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Introduction

Low agricultural nutrient input efficiency remains a significant impediment for crop production globally. To address this issue in cotton agroecosystems, there is a need to develop sustainable crop nutrient management strategies to achieve high crop yields. We hypothesized that organic liquid fertilizer (OF) combined with reduced chemical fertilizer (CF) would enhance cotton yield by improving leaf functioning and soil properties. However, the underlying mechanism and its related process is poorly understood.





Methods

This study explored the effects of OF combined with reduced CF on cotton yield, physiology and soil properties. Treatments included a single application of CF (CF: N, P2O5 and K2O applied at 228, 131 and 95 kg ha−1) and combined applications of OF and CF (OF0.6−OF1.4) in the following ratios: OF0.6, OF+60% CF; OF0.8, OF+80% CF; OF1.0, OF+100% CF; OF1.2, OF+120% CF; OF1.4, OF+140% CF. 





Results and discussion

The result showed that compared with CF, OF0.8, OF1.0 and OF1.2 increased soil organic matter (SOM) content by 9.9%, 16.3% and 23.7%, respectively. Compared with CF, the OF0.6, OF0.8, OF1.0, and OF1.2 treatments increased leaf area (LA) by 10.6−26.1%, chlorophyll content (Chl content) by 6.8−39.6%, and the efficiency of photosystem II (PSII) light energy (Y(II)), electron transfer rate of PSII (ETR) and photochemical quenching (qP) by 3.6−26.3%, 4.7−15.3% and 4.3−9.8%, respectively. The OF0.8 treatment increased net photosynthetic rate (Pn), stomatal conductance (Gs) and transpiration rate (E) by 22.0%, 27.4% and 26.8%, respectively, resulting in higher seed cotton yield. The seed cotton yield and economic coefficient were positively correlated with Pn, E, Gs and Y(II) from the full boll stage to the boll opening stage. In summary, the OF0.8 treatment can maintain a high SOM content and photosynthetic performance with reduced chemical fertilizer input without sacrificing yield. The integration of OF+80% CF (OF0.8) is a promising nutrient management strategy for highly efficient cotton production under mulch drip irrigation systems.
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1 Introduction

Cotton is an economically important crop worldwide and represents a significant source of income for farmers in many countries. China, India, the United States, Pakistan, and Brazil are the top cotton-producing countries globally, accounting for more than 75% of the world’s cotton production (STATISTA, 2022). China ranks first globally, with 5.99 million tons of cotton production (Arshad et al., 2021). In 2020, Xinjiang’s cotton planting area was 25019 km2, and the total output was 5.2 million tons, accounting for 78.9% and 87.3% of the total cotton planting area and total output of China, respectively, and 8.82% and 22.3% of the total cotton planting area and total output of the world, respectively (National Bureau of Statistics, 2020). In the northwest inland cotton production region, the average amounts of applied N, P2O5 and K2O are 296 kg ha−1, 141 kg ha−1 and 87 kg ha−1 in the high-yield cotton region (7466 kg ha−1), while the average amounts of applied N, P2O5 and K2O are 278 kg ha−1, 116 kg ha−1 and 75 kg ha−1 in the low-yield cotton production region (5904 kg ha−1) (Li et al., 2019). The statistics above show that Xinjiang cotton production is characterized by a “high input, high yield and high risk” development status (Lou et al., 2021). Recently, there has been a shift toward more sustainable cotton production methods, such as organic and fair-trade cotton, in response to concerns about the environmental and social impacts of conventional cotton farming, especially the excessive use of conventional chemical inputs.

Excessive application of chemical fertilizer (CF) can increase cotton production costs and a decline in soil organic matter and soil fertility with no crop yield increment (Yan et al., 2007; Khan et al., 2017b). Therefore, it is necessary to develop efficient fertilizer management options to ensure high cotton yield with improved photosynthetic performance. The application of organic fertilizer can improve soil nutrients, soil physical and chemical properties, and crop yield while also promoting crop nutrient absorption (Agbede et al., 2010). Increasing organic fertilizer is beneficial for increasing crop yield and improving crop quality (Liu et al., 2017; Liang et al., 2021; Mousavi et al., 2022). The combined application of organic fertilizer and chemical fertilizer in an integrated manner can promote the absorption and utilization of chemical fertilizer (Kautz et al., 2004), enable efficient utilization of resources (Wright et al., 2004; Jagadamma et al., 2007). With the development of the chemical fertilizer industry, the amount of chemical fertilizer application in China has increased each year, while the proportion of organic fertilizer applied has decreased (Pan, 2014). The proportion of organic fertilizer relative to total fertilizer input decreased from 99.9% in 1949 to 37.4% in 1990 and 25.0% in 2003 (Xiao et al., 2017). Continuous, single and excessive applications of chemical fertilizer have resulted in low soil organic matter (SOM) contents and fertilizer utilization rates (Roelcke et al., 2004). However, most organic liquid fertilizers (OFs) are solid or biogas slurries with low efficiency that cannot meet the requirements of high crop yields or that contain heavy metals, resulting in environmental pollution (Yoder and Davis, 2020).

A new type of OF that is water-soluble and can activate soil nutrients has been shown to achieve efficient management of nutrient resources, resulting in high crop yields with less damage to the environment (Maintang et al., 2021). Coupling OF with CF has been shown to effectively improve the CF utilization rate, thereby significantly improving soil fertility and crop yield (Mooy et al., 2019; Puteri et al., 2021). OFs can boost soil texture, improve the crop growth environment, and enhance the accumulation of photosynthetic products, thus leading to an increase in cotton yield (Tian et al., 2014). Hence, understanding the effects of the application of OF combined with CF throughout the whole growth period on crop growth and yield formation is important to boost yield, particularly in arid regions. However, the interactions between OF with CF and the effect on cotton photosynthesis remain poorly known.

Photosynthesis is a prerequisite for cotton yield (Tissue et al., 2010; Wu et al., 2019). Previous research has mainly focused on the effects of photosynthetic physiology in cotton plants (Hu et al., 2016; Shah et al., 2021), winter wheat (Jiang et al., 2004), maize (Wang et al., 2021) and other crops. However, there are few studies on the effects of the combined application of OF and CF on cotton leaf photosynthetic physiology and yield under mulch drip irrigation. This study hypothesized that a new strategy of OF application combined with reduced CF could improve photosynthetic performance and thus increase cotton yield. The main objectives of this study were to 1) investigate dynamic changes in leaf photosynthetic traits and the spatial and temporal distribution of soil organic matter content; 2) determine the relationship between cotton yield, photosynthetic performance, and soil organic matter content; and 3) determine how application of organic liquid fertilizer with reduced application of chemical fertilizer improves cotton yield. The tested hypothesis was that OF combined with reduced CF would improve cotton yield through leaf physiological functioning. Our study is significant for validating the performance of integrated nutrient management through organic and chemical fertilization in cotton, thereby helping farmers optimize cotton production while significantly minimizing conventional fertilizer requirements.




2 Materials and methods



2.1 Experimental area and soil characteristics

The experiments were conducted during 2019−2020 at the Shihezi Experimental Station for Crop Water Use of the Ministry of Agriculture (Shihezi, Xinjiang, China; 45°38′N latitude, 86°09′E longitude). The cotton cultivar Xinluzao 74 (Gossypium hirsutum L.) was sown for two seasons on April 18, 2019, and April 13, 2020. The 20−cm topsoil layer had a sandy loam texture containing 15.0 g kg−1 SOM, 42.2 mg kg−1 alkali−hydrolysable N, 19.8 mg kg−1 P2O5, 274.3 mg kg−1 K2O, pH 7.9 and 567 μS cm−1 EC. The meteorological data in the 2019 and 2020 cotton-growing seasons are shown in Figure 1.




Figure 1 | Monthly weather summaries characterizing the 2019 and 2020 cotton growth seasons at the experimental station in Shihezi, Xinjiang, China.






2.2 Experimental design and crop management

The experiment was conducted with a randomized block design with six treatments and three replications. The treatments included 100% chemical fertilizer (CF) as a control and the combined application of organic liquid fertilizer (OF) with CF in various ratios. The OF0.6, OF0.8, OF1.0, OF1.2 and OF1.4 treatments had adjusted ratios of N, P2O5, and K2O. These six treatments were s follows (Table 1):


Table 1 | Ratios of N, P2O5 and K2O for each treatment.



Each experimental plot was 68.4 m2. The CFs used in this study included urea (46.0% N), monoammonium phosphate (12.0% N and 61.0% P2O5) and potassium sulfate (50.0% K2O). In this study, the OF was organic wastewater with a water-soluble organic matter content of 20.8% and an extremely low heavy metal content. The main properties of the OF are listed in Table 2. Cotton was grown under a mulch drip irrigation system. The mulch was 2.28 m wide, with six rows in each mulch sheet (row spacings of 10 cm, 66 cm, 10 cm, 66 cm, 10 cm, and 66 cm, respectively; Figure 2). The planting density was 20.1×104 plants ha−1. The quantity of irrigation water applied was 4350 m3 ha−1 (Yao et al., 2016), and all treatments were applied as topdressing under drip irrigation at seeding, squaring, flowering and boll setting (Table 3). Other field management parameters were conducted according to local agricultural practices.


Table 2 | Properties of the organic liquid fertilizer used in this study.






Figure 2 | Schematic diagram of the planting mode and sampling site.




Table 3 | Irrigation and fertilizer schedule for the two cotton seasons from 2019 to 2020.






2.3 Observations



2.3.1 Soil organic matter

At cotton harvesting, soil samples (0~20, 20~40, 40~60, 60~80, 80~100 cm) were collected in each plot. These samples were taken in the vertical direction below the drip irrigation tube and 38 cm from the left and right of the drip irrigation tube in the horizontal direction (Figure 2). These samples were air dried, passed through a 0.25-mm mesh sieve and stored at room temperature. Based on the principle of classical potassium dichromate oxidation−outer heating, SOM was determined by oxidation−reduction titration with furnace digestion (Sims et al., 1971).




2.3.2 Chlorophyll content

Cotton leaves (functional leaves) at the initial flowering stage (IF), full flowering stage (FF), full boll stage (FB), late full boll stage (LFB) and boll opening stage (BO) were sampled. Small discs (8.5 mm in diameter) were removed from harvested marked leaves using a hole punch and extracted with 80% acetone solution. Cotton leaf Chl content was determined using a UV−2041 spectrophotometer at wavelengths of 663, 645 and 470 nm with 80% acetone as a blank control. The Chl content was calculated according to the method of Lichtenthaler and Wellburn (1983).




2.3.3 Leaf area

To assess LA, samples were collected at the IF, FF, FB, LFB and BO. The whole-plant LA was determined using the punching method. In each treatment, 3~4 representative plants were sampled, and the leaves of individual plants were punched into 40 pieces with a 15-mm punch. These samples were placed in an envelope, dried at 105°C for 30 min and then dried at 80°C to a constant weight. LA was calculated as follows (Feng and Shi, 2005):






2.3.4 Leaf gas exchange parameters

Leaf gas exchange parameters, including net photosynthetic rate (Pn), stomatal conductance (Gs) and transpiration rate (E), were measured from fully expanded leaves (fourth node below the terminal) using a Li−6800 portable photosynthetic apparatus (Li−COR, Lincoln, NE, USA) at the IF, FF, FB, LFB and BO. These measurements were taken on a clear sunny day using a photosynthetic photon flux density of 1800 μmol m−2 s−1.




2.3.5 Chlorophyll fluorescence parameters

The chlorophyll fluorescence parameters were measured by a MINI−PAM fluorometer at five different growth stages, i.e., IF, FF, FB, LFB and BO, from fully expanded leaves (fourth node below the terminal). After dark adaptation, the initial fluorescence (F0) and maximum fluorescence (Fm) were measured, and the maximum photochemical efficiency (Fv/Fm) was calculated. Then, the photochemical light was turned on, and the light intensity was stabilized at 1200~1400 μmol m−2 s−1. The saturating pulse was turned on when the fluorescence signal reached the steady state. The actual fluorescence yield (Ft) and the maximum fluorescence yield (Fm’) under light adaptation were measured, and the light energy capture efficiency (Y(II)) and other parameters were calculated as follows (Schreiber et al, 1995):







(0.5 is the proportion of light energy distribution in PSII and PSI, and 0.84 is the light absorption coefficient of the leaf, PAR = photosynthetically active radiation).








2.3.6 Biological yield, seed yield and economic coefficient

During the cotton harvest (Sep. 22, 2019, and Sep. 26, 2020), 3 representative sampling points (2 m×2.28 m) were selected in each treatment, and the seed cotton yield was calculated using the number of bolls per unit area and single boll weight. Four plants were sampled during BO, and these plants were divided into different organs, i.e., stems, leaves and buds. These samples were put in an envelope, placed in an oven at 105°C for 30 min, and dried at 85°C to obtain a constant weight, and the dry weight was recorded. The biological yield was analyzed and calculated. The economic coefficient was calculated as follows (Gao et al, 1990):







2.4 Data analysis

Microsoft Excel 2016 was used for data collation. SPSS 19.0 (IBM Inc., Chicago, IL, USA) software was applied for analysis of variance (ANOVA) and least significant difference (LSD) test at a significance level of 0.05 with a general linear model. Pearson’s correlation analysis and principal component analysis were carried out using the “ggplot2” in R 4.0.4 software (R Core Team 2021). Figures were plotted using Sigmaplot 14.0 (Systat Software Inc., San Jose, CA, USA), Origin 2021and Surfer16.0 (Golden Software Inc., USA). The data are presented as the mean and standard error (SE).





3 Results



3.1 Soil organic matter

Compared with the CF treatment, OF evenly increased SOM by 13.4% (Figure 2). OF0.8, OF1.0 and OF1.2 resulted in higher SOM contents of 22.7, 22.6 and 25.8 g kg−1 at the 0~60 cm soil depth, respectively (Figure 3).




Figure 3 | Spatial distribution of SOM (g kg-1) in response to organic and chemical fertilizer in 2019−2020.






3.2 Chlorophyll content

The Chl content was higher from FF to FB (Figure 4), with the following trend: OF0.8 > OF0.6, OF1.2, OF1.0 > OF1.4, CF. In 2019, there was no significant difference between the OF0.6, OF0.8, OF1.0 and OF1.2 treatments, which evenly increased the Chl content by 17.5%, 19.3%, 13.0% and 16.4% compared with CF, respectively. In 2020, the Chl content in the OF0.8 treatment was significantly higher than that in the other treatments, and there was no significant difference between the other fertilization treatments and CF (except OF1.4 at BO).




Figure 4 | Effect of different fertilization treatments on Chl content (mg g−1 FW). Different letters indicate significant differences among treatments at a specific growth stage (P ≤ 0.05).






3.3 Leaf area

The cotton plant LA first increased and then decreased with plant growth (Figure 5). The LA under OF combined with CF was 19.2% higher than that under the CF treatment, but no significant difference between the OF0.6 and OF0.8 treatments was noted in either year. In 2019, LA increased by 20.2%, 24.6% and 27.6% for the OF1.0, OF1.2 and OF1.4 treatments compared with CF, respectively. In 2020, the OF1.2 and OF1.4 treatments had 25.8% and 28.9% higher LAs than the CF treatment.




Figure 5 | Effect of different fertilization treatments on leaf area (cm−2 plant−1). Different letters indicate significant differences among treatments at a specific growth stage (P ≤ 0.05).






3.4 Leaf gas exchange parameters

Cotton leaf photosynthetic performance parameters, i.e., Pn, Gs and E, increased first and then decreased with the increase in the ratio of CF combined with OF (Figure 6). Compared with the CF treatment, application of OF0.8 and OF1.0 resulted in 22.0% and 16.4%, 27.4% and 20.4%, and 26.8% and 20.9% higher Pn, E, and Gs values, respectively. Compared with CF, under the OF1.2 treatment, Pn, E, and Gs increased by 9.6%, 10.6%, and 14.3%, respectively. The leaf gas exchange parameters of the OF0.6 and OF1.4 treatments were not significantly different from those of the CF treatment.




Figure 6 | Effect of different fertilization treatments on the gas exchange parameters of cotton. Different letters indicate significant differences among treatments at a specific growth stage (P ≤ 0.05).






3.5 Chlorophyll fluorescence parameters

Cotton leaf Chl fluorescence attributes were significantly affected by OF and CF in both years (Figures 7, 8). Fv/Fm followed the trend OF0.8> OF1.0, OF1.2> OF0.6, and OF1.4> CF (Figure 7), but there was no significant difference among the treatments from LFB to BO. Compared with the CF treatment, under the OF0.8 and OF1.0 treatments, Fv/Fm increased by 6.1% and 4.7%, respectively.




Figure 7 | Effect of different fertilization treatments on Fv/Fm. Different letters indicate significant differences among treatments at a specific growth stage (P ≤ 0.05)






Figure 8 | Effect of different fertilization treatments on chlorophyll fluorescence parameters. Different letters indicate significant differences among treatments at a specific growth stage (P ≤ 0.05).



Different letters indicate significant differences among treatments at a specific growth stage (P ≤ 0.05)

The cotton leaf Y(II), ETR and qP first increased and then decreased with the increase in the proportion of CF combined with OF in the following order: OF0.8> OF1.2, OF1.0> CF, OF0.6, OF1.4 (Figure 8). The OF0.8 and OF1.0 treatments had 16.3% and 12.8% higher Y(II) values (except at LFB in 2019) than the CF treatment. Compared with CF, Y(II) under the OF1.2 treatment increased by 10.0%, but there was a significant difference from LFB to BO in 2020. Under the OF0.8 treatment, ETR and qP increased by 15.3% and 9.8% compared with CF, respectively. Significant differences from LFB to BO in 2019 and at LFB in 2020 were noted (Figure 7). The cotton leaf nonphotochemical quenching (NPQ) trend among the treatments was as follows: OF1.4, CF > OF0.6, OF1.0, OF1.2 > OF0.8. NPQ increased by 25.5% for the OF0.8 treatment compared with CF in 2019.




3.6 Biological yield, seed yield and economic coefficient

Both fertilizer types significantly affected the biological yield, seed yield and economic coefficient of cotton plants in both years (Figure 9). Compared with CF, the OF0.8, OF1.0 and OF1.2 treatments increased seed yield by 17.0%, 14.3% and 13.3%, respectively. No significant differences among the CF, OF0.6 and OF1.4 treatments were noted. The cotton biological yield for the OF0.8, OF1.0, OF1.2 and OF1.4 treatments increased by 20.5%, 23.8%, 24.9% and 26.6% compared with CF, respectively. No significant difference was found between the CF and OF0.6 treatments. Significant differences among the treatments were observed in 2019, where the economic coefficient of OF0.8 was increased by 19.6% compared with that of CF. No significant differences among the treatments in 2020 were noted. Compared with CF, the economic coefficient of the OF1.4 treatment decreased by 20.7% in 2019–2020.




Figure 9 | Effect of different fertilization treatments on the biological yield (kg ha−1), seed yield (kg ha−1) and economic coefficient (%) of cotton. Different letters indicate significant differences among treatments at a specific growth stage (P ≤ 0.05).






3.7 Pearson’s correlation analysis

The Pearson correlation coefficients of different parameters is shown in Figures 10–12. Seed yield (Figure 10) was positively correlated with Chl content from IF to FF; with Pn and Fv/Fm from FF to BO; with ETR and Y(II) at IF, FB and BO; with Gs at FF; and with Gs and E from LFB to BO. Seed yield was significantly negatively correlated with qP at FB. Biological yield was significantly positively correlated with qP from IF to FF and from LFB to BO; with Y(II) at FF and LFB; with ETR at LFB; and with LA at BO.




Figure 10 | Linear regression relationship between seed yield (SY) and measured parameters (i.e., Pn, Gs, E, Y(II), ETR, qP, NPQ, Fv/Fm, Chl and LA) at initial flowering (A), full flowering (B), full boll (C), late full boll (D), and boll opening (E) stages.






Figure 11 | Linear regression relationship between economic coefficient (EC) and measured parameters (i.e., Pn, Gs, E, Y(II), ETR, qP, NPQ, Fv/Fm, Chl and LA) at initial flowering (A), full flowering (B), full boll (C), late full boll (D), and boll opening (E) stages.






Figure 12 | Linear regression relationship between biological yield (BY) and measured parameters (i.e., Pn, Gs, E, Y(II), ETR, qP, NPQ, Fv/Fm, Chl and LA) at initial flowering (A), full flowering (B), full boll (C), late full boll (D), and boll opening (E) stages.



Biological yield (Figure 12) was significantly negatively correlated with Pn from IF to FF; with E and Gs from IF to FB; with Fv/Fm at IF, FF and BO; with NPQ from IF to FF and from LFB to BO; and with Chl content at BO. The economic coefficient (Figure 11) was positively correlated with Pn and E from IF to FB; with Gs from IF to LFB; with Fv/Fm at IF, FF and BO; with NPQ at FF and BO; with Chl from LFB to BO; and with ETR at BO. The economic coefficient was negatively correlated with qP at FF, LFB and BO; with Y(II) at FF; and with LA at FB and BO.




3.8 Principal component analysis

Principal component analysis of LA, gas exchange parameters, fluorescence parameters and other measurement parameters of cotton was performed at different growth stages (Figure 13). At the initial flowering stage, the contribution rates of the first (PC1), second (PC2), and third (PC3) principal components were 47.5, 23.5, and 12.1%, respectively. The cumulative contribution of the first three principal components was 83.2%. The largest loading values on PC1 were those of E, Gs, and Pn at 0.95, 0.94, and 0.94, respectively, followed by those of Fv/Fm, Y(II), and ETR, and there was a negative correlation with Chl content and qP, indicating that cotton has strong photosynthetic capacity at the initial flowering stage. The maximum loading value on PC2 was that of Chl content at 0.82, followed by that of ETR, qP, and Y(II). This indicates that photosynthesis dominates at the initial flowering stage. Moreover, the OF0.8, OF1.0, and OF1.2 treatments contributed more to photosynthesis.




Figure 13 | Principal component analysis among measured parameters (i.e., Pn, Gs, E, Y(II), ETR, qP, NPQ, Fv/Fm, Chl and LA) at initial flowering (A), full flowering (B), full boll (C), late full boll (D), and boll opening (E) stages.



The contribution rates of the first, second, third, and fourth (PC4) principal components during the full flowering stage were 43.7%, 25.5%, 11.4%, and 6.9%, respectively, with a cumulative contribution rate of 87.6% for the four principal components. The largest loading values on PC1 were those of E, Gs, and Pn at 0.96, 0.86, and 0.77, respectively, followed by those of Fv/Fm and ETR, and there was a negative correlation with LA, Y(II), Chl content and qP. The maximum loading value on PC2 was that of ETR at 0.78, followed by that of Chl content. In PC2, different fertilization treatments can be clearly distinguished, indicating that reducing fertilizer application does not result in nutrient stress on cotton.

The contribution rates of the first, second, third, and fourth principal components during the full boll stage were 39.5%, 18.3%, 13.5%, and 11.2%, respectively, with a cumulative contribution rate of 82.5% for the four principal components. The maximum loading value on PC1 was that of ETR at 0.79, followed by those of E and Gs at 0.73 and 0.76, respectively. The maximum loading value on PC2 was that of qP at 0.68, followed by that of LA, and there was a negative correlation with Pn, E, and Gs. The contribution rates of the first, second, third, and fourth principal components during the later full boll stage were 39.9%, 26.9%, 11.9%, and 7.1%, respectively, with a cumulative contribution rate of 85.9% for the four principal components. PC1 can clearly distinguish among different treatments, and the maximum loading value on PC1 was that of ETR at 0.87, followed by that of Y(II), qP, and E. The loading values of Gs, Chl content, and Pn on PC2 were relatively high, and there was a negative correlation with Fv/Fm, LA, Y(II), ETR, and qP. This indicates that ETR is the main parameter reflecting photosynthetic capacity from the full boll stage to the later full boll stage.

The contribution rates of the first, second, third, and fourth principal components of each parameter during the boll opening stage were 39.1%, 33.9%, 7.1%, and 5.8%, respectively, with a cumulative contribution rate of 86.0% for the four principal components. The maximum loading value on PC1 was that of Gs at 0.92, followed by that of E, qP and LA. The maximum loading value on PC2 was that of Y(II) at 0.82, followed by that of Fv/Fm, ETR and Chl content.





4 Discussion

Long−term and excessive use of CF may not sustain high crop yields and lead to environmental pollution, such as greenhouse gas emissions to the atmosphere (Khan et al., 2017a). In this study, compared with the CF treatment, higher biological yields, seed yield (OF0.8) and economic coefficient (OF0.8) might have been achieved because of the combined effect of OF and CF application, enhancing soil nutrient availability and improving nutrient absorption and utilization by cotton plants (Saikia et al., 2015). This result may also have occurred because the reduced CF amount promoted leaf functioning, i.e., photosynthetic characteristics, which further increased aboveground biomass formation and its transition to reproductive organs, resulting in a higher cotton yield (Khan et al., 2017b; Ahangera et al., 2021; Shi et al., 2021). This suggests that under mulch drip irrigation systems, the application of OF can ensure a high cotton seed yield and economic coefficient due to enhanced cotton biomass accumulation.

Moreover, SOM is essential for maintaining ecosystem function and agricultural sustainability (Raiesi, 2021). In this study, SOM significantly increased under OF application compared with the CF treatment. This finding suggests that OF can improve soil quality and increase crop yield (Urra et al., 2020). In this study, OF (OF0.8, OF1.0 and OF1.2) resulted in a higher SOM content at the 0−60 cm soil depth. Previous studies showed that the SOM content reached 22.84 g kg−1 after the long-term application of traditional organic fertilizer from 1992 to 2016 (Chen et al., 2022). However, OF was supplied in both years, which resulted in SOM values of 22.7−25.8 g kg−1 possibly due to the following reasons: 1) Under OF, the water−soluble organic matter content was up to 20.8%. The decomposition rate of organic matter in the organic waste liquid was fast, which was beneficial for rapidly increasing SOM (Mooy et al., 2019); 2) Small amounts of organic waste liquid and CF were applied several times throughout the whole cotton growth period to avoid soil loss and volatilization of nutrients. This application scheme further favored the accumulation of organic matter in the soil as well as an enhancement in plant nutrients (Agbede et al., 2010). Hence, under mulch drip irrigation systems, the application of OF can induce a suitable soil nutrient environment for the efficient production of cotton.

Furthermore, crop yield formation is also regulated by photosynthetic performance, Chl content and photosynthetic area (Santos et al., 2013; Wang et al., 2015; Wang et al., 2016; Shah et al., 2021). In this study, compared with the CF treatment, the OF0.8 treatment resulted in a higher Chl content, Pn, Gs and E. The increases in these parameters resulted from the application of OF, which released more soil carbon dioxide, which regulates stomatal opening and consequently leads to a high photosynthetic rate (Dębska et al., 2016). Second, the use of OF can increase the nitrogen content of plant functional leaves, which in turn improves the activities of photosynthetic carbon assimilation enzymes (Rubisco), leading to a higher photosynthetic rate and cotton yield (Grassi et al., 2010; Sepehri and Sanavy, 2003). In this study, LA increased with increasing ratios of OF, possibly because the combination of OF with excessive CF resulted in a larger LA. This further results in severe canopy shading, greatly reducing the ability of the canopy to intercept light energy and thus inhibiting the net photosynthetic performance of cotton plants (Hueso et al., 2021). The photosynthetic performance of the cotton leaves did not increase as the ratio of OF combined with CF increased, suggesting that an appropriate proportion of OF combined with CF can create a good light environment by maintaining a reasonable LA, high Chl content and high photosynthetic performance.

Additionally, Chl fluorescence plays a unique role in measuring photosynthesis and in the absorption, transmission, dissipation and distribution of light energy by the photosystem (Sinsawat et al., 2004; Dorta-Santos et al., 2020). The maximum photochemical efficiency (Fv/Fm) is an important indicator of whether plants are under stress; a value above 0.8 indicates that the plants are not under stress, and a slight decline in the value of this parameter may correspond to a light protection mechanism (Narayan et al., 2020). At IF in 2020, the Fv/Fm values of the CF, OF0.6, OF1.2, and OF1.4 treatments began to decline to less than 0.8, indicating that cotton leaves in these four treatments experienced photoinhibition, and the activity of the PSII reaction center was significantly reduced.

However, the Fv/Fm values of OF0.8 and OF1.0 remained at approximately 0.8, which indicates that these OF treatments better promote the PSII primary light energy conversion efficiency of cotton plant leaves; that is, the captured light energy is converted into chemical energy, which is conducive to improving the photosynthetic capacity of cotton (Zhang et al., 2013). This suggests that the combination of OF and CF (OF0.8, OF1.0 and OF1.2 treatments) could improve the drought resistance of cotton. Compared with the CF treatment, the OF treatments improved the Y(II), ETR and qP of the cotton. In addition, the OF0.8 and OF1.0 treatments significantly increased Y(II), ETR and qP in this study. This indicates that the application of CF alone and the OF1.4 treatment may decrease the PSII quantum yield, blocking electron transfer in the PSII reaction and decreasing the photochemical activity of the PSII reaction center. An appropriate application of OF and CF can delay cotton plant senescence, which results in increased light energy utilization efficiency in crop leaves (Ikeuchi et al., 2014).

Improving the photosynthetic capacity (photosynthetic rate) can increase seed cotton yield under limited drip irrigation systems (Gao et al., 2021). In addition, a higher leaf Fv/Fm can promote the photosynthetic capacity of reproductive organs and ultimately build high-yield cotton with optimum fruiting nodes (Zhen et al., 2020). It has been shown that improving the leaf photosynthetic capacity in the later stage can guarantee a high seed cotton yield (Li et al., 2006), as evidenced in this study as well. Photosynthetic performance and soil nutrients are the key indicators for evaluating irrigation and fertilization management benefits (Luo et al., 2023). The result of PCA principal component analysis showed that multiple correlations between yield and PSII parameters, photosynthetic performance parameters are the main factor responsible for differences among treatments (Rodríguez et al., 2023). In addition, previous studies have also demonstrated that photosynthetic parameters such as Fv/Fm, Fv/Fo, ETR, Chl a, and Chl b have a significant positive impact on crop yield (Li et al., 2023). In this study, photosynthetic potential was main factor causing differences in the early growth stages of cotton. OF0.8, OF1.0, and OF1.2 treatments enhanced photosynthetic performance. In the late growth stage (from LFB to BO stage), ETR was the key driver reflecting photosynthetic capacity. OF combined with an appropriate amount of CF can improve crop yield due to the optimized relationship between photosynthetic capacity (Pn, Gs and Y(II)) and crop yield formation and can promote the transport of photosynthetic products to the grains, resulting in an increased seed yield (Guo et al., 2020). These findings indicate that OF combined with CF is a promising fertilization method for efficient cotton production under a mulch drip irrigation system.

Overall, our study elucidates that an optimum combination of organic and conventional fertilizer at a reduced rate could be an improved strategy to optimize nutrient uptake, enhance soil fertility and productivity and harness the maximum leaf photosynthetic efficiency. An integrated approach not only promotes better growth and higher yield but also minimizes the potential off-farm loss of chemical inputs, thereby reducing collateral environmental pollution. Further investigation with different organic inputs under various management systems can provide farmers with further strategies to utilize integrated nutrient management practices for cotton production.




5 Conclusion

In this study, OF combined with 80% CF increased seed cotton yield by 5.6−21.2% and economic coefficient by 8.4−27.6%. Furthermore, OF combined with 80% CF resulted in a higher Chl content, Pn, E, Gs, Y(II), ETR, and qP but decreased NPQ. The seed cotton yield and economic coefficient were positively correlated with Pn, Fv/Fm, Gs and Y(II) from FB to BO. Improvements in these attributes further resulted in a higher economic coefficient and seed cotton yield in both years. Hence, OF (dissolved organic matter content > 20.8%, with a total application amount of 1329 kg ha−1) combined with 80% CF (N−P2O5−K2O: 182−104−76 kg ha−1) is a promising option to improve leaf photosynthetic performance and light energy utilization efficiency, resulting in a higher seed cotton yield and economic coefficient. Our study validated the superior performance of integrated nutrient management in cotton using organic liquid fertilizer in combination with chemical fertilization at a reduced rate, thereby providing farmers with alternative strategies for cotton management to support clean production. Our results provide new insights into sustainable cotton production using integrated crop management strategies under mulch drip irrigation.
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OFg6 54 27 09 469 300
OFys 72 3.6 12 46.9 300
Seeding
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OF,, 108 5.4 18 46.9 300
OF, 4 126 63 21 469 300

CF 74.3 40.5 20.3 0 1200
OF¢ 44.6 243 122 4233 1200
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Squaring
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OF, 4 104 56.7 284 4233 1200
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Flowering and boll setting
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OFos 182.1 104.4 76.2 1329.1 4350

Total

OF, o 227.7 130.4 95.3 1329.1 4350
OF,, 2732 156.6 1143 1329.1 4350
OF, 4 318.7 182.7 1334 1329.1 4350
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CE 100% CF 228 131 95 0 0 0 0
OFos OF+60% CF 137 78 57 31 2 75 1329.1
OFos OF+80% CF 182 104 76 31 2 75 1329.1
OF; OF+100%CF 228 131 95 31 2 75 1329.1
OF,, OF+120%CF 273 157 114 31 2 75 | ma

OF, 4 OF+140%CF 319 183 133 31 2 75 1329.1
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