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availability and root architecture under reduced-P drip irrigation
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Abstract:

Background and aims In calcareous soils, Ca*-mediated P fixation and surface P
accumulation limit the spatial matching between P supply and roots, reducing maize P
uptake and PUE. This study evaluated whether integrated P management combining
banded deep P placement with y-polyglutamic acid (y-PGA) could sustain maize yield
and improve PUE under reduced P input.

Methods A two-year field experiment was conducted in 2024-2025 with two maize

cultivars and five P treatments: no P (P0), conventional P (P1), 20% reduced P (P2), 20%
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reduced P plus y-PGA (P3), and 20% reduced P plus y-PGA with deep P placement (P4).
Results Compared with P1, P2 reduced yield by 7.6%-21.5% and significantly
decreased plant P accumulation and PUE. P3 maintained yield and partly alleviated
reductions in P accumulation and root growth. P4 maintained yield, increased PUE by
15.6%-27.1%, reduced apparent P balance by 51.3%-64.8%, and increased the Post-
anthesis P contribution to grain by 8.5%-15.2%. P4 increased root length, root volume,
and crossings, promoted very fine root proliferation and deeper root distribution, and
improved root fractal characteristics. In the 30-40 cm soil layer, Resin-P, NaHCO:-Po,
and available P increased by 26.8%, 20.8%, and 31.2%-38.5%, respectively. PLS-PM
indicated that active P fractions were closely associated with root architectural
optimization and plant P accumulation.

Conclusion Integrated P management effectively reconstructed root-soil spatial
coupling, enabling high yield and efficient P utilization under reduced P input in drip-
irrigated calcareous soils.

Keywords: Drip-irrigated maize; banded deep P placement; Hedley P fractionation;

root architecture; phosphorus use efficiency; root-soil coupling

Introduction

Phosphorus (P) is an essential macronutrient governing cellular energy metabolism,
nucleic acid synthesis, and crop yield formation (Jiang et al. 2021; Yang et al. 2021a).
However, global phosphate rock reserves are finite and non-renewable, with peak
consumption projected within this century (McDowell et al. 2024). Paradoxically, over

73% of global croplands exhibit suboptimal available P, creating a dual challenge of
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resource scarcity and inefficient utilization (Withers 2019; Gong et al. 2025a). Long-
term excessive P application has resulted in substantial legacy P accumulation in soils,
yet much of this P remains biologically unavailable due to strong soil fixation processes
(Guo et al. 2024). This not only reduces resource-use efficiency but also  exacerbates
eutrophication risks through runoff and leaching losses (McDowell et al. 2024; Guo et
al. 2025). Therefore, developing strategies to improve P-use efficiency while reducing
fertilizer inputs and mobilizing legacy soil P has become a critical imperative for
sustainable agriculture development.

In the arid and semi-arid regions of northwestern China, plastic-mulch drip-
irrigated maize underrepresents the dominant cropping systems. However, the widely
distributed calcareous soils (pH >8.0) in this region impose unique and severe
constraints on P cycling. Phosphate ions (H,POs /HPO4>) readily react with abundant
Ca?" to form sparingly soluble calcium phosphate minerals (Shen et al. 2011; Zhou et
al. 2026). Consequently, P diffusion in soil is extremely limited (approximately 0.13
mm d!), far slower than root elongation rates (Lombi et al. 2005), making P availability
highly dependent on fertilizer placement rather than total application rates. Phosphorus
availability is determined not only by total soil P, but also by the coupled effects of its
chemical forms and spatial distribution(Yang et al. 2021a). According to the Hedley P
fractionation framework, soil P can be divided into a labile pool directly available to
plants (Resin-P and NaHCOs-P1), a moderately labile pool with slower release rates
(NaOH-P1), and a stable pool dominated by sparingly soluble Ca-bound P (HCI-P)

(Hedley et al. 1982).
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Previous studies have demonstrated that deep fertilizer placement can relocate
nutrients into the active rooting zone, thereby promoting deep root growth and
improving nutrient acquisition efficiency (Alam et al. 2018; Ma et al. 2021; Chen et al.
2024a). Deep placement creates localized high-P environment within a limited soil
volume, increasing P concentration in the soil solution at the fertilizer placement site,
reducing fertilizer-soil contact, alleviating P fixation, and strengthening localized P
supply intensity (Vandamme et al. 2018). However, deep placement alone cannot
effectively activate legacy P pools or address the fundamental issue of Ca®*-mediated P
fixation in calcareous soils. Concurrently, phosphorus efficiency enhancers also
represent another promising strategy. Among these, y-polyglutamic acid (y-PGA) can
activate the release of slowly available, and moderately active soil phosphorus (NaOH-
Pi) and stable phosphorus primarily bound to calcium HCI-P (Zeng et al. 2024), thereby
increasing phosphorus uptake and utilization efficiency by crops (Liang and Shi 2021),
promoting crop growth and yield improvement (Wang et al. 2025), and enhancing crop
adaptability to abiotic stresses. Nevertheless, y-PGA applied alone cannot resolve the
spatial mismatch between P supply zones and root distribution in deep soil layers.
Therefore, integrating y-PGA with banded deep phosphorus placement may provide
complementary functions by simultaneously improving phosphorus activation and
optimizing the spatial positioning of phosphorus supply. However, whether such an
integrated strategy enhances root-soil spatial coupling under reduced phosphorus input

remains largely unknown.

Roots constitute the primary interface for soil nutrient acquisition, and root
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morphology and architecture exert strong control over P uptake (Postma and Lynch
2011; Sun et al. 2022). In recent years, root architecture has emerged as a critical
framework for understanding plant adaptation to spatially heterogeneous nutrient
environments. Root branching patterns, topological traits, and fractal characteristics can
quantitatively describe the spatial exploration capacity of roots and their resource
acquisition efficiency (Lynch 1995; York et al. 2016; Wang et al. 2020a). Fitter (1986,
1987) proposed that root topology reflects branching patterns in soil, with dichotomous
and herringbone branching representing two extreme architectural types (Fitter 1986;
Fitter et al. 1991). Fractal dimension and fractal abundance characterize the space-
filling capacity and competitive ability of roots, providing an integrated reflection of
plant nutrient acquisition strategies (Wang et al. 2009; Beidler et al. 2015; Chun et al.
2021; Loudari et al. 2022). Although previous studies have shown that deep placement
or water-fertilizer regulation can affect root length and root surface area, systematic
quantitative evidence is still lacking regarding how integrated P management strategies
optimize root architecture to improve nutrient acquisition and how these responses are
coupled with changes in soil P fractions.

Although previous studies have shown that deep placement can improve nutrient
delivery to the active rooting zone and that y-PGA can enhance nutrient retention and P
activation in the rhizosphere, these studies have largely focused on their individual
effects. It remains unclear whether, under reduced-P input in calcareous drip-irrigated
systems, the combined strategy can simultaneously promote the downward

redistribution of active P fractions, induce root architectural optimization in subsoil
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layers, and ultimately enhance the coordination between soil P supply and plant P
uptake. Quantitative evidence is still lacking on whether changes in soil P fractions act
as the driving signal for root architectural responses, and whether such root-soil
spatiotemporal coupling can sustain post-anthesis P uptake, yield formation, and P-use
efficiency under reduced-P conditions. Therefore, this study aimed to: (1) Quantify how
the integrated strategy of y-PGA combined with banded deep placement reshapes the
vertical distribution of soil P fractions in calcareous soils; (2) Clarify how changes in
subsoil P availability drive root morphological and architectural responses, particularly
fractal characteristics and topological traits; (3) Evaluate how the resulting root-soil
spatial coupling regulates P accumulation, yield formation, and P-use efficiency in drip-
irrigated maize. The findings will provide a scientific basis for sustainable P

management in intensive agriculture across arid regions worldwide.

Materials and methods

Experimental site

This study was conducted from 2024 to 2025 at the Xinjiang Academy of Agricultural
and Reclamation Science (Shihezi, Xinjiang, 44°18 N, 86°03E). The study area has a
typical arid to semiarid continental climate, characterized by scarce precipitation and
abundant sunlight and heat, with an average annual temperature of 8.5-11.8 °C, average
annual precipitation of 236.2 mm, and average annual evaporation of approximately
1200 mm. The experimental soil was a calcareous soil, and its physical and chemical

properties are listed in Table 1. During the entire crop growth period in 2024 and 2025,
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the total precipitation amounted to 178.9 mm and 142.3 mm, respectively, with 12 and
10 effective rainfall events (> 5 mm), respectively, while the average daily maximum
temperature was 31.9 °C and 28.5 °C, respectively, and the average daily minimum

temperature was 3.14 °C and 2.7 °C, respectively (Fig.1).

Table 1 Physicochemical properties of soil before sowing

Soil depth PH SOM AP AK TN TP
(cm) (gkgh)  (mgkg)  (mgkgh)  (gkgh) (gkg?)
0-10 8.32 15.79 17.69 256.67 0.55 0.89
10-20 8.31 15.29 14.32 284.00 0.58 0.93
20-40 8.26 15.06 12.38 215.67 0.47 0.85
40-60 8.50 7.37 6.13 143.33 0.32 0.68
60 mm Precipitation (mm) +— Max Temperature (°C) o~ Min Temperature (°C)
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Fig.1. Maximum temperature, minimum temperature, and precipitation during the maize growing seasons in 2024

and 2025

Experimental design

The primary objective of this study is to validate the practical effectiveness of an
integrated phosphorus management technology for drip-irrigated maize fields in
calcareous soils. The experiment was arranged as a two-factor randomized complete

block design with three replicates. The two experimental factors were maize cultivar
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and P management strategy. Two maize cultivars were used: Xianyu 335 (a widely
adapted cultivar, XY335) and Denghai 550 (a high-yielding cultivar in Xinjiang,
DH550). Five P management treatments were established: no P application (PO);
conventional P application ((65.5 kg P ha™!, 30% diammonium phosphate (DAP) basal
application+70% monoammonium phosphate (MAP) topdressing, P1, CK); 20% P
reduction (52.4 kg P ha!, 30% DAP basal + 50% MAP topdressing, P2); 20% P
reduction (52.4 kg P ha'! +y-PGA (30 kg-ha™!, purity>90%) +, applied with topdressing
fertilizer at jointing stage, via broadcast application,P3); and 20% P reduction (52.4 kg
P ha! +y-PGA (30 kg-ha™!, purity>90%) +10 cm banded deep placement (DAP side-
banded at 5 cm from the seed row and 10 cm soil depth during sowing), P4).

Each subplot measured 75 m?, with three replicates. Maize was grown under
plastic film-mulched drip irrigation, with a film width of 1.45 m and a planting
configuration of four rows and two drip lines per film strip. The planting belt width was
1.65 m, plant spacing was 20 cm, and wide-narrow row spacing was arranged as 50+30
cm (Fig.2). A precision seeder was used to simultaneously lay the drip tapes, apply the
plastic film mulch, sow the seeds, and perform banded deep fertilization in a single pass.
The system was equipped with inline flat-emitter drip tapes with an emitter spacing of
20 cm, operating at a pressure of 0.2 MPa with a flow rate of 2.3 L-h™'. Groundwater
from a well was used for irrigation, and the applied volume was precisely monitored
using independent water meters. Over the entire growing season, a total irrigation
volume of 5100 m3-hm™ was applied across nine irrigation events.

The fertilizers used were urea (N > 46.4%), potassium sulfate (K > 42.3%), and
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the fertilizer additive y-polyglutamic acid, all applied through fertigation. Phosphorus
fertilizers consisted of monoammonium phosphate (N > 12%, P > 26.6%) and
diammonium phosphate (N > 18%, P > 20.1%). Of the total P fertilizer, 30% was
applied as basal DAP and 70% as topdressed MAP. Topdressing was split across seven
growth stages, namely jointing, early flare stage, 10-leaf stage, late flare stage, tasseling,
silking, and grain filling, at proportions of 12.5%, 12.5%, 12.5%, 12.5%, 20%, 20%,
and 10.0%, respectively. Sowing was conducted on 20 April 2024 and 28 April 2025,
and thinning was initiated 7 days after sowing. All other field management practices

were consistent with local conventional management.
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Fig.2. Schematic diagram of cultivation patterns: a, experimental layout; b, field experiment

Samplings and measurements
Yield determination

At maturity, a uniform area of approximately 10 m? was selected within each plot for
yield determination. Ten fresh ears were sampled using the mean-weight method to
evaluate the yield components, including effective ear number, grain number per ear,

and 100-grain weight. Grain yield was calculated from the air-dried kernel weight of
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the sampled 10 ears and adjusted to a standard moisture content of 14%. The calculation
formula for phosphorus use efficiency (PUE) and phosphorus partial factor productivity

(PFP) is as follows (Hayes et al. 2018):

PA, — PA
PUE = M. 100% (1)
Tp—apply
Y
PFP = —— (2)
Tp—apply

Where is the PUE is the Phosphorus use efficiency (%), PA, is the plant P
accumulation under P application (kg-ha™?), PA,, is the plant P accumulation
without P application (kg - ha™2), Tp_gpp1y, is the total P applied, unit: (kg - ha™2); Y

is the grain yield (kg - ha™2).
Phosphorus uptake and partitioning

At tasseling (74 days after emergence) and maturity (132 days after emergence), five
representative maize plants with uniform growth were selected from each plot. After
gently cleaning the plants, shoots were cut at the stem base. Samples were first heated
at 105°C for 30 min to deactivate enzymes and then oven-dried at 75°C to constant
weight for biomass determination on an area basis. Plant organs were subsequently
ground to pass a 0.5 mm sieve, digested with H>SO4-H>0O», and their P concentrations
were determined using the molybdenum blue colorimetric method according to Bao

(2000).

Root morphological traits

10
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Vertical root samples were collected at the jointing, tasseling, and grain-filling stages
using a soil corer with a diameter of 10 cm. For each treatment, three plants were
randomly selected, and the aboveground parts were removed. The stem base was
defined as the central sampling point (b), and two additional sampling points (a and c)
were established on either side of the plant base, resulting in three horizontal positions
in total. In this study, the root system was divided horizontally into a main root zone (-
10,10 cm) and lateral root zones (-20, -10 cm) and (10, 20 cm) (Fig. 2). Soil cores were
collected at 10-cm intervals downward until no roots were observed. After sampling,
weeds, dead roots, and other debris were removed, and the root samples were stored in
sealed plastic bags. Roots were then carefully washed with water and spread evenly in
an acrylic tray (30 cm x 20 cm) filled to two-thirds with water. Roots were gently
separated with forceps to avoid overlap and scanned using an Epson V800 root scanner
(Epson Expression, Japan) at 300 dpi to generate black-and-white TIFF images for
subsequent analysis. Root traits were analyzed using WinRHIZO (Pro.2020a) software
to obtain total root length and the lengths of three root diameter classes: very fine roots
(d £0.5 mm), fine roots (0.5 mm <d < 1 mm), and coarse roots (d > 1 mm). Root length
density (RLD) was calculated as follows:

RLD = % (3)

N4

where RLD is root length density (m - m~3), RL is root length (¢m), and SV is

soil volume (m3). The soil volume at each depth was 0.785 m®.
Analysis and calculation of root fractal parameters

After root morphological sampling, soil profiles were trimmed and an in-house nail

11



220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

board with 2-cm spacing (ZL201720192129.6; a root sampling device for fibrous-
rooted plants; 50 cm % 50 cm, nail length 10 cm) was vertically pressed into the soil to
excise intact root-soil blocks. Soil was carefully washed away under running water to
obtain complete root samples. The root samples were covered with a glass plate with 2-
cm spacing and then inverted to maintain a two-dimensional root plane. The roots were
scanned using an Epson 12000 XL scanner at a resolution of 300 dpi to generate digital
image files. Fractal analysis of the binary root images was conducted using the self-
developed Image J image-processing software based on the box-counting method
(Fractal Box Count plugin). In brief, a series of square grids with side lengths r (2, 3,
4,6, 8,12, 16, 32, and 64 mm) were superimposed on the two-dimensional binary root
image, and the number of occupied squares (N, ) was counted. A linear regression was
then fitted with log,oN, as the y-axis and log,,7 as the x-axis to calculate fractal
dimension and fractal abundance as follows:
logioNr = —=Dlog,o 7 + logi9 K (4)
where D is the fractal dimension (FD), represented by the negative slope of the
regression line, and [gK is the fractal abundance (FA), represented by the intercept. In
general, for plant root systems, 1 <FD <2; alarger FD indicates a more highly branched
and developed root system. FA reflects the spatial extent, density, and resource
competitive ability of roots in the growth medium; a larger FA indicates a greater soil
exploration volume.
In addition, root length, root surface area, root volume, average diameter, number

of root tips, number of branches, number of crossings, average branching angle, and

12



242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

average link length were analyzed. Root tip density (RTI) (Liu et al., 2010) and root

branching density (RFI) (Li et al. 2020) were calculated as follows:

RT
RF

where RTI isroot tip density, i.e., the number of root tips per unit root length (cm),
reflecting the distribution intensity of root tips along the root axis; RFI is root
branching density, i.e., the number of branches per unit root length(cm™), reflecting
branching intensity; RT is the number of root tips; LEN is total root length (cm); and

RF is the number of root branches.
Analysis and calculation of root topological index

Root images were analyzed using WinRHIZO (Pro.2020a) software to obtain the
number of external links (Magnitude, u) and the number of links in the longest path of
the root system (Altitude, «). The topological index (T1) was calculated according to

the classical root topology model proposed by Fitter (1986):

_lga

TI =
lgu

(7)

where a TI value approaching 1 indicates that @ and p are approximately equal,
meaning fewer root branches and a root system closer to a herringbone branching
pattern. By contrast, a T value approaching 0.5 indicates a greater number of external
links (Beidler et al. 2015), a more complex branching structure with more higher-order

branches (Lynch 1995; Lynch et al. 2023), and a root system closer to a dichotomous

branching pattern (Fig. 3).

13
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Fig.3. Schematic diagram of root system architecture sampling. a: Sampling of fractal characteristic parameters of
root systems, b: schematic diagram of two root system topologies: dichotomous branching (left, TI = 0.5) and

herringbone branching (right, TI = 1.0)

Determination of soil physicochemical properties and phosphorus fractions

Soil samples were collected at the jointing, tasseling, and grain-filling stages from the
0-10, 10-20, 20-30, and 30-40 cm soil layers, with three replicates for each treatment.
After removing plant residues, stones, and other impurities, soil samples were returned
to the laboratory in transparent plastic bags, air-dried under well-ventilated conditions,
and ground to pass an 80-mesh sieve. Soil available P was determined by the 0.5
mol-L™' NaHCO; extraction-molybdenum blue colorimetric method using a
continuous-flow analyzer (AA3), and total P was determined by H>SO4-HCIO4
digestion followed by the molybdenum blue method.

Soil P fractions were determined using the sequential fractionation method
originally proposed by Hedley et al. (1982) and later modified by (Moir and Tiessen).

Briefly, 0.5 g of soil passed through a 1-mm sieve was sequentially extracted with 30

14
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mL deionized water (H20), 30 mL 0.5 M NaHCO3; (pH 8.5), 30 mL 0.1 M NaOH, 30
mL 1 M dilute HCI, and 10 mL 12 M concentrated HCI (conc. HCI). Residual P was
determined after digesting the remaining soil with H>SO4-H>O» at 360°C. After each
extractant was added, samples were shaken for 16 h at 25°C and 180 oscillations min™".
The suspensions were then centrifuged at 8000 rpm for 4°C and filtered through a 0.45
um cellulose membrane. For inorganic P (P1) determination, the filtrate was mixed with
0.9 M H2SOa.. For total P (Pt), ammonium persulfate and 0.9 M H>SO4 were added to
each 2.5 mL aliquot of filtrate, and the mixture was autoclaved after being covered with
aluminum foil. The pH of the final Pi and Pt extracts was adjusted using 2,4-
dinitrophenol as an indicator. Phosphorus concentration was then determined
colorimetrically by the molybdate blue method at 880 nm wusing a UV
spectrophotometer (Murphy and Riley, 1962). Organic P (Po) was calculated as the

difference between Pt and Pi.

Statistical analyses

Analysis of variance and significance testing were conducted using SPSS 16.0 at the
0.05 probability level, and mean comparisons were performed using the least significant
difference (LSD) test. Yearxcultivarxtreatment interactions were tested using three-way
ANOVA. All statistical analyses and visualizations were conducted in Python 3.12.2,
primarily utilizing pandas 2.2.2, numpy 1.26.4, scipy 1.13.1, scikit-learn 1.5.1,
statsmodels 0.14.2, matplotlib 3.9.2, and seaborn 0.13.2. Correlation heatmaps were
generated using Spearman’s rank correlation (two-tailed test); Mantel correlation was

based on Euclidean distance matrices, with Mantel r calculated as the Pearson

15
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correlation between distance matrices, and significance assessed via permutation
testing. Effect model plots employed Pearson correlation coefficients (r), with 95%
confidence intervals derived from Fisher’s z transformation. Partial least squares path
modeling (PLS-PM) was performed using a two-stage PLS-SEM framework: first,
candidate indicators were selected based on Spearman correlations; second, latent
variable scores were extracted using PLSRegression; finally, standardized OLS
regression (via stats models) was used to estimate structural path coefficients (p) and
their significance (P < 0.05). Model fit was evaluated using the following metrics:
Standardized Root Mean Square Residual (SRMR) = 0.068 (< 0.08, acceptable),
Goodness of Fit (GoF) =0.72 (> 0.36, large effect size), and R? values for endogenous

variables ranging from 0.68 to 0.79.

Results

Effects of integrated phosphorus management strategy of P fertilizer on yield

components and phosphorus use efficiency of drip-irrigated maize

Optimized P management strategies significantly affected maize yield and phosphorus
use efficiency (P <0.05), with significant yearxtreatment interactions detected for yield
and PUE (Table 2). In terms of yield components, compared with P1, P2 significantly
reduced the panicle numbers and grain number per ear by 4.1%-9.1% and 13.9%-18.4%,
respectively, resulting in a significant yield reduction of 7.6%-21.5%. P3 alleviated the
nutrient deficit caused by reduced P input, and grain yield did not differ significantly

from that under P1. In contrast, P4 fully restored effective ear number and grain number

16
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331

per ear, maintaining yield stability with no significant different from P1 (-6.0% to

+11.7%). Between cultivars, DH550 had significantly more grain number per ear than

XY335, whereas 100-grain weight did not differ significantly; consequently, grain yield

was not significantly different between the two cultivars.

Regarding phosphorus use efficiency, compared with P1, P2 significantly

decreased phosphorus use efficiency (PUE) by 28.1%-62.9%. P3 increased PUE by

3.2%-10.7%, whereas P4 increased PUE by 15.6%-27.1% relative to P1 and enhanced

PFP by 20.4%-40.7%. At the cultivar level, DH550 exhibited significantly higher PUE

than XY335 under both P1 and P4, with increases of 19.5%-35.3%, indicating a greater

potential for resource use and ecological adaptation.

Table 2 Effects of integrated phosphorus management strategy on yield components and phosphorus use

efficiency of drip-irrigated maize

Panicle
Grain 100-grain
numbers ) Yield PFP
Year  Treatment . number per weight PUE (%)
(x10 (tshm2) (kgekg™)
ear (g)
hm2)
XY-PO 9.0+0.2b 385.6+46.3c  34.44+0.7a  11.7+0.1c - -
XY-P1 11.0£0.6a  491.8£74.0ab  36.3£0.7a  16.7+0.3a 38.9+4.8b 110.4+1.7b
XY-P2 10.0£0.4ab  431.1£28.6b  36.8t1.0a  13.2+0.6b 26.2+4.2¢ 108.5+4.7b
XY-P3 10.7£0.3a  494.2+469.3ab  35.1+l.1a 15.1+0.0ab 41.0+13.6ab  125.9+0.1ab
2004 XY-P4 10.9+0.1a 516.7484.8a  33.3+0.3a  15.7+0.3ab 46.8x1.7a 129.6+2.4a
DH-PO 10.0+0.1b 441.6+£50.8d  34.7+0.4a  10.7+0.2c -
DH-P1 10.5+0.2a 509.1+66.2a  33.8+0.3a  17.6+0.5a 44.844.2a 116.5+2.9¢
DH-P2 9.9+0.2b 475.8449.7¢  34.8+0.3a  15.5+0.5bc 27.249.1¢ 145.6+3.6a
DH-P3 10.0£0.1ab  491.3+65.1b  31.6+0.4a 16.0+0.4ab  40.6+£10.2b 131.9+3.4b
DH-P4 11.2+0.3a 502.7+68.5a  33.0+0.9a 16.7+0.5ab 49.843.7a 13243 .4ab
XY-PO 9.7+0.1b 447.0£209d  36.8+3.0a  14.5+0.1b - -
XY-P1 10.3+0.4a 619.8442.2a  38.7+4.5a 19.1£0.7a 28.0+£9.7b 127.5+4.6b
XY-P2 9.8+0.3b 543.6+43.4bc  37.4+2.1a 15.0+0.2ab 21.745.1¢ 125.0+£2.0b
2025 XY-P3 10.2+0.4ab  534.4+57.2c¢  38.9+2.0a 16.5+0.7ab 31.0+4.7a 137.4+6.2ab
XY-P4 10.1£0.3ab  604.0+41.8ab  39.1+2.3a  18.4+£l1.1a 32.7£9.3a 153.3+9.3a
DH-PO 9.7+0.7b 398.6+44.2d  37.0+3.3a  12.7+0.4c - -
DH-P1 10.3+0.2a 647.0+37.6a 34.5+1.8a 17.1+1.8b 32.6+4.3a 113.9+11.7b
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347

DH-P2 9.9+0.2b  527.8+39.5bc  33.6+1.0a  15.8+1.1b 25.7+4.1b 131.9+8.8bc
DH-P3 10.3£0.3ab  507.8+33.3¢c  33.5+2.2a  16.7+0.8b 31.1+6.8a 139.3+6.3ab

DH-P4 11.1£0.6a  577.6+28.0b  34.6+1.9a 19.1+1.2a 37.2+4.0a 159.5+10.0a
ANOVA
Cultivar (C) * oAk NS NS * NS
Treatment(T) Hk Hkk NS NS ok HkE
CXT kK NS * sk kk skskok

Note: XY: XY335, DH: DH550. PO; P1: conventional P application (CK); P2: 20% P reduction; P3: 20% P
reduction +y-PGA; and P4: 20% P reduction + banded deep placement + y-PGA. Different letters indicate
significant differences among treatments at the 5% level. NS, *, ** *** jndicate non-significant or significant at

0.05, 0.01 or 0.001 level, respectively. The same as below.

Effects of integrated phosphorus management strategy of P fertilizer on phosphorus

accumulation and translocation in drip-irrigated maize

Optimized P management significantly regulated P accumulation and partitioning in
drip-irrigated maize (P <0.05) (Fig. 4). At tasseling, compared with P1, P accumulation
under P2 and P3 decreased significantly by 23.1%-34.7% and 14.5%-24.3%,
respectively, whereas no significant difference was observed under P4. At maturity,
post-anthesis P accumulation under P2 decreased significantly by 30.5%-60.3% relative
to P1, and total P accumulation declined by 18.5%-32.0%. Under P3, total P
accumulation at maturity was still 8.5%-12.4% lower than under P1. By contrast, P4
increased P accumulation at tasseling and maturity by 5.2%-8.4% and 6.3%-11.5%,
respectively. In terms of P translocation and contribution ratios, compared with P1, P4
did not significantly affect pre-anthesis P translocation, but significantly increased post-
anthesis P accumulation by 15.8%-26.4% and increased the contribution of post-
anthesis P to grain by approximately 8.5%-15.2%, thereby reducing dependence on pre-
anthesis translocation. At the cultivar level, XY335 exhibited higher P accumulation at

tasseling and maturity, as well as greater post-anthesis P accumulation, than DH550,
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whereas the pre-anthesis contribution to grain P was lower. Nevertheless, both cultivars
responded similarly to the fertilizer treatments, and both achieved the highest post-

anthesis P capture and total P accumulation under P4.

= XY335 == DH550

po[ 2028 ot 2005 | [ 2008 o 2005 | [ 2024 pp—too 2025
Pl{ af T gab 1 abETTTTTTTT A 1 af b
P24 be # be - bef i be - b T3¢
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PO Cff b 1 di b 1 afmHa
P14 ab§ #ab { af ha : Al Ha
P24 befmR b 1 cd-EmTTR b 1 2L I I—
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Fig.4. The effect of integrated phosphorus management strategy on the accumulation and transport of phosphorus
in drip irrigation maize. PO; P1: conventional P application (CK); P2: 20% P reduction; P3: 20% P reduction +y-
PGA; and P4: 20% P reduction + banded deep placement + y-PGA. Different letters on the columns indicate

significant differences among various phosphorus fertilizer treatments at the 5% level.

Effects of integrated phosphorus management strategy of P fertilizer on root

morphological and architectural traits of drip-irrigated maize

For morphological traits (Fig. Sa-k), compared with P1, P2 significantly reduced root
length and root surface area by 34.5%-46.7% and 35.6%-43.2%, respectively, and

significantly reduced root tip number, branch number, and crossing number by 19.0%-
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361  45.8%, 16.6%-47.0%, and 20.8%-42.3%, respectively. Under P3, root diameter and
362 root volume did not differ significantly from P1, but root tip number and branch number
363  were still 12.0%-14.0% and 8.0%-13.0% lower than under P1. In contrast, P4
364  significantly increased root length and root volume by 12.3%-28.9% and 5.4%-12.3%,
365  respectively, while average diameter and root surface area did not differ significantly.
366  Moreover, P4 crossing number increasing by 4.8%-20.5%. Root branching angles under
367 PO and P1 were relatively wide (55°-57°), whereas those under P4 decreased to 48°-
368  49°. Meanwhile, branch density (Fig. 5d) under P2 declined significantly by 6.8%-10.5%
369  compared with P1, whereas P4 increased branch density by 3.5%-8.2%, leading to the
370  formation of a highly compact root framework. DH550 showed significantly greater
371  root morphological traits than XY335, with root length increasing by 16.8%-41.6%
372 across fertilizer treatments.

373 For root architectural traits (Fig. 5i-0), Compared with P1, P4 increased fractal
374  dimension (FD) and fractal abundance (FA) by 2.4%-5.5% and 1.5%-3.2%, respectively.
375  The topological index (TI) declined by 10.5%-12.5% to 0.50-0.58, and average link
376  length decreased by 25.6%-31.6%, indicating that the root system shifted toward a
377  compact dichotomous branching topology. By contrast, TI and average link length
378  under P2 and P3 did not differ significantly from those under P1. At the cultivar level,
379  XY335 exhibited stronger topological plasticity in response to nutrient conditions;
380 across all P treatments, its TI and average link length remained consistently lower than
381  those of DH550, indicating a greater tendency to develop a denser and more complex

382  root network.
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Fig.5. The effect of integrated phosphorus management strategy on the root morphological and architectural traits.
PO; P1: conventional P application (CK); P2: 20% P reduction; P3: 20% P reduction +y-PGA; and P4: 20% P
reduction + banded deep placement + y-PGA. a-h, j-k: Root morphology indices; i: Binary root images; 1-o: Root

architecture indices. Different letters indicate significant differences at P < 0. 05.

Effects of integrated phosphorus management strategy of P fertilizer on the

spatiotemporal distribution of root length density in drip-irrigated maize

Root length density (RLD) of different diameter classes showed a unimodal pattern
over the growing season, peaking at tasseling (VT). Very fine roots (< 0.5 mm)

constituted the major fraction of total RLD, accounting for 56.1%-62.3% (Fig. 6a),
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followed by roots of 0.5-1 mm, whereas coarse roots (> 1 mm) contributed the least.
Compared with P1, P2 significantly reduced RLD at VT by 22.5%-34.2%, and P3
reduced it by 12.8%-18.5%. In contrast, P4 increased total RLD by 15.6%-28.4% and
greatly promoted the proliferation of very fine roots. At the cultivar level, under P
application treatments, RLD in DH550 was 15.0%-30.7% higher than that in XY335,
with a stronger response particularly in the expansion of very fine roots.

RLD decreased progressively with soil depth (Fig. 6b). In the main root zone (-10,
10 cm), compared with P1, RLD under P2 and P3 decreased by 32.1%-79.5% and 7.3%-
46.3%, respectively, whereas no significant difference was observed under P4. In the
lateral root zones (-20, -10 cm and 10, 20 cm), P2 reduced RLD by 50.5%-82.1% and
31.4%-68.3%, respectively, whereas P4 significantly increased RLD and promoted root
expansion toward the (10, 20 cm) zone, with increases of 19.1%-44.5% relative to P1.
Fertilization strategy had contrasting effects on shallow (0-20) cm and deep (20-40) cm
root distribution. In the 0-20 cm layer, RLD under P2 and P3 was 48.6%-61.2% and
25.2%-51.2% lower than under P1, respectively, whereas P4 showed no significant
difference. In the 20-40 cm layer, both P2 and P3 reduced RLD, whereas P4 increased

RLD by 4.4%-38.8% relative to P1.
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415  Effects of integrated phosphorus management strategy of P fertilizer on soil phosphorus
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fractions and phosphorus distribution

Total soil P and available P both declined with increasing soil depth and as the growing
season progressed (Fig. 7a-f). Compared with P1, P2 reduced total P and available P
throughout the entire growth period. At tasseling, total P and available P in the 0-10 cm
layer under P2 were 22.7% and 43.8% lower, respectively, than under P1, whereas P3
showed a significant reduction of 12.5%. Under P4, total P at all growth stages did not
differ significantly from that under P1. Available P in the 0-10 cm layer under P4 was
7.8%-9.6% lower than under P1, although the difference was not significant, whereas
in the 30-40 cm layer it increased significantly by 31.2%-38.5%, reaching 24.29-26.0

mg-kgl.

Soil phosphorus fraction concentrations gradually decreased with increasing soil
depth. Compared to P1, active phosphorus fractions (NaHCO3-Po and NaOH-Pi) and
inactive phosphorus (d. HCI-P, c. HCI-Pi) significantly decreased in P2; in P3, active
phosphorus fractions significantly decreased (NaHCO3-Po decreased by 32.4% in the
20-30 cm layer, NaOH-Pi decreased by 13.8-20.8% in the 10-30 cm layer), while
inactive phosphorus showed significant reductions—d. HCI-P decreased by 9.4-13.7%
in the 10-40 cm layer and c¢. HCI-Po decreased by 25.5-28.8% in the 10-30 cm layer. In
P4, NaHCO3-Po increased by 40.9% and 73.9% in the 0-10 cm and 20-30 cm layers,
respectively; Resin-P increased by 34.9% in the 30-40 cm layer; however, inactive
phosphorus fractions significantly declined (d. HCI-P decreased by 6.4-19.8% across

all layers, c. HCI-Pi dropped by 24.2% in the 0-10 cm layer, and c. HCI-Po reduced by
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25.7-33.2% in the 10-30 cm layer). In the 30-40 cm soil layer, Resin-P and NaOH-Pi

increased by 34.9% and 6.7%, respectively; d. HCI-P, ¢. HCI-Pi, and Residual-P

significantly declined by 13.5%, 26.2%, and 12.2%, respectively.

Soil depth (¢cm)

Non-labile P

Fig.7. The effect of integrated phosphorus management strategy on soil phosphorus fractions and vertical distribution.

PO; P1: conventional P application (CK); P2: 20% P reduction; P3: 20% P reduction +y-PGA; and P4: 20% P

reduction + banded deep placement + y-PGA. (a-c) Total P content at jointing stage, Tasseling stage and grain filling

stage. (d-f) Available phosphorus content at different growth stage. (g-j): Labile P content at 0-40 cm during the
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Effects of integrated phosphorus management strategy of P fertilizer on apparent

phosphorus balance and surplus rate

In terms of P output (Table 3), optimized P management significantly affected maize P
uptake. Compared with P1, P uptake under P2 and P3 decreased significantly by 22.6%-
44.6% and 3.0%-14.7%, respectively, whereas no significant difference was observed
under P4 (ranging from -5.0% to +1.9%). With respect to apparent P balance and surplus
rate, PO showed clear P deficiency, with apparent balance values ranging from -71.1 to
-42.2 kg-hm™. Compared with P1, reduced P uptake under P2 led to a surplus rate
exceeding 38%. By contrast, P4 reduced environmental redundancy, with apparent P
balance declining by 51.3%-64.8% relative to P1 and the P surplus rate maintained
within 12.5%-21.0%. At the cultivar level, DH550 exhibited lower apparent P balance
than XY335, and its surplus rate was 11.0%-18.6% lower, indicating stronger nutrient

conversion efficiency and a lower potential risk of non-point source pollution.

Table 3 Effects of integrated phosphorus management strategy of P fertilizer on apparent phosphorus balance and

surplus rate

XY335 DHS550
Year  Treatment Output F apparent Surplus rate Output P apparent Surplus rate
(kg hm?) balance %) (kg hm?) balance %)
(kghm?) (kghm?)
PO 42.240.77¢  -42.2+0.77d - 47.6+2.14d -47.6£2.14d -
P1 100.5+6.57a  49.5+£6.57b  49.9+£10.25¢  115.9+4.42a 34.1+4.42¢ 29.6+£5.01c¢
2024 P2 61.6+4.51d 67.4+4.51a 85.8+6.52a 64.2+14.93¢c  55.8£14.93a  96.1+40.06a
P3 92.6+£17.62b  27.4+17.62b  35.2429.7¢ 102.3£15.5b  24.3+10.85b 20.3+20.3¢
P4 102.4£6.51a 21+3.01¢ 21.0£3.92d  110.1£8.58ab  16.6+4.14c 18.742.67d
PO 71.1£10.5d  -71.1+10.5d - 65.6+£3.2d -65.6+£3.2d -
P1 113.1+4.6a 36.9+1.3a 32.88+5.89a 110.4+8.1b 39.6+8.1a 36.59+5.5ab
2025 P2 87.5+9.8d 32.549.8a  38.92+0.02a  84.4+5.1cd 35.6+5.1a 42.12+6.55a
P3 109.7+3.8¢c 10.3+3.8b 29.52+3.29¢ 94.2+15.4¢ 25.8+1.6b 30.63+17.23b
P4 110.3+0.9b 13.0+£3.8¢ 15.42+1.9¢ 110.2+6.3a 14.4+1.2¢ 12.55+1.31c¢

ANOVA
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Cultivar (C) NS * * NS * *
Treatment(T) ok ok *ok ok *% *%

CxT NS *E * NS woE *

Mechanistic analysis of root-soil spatial coupling driving the coordinated improvement
of yield and phosphorus use efficiency
Mantel correlation analysis (Fig. 8) showed that NaOH-Pi, fractal dimension (FD),
Resin-P, and P accumulation at maturity were significantly and positively correlated
with grain yield, whereas d. HCI-P was significantly negatively correlated with yield.
Phosphorus use efficiency (PUE) was significantly positively correlated with FD, P
accumulation at maturity, post-anthesis P accumulation, and NaOH-Po, but negatively
correlated with RLD of roots > 1.0 mm in diameter. Apparent phosphorus balance (APB)
was significantly positively correlated with fractal abundance (FA), ¢c. HCI-Pi, NaOH-
Pi, and P accumulation at maturity.
Line color Mantel's r Mantel's P
— Yield  —[1<0.10 —p<001 = 120
—PUE  —0.10<K<025 —001<p<005 =~ <0 _RLD
—APB  _025<|1<040 p20.05 _FD
— [ >0.40 -FA
LTI
Resin-P _RL
NaHCO -Pi -RSA
3 -RV
NaHCO,-Po <0.5mm RLD
NaOH-Pi 0.5-1.0 RLD
>1.0 RLD
NaOH-Po
d.HCI-P
c.HCI-Pi
¢.HCI-Po -PA-Tasseling
Residual-P 4 ex .PA»Maturc
AP -P-Trans
™ .PA-Posl
Pre-Con%
-1.0 -05 00 05 1.0 Post-Con%
Spearman's r
Fig.8. Mantel test evaluates the correlation between soil environmental factors, root system characteristics, plant
phosphorus accumulation transport and yield and phosphorus utilization. SOM: Soil Organic Matter, AP: Available
Phosphorus, TP: Total Phosphorus, FD: Fractal Dimension, FA: Fractal Abundance, TI: Topological Index, RSA:
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Root Surface Area, RV: Root Volume, PA-Tasseling: Tasseling P accumulation, PA-Mature: Maturity P accumulation,
P-Trans: Pre-anthesis P translocation, PA-Post: Post-anthesis P accumulation, Pre-Con%: Pre-anthesis P contribution,

Post-Con%: Post-anthesis P contribution.

The relative effects model further indicated that soil indicators contributed 31.5%
to ear number (Fig.9), among which Resin-P, NaHCO;3-Pi, and NaHCO;3-Po were
significantly positively correlated with ear number, while root architectural traits
accounted for 25.6%, with FD and FA showing highly significant positive relationships
with ear number (p < 0.001). Contributions of P accumulation (28.9%) and soil
indicators (27.6%) to grain number per ear were comparable, and both FD and TI were
significantly positively correlated with grain number per ear. For grain yield, soil
indicators (29.0%) and P accumulation (30.8%) contributed similarly, and Resin-P,
NaHCOs-Pi, NaHCOs3-Po, as well as P accumulation at maturity (PA-Mature) and pre-
anthesis P translocation (P-Trans), were all highly significantly and positively
correlated with yield (p < 0.001). PUE was jointly dominated by aboveground P
accumulation (32.8%) and soil P indicators (27.3%), while root geometric and
architectural traits also showed significant relationships. Soil indicators contributed the
most to partial factor productivity of phosphorus (PFP, 31.9%), and T1 was negatively

correlated with PFP.
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Fig.9. Linear mixed effect model of based on root traits with yield and phosphorus use efficiency. All points represent
the variation in effect sizes of different root system indices within the 95% confidence interval; the intersection of
error bars with the zero line indicates no significant difference in root system indices with respect to environmental
factors. Asterisks (*) indicate the level of significance: * p < 0.05, ** p < 0.01, *** p < 0.001.

The partial least squares path model (PLS-PM, Fig. 10) further revealed that
NaOH-Po and NaOH-Pi exerted significant positive effects on FD ( = 0.78 and 0.59,
respectively); NaOH-Po showed a positive effect on root volume (RV; B = 0.32); and
both NaOH-Po and NaHCOs-Pi exerted significant positive effects on FA (f=0.71 and
0.67). FD significantly increased both P accumulation at maturity ( = 0.78) and post-
anthesis P accumulation (B = 0.59). Grain yield was well explained by the model (R? =
0.79), with significant positive effects originating from FD ( = 0.77) and NaOH-Pi (B
= 0.76). The explanatory power for PUE was also high (R? = 0.68), with significant

pathways including a negative effect of FA (B = -0.61) and positive effects of P
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505  accumulation at maturity and NaOH-Pi (B = 0.49 and 0.68, respectively). Overall, FD
506 and NaOH-Pi emerged as key determinants of grain yield, whereas NaOH-Pi and P

507  accumulation at maturity were the major factors regulating phosphorus use efficiency.
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509 Fig.10. Partial least squares path model (PLS-PM) demonstrates the causal pathways from soil P fractions, root

510 architectural traits, P accumulation, yield, and PUE. a: Structural equation modeling assessing the effects of root-

511 soil interactions on yield and phosphorus fertilizer use efficiency; b: Proportion of variance explained (R?) by each

512 latent variable in phosphorus use efficiency; c: Proportion of variance explained (R?) by each latent variable in yield;

513 d: Schematic diagram illustrating fertilizer management strategies aimed at improving root traits and active
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phosphorus fractions to enhance nutrient accumulation in maize. The red line indicates a positive effect, and the blue
line indicates a negative effect; solid lines represent p < 0.05, and dashed lines represent p > 0.05; Numbers adjacent
to arrows represent standardized path coefficients (). Model fit: SRMR = 0.068, GoF = 0.72, R?(Yield) = 0.79,

RX(PUE) = 0.68.

Discussion

Integrated phosphorus management strategy enhances Post-anthesis P uptake and

maintains yield and PUE under reduced p input

Phosphorus (P) accumulation in maize grains depends largely on the translocation of P
stored pre-anthesis, and the export of P from vegetative organs to the grains serves as a
crucial source for maintaining grain filling. In this study, compared with conventional
P application (P1), a 20% reduction in P application (P2) decreased P accumulation at
the tasseling and maturity stages, as well as post-anthesis. The pre-anthesis P
translocation amount and its contribution to the grains failed to effectively compensate
for the deficiency in post-anthesis P uptake (Fig. 4), resulting in a decline in yield and
phosphorus use efficiency (PUE). When the reduced P application was combined with
v-PGA (P3), the yield showed no significant difference from that of P1, and the partial
factor productivity of applied P was improved. However, relying solely on biochemical
regulation is constrained by the interception space of the surface soil. Under the
alternating wet and dry conditions typical of drip irrigation, the activated P in the topsoil
is highly susceptible to re-fixation, making it difficult to meet the nutrient demands

during the mid-to-late growth stages. Previous studies have indicated that when the
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root-zone nutrient supply is sufficient during the later growth stages, the contribution
of post-anthesis P uptake to grain formation is significantly enhanced (Wang et al.
2020b; Yang et al. 2025). Consistent with these findings, P4 improved P accumulation
during the post-anthesis and maturity stages, increasing the contribution rate of post-
anthesis P to the grains by 8.5%-15.2% compared to P1, and significantly increasing
PUE by 15.6%-27.1%.

Compared to other phosphorus reduction technologies reported in recent literature,
the comprehensive phosphorus management strategy proposed in this study
demonstrates significant advantages. Biochar application typically increases PUE by
8%-15% (Zhang et al., 2025), optimized fertigation can enhance it by 10%-20% (Bian
et al. 2024), and straw return combined with optimized phosphorus fertilization can
improve it by 14.0%-18.4%(Yang et al. 2017). In contrast, the P4 treatment-maintained
yield stability while reducing phosphorus application by 20%, achieving a PUE
increase of 15.6%-27.1%. Furthermore, the apparent phosphorus balance was reduced

by 51.3%-64.8%(Gong et al. 2025b).

Integrated phosphorus management optimizes root architecture and improves P

acquisition under reduced P input

Root systems exhibit strong plasticity in response to heterogeneous nutrient
environments, and their spatial distribution and architectural characteristics are crucial
in determining P acquisition efficiency (Miguel et al. 2015; Lynch et al. 2023; Tang et

al. 2023). A key finding of this study is that under reduced P conditions, the root
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response is not merely manifested in changes to root length or root mass but is further
reflected in the optimization of spatial root architecture. Compared with P1, the P2
treatment decreased root length, root surface area, number of root tips, number of
branches, and number of crossings by 34.5%-46.7%, 35.6%-43.2%, 19.0%-45.8%,
16.6%-47.0%, and 20.8%-42.3%, respectively (Fig. 5), which significantly weakened
the exploration capacity of maize roots for soil resources. There was no significant
difference in root diameter and root volume between P3 and P1; however, the number
of root tips and branches in P3 remained lower than those in P1, and the topological
index (TI) and average link length did not show significant improvement. This indicates
that y-PGA regulation primarily alleviated the decline in quantitative root traits but was
insufficient to reshape the spatial root architecture. P4 not only increased root length,
root volume, and the number of crossings, but also enhanced the fractal dimension and
fractal abundance. It reduced the TI to 0.50-0.58 and shortened the average link length
by 25.6%-31.6%, facilitating the transformation of the root system into a compact
dichotomous branching structure. This is likely because the synergistic effect of deep
placement and y-PGA improved the P supply environment in the root zone, enabling
the root system to form a high-density branching network and a larger root-soil contact
interface with limited carbon investment (Fitter et al., 1991; Lynch, 1995; Sun et al.,
2022), thereby enhancing the spatial capture capacity for low-mobility P
resources(Fitter et al. 1991; Lynch 1995; Sun et al. 2022), thereby enhancing the spatial
capture capacity for low-mobility P resources. Most previous studies have considered

root morphological changes as a result of improved soil nutrient conditions (He et al.
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2024; Zhou et al. 2026). In this study, the contributions of root architecture to yield and
PUE reached 21.7% and 20.4%, respectively (Fig. 9), indicating that highly efficient P
acquisition in maize does not simply rely on an increase in root quantity, but rather on
the optimization of spatial root configuration, branching structure, and the absorption
interface.

Root functions vary across different diameter classes; very fine roots (<0.5 mm)
serve as the primary functional roots for P acquisition due to their large specific surface
area and high metabolic activity (Postma et al. 2014; Guo and York 2019; Lugli et al.
2020).In the present study, the P4 treatment increased the proportion of very fine roots
and the root length density (RLD) in the 30-40 cm soil layer (Fig. 6). This may be
attributed to the placement of P fertilizer 5 cm away from the seed row and at a depth
of 10 cm, which is closer to the root expansion zone of the seedlings. Such placement
enhances early root-fertilizer contact efficiency and creates localized nutrient
heterogeneity, thereby influencing the subsequent spatial distribution of the roots(Ma
et al. 2021; Zhou et al. 2025); Previous studies have shown that deep placement at 15
cm increases root dry weight and root length in the 20-60 cm soil layer by an average
of 23.2%, while combining deep placement with fertigation via drip irrigation
significantly promotes root growth in the 10-40 cm layer and enhances root activity
within the 0-60 cm profile (Chen et al. 2024b; He et al. 2024). The co-application of y-
PGA, which is rich in carboxyl functional groups, likely interacts with Ca** to mitigate
P fixation and facilitate the transformation of less available P into more labile forms,

thereby prolonging the duration of effective P supply in the root zone (Liang and Shi
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2021; Zhu et al. 2026; Liu et al. 2026). Mantel tests revealed that Resin-P, NaHCO3-P4i,
and NaOH-Po were all significantly correlated with crop yield and PUE (Fig. 8),
indicating that efficient P acquisition and yield formation primarily depend on the
enhancement of labile P pools and the optimization of root architecture.

Furthermore, genetic background is a crucial factor determining differences in root
morphology and spatial configuration. Genotypic variations dictate the exploration
strategies of roots for soil resources and their level of plasticity, exhibiting distinct
nutrient acquisition strategies and environmental adaptability (Postma et al. 2014;
Schneider et al. 2020). In this study, the RLD and PUE of the DH550 genotype were
15.0%-30.7% and 19.5%-35.3% higher than those of XY335, respectively.
Concurrently, its P surplus rate decreased, and its TI and average link length were
reduced, indicating that DH550 achieves high P utilization efficiency through superior

resource acquisition capacity and conversion efficiency.

Integrated phosphorus management strategies promote synergistic root-soil P supply by

regulating active P distribution

P availability depends on the dynamic equilibrium among active P fractions and their
spatial matching with root distribution (Alam et al. 2018; Yang et al. 2021b; Hinsinger).
In calcareous soils, phosphate readily binds with Ca®" to form poorly soluble calcium-
phosphate compounds, leading to the rapid transformation of applied P into stable forms.
In this study, compared to P1, P2 significantly decreased available phosphorus (AP)

and active P fractions such as Resin-P across the entire soil profile (Fig. 7). Although
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P3 maintained surface AP levels, it did not significantly improve NaOH-Pi/Po,
indicating a limited capacity to enhance the moderately active P pool and deep soil P
supply, which subsequently led to a decline in P uptake during the late growth stages
(Fig. 4). Given the extremely limited diffusion distance of P in calcareous soils (Lombi
et al. 2005), the distribution of active P fractions within the effective root absorption
zone is particularly critical for P acquisition in maize. P4 maintained total P levels in
the 0-10 cm soil layer comparable to those of P1, while increasing Resin-P and
NaHCO:s-Po in the 30-40 cm layer by 26.8% and 20.8%, respectively. This translated
into a superior root architecture and higher P use efficiency, demonstrating that the
integrated P management strategy optimized the spatial allocation of P fractions within
the root zone profile. These results reflect the holistic regulation of the comprehensive
P management strategy on the P supply environment in the root zone, the transformation
processes of active P, and the spatial distribution of roots. Partial least squares path
modeling (PLS-PM) further demonstrated that active P fractions induced the
optimization of the spatial root architecture, thereby promoting synergistic root-soil P
supply. This enhanced Post-anthesis P uptake, ultimately achieving stable yields and
improved efficiency at maturity (Fig. 10).

In summary, under reduced P conditions, integrated phosphorus management
strategies enhance PUE in maize primarily through two interconnected processes. First,
they optimize the P supply environment in the root zone by regulating the composition
of different active P pools, thereby ensuring a stable P supply during the reproductive

stage. Second, they promote the optimization of root system architecture and enhance
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Post-anthesis P uptake capacity, which consequently maintains P accumulation, yield,
and PUE at maturity. This study reveals the holistic regulatory effects of integrated
phosphorus optimization strategies on the root-soil system, rather than the independent
contributions of isolated measures. Future research urgently needs to incorporate
isotope tracing techniques (**P) to quantify the availability of different phosphorus
sources. Furthermore, utilizing metagenomics and rhizosphere metabolomics,
subsequent studies should deeply elucidate the underlying biological mechanisms of

efficient phosphorus utilization from a plant-soil-microbe perspective.

Conclusion

This study demonstrates that merely reducing phosphorus (P) input in calcareous
soils is insufficient to maintain P uptake and yield formation in maize. In contrast, an
integrated management strategy combining deep placement with y-PGA maintained
grain yield and enhanced PUE despite a 20% reduction in P application. The superior
performance of this integrated strategy can be attributed to two synergistic response
mechanisms. First, by regulating the composition and spatial distribution of the active
P pool, it optimized the P supply environment within the root zone, thereby sustaining
high P availability during the reproductive growth stage. Second, the strategy facilitated
the optimization of root system architecture, which enhanced soil exploration capacity
and sustained continuous P uptake after anthesis. These synergistic changes
strengthened the spatiotemporal coordination between soil P supply and plant P uptake,

providing a robust explanation for the improved PUE under reduced P input conditions.
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In conclusion, achieving efficient P management in calcareous soils relies not only on
increasing the available P content in the soil but also on enhancing the coordination
between soil P dynamics and root foraging strategies. These findings provide both a
technical reference and a mechanistic basis for management practices aimed at reducing

P input and increasing efficiency in drip-irrigated maize in calcareous soils.
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