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Abstract

To promote the growth, photosynthetic capacity, yield and nitrogen use efficiency (NUE) of
Zizania latifolia, optimizing the amount of nitrogen (N) fertilization applied is critical. We
investigated the effects of different nitrogen application rates on the growth, development,
photosynthetic characteristics, yield components and nitrogen partial factor productivity
(NPFP) of Z. latifolia. The experiment was conducted under field conditions using five rates of
N application (N1 = 196, N2 = 266, N3 = 336, N4 = 406, and N5 = 476 kg N ha−1). The results
showed that increasing N application significantly enhanced plant height and tiller number,
whereas leaf length and width were less responsive. Photosynthetic performance and yield
increased initially and subsequently declined at the highest N treatment. The N4 treatment
achieved the highest yield of 19.24 t ha−1 and the highest maximum net photosynthetic rate
(25.5 µmol m−2 s−1). NPFP gradually decreased as N application increased, demonstrating
diminishing returns under excessive N supply. The present study demonstrated that N appli-
cation rate significantly modulated the growth, photosynthetic performance, yield formation,
and NUE of Z. latifolia. Nitrogen addition improves plant growth and photosynthesis within
an optimal range; further N increases fail to bring proportional yield gains and reduce NUE.
The results provide a practical reference for developing more efficient and sustainable N
management strategies for Z. latifolia production.

Keywords: Z. latifolia; nitrogen management; photosynthetic light response; growth and
development; nitrogen partial factor productivity; yield formation

1. Introduction
Plants require N as an essential macronutrient to support growth and development.

N plays a significant role in biomass accumulation, photosynthesis, yield formation, and
quality of crops [1]. N is a large component of many proteins, nucleic acids, chlorophyll,
and numerous other metabolic enzymes, and therefore, optimum nitrogen helps promote
cell division, vegetative growth, and effective photosynthesis, which increases the pro-
ductivity of crops and results in improved NUE [2]. In addition to crop productivity, N
nutrition can positively influence nutritional value and economic quality of agricultural
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products by increasing protein content and optimizing yield-associated traits [3]. Con-
versely, N deficiency limits plant biomass production; inhibits chlorophyll production and
photosynthesis; results in leaf yellowing; and ultimately reduces biomass and yield [4].

Although sufficient amounts of N are critical for crop production, applying too much
N can hinder crop growth in several ways, for example, by causing too much vegetative
growth, which increases pre-harvest maturity time (delays maturity), lodges the crop more
easily, and reduces resistance to insects and diseases [5]. On the other hand, over-application
of N also reduces NUE as a result of increased N losses via ammonia volatilization, nitrate
leaching, and nitrous oxide (N2O) emissions, leading to both soil degradation and water
pollution [6]. In order to achieve optimum yield and good quality, while at the same time
minimizing the environmental impact and supporting a sustainable agriculture system, N
should be applied to meet the crop’s needs at the time of application.

China is among the world’s leading producers and consumers of N fertilizers. Ex-
tensive use of N has greatly aided in enhancing crop yields and providing food security
nationwide [7]. However, the high level of input used for an extended period has led to
relatively low NUE and high environmental costs (e.g., soil acidification, nitrate leaching,
eutrophication and greenhouse gas emissions) [8]. In spite of recent advances in fertilizer
application management, excessive N application continues to be common across a number
of intensive crop production systems [9]. Of the various approaches to achieving sustain-
able nutrient management, optimizing N application rates is considered one of the easiest
and most effective ways to enhance both crop yield and NUE [10]. Proper N management
supports high yield due to reduced loss of N from the crop to the environment [8,11]. The
optimal N application rate will vary considerably depending on the crops involved due to
differences in nutrient requirements among crops, environmental conditions, soil properties
and the methodology used to produce the crop, so it is critical that N requirements for each
crop are accurately quantified to develop effective N fertilization strategies.

Z. latifolia, known as water bamboo, is a type of aquatic vegetable that is economically
important and grown in many parts of the world with a major concentration in China [12].
When an endophytic smut fungus called Ustilago esculenta infects the plant, the swollen
stem becomes a tender, edible part of the plant that is sought-after for its unique taste and
excellent nutritional profile (polysaccharides, amino acids, flavonoids, and phenolic com-
pounds) [13]. Due to its expanding planting areas and new markets, Z. latifolia continues to
grow in its significance as one of the leading aquatic vegetable crops in China [14].

Z. latifolia forms its edible swollen culm, commonly referred to as the edible gall,
through a specific interaction with the endophytic fungus Ustilago esculenta [15]. The
development and enlargement of the edible gall are therefore closely associated with
the physiological status of the host plant and the plant–fungus interaction [16]. N is a
major nutrient regulating plant growth and development and can influence photosynthetic
capacity, N assimilation, biomass accumulation, and the allocation of assimilates among
different plant organs [17]. Consequently, N availability may affect the physiological
conditions associated with gall initiation and subsequent enlargement. Photosynthesis is
particularly important because it provides the carbon assimilates required for plant growth
and the development of economically important sink tissues [18]. However, the relationship
between N supply, photosynthetic performance, and the development and yield of U.
esculenta-induced edible galls remains insufficiently characterized. Therefore, examining
plant growth, photosynthetic light-response characteristics, yield components, and NUE
under different N application rates may provide a more comprehensive understanding of
how nitrogen management affects the productivity of Z. latifolia.

Z. latifolia has a long growth period and requires high levels of N fertilizer to maximize
stem development and yield [18]. A common practice in growing this species is for
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growers to apply N fertilizer at excessively high rates. This leads to excessive vegetative
growth, decreased use of fertilizers, reduced quality of the final produce and significant
environmental degradation [19]. Information is limited regarding the optimal nitrogen
application rate that provides the best balance between plant growth, photosynthetic
performance, yield and NUE despite the economic importance of this species [12].

Nitrogen management is influenced not only by crop responses to fertilizer application
but also by interactions among crop N uptake, soil N transformations, environmental condi-
tions, and potential N losses. Process-based modeling provides a complementary approach for
integrating these processes and evaluating agricultural responses across different management
and environmental scenarios. Recent modeling studies have demonstrated the potential of
such approaches to assess trade-offs among crop productivity, nutrient losses, and changes in
soil organic carbon and to improve the representation of spatial and temporal variability in soil
N-related processes [20,21]. Although the present study focuses on field-based observations,
integrating experimental data with process-based soil and crop models in future research
could improve the broader applicability of N-management strategies for Z. latifolia.

Therefore, this study was conducted to assess the effect of varying rates of N ap-
plication on various growth parameters—plant N content, photosynthetic performance,
yield and NPFP—of Z. latifolia, with the goal of developing a N management strategy
that maximizes production, improves fertilizer efficiency and lays the foundation for the
sustainable production of Z. latifolia.

2. Materials and Methods
2.1. Plant Materials

The experimental material was a double-cropping Z. latifolia cultivar ‘Zhejiao No.3’,
obtained from Huinong Water Bamboo Professional Cooperative, Jinyun County, Zhejiang
Province, China. It is characterized by dwarf robust plants, heat tolerance and early gall
formation. The fleshy gall is white and crisp, with summer and autumn harvests. The
summer shoot harvest was conducted from mid-May to mid-June, while the autumn shoot
harvest took place from mid- to late October to mid-November.

2.2. Experimental Site

The field experiment was conducted from July to December 2023 at the aquatic veg-
etable experimental field of Yangzhou University (119.423282◦ E, 32.389204◦ N), Jiangsu
Province, China. During the entire experimental time, the average air temperature was
22.1 ◦C, as recorded between 4.8 ◦C to 34.6 ◦C. The total amount of precipitation recorded
for the experimental period was 204.2 mm, with 38 separate events being the total number
of recorded precipitation events. The greatest amount of monthly precipitation occurred in
August, when 117.6 mm was received that month. Daily temperature and precipitation
during the experimental period were presented in Figure 1.

Figure 1. Meteorological parameters during the course of experimentation. (A) Average air tempera-
ture as minimum, maximum and average per day. (B) Rainfall that occurred on site throughout the
course of experimentation during the period of August through November 2023.
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2.3. Experimental Design

The experiment was arranged in a randomized complete block design (RCBD) com-
prising five nitrogen (N) application treatments (N1–N5) with three replicates per treatment,
resulting in a total of 15 experimental plots. Each plot measured 8 m × 6 m and contained
96 plants arranged at a spacing of 50 cm × 100 cm. Within each block, the five nitrogen
treatments were randomly assigned to the experimental plots. The five treatments rep-
resented progressively increasing total seasonal nitrogen application rates of 196 (N1),
266 (N2), 336 (N3), 406 (N4), and 476 (N5) kg N ha−1. These rates represent the total
seasonal N input supplied by both the basal compound fertilizer and supplemental urea-
N topdressing. All treatments received the same basal fertilizer and equal amounts of
phosphorus and potassium, whereas the amount of supplemental urea-N differed among
treatments. Nitrogen fertilizer was applied in split doses according to the predetermined
fertilization schedule (Table 1), with applications timed to different developmental stages to
synchronize N availability with crop demand, thereby promoting N uptake and utilization
while reducing potential nutrient losses. Detailed nitrogen application rates and fertilizer
application schedules are presented in Table 1.

Table 1. Schedule and amounts of nitrogen (N), phosphorus (P), and potassium (K) fertilizers applied
under different N treatments during the experiment (kg ha−1).

Date
(Day Month Year)

P
(kg ha−1)

K
(kg ha−1)

N (g ha−1)

N1 N2 N3 N4 N5

19 August 2023 0.00 0.00 12.15 18.15 24.15 30.15 36.3
29 August 2023 23.56 14.94 34.50 51.75 69.00 86.25 103.5

10 September 2023 31.42 74.71 44.85 67.35 89.70 112.2 134.6
27 September 2023 23.56 74.71 27.60 41.40 55.20 69.00 82.80

20 October 2023 11.79 67.06 10.35 15.60 20.70 25.95 31.05
3 November 2023 11.79 67.06 10.35 15.60 20.70 25.95 31.05

Total 102.12 298.48 139.8 209.55 279.45 349.35 419.25

2.4. Fertilizer Management

A combination of basal and topdressing fertilizers was applied. Before transplanting,
375 kg ha−1 of compound fertilizer (15% N, 15% P2O5, and 15% K2O) was applied uniformly
to all plots as basal fertilizer. This application supplied 56 kg N ha−1, 25 kg P ha−1, and
47 kg K ha−1, respectively, after conversion of P2O5 and K2O to elemental P and K. The
basal fertilizer was applied at the same rate to all nitrogen treatments. The remaining
nitrogen required to achieve the five total seasonal N application rates was supplied as
urea containing 46% N. The supplemental urea-N inputs were 140, 210, 279, 349, and
419 kg N ha−1 for N1, N2, N3, N4, and N5, respectively, resulting in total seasonal N inputs
of 196, 266, 336, 406, and 476 kg N ha−1, respectively. Urea-N was applied in six split
applications according to crop developmental stages: once during seedling establishment,
twice during tillering, once immediately after tillering, and twice before harvest. The split
applications were intended to synchronize N availability with crop demand and promote
efficient N uptake and utilization. Superphosphate (12% P2O5) and potassium chloride
(60% K2O) were used as additional sources of phosphorus and potassium, respectively.
Phosphorus and potassium inputs were maintained at the same rates across all nitrogen
treatments. The exact dates, fertilizer amounts, and nutrient inputs for each application are
presented in Table 1. All nutrient application rates are reported on an elemental basis as
kg N ha−1, kg P ha−1, and kg K ha−1.
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2.5. Water Management

The depth of the water was adjusted according to the crop situation, maintain a water
depth of 5 cm at transplanting; and increased to 10–15 cm after the fleshy stems begins
swelling, and adjust it back to 3–5 cm during the harvesting period. Irrigation water was
supplied as required to maintain an appropriate water layer throughout the growing period.
Each plot was irrigated individually to prevent surface water flowing directly from one
plot to another. To further minimize lateral movement of irrigation water and dissolved
nutrients between neighboring treatments, adjacent plots were separated by waterproof
boards buried approximately 40 cm below the soil surface. In addition, guard rows were
established around each plot, and all plant sampling was performed on plants located in
the central area of each plot to eliminate the edge effect.

2.6. Soil Sampling and Analysis

Prior to the transplant, a sampling strategy combining five sampling points was
employed to collect soil samples from three depths (0–10 cm, 10–20 cm, and 20–30 cm). Soil
samples were collected from the designated soil depths, air-dried at room temperature,
gently crushed, and passed through a 2 mm sieve to remove plant residues, roots, and
stones. A subsample was further ground and passed through a finer sieve where required
for chemical analysis. Soil organic matter was determined using the potassium dichromate
oxidation method and bulk density was measured using the core method. Available
N was determined using the alkaline hydrolysis–diffusion method. Available P was
extracted with sodium bicarbonate and determined colorimetrically, whereas available K
was extracted with neutral ammonium acetate and quantified by flame photometry. Soil pH
was determined potentiometrically using a soil-to-water suspension. All analytical results
were expressed on a dry-soil basis. Soil nutrient tests were performed with an LD-TYC Soil
Fertility Analyzer (Shandong Laien De Intelligent Technology Co., Ltd., Weifang, China)
according to the manufacturer’s protocol. Five sampling points were selected within each
experimental plot using a systematic distribution across the plot area, while avoiding the
plot margins to minimize potential edge effects. Samples were collected from the five
sampling points within each plot and pooled thoroughly to obtain one representative
composite sample for each plot. The composite samples were subsequently used for the
corresponding physiological analyses. The plot was considered the experimental unit, and
the five sampling points represented subsamples within each plot rather than independent
biological replicates.

2.7. Physical and Chemical Properties of Soil in the Experimental Site

The initial physicochemical characteristics of the experimental soil are presented in
Table 2. In the surface samples of the soil (0–10 cm), the soil was slightly acidic (pH
6.3–6.5), and the organic matter and nutrient levels were relatively high; however, the
level of soil organic matter and available nutrients decreased with increasing soil depth,
while the bulk density slightly increased. The experimental soil was clay soil with great
water-holding capabilities.

Table 2. Physicochemical characteristics of the experimental soil before treatment application.

Depth (cm) Organic
Matter (%)

Available N
(mg kg−1)

Available P
(mg kg−1)

Available K
(mg kg−1) pH

Bulk
Density
(g cm−3)

0~10 20.1 31.4 25.5 182 6.5 1.18
10~20 16.1 28.2 20.8 178 6.4 1.22
20~30 14.5 25.8 18.5 175 6.3 1.25
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2.8. Growth Measurements

Ten days after the fourth topdressing of all five nitrogen treatments (N1–N5), three clumps
with relatively uniform growth were selected in each plot for sampling and measurement of
plant height, leaf length, leaf width and photosynthetic characteristics. Measurements were
taken on the fourth fully expanded leaf down from the apical end of each plant.

2.9. Photosynthetic Measurements

(a) Chlorophyll Content

A SPAD-502 chlorophyll meter (Konica Minolta, Inc., Osaka, Japan) was used to mea-
sure SPAD values at designated growth stages to track dynamic changes in leaf chlorophyll
status during plant development. Measurements were performed following the method
described by Wicharuck et al. [22]. The middle portion of functional leaves was selected as
the measurement position. Three readings were taken on each leaf, and the average value
was used for subsequent statistical analysis.

(b) Gas Exchange Measurements

Photosynthetic light-response curves were measured in the field using a LI-6400
Portable Photosynthesis System (LI-COR Biosciences, Lincoln, NE, USA) following estab-
lished procedures for photosynthetic gas-exchange measurements [23]. Measurements
were conducted between 09:30 and 11:00 h under ambient field conditions and ambient
CO2 concentration. For each measurement, the fourth fully expanded leaf from the top was
selected, and the same leaf position was used consistently across all nitrogen treatments
and replicates to minimize variation associated with leaf age and developmental stage. Pho-
tosynthetic responses were determined at 13 levels of photosynthetic photon flux density
(PPFD): 2000, 1800, 1600, 1300, 1000, 800, 600, 400, 200, 100, 50, 25, and 0 µmol m−2 s−1 [23].

2.10. Yield and Yield-Related Traits

At harvest, five plants were randomly selected from each replicate plot to determine
yield-related traits. The same sampling procedure was applied consistently across all nitrogen
treatments and replicates. The sampled plants were assessed for total tiller number, effective
tiller number, effective tiller percentage, sheathed gall weight, peeled gall weight, and edible
shoot yield. Effective tillers were defined as tillers that produced marketable edible shoots.
Gall maturity and harvest-related traits were assessed following established procedures for
Z. latifolia [24]. Edible shoot yield was calculated from the measurements obtained from the
five sampled plants and expressed as t ha−1. The five-plant sampling procedure was used
as a standardized subsample to characterize plant-level yield components, with the same
sampling intensity maintained across all treatments and replicates.

2.11. N Partial Factor Productivity

N partial factor productivity (NPFP) was calculated as

NPFP =
Y
F

where Y represents edible shoot yield (kg ha−1), and F represents N fertilizer applied
(kg N ha−1) [25,26].

2.12. Statistical Analysis

Our data sample comprised 3 biological replicates for each measurement, analyzed
using SPSS v23.0 (IBM Corp., Armonk, NY, USA). One-way ANOVA was utilized to test
for the significance of the procedure effect, and Duncan’s multiple comparison test was
used to compare means of treatment groups at an alpha level of p < 0.05 for all analyses.
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The figures were prepared using GraphPad Prism v9 (GraphPad Software, Boston, MA,
USA), Adobe Illustrator v2022 (Adobe Inc., San Jose, CA, USA) and Microsoft Excel v2021
(Microsoft Corporation, Redmond, WA, USA).

3. Results
3.1. Impact of Varying Rates of N Applications on Growth Characteristics in Z. latifolia

The effect of varying rates of N applications on growth characteristics in Z. latifolia
was statistically significant (Figure 2). The plant height increased significantly as the rate
of N application increased (Figure 2A). The lowest plant height observed was for the
treatment N1 (155 cm), and the highest for N5 (about 177 cm) at p < 0.05; the average
plant height of the N5-treated plants was significantly greater than those receiving the
N1–N4 treatments, and there were no statistical differences in height between the N3 and
N4 treatments. The application of N increased the girth of the pseudostem with increasing
N level (Figure 2B). However, N1 treatment produced a smaller pseudostem girth (11.2 cm)
than that produced with the application of the treatment N5 (14.3 cm). With respect to
pseudostem girth, N4 and N5 treatments were statistically greater than N1, and there
were no statistical differences between the intermediate treatments N2–N4. Leaf blade
length did not change statistically due to N application (Figure 2C). The leaf length for all
treatments trends toward increased length as the rate of application of N increases, but
all treatments fall into the same statistical group (p > 0.05), indicating that leaf length was
not responsive to the application of N levels. Similarly, leaf width was not statistically
affected by N application (Figure 2D). Leaf width remained stable across all treatments
(ranging from 3.3 to 3.7 cm), and there were no statistical differences in leaf width among
treatments (p > 0.05). In summary, increasing N applications promoted greater plant height
and pseudostem development but had no effect on leaf blade length or width.

Figure 2. N application rates resulted in changes in plant height (A), pseudostem girth (B), leaf blade
length (C), and leaf blade width (D) for the species Z. latifolia. N1 (orange), N2 (blue), N3 (red), N4
(light beige), N5 (dark grey) represent five nitrogen application treatments with total seasonal N
inputs of 196, 266, 336, 406 and 476 kg N ha−1, respectively. Data are presented as mean ± SE, n = 3.
Different lowercase letters indicate a statistically significant difference at p < 0.05 between means
using Duncan’s Multiple Range Test for each factor.
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3.2. Effects of Various Rates of N Application on Photosynthesis and Chlorophyll Content of
Z. latifolia

The chlorophyll content (SPAD value) and the photosynthetic ability of Z. latifolia
(common water grass) were impacted by N fertilization (Figure 3). All N treatment groups
showed the same kind of time-based changes in chlorophyll content (SPAD value) over the
course of the growing season, with increases from late August to early September, peaks in
early October, and declines toward early November (Figure 3A). N application levels greatly
influenced the SPAD values of each N treatment; generally, higher N applications resulted
in greater SPAD values than those of lesser N applications. The N4 and N5 treatments
consistently had the highest levels of chlorophyll, while N1 had the lowest SPAD value. The
greatest SPAD value was recorded at approximately 48–49 on 10 September and 8 October,
with gradual decreases in the chlorophyll value as plants matured.

Figure 3. The impact of different rates of N applications on both chlorophyll concentration (SPAD
value) in Z. latifolia (A) and the light-response curves of net photosynthesis (Pn) (B). For SPAD (A),
changes over time were measured during the growing season, while the relationships between Pn
and PPFD (B) were determined. Results are presented as means ± SE (n = 3).

N application altered the photosynthetic response of Z. latifolia to increasing PPFD
(Figure 3B). Across the measured PPFD range, Pn generally increased with increasing
nitrogen supply, with the higher nitrogen treatments showing greater Pn values, particularly
under higher light intensities. Pn increased with increasing PPFD and reached values
exceeding 20 µmol CO2 m−2 s−1 at high PPFD, with the highest Pn observed under the N4
treatment (Figure 3B).

The accumulation of chlorophyll and the overall ability of Z. latifolia to photosynthesize
were improved by applying moderate to high levels of N. Increasing the amount of N
supplied improved photosynthesis; however, further enhancing N supply beyond the
highest N application resulted in little to no improvement of photosynthesis.

3.3. Various Rates of N Application Significantly Impacted the Accumulation of N in the Leaves,
Pseudostems, and Roots of Z. latifolia

The N content of the leaves linearly increased as the N application rate increased
(e.g., leaf N concentrations of ~9.9% at N1 and ~11.1% at N5). Leaf tissue concentration of
N4 and N5 was significantly greater than that of N1 and N2 (p < 0.05), but no significant
differences were observed between N4 and N5 (Figure 4A). Similarly, there were increases in
pseudostem N as N application rates were increased. The lowest N concentration occurred
at the N1 treatment (6.4%), while the greatest pseudostem N concentration was at N5 (7.3%).
N concentrations of the N4 and N5 treatments were significantly greater than those of N1
and N2 treatments, indicating a greater accumulation of N in the edible pseudostem at
greater N supply (Figure 4B). The concentration of N in the roots is also positively correlated
with N fertilization. N concentrations in the roots were higher than in the N1 treatment
for all other treatments and were maximal in the N4 treatment (~5.4%). No significant
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differences were found in N concentrations for the N2, N3, N4 or N5 treatments, suggesting
that root N accumulation stabilized with moderate to high N application (Figure 4C).

Figure 4. Summary of the effects of the N application rates on leaf N (A), pseudostem N (B), root
N (C), and NPFP (D) of Z. latifolia. N1 (orange), N2 (blue), N3 (red), N4 (light beige), N5 (dark
grey) represent five nitrogen application treatments with total seasonal N inputs of 196, 266, 336,
406 and 476 kg N ha−1, respectively. Data are presented as mean ± SE, n = 3. Different lowercase
letters indicating significant differences between treatments using Duncan’s multiple range test
(p < 0.05). The curve depicted in panel D represents fitted power regression calculated from the mean
N application rate and NPFP (R2 = 0.9583).

In contrast, NPFP decreased significantly as N application increased. There
was a significant negative polynomial relationship between NPFP and N application
(y = 225.06x−0.56, R2 = 0.9583), suggesting that while higher N inputs resulted in greater N
accumulation in the tissue, the yield produced per unit of N applied declines dramatically.
The highest NPFP value occurred at the N1 treatment, while the lowest NPFP occurred at
the N5 treatment (Figure 4D). While the application of increased N provided for greater
vegetative accumulation of N, particularly in the leaves and pseudostems, the efficiency of
N fertilizer use progressively diminished as N input rates increased. Therefore, it would
appear that moderate N application rates would provide a better balance between N
accumulation and fertilizer productivity.

3.4. Z. latifolia’s Yield and Components Were Affected by the N Fertilizer’s Application Rate

The number of tillers increased with increasing nitrogen application rate, although the
magnitude of the response varied among treatments. The proportion of productive tillers
also differed among nitrogen treatments. Yield increased from N1 to N4. The N4 treatment,
which received 406 kg N ha−1, produced the highest yield of 19.24 t ha−1. However, the
yield of N4 was not significantly different from that of N3, as both treatments were assigned
to the same significance group. In contrast, N1 and N2 differed significantly, as indicated by
their different significance letters. At the highest nitrogen rate (N5), yield declined relative
to N4, indicating that additional nitrogen application did not further improve yield.
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The tiller amount produced per plant increased in relation to the N application rate,
with treatment N1 producing 11.67 and treatment N5 producing 16.00 tillers per plant
(Table 3). The N5 treatment produced the highest number of tillers and had significantly
more than N1 at the 95% confidence interval (p < 0.05). The percentage of productive
tillers developed in an inverted-U fashion according to the N application rate. The largest
proportion of productive tillers developed in N3, which produced 34.63%, followed by
N4, which produced 32.03%. In comparison, N1 produced the smallest proportion of
productive tillers (27.13%). In addition, the greater applications of N5 significantly affected
productive tillering, with fewer productive tillers than lower applications.

Table 3. Effects of different N application rates on yield and yield components of Z. latifolia.

Treatments
Tiller

Number
(Per Plant)

Productive
Tillers

(%)

Single Sheathed
Gall Weight

(g)

Single Peeled
Gall Weight

(g)

Peeled Gall
Length

(cm)

Peeled Gall
Pseudostem
Girth (cm)

Yield
(t ha−1)

N1 11.67 ± 0.58 c 27.13 ± 0.65 e 170.21 ± 21.05 bc 131.3 ± 13.03 c 21.05 ± 2.42 b 14.23 ± 0.75 b 12.59 ± 1.33 c
N2 12.00 ± 2.00 bc 30.93 ± 0.31 c 163.25 ± 14.47 cd 144.54 ± 12.25 b 22.33 ± 2.39 b 15.04 ± 0.86 a 15.60 ± 0.95 b
N3 13.00 ± 1.73 bc 34.63 ± 0.35 a 182.24 ± 15.32 a 158.02 ± 6.65 a 25.00 ± 1.58 a 15.38 ± 0.95 a 18.51 ± 0.93 a
N4 14.00 ± 1.00 ab 32.03 ± 0.45 b 173.59 ± 18.33 b 152.67 ± 6.59 a 24.50 ± 1.77 a 14.75 ± 0.72 ab 19.24 ± 0.75 a
N5 16.00 ± 1.73 a 28.9 ± 0.40 d 155.45 ± 16.23 d 129.02 ± 6.72 c 24.45 ± 1.63 a 13.19 ± 0.64 c 15.43 ± 0.61 b

Note: Different lowercase letters within the same column indicate significant differences among
treatments at p < 0.05 according to Duncan’s multiple range test.

Additionally, the weight of edible galls produced with each N treatment was also
significantly affected. The N3 treatment produced the greatest weight of single-sheathed
galls, with a weight of 182.24 g, compared with the N4 treatment, which broke 173.59 g
and was significantly greater than N5, which weighed 155.45 g. The maximum weight of
single-peeled galls, however, occurred in the N3 treatment (158.02 g), which was statistically
similar to N4 (152.67 g) and significantly larger than N1, N2, and N5. For the single-peeled
galls, the length of the single-peeled galls increased significantly from N1 (21.05 cm) to N3
(25.00 cm), while the length of the peeled galls from both N4 and N5 remained relatively
unchanged. The girth of the peeled gall pseudostems (also known as peels) of the single
peeled galls produced at N3 (15.38 cm) was significantly greater than that of N2 (15.04 cm)
and significantly less than that of N5 (13.19 cm).

Yield increased with increasing nitrogen application rate from N1 to N4, reaching
the highest value under N4. However, the yields under N3 and N4 were not significantly
different, as indicated by the same significance letter. In contrast, the yields under N1 and
N2 differed significantly. Yield subsequently declined under N5, indicating that further
increases in nitrogen application did not result in additional yield. Moderate applications
of N improved yields by producing productive tillers and weight of edible galls, whereas
excessive applications promoted vegetative growth but reduced productive tillering and,
therefore, marketable yield.

4. Discussion
N is a macronutrient; therefore, N has an important role in plant growth and produc-

tivity because it is found in many forms and compounds that are vital for the creation of
chlorophyll, amino acids, proteins, nucleic acids, and an array of other enzymes necessary
to carry out photosynthesis and carbon metabolism [27]. Therefore, N availability affects
photosynthetic efficiency, biomass accumulation, overall yield, and the overall develop-
ment of the leaves [28]. However, while N fertilization is important to achieve high levels
of production, excess N applied in an increasingly concentrated farming system has led to
a number of problems for the environment and farmers, including a lack of NUE, higher
production costs, and various negative impacts on the environment, including leaching of
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nitrates into waterways, soil acidity problems, loss of NH3 and losses of N2O [6]. Therefore,
optimizing N use is a crucial part of a successful balance between agricultural productivity
and environmental sustainability.

Increasing N application significantly increased plant height, pseudostem girth, tiller
number, tissue N concentration, and leaf chlorophyll content in Zizania latifolia. These
responses are consistent with the established physiological role of N in supporting N
uptake and assimilation, chlorophyll formation, photosynthetic capacity, and vegetative
growth [29,30]. Evidence from primary experiments in rice also supports the positive
relationship between N availability and vegetative development. For example, localized N
supply increased dry-matter accumulation, N uptake, and yield, compared with farmer
fertilizer practice [31]. Similarly, optimized N application improved tiller development and
increased differentiated spikelets, filled spikelets, and grain yield compared with traditional
N management [32]. In direct-seeded rice, tiller number at panicle initiation was strongly
associated with N management, with regression models explaining variation across four
experimental seasons [33]. Together, these findings provide quantitative evidence that N
availability can influence N status, vegetative development, tiller formation, and biomass
accumulation in grasses.

In the present study, however, N application did not significantly affect leaf length or
width. This contrasting response indicates that different components of shoot architecture
did not respond uniformly to increasing N availability. Rather than concluding that N
preferentially regulates biomass production through shoot expansion, our results suggest
that N availability was associated more strongly with plant height, pseudostem develop-
ment, and tillering than with the dimensions of individual leaves under the conditions
tested. Leaf length and width may be relatively constrained by cultivar characteristics
and developmental regulation, while the physiological effects of N can also vary with
plant developmental stage and the timing of N availability [34]. Once individual leaves ap-
proach their genetically determined dimensions, additional N may contribute more strongly
to newly developing tillers and pseudostem development than to further expansion of
existing leaves.

Nevertheless, organ-specific biomass partitioning, N assimilation rates, protein accu-
mulation, and carbon allocation were not directly measured in the present study. Therefore,
the observed relationships should be interpreted as associations rather than direct evidence
of preferential N allocation toward shoot expansion. Cultivar characteristics and growth-
stage-specific N requirements may also contribute to the differential responses of plant
height, tillering, pseudostem development, and individual leaf dimensions. Future studies
incorporating organ-specific biomass accumulation, N uptake and assimilation, and C–N
allocation would help clarify the mechanisms underlying these responses.

There is a close correlation between leaf chlorophyll content and plant N levels due
to a substantial amount of leaf N being allocated to chloroplast proteins and enzymes
involved in photosynthesis. The incremental increases in SPAD value with each additional
application of N indicate progressive increases in chlorophyll accumulation as the plants
obtained better N nutrition. The increase in chlorophyll content resulted in increased
maximum net photosynthetic rates, which demonstrates that the amount of N applied
has a positive effect on the photosynthetic capacity of Z. latifolia (Figure 3). N increases
chlorophyll production, Rubisco production, electron transport activity, and carbon dioxide
assimilation, all of which promote carbon fixation and dry matter production [35]. There
have also been reports of improvements in chlorophyll content and photosynthetic perfor-
mance with optimized N inputs for maize and rice [36,37]. In addition to these findings,
although chlorophyll content and tissue N content continued to increase following applica-
tion of the greatest amount of N (N5), there were minimal improvements in photosynthetic
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performance compared to the application of N (N4) which suggests that once the leaf N
exceeded the physiological requirements, photosynthesis became saturated. These results
support previous research that excessive N does not have a proportional effect on improv-
ing photosynthetic efficiency, as most of the additional N is used to build structural or
storage materials compared to being used to enhance photosynthetic processes [35,38].

The present study has demonstrated that N accumulation, chlorophyll content, photo-
synthesis, yield formation, and N use efficiency all share a close physiological relationship
(Figure 3). The moderate N application (N4) resulted in SPAD values that were significantly
increased, with the highest net photosynthesis, the highest percentages of productive tillers,
the highest gall weight and the highest total yield (Tables 2 and 3). This relationship im-
plies that the increased N nutrition improved chlorophyll accumulation, which resulted in
greater light interception and carbon assimilation. The excess carbon produced through
photosynthesis was subsequently partitioned into the development and expansion of edi-
ble pseudostems, which increased the gall weight and thus the value of harvested yield
(Table 3). The highest N treatment (N5) also resulted in a greater tissue N concentration
and greater vegetative growth than the N4 treatment; however, no improvements were ob-
served in either photosynthetic capacity or total yield. The excessive amount of N appears
to have resulted in a decrease in the number of productive tillers and in the gall weight,
indicating that excess N promotes an unnecessary amount of vegetative tissue at the cost
of carbon being partitioned into the harvestable organs. Similar source-sink imbalances
resulting from excessive N have also been reported for rice and many other cereal crops,
where increased vegetative biomass is often coupled with reduced harvest index and lower
NUE [39,40].

The response of total yield to nitrogen applications did not correspond uniformly with
the response of individual yield components. Although N3 exhibited significantly greater
single gall weight and productive tiller percentage than N4, N4 produced the highest
numerical total yield. This apparent trade-off indicates that total yield was determined
by the combined contribution of multiple yield components rather than by any single
component. The higher yield under N4 may have resulted from a compensatory increase
in the number of productive tillers and/or greater total assimilate allocation to edible galls,
which offset the lower individual gall weight and productive tiller percentage observed
under N4. Adequate nitrogen availability can enhance vegetative growth and photosyn-
thetic capacity, thereby increasing the assimilate supply available for sink development.
However, excessive nitrogen may alter assimilate partitioning between vegetative growth
and reproductive or storage sinks. Therefore, the N4 treatment may have provided a more
favorable balance between source capacity and sink development, resulting in the highest
overall yield despite not maximizing every individual yield component.

The NPFP serves as an effective indicator of nitrogen use efficiency (NUE), correlating
fertilizer input with resultant yield [6]. The research demonstrated that N partial factor
productivities (NPFP) decreased with increasing rates of N application and significantly
fitted a negative power relationship to N rate shown in Figure 4. The results demonstrate
the common agricultural principle of diminishing returns for N applied to crops. For low
rates of N applied, productivity from fertilizer applications was high relative to the amount
of N applied because each unit of N applied resulted in reasonable increases in yield;
however, due to a lack of available N supply, total yield was unable to increase beyond the
limitations of N applied. Therefore, when a farmer applied high amounts of N, their NPFP
was lowered by high amounts, and only marginal increases in biomass production and
reduced marketable yield resulted from fertilizing higher than the amount crops required.
This data indicates that it is economically inefficient and environmentally unacceptable to
apply N fertilizer beyond the uptake of crops. The same decrease in NUE with high rates of

https://doi.org/10.3390/nitrogen7040114

https://doi.org/10.3390/nitrogen7040114


Nitrogen 2026, 7, 114 13 of 16

N applied has been reported in cereal and vegetable crop production systems using several
different species of cereal and vegetable crops and is believed to have occurred because
of increased N loss through nitrate leaching, ammonia volatilization, and nitrous oxide
emissions [41,42].

Recent evidence further supports the importance of nitrogen availability in regulating
the growth and physiological performance of Z. latifolia. Zhang et al. [18] demonstrated that
nitrogen deficiency markedly reduced plant growth, chlorophyll content, and photosyn-
thetic performance and disrupted carbon–nitrogen metabolism and source–sink allocation
during gall development. These findings are consistent with the positive response of
growth and photosynthetic performance to increasing nitrogen availability observed in the
present study. However, our results further indicate that the response was not proportional
across the entire nitrogen gradient. Photosynthetic performance and yield increased up to
an intermediate nitrogen supply but showed limited additional improvement or declined
at the highest nitrogen rate. This suggests that once nitrogen availability becomes sufficient
to support photosynthetic machinery and active growth, additional nitrogen may provide
diminishing physiological benefits. The contrasting responses between nitrogen deficiency
and excessive nitrogen supply therefore highlight the importance of maintaining an appro-
priate nitrogen supply to balance vegetative growth, photosynthetic carbon assimilation,
and assimilate allocation to developing edible galls.

The plateau in photosynthetic performance at the higher nitrogen application rates
suggests that the benefit of additional nitrogen became progressively smaller once an
adequate nitrogen supply had been reached. At moderate nitrogen availability, increasing
N can enhance the synthesis of chlorophyll, photosynthetic proteins, and other components
of the photosynthetic apparatus, thereby increasing photosynthetic capacity. However,
when nitrogen supply exceeds the requirement for active growth and photosynthetic
machinery, additional absorbed N may be stored in plant tissues without generating a
proportional increase in carbon assimilation. This phenomenon, commonly referred to
as nitrogen luxury consumption, can result in increased tissue N accumulation while
providing limited additional benefits to photosynthetic productivity. Moreover, excessive
N supply may modify the allocation of absorbed nitrogen among leaves, stems, roots,
and developing edible galls, potentially increasing vegetative N accumulation rather than
proportionally enhancing productive sink development. Consequently, once nitrogen
ceases to be the primary limiting factor, other constraints on photosynthesis and assimilate
utilization may become increasingly important, resulting in a saturation or plateau in Pn
despite further increases in N supply.

The declining NPFP with increasing nitrogen application provides further evidence
that the marginal productivity of fertilizer N decreased at high application rates. Because
NPFP represents yield produced per unit of applied N, additional N fertilizer will inevitably
reduce this efficiency when yield does not increase proportionally with N input. Thus, the
simultaneous occurrence of a plateau in photosynthetic performance and declining NPFP
at high N rates suggests diminishing returns from excessive nitrogen application. From an
agronomic perspective, these findings indicate that maximizing nitrogen input is not equiv-
alent to maximizing nitrogen-use efficiency or yield, and that an appropriate N rate should
balance sufficient nitrogen availability for photosynthetic activity and gall development
with the risk of unnecessary N accumulation and reduced fertilizer-use efficiency.

Although the present study provides field-based evidence of the effects of different
nitrogen (N) application rates on the growth, physiological characteristics, yield, and
nitrogen-use efficiency of Z. latifolia, the observed responses were obtained under specific
soil, climatic, cultivar, and management conditions. Therefore, extrapolation of these
responses to other production environments should be made cautiously. Future research
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could complement field experiments with calibrated process-based soil–crop models to
extend the current experimental framework and evaluate N-management scenarios beyond
the conditions examined in a single field experiment. Such models could integrate N
application with crop growth, soil N cycling and transformation, environmental conditions,
and potential N losses, enabling assessment of trade-offs among crop productivity, N-
use efficiency, nutrient losses, and soil carbon dynamics. Recent modeling studies have
demonstrated the potential of process-based approaches to evaluate interactions among N
fertilizer rates, crop yield, nutrient losses, and soil organic carbon [20], while highlighting
the need for improved representation of plant–soil processes governing N losses in crop
models [43]. In addition, process-based reactive-transport modeling has demonstrated that
soil physical and geochemical heterogeneity can generate substantial spatial and temporal
variation in N2O emissions, including localized hotspots and short-lived emission hot
moments [21].

5. Conclusions
This study demonstrated that nitrogen application substantially affected the growth,

photosynthetic performance, yield formation, and nitrogen-use efficiency of Zizania latifolia.
Increasing nitrogen supply promoted plant growth, tillering, and photosynthetic perfor-
mance, whereas the benefits diminished at the highest nitrogen rate. Among the treatments
evaluated, N4 (406 kg N ha−1) produced the highest numerical yield (19.24 t ha−1), al-
though its yield was not significantly different from that of N3. The highest observed net
photosynthetic rate under N4 exceeded 20 µmol CO2 m−2 s−1, while nitrogen partial factor
productivity decreased with increasing nitrogen input. Thus, within the range of rates eval-
uated, N4 was the highest-yielding treatment under the experimental conditions. However,
because no zero-nitrogen control was included, N4 should not be interpreted as the absolute
agronomic optimum or minimum N requirement. Further multi-rate, multi-season, and
multi-location studies including a zero-N control are needed to establish the complete
N-response curve and evaluate the stability of nitrogen management across environments.
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