipated as heat
have received limited attention. This study introduced the PCCP, an
indicator of plant energy allocation strategy, and investigated its dy-
namics and regulation in wheat under long-term fertilization regimes.
ChIF has been widely validated as a robust proxy for quantifying
photosynthetic activity across plant species [2,42]. For example,
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Fig. 6. Relationship between PCCP and leaf biochemical traits across growth stages. a: PCCP vs. leaf P; b: PCCP vs. leaf S; c: PCCP vs. leaf N; d: PCCP vs. leaf K; e:
PCCP vs. leaf Ca; f: PCCP vs. leaf Fe. Red circles and lines denote the jointing stage, blue diamonds and lines the flowering stage, green stars and lines the filling stage,
while black lines span the entire growing season. PCCP: photochemical compensation point.
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Cendrero-Mateo et al. [5] demonstrated a strong positive correlation
between CO; assimilation rate and ChlF in Camelina sativa leaves, while
Sherstneva et al. [42] further highlighted the predictive value of
ChlF-derived parameters (e.g., PSII effective quantum yield) for wheat
biomass accumulation. Although conventional fluorescence parameters
(e.g., Ppsit and Pnpg) effectively capture instantaneous photochemical
efficiencies at the leaf level, they fall short of delivering an integrated
quantitative index for plant energy-allocation trade-offs [45]. In
contrast, PCCP integrates dynamic interactions between photochemical
processes and thermal dissipation, thereby providing a mechanistic link
to actual carbon allocation towards grain development rather than
transient leaf-level energy dynamics. The strong temporal correlation
between stage-specific PCCP and final grain yield (Fig. 9) highlighted its
superior predictive capacity over static fluorescence parameters. As the
first evidence linking PCCP—a key photophysiological trait—to wheat
yield formation, this study revealed its consistent regulatory role in
photosynthetic carbon partitioning and grain filling across develop-
mental stages.

Research has highlighted coordinated changes in ®pgy; and ®npg
across different seasons [3,34,46]. For example, Ishida et al. [3] re-
ported that ®pgyy in the growing season was greater than that in the
ripening season, and the seasonal decline in PSII performance was
accompanied by an inverse increase in ®ypq. In line with these findings,
this study found that as wheat plants mature, PSII increasingly dissi-
pated light energy as heat rather than utilizing it for photochemistry.
Similar to ®pg;, the PCCP of wheat also progressively declined with
plant maturity, indicating a dynamic regulatory mechanism for light
energy utilization across different developmental stages. Ishida et al. [3]
speculated that the lower ®pgy at ripening, compared to the growing
stage, may be due to more severe afternoon suppression of ®pgyy in that
phase. Maseyk et al. [34] stated that low g; in summer reduced net COy
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assimilation rates and increased the proportion of photochemical energy
directed to non-assimilatory electron sinks. However, Knoblauch and
Peters [47] suggested that the translocation of photosynthates from leaf
sheaths during the vegetative phase to the panicles during the repro-
ductive stage could account for this phenomenon. This emphasized the
complex interplay of environmental and physiological factors that in-
fluence the balance between light energy utilization and dissipation in
plants.

Our study investigated how fertilization modified PCCP in wheat
plants. Previous studies have reported that N deficiency can significantly
impact PSII photochemistry, reducing ®pgy; while increasing NPQ [19,
48,49]. However, our results showed that N application alone had no
significant effects on PCCP values compared with control. Moreover,
PCCP was not always significantly correlated with leaf N content. These
findings aligned with those of Shrestha et al. [35] and Vijayalakshmi
et al. [50], suggesting that N application did not always affect PSII
photochemical efficiency and excitation energy partitioning among the
three processes [35,51]. Unlike N, P has been shown to have a signifi-
cant impact on PSII photochemistry [52-55]. Our results supported
these findings, throughout the entire growing season, PCCP was posi-
tively correlated with leaf P content. This indicated that plants that
received sufficient P nutrition exhibited higher PSII performance, more
efficient energy capture and less energy dissipation as heat or fluores-
cence [20,21,56,57]. However, there are several conflicting reports
regarding the effects of K levels on PSII photochemistry. Jakli et al. [58]
reported that K deficiency significantly reduced ®pgy; and enhanced NPQ
in sunflower leaves, whereas Yang et al. [59] showed that ®pgyy first
increased and then decreased with increasing K content in the nutrient
solution, accompanied by a reverse change in NPQ. The current results
did not show considerable change in PCCP with K supplementation.
Hence it is a great challenge to determine how PCCP change with K
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Fig. 7. Relationship between PCCP and leaf physiological traits across growth stages. a: PCCP vs. leaf thickness; b: PCCP vs. g; c: PCCP vs. iWUE. Red circles and lines
denote the jointing stage, blue diamonds and lines the flowering stage, green stars and lines the filling stage, while black lines span the entire growing season. PCCP:
photochemical compensation point. g stomatal conductance; iWUE: intrinsic water use efficiency.
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Fig. 8. Full (a) and sparse (b) models of random forest analysis predicting the effect of leaf characteristics on PCCP. IncMSE of variables in Fig. a were used to
estimate the importance of these predictors, with higher MSE% values indicating more important predictors. The bar graph in Fig. b illustrated the explanation of
photochemical compensation point for each sparse model, with colored boxes beneath each bar indicating the left-listed variables were included in the model, and
the empty boxes indicating the variables were not included. LT: leaf thickness; SLW: specific leaf weight; g:: stomatal conductance; iWUE: intrinsic water use effi-
ciency; IncMSE: increases in the mean squared error. Significant factors were marked with an asterisk. *, p < 0.05, **, p < 0.01.

fertilization without affecting photosynthetic related traits. In addition,
the observed greater PCCP in thicker leaves was consistent with previous
findings. Thicker leaves exhibited greater photosynthetic activity due to
increased palisade tissue, higher chlorophyll content, and improved
light capture [60,61]. This was further supported by Li et al. [62], who
demonstrated the role of leaf thickness in modulating light-induced
anthocyanin synthesis and subsequent energy absorption, utilization,
and allocation. Furthermore, nutrient addition improved stomatal traits,
facilitating greater CO5 uptake and light energy capture, ultimately
leading to enhanced photosynthetic efficiency [23,63,64]. Our results
showed that PCCP increased with g; as wheat grew. However, according
to Jacob and Lawlor [65], the reduced photosynthetic capacity of P
deficient leaves is primarily attributed to limitations in mesophyll pro-
cesses, rather than g; or COy diffusion. These observed complex in-
teractions between nutrient levels, leaf structure, and PCCP highlight
the need for further research to unravel the underlying mechanisms
driving PCCP variation.

Under natural conditions, light energy allocation in PSII is not
determined by a single factor, but by a complex interplay of internal and
external factors related to leaf. Random forest analysis identified g;, leaf
P, iWUE, and leaf thickness as key drivers of PCCP among all leaf traits
considered with g as the most important. These factors, particularly leaf
P and leaf thickness, were strongly influenced by nutrient availability,
allowing plants to adapt their morphology and physiology to improve
light energy capture and allocation [66,67]. Studies of leaf structure,
nutrient availability, and photosynthesis revealed that leaf N, leaf
thickness, and amount of mesophyll per unit leaf area were the factors
best explaining the variation in CO5 assimilation rate [60]. Meanwhile,

B R=0.73 p=0.002
8000 -
6000 -
5
=
2
3 4000 ~
=
2000
® R’=0.65 p=0.005
4 R?=0.80 p=0.000
0 * RP=0.74 p=0.033
T

T T T 1 T
0 100 200 300 400 500
PCCP (4 mol m?s™)

Fig. 9. Yield response to PCCP variations across growth stages (means of
respective treatments). Growth stage: jointing (red circles); flowering (blue
diamonds); filling (green stars); full season (black squares). PCCP: photo-
chemical compensation point.

Wang et al. [68] indicated that adding P or NP fertilizers enhanced
stomatal functions, such as g;, iWUE, and stomatal slope parameters,
which contributed to increased photosynthetic capacity in Elymus
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dahuricus and Gentiana straminea. Nevertheless, according to Zheng et al.
[69], excessively high CO; fertilization reduced N availability and g;,
leading to down-regulation of photochemical process, and this
down-regulation is further influenced by water stress [70]. These find-
ings reinforced the intricate interplay of leaf traits, nutrient availability,
and environmental factors in optimizing light energy allocation in PSII
and ultimately enhancing photosynthetic efficiency.

Besides indicating metabolic equilibrium, PCCP serves as an
ecophysiological benchmark reflecting interspecific differences in pho-
toprotective acclimation among genotypes and across environmental
gradients [71]. Elevated PCCP values extend the irradiance range where
photochemistry prevails over protective dissipation, thereby enhancing
photosynthetic productivity while mitigating photodamage risks [3,34].
This dual functionality establishes PCCP as a pivotal indicator of the
evolutionary trade-off between photosynthetic carbon assimilation and
photoprotective metabolic costs. Notably, PCCP demonstrates environ-
mental plasticity, with its optimal levels being modulated by
species-specific life history strategies, developmental stages, and envi-
ronmental parameters [33,35]. Such context-dependent adaptability
positions PCCP as a compelling diagnostic tool for plant physiological
studies aimed at optimizing photosynthetic performance under dynamic
light conditions.

5. Conclusion

This study introduced the concept of PCCP and explored its dynamics
and potential drivers in wheat. Wheat PCCP averaged 272 pmol m 257!,
significantly decreasing from 337 pmol m~2 s~ at jointing to 163 pmol
m~2 s7! at late grain filling. Long-term NP fertilization significantly
increased the PCCP of wheat, whereas K and M fertilizer supplementa-
tion had negligible effects. Wheat PCCP exhibited significant positive
correlations with leaf thickness, leaf P and S, and g across all growth
stages. All manure-amended treatments exhibited positive correlations
of PCCP with leaf N, P, K and g;, and negative with leaf calcium (Ca).
Random forest analysis revealed that g; was the most significant pre-
dictor of PCCP variation, followed by leaf P, iWUE, and leaf thickness
across all treatments. The strong relationship between PCCP and g
points to an intimate coupling between plant energy and water use
strategies. Long-term fertilization altered wheat energy use strategies
through a complex interplay of effects on physiological and biochemical
traits across different growth stages.
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