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Abstract

Despite the potential of Eragrostis nigra in alleviating forage shortages and controlling
soil erosion, there is little information about how nitrogen fertilization and row spacing
affect its forage and seed production. Thus, a two-year field experiment was conducted to
explore the effects of nitrogen (N) fertilization (0, 45, 90, 135 kghectare’l (ha—1)) and row
spacing (20 cm, 40 cm) on its forage yield, nutritive value, seed yield and quality. Results
showed that forage dry matter yield (DMY) and harvested seed yield (HSY) increased
with higher N rates; however, no further enhancement was observed at 135 kg per ha~1,
making 90 kg ha~! optimum. This may be because excessive nitrogen disrupts the carbon—
nitrogen metabolic balance. N fertilization increased the relative feed value by enhancing
crude protein content and decreasing acid detergent fiber. Relative to the 20 cm spac-
ing, the 40 cm spacing averagely raised PSY and HSY by 34.7% and 21.3%, respectively.
The quadratic regression model yielded maximum predicted HSY values of 27.6 and
26.7 kg ha~!, achieved at optimal N rates of 135 and 98.6 kg ha~! for the 20 cm and
40 cm spacings, respectively. Thousand-seed weight, germination index, and vigor index
were significantly improved by row spacing and N application (p < 0.05). Seed yield en-
hancement from N was positively correlated with increases in number of fertile tillers (FT),
number of spikelets per tiller and seed set (p < 0.05). Furthermore, FT and TSW had the
strongest direct effects on seed yield, with standardized path coefficients of 0.362 and 0.390.
Our findings highlight that an application rate of 90 kg ha~! N combined with 40 cm row
spacing could be recommended as the efficient agronomic practice for maximizing forage
yield, nutritive value, and seed yield in E. nigra. Importantly, this regime also enhances
economic returns while reducing N leaching risks, thereby supporting more sustainable
forage production systems.

Keywords: fertile tiller; acid detergent fiber; harvested seed yield; dry matter yield

1. Introduction

Eragrostis nigra is a nutrient-rich yet underutilized perennial native grass in mountain
areas of eastern and southern Asia and eastern Africa with significant potential to alleviate
forage shortage [1-3]. This promising grass also feathers a strong root system that mitigates
soil erosion and facilitates remediation of contaminated soils [4,5]. However, currently,
there is a lack of information concerning its forage yield, nutrients and seed production
under field management, which constrains its widespread adoption. Addressing the
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agronomic knowledge gap would therefore facilitate the sustainable utilization of this
multipurpose species.

Fertilizer application is a common agronomic practice used in forage and seed pro-
duction. As N plays a crucial role in regulating photosynthesis, tiller formation, and seed
development [6-8] and is the most limiting soil nutrient, its application effectively im-
proves biomass, seed yield, and quality in gramineous species [9-11]. N application rate
and timing are important for plant production; for example, previous studies have reported
that seed yield and quality in crops such as black sesame and orchard grass were obviously
improved by optimized N application [12,13]. N fertilizer rate may also directly influence
forage and seed yield by altering resource allocation between reproductive growth and
vegetative growth. Particularly, high-N environments exacerbate the lodging of the crop
because the culm cannot support the increasing weight of the panicle [14].

Forage quality is assessed by the content of crude protein (CP), neutral detergent
fiber (NDF, for intake) and acid detergent fiber (ADF, for digestibility) [15]. Higher CP
content, along with reductions in NDF and ADF, can enhance the palatability and quality of
forage [16]. N fertilization led to CP enhancement in forage oat [17]. However, the effects of
N application on forage NDF and ADF are inconsistent, possibly related to the type of grass
species studied [18]. Therefore, determining the optimal N application rate is essential to
guide efficient grass seed production, improve forage quality, and reduce environmental
pollution caused by its overuse.

Row spacing is an important factor for plant development. Wider row spacing notably
boosted quinoa yield and promoted the transfer of N from stems or leaves to seeds [19].
Sorghum at 45 cm row spacing exhibited the highest grain yield and the greatest protein
yield [20]. In contrast, narrower row spacing enhanced grain yield, plant dry weight, and
shoot nutrient accumulation in maize [21]. These contrasting responses indicate that the
optimal row spacing is highly species-dependent. Row spacing influences forage growth
and seed production by affecting several key processes such as photosynthesis, nutrient
absorption and tillering [22,23]. Thus, reasonable row spacing is fundamental to improving
forage and seed yield, as it affects competition between individual plants for resources like
light, space, and nutrients [24,25]. The 20 cm and 40 cm row spacings are commonly used
in forage plantation; however, the appropriate row spacing for E. nigra forage production or
seed yield remains unclear. Testing these two contrasting spacings enables the identification
of an efficient planting configuration that balances forage and seed production.

Seed yield, a quantitative trait, is mainly regulated by genetic factors [26] and agro-
nomic practices like fertilization and row spacing [11,27,28]. Studies showed that forage
seed yield is highly dependent on seed yield components, including number of fertile tillers
(FT), spikelets per tiller (SP), florets per spikelet (FS), and seeds per spikelet (SS) [29,30].
These components develop sequentially, with late-developing components often controlled
by early-developing ones [31]. Our previous field observation indicates that the seed yield
of E. nigra is relatively low. Therefore, we aim to understand how N application and row
spacing affect seed yield and yield components. Understanding the dynamic interaction
between yield components is crucial to improve the efficiencies of the biological system
and seed yield [32]. Recently, structural equation modeling (SEM) has been used to explore
the effects of seed yield components on seed yield, as it allows the separation of direct and
indirect effects among factors involved [11]. Path analysis of sequentially developing yield
components has been applied in some grass species [33], allowing measurement of the
direct influence of one yield component on yield from the indirect influences caused by the
mutual relationships among yield components [34].

Despite the recognized potential of E. nigra as a native forage grass in many parts of the
world, no agronomic research has experimentally tested the effects of N fertilization and row
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spacing on its forage yield, nutritive value, and seed production. A better understanding of
how to optimize the forage and seed yield through management practices would not only
promote the utilization of E. nigra but also provide an alternative to introduced grasses.
Therefore, our main objectives were to (1) determine the individual and interactive effects
of N fertilization and row spacing on forage yield, nutritive value and seed yield, and
(2) quantify the direct and indirect contributions of seed yield components to overall seed
yield. We hypothesized that N fertilization and row spacing would interact to influence
forage and seed yield. Specifically, we expected that N would increase seed yield by
enhancing fertile tiller number and seed weight, while wider row spacing would reduce
inter-plant competition and thereby improve individual plant performance. Furthermore,
we predicted that N fertilization would have a stronger overall effect than row spacing,
given its essential role in plant growth and development.

2. Materials and Methods

2.1. Experimental Site Conditions

The field trial was conducted from July 2023 to October 2024 at the Experimental
Farm of Yunnan Agricultural University (25°08'23” N, 102°45'16” E, elevation 1950 m),
Kunming, China. The soil texture at the experimental plots was classified as acrisols with
pH 6.13. The 0-30 cm soil layer had the following physical-chemical properties: organic
matter 20.05 g.kg !, total N 0.62 g.kg !, total P 0.46 g.kg !, total K 4.52 g.kg~!, available P
13.57 mg.kg !, available K 43.27 mg kg !, alkali-hydrolyzed N 69.52 mg.kg !, respectively.
The nitrogen concentrations in the soil were determined with a fully automatic Kjeldahl
nitrogen analyzer. The P concentration was determined using the molybdenum-blue
colorimetric method. The potassium concentration was analyzed via NaOH fusion-flame
photometry. The experimental site features a low-latitude plateau mountain monsoon
climate. Monthly average temperature and precipitation of the main growing season from
April to October 2024 were 18.3 °C and 906 mm, respectively (Figure 1).
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Figure 1. The precipitation and monthly mean temperature of growing season in 2024 in the
experimental region. Blue dots represent the monthly mean temperature, and bars represent
monthly precipitation.

2.2. Plant Material and Experimental Design

Seeds of E. nigra were collected in October 2022 from a mountain meadow
(2950-3170 m) in Qiaojia county, southwest China. After harvesting, the seeds were
naturally air-dried, threshed, and stored at room temperature. The germination rate was
65% and the thousand-seed weight was 0.16 g.
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The experiment employed a two-factor factorial design including N fertilization and
row spacing. Row spacing included two levels, 20 cm and 40 cm, which are commonly
used in forage production. N fertilization was set at rates of 0 (control, CK), 45 (N1),
90 (N2), and 135 (N3) kg ha~!. These rates were selected to represent a gradient from
deficient to excessive N supply, covering the range typically used in forage production
in this region. A total of eight treatments were arranged in a randomized design with
three replications, resulting in 24 experimental plots (2 x 3 m each). The row spacing and
fertilization rates used were based on an assessment of plant morphology and soil nutrient
supply of the experimental plot. There was a 1 m buffer zone between adjacent plots.
Within a row, individual plants were spaced 30 cm apart. Planting density was adjusted
according to different row spacings (Figure 2). For N fertilization, dry granular urea (46%)
was split-applied in two equal doses: half applied at the tillering stage and another half
applied at the stem elongation stage. The urea was manually applied to the soil surface of
each plot and then watered to dissolve, which effectively reduces nitrogen volatilization.
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Figure 2. Spatial distribution of seedlings under different row spacings within an experimental plot.
The 20 cm and 40 cm row spacings had 105 and 56 plants per plot, respectively. The distance between
individual plants in a row is 30 cm. The blue line indicates the length of the experimental plot, and
the red line indicates the width.

Seedlings of E. nigra were produced in a semi-controlled greenhouse prior to field
transplantation. Seeds were surface-sterilized with 2% sodium hypochlorite for 20 min,
rinsed thoroughly with distilled water, and germinated in seedling trays (72-cell) filled
with a sterilized peat—perlite mixture (3:1 v/v). Trays were irrigated daily with tap water.
After 4 weeks, seedlings reached a height of approximately 10 cm.

In July 2023, pre-cultivated seedlings were transplanted into the plowed experimental
plots. Seedlings were irrigated for 14 days to ensure successful establishment. Soil water
content was maintained at field water capacity during the nursery period. Throughout the
experiment, field management was applied uniformly to each plot. Weeds were controlled
manually, and no pesticide was used. Plants produced the first seeds approximately
300 days after sowing according to our field observation.

2.3. Field Sampling and Measurement
2.3.1. Determination of Forage Yield and Nutritive Value

Forage was harvested at the heading stage to optimize forage dry matter yield (DMY)
and nutritive value. Aboveground biomass was collected by clipping all plant material from
randomly selected 100 x 100 cm quadrates within each experimental plot. Subsequently,
the collected biomass was subjected to oven-drying at 120 °C for 30 min, and then dried at
65 °C to constant weight for DMY. Afterwards, samples of drying materials were ground
and passed through a 2 mm mesh for subsequent nutrient analysis.

The forage nutritive value was assessed by determining the content of crude protein
(CP), acid detergent fiber (ADF) and neutral detergent fiber (NDF). The CP concentration
was calculated as CP = 6.25 X total nitrogen, where total nitrogen was measured using
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the Kjeldahl method with digestion equipment. ADF and NDF content were determined
following the procedures described by Van Soest et al. [35]. Relative feed value (RFV) was
calculated based on digestible dry matter intake relative to standard forage according to
the following equation from Sheaffer et al. [15]:

Digestible dry matter (%) x Dry matter intake (%)

REV = 1.29

1)

where digestible dry matter (%) = 88.9 — (0.779 x ADF) and dry matter intake (%) = 120/NDF.
The constant, 1.29, was chosen so that RFV = 100 for full-bloom alfalfa.

2.3.2. Determination of Seed Yield and Yield Components

Harvested seed yield (HSY) was determined by hand harvesting at three randomly
selected 1 m rows of each plot when 80% of seed heads were ripe. Seed samples of each
plot were dried, threshed, cleaned and weighed. Then, TSW was determined. Potential
seed yield (PSY) was obtained by multiplying seed yield components as in the following
formula: PSY(kg ha=1) = FT x ST x FS x TSW x 1072 [36]. Then, seed harvest efficiency
was calculated as the ratio of harvested seed yield (HSY) to potential seed yield (PSY)
expressed as a percentage: HSY /PSY x 100.

Seed yield components include the number of fertile tillers in m~2 (FT), spikelets per
tiller (ST), florets per spikelet (FS), seeds per spikelet (SS) and percentage of seed set (PSS).
FT, ST, and FS were determined at the flowering stage while SS and TSW were measured at
the seed maturing stage. During sampling, the first and last rows of each experimental plot
were excluded to avoid edge effects.

Number of fertile tillers in m—2

was measured in three randomly selected 1 m rows
within the quadrat. The three row counts were then averaged to produce a single plot-level
value for statistical analysis. Ten fertile tillers and twenty spikelets of each plot were
selected randomly to determine ST, FS, and SS. PSS was calculated using the ratio (number
of filled florets/number of florets).

Seed quality was assessed approximately two months post-harvest using standard
germination and vigor tests in order to minimize potential dormancy effects in freshly
harvested seeds. For the germination test, 50 filled seeds per replicate were sterilized with
sodium hypochlorite (containing 2% available chlorine) for 20 min, and then placed on
two layers of moist filter paper in a Petri dish. The dishes were kept in a growth chamber
under controlled conditions (25°C/20°C day/night temperature, 75-85% relative humidity,
and a 12 h light photoperiod) for 10 days. Each sample was repeated three times. Seeds
germinated each day were recorded.

The germination rate (GR), germination index(GI), and vigor index (VI)of seeds were
determined following the formulas given by Magray et al. [37]:

GR(%) = (number of seedlings/50) x 100 (2)

GI = %(Gt/Dv), 3)

where Gt is the number of seeds germinated each day, and Dt is the corresponding number
of germination days.

VI =GI x M, where GI is the germination index, and M is the seedling length. Ten
seedlings of each treatment were randomly selected from each Petri dish, and the radicle
length and plumule length were measured with a ruler.
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Dry matter yield (Kg m?)

2.3.3. Statistical Analysis

Two-way analysis of variance (ANOVA) from the general linear model was performed
using SPSS 19 (SPSS Inc., Chicago, IL, USA) to evaluate the main effects of nitrogen, row
spacing and their possible interaction effects on forage yield, nutrients, seed yield and
yield components as well as seed qualities. For each row spacing (20 cm and 40 cm),
multiple comparisons of nitrogen rate effects on traits were conducted using Duncan’s
new multiple-range test. Quadratic regression analysis (Y = a + bN + cN?, where Y is the
predicted forage or seed yield, N is the application rate, ais the intercept, bis the linear
coefficient, cis the quadratic coefficient) was employed to assess the influences of N rates
on forage yield and harvested seed yield. All regression analyses were performed using
SigmaPlot 12.0. Piecewise structural equation models (SEMs) were created using SPSS
AMOS 26 to assess the effects of N and row spacing on seed yield components and potential
pathways through which they may affect seed yield.

3. Results
3.1. Forage Yield and Nutritive Value

DMY and CP increased with increasing N application rates, particularly at 90 kg ha~!
N. At this rate, DMY increased by 49.4% at 20 cm row spacing and by 40.7% at 40 cm
row spacing, relative to the control. The 135 kg ha~! N treatment did not lead to further
enhancement relative to application of 90 kg ha~! N. The regression analyses showed a
significant correlation between DMY and N application rates, best described by a quadratic
regression model (y = a + bx + ox?) (Figure 3).The intercept (0.542 and 0.629 kg m~2)
represents the baseline dry matter yield without N application at 20 cm and 40 cm row
spacing. Averaged across N application levels, the 40 cm row spacing increased DMY by
12.9% compared to the 20 cm row spacing.

y=0.542+0.005x-2.636 x107x2,R2=0.589 y=0.629+0.005x—2.750 x10"7x2,R?=0.778 FR:5.18%
a FiNi9.22+*

FRrxN:0.1371

ab ab

b T
b N

Al
N3 CK N1 N2 N3
20 cm 40 cm

Figure 3. Effects of N fertilization and row spacing on dry matter yield (DMY) of E. nigra. Notes:
Different lowercase letters above bar indicate significant differences among contrasting fertilization
rates within 20 or 40 cm row spacing at the p < 0.05 level according to Duncan’s new multiple-range
test. F is F values; Fr is the effects of row spacing; Fy is the effects of nitrogen; Fr . is the possible
interaction between nitrogen and row spacing. “*’ indicates significance at p < 0.05; “**’ indicates
significant at p < 0.01. The red line above the bars shows the nonlinear regression of nitrogen rate
versus dry matter yield at 20 cm or 40 cm as indicated.
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Both N rate and row spacing had significant effects on CP content (Figure 4). At the
90 kg ha~! N rate, CP content was 42.0% higher at 20 cm and 38.7% higher at 40 cm row
spacing than CK. No further improvement in CP content was observed at the 135 kg ha™!
N rate compared with the 90 kg ha~! N rate, regardless of row spacing. N application
significantly affected ADF and RFV, whereas row spacing did not (Figure 4). Notably, ADF
exhibited a decreasing trend in response to elevated N rates. By contrast, NDF was not
significantly affected by N application or row spacing.

40
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1 160" o e o Fu2.15
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E N3 aap ab a a aa o
R = _ " T o
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L ol T T
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RFV
g 3
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IS N
3 3
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Figure 4. Effects of N fertilization and row spacing on crude protein (CP), acid detergent fiber (ADF),
neutral detergent fiber(NDF) and relative feed value (RFV) of E. nigra. Notes: All values are presented
as mean = standard error (SE). CK, N1, N, N3 represent nitrogen fertilizer rates at four levels of 0,
45,90,135kg N ha~t, respectively. Each value is the mean =+ SE. Different lowercase letters above
bar indicate significant differences at the p < 0.05 level according to Duncan’s new multiple-range
test. F is F values; Fy is the effects of nitrogen; Fy is the effects of row spacing; Fr . is the possible
interaction between nitrogen and row spacing. * p < 0.05; ** p < 0.01; *** p < 0.0001.

3.2. Seed Yields and Yield Components

PSY and HSY were significantly affected by row spacing, N fertilization, and their
combination (Figure 5). Both PSY and HSY increased with increasing N application rates,
but 135 kg ha~! N did not result in their further enhancement at 40 cm row spacing relative
to application of 90 kg ha~! N. Regarding seed harvest efficiency, it was increased by N
fertilization at 40 cm (Table 1).

Relative to the 20 cm spacing, the 40 cm spacing raised PSY and HSY by 34.7% and
21.3%, respectively. The quadratic regression model (y = a + bx + cx?) yielded maximum
predicted HSY values of 27.6 and 26.7 kg ha™!, achieved at optimal N rates of 135 and
98.6 kg ha~! for the 20 cm and 40 cm spacing, respectively.

N fertilization had significant effects on FT, ST, SS and PSS (p < 0.01), but not FS
(p > 0.05) (Table 1). FT and ST tended to increase with the enhancement of N application
rate. For example, ST increased by 27.2% at 20 cm row spacing and 26.0% at 40 cm row
spacing in comparison to CK. By contrast, row spacing significantly affected ST and FS
(p < 0.01), whereas such effects were not observed in FT, SS and PSS (p > 0.05).
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Figure 5. Effects of N fertilization and row spacing on harvest seed yield (HSY) and potential seed
yield (PSY)of E. nigra. Notes: CK, Ny, Ny, N3 represent N application rates at four levels of 0, 45,
90,135 kg N ha—1, respectively. Labels 20 cm and 40 cm represent row spacing of 20 cm and 40 cm,
respectively. Different lowercase letters above bars indicate significant differences among contrasting
fertilization rates within 20 or 40 cm row spacing at the p < 0.05 level according to Duncan’s new
multiple-range test. F is F values; Fy is the effects of row spacing; Fy is the effects of nitrogen; Fryn
is the possible interaction between nitrogen and row spacing. “*’ indicates significance at p < 0.05;
*” indicates significant at p < 0.01; ***’ indicates significant at p < 0.001. The red line above the bars
shows the nonlinear regression of nitrogen rate versus harvest seed yield or potential seed yield at
20 cm or 40 cm, as indicated.

Table 1. Seed yield components (mean =+ SE) of E. nigra under different N fertilization rates and row
spacings.

S Ra?i«I’l Nitrogen Fertile Tillers Spikelets Per f)lor;ts.k let Seeds Per Percentage of
pacing (kgha=1)  m~2(FT) Fertile Tiller (ST) o P C¢ Spikelet (SS)  Seed Set (PSS)
(cm) (ES)

20 cm CK 643 +82b 367.1+4.0c 7.40 + 0.50 a 267 +£0.34a 3593 £321a
N1 77.0 9.6 ab 411.7 £232b 724 +0.61a 243 +0.18 a 33.67 £ 0.67 a
N2 103.0 = 4.7 ab 380.3 £+ 25.3 ab 775+ 029 a 331+042a 4323 £7.04a
N3 115.0 = 10.8 a 466.8 =215a 820+ 021a 330+ 044 a 4047 £6.28 a
40 cm CK 79.0+11.1b 3452 +189d 770+ 025b 2.37 £0.06 b 30.80 £1.21b
N1 97.0 £ 6.4ab 405.6 =34.0c 8.17 + 0.38 ab 3.11 £ 0.26 ab 38.37 & 4.20 ab
N2 108.3 + 6.9 ab 510.8 £18.1a 8.38 +0.22 ab 347 +£ 051 a 41.83+7.15a
N3 1123 +94a 435.0 £20.2b 872 +028a 3.31 +0.20 ab 37.94 +1.49 ab
Fr 2.32 6.47 * 5.20* 0.35 0.69
Fn 9.51 ** 3.66 ** 245 321* 5.55 **
FrxN 0.67 0.08 0.25 0.75 1.61

Notes: Within 20 or 40 cm row spacing, different lowercase letters denote statistically significant difference
between N treatments (p < 0.05) according to Duncan’s new multiple-range test. Abbreviations: F is F values; Fr
is the effects of row spacing; Fy is the effects of nitrogen; Fr«n is the possible interaction between nitrogen and
row spacing. *" indicates significance at p < 0.05; **’ indicates significant at p < 0.01.
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3.3. Seed Quality

TSW, Gl and VI were significantly affected by N fertilization and row spacing (Table 2).
At 135 kg N ha~!, TSW increased by 33.3% at 20 cm row spacing and 37.5% at 40 cm row
spacing in comparison to CK. The 40 cm spacing produced a 31.3% greater TSW than the
20 cm spacing.

Table 2. Germination rate (GR), germination index (GI), vigor index (VI), thousand-seed weight
(TSW) and seed harvest efficiency (mean + SE) of E. nigra under different N fertilization rates and
row spacings.

Row
Spacing Nitrogen ?0/3 GI VI ZI;W :ngi;i;v(e;:)
(cm)
20 cm CK 44.00 +£2.00 b 418+0.13b  30.61+0.88c 0.15+0.027b 2.87 £0.68 a
N1 48.67 £1.76 ab 510+ 033ab 3552+£197b 0.16=+0.015ab 331+0.77a
N2 51.67 = 0.58 a 568 +£0.05a  48.82+0.84a 0.18£0.008ab 2.99+£0.09a
N3 50.00 +£231ab 5.04+048ab 40.16 £1.67b 0.20 £0.008 a 322+0.14a
40 cm CK 45.33 £1.33 b 499+030a 30.14+048b 0.16 +£0.004b 1.86 +£0.22 ¢
N1 51.33 £2.67ab 5.69+026a 3658+176a 0.17+0.011b 349 £0.23a
N2 54.00£2.31a 654 +064a 39.70+046a 0.20+0.037ab  3.00 £ 0.14 ab
N3 48.00 £1.15ab 561+048a  39.63+0.67a 0.22+0.018a 2.55 £0.34 bc
Fr 0.882 6.93 ** 6.75* 513* 1.68
Fn 6.03 * 5.35 ** 45.75 ** 10.67 ** 2.19
FrxN 0.75* 0.07 7.06 ** 0.11 0.95

Notes: Within 20 or 40 cm row spacing, different lowercase letters denote statistically significant difference
between N treatments (p < 0.05) according to Duncan’s new multiple-range test. F is F values; Fy is the effects
of row spacing; Fy is the effects of nitrogen; Fr«n is the possible interaction between nitrogen and row spacing.
*” indicates significance at p < 0.05; **’ indicates significant at p < 0.01.

GR was significantly affected by N fertilization but not by row spacing, yet their
interaction was significant. Compared to CK, 90 kg N ha~! increased GR by 17.4% at 20 cm
spacing and 19% at 40 cm spacing. Moreover, N application enhanced seedling growth,
as manifested by vigor index enhancement. Notably, the most significant improvement in
seed vigor index was observed at N 90 kg ha—! (Table 2).

3.4. Correlation and Paths Analysis of Seed Yield and Yield Components

The correlation analysis showed that seed yield was significantly and positively
correlated with FT, ST, SS and TSW (p < 0.01) (Figure 6). Particularly, FT had the greatest
influence on HSY and PSY, as manifested by the maximum correlation coefficient over 0.90,
indicating that larger FT produced greater seed yield. Significant correlations were also
observed among several yield components. For instance, FT was positively correlated with
ST and SS, with correlation coefficients of 0.55 and 0.70, respectively, indicating that an
increase in fertile tiller number contributes to greater spikelet and seed numbers, thereby
enhancing seed yield. However, FT was not significantly correlated with FS, suggesting
greater fertile tillers do not necessarily mean greater florets per spikelet.
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Figure 6. The heatmap of correlation between seed yield and yield components. Fertile tillers (FT),
spikelets per tiller (ST), florets per spikelet (FS), seeds per spikelet (SS), thousand-seed weight (TSW),
potential seed yield (PSY), harvested seed yield (HSY). ¥, p < 0.05; **, p < 0.01.

According to path analysis, N fertilization and row spacing have different effects on
seed yield components (Figure 7). Row spacing had significant effects on FS (0.421) and
TSW (0.310). By contrast, N fertilization significantly affected all seed yield components.
Path analysis further demonstrated that FT, ST, FS and TSW directly influenced seed yield,
as shown by the path correlation coefficients. Among the seed yield components, FT and
TSW had the most substantial effects, followed by ST and FS, whereas SS had no significant
effects (Figure 7).

Row spacing Nitrogen
N\ \\ \%
o\ " E
¢ ) N
Q 0_})} >
SS TSW
o
= o o0
g QQ'\ 0’5
PSY

Figure 7. Path analysis reflecting the influences of N fertilization and row spacing on seed yield and
yield components in E. nigra. Notes: FT, fertile tiller number; ST, number of spikelets per tiller; FS,
number of florets per spikelet; SS, seeds per spikelet; TSW, thousand-seed weight; PSY, potential
seed yield. The single-headed-arrow straight lines indicate direct paths. Chi-square = 21.6 (p = 0.061),
df = 13, CMIN/df = 1.662. The standardized path coefficients are displayed near the arrows. The
width of each arrow reflects the strength of the corresponding correlation. Medium and wide arrows
denote statistical significance at p < 0.05 and p < 0.001, respectively, while non-significant paths are
shown as thin lines.
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4. Discussion

In the present study, forage dry matter yield, nutritive value and seed yield as well as
seed quality of E. nigra were affected by N fertilization and row spacing. N fertilization is a
simple and effective field approach to increase forage biomass and seed productivity, since
N is a primary constituent of chlorophyll, amino acids, proteins, and nucleic acids, and is
also the main limiting factor for plant growth [38].

The present study found that the agronomically efficient N application rate was
90 kg N ha!. At the supra-optimal rate of 135 kg N ha~!, the N supply likely exceeds
the plant’s photosynthetic capacity to assimilate it into structural biomass. Nitrogen
assimilation requires ATP, reducing power, and carbon skeletons in the form of acids; when
N is excessive, overproduction of amino acids consumes these resources, disrupting the
balance between carbon and nitrogen metabolism [39]. The increase in DMY caused by N
fertilization and wider row spacing in our study was in agreement with the findings in
Festuca kryloviana and Lolium multiflorum [10,40]. Relative to 135 kg N ha~!, the 90 kg N ha~!
application rate can increase profitability for forage producers and lower the environmental
impacts resulting from the overuse of nitrogen fertilization. Wider arrangement (40 cm
row spacing) facilitated superior light interception and use efficiency, enhanced resource
utilization efficiency, and ultimately increased biomass [41].

In addition to forage quantity, growth and development of herbivores also critically
depend on forage nutrient quality. Nutritive value is a composite measure of feed quality,
determined by its crude protein (CP), fiber content (measured as ADF and NDEF), and
digestibility [42]. In our study, CP concentration increased with N availability, corroborating
the findings of Obour et al. in oat [43]. This increase may result from enhanced nitrogen
uptake and assimilation during seed filling [44]. In line with previous investigations on
forage crops [45], the present study observed a notable decline in CP content as row spacing
increased. This response is plausibly attributable to reduced inter-plant competition and
improved fertilizer utilization under expansive spacing [46]. It is because that augmented
biomass tends to exhibit higher proportions of structural carbohydrates (cellulose and
hemicellulose) alongside diminished protein content.

NDF is the most effective indicator to reflect the quality of forage fiber while ADF is
the key to indicating the energy of forage; the lower its content, the higher the digestibility,
and the greater the feeding value [47]. In this experiment, ADF decreased following N
application, which is consistent with the study in annual ryegrass [40]. It suggests that
increased N availability promotes vegetative growth, and lowers the proportion of lignified,
less digestible fiber components in plants, which led to enhancement of RFV. Regarding
NDF content in this study, it was not significantly affected by either N application or row
spacing. This result contrasts with the findings of Coblentz et al. (2016, 2017) [18,48],
who found that manure or urea fertilizer application increased NDF concentrations in
oat forage. This difference likely arises from species-specific traits and environmental
conditions. As noted by Fick et al. [49], disparity in NDF response to N fertilization may
be partly explained by differences in growing air temperature, which is known to affect
lignin deposition.

During production, a high seed yield is expected alongside the production of abundant,
high-quality forage biomass. High-quality, plentiful seed is vital for sustainable forage
production and the ecological restoration of degraded grasslands [50]. Low seed yield is the
key issue constraining the use of E. nigra. Generally, agronomic practices like fertilization
and row spacing influence forage seed yield and quality through their effects on seed yield
components [33].

The positive effect of nitrogen fertilization on seed yield observed in the present study
aligns with earlier reports for Kengyilia melanthera [36] and Dactylis glomerata [51]. This
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increase is likely attributable to the remobilization of nitrogen from vegetative organs to
the grains, which enhances grain filling and consequently boosts seed yield [52]. However,
application of 135 kg ha~! N did not further increase seed yield at 40 cm row spacing,
indicating this rate is excessive for seed formation of E. nigra in the experimental plot. This
result is also in agreement with the findings in Siberian wildrye [23]. It might be because
excessive N results in disruption of carbon—nitrogen metabolic balance and formation of
nonproductive tillers [53]. Therefore, N should be carefully managed to prevent excessive
vegetative tillering, which competes for limited resources and ultimately reduces harvested
seed yields.

The components of seed yield are key determinants, directly and indirectly affecting
seed yield through their role in seed formation. Potential seed yield and harvest seed yield
are frequently used in seed production evaluation. PSY represents the seed production
potential under specific climate and soil conditions [54]. By contrast, harvested seed
yield reflects the realized yield after deducting losses incurred from seed shedding and
harvesting delays [55,56]. In this study, both PSY and HSY were significantly improved
by N fertilization and row spacing. As observed, PSY was substantially higher than HSY,
consistent with findings in species like Lolium perenne and Elymus nutans [11,33]. This
is because PSY was determined by the multiplication of the number of fertile tillers per
unit area, spikelets per fertile tiller, florets per spikelet and average seed weight without
accounting for seed losses during development and harvest.

Direct seeding success is largely determined by high seed quality, which promotes
greater seedling density and vigor, thereby enhancing plant competitiveness and unifor-
mity [57]. Seed quality in the present study was significantly affected by N fertilization and
row spacing, as evidenced by increased TSW, GI, and VI. This suggests that N supplemen-
tation may supply additional energy for seed germination and early seedling development.
High seed vigor enhances the germination success and environment colonization because
the radicle breaks the seed coat faster, speed up the nutrient absorption from the soil,
and hence accelerate seedling growth [58]. Regarding GR, it was significantly increased
by N fertilization but not by row spacing. This finding aligns with previous studies on
Elymus nutans following N fertilization, which may be attributed to the increased content of
nutrients such as carbohydrates and transferring metabolites to reproductive organs [11,36].
Therefore, more energy was provided to seed germination and seedling growth. By contrast,
wider row spacing had no such effects.

Seed yield is determined by a set of interacting yield components. In this study, FT, SP,
FS, SS, and PSS exhibited different responses to N fertilization and row spacing. FT and
ST increased with the enhancement of N application rate, whereas such effects were not
observed in FS, suggesting FS was set prior to N fertilization. Plants grown under 40 cm
row spacing exhibited higher FT, FS, TSW and PSY compared to 20 cm row spacing. This
finding demonstrates that row spacing is also a critical factor limiting the seed yield of E.
nigra. Consistent with Han et al. [55], wider row spacing provides more light and space
for individual plants, leading to increased FS and SS, despite a possible reduction in FT.
Significant positive correlations were observed between seed yield and components such as
FT, ST, SS, and TSW, which were also intercorrelated. For example, FT was correlated with
ST and SS with a correlation coefficient of 0.55 and 0.70, respectively, indicating that higher
fertile tiller numbers enhanced spikelet and seed numbers, thereby increasing seed yield.
However, FT was not significantly correlated with FS, suggesting more fertile tillers do not
necessarily mean more florets per spikelet. Path analysis enables the quantification of both
direct and indirect effects of individual yield components on overall seed yield [34]. Among
the seed yield components studied, FT showed the greatest apparent association with HSY,
as demonstrated by a high correlation coefficient (0.90) and a significant standardized path
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coefficient (0.362). This effect was driven specifically by N fertilization rather than by row
spacing. The mechanism likely involves N fertilization increasing cytokinin content in
tiller nodes, and stimulating the germination of tiller primordium [59]. Furthermore, path
analysis revealed that along with FT, TSW is a potentially important direct contributor to
PSY, whereas SS did not directly influence PSY. These results suggest that N fertilization
primarily affects seed yield through its influence on FT and TSW.

Despite our recommendation of 40 cm row spacing and 90 kg N ha~! for optimizing
forage and seed yield in E. nigra, the present findings carry certain limitations as our results
are derived from a single location, two growing seasons, and one population. Moreover,
because plant density was not held constant across row spacing treatments, the effects
attributed to spacing may be partially confounded with density. Accordingly, forage pro-
ducers should adopt this recommendation with consideration of local growing conditions.
To overcome these constraints, future research should prioritize multi-location and multi-
year trials to assess the stability of the optimal management under diverse environmental
conditions, as well as screening of multiple E. nigra populations or cultivars to identify
genotypes with consistent performance across varying soils and climates. Factorial ex-
periments that independently manipulate row spacing and plant density are also needed
to disentangle their respective contributions. Finally, given the relatively low absolute
seed yields observed in this study, future breeding efforts and agronomic interventions—
such as improved harvest index, shattering resistance, and optimized pollination or
seed set conditions—should be explored to enhance seed productivity beyond the levels
achieved here.

5. Conclusions

E. nigra responds strongly to both nitrogen fertilization and row spacing, providing
the first empirical evidence for its efficient agronomic management under controlled field
conditions. The efficient practice for maximizing overall productivity is a combination of
90 kg N ha~! and 40 cm row spacing, as this rate achieves the upper threshold of forage and
seed yield increase without the diminishing returns observed at 135 kg N ha~!, while also
enhancing forage nutritive value (higher CP, lower ADF) and seed quality. Nitrogen-driven
seed yield is primarily regulated by increases in fertile tiller number and thousand-seed
weight, which exert strong direct effects on harvest seed yield. Collectively, these findings
fill a critical knowledge gap regarding the field management of E. nigra and demonstrate
its potential as a promising candidate for improving forage availability in study regions
(1800-3200 m).
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CP Crude protein

DMY  Dry matter yield

HSY  Harvested seed yield
PSY  Potential seed yield
ADF  Acid detergent fiber
NDF  Neutral detergent fiber

ha Hectare
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