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Abstract: Chemical phosphorus (P) fertilizer is often overused in arid regions with alkaline soils due
to soil fixation. Fulvic acid (FA) has been reported to increase soil P availability, thus enhancing crop
growth, yield and P use efficiency, but its interaction with P fertilization rates and potential to reduce
P fertilizer application remains unclear. In this study, we conducted a 2-year (2019-2020) field
experiment in Xinjiang, China, to study the impact of FA addition on cotton (Gossypium hirsutum)
growth, yield and P use efficiency under different P fertilization rates (0, 50, 100, and 150 kg P>Os
ha?). Our results showed that P fertilization significantly enhanced cotton biomass and seed cotton
yields by 15-41%, mainly attributed to an increased emergency rate. Accordingly, soil Olsen-P levels
increased by 7-22% with P fertilization. Partial nutrient balance, agronomic efficiency and partial
factor productivity decreased with increasing P fertilization rates. Across all P fertilization rates, FA
addition significantly increased soil Olsen-P levels by 6% in 2019, but not in 2020, and enhanced seed
cotton yield through increasing bolls per plant in both years. In 2020, FA addition significantly
improved the agronomic efficiency and partial factor productivity of P fertilizer, but did not affect
apparent recovery efficiency and partial nutrient balance. No significant interactions between FA
addition and P fertilization rates were observed for soil Olsen-P, cotton biomass, P uptake, yield and
P use efficiency. These findings suggest that FA can improve cotton productivity by increasing soil P
availability, and use efficiency of P fertilizers, irrespective of application rates. Therefore, FA addition
is an effective strategy for cotton production in arid regions for optimizing P fertilization rates and
improving seed cotton productivity.
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1. Introduction

Cotton is one of the most important fiber crops in the world and is vital for global textile
production, rural livelihoods and economic development [1]. China is the world’s second-largest
cotton producer (www.fao.org/faostat), with Xinjiang Uyghur Autonomous Region as the primary
cotton-growing region. According to data from the National Bureau of Statistics (data.stats.gov.cn),
in 2022, the planting area and the total lint yield of cotton in Xinjiang is about 2.50 million hectares
and 5.39 million tons, accounting for 83% of China’s total cotton planting area and 90% of its total
yield. Such extensive cultivation and high yields are mainly attributed to the widespread adoption
of drip irrigation under plastic film mulching and the intensive uses of chemical fertilizers, both of
which have significantly increased water use efficiency and soil nutrient availability, thus promoting
cotton yield [2,3]. However, to sustain the high cotton yield, excessive chemical fertilizers are often
applied, especially phosphorus (P) due to its generally lower use efficiency [4,5]. Soils in Xinjiang are
generally alkaline with high calcium concentrations, and this region is typically arid with limited
water availability for most times during the growing season. These factors caused rapid P fixation
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through adsorption and precipitation of calcium phosphate, in addition to the low diffusion rates in
soils [6,7]. According to Tang et al. [5], the amount of applied chemical P fertilizer in most cotton field
in Xinjiang was between 150 and 207 kg P20s ha!, which is significantly higher than the requirement
of cotton. The overapplication of P fertilizer leads to not only waste of P resources but might also
several environmental risks, such as the eutrophication of water bodies.

Humic substances, like humic acid and fulvic acid (FA), have been reported to increase soil P
availability [8,9], promote crop P uptake and use efficiency [10], and enhance crop yield [11-13].
Several reviews have summarized the underlying mechanisms for these effects [14-17]. Firstly, humic
substances could improve soil P mobility and availability by chelating cations and thus reducing their
adsorption on phosphate, changing soil pH, and stimulating microbial activities. Secondly, they
could enhance plant nutrient uptake by increasing root growth or rhizosphere microbial activity.
Thirdly, some humic substances exhibit auxin-like functions to regulate plant growth and
development. Lastly, humic substances can modify plant secondary metabolism to alleviate drought
or salt stresses. However, most of these studies have been conducted under controlled environmental
conditions in the greenhouse, limiting their applications to field practice [18]. Additionally, some
field studies have reported no significant effects or even negative outcomes from humic substance
application [19-21], suggesting more field experiments are needed to demonstrate their effectiveness
across different crops and environmental conditions [22].

In this study, FA was selected as the target humic substance due to its high solubility, making it
suitable for the fertigation systems in arid regions. To assess the effects of FA addition in cotton fields
and its potential to reduce the application rates of chemical P fertilizers, we conducted a 2-year field
experiment and investigated the cotton growth, yield, P uptake and use efficiency as influenced by
FA addition under different P fertilization rates. We hypothesized that FA addition would increase
soil P availability and enhance cotton P uptake, thus promoting the cotton yield and P fertilizer use
efficiency, especially under the lower application rates of P fertilizers.

2. Materials and Methods

2.1. Study Site

This experiment was conducted in a cotton field in Fukang City, Xinjiang, China (88°00'44.30”E,
44°10"21.05”N). This region has a continental arid climate, with an annual mean temperature of 6.6
°C and annual precipitation of 186 mm. The frost-free period averages 174 days per year. Cotton is
the primary cash crop in this region, and the soil in the region is classified as Aridisols in Chinese soil
taxonomy, equivalent to Calcisol in the FAO classification. Prior to the field trial, the surface soil (top
20 cm) core samples were collected and analyzed. The surface soil had a pH of 8.1 (water to soil =
5:1), electrical conductivity of 226 mS-cm™, organic matter content of 18.1 g-kg, available nitrogen
content of 46.23 mg-kg!, and available phosphorus contents of 13.6 mg-kg'.

2.2. Experimental Design

This field trial was conducted in a cotton farm with drip fertigation under plastic film. The
experiment consisted of 8 treatments in a factorial design of four P fertilization rates (0, 50, 100 and
150 kg P20s ha, designated as PO, P50, P100, P150) and two FA addition levels (45 kg fulvic acid ha,
designated as FA, and no fulvic acid addition, serving as control, CK). Treatments were arranged in
a randomized complete block design with four replicates, resulting in a total number of 32 plots. The
area of each plot was 20 m? (5m *4m).

Before seeding, the surface soil (approximately 20 cm depth) was tilled and leveled. An 80 cm-
width plastic film was laid on the ground with a spacing of 20 cm between rows, and one drip
irrigation tape was placed beneath the center of each film. On May 8th, 2019 and April 20th, 2020,
cotton was seeded on both sides of the irrigation tape (20 cm away from the tape) under the plastic
film. Each plot had a water meter and valve, and a fertilization tank to monitor the amount of fertilizer
and irrigation. Fertilization was applied via irrigation, with the total amount of fertilizers evenly
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distributed across six irrigation events during the growing season (Table 1). Urea (46-0-0, Kuitun
Jinjiang Chemical Co., LTD.), monoammonium phosphate (12-61-0, Yunnan Zhongzheng Chemical
Industry Co., LTD.), potassium sulfate (0-0-50, Laishuo Technology Co., LTD.), and fulvic acid
(powder, Xinjiang Huier Agriculture CO., LTD) were used as fertilizers in this study. Other
management practices followed the local agronomic standards.

Table 1. Irrigation scheme in 2019 and 2020.

Time Irrigation amount Time Irrigation amount
(month-day-year) m? ha™! (month-day-year) m? ha!
05-10-2019 656 04-28-2020 623
07-05-2019 578 06-14-2020 600
07-16-2019 237 06-26-2020 293
07-25-2019 320 07-15-2020 387
08-05-2019 554 08-02-2020 453
08-15-2019 492 08-17-2020 476
08-24-2019 359 08-26-2020 452
Total irrigation amount in 2019 3196 Total irrigation amount in 2020 3284

2.3. Measurement and Calculation

Soil sampling and analysis. Before the experiment, topsoil samples were collected to analyze the
physicochemical properties. At the boll opening stage, five soil cores of 0-20 cm depth were randomly
collected from each plot and thoroughly mixed to create a composite soil sample. Approximately 50
g of each soil sample was separated and stored at 4 °C to analyze soil alkaline phosphatase activity,
and the remaining portion was air-dried and ground to be sieved through a 1 mm screen for chemical
analysis. Soil pH (soil-to-water ratio 1:5) was determined using an electrode, and available
phosphorus was determined using the Olsen method [23]. Soil alkaline phosphatase activity was
analyzed by the method using p-nitrophenyl phosphate (p-NPP) as substrate according to Tabatabai
[24].

Cotton biomass and nutrient uptake. At the boll opening stage, 15 cotton plants were randomly
sampled from each plot. Each plant was separated into different organs (shoot, leaf, shell, fiber, seed)
and dried in an oven at 110 °C for 30 min, followed by drying at 80 °C until a constant weight. The
dry matter weight of each organ was measured using an electronic scale with a precision of 0.01 g.
Plant samples were then ground and digested with H2S50s-H:0:, and the total phosphorus
concentration was determined using the molybdenum-antimony colorimetric method (Bao, 2000).
Total plant P uptake was calculated as the sum of P uptake in each organ, determined by multiplying
its dry weight by its PP concentration.

Yield components. At the harvesting stage, the numbers of plants and bolls were countered
manually based on 1-m length film in each plot to calculate the indices of plant per hectare (plant
density) and boll per plant. 60 bolls of seed cotton were collected from the bottom, middle and top of
plants and weighed to calculate the index of single boll weight. The theoretical yield was calculated
as the product of plant density, number of bolls per plant and single boll weight.

Phosphorus use efficiency. The apparent recovery efficiency (RE), partial nutrient balance
(PNB), agronomic efficiency (AE) and partial factor productivity (PFP) of P fertilizer were calculated
using the following equations:

RE=(U-Uo)/F @
PNB=Uh/F 2)
AE=(Y-Yo0)/F 3)

PFP=Y/F 4)
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Where, U and Uo refer to plant total P uptake with and without P fertilization; F refers to the amount
of P fertilizer applied; Uh refers to P content of the harvested portion (in this study, the straw was
removed post-harvest, so the Uh = U), Y and Yo refers to seed cotton yield with and without P
fertilization.

2.4. Statistical Analysis

A two-way analysis of variance (ANOVA) was conducted to assess the effects of P fertilization
rates, FA addition and their interactions on soil and plant variables. The least significant difference
(LSD) method was used for multiple comparisons of means where the main or interactive effect was
significant. Statistical analysis and plotting were performed using SPSS 16.0 and Sigma plot 12.5
software.

3. Results

3.1. Soil pH, Olsen-P and Alkaline Phosphatase Activity

In 2019, P fertilization significantly increased soil Olsen-P levels. Compared to the 0, soil Olsen-
P content was significantly higher under P50, P100 and P150 treatments. Additionally, FA addition
significantly increased soil Olsen-P by 6%. However, neither P fertilization nor FA addition affected
soil pH and alkaline phosphatase activity. There was no significant interaction between P fertilization
and FA addition on soil pH, Olsen-P and alkaline phosphatase activity (Table 2).

Table 2. Soil pH, Olsen-P and alkaline phosphatase activity under different P fertilization rates and FA addition

treatments.
2019 2020
Alkaline
pH Olsen-P Alkaline phosphatase activity ~ pH Olsen-P  phosphatase
activity
mg kg! mg kg1 h?! mg kg! mg kg1 h™!
P fertilization rates
PO 8.73+0.03 17.13+0.56¢ 159.04+7.51 8.53+0.02a 22.51+1.04  249.36+8.45
P50 8.70+0.03 20.90+0.65a 135.44+11.57 8.52+0.03a 25.66+£1.37  221.42+7.86
P100 8.77+0.04 19.31+0.51b 129.71+8.12 8.42+0.05ab 24.26+0.50 218.05+11.99
P150 8.68+0.0420.28+0.35ab 141.20+5.51 8.37+0.05b 24.47+0.52  222.47+7.67
FA addition
CK 8.74+0.03 18.82+0.45b 139.19+6.48 8.48+0.03  23.81+0.51  225.11+8.33
FA 8.69+0.02 19.98+0.53a 142.47+6.33 8.44+0.04 24.94+0.90  231.52+3.55
ANOVA (P values)
P fertilization rate 0.403 <0.001 0.188 0.014 0.280 0.156
FA addition 0.233 0.031 0.658 0.282 0.349 0.731
P* FA 0.842 0.750 0.906 0.218 0.980 0.702

Note: PO, P50, P100, P150 mean P fertilization rates at 0, 50, 100 and 150 kg P2Os ha™, FA means fulvic acid
addition of 45 kg fulvic acid ha!, CK means no fulvic acid addition as control. Within P fertilization rates or FA
addition treatment, means followed by the same letter are not significantly different at P < 0.05 level. Same as
follows.

In 2020, P fertilization significantly reduced soil pH value. Soil pH decreased progressively with
increasing P fertilization rates, with a significantly lower value observed under P150 treatment
compared to PO treatment. Neither P fertilization nor FA addition affected soil Olsen-P and alkaline
phosphatase activity. No significant interaction between P fertilization and FA addition was detected
for soil pH, Olsen-P and alkaline phosphatase activity (Table 2).
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3.2. Cotton Biomass

In 2019, the cotton shoot, leaf and total biomasses increased with the increasing P fertilization
rates, with significantly higher values observed under P100 and P150 treatments compared to PO
treatment. FA addition significantly increased cotton leaf and shell biomass. However, no significant
interaction between P fertilization and FA addition was detected for different cotton organs and total
biomasses (Table 3).

Table 3. Cotton biomass under different P fertilization rates and FA addition treatments at boll opening stage,
2019.

Shoot Leaf Shell Fiber Seed Total
kg ha! kg ha! kg ha! kg ha! kg ha! kg ha!
P fertilization rates
PO 1981+104b  1737+165b  1706+141 1694+112 2541+168 9660+631b
P50 2316+255ab  2047+198ab  2191+294  1831+161 2747+241 11132+1099ab
P100 2713+228a 2245+209a 2505+272  2112+170 3168+255  12743+1006a
P150 2765+167a  2408+129a  2513+204 2129+101 3084+155  12900+537a
FA addition
CK 2351+158 1876+118b  1932+152b  1926+130 2890+195 10975712
FA 2537+155 2343+129a  2525+177a  1957+76  2880+108 12242+592
ANOVA (P values)
P fertilization rate 0.042 0.044 0.056 0.117 0.168 0.048
FA addition 0.377 0.009 0.014 0.837 0.964 0.159
P* FA 0.839 0.786 0.984 0.653 0.517 0.883

In 2020, the shoot, leaf, fiber, seed and total biomasses were enhanced with increasing P
fertilization rates, with a significantly higher value observed in P150 compared to PO treatment. No
significant effects of fulvic acid addition and its interaction with P fertilization were detected for
different cotton organs and total biomasses (Table 4).

Table 4. Cotton biomass under different P fertilization rates and FA addition treatments at boll opening stage,
2020.

Shoot Leaf Shell Fiber Seed Total
kg ha kg ha! kg ha kg ha! kg ha! kg ha
P fertilization rates
PO 1955+188¢c  1079+169b  2144+272  1640+102b  2460+142b  9277+771c¢
P50 2571+152b  1179+60b 2449+106  1970+89ab  2856+111lab 11026+211b
P100 2228+130bc  1324+65b 2554+108  1987+134a  2980+201a 11072+492b
P150 3136+127a  1739+86a 2700+181  2198+123a  3297+185a  13070+576a
FA addition
CK 2431+180 1333493 2435+141 1927+87 2891+127  11017+515
FA 2514+121 1328+100 2488+126 1970499 2906+144  11206+507
ANOVA (P values)
P fertilization rate ~ <0.001 0.001 0.228 0.019 0.011 0.002
FA addition 0.580 0.963 0.782 0.713 0.927 0.751

P*FA 0.231 0.684 0.747 0.390 0.228 0.948
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3.3. Cotton P Concentration

In 2019 and 2020, P fertilization did not affect P concentrations of different cotton organs, except
the shell. The lowest shell P concentration was observed under the P50 treatment in 2019 and the
P100 treatment in 2020. Fulvic acid addition increased shell P concentration in 2020 (Tables 5 and 6).
A significant interaction between P fertilization and FA addition was detected for leaf P
concentration. FA addition significantly reduced leaf P concentration under the PO and P150
treatments but had no effect under the P50 and P100 treatments (Figure 1).

Table 5. Cotton P concentration under different P fertilization rates and FA addition treatments, 2019.

Shoot Leaf Shell Fiber Seed
gkg! gkg" gkg! gkg gkg!
P fertilization rates
PO 0.96x0.06 1.63+0.15 1.77+0.12a 1.29+0.11 8.99+0.53
P50 0.93+0.07 1.40+0.06 1.19+0.12b 1.1620.07 9.32+0.23
P100 0.93+0.04 1.38+0.08 1.45+0.11ab 0.97+0.04 9.68+0.25
P150 0.9620.04 1.40+0.09 1.44+0.18ab 1.06+0.07 9.83+0.53
FA addition
CK 0.95+0.03 1.53+0.09 1.54+0.11 1.13+0.05 9.41+0.30
FA 0.95+0.05 1.37+0.05 1.39+0.10 1.12+0.07 9.50+0.28
ANOVA (P values)
P fertilization rates 0.973 0.192 0.028 0.074 0.464
FA addition 1.000 0.081 0.262 0.912 0.821
P* FA 0.918 0.047 0.131 0.972 0.173

Table 6. Cotton P concentration under different P fertilization rates and FA addition treatments, 2020.

Shoot Leaf Shell Fiber Seed
gkg! gkg! gkg gkg" gkg”
P fertilization rates
PO 1.72+0.10 2.24+0.11 2.66+0.15ab 1.27+0.08 10.61+0.45
P50 1.61+0.12 2.03+0.13 2.88+0.25a 1.14+0.07 10.90+0.35
P100 1.54+0.08 2.30+0.09 2.16+0.16b 1.22+0.06 11.76+0.43
P150 1.48+0.14 2.23+0.19 2.81+0.19a 1.10+0.07 10.37+0.61
FA addition
CK 1.67+0.07 2.21+0.10 2.44+0.14b 1.17+0.07 10.90+0.25
FA 1.51+0.08 2.20+0.10 2.82+0.14a 1.20+0.03 10.92+0.42
ANOVA (P values)
P fertilization rates 0.444 0.579 0.040 0.337 0.224
FA addition 0.147 0.948 0.048 0.659 0.959

P*FA 0.163 0.885 0.477 0.359 0.517
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Figure 1. Leaf P concentration under different P fertilization rates and FA addition treatments, 2019.

3.4. Cotton P Uptake

In 2019, P fertilization significantly increased seed P uptake (Table 7). In 2020, P fertilization
enhanced shoot, leaf, seed and total P uptakes (Table 8). No significant effects of FA addition and its
interaction with P fertilization were detected for cotton P uptake in both 2019 and 2020.

Table 7. Cotton P uptakes under different P fertilization rates and FA addition treatments, 2019.

Shoot Leaf Shell Fiber Seed Total
kg ha! kg ha! kg ha kg ha! kg ha kg ha!
P fertilization rates
PO 1.91+0.17 2.79+0.31 3.09+0.41 2.22+0.29  22.63+1.64b  32.63+2.42
P50 2.23+041 2.88+0.33 2.44+0.18 2.08+0.15 25.40+1.93ab  35.02+2.66
P100 2.52+0.22  3.17+0.46  3.56+0.39 2.04+0.17  30.98%3.02a  42.26+3.90
P150 2.66:0.20 3.31+0.16  3.46+0.30 2.28+0.22  29.90+1.32a  41.62+1.18
FA addition
CK 2.20+0.13  2.85+0.21 2.92+0.29  2.14+0.15 27.09+1.97 37.20+2.47
FA 2.46+0.24 3.23x0.25 3.35+0.20 2.17#0.15 27.37+1.29 38.56+1.73
ANOVA (P values)
P fertilization rates 0.266 0.663 0.087 0.841 0.047 0.066
FA addition 0.372 0.271 0.201 0.913 0.901 0.642
P*FA 0.952 0.579 0.288 0.647 0.954 0.944

Table 8. Cotton P uptakes under different P fertilization rates and FA addition treatments, 2020.

Shoot Leaf Shell Fiber Seed Total
kg ha! kg ha! kg ha! kg ha! kg ha! kg ha!
P fertilization rates
PO 3.33+0.32b  2.40+0.36b  5.72+0.80a 2.09+0.18 26.08+1.80b  39.62+2.77b
P50 4.05+0.20ab  2.42+0.23b 7.06+0.72ab 2.25+0.17 30.97+0.94ab 46.74+1.59ab
P100 3.45+0.29b 3.02+0.13ab 5.51+0.46b 2.45+0.23 35.19+2.95a 49.62+3.42a
P150 4.70+0.55a  3.96+0.50a 8.35+0.69a 2.41+0.17 33.99+2.39a 53.41+2.28a
FA addition
CK 4.01+0.33 2.97+0.28 6.35+0.61 2.25+0.16  31.48+1.55 47.06+2.09
FA 3.75+0.22 2.94+0.28 6.96+047 2.34+0.10 31.64+1.89 47.63+2.31
ANOVA (P values)
P fertilization rates 0.023 0.015 0.115 0.505 0.040 0.032

FA addition 0.424 0.940 0.181 0.619 0.944 0.734
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P*FA 0.033 0.833 0.396 0.158 0.727 0.995

3.5. Yield and Components

In both 2019 and 2020, seed cotton yield increased with increasing P fertilization rates, with the
highest value observed under P150 treatment (Tables 9 and 10). FA addition significantly increased
seed cotton yield by 6% in 2019 and 11% in 2020. No significant interaction between P fertilization
and FA addition was detected for seed cotton yield.

Table 9. Seed cotton yields and components under different P fertilization rates and FA addition treatments,

2019.
Density Bolls per plant Single boll weight Seed cotton yield
*103 plant ha! g kg ha!
P fertilization rates
PO 119.55+1.26b 7.16+0.18 5.32+0.12 4558+187b
P50 127.55£3.12a 7.43+0.12 5.53+0.07 5233+145a
P100 127.55+2.48a 7.79+0.19 5.37+0.12 5321+135a
P150 133.85+1.80a 7.4+0.13 5.52+0.08 5459+114a
FA addition
CK 126.95+3.27 7.2620.18b 5.42+0.12 4991+189b
FA 127.3+2.41 7.63+0.15a 5.45+0.07 5295+176a
ANOVA (P values)
P fertilization rates 0.002 0.062 0.428 0.001
FA addition 0.880 0.028 0.784 0.043
P*FA 0.351 0.939 0.974 0.618

Table 10. Seed cotton yields and components under different P fertilization rates and FA addition treatments,

2020.
Density Bolls per plant Single boll weight Seed cotton yield
*10% plant ha™! 8 kg ha!
P fertilization rates
PO 126.25+1.83b 5.25+0.15¢ 5.26+0.11c 3481+123¢
P50 133.78+2.43a 5.87+0.06b 5.70+0.07b 4469+101b
P100 133.75+2.63a 6.19+0.12a 5.93+0.03a 4912+161a
P150 137.50+1.64a 5.85+0.25a 6.07+0.08a 4862+164a
FA addition
CK 131.25+2.54 5.53+0.15b 5.77+0.15 4192+202b
FA 134.39+2.48 6.05+0.19a 5.71+0.12 4670+262a
ANOVA (P values)
P fertilization rates 0.006 <0.001 <0.001 <0.001
FA addition 0.141 <0.001 0.416 <0.001
P*FA 0.222 0.004 0.060 0.349

Analyzing yield components provides insights into the factors driving yield change. These
results showed that P fertilization significantly increased plant density at the boll opening stage in
both 2019 and 2020, and enhanced boll per plant and single-boll weight in 2020. These were consistent
with the higher yield caused by increasing P fertilization rates in 2019 and 2020. FA addition
significantly increased boll per plant in 2019 and 2020, consistent with the significantly higher yield
caused by fulvic acid addition (Tables 8 and 9). There was a significant interaction between P
fertilization and FA addition for boll per plant in 2020. Without FA addition, boll per plant showed
an increasing-then-decreasing trend with increasing P fertilization rates, with the highest value
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observed under the P50 treatment. In contrast, with FA addition, boll per plant exhibited an initial
increase followed by a plateau, with the highest value observed under the P100 treatment (Figure 2).
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Figure 2. Bolls per plant under different P fertilization rates and FA addition treatments, 2020.

3.6. Phosphorus Use Efficiency

In 2019 and 2020, partial nutrient balance, agronomic efficiency and partial factor productivity
decreased with increasing P fertilization rates (Tables 11 and 12). FA addition significantly increased
agronomic efficiency and partial factor productivity in 2020 (Table 12). No significant interaction
between P fertilization and fulvic acid addition was detected for apparent recovery efficiency, partial

nutrient balance, agronomic efficiency and partial factor productivity.

Table 11. P fertilizer use efficiencies under different P fertilization rates and FA addition treatments, 2019.

RE PNB AE PFP
% % kg kg kg kg
P fertilization rates

PO - - - -

P50 20.93+12.11 159.19+12.11a 18.57+2.89a 104.66+2.89a
P100 26.91+8.86 96.04+8.86b 10.17+1.35b 53.21+1.35b
P150 16.97+1.78 63.06+1.78¢ 7.70+0.76b 36.39+0.76¢

FA addition
CK 20.96+6.04 105.46+11.85 10.22+1.29 62.83+7.14
FA 22.24+6.19 106.74+12.21 14.07+2.05 66.68+8.18
ANOVA (P values)
P fertilization rates 0.757 <0.001 0.001 <0.001
FA addition 0.907 0.907 0.065 0.065
P* FA 0.993 0.993 0.146 0.146

Note: RE, Apparent Recovery Efficiency; PNB, Partial Nutrient Balance; AE, Agronomic Efficiency; PFP, Partial

Factor Productivity. Same as bellow.

Table 12. P fertilizer use efficiencies under different P fertilization rates and FA addition treatments, 2020.

RE PNB AE PFP
% % kg kg1 kg kg!
P fertilization rates
PO - - - -
P50 32.54+7.21 212.45+7.21a 22.16+2.02a 89.38+2.02a
P100 22.82+7.77 112.78+7.77b 15.51+1.61b 49.12+1.61b
P150 19.88+3.89 79.85+3.89¢ 10.01+1.09¢ 32.41+1.09¢

FA addition
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CK 23.54+4.53 133.48+15.22 12.90+1.39b 53.98+6.19b
FA 26.62+4.87 136.57+15.55 18.88+1.65a 59.96+6.40a
ANOVA (P values)
P fertilization 0.427 <0.001 <0.001 <0.001
rates

FA addition 0.707 0.707 0.001 0.001
P*FA 0.990 0.990 0.650 0.650

4. Discussion

Soil Olsen-P is a reliable indicator of soil available phosphorus that could be absorbed by plants.
In this study, P fertilization significantly increased soil Olsen-P, which is consistent with previous
studies [25,26]. The increased Olsen-P might be caused by added P to the soil through fertilization.
Additionally, soil pH decreased with increasing application of monoammonium phosphate (acidic)
in this study, suggesting soil acidification caused by fertilization might be the other mechanism
promoting soil P availability [7].

FA have been widely reported could increase soil P availability through mechanisms like
acidification, chelating cations, or increasing microbial activity [9,10,27-29]. In this study, there was
a significant increase in soil Olsen-P caused by FA addition in 2019. Concurrently, there was a slight
decrease in soil pH and increase in alkaline phosphatase activity under FA addition treatment,
although they were not significant. The changes in soil Olsen-P, pH and alkaline phosphatase activity
suggest that FA addition might enhance soil P availability by promoting acidification and increasing
soil microbial activity.

Lots of studies have reported that FA could stimulate plant root growth and rhizosphere
microbial activity, increase plant nutrient uptake and promote plant growth [9,15,16,30,31]. However,
in this study, we did not find a significant effect of FA on cotton P uptake and growth, except for
increased leaf and shell biomass in 2019. It seemed much easier to observe the effects of FA acid
addition in the laboratory or greenhouse experiments than in the field experiment because the impact
factors are much more complicated in the field [18]. The dosage effect might influence the response
of plant growth to FA addition The appropriate amount of FA could stimulate seed germination, root
growth and nutrient uptake, but lower or higher amounts of FA have no positive effect or even
negative effects [30,31]. In this study, the amount of FA was applied under the suggestion of the
product and might not be the best amount to enhance cotton nutrient uptake and growth, and field
trials testing the effects of FA amounts should be conducted in the future.

In this study, P fertilization significantly promoted seed cotton yield, which was consistent with
previous studies [25,32,33]. The increasing harvest plant density, boll per plant, or single boll weight
might explain the higher seed cotton yield under P fertilization treatment (Tables 9 and 10). P is a
crucial nutrient for seedling emergence rate, because at that stage, plants grow fast and cell division
happens frequently, which needs much P for cell membrane and energy transfer system [34].
Additionally, P has the functions of stimulating crop development and enhancing carbohydrate
transportation from leaf to bolls [35], which would result in more bolls per plant and higher single-
boll weight.

The seed cotton yield and boll per plant were significantly higher under FA addition treatment
(Tables 9 and 10), suggesting that FA addition might promote seed cotton yield through increasing
boll per plant in this study. It is common in arid regions that extreme drought and heat cause the
shedding of cotton bolls during the flowering-boll stage and significantly reduce cotton yield [36].
FA has the function of increasing plant resistance to drought and other environmental stresses
[16,17,37], which might reduce boll shedding and result in more boll per plant and higher seed cotton
yield.

In this study, partial nutrient balance, agronomic efficiency and partial factor productivity
decreased with the increasing P fertilization rates, which was consistent with most previous studies
[38-41] and could be explained by the law of diminishing returns to fertilizer [42]. FA addition

d0i:10.20944/preprints202503.1924.v1
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significantly increased agronomic efficiency and partial factor productivity in this study, but not
apparent recovery efficiency and plant nutrient balance. These indicate that the main mechanism of
FA addition on P fertilizer use efficiency was to promote cotton yield compared with enhancing plant
P uptake.

5. Conclusions

Our study showed that the soil P availability, cotton biomass, uptake and yield showed an
increasing trend with the increase of P fertilization rates. FA addition significantly increased seed
cotton yield through increasing bolls per plant, thus promoting agronomic efficiency and partial
factor productivity. Therefore, FA could be applied to enhance cotton yield and reduce the amount
of applied P fertilizer in arid regions. Considering the seed cotton yield and partial nutrient balance
(P), the P fertilization rate was recommended to be around 100 kg P05 ha! to get a higher seed cotton
yield and keep the balance of P in this field.
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