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Abstract


Root systems are pivotal for nutrient absorption, exhibiting high plasticity in phosphorus (P) acquisition, and significantly influencing soil phosphorus availability. However, the impacts of different P application methods on root parameters and P utilization efficiency in cotton (Gossypium hirsutum L.) under Xinjiang conditions are still not well understood. To identify optimal P fertilization strategies, a consecutive two-year field experiment (2023–2024) under mulched drip irrigation was conducted. Three P application methods were tested: no P (CK), basal P application (PB), and drip P application (PD). Results revealed that P application methods significantly affected cotton dry matter, P use efficiency, root morphology, and yield (p < 0.05). Over the two years, the optimized treatment (25% P applied at bud stage and 25% at flowering-boll stage, PD) increased yield by 13.62% and 9.50% compared to full basal application (PB), with P use efficiency improved by 22.04–31.51% and agronomic efficiency improved by 6.56–9.75 kg kg−1. PB significantly increased soil-available P in 0–20 cm (34.17–70.09%) and 20–40 cm layers (30.37–70.32%) compared to CK. During the bud stage, PD treatment exhibited higher soil-available P in the 20–40 cm layer than PB. PD enhanced P uptake and dry matter accumulation, with increases of 22.43–36.33% and 7.90–15.55% in reproductive organ P accumulation compared to other treatments. Root parameters followed PD > PB > CK across all treatments. At the seedling stage, PB increased total root length by 19.79% compared to CK, while PD increased root volume by 46.15% compared to PB. During the bud stage, PB increased root volume by 53.33% compared to CK, and PD enhanced root surface area and volume by 39.25% and 47.82% compared to PB. Root volume showed a significant positive correlation with phosphorus absorption across growth stages. The PD treatment significantly enhanced soil P availability and P use efficiency and optimized root spatial distribution. This treatment consistently increased cotton yield by 30.41–39.09% (p < 0.05) compared to CK, demonstrating stable positive effects. This study highlights that adjusting P application methods can establish sustainable, high-yield agricultural fertilization systems.
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1. Introduction


Phosphorus (P) serves as a vital nutrient for crop growth and development [1]. Soil P deficiency not only restricts crop growth but also leads to reductions in yield and quality [2]. Although P fertilization can enhance soil-available P, excessive or irrational P inputs give rise to low P use efficiency (ranging from 10% to 25%) [3,4], rapid depletion of phosphate resources [5,6], and environmental risks caused by soil P surplus [7]. It is projected that the global annual consumption of P fertilizer will reach 22–27 Tg by 2050 [8]. Therefore, analyzing the long-term yield-enhancing effects of P application, optimizing fertilization techniques, and understanding the trends in P use efficiency are of great significance for alleviating the current high surplus of P in agricultural soils [9].



The application method of P fertilizer exerts a significant influence on crop P uptake and utilization efficiency [10]. Conventional P fertilizers are predominantly applied as basal dressing; their recovery efficiency remains suboptimal (10–15%) due to soil phosphorus fixation and runoff losses [11,12,13]. Fertigation technology integrates drip irrigation with fertilization by harnessing fertilization by the water-nutrient coupling effect [14,15]. This system enables the precision design of site-specific water-fertilizer formulas according to real-time soil conditions, crop nutrient demands, and growth-stage water requirements. By optimizing the spatiotemporal synchrony of water and fertilizer delivery, fertigation enhances rhizosphere nutrient availability, promoting yield increases and water/fertilizer use efficiency [16,17]. Previous studies have predominantly examined single phosphate fertilizer types and application rates [18,19,20,21], and recent systematic reviews have synthesized progress in drip irrigation-applied phosphate fertilizers across multiple cropping systems [22]. Specifically, few studies explore the mechanisms of water-P interaction in improving P availability and uptake efficiency.



The root system serves as the primary organ for crop P uptake, with its development directly influencing aboveground growth and yield formation [23]. Root architecture determines the spatial range and density distribution of roots. By regulating morphology and spatial distribution, roots enhance rhizosphere physiological processes to achieve efficient nutrient acquisition [24]. Crops enhance phosphorus (P) absorption primarily through morphological adaptations: increased root length, higher lateral root density, and greater total root length collectively expand the root-soil contact area, directly facilitating P uptake [25]. Specifically, studies demonstrate that wheat genotypes with longer total root length and finer root diameters (i.e., higher specific root length) develop larger root surface areas. This architectural optimization improves spatial congruence between roots and soil nutrients, thereby increasing the efficiency of available nutrient capture [26]. Therefore, investigating the root morphology of cotton under different P application methods and the associated changes in root and P responses under integrated water-phosphorus management holds significant theoretical importance.



Xinjiang, China’s dominant cotton-producing region, contributing over 90% of national output, produces approximately one-fourth (24–26%) of global cotton, making it the world’s largest production base [27]. As an advanced water-nutrient delivery system, under-mulch drip irrigation enhances crop productivity and fertilizer use efficiency compared to conventional irrigation, primarily through synchronized water-P delivery that minimizes leaching losses [28]. Existing research has thoroughly explored the impacts of this technology on crop growth, soil water-fertilizer regulation, yield quality, and production efficiency, with primary focuses on cotton, maize, jujube trees, and apple crops [29,30,31]. P represents the second most limiting factor for cotton yield improvement [32]. Current studies on phosphorus-efficient utilization in cotton predominantly center on fertilizer types [33], application rates [34], and placement strategies [35,36,37]. However, significant knowledge gaps exist between water-phosphorus coupling and root architecture modification that drive yield enhancement and phosphorus use efficiency [38,39]. Therefore, the objectives of this study were (1) to assess the effects of P fertilizer drip irrigation on cotton yield and P use efficiency; (2) to investigate the impacts of drip-irrigation P fertilizer on cotton root growth; and (3) to quantify how root system parameters influence cotton yield and P use efficiency under different P fertilizer application methods.




2. Materials and Methods


2.1. Overview of the Experimental Site


A field study was conducted in cotton fields located in Hutubi County (44°10′ E, 86°58′ N) in the northern part of Xinjiang (44°10′ E, 86°58′ N, 450–700 m), China, during the 2023 and 2024 growing seasons. The region features a typical continental climate, ranging from arid to semi-arid, with ≥10 °C accumulated growing degree-days (GDD) reaching 3600 °C·d and a frost-free period of approximately 180 days. The mean daily temperature is 5.7 °C, with an annual precipitation of 190 mm and an annual evaporation of 2200 mm. The experimental soil is classified as a loamy gray desert soil; the basic physical and chemical properties of the soil in the top 0–40 cm deep at the field site are presented in Table 1.




2.2. Experimental Design


The experiment comprised 3 treatments, each with 3 replicates, arranged in a randomized complete block design in the field, totaling 9 plots. (34.5 m2, 6.9 m × 5 m), The planting density is 195,000 plants per hectare, using “Jinken 1441” cotton seeds (produced by Xinjiang Zhijin Seed Industry Co. Ltd., Wensu, China). The P fertilizer rate was consistent across all treatments; a control treatment, CK (no phosphorus fertilizer application), and PB treatment were applied once as a banded basal dressing beneath the seeding rows before planting. PD treatment (50% as basal dressing and the remaining 25% + 25% applied through irrigation water at the bud stage and flowering-boll stage, respectively). All nitrogen fertilizer (N 46%) and potassium fertilizer (K2O 50%) were applied via fertigation. Application rates were 300 kg/ha for N, 75 kg/ha for P2O5, and 75 kg/ha for K2O. The same cultivar was used to ensure continuity in the 2024 growing season.



The planting system utilized a drip irrigation setup under mulch; each plot was covered with three sheets of plastic film mulch (2.05 m wide). Each sheet accommodated six cotton rows with three drip lines. Row spacing was 12 cm (between rows 1–2, 3–4, and 5–6) and 66 cm (between rows 2–3 and 4–5). Drip lines were placed in the 12 cm interrows. The field was established using a dry sowing with wet emergence technique, with initial irrigation commencing at seedling emergence (15 June). From the seedling stage through harvest, irrigation was applied at intervals of 7–8 days, totaling 11 irrigation cycles and a cumulative water application of 3500 m3/ha. For the PD treatment, a 25 L differential pressure fertilizer applicator was used for fertilization. Monoammonium phosphate was applied at two critical growth stages: the bud stage (10 July) and the flowering-boll stage (10 August). The tank was then filled with water and stirred until complete dissolution. Fertilization was performed by opening the fertilizer valve for 120 min, followed by a 180 min flush with clean water to ensure uniform nutrient distribution and prevent system clogging. All other field management practices, including pest control and weed management, were conducted according to conventional local farming protocols to maintain consistency across experimental conditions.




2.3. Sampling Methods and Measurements


2.3.1. Soil, Cotton Samples, and Phosphorus Content


Soil sampling was performed at three key growth stages of cotton in 2023 and 2024: seedling stage (mid-June), bud stage (mid-July), and flowering-boll stage (mid-August). During each sampling, soil cores were extracted from 0–20 cm to 20–40 cm layers with a soil drill, employing an S-shaped five-point composite sampling protocol to ensure spatial representativeness. In each experimental plot, five random sampling points were selected to form a composite sample, which was transported to the laboratory for analysis of soil phosphorus availability.



Approximately 1 kg of homogenized soil was placed in sealed bags, transported to the laboratory, and air-dried at room temperature. Prior to analysis, samples were pre-processed by removing stones, plant roots, and visible organic residues, then sequentially sieved through 1 mm and 0.125 mm mesh screens for subsequent determination of available phosphorus.



Cotton plant samples were collected at the same growth stages. Three representative plants with uniform growth were selected from each plot and dissected into three tissue categories: root systems, vegetative organs (stems and leaves), and reproductive organs (flower buds, bolls, hulls, and fibers). All plant materials were subjected to enzyme deactivation at 105 °C for 30 min, followed by oven-drying at 70 °C until constant weight was reached. The dried tissues were then ground and passed through a 40-mesh sieve for accurate dry matter quantification. The phosphorus accumulation in the plant organs was determined by multiplying the organ biomass by the corresponding phosphorus concentration.



Soil available phosphorus was extracted with 0.5 mol·L−1 NaHCO3 and quantified using the vanadium-molybdenum blue colorimetric method [40].




2.3.2. Cotton Yield


For each sampled plot, the cotton was harvested from a 6.67 m2 area in the middle of the plastic film on 15 October 2023 and 11 October 2024, respectively. The number of cotton plants and the number of bolls per plant in each sample plot were recorded. Subsequently, 15 cotton bolls were randomly collected from the upper, middle, and lower parts of the cotton plants, respectively. The boll weight was then calculated after drying.




2.3.3. Root Sampling


After harvesting the aboveground shoots at the seedling stage and budding and flowering-boll stages, root systems of sampled plants were excavated using a monolith method with a root collector (60 cm long × 10 cm wide × 40 cm high). The monolith method involves excavating intact soil-root cubes by driving the collector vertically into the soil profile. Soil cubes with volumes of 500 cm3, 500 cm3, 1000 cm3, and 2000 cm3 were separately collected from soil layers of 0–5 cm, 5–10 cm, 10–20 cm, and 20–40 cm, respectively. A total of 20 monoliths were obtained for the two sampled plants [41]. Each soil cube was placed in an individually labeled plastic bag with spatial coordinates. All visible roots within each soil block were carefully extracted using forceps, stored in an icebox, and thoroughly cleaned prior to scanning. Root morphological parameters, including total root length, total root surface area, and average root diameter, were quantified from digital images using Win-Rhizo Pro software (Regent Instruments Inc., 2001., Québec City, QC, Canada). Root systems were classified into fine roots (0–0.2 mm), middle roots (0.2–0.4 mm), and coarse roots (>0.4 mm) based on diameters [42].



The densities of root length, root surface area, and root volume were calculated as the following formulas: root length density (RLD, mm/cm3) = RL/v; root surface area density (RSD, mm2/cm3) = RS/v; and root volume density (RVD, mm3/cm3) = RV/v, where v represents the volume of the soil cubes (cm3).





2.4. Phosphorus Fertilizer Use Efficiency and Calculation Methods


Phosphorus use efficiency indices were calculated by using the following formulas [43]:


Apparent Efficiency of Fertilizer P (PRE) = (P − P0)/PF



(1)




(where P is total P uptake by cotton in fertilized plots, P0 is total P uptake by cotton in unfertilized (control) plots, and PF is the amount of P fertilizer applied)


Partial Factor Productivity of Applied P (PFP) = Y/PF



(2)




(where Y is crop yield obtained under fertilization)




2.5. Statistical Analysis


Data analysis was conducted using three software packages: Excel 2003 (Microsoft, Bothell, WA, USA) for basic statistical calculations; SPSS version 27.0 (SPSS Inc., Chicago, IL, USA) for analysis of variance (ANOVA) with least significant difference (LSD) post-hoc test at p < 0.05 (including descriptive statistics and comparative analyses); and Origin 2022 (Origin Lab, Inc., Northampton, MA, USA) for data visualization and principal component analysis, and generated column charts and stacked plots illustrating soil available phosphorus, dry matter accumulation, plant phosphorus accumulation, and root parameters.





3. Results


3.1. Impact of Phosphorus Application Methods on Soil Phosphorus Availability


The application of P fertilizer significantly increased the available P content in cotton fields (Figure 1). Compared with the control, basal P application significantly enhanced drip P application, further increasing available P in the 0–20 cm layer by 70.09%, 55.72–71.65% (bud stage), and 16.00–87.99% (flowering-boll stage), at the seedling stage, 19.17% to 54.59% at the bud stage, and 35.42% at the flowering-boll stage. In the 20–40 cm soil layer, basal P application increased available P by 30.37–38.24% (seedling stage), 70.32% (bud stage), and 46.55% (flowering-boll stage) compared to CK. Drip P application significantly enhanced available P in this layer by 79.61% and 31.31–53.95%. Overall, soil available P across growth stages followed the trend: flowering and boll stage > bud stage > seedling stage. Drip P application achieved the highest available P content at the flowering-boll stage (28.93–30.03 mg kg−1), with a vertical distribution pattern of 0–20 cm > 20–40 cm. In both soil layers.




3.2. Impact of Phosphorus Application Methods on Phosphorus Accumulation


Both the basal application and drip application methods of P fertilizer significantly influenced the accumulation of P in various cotton organs (Figure 2). Compared to the control, the P accumulation in roots with basal application of P fertilizer significantly increased by 32.73% at the seedling stage, while drip application led to a significant increase of 53.93% at the bud stage. In vegetative organs, basal application of P fertilizer resulted in significant P accumulation increases of 10.90%, 8.53%, and 5.84% at the seedling, bud, and boll stages, respectively. Meanwhile, drip application of P fertilizer at the seedling and bud stages led to significant P accumulation increases of 20.81% and 14.87%, respectively.




3.3. Impact of Phosphate Application Methods on Cotton Biomass and Yield


3.3.1. Impact of Phosphorus Application Methods on Cotton Biomass


The application of P fertilizer significantly increased the dry matter mass of cotton roots, vegetative organs, and reproductive organs (Figure 3). Compared to the control, during the seedling, bud, and flowering-boll stages, the dry matter mass of roots with basal application of P fertilizer increased by 33.63% to 58.99%, 12.30% to 35.62%, and 32.66%, respectively, while drip application increased by 51.43% to 69.26%, 33.51%, and 49.58% to 61.44%, respectively. During the seedling, bud, and flowering-boll stages, basal application of P fertilizer significantly increased P accumulation in vegetative organs by 63.34%, 29.68~59.63%, and 35.19%, respectively, while drip application significantly increased it by 19.88%, 32.98%, and 32.73%, respectively. Basal application of P fertilizer significantly increased P accumulation in reproductive organs by 22.75~46.66%, 8.40~18.59%, and 19.11~41.36%, respectively, while drip application increased it by 45.47~73.34%, 48.20%, and 60.13~65.55%, respectively.




3.3.2. Impact of Phosphorus Application Methods on Cotton Yield


Both basal and drip applications of P fertilizer significantly enhanced cotton yield (Table 2). Compared to the control, basal and drip applications increased yield by 19.12% and 30.41%, respectively. Drip application also raised the number of bolls per plant by 30.65% and 14.69% over the CK treatment and basal application treatments, respectively. Additionally, drip application of P fertilizer increased P use efficiency by 22.03% compared to the basal application.





3.4. Impact of Phosphorus Application Methods on Root Morphological Parameters


Phosphorus application methods significantly affected total root length, root volume, and root surface area at different growth stages (Figure 4). Compared to the control, basal application of P fertilizer significantly increased total root length by 19.79%, 15.63%, and 5.61% at the seedling, bud, and boll stages, respectively, while drip application increased it by 26.28%, 31.14%, and 7.22%, respectively. At the bud and boll stages, basal application significantly increased root volume by 53.33% and 39.50%, respectively, whereas drip application increased it by 126.66% and 46.91%. Basal application significantly enhanced root surface area by 32.94%, 20.10%, and 10.04% at the seedling, bud, and boll stages, respectively, while drip application increased it by 40.34%, 67.26%, and 11.11%, respectively. Additionally, basal application significantly increased root average diameter by 16.12% and 11.62% at the bud and boll stages, respectively, and drip application increased it by 27.90% at the boll stage.



Phosphorus application methods significantly influenced fine and medium root length in cotton (Figure 5). Compared to the control, basal application increased fine root length by 26.48% and 25.63% at the seedling and bud stages, respectively, while drip application enhanced fine root length by 28.11% at the seedling stage. At the boll stage, drip application significantly increased medium root length by 15.69%. Compared to basal application, drip application significantly enhanced fine and medium root length by 119.33% and 51.71%, respectively, at the bud stage. During the boll stage, drip application increased fine and medium root length by 4.13~8.86% and 17.91~31.15%, respectively, compared to both the control and basal application treatments.



Phosphorus application methods also induced significant differences in fine and medium root surface area in cotton (Figure 6). At the seedling, bud, and boll stages, drip application increased fine root surface area by 23.35%, 61.80%, and 6.29%, respectively, compared to the control, and by 4.64%, 36.02%, and 3.16%, respectively, compared to basal application. At the bud stage, drip application significantly increased the surface area of the medium root by 93.41% compared to the control.



The P application method significantly influenced the volume of fine and medium roots in cotton (Figure 7). Compared to the control, drip P fertilization led to a significant increase in fine root volume by 84.85% at the seedling stage. Additionally, compared to the control, drip P fertilization significantly increased in middle root volume by 70.00% at the seedling stage and 265.84% at the bud stage.




3.5. Correlations Between Total Root Morphological Parameters, P Accumulation, and Yield


Principal Component 1 (PC1) and Principal Component 2 (PC2) explained 56.97% and 22.1% of the total data variation, respectively, collectively accounting for 79.07% of the variation. This effectively captured the differences in key characteristic variables across treatments (Figure 8). The primary contributing variables of PC1 included coarse root length (CRL), total root length (TRL), root surface area (RSA), and specific root length (SRL), indicating significant differences in these variables among treatments, particularly with greater contributions to the PB group. The main contributing variables of PC2 were P absorption efficiency (PAE), fine root length (FRL), and yield, suggesting these variables dominated in the PD group.



From the sample grouping perspective, the PB group (yellow) samples were distributed farther along the PC1 axis, indicating their prominent performance in root length-related variables (CRL and TRL). The PD group (green) showed significant distribution along the PC2 axis, reflecting their advantages in P absorption and yield. In contrast, the CK group (orange) samples showed tight clustering in the negative PC1 region, characterized by lower root average diameter (RD) and root dry weight (RDM).



Phosphorus use efficiency was extremely significantly correlated with fine root length, total root length, root surface area, root volume, and root dry weight (p < 0.001, Figure 8); it was significantly positively correlated with medium root length (p < 0.05). Crop yield was extremely significantly positively correlated with fine root length and total root length (p < 0.001); it was significantly positively correlated with medium root length, root volume, and root diameter (p < 0.05).





4. Discussion


4.1. Soil Phosphorus Status, Phosphorus Uptake, and Use Efficiency


Phosphorus (P), an essential nutrient [44], widespread use of conventional chemical P fertilizers has increased soil availability of P in cotton fields, but it has also raised concerns about soil P accumulation and subsequent environmental losses. Drip application of P fertilizer (PD) has been shown to enhance soil P (AP) content [45,46]. In this study, significant variations in 0–20 cm soils’ AP content were observed among treatments during the cotton growing season. Aligning with previous findings, PD significantly increased AP levels compared to both no-P (CK) and broadcast-applied P treatments [47,48]. This underscores the pivotal role of P application methods in regulating soil P availability. Drip fertigation improves AP by reducing soil fixation and enhancing P mobility in the soil solution [49,50]. Notably, previous studies in maize have documented a decline in available phosphorus levels in both 0–20 cm and 20–40 cm soil layers during the second year, which was attributed to enhanced crop P uptake efficiency under consecutive fertilization [51]. These results indicate that split P application via drip irrigation optimizes P supply intensity, synchronizing soil P availability with crop demand during critical growth stages.



Phosphorus fertilizer significantly improves P use efficiency in cotton. The allocation of absorbed P to different plant organs plays a crucial role in cotton growth and development [52,53]. This study showed that the cumulative P absorption generally increased with advancing growth stages, consistent with prior findings that the peak P uptake intensity occurs during the flowering and boll-forming stage, accounting for 50–56% of the total P absorption over the entire growth period [54]. A two-year consecutive experiment revealed that the drip application of P fertilizer increased phosphorus accumulation in all cotton organs compared to basal application, with P fertilizer utilization efficiency increasing by 22.09–29.05% [55].




4.2. Cotton Dry Matter Accumulation and Distribution and Yield


Dry matter accumulation and partitioning constitute the material foundation for crop yield [45]. Sustained dry matter production and its efficient allocation to reproductive organs are both essential for realizing yield potential [56]. The results of this study showed that under drip irrigation of phosphorus fertilizer, the biomass of reproductive organs and roots was significantly higher than that under the control (CK) treatment and basal P application (by 65.55%, 61.44%, 17.08%, and 21.69%, respectively). In 2024, root biomass under P fertigation was 11.20–36.42% higher than both control and basal treatments. These results align with previous findings by Wang et al. [57]. Demonstrating that P application methods influence dry matter allocation, particularly the partitioning of nutrients between vegetative and reproductive organs. The primary reason for this phenomenon was that P fertilization might increase P content in leaves and other plant parts, thereby influencing nutrient uptake and establishing an improved source-sink relationship. A balanced source-sink system supports robust plant development and ultimately boosts yield [58]. Compared with the no-P treatment, basal P application and fertigation increased cotton yield by 19.12% and 30.41%, respectively.




4.3. Root Morphological Parameters Distribution


Crop roots’ P uptake capacity largely depends on root mass and surface area [59,60,61]. Root morphological traits influence water and nutrient absorption, transport, and utilization in plants [58]. Previous studies have shown that integrated water-fertilizer management promotes root development, increases root length, and enhances plant P uptake [62,63], consistent with the findings of this study. Drip P application demonstrated superior root length compared to other treatments, expanding the root-soil contact area between. At the bud stage, basal P application significantly increased root surface area volume by 53.33% compared to the CK treatment, while drip P application significantly improved root surface area and volume by 39.25% and 47.82%, respectively. Under drip irrigation, root distribution in the soil became more optimized, exhibiting higher plasticity [64,65]. Among different P application methods, drip P application improved root morphology during critical cotton growth stages, showcasing better root morphological parameters (root length density) and more effectively satisfying plant P demands.




4.4. Correlations Between Total Root Morphological Parameters and P Accumulation


Crop P uptake influences soil P distribution, thereby shaping root growth and development [38]. Root length, surface area, and spatial distribution govern soil exploration and nutrient interception, making a well-developed root critical for improving P accumulation [66]. Previous research indicates that the P acquisition efficiency (PAE)—particularly the ability to mobilize P from unavailable soil pools—is linked to root traits [67]. In this study, drip P application significantly improved cotton root growth parameters compared to the control, including RL (FRL and MRL), RV, and RS. Furthermore, PAE showed the strongest correlation with FRL, RSA, RV, and RDM; PD treatment significantly increased RS (by 67.19% and 39.21%), RV (by 79.98–124.38% and 42.68–47.56%), FRL (by 28.45% and 15.69%), and MRV (by 70.00% and 54.54%). The strong positive correlations between PAE and FRL, RSA, RV, and root dry mass (RDM) [68] highlight how optimized root morphology under drip fertigation directly enhances P accumulation [65,69]. Exhibiting a highly significant positive relationship, indicating that root parameters play an important role in improving P fertilizer use efficiency to some extent [67]. We also found that, compared to basal P application, drip P application enhanced all root parameters. likely because integrated water-P fertilization migrates nutrients to the root zone, optimizing root architecture and facilitating P uptake [65]. By synchronizing water and P delivery to the root development, drip irrigation achieves spatiotemporal alignment of nutrient supply and demand, thereby boosting both P uptake efficiency and yield potential [69].





5. Conclusions


Our study demonstrates that under the same fertilizer input, rational integration of fertilization and irrigation strategies can promote P uptake, enhance dry matter accumulation and distribution, optimize root morphology, and increase cotton yield during the 2023–2024 growing season. Specifically, drip-applied phosphorus fertilizer outperformed basal application and control treatments in phosphorus absorption by vegetative and reproductive organs, achieving peak phosphorus use efficiency (29.05%). Soil P availability increased with the growth period, with higher P content in the 0–20 cm layer than in the 20–40 cm layer. Compared to other treatments, drip P application promoted root distribution in the soil, significantly increasing FRL, RL, and RV. Thereby better meeting cotton’s demand and boosting yield. Considering both cotton yield and P use efficiency, drip-applied phosphorus fertilizer is the optimal fertilization strategy in Northwest China, effectively increasing cotton yield, which is of great significance for guiding rational fertilization.
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Figure 1. Phosphorus fertilizer application methods influenced soil available phosphorus content across soil layers and growth stages from 2023 to 2024. (CK: Control treatment, PB: Phosphorus fertilizer basal application treatment, PD: Phosphorus fertilizer drip application treatment, S: Seedling stage, B: Bud stage, FB: Flowering and boll stage). Different lowercase letters denote significant differences (p < 0.05) among treatments. 
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Figure 2. Effects of phosphorus application methods on phosphorus accumulation in different plant organs across growth periods from 2023 to 2024. (CK: Control treatment, PB: Phosphorus fertilizer basal application treatment, PD: Phosphorus fertilizer drip application treatment, S: Seedling stage, B: Bud stage, FB: Flowering and boll stage). Different lowercase letters denote significant differences (p < 0.05) among treatments. 
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Figure 3. Effects of phosphorus application methods on dry matter mass of plant organs across growth stages from 2023 to 2024. (CK: Control treatment, PB: Phosphorus fertilizer basal application treatment, PD: Phosphorus fertilizer drip application treatment, S: Seedling stage, B: Bud stage, FB: Flowering and boll stage). Different lowercase letters denote significant differences (p < 0.05) among treatments. 
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Figure 4. Effects of phosphorus application methods on cotton root parameters across growth stages in 2024. (CK: Control treatment, PB: Phosphorus fertilizer basal application treatment, PD: Phosphorus fertilizer drip application treatment, S: Seedling stage, B: Bud stage. FB: Flowering and boll stage). Different lowercase letters denote significant differences (p < 0.05) among treatments. 
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Figure 5. Effects of phosphorus application methods on cotton root length across growth stages in 2024. (FRL: Fine root length, MRL: Medium root length, CRL: Coarse root length, CK: Control treatment, PB: Phosphorus fertilizer basal application treatment, PD: Phosphorus fertilizer drip application treatment, S: Seedling stage, B: Bud stage, FB: Flowering and boll stage). Different lowercase letters denote significant differences (p < 0.05) among treatments. 
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Figure 6. Effects of phosphorus application methods on cotton root surface area across growth stages in 2024. (FRS: Fine root surface area, MRS: Medium root surface area, CRS: Coarse root surface area, CK: Control treatment, PB: Phosphorus fertilizer basal application treatment, PD: Phosphorus fertilizer drip application treatment, S: Seedling stage, B: Bud stage, FB: Flowering and boll stage). Different lowercase letters denote significant differences (p < 0.05) among treatments. 
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Figure 7. Effects of phosphorus application methods on cotton root volume across growth stages in 2024. (FRV: Fine root volume, MRV: Medium root volume, CRV: Coarse root volume, CK: Control treatment, PB: Phosphorus fertilizer basal application treatment, PD: Phosphorus fertilizer drip application treatment, S: Seedling stage, B: Bud stage, FB: Flowering and boll stage). Different lowercase letters denote significant differences (p < 0.05) among treatments. 
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Figure 8. Correlation diagram of root morphology with phosphorus uptake and yield.(* : p < 0.05, indicates significant correlation, ** : p < 0.01, indicates highly significant correlation, *** : p < 0.001, indicates extremely significant correlation.) 






Figure 8. Correlation diagram of root morphology with phosphorus uptake and yield.(* : p < 0.05, indicates significant correlation, ** : p < 0.01, indicates highly significant correlation, *** : p < 0.001, indicates extremely significant correlation.)



[image: Agronomy 15 01328 g008]







 





Table 1. Soil characteristics by depth layer: pH, organic matter, nitrogen and phosphorus availability, and electrical conductivity.
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	Soil Layer

(cm)
	pH
	Electrical Conductivity

(μS/cm)
	Soil Organic

Matter

(g/kg)
	Alkali-Hydrolyzable Nitrogen

(mg/kg)
	Soil Available Phosphorus

(mg/kg)





	0–20
	8.09
	389.4
	14.20
	19.10
	14.27



	20–40
	8.13
	380.5
	10.90
	17.30
	12.30










 





Table 2. Effects of phosphorus application methods on cotton yield components and phosphorus use efficiency from 2023 to 2024. (CK: Control treatment, PB: Phosphorus fertilizer basal application treatment, PD: Phosphorus fertilizer drip application treatment). Different lowercase letters denote significant differences (p < 0.05) among treatments.
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	Year
	Treatment
	Single Boll Weight

(g Boll−1)
	Number of Bolls per Plant

(Bolls Plant−1)
	Number of Plants (plants)
	Yield

kg hm−2
	PRE

× 100%
	PFP

(kg/kg)





	2023
	CK
	5.14 ± 0.15 a
	4.60 ± 0.26 b
	184 ± 10.55 a
	4356.19 ± 154.49 b
	
	



	
	PB
	5.25 ± 0.08 a
	5.24 ± 0.15 ab
	189 ± 6.20 a
	5189.62 ± 199.72 a
	23.37
	11.10



	
	PD
	5.26 ± 0.34 a
	6.01 ± 0.47 a
	182 ± 5.73 a
	5681.03 ± 163.444 a
	28.52
	17.66



	2024
	CK
	5.91 ± 0.59 a
	6.28 ± 0.13 a
	120 ± 7.77 b
	4385.32 ± 182.37 b
	
	



	
	PB
	6.88 ± 0.72 a
	6.14 ± 0.45 a
	129 ± 8.76 b
	5368.30 ± 344.84 a
	22.09
	13.10



	
	PD
	5.8 ± 0.19 a
	5.45 ± 0.17 a
	194 ± 3.53 a
	6099.85 ± 48.78 a
	29.05
	22.85
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