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Abstract

Because fresh waxy maize is harvested as whole ears within the brief milk-stage (R3)
window, its yield formation hinges on building a strong canopy and ear foundation before
silking; nitrogen (N) applied afterward mainly provides supplementary support. A split-
plot trial conducted in 2024-2025 in Xinjiang’s Ili River Valley used the cultivar Wannuo
2000 to test how fertigation-N scheduling and plant density jointly govern canopy function
and marketable yield. Five N regimes, each supplying 300 kg N ha~!, were compared:
conventional flood irrigation (CK) and drip fertigation split across three to six applications
(DT-3 through DT-6), at densities of 79,500-88,500 plants ha~!. CK and DT differed in
irrigation amount, and the highest planting density of 88,500 plants ha~! was only set in
2025. Relative to DT-3, DT-5 sustained a larger canopy at R1 and a slower decline through
R3, raising post-silking dry-matter accumulation by 24.9-25.8% over CK. Fresh-ear yield
rose 10.8-11.8%, and the marketable-ear rate climbed from 81.4% to 87.7% (p < 0.001).
Shifting 30% of N to after silking under DT-6, however, failed to offset a less balanced pre-
/post-silking distribution: yield, marketable-ear rate, and net return all fell short of DT-5
by 478 kg ha~!, 1.37 percentage points, and 1301 CNY ha~?, respectively (p < 0.026). Post-
silking dry matter correlated positively with plot-level yield (r = 0.76), though this response
to N scheduling weakened at the highest density (D x N, p < 0.001). These findings show
that profitable fresh waxy maize production demands season-long coordination of N supply
with crop demand, achieved jointly with density management, and that marketable-ear
formation, not yield alone, should anchor how such strategies are judged.

Keywords: fresh waxy maize; N scheduling; drip fertigation; marketable-ear rate; post-
silking dry matter; planting density

1. Introduction

Abundant solar radiation, favorable thermal conditions, and the rapid spread of
mulched drip irrigation and high-density planting have made Xinjiang, in northwestern
China, a major maize-producing region. Precision systems built for grain maize here pair
dense planting with stage-specific irrigation and N supply, lifting yield while improving
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N-use sustainability [1-3]. These gains offer a technical foundation for extending intensive
drip-irrigated production to fresh waxy maize, a crop whose cultivation and mechanized
processing are expanding quickly across the Ili River Valley. Yet management developed for
grain maize cannot simply be carried over, since the two systems diverge in harvest timing,
yield formation, and how the product is ultimately judged.

Fresh waxy maize (Zea mays L.) is harvested near the R3 milk stage and sold as whole
ears, so its commercial value rests on ear size, kernel filling, and uniformity as much as on
population yield [4,5]. Because the R3 window is narrow and harvest precedes physiological
maturity, fresh-ear yield and marketability must largely be settled before harvest, leaving
little room for late-season correction. The canopy and ear foundation established before
silking sets the population’s capacity for light interception, assimilate production, and ear
development, while post-silking growth chiefly sustains canopy function and carries ear
filling through to completion. Practices that boost total biomass or mature-grain yield will
not necessarily maximize marketable fresh-ear output.

Plant density governs much of this balance. Higher density improves population-level
light capture and biomass, but also sharpens competition for light, water, and nutrients;
pushed too far, it shrinks individual-plant growth, ear size, and filling uniformity, and
ultimately drags down the marketable-ear rate [6-8]. Accordingly, fresh waxy maize is
grown at lower densities than grain maize across China. But keeping density low for its
own sake caps population productivity and squanders the benefits of intensive water
and fertilizer management. The real production question, then, is not whether density
should rise, but how population size and resource supply can be tuned together to secure
productivity without sacrificing marketable-ear formation.

Drip fertigation offers a practical way to align N supply with crop demand across
the season [9-12]. N delivered before and after silking serves related but distinct roles:
pre-silking N drives canopy establishment, population-level biomass accumulation, and
the build-out of the reproductive foundation, whereas post-silking N helps maintain green-
leaf function, sustain photosynthesis, and support dry-matter and N accumulation as ears
fill [13-16]. Well-timed N scheduling has been shown to improve lodging resistance, source—-
sink balance, and N accumulation, especially under high density [17-21]. Still, shifting more
N to after silking cannot reliably make up for weak canopy and ear development beforehand;
when the R1-R3 interval is short, late N mainly supplements an already-established source—
sink system rather than substituting for the pre-silking groundwork.

Environmental stress and density further shape how much this timing matters. Post-
silking water deficit accelerates leaf senescence and curbs photosynthesis in waxy maize,
limiting the assimilate supply available for ear development [22]; appropriate N manage-
ment can soften stress-related losses in photosynthesis and yield [23], and ample pre-silking
N reserves help buffer subsequent water or N stress [24]. Green-leaf persistence and post-
silking N accumulation are likewise sensitive to planting density [25-27]. Taken together,
these results suggest that any given N schedule’s value depends on population structure
and on the crop’s capacity to convert available N into functional canopy and marketable
ears, so the operative question is not how many times N should be split, but whether its
seasonal pattern tracks crop demand at a given density.

Earlier work has examined how density, total N rate, irrigation, or split N application
affect maize yield and resource-use efficiency [8-12,17-21,28-30], but mostly frames split
application in terms of application number or total N input, giving little attention to how
N is redistributed between pre- and post-silking periods in fresh waxy maize specifically.
Studies anchored in grain yield or total biomass can also miss the commercial stakes of
density and N management when ears are harvested as early as R3. For fresh waxy maize,
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marketable-ear formation therefore deserves standing as a central evaluation criterion
alongside fresh-ear yield and economic return.

A companion study at the same site and production period evaluated an integrated
precision-management package, combining drip fertigation, split N application, and re-
duced irrigation, against conventional flood management [31]. That work established the
package’s overall value for improving ear commercial traits, water and N productivity, and
economic return, but its combined treatments could not isolate N scheduling’s individual
contribution from that of irrigation management. The present study was carried out at the
same experimental site and in the same growing seasons as our earlier companion study;
keeping site, season, and total N input constant, it focuses on the temporal allocation of N
rather than on split number alone, and examines how alternative fertigation-N schedules
interact with plant density to shape canopy development, post-silking dry-matter accu-
mulation, ear formation, marketable-ear rate, fresh-ear yield, resource productivity, and
economic return of fresh waxy maize in Xinjiang. In this paper, the gradient nitrogen opera-
tion treatments of the DT-3 to DT-6 fertigation-N schedules were systematically analyzed for
the first time, focusing on the regulatory effects of nitrogen distribution patterns in different
growth stages on canopy development, dry matter accumulation, and yield formation after
silking. Under the experimental conditions, the most favorable N-scheduling strategy was
selected, and the relationship between nitrogen distribution ratio before and after silking
and the source-sink relationship of waxy maize was clarified.

We hypothesized that (i) because fresh waxy maize is harvested within a short R3
window, a N schedule that adequately supports pre-silking canopy and ear establishment
would provide a stronger basis for marketable production than one that shifts excessive
N to the post-silking period; (ii) post-silking N would function primarily to maintain
canopy function and support ear development rather than fully compensate for a weak
pre-silking foundation; and (iii) N scheduling’s effects would depend on plant density, with
the optimal combination determined by how population demand, seasonal N supply, and
marketable-ear formation align. This framework guided our search for principles to jointly
optimize plant density and N management in high-value fresh waxy maize production.

2. Materials and Methods
2.1. Site, Soil, and Climate

Field trials ran in 2024 and 2025 at the Yili Tianyi Agriculture Co. planting base in
the Ili River Valley, Xinjiang, Northwest China (43°40" N, 80°51" E). The soil is a sandy
loam; pre-sowing properties of the 0-30 cm layer were measured each year (Table S1).
The growing season spanned 1 May to 20 August. Total precipitation reached 211.7 mm
in 2024 and 213.4 mm in 2025, while mean daily air temperature was 24.0 °C and 25.9 °C,
respectively (Figure S1). The two seasons therefore differed more in thermal conditions than
in rainfall: mean temperature ran 1.9 °C higher in 2025 against nearly identical precipitation
totals. The significant year effect on fresh-ear yield and marketable-ear rate may thus trace
to differences in temperature distribution, developmental rate, and the timing of weather
during silking and ear filling rather than to total rainfall; stage-specific weather data were
not analyzed, so this interpretation remains indicative rather than causal.

2.2. Experimental Design

Both years used a split-plot design with three replications, planting density as the
main plot and N management as the subplot. Densities were 79,500 (D1), 84,000 (D2), and
88,500 plants ha~! (D3); D1 and D2 ran in both years, while D3 was added in 2025 only. Each
140 m? subplot received one of five N-management regimes at identical total N, P,O5, and
K,O inputs (300, 90, and 180 kg ha~!): CK, conventional flood irrigation with 45 kg ha™!
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pre-plant N and the remaining 255 kg ha~! topdressed once at V6; and DT-3 through DT-6,
drip fertigation carrying the same pre-plant N but splitting the topdressing into three to
six fertigations between V6 and R1 + 10 d (Table 1). Irrigation totaled 6000 m® ha=! for CK
(flood, four events) versus 4500 m® ha~! for all DT treatments (drip, ten events), which is
25% less water.

Table 1. Nitrogen and irrigation management under the five treatments: per-event N rates by growth
stage, and the pre-/post-silking split of total N.

Tement P ve e v Y2 m MY Nlgms Noghes P9N (s
% of Total) % of Total) Events)
CK 45 255 - - = =~ 300;100% 0: 0% sgp  Tlood 6000
DT-3 45 75 - 120 - 60— 240;80% 60; 20% 00 Prp 0
DT-4 45 75 60 60 60 - - 300;100% 0; 0% 00 Prpr 00
DT-5 45 75 45 45 60 30 - 270;90% 30;10% 300 DUy
DT-6 45 75 30 30 30 60 30  210;70% 90; 30% 300 Dripl? 5*500;

Because CK and the DT treatments differed simultaneously in irrigation method, water
volume, N timing, and split frequency, we treat the CK-DT contrast as an integrated water—
nitrogen management effect rather than isolating any single factor. The four DT treatments,
by contrast, held irrigation method, water volume, and total N-P-K inputs constant, varying
only in how the fertigation-N was distributed over time: the final application extended
to R1 + 10 d under DT-6 alone, and the post-silking share of total N was 20% for DT-3,
0% for DT-4, 10% for DT-5, and 30% for DT-6, the last obtained by trimming the three
mid-season per-event doses (V9 to V12 + 10 d) from 45/45/60 to 30/30/30 kg ha=! and
extending the final application to R1 + 10 d (Table 1). The DT-3-DT-6 series thus captures
fertigation-N scheduling as a whole, split number together with per-event dose, timing of
the last application, and pre-/post-silking allocation, rather than split frequency alone; we
return to this distinction in the Discussion Section. A companion paper in Chinese [31]
already reports the CK-versus-DT-5 comparison at this site, including ear commercial traits,
water and N productivity, and economic return. The present paper instead analyzes the
fertigation-N scheduling axis (DT-3 to DT-6) and the canopy and dry-matter processes
underlying it, neither of which appeared in that earlier report; CK and DT-5 values are
included here only as reference baselines.

The waxy maize cultivar Wannuo 2000 was sown on 2 May 2024 and 15 May 2025
and harvested at the milk stage (R3) on 8 August and 20 August, respectively. Plants were
grown in wide-narrow rows (70/30 cm), with one drip tape centered in each narrow row
under the DT treatments. Pest control and other management followed local high-yield
practice. The 2024 and 2025 trials occupied different, adjacent fields.

2.3. Measurements

Canopy. Leaf area index (LAI) was determined at V6, V9, V12, R1, and R3 by measuring
the length and maximum width of every leaf on five uniformly growing plants. Individual
leaf area was estimated as length x maximum width x 0.75; mean per-plant leaf area
was scaled to plot level by multiplying by the plant number per plot and dividing by the
plot ground area. Leaf area duration (LAD, LAl-days) between consecutive stages was
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calculated by the trapezoidal method, and the percentage decline in LAI from R1 to R3 was
calculated as (LAIg; — LAly;)/LAlg; x 100%.

Dry matter. Aboveground biomass was sampled at R1 and R3 by organ (leaf, stem,
ear, tassel). Post-silking dry matter accumulation (PAA) was calculated as R3 minus R1
biomass. Apparent pre-silking reserve remobilization was estimated from the decline in
vegetative-organ dry matter between R1 and R3; in the absence of isotope evidence, this
is an apparent rather than a directly measured quantity. The contribution of post-silking
accumulation to ear dry matter was calculated on a remobilization basis (Table S6).

Yield and marketability. At R3, all ears within three fixed 2 m x 5 m quadrats per plot
were harvested and harvested-ear and barren-plant numbers recorded per plot. Ears meet-
ing the commercial grading standard, encompassing length 16-24 cm, diameter > 4.0 cm,
single-ear fresh weight > 250 g, and free of severe pest damage or malformation, were
classed as marketable; marketable-ear rate (%) = marketable ears/harvested ears x 100.
Ear traits (length, diameter, bare-tip length, single-ear mass) were measured on 30 ears
per plot selected by the mean-ear-weight method. This sampling was performed indepen-
dently of the marketability classification, and the sample set included both marketable
and non-marketable ears. Marketable fresh-ear yield was not weighed directly; we report
marketable-ear number as the marketable-output variable and treat total fresh-ear yield x
marketable-ear rate only as an estimated proxy, as noted in the text.

Resource productivity and economics. Irrigation water productivity (IWP, kg m~2)
was fresh-ear yield divided by applied irrigation water, an irrigation-input index rather
than an evapotranspiration-based water-use efficiency. Partial factor productivity of applied
N (PFP_N, kg kg~!) was calculated by dividing the fresh-ear yield by the common 300 kg
ha~! N input; since the total N input did not vary among treatments, PFP_N essentially
reflects differences in fresh-ear yield and is reported as a production-efficiency rather than
an N-recovery metric. Economic analysis drew on plot-level records: gross revenue =
marketable-ear number x wholesale price (0.70 CNY ear~! in 2024; 0.80 CNY ear~! in 2025);
variable costs covered labor, irrigation water, seed, drip-equipment depreciation, machinery,
fertilizer, plastic film, and pesticide (itemized in Table S5). Net return = gross revenue —
total costs; output: input ratio = gross revenue/total costs.

2.4. Statistical Analysis

The primary analysis drew on the balanced two-year dataset, D1 and D2 across the
five N regimes (n = 60 plots). Because D3 was tested only in 2025, its effects were examined
separately in a supplementary 2025-only three-density analysis (1 = 45) rather than pooled
into the two-year model, where the resulting imbalance would distort interaction tests.

For the balanced dataset, split-plot ANOVA treated year (Y), density (D), and N
treatment (N) as fixed factors, with randomization decomposed into three error strata:
block (Y) (df = 4), against which Y was tested; the block x D (Y) main-plot error (df = 4),
against which D and Y x D were tested; and the pooled block x N (Y x D) subplot error
(df = 32), against which N and all N-involving interactions were tested. The 2025-only
analysis followed the same structure (D: df = 2, error df = 4; N and D x N against subplot
error, df = 24). Planned contrasts pitted DT-5 against DT-6, DT-4, DT-3, and CK, each tested
against the subplot error; we report estimated marginal means (EMMSs), 95% confidence
intervals, and 5% LSD values (Table S10), with treatment means within density—year com-
binations separated by LSD. The four planned contrasts were pre-specified, each addressing
a distinct single-degree-of-freedom question; no family-wise correction was applied to this
contrast set, and 5% LSD values are reported alongside so that readers can apply alternative
criteria. Because the estimated main-plot variance component sat at the boundary (ANOVA
estimate < 0), the Dand Y x D tests and the key planned contrasts were cross-checked with
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a REML mixed model (Y x D x N fixed; Year:Block and Year:Block:Density random) using
Satterthwaite degrees of freedom; in these fits the main-plot (Year:Block:Density) variance
component was set to zero at the boundary (method-of-moments estimates were negative
for all three key variables), while the Year:Block component remained positive (~1.05 x 10°
for fresh-ear yield, 0.54 for marketable-ear rate, and 4.6 x 10° for net return), and the cross-
checks returned concordant results (DT-5 — DT-6: p = 0.021 for fresh-ear yield, p = 0.009
for marketable-ear rate). As further sensitivity checks, the DT-5-versus-DT-6 contrast was
re-fitted to the full 75-plot dataset by REML with Satterthwaite degrees of freedom, and
the marketable-ear rate was analyzed on raw, arcsine-square-root, and logit scales under
the same split-plot error structure, with conclusions unchanged (p = 0.012, 0.011, and
0.012, respectively). On the original measurement scales, Shapiro-Wilk and Levene tests
were satisfactory for fresh-ear yield (p = 0.31 and 0.85) but showed a marginal normality
departure for marketable-ear rate (W = 0.96, p = 0.048) and heterogeneous variances for
marketable-ear rate and net return (Levene p = 0.038 for both); variance heterogeneity was
resolved on the logit and log scales (Levene p = 0.28 and 0.089), whereas the transforma-
tions did not uniformly improve normality, so the original-scale analyses were retained as
primary, with all key conclusions unchanged across scales. To characterize the response to
fertigation number beyond pairwise contrasts, linear-plus-plateau and quadratic models
were fitted to fresh-ear yield and marketable-ear rate against fertigation number (3-6) using
the balanced plot-level dataset. All analyses used Python (version 3.9; Python Software
Foundation, Wilmington, USA) with statsmodels 0.14 and SciPy, and the mixed-model
cross-check was run in R (version 4.6.1; R Foundation for Statistical Computing, Vienna,
Austria) using Ime4, ImerTest, and emmeans.

3. Results
3.1. Canopy Development and Post-Silking Dry Matter Accumulation

Canopy differences among the N-splitting regimes sharpened as the season advanced.
In 2025, treatment effects on leaf area index (LAI) were modest through the early vegetative
stages (V6-V9) but grew pronounced from V12 onward (Table S4). At R1, DT-5 reached an
LAI of 5.43 at D1 and 5.47 at D2, 6.9-7.7% above DT-3 and 12.3-14.3% above CK. From R1
to R3, LAI fell 2.7-3.1% under DT-5 versus 4.6-5.4% under DT-3; CK declined 3.7-3.8%, but
from a substantially lower R1 starting point. The gap between DT-5 and the other treatments
thus reflected both a larger R1 canopy and greater post-silking canopy retention.

In the balanced two-year analysis, N-splitting regime and year both significantly
affected R1 LAI (p < 0.01), while the density x N-splitting interaction was not significant
(p > 0.05), indicating that the scheduling effect on R1 LAI held consistently across both
densities, unmodified by density itself.

These canopy differences carried through to post-silking dry matter accumulation.
Across the 23 density—year—treatment combinations with physiological measurements, post-
anthesis accumulation (PAA) correlated strongly with fresh-ear yield (r = 0.87, p < 0.001;
Figure 1). In 2025, DT-5 raised R3 aboveground biomass by 16.8-17.7% and PAA by
24.9-25.8% relative to CK (Table 2; Figure 2b). The share of ear dry matter attributable to
post-silking accumulation reached 92.2-92.9% under DT-5 versus 85.8-87.4% under CK, a
gain of 4.7-6.4 percentage points, whereas the apparent contribution of pre-silking reserve
remobilization did not rise across the tested regimes and even trended slightly downward
as splitting frequency increased.
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r=0.76 (P <0.001, n = 69) at the plot level,
r=0.87 (P <0.001, n = 23) across means
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Figure 1. Post-silking dry matter accumulation (PAA) versus fresh-ear yield at the plot level (n = 69;
circles, 2024; triangles, 2025; colors denote N treatment; CK and the D3 density appear in 2025 only).
The solid line is the ordinary least-squares fit with its 95% CI band: r = 0.76 (p < 0.001) at the plot
level, rising to r = 0.87 (p < 0.001) across the 23 density—year—treatment means.
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Figure 2. Canopy and dry-matter responses to fertigation-N scheduling across both seasons (open
symbols, 2024; filled, 2025; D1/D2 means + SD, n = 6; CK present in 2025 only): (a) aboveground
dry matter at R1; (b) post-silking dry matter accumulation (PAA, R3—R1); (c¢) apparent pre-silking

reserve remobilization (DMR). The density x N interaction was non-significant for every year—variable
combination (p > 0.26); within each year, density-pooled means sharing no letter differ at p < 0.05

(LSD test).

Together, these results point to DT-5's yield advantage arising chiefly from stronger

post-silking canopy persistence and dry matter accumulation rather than enhanced remobi-

lization of pre-silking reserves, consistent with hypothesis (i).
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Table 2. Aboveground dry matter and post-silking accumulation.

Year Density Treatment R(lkzll?:_lil; S R(:)i(gll?:j?;s PAA (kgha™) PAA/R3 (%)
DT-3 9776 ¢ 14,747 ¢ 4971b 33.7
DT-4 10,108 bc 15,733 b 5625 a 35.7
D1 DI5 10,607 a 16477 a 5870 a 35.6
DT-6 10,411 ab 16,214 ab 5803 a 35.8
2024 DI-3 9720 ¢ 15,001 ¢ 5281 b 35.2
DT-4 10,108 bc 15,886 b 5779 ab 36.4
b2 D5 10,675 a 16,704 a 6028 a 36.1
DT-6 10,298 ab 16,294 ab 5996 a 36.8
CK 9581 d 13,902d 4321 b 31.1
DT-3 9841 cd 14,903 ¢ 5061 a 33.9
D1 DT-4 10,426 b 15,694 ab 5268 a 33.5
DT-5 10,930 a 16,364 a 5434 a 33.2
DT-6 10,235 be 15,196 bc 4961 ab 32.6
CK 9685 ¢ 14,169 d 4484 b 31.6
DT-3 10,292 b 15,325 ¢ 5033 ab 32.8
2025 D2 DT-4 10,664 ab 15,869 bc 5205 a 32.7
DT-5 10,955 a 16,554 a 5599 a 33.8
DT-6 10,817 a 16,186 ab 5369 a 33.1
CK 9632 d 14,290 ¢ 4658 b 32.5
DT-3 10,277 ¢ 15,639 b 5362 ab 34.3
D3 DT-4 10,729 b 16,291 ab 5562 a 34.1
DT-5 11,171 a 16,924 a 5753 a 34.0
DT-6 10,853 ab 16,608 a 5755 a 34.7
Within each year-density combination, means sharing no lowercase letter differ at p < 0.05 (Fisher’s
protected LSD; Table S7). PAA/R3 (%) carries no letters, as the N effect was not significant (p > 0.26).
3.2. Fresh-Ear Yield and Marketable-Ear Formation
Marketable-ear number and marketable-ear rate, the primary marketable-output vari-
ables, responded strongly to N management. Averaged across D1/D2 and both years,
marketable-ear rate rose from 78.6% (CK) and 81.4% (DT-3) to 86.3% (DT-6) and 87.7% (DT-
5); DT-5 exceeded CK by 6.3-12.1 percentage points across the four balanced density—year
combinations and exceeded DT-6 by 1.37 points (95% CI 0.33-2.41; p = 0.012) (Figure 3b;
Table 3). Marketable-ear number peaked at 60,364-63,254 ears ha! under DT-5 at D1.
Barren plant number rose with density but fell with N splitting (EMMs: 4197 plants ha~!
under CK versus 3140 under DT-5; both p < 0.05; Table S3), and DT-5 also produced the
heaviest single-ear mass, longest ears, widest diameter, and shortest bare tip (Table S52).
Table 3. Fresh-ear yield, ear number, marketable-ear number, and marketable-ear rate (plot means;
n=3).
Year Density Treatment Fresh-Ear Yield Harvested Marketable Marketable-Ear
(kg ha™1) Ears (ha™1) Ears (ha1) Rate (%)
2024 D1 CK 17,389 d 67,923 57,807 b 85.1b
2024 D1 DT-3 19,879 ¢ 68,368 58,362 b 85.4b
2024 D1 DT-4 20,996 b 68,812 59,363 b 86.2b
2024 D1 DT-5 22,033 a 69,257 63,254 a 914 a
2024 D1 DT-6 22,000 a 69,702 63,365 a 909 a
2024 D2 CK 17,757 d 70,591 57,140 b 80.9 ¢
2024 D2 DT-3 20,193 ¢ 71,369 58,140 b 81.5¢
2024 D2 DT-4 21,088 b 71,480 60,475 a 84.6b
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Table 3. Cont.

Year

Density

Fresh-Ear Yield Harvested Marketable Marketable-Ear
Treatment

(kgha™t) Ears (ha™!) Ears (ha™1) Rate (%)
2024 D2 DT-5 22,000 a 71,147 62,253 a 87.5a
2024 D2 DT-6 21,305 ab 71,369 60,808 a 85.2b
2025 D1 CK 15,441d 67,700 ab 51,915d 76.7 d
2025 D1 DT-3 18,693 ¢ 66,366 bc 54,027 ¢ 814 c
2025 D1 DT-4 19,104 ¢ 68,034 a 58,029 b 85.3b
2025 D1 DT-5 20,710 a 68,701 a 60,364 a 87.9a
2025 D1 DT-6 19,727 b 64,810 ¢ 56,362 b 87.0a
2025 D2 CK 16,842 d 69,702 a 50,025 d 718 e
2025 D2 DT-3 18,309 c 70,813 a 54,916 ¢ 775d
2025 D2 DT-4 19,877 b 70,146 a 56,473 bc 80.5¢
2025 D2 DT-5 21,061 a 70,257 a 58,918 a 83.9a
2025 D2 DT-6 20,860 a 70,146 a 57,584 ab 82.1b
2025 D3 CK 17,435d 72,370 a 49,692 ¢ 68.7 ¢
2025 D3 DT-3 18,209 c 73,036 a 53,916 b 73.8b
2025 D3 DT-4 19,460 b 72,703 a 54,138 b 745b
2025 D3 DT-5 20,193 a 73,704 a 57,696 a 783 a
2025 D3 DT-6 19,437 b 72,925 a 53,916 b 739Db

Within each year-density combination, means sharing no lowercase letter differ at p < 0.05 (Fisher’s
protected LSD; Table S8). Harvested ear number in 2024 carries no letters, as the N effect was not
significant (p = 0.53); in 2025, both N (p = 0.027) and density x N (p = 0.019) were significant.
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Figure 3. Fresh-ear yield (a), marketable-ear rate (b), and net return (c) in the balanced two-year
dataset (D1/D2, 2024-2025; n = 60 plots). Bars give treatment means pooled across the two densities
(£SD, n = 6); pale bars, 2024; dark bars, 2025. Within each year and panel, means topped by different
letters differ at p < 0.05 (LSD test on the split-plot subplot error, df = 16). The density x N interaction
was significant for yield in 2025 (p = 0.007); that year’s letters compare density-averaged means (see
Table 3 for within-density comparisons). Density effects themselves are not annotated.

Total fresh-ear yield tracked the same pattern (Table S8; Figure 3a). In the balanced
two-year analysis, N treatment dominated the variance (F = 158.4, p < 0.001); density
was statistically significant (F = 15.8, p = 0.017; p = 0.012 against the pooled error in the
mixed-model cross-check) but added only 332 kg ha~! at D2 over D1, an order of magni-
tude below the N effect. No two-way interaction involving N reached significance, and
the three-way interaction was borderline (p = 0.058; p = 0.044 under the mixed-model
cross-check) (Table S8). Averaged across D1/D2 and both years, yields were CK 16,857,
DT-3 19,269, DT1-4 20,266, DT-6 20,973, and DT-5 21,451 kg ha~!, with every pairwise dif-
ference significant (5% LSD = 417 kg ha~!; Table 3). Within the fertigated series, DT-5
outyielded DT-3 by 10.8-11.8% as two-year means at each density (8.9-15.0% across the
four balanced density—year combinations) and exceeded DT-4 by 1185 kg ha~! (p < 0.001);
the sixth fertigation, conversely, cost DT-6 478 kg ha! relative to DT-5 (95% CI 61-895;
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p = 0.026). A linear-plus-plateau model fitted to the balanced plot-level data placed the join
point at DT-5 (plateau 21,258 kg ha~!; R? = 0.96); marketable-ear rate traced the same curve
(81.4, 84.2,87.7, and 86.3% from DT-3 to DT-6). From DT-3 to DT-6, the response therefore
peaked at DT-5 rather than rising monotonically. Relative to the conventional reference (CK;
integrated contrast), DT-5 raised yield by 15.8-34.1% across the four balanced density—year
combinations (two-year means: +30.2% at D1, +24.5% at D2) and achieved the highest
yield in all five density—year combinations. The DT-5-DT-6 gap reached significance in
two of those five combinations (2025 D1: +984 kg ha™!, p = 0.022; 2025 D3: +756 kg ha™!,
p = 0.004) and in the pooled two-year analysis; a REML sensitivity model across all 75 plots
confirmed the direction with a larger effect size (—534 kg ha™! for the sixth split; 95% CI
198-869; p = 0.002). DT-6 entered R1 with lower aboveground biomass than DT-5 in all
five density—year combinations (by 138-695 kg ha~!; Table 2), a deficit that persisted or
widened by R3. Model uncertainty supported a cautious reading: the linear-plus-plateau
join point was estimated at 4.8 fertigations (95% CI 3.95-5.59), and the quadratic vertex
was estimated at 5.2 (95% CI 4.36-6.14), with the two models statistically indistinguishable
(AAIC < 0.1); within the tested 3-6 range, the response therefore peaked near DT-5, but
five applications should not be read as a precisely identified biological optimum.

3.3. Resource Productivity and Economic Return

Cutting seasonal irrigation from 6000 to 4500 m® ha~! under drip management lifted
irrigation water productivity (IWP) substantially under DT-5 relative to CK, by 54.4-78.8%
across the density—year combinations. Because total N input was fixed at 300 kg ha™!
across treatments, partial factor productivity of N (PFPN) simply mirrored the fresh-ear
yield pattern, ranging from 51.5 kg kg~ under CK (2025, D1) to 73.4 kg kg~! under DT-5
(2024, D1).

Net return peaked under DT-5, ranging from 22,677 to 27,691 CNY ha! across the
evaluated combinations, with a two-year mean of 25,584 CNY ha~! at D1 (Table 4), an
11.2-28.2% gain over CK. Within the DT-3-DT-6 series, DT-5's net return exceeded DT-
6's by 1301 CNY ha~! (95% CI 448-2154; p = 0.004), with DT-5 ahead in four of the five
density—year combinations.

Table 4. Net return by treatment, year, and density (plot means; CNY ha™!).

Year Density CK DT-3 DT-4 DT-5 DT-6

2024 D1 20,965 b 20,054 b 20,754 b 23,478 a 23,556 a
2024 D2 20,398 bc  19,798c¢  21,432abc  22,677a 21,666 ab
2025 D1 22,232 c 22,622 c 25,823 b 27,691 a 24,489 b
2025 D2 20,620 d 23,233¢c  24478bc  26435a 25,367 ab
2025 D3 20,153 ¢ 22,233 b 22,411b 25,256 a 22,233 b

Within each year—density row, the means sharing no lowercase letter differ at p < 0.05 (Fisher’s
protected LSD; Table S9).

The DT-6, in short, brought no further gain in fresh-ear yield, marketable-ear rate, or
net return, and it trailed DT-5 on all three measures. Within the tested range of fertigation-N
schedules, DT-5 therefore offered the more favorable combination of yield, marketable-ear
formation, and economic return. The CK-versus-fertigated contrasts capture the integrated
water-N management effect already reported in the companion study [31], whereas the DT-
3-DT-6 series compares overall fertigation-N scheduling regimes, reflecting the combined
effects of split frequency and the pre-/post-silking N distribution ratio.
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3.4. Supplementary Analysis Across Three Planting Densities

Extending the analysis to include D3 revealed significant effects of planting density
and the density x N-splitting interaction on fresh-ear yield in 2025 (density: F (2,4) = 13.09,
p = 0.018; density x N-splitting: F = 9.74, p < 0.001; Table S8; Figure S2). The DT-5-DT-3
yield gap was 2018 kg ha~! at D1, 2751 kg ha~! at D2, and 1984 kg ha~! at D3, indicating
that the response to the fertigation-N schedule was not uniform across densities.

Density also reshaped the conventional and fertigated systems differently. Under CK,
fresh-ear yield climbed from 15,441 to 17,435 kg ha~! as density rose from D1 to D3, whereas
DT-5 yield held within a narrower 20,193-21,061 kg ha~! band across the same range. The
DT-5-over-CK advantage accordingly shrank from 34.1% at D1 to 15.8% at D3, a product of
the two systems’ diverging density responses rather than DT-5's advantage growing with
population size.

Marketable-ear rate moved in the opposite direction. At D3, it fell below the D1 and
D2 values under both CK and DT-5: CK dropped to 68.7% at D3 against 71.8-76.7% at
the lower densities, and DT-5 fell to 78.3% against 83.9-87.9%. This decline occurred even
though population LAI and aboveground biomass at D3 matched or exceeded those at D1
and D2 (Figure S2), implying that the highest density boosted crop-level biomass without
a matching gain in individual-ear marketability. The 2025 data thus lend partial support
to hypothesis (ii), though this density-dependent pattern warrants caution, as D3 was
evaluated in only one year; conclusions about the density x N-splitting interaction should
accordingly be read as specific to the 2025 season rather than generalized across years.

4. Discussion

4.1. Disentangling the Effects of Fertigation-N Scheduling from Those of Irrigation and Total
N Input

A companion study at the same site and across the same experimental years eval-
uated an integrated precision-management system, including drip fertigation, split N
application, higher planting density, and a 25% cut in irrigation input, against conventional
flood-irrigated management. That integrated system raised marketable-ear number and
marketable-ear rate and improved irrigation water productivity, partial factor productivity
of applied N, and net return [31]. But because several management components shifted si-
multaneously relative to the conventional control, that comparison established the package’s
overall value without isolating any single component’s contribution.

The present study offers a sharper test of fertigation-N scheduling specifically: irri-
gation method, irrigation volume, and total N input were held constant across the DT
treatments, with only the timing, number, and size of individual N applications varied.
Within this common drip-fertigation framework, DT-5 lifted two-year fresh-ear yield by
10.8-11.8% over DT-3 and raised marketable-ear rate by 6.3 percentage points. These gains
are agronomically substantial compared with the broader contrasts between integrated
drip-fertigation treatments and conventional management: 23.9-34.1% for fresh-ear yield
and 6.3-12.1 percentage points for marketable-ear rate. The two sets of effects cannot be
partitioned additively, but together they indicate that N’s temporal distribution within
an already-established drip-fertigation system contributed materially to gains in fresh-ear
production and marketability. Where drip infrastructure is already in place, further pro-
ductivity gains may hinge less on total N input than on matching N supply to crop demand
across the pre- and post-silking periods.

Variation among the fertigation-N schedules dwarfed the average density effect in
the balanced two-year dataset: fresh-ear yield spanned 4594 kg ha=! across N schedules
against an overall density difference of just 332 kg ha=!. These figures are not directly
comparable measures of statistical effect size, but they point to fresh-ear production being
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particularly sensitive to N timing within the density range tested here. Comparable patterns
appear in drip-fertigated grain maize, where N management substantially shaped canopy
development, assimilate production, and source—sink relations across moderate density
ranges [19,20,32].

The non-linear response across the DT schedules also echoes grain-maize evidence
that yield gains can plateau once N supply is well synchronized with crop demand under
integrated water-and-fertilizer management [28]. Earlier work has further shown that post-
silking N can sustain canopy function and source-sink coordination during reproductive
growth, particularly under dense planting [18,21]. Our results extend this principle to fresh
waxy maize harvested at R3, where management performance must be judged not just by
biomass or area yield but by marketable-ear formation.

4.2. Post-Silking Canopy Persistence and Dry Matter Accumulation

Canopy size at silking and canopy persistence thereafter emerge as related but distinct
components of fresh-ear yield formation. Among the drip-fertigated treatments, DT-5 car-
ried a larger leaf area at silking (R1) and a smaller relative decline from R1 to R3 than DT-3
(2.7-3.1% versus 4.6-5.4%), whereas CK’s decline rate (3.7-3.8%) was comparable to DT-5s
despite an 11.0-12.5% smaller R1 leaf area. This pattern suggests conventional manage-
ment’s canopy constraint came mainly from limited pre-silking development, while differ-
ences among fertigation-N schedules appeared more in post-silking persistence. The weak
correlation between relative leaf-area decline and fresh-ear yield across treatments (r = 0.08)
also showed that canopy persistence mattered only relative to the canopy size established
at silking; a slow rate of decline offers little benefit when starting leaf area was limited. This
aligns with earlier work showing canopy size, leaf longevity, and stay-green traits to be
closely related yet functionally distinct contributors to maize productivity [13,14,25-27].

The dry-matter data point to the same conclusion about sustained post-silking growth.
DT-5 outpaced CK in post-silking dry-matter accumulation, with post-silking accumulation
contributing 4.8-7.1 percentage points more to ear dry matter under DT-5, while apparent
remobilization of pre-silking dry matter showed no consistent increase across the fertigation-
N schedules. Post-silking dry-matter accumulation also correlated positively with fresh-ear
yield (r = 0.87). Together, these results suggested the greater fresh-ear yield under DT-5 was
accompanied by a larger leaf area index at the R1 stage, sustained leaf area retention through
R3, and enhanced post-silking dry matter accumulation. These covariations are consistent
with the hypothesized pathway that improved canopy maintenance and post-silking carbon
gain support ear growth and marketable yield formation [15,16]. Post-silking dry matter
accumulation is an integrative growth index; although it aligns with the expectation of
higher photosynthetic input, it alone cannot confirm photosynthesis as the causal driver
or reveal specific carbon allocation pathways. In addition, the correlation between post-
silking dry matter accumulation and fresh-ear yield is descriptive and does not statistically
control for the shared effects of year, planting density, and nitrogen scheduling treatment.
Observations are not statistically independent because plots within the same year, density,
or treatment share common environmental and management drivers. Therefore, these
correlation values may overestimate the strength of the direct association between post-
silking dry matter accumulation and fresh-ear yield.

Post-silking growth likely carries outsized weight in fresh waxy maize precisely be-
cause harvest falls near R3. The R1-R3 interval spans rapid kernel development and ear
growth and is therefore tightly linked to single-ear weight, kernel filling, bare-tip formation,
and marketable-ear quality [33,34]. The heavier single ears, shorter bare tips, and higher
marketable-ear rate under DT-5 align with its greater post-silking dry-matter accumulation,
suggesting that a favorable balance between pre-silking canopy establishment and post-
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silking canopy maintenance supported ear development through the period that chiefly
determines marketable yield. That said, our measurements cannot fully resolve the under-
lying carbon and N processes: apparent remobilization was inferred from organ dry-mass
changes rather than measured by isotope tracing or direct assimilate-transport data [13],
and DT-5's larger R1 canopy may also have carried greater pre-silking C and N reserves
that themselves fed post-silking ear growth [24]. Without measurements of plant N uptake,
tissue N concentration, or leaf- or canopy-level photosynthesis, the relative contributions
of current assimilation versus reserve remobilization remain uncertain. These findings
nonetheless underscore the importance of coordinating pre-silking canopy establishment
with post-silking persistence and dry-matter production across R1-R3; clarifying the under-
lying physiological mechanisms will require direct measurement of plant N dynamics and
canopy carbon assimilation.

4.3. Stage-Specific N Allocation for Fresh Waxy Maize

Fresh-ear yield responded non-monotonically to the fertigation-N schedules, with
DT-5 outperforming DT-6 on fresh-ear yield, marketable-ear rate, and net return alike.
Relative to DT-5, DT-6 cut fresh-ear yield by 478 kg ha=! (p = 0.026), marketable-ear rate
by 1.4 percentage points (p = 0.012), and net return by 1301 CNY ha~! (p = 0.004); a
comparable 534 kg ha=! gap (p = 0.002) held when all three density treatments were
included. This consistency across yield, marketability, and economic return suggests DT-6's
shortfall was not confined to one response variable but reflected an unfavorable balance
between N supplied during pre-silking canopy and reproductive development and N
supplied afterward.

This pattern speaks directly to how fresh-ear and grain production systems differ. In
grain maize, sustaining green leaf area after silking can extend assimilate supply across a
relatively long grain-filling period. Fresh waxy maize, by contrast, is harvested near R3, typ-
ically just 2-3 weeks after silking in this production system, leaving little time for additional
post-silking dry-matter accumulation. Marketable-ear formation instead depends on pro-
cesses beginning before silking and running through early kernel development: establishing
reproductive potential, building an adequately sized and physiologically active canopy, and
then supplying enough assimilate and N after silking to carry kernel development and ear
growth forward.

The treatment design and crop responses bear this out. Relative to DT-5, DT-6
trimmed the three mid-season N applications (V9 through V12 + 10 d) from 45/45/60
to 30/30/30 kg N ha~!, shifting the freed 60 kg N ha~! to R1 and R1 + 10 d, raising the
post-silking share of total N from 10% under DT-5 to 30% under DT-6 while the pre-silking
share fell from 90% to 70%. DT-6 carried lower aboveground biomass at R1 across all five
density—year combinations (138-695 kg ha~! lower), with R1 leaf area following the same
pattern; this gap persisted or widened by R3 in every combination, and post-silking dry-
matter accumulation was also lower under DT-6 in four of the five. In short, the larger
post-silking N share did not offset the smaller canopy and weaker dry-matter base built
before silking. We did not measure plant N uptake, tissue N concentration, or leaf pho-
tosynthetic performance, so these results cannot pin down the physiological mechanism
directly, but they do show that shifting a substantial share of N from pre- to post-silking was
not advantageous under these conditions. Without a factorial design that independently
manipulates split frequency and nitrogen partitioning ratio, we cannot disentangle whether
the benefits of DT-5 originate from the number of splits, the particular pre-/post-silking
nitrogen allocation, or their interaction. Future factorial trials are warranted to separate
these two factors explicitly.
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Ear-trait responses reinforce this reading. DT-6 produced more barren plants and a
lower marketable-ear rate in all five density—year combinations, and lower single-ear mass
in the 2024 comparisons. In combination with the largest yield gap, DT-6 yielded 3891 fewer
harvested ears ha™! than DT-5, a 5.7% shortfall. The yield response thus tracked differences
in both canopy development and ear formation: reduced pre-silking biomass and leaf area
signal a weaker production base, while the added barren plants, fewer ears, and lighter
single-ear mass show that ear establishment and subsequent growth suffered too. That said,
DT-6 differed from DT-5 in both the size of the mid-season applications and the timing of
the redistributed N, so this design cannot separate the effects of reduced mid-season dosing
from those of delayed application. The results should accordingly be read as the response
to DT-6's integrated scheduling pattern, not as proof that the sixth application or late N
timing alone drove the yield loss.

The DT-3-DT-5-DT-6 contrast offers a broader window onto the optimal schedule
for this system. Yield rose from DT-3 to DT-5 before falling under DT-6, and both the
linear-plus-plateau and quadratic models placed the response peak at DT-5. DT-5's edge
came with a greater pre-silking N share, a more evenly distributed mid-season supply,
and a comparatively modest R1 application; raising the post-silking share to 30% under
DT-6, conversely, coincided with lower R1 biomass and weaker fresh-ear performance.
Under the tested conditions, then, the most favorable schedule weighted N toward canopy
establishment and reproductive development before silking while retaining a modest post-
silking input to sustain canopy function, kernel development, and ear growth. This does not
mean prolonging post-silking leaf function has no value in fresh waxy maize; it means its
contribution is limited by the short silking-to-R3 interval and the need to establish adequate
source and sink capacity beforehand. The relevant management task for this crop is thus
coordinating three processes in time: reproductive development before silking, a sufficiently
large and functional canopy by silking, and continued assimilation and N supply through
the brief post-silking window of kernel development.

The economic results track the agronomic ones. In fresh-ear production, revenue hinges
on the number and quality of marketable ears rather than on grain mass at physiological
maturity, so any drop in ear number, marketable-ear rate, or single-ear mass feeds directly
into gross return. DT-6's extra fertigation event entailed no additional input cost within this
system, as water, fertilizer, labor, and machinery inputs were identical across the DT-3-DT-6
series, but it likewise brought no compensating gain in yield or marketability. Within this
production system, at a plant density of 79,500 plants ha~!, DT-5 struck the best balance
among pre-silking crop establishment, post-silking ear development, and economic return.
N scheduling for fresh waxy maize should therefore track the timing of marketable-ear
formation and the length of the fresh-ear harvest window, rather than borrowing directly
from grain-maize strategies built around prolonging grain fill. The economic analysis in
this study was calculated based on local fertilizer price, manual fertilization labor cost, and
the prevailing fresh waxy ear market price during the experimental years. It should be
noted that the income level of the DT-5 nitrogen operation scheme is affected by input cost
and market price fluctuations, and it needs to be comprehensively judged by combining
local cost and market conditions before it is extended to large-scale production.

4.4. Density Contingency, Marketability as the Optimization Criterion, and Boundaries

The 2025 three-density trial showed that the N-scheduling response depended on plant
density (D x N interaction, p < 0.001). DT-5's yield advantage over DT-3 was smallest at
the highest density, 88,500 plants ha=! (+1984 kg ha™!), against 2018-2751 kg ha~! at the
two lower densities, and the fertigated-versus-conventional yield gap likewise narrowed
from 34.1% at D1 to 15.8% at D3. This convergence stemmed chiefly from rising CK yield as
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density increased, while fertigated yield tended to plateau at the highest density. Yet the
accompanying rise in population-level LAl and aboveground biomass at D3 brought no gain
in marketable-ear rate, consistent with the population-versus-individual trade-off typical
of fresh waxy maize: greater density builds stand-level canopy but intensifies interplant
competition for light and assimilate, constraining individual ear initiation and growth, an
effect that shading-driven shifts in canopy microclimate and plant morphogenesis may
compound further [6,7]. A larger population canopy, in other words, does not automatically
translate into more marketable ears.

The weakening N-scheduling response at high density further suggests that density
and N management should be treated as interacting rather than independent levers. At
moderate density, a well-chosen N schedule can strengthen canopy establishment and ear
development enough to produce a sizable yield gain; at high density, interplant competition
and each plant’s reduced capacity to convert added N into a marketable ear likely cap
that same benefit. This reading aligns with evidence that density compensation grows
progressively less effective under precision water—fertilizer management in oasis agroecosys-
tems [35], echoes earlier calls to jointly optimize density and N supply in waxy maize [6],
and matches reported interactions between density and post-silking canopy senescence in
grain maize [25,26]. The two-year combined averages reported in this study mainly reflect
treatment effects at the D1 and D2 densities, which supports the advantages of DT-5. How-
ever, the density x nitrogen interaction was detected only in the 2025 dataset containing D3.
Further evaluation across more growing seasons, field sites, and cultivars is necessary to
verify the interactive responses between planting density and nitrogen scheduling strategy,
especially before extending the high-density treatment to large-scale commercial produc-
tion. In practice, refining the fertigation-N schedule paid off most at moderate density and
least at the highest density tested, so the optimal schedule should be set jointly with plant
population rather than as a standalone decision.

These findings also bear on how agronomic optimum should be defined. Grain maize
typically evaluates management against total grain yield or final dry-matter production,
but in fresh waxy maize, total fresh-ear yield alone understates production value, since ears
falling short of market standards contribute little or nothing to revenue. Here, marketable-
ear rate, single-ear mass, and bare-tip length responded more sharply to density and N
scheduling than total fresh-ear yield did in several comparisons, traits that speak more
directly to the number and quality of ears actually available for sale. Optimizing fresh
waxy maize production should therefore weigh marketable output, including marketable-
ear rate and the principal quality attributes, rather than relying on aggregate fresh-ear
yield alone [4,5]. Total yield remains an important indicator, but should be read alongside
marketability and ear-quality traits when identifying the agronomic and economic optimum.

A few methodological and contextual caveats merit note. First, the CK-versus-fertigated
comparison is an integrated water-and-N contrast, not an isolated N effect; the DT-3-DT-6
comparisons, made within the fertigated series under a common irrigation regime, supply
the proper basis for evaluating N-scheduling responses specifically. Second, irrigation water
productivity (IWP) was calculated as an input-based efficiency index without incorporating
evapotranspiration or soil-water-balance data, a production-per-unit-irrigation measure
rather than a direct estimate of crop water-use efficiency or field-scale hydrology [9,36];
partial factor productivity of N (PFP_N) likewise reflects fresh-ear output per unit of
applied N and should not be equated with N recovery or agronomic N-use efficiency [20].
Third, the trial covered a single cultivar at a single site across two seasons; physiological
measurements were unavailable for the conventional control in 2024, the highest density
(D3) was tested in only one season, and soil mineral-N dynamics, including residual nitrate
and nitrification, went unmonitored. These gaps limit direct inference about N-uptake
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and soil-N-supply mechanisms. Because the 2024 and 2025 trials occupied different, albeit
adjacent, fields, the year effect reported here cannot be statistically separated from field-
specific effects and should be interpreted as a combined year-and-site effect. Accordingly,
validation across additional environments, cultivars, sowing dates, and soil-N backgrounds
is needed before extending these recommendations beyond the present system, consistent
with the multi-environment validation framework already established for maize production
in northwestern China [12].

5. Conclusions

For R3-harvested fresh waxy maize, N management should rest on coordinating N
supply with crop demand across the whole season. Adequate pre-silking N is essential for
building a productive canopy and reproductive potential, while post-silking N should serve
mainly to support kernel development, fresh-ear growth, and canopy function. Adding
more late-season N cannot fully offset insufficient pre-silking development, especially given
the short interval between silking and harvest. The optimum strategy, then, is defined not
by maximizing total N input or application number, but by matching N supply to the crop’s
developmental needs at each growth stage.

Plant density and N management likewise need to be optimized together rather than
separately. Higher density can boost population-level biomass and leaf area, but it also
intensifies interplant competition and can erode individual ear development and mar-
ketability. Management optimization should therefore weigh total fresh-ear yield alongside
marketable-ear rate, ear quality, and economic return. These findings support a production
framework that evaluates stage-specific N supply, plant population, and marketable-ear
formation jointly. The recommended nitrogen scheduling strategy in this study was eval-
uated under a single cultivar, location, and fixed total nitrogen application rate. Further
validation across cultivars, environments, soil-N conditions, and planting dates will be
needed to establish how broadly these principles apply.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/agronomy16212198/s1. Figure S1. Daily weather across the 2024-2025
growing seasons. Figure S2. Density contingency in 2025: (a) fresh-ear yield and (b) marketable-ear
rate at 79,500 (D1), 84,000 (D2), and 88,500 (D3) plants ha~!. Bars show treatment means (+SD,
n = 3); within each density, means topped by different letters differ at p < 0.05 (LSD test on the
split-plot subplot error, df = 24), with density effects left unannotated. (c) DT-5—DT-3 fresh-ear
yield increment at each density (bars + SE of the difference; every increment significant at p < 0.05).
Table S1. Pre-sowing soil properties (0-30 cm). Table S2. Ear traits at harvest (2024 only; ear-trait
records were not taken in 2025). Table S3. Barren plant number (plants ha!). Table S4a. Leaf
area index across five stages (2024: DT treatments only, since CK lacked physiological sampling
that year; 2025: all treatments). Table S4b. Leaf area duration between consecutive stages. Table S5.
Economic detail (means of three replications; 10* CNY ha™'). Table S6. Apparent pre-silking dry-
matter remobilization and post-silking accumulation (2024: DT treatments only; 2025: all treatments).
Table S7. Analysis of variance (F, with p in parentheses) for aboveground dry matter at R1 and
R3, post-silking accumulation (PAA), and PAA/R3. Table S8. Analysis of variance (F, with p in
parentheses) for fresh-ear yield, harvested ear number, marketable-ear number, and marketable-ear
rate. Table S9. Analysis of variance (F, with p in parentheses) for net return. Table S10. Estimated
marginal means (EMMs) with 95% confidence intervals and pre-specified planned contrasts for
fresh-ear yield, marketable-ear rate, and net return.
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