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Compared with long-term and continuous application of large amounts of

chemical fertilizers, fertilizers with microbial organic nutrient sources can

improve soil environment, increase soil fertility and increase crop yield. In view

of the current low soil fertility and poor soil environment leading to low crop yield

and instability in the arid regions of northwest China, the effects of organic

fertilizer with microbial nutrient sources on soil nutrients and pumpkin yield were

studied in 2022 and 2023 in this region. The fertilizer application level was used as

control factor, with four treatments of low level (L), medium level (M), high level

(H), and a conventional fertilizer control (CK). The results showed that the high

application level of organic fertilizer was more beneficial to the growth of

pumpkin, and the stem diameter, vine length, and leaf area of pumpkin under

H treatment were the highest from 2022 to 2023. Compared to CK, the average

soil bulk density was significantly decreased by 8.27–18.51% (P< 0.05); the soil

organic carbon, available phosphorus, available potassium, and nitrate nitrogen

under H treatment were increased by an average of 32.37%, 21.85%, 18.70%, and

36.97%, respectively. Under different organic fertilizer treatments, the pumpkin

yield under M treatment was the highest, reaching 30926.18 kg·ha-1, followed by

H treatment. compared to CK, M and H treatments increased the yield by 25.26%

and 7.01%, respectively, and improved water use efficiency by 14.18% and 2.21%,

respectively. Redundancy analysis (RDA) of soil nutrients, pumpkin growth

dynamics and yield in 2022 and 2023 showed that soil organic carbon,

available phosphorus, available potassium, nitrate nitrogen, and water use

efficiency were significantly positively correlated with pumpkin yield (P<0.01).

In conclusion, H and M treatments can improve soil fertility promote pumpkin

growth and development, and ultimately increase pumpkin yield. In summary,

medium organic fertilizer level (M=5700 kg·ha-1) is recommended as the

fertilization scheme for local pumpkin cultivation.
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1 Introduction

In the current, water scarcity, scarce rainfall, and low soil fertility

have been the major limiting factors in achieving high and stable crop

yields in the arid areas of Northwest China (Xue et al., 2017; Zhang

et al., 2023; Zong et al., 2023). How to improve soil fertility and increase

crop yields under limited water resources is a long-term technical

challenge in agricultural production of the region (Zhang et al., 2018b;

Li et al., 2023). Among them, fertilization played an important role in

soil fertility and crop yields, being one of the most fundamental

measures to enhance farmland productivity (Li et al., 2020a).

However, long-term and sustained application on large amounts of

chemical fertilizers could have adverse effects on soil properties, leading

to a decrease in fertilizer efficiency (Cui et al., 2020; Santiago et al.,

2019), with soil nitrate accumulation and other ecological problems. As

an alternative to chemical fertilizers in the process of green and

sustainable agriculture development, microbial organic fertilizers

could improve soil environment, increase soil fertility, and enhance

crop yields (Wei et al., 2016). Hence, there is a current emphasis on

researching the impact of organic fertilizers on soil fertility and crop

yields is currently a hot topic and focus of farmland studies in the arid

areas of Northwest China, which holds significant academic value.

Numerous studies have shown that the increased application of

organic fertilizers could improve soil fertility, enhance ecological

environment, and increase crop nutrient absorption and utilization

efficiency (Wang et al., 2019; Mihoub et al., 2023). Improving plant

growth and promoting crop yield played an important role in the

sustainable utilization of soil, on the premise that it would not have

any adverse effects on the agricultural ecosystem (Iqbal et al., 2019;

Fawzy et al., 2016). Organic fertilizers could enhance soil fertility by

activating microorganisms, improving soil structure, and increasing

soil water retention. Over time, organic fertilizers slowly and

continuously release nutrients for crops (Ünlükara et al., 2022).

Applying organic fertilizers had natural advantages in improving

soil compaction, enhancing soil fertility, promoting crop growth, and

increasing crop yield (Zhang et al., 2018a). Substituting some

chemical fertilizers with organic fertilizers could significantly

increase crop yield (Liu et al., 2021a; Li et al., 2021c; Li et al.,

2018). Zhou et al. found that crop yield increased by 26.4–44.6%

under organic fertilizer treatment (Zhou et al., 2022). It was also

found that organic fertilizers had a promoting effect on crop growth

and yield increase (Alharbi et al., 2021; Salman et al., 2023). Soil

organic carbon content increased with the application of organic

fertilizers (Zhao et al., 2024). Applying organic fertilizers increased

soil organic carbon content by 13.30–40.56% (Zhang et al., 2022), and

decreased soil bulk density by 4.0–5.6% (Duan et al., 2023).

Compared to traditional fertilization methods, organic fertilizers

could effectively promote crop growth, significantly increase plant

height, stem diameter, and fruit setting rate, and enhance crop yield

by 22.0% (Jiang et al., 2022). The application of organic fertilizers

could increase the yields of leafy vegetables and fruit vegetables by

76.44% and 41.75%, respectively. Long-term application of organic

fertilizers was more beneficial for vegetable yield, and organic

fertilizer application in general significantly increased the yield by

44.11% in China (Xiang et al., 2022). The research on the utilization

of organic fertilizers is anticipated to significantly improve soil
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environment, enhance soil fertility in farmland, and carry

important practical significance for achieving high and stable

yields. This study addresses the challenges of declining soil fertility,

decreased crop yields, and low efficiency in fertilizer use resulting

from prolonged application of single chemical fertilizer in the regions.

Pumpkin is a crop for both food and vegetable, with rich

nutrition and high medicinal value. It also has characteristics of

barren resistance, drought resistance, and strong adaptability, one of

the suitable crops to increase economic output in the arid regions of

Northwest China (Ta et al., 2016; Zang et al., 2017). Soil nutrients

play an important role in growth, development, and high yield of

pumpkins (Zhang et al., 2020). Bacillus subtilis in organic fertilizers is

widely present in soils under various natural conditions. It can

enhance the decomposition rate of organic fertilizers, promote the

absorption of nutrients to plant roots system, accelerate plant growth,

and ultimately increase yield (Wei et al., 2011). In conclusion, most

researches on the substitution of organic fertilizers for chemical

fertilizers mainly focused on grain crops, while limited studies on

its impact on the spatial and temporal distribution and transport of

soil nutrients in pumpkin fields, as well as the growth status and yield

of pumpkins. Therefore, the present study aims to investigate the

influence of organic fertilizer application on pumpkin growth

characteristics. It is hypothesized that the impact of organic

fertilizer application on the temporal and spatial transport of soil

nutrients in pumpkin farmland would be obtained. Additionally, the

main soil nutrient factors regulating pumpkin yield and growth

characteristics would be identified, with the goal of providing

scientific guidance fertilization application to enhance pumpkin

productivity in the arid regions of Northwest China.
2 Materials and methods

2.1 Study site

The experiment was conducted at the Minqin Irrigation

Experimental Station of Gansu Water Conservancy Science

Research Academy in 2022 and 2023. The station is located

approximately 13.5 km north of Minqin County, Gansu Province,

China (103°05’ E, 38°37’ N), as shown in Figure 1. The region is

situated at the junction of an oasis and the Tengger Desert,

characterized by a typical continental desert climate, with dry

conditions, scarce precipitation, high evaporation, abundant wind

and sand, and frequent natural disasters. In this region, the annual

average air temperature is 7.8°C, with its extreme maximum of

39.5°C and extreme minimum of -27.3°C. Years of average

humidity is 45%, annual average precipitation is 110mm, with

average evaporation of 2644mm. There are also abundant light

and heat resources, with annual sunshine hours of 3028 h,

accumulated temperature ≥ 0°C of 3550°C, accumulated

temperature ≥ 10°C of 3145°C, the frost-free period of 150 days.

And the maximum frozen soil depth is 115cm. The cultivated soil in

the experimental area (0–60cm) is clay loam, gradually

transitioning to sandy loam below 60 cm, with an average soil

bulk density of 1.54 g·cm-3. The detailed physical and chemical

properties of the experimental field soil were referred in Table 1.
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2.2 Experimental materials

The test crop is pumpkin, and the test variety is “Sweet

Pumpkin” (produced by Gansu Delongyuan Agricultural Science

and Technology Co., Ltd., CHN). The organic fertilizer for the test

is produced by Lanzhou Xindali Water Fertilizer Integration Service

Co., Ltd., with effective fertilizer components: N+P2O5+K2O ≥ 18%,

effective bacteria (Bacillus subtilis + Bacillus licheniformis) ≥ 0.5

billion/ml, amino acids ≥ 3%.
2.3 Experimental design and soil sampling

In the experiment, the organic fertilizer application amount was

selected as the control factor, with 4 levels being set at low (L=4500

kg·ha-1), medium (M=5700 kg·ha-1), high (H=6900 kg·ha-1), and

control (CK, was the conventional chemical fertilizer application
Frontiers in Plant Science 03
level of local farmers), respectively, replicated 3 times with 12 plots.

The fertilizer application was divided into basal fertilizer before

sowing and top dressing fertilizer twice during the growth period of

pumpkin. At the low, medium, and high levels of organic fertilizer,

basal fertilizer was applied of 3900 kg·ha-1, 4800 kg·ha-1, and 5700

kg·ha-1, with top dressing fertilizer at 300 kg·ha-1, 450 kg·ha-1, 600

kg·ha-1 each time, respectively. However, at the CK, base fertilizer of

diammonium phosphate 300 kg·ha-1 and urea 450 kg·ha-1 were

applied, with topdressing twice and urea 300 kg·ha-1 each time. The

experiment was designed according to randomized blocks, with an

area of 75 m2 (30 × 2.5 m) and furrow irrigation in each plot.

Sowing was carried out at a density of 200 cm in furrows, 50 cm in

rows, 30 cm in plant spacing, with one furrow and one film in two

rows. During the experimental period, the irrigation regime was the

same for each treatment throughout the pumpkin growing period.

The experimental design protocol is detailed in Table 2, the division

of the pumpkin growing period, was referred to Table 3.
TABLE 1 Soil physical and chemical properties in experimental area.

Measuring item
Soil depth (cm)

0–20 20–40 40–60 60–80 80–100

bulk density (g·cm-3) 1.38 1.48 1.56 1.61 1.68

Field water retention (%) 21.73 22.15 22.87 23.69 24.56

Organic matter (%) 0.8 0.68 0.57 0.34 0.38

Available phosphorus (mg·kg-1) 72.06 7.45 2.98 4.58 3.44

Available potassium (mg·kg-1) 180 170 190 120 110

Alkaline hydrolyzed nitrogen (mg·kg-1) 33 23 18.60 16.10 11.60

Total nitrogen (%) 0.063 0.061 0.054 0.023 0.045
FIGURE 1

(A) Geographical location of the experimental site; (B) experimental design and scenes of trial plots establishment, treatment arrangement and
field management.
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2.4 Soil sample collection and
physicochemical properties determination

2.4.1 Soil sample collection
In 2022 and 2023, soil samples were collected during the

germination period (G), seedling stage (SE), vine extension period

(SP), flowering stage (F), and maturity period (M) of pumpkins. For

each organic fertilizer treatment plot, soil samples were collected

from the 0–100 cm soil layer at three locations with an “S” shaped

distribution, stratified at 20 cm intervals. After removing rocks and

plant residues, the remaining soil was stored in sterilized plastic

containers to determinate soil physical and chemical properties.

2.4.2 Determination of soil bulk density
The soil bulk density is determined by the ring knife method. A

representative undisturbed soil sample is cut with a ring knife of a

certain volume, filled with soil, and the mass of dried soil (at 105°C)

per unit volume is calculated as the bulk density of the soil, as

shown in the formula below (Zhang et al., 2020):

g = (m2 �m1)=V (1)

Where, g is bulk density of soil, g/cm3; m1 is mass of the ring

knife, g; m2 is mass of ring knife plus dried soil, g; V is volume of the

ring knife, cm3.

2.4.3 Determination of soil nutrients
Soil organic carbon was determined by potassium dichromate

oxidation–spectrophotometric method, using soil organic carbon

analyzer of LH–SOC 350 (Beijing Lianhua Technology, ChN) (using
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the M–02 calibration curve with a value of 10.80). Available

phosphorus in soil was determined by sodium bicarbonate

extraction–molybdenum antimony anti–colorimetric method.

Available potassium in soil was determined by ammonium acetate

extraction–flame photometrymethod. Soil nitrate nitrogen content was

determined by ultraviolet spectrophotometric colorimetric method.
2.5 Growth characteristics analysis method

2.5.1 Logistic curve fitting of pumpkin
growth dynamics

Logistic equation was used to fit dynamic changes of pumpkin

growth indicators during the reproductive period, with the equation

as (Tung et al., 2019):

y = k=½1 + a · e−bt � (2)

Where, y is stem diameter (mm), vine length (cm), leaf area

(cm2) of pumpkin at the moment time t; t is number of days after

emergence, d; k is theoretical maximum growth value; a, b are

both constants.

By differentiating the logistic equation, the start time of pumpkin

rapid growth (T1, in days), the end time of rapid growth (T2, in days),

the time to reach the fastest growth rate (T0, in days), and the fastest

growth rate [Vmax, mm/cm/cm2/d] can be obtained, with the

calculation formulas for each parameter as follows (Tung et al., 2019):

T1 = ln½a(2 − ffiffiffi

3
p

)�=b (3)

T2 = ln½a(2 + ffiffiffi

3
p

)�=b (4)

Vmax = kb=4 (5)

T0 = lna=b (6)

VT = Dy�DT = (y2 � y1)=(T2 �T1) (7)

Where, VT represents the period when 65% cumulative growth

occurs, defined as the rapid accumulation period, starting at T1 and

ending at T2; other symbols as above.
TABLE 2 Experimental treatment design.

Treatment
Base fertilizer dosage

(kg·ha-1)
Additional fertilizer
amount (kg·ha-1)

Top dressing
times

Irrigation
times

Irrigation quota
(m3·ha-1)

L
Solid

organic fertilizer
3900

Liquid
organic fertilizer

300 2 3 525

M
Solid

organic fertilizer
4800

Liquid
organic fertilizer

450 2 3 525

H
Solid

organic fertilizer
5700

Liquid
organic fertilizer

600 2 3 525

CK
Diammonium
phosphate

Urea

300
450

Urea 300 2 3 525
TABLE 3 Division of growth period.

Growth period 2022 Year 2023 Year

Germination period 4.29–5.11 5.8–5.18

Seedling period 5.12–5.27 5.19–6.4

Vine growth period 5.28–6.20 6.5–6.20

Flowering period 6.21–7.12 6.21–7.13

Maturity period 7.13–8.11 7.14–8.14
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2.5.2 Water use efficiency
The water use efficiency is calculated as (Fernández et al., 2020):

WUE ¼ Y=ET (8)

Where, WUE is water use efficiency, kg·ha-1·mm-1; Y is

economic yield of pumpkin, kg·ha-1; ET is water consumption

during the pumpkin growth period, mm.

Among them, the water consumption during the pumpkin

growth period is calculated based on the principle of soil water

balance in field, with the formula as follows (Zong et al., 2021):

ET = W0 �Wt +WT + P0 + K +M (9)

Where, W0 and Wt are the initial and final water storage in the

planned wet soil layer during time period t, respectively, mm;WT is the

water amount added as the depth of the planned wet soil layer

increases, mm, with WT = 0 in this experiment due to the depth of

the planned wet soil layer remaining constant; P0 is the effective

precipitation, mm; K is the supply amount of shallow buried

groundwater to the planned wet soil layer, mm, with K = 0, that is

not considered, due to the groundwater level in the experimental area

below 20m;M is the irrigation water amount during time period t, mm.
2.5.3 Yield and fertilizer partial factor productivity
Yield measurement at harvest: After pumpkins mature,

pumpkin at each plot is harvested individually to determine

pumpkin yield and its composition factors. Calculation formula
Frontiers in Plant Science 05
for fertilizer partial factor productivity is (Ierna et al., 2011):

PFP = Y=F (10)

Where, PFP is the fertilizer partial factor productivity, kg·kg-1;

F is the total amount of fertilizer applied, kg·ha-1.
2.6 Data analysis

All data were analyzed using Excel (2021) (Microsoft, USA) and

Origin 2017 (OriginLab Corp., USA). One-way analysis of variance

(ANOVA) was conducted by SPSS 25.0 (IBM, USA). Mantel

correlation analysis of soil nutrients and yield was performed

using the linkET package in R language version 4.3.1.
3 Results and analysis

3.1 Effects of organic fertilizer on pumpkin
growth and development dynamics

The application of organic fertilizer had a significant dynamic

effects on the growth and development of pumpkin (P<0.05), as

illustrated in Figure 2. The data indicated that dynamic changes of

pumpkin growth were similar over the two years from 2022 to 2023.

Taking 2022 as an example, throughout the entire growth process of

pumpkins, the trends on stem thickness for each treatment were
FIGURE 2

The influence of organic fertilizer on stem diameter, vine length, and leaf area during the growth period of pumpkins in 2022 and 2023. (A–C) represents the
changes of stem diameter, vine length and leaf area in the growth period of pumpkin under different treatments in 2022; (D–F) represents the changes of
stem diameter, vine length and leaf area in the growth period of pumpkin under different treatments in 2023.
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consistent, as shown in Figure 2A. It was mainly characterized by

rapid increase of the stem thickness in the early growth stage, which

reached a peak and then slightly decreased due to the continuous

loss of stem moisture as the pumpkin gradually matured. Among

them, the stem thickness of pumpkins under H treatment was the

largest, at 12.89 mm. Figure 2B reflected that vine length showed a

stable upward trend during the entire growth period. The level of

organic fertilizer application had a significant impact on the vine

length of pumpkins (P<0.05), with the sizes of vine length in each

treatment being H > M > CK > L. Among them, the H treatment

had the largest value of 428.67 cm, representing an increase of

22.10%, 9.45%, and 20.31% compared to L, M, and CK, respectively.

The pumpkin leaf area showed a gradual increasing trend at

different levels of organic fertilizer application, with a relatively

large growth rate from the germination period to the vine

elongation period, as shown in Figure 2C. The sizes of leaf areas

among the treatments also followed the order of H > M > CK > L.

The leaf area under the high-level organic fertilizer treatment was

the largest, with an increase of 25.81% compared to the control.

The logistic equation was used to fit the growth dynamics

process of pumpkins from 2022 to 2023. The results showed that

pumpkins growth throughout the entire growth period conformed

to an “S”– shaped growth curve (Table 4). The trends between the

maximum relative growth rate and average growth rate of

pumpkins for each treatment were consistent. Compared to the

control group (CK), the maximum relative growth rates of vine

length and leaf area of pumpkins under H treatment increased by an

average of 14.12% and 22.56% over two years. In 2022, compared to

the CK, the average growth rates of stem diameter, vine length, and

leaf area of pumpkins under H treatment increased by 3.96%,

10.31%, and 24.15%, respectively. The rapid growth duration of

pumpkin stem diameter and vine length was extended by 1.91% and

9.41%, respectively, while the rapid growth duration of leaf area was

shortened by 7.63%. In 2023, under the H treatment, the rapid

growth duration of pumpkin stem diameter and vine length

increased by 18.66% and 27.35% respectively, compared to the

CK treatment. Furthermore, the maximum relative growth rates of

stem diameter, vine length, and leaf area of pumpkins occurred

11.95%, 8.58%, and 6.88% earlier than CK.
3.2 Impact of organic fertilizer on soil
bulk density

After the application of organic fertilizer, a significant alteration

in soil bulk density was observed, exhibiting a consistent pattern of

change over the course of two years (Figure 3; Supplementary

Table 1). In 2022, the application of organic fertilizer significantly

reduced soil bulk density by 10.00–20.67% compared to the CK

(P<0.05). With the growing utilization of organic fertilizer, there has

been a reduction in soil bulk density, indicating a significant negative

correlation between the two. The order of soil bulk density among

different treatments was CK > L > M > H, among which there were

significant differences between H, M, L and CK (P<0.05), but no

significant difference between H and M treatments (P>0.05). In 2023,
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compared to CK, the application of organic fertilizer significantly

reduced soil bulk density by 6.54–16.34%, and there was a significant

negative correlation between application amount of organic fertilizer

and soil bulk density. It was apparent that the utilization of organic

fertilizer could significantly improve soil bulk density.
3.3 Effects of organic fertilizer on
soil nutrients

3.3.1 Effects of organic fertilizer on soil
organic carbon

Figure 4 and Supplementary Table 2 illustrates the impact of

applying organic fertilizer on soil organic carbon. The data indicated

that in both 2022 and 2023, there was a consistent trend of decreasing

organic carbon content in farmland soil as the depth increased. The

organic carbon content in the surface soil was significantly higher

than that in the subsoil, and the rate of decrease in organic carbon

content increased with the increase of soil depth. Under the H

treatment, the soil organic carbon content was significantly higher

than that under CK treatment (P<0.05). It also gradually increased

with the increase of organic fertilizer application amount under

different treatments. Taking the maturity stage in 2022 as an

example, the rate of reduction in organic carbon content gradually

increased with the increase of soil depth, with the decreasing by

11.19%, 20.50%, 27.77%, and 38.16% at each 20 cm interval in 0–100

cm soil layer, respectively. The application of organic fertilizer

significantly increased soil organic carbon by 11.83–43.05%

compared to CK. In the entire growth period of pumpkins, the soil

organic carbon content exhibited a pattern of increasing first and

then decreasing, with the order of H > M > L > CK among different

treatments. Compared to the germination stage, the soil organic

carbon content at the maturity stage increased by 29.62% with H

treatment, 23.64% with M treatment, 34.33% with L treatment, while

only 5.67% with CK treatment.

3.3.2 Effects of organic fertilizer on soil
available phosphorus

The changes in available phosphorus content of soil profile during

each period under various fertilizer treatments are illustrated in

Figure 5 and Supplementary Table 3. In 2022 and 2023, the effects of

different fertilization levels on soil profile available phosphorus content

were similar, showing a gradual decrease in available phosphorus

content with the increasing of soil depth. The decrease rate of

available phosphorus content in the 0–60 cm soil layer was

significantly higher than that in the 60–100 cm soil layer. It could be

observed that the soil available phosphorus content gradually increased

with the increase of the organic fertilizers application amount. It under

the H treatment was significantly higher than that under the CK

treatment (P<0.05). The available phosphorus content in the 0–40 cm

soil layer was significantly higher than in the 40–60 cm soil layer, with

the soil available phosphorus content in the 0–40 cm soil layer among

different treatments showing H > M > L > CK. The soil available

phosphorus content during the entire growth period showed an M-

shaped variation pattern. Compared to the CK treatment, the available
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TABLE 4 The logistic equation regression analysis of pumpkin growth dynamics under organic fertilizer treatment.

Year Indicator Treatment Logistic equation R2 Vmax (mm/
cm/cm2·d-1)

T0
(d)

T1
(d)

T2
(d)

△T
(d)

VT

2022

Stem
diameter/mm

L y=14.125/[1+2.392·e(-0.106t)] 0.995** 0.374 8.238 -4.202 20.677 24.879 0.328

M y=14.876/[1+2.338·e(-0.113t)] 0.990** 0.419 7.545 -4.154 19.244 23.398 0.368

H y=15.387/(1+2.164·e(-0.117t)] 0.995** 0.452 6.576 -4.640 17.792 22.432 0.395

CK y=14.453/[1+2.498·e(-0.12t)] 0.981** 0.432 7.649 -3.357 18.655 22.012 0.380

Vine length/cm

L y=353.141/[1+39.116·e(-0.121t)] 0.994** 10.677 30.317 19.428 41.206 21.779 9.365

M y=392.539/[1+27.561·e(-0.11t)] 0.986** 10.789 30.166 18.187 42.144 23.958 3.818

H y=433.295/(1+25.211·e(-0.106t)] 0.988** 11.442 30.553 18.085 43.020 24.935 10.059

CK y=358.972/[1+33.351·e(-0.116t)] 0.995** 10.372 30.346 18.951 41.741 22.791 9.119

Leaf area/cm2

L y=331.802/[1+10.49·e(-0.101t)] 0.970** 9.711 26.369 13.593 39.145 25.552 7.260

M y=404.149/[1+13.245·e(-0.112t)] 0.993** 15.056 25.482 14.667 36.296 21.628 9.980

H y=437.081/(1+11.156·e(-0.107t)] 0.996** 15.294 25.810 13.951 37.669 23.718 10.126

CK y=382.526/[1+11.185·e(-0.099t)] 0.990** 11.882 28.407 15.643 41.170 25.527 8.156

2023

Stem
diameter/mm

L y=13.173/[1+5.755·e(-0.152t)] 0.986** 0.500 11.525 2.852 20.198 17.346 0.438

M y=14.231/[1+3.934·e(-0.128t)] 0.994** 0.456 10.681 0.411 20.950 20.539 0.400

H y=14.678/(1+3.612·e(-0.124t)] 0.990** 0.455 10.349 -0.264 20.963 21.228 0.399

CK y=13.696/[1+5.506·e(-0.147t)] 0.994** 0.504 11.586 2.641 20.531 17.890 0.442

Vine length/cm

L y=324.74/[1+51.694·e(-0.113t)] 0.979** 9.167 34.939 23.277 46.602 23.326 8.038

M y=368.04/[1+75.661·e(-0.116t)] 0.978** 10.676 37.286 25.936 48.636 22.700 9.361

H y=382.096/(1+51.991·e(-0.11t)] 0.986** 10.463 36.073 24.049 48.097 24.047 9.174

CK y=324.887/[1+235.976·e(-0.139t)] 0.950* 11.330 39.169 29.728 48.611 18.882 9.934

Leaf area/cm2

L y=286.99/[1+7.392·e(-0.104t)] 0.996** 7.494 19.152 6.543 31.760 25.217 6.571

M y=313.046/[1+7.043·e(-0.104t)] 0.997** 8.147 18.751 6.100 31.402 25.302 7.143

H y=321.417/(1+7.16·e(-0.117t)] 0.995** 9.303 17.002 5.628 28.377 22.749 8.157

CK y=304.236/[1+7.098·e(-0.108t)] 0.997** 8.203 18.171 5.960 30.382 24.422 7.192

Average

Stem
diameter/mm

L y=13.644/[1+3.555·e(-0.126t)] 0.991** 0.431 10.040 -0.384 20.467 20.851 0.377

M y=14.556/[1+2.991·e(-0.12t)] 0.993** 0.435 9.160 -1.849 20.161 22.010 0.383

H y=15.033/(1+2.752·e(-0.12t)] 0.993** 0.450 8.470 -2.548 19.480 22.028 0.395

CK y=14.083/[1+3.576·e(-0.131t)] 0.989** 0.462 9.720 -0.326 19.756 20.082 0.409

Vine length/cm

L y=339.231/[1+40.862·e(-0.114t)] 0.99** 9.681 32.503 20.966 44.040 23.074 8.480

M y=381.421/[1+36.447·e(-0.107t)] 0.983** 10.185 33.666 21.336 45.996 24.660 8.940

H y=408.563/(1+31.73·e(-0.104t)] 0.988** 10.636 33.201 20.554 45.849 25.295 9.320

CK y=345.623/[1+42.17·e(-0.108t)] 0.982** 9.320 34.690 22.481 46.900 24.420 8.180

Leaf area/cm2

L y=331.802/[1+10.49·e(-0.101t)] 0.983** 8.400 23.212 10.206 36.218 26.011 7.350

M y=404.149/[1+13.245·e(-0.112t)] 0.996** 11.343 23.013 11.282 34.743 23.461 9.930

H y=437.081/(1+11.156·e(-0.107t)] 0.996** 11.653 22.618 10.269 34.968 24.699 10.240

CK y=382.526/[1+11.185·e(-0.099t)] 0.992** 9.508 24.287 11.041 37.533 26.493 8.310
F
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Vmax is the maximum of relative growth rate, Vmean is average growth rate, T0 is the occurrence time of maximum relative growth rate, T1 is the start time of rapid growth, T2 is the end time of
rapid growth, △T is rapid growth duration, T is the growth days. Different lowercase letters indicate significant differences between different processes(*, P < 0.05;**, P < 0.01).
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phosphorus content significantly increased by 74.93% under the H

level, 30.27% under the M level.

3.3.3 Effect of organic fertilizer on soil
available potassium

The impact of organic fertilizer on soil’s available potassium

content during the entire growth period of pumpkins in 2022 and

2023 was similar (Figure 6; Supplementary Table 4). The soil available

potassium content gradually decreased with the increase of soil depth,

increased with the increase of organic fertilizer application amount.

The change rate of available potassium content is the highest in the

surface soil (0–40 cm), with significantly higher levels under the H and

M treatments than that under the control treatment (P<0.05). In the

year 2022, for example, the available potassium content increased by

18.00% under H treatment, 9.90% underM treatment, compared to the

CK. Throughout the growth period, there were two peaks of the

available potassium content, occurring at the seedling stage and

flowering stage, with the maximum value at the flowering stage. In

particular, the available potassium content reaches its peak at 179.89

mg·kg-1 under the H treatment.

3.3.4 Effects of organic fertilizer on soil
nitrate nitrogen

The impact of organic fertilizer on soil nitrate nitrogen content

during the entire growth period of pumpkins in 2022 and 2023 is
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illustrated in Figure 7 and Supplementary Table 5. With the increase of

soil depth, the soil nitrate nitrogen content gradually decreased, and the

change rate at the 0–20cm soil layer was obviously larger. The changing

patterns at different pumpkin growth stages were similar, with the

trend of soil nitrate nitrogen content increasing with the increase of

fertilizer application. Taking 2022 as an example, compared to the CK,

the nitrate nitrogen content increased by 95.17% in the H treatment,

and 36.47% in the M treatment, while decreased by 13.05% in the L

treatment. During the whole growth period of pumpkins, soil nitrate

nitrogen content showed a pattern of increase followed by decrease,

with its maximum value at the seedling stage. The soil nitrate nitrogen

content at maturity significantly decreased compared to the

germination stage, with a decrease of 36.91% in the H treatment,

18.00% in the M treatment, and 58.99% in the L treatment, while an

increase of 30.45% in the CK treatment.
3.4 Effect of organic fertilizer on pumpkin
yield and water-fertilizer use efficiency

The provision of adequate nutrients is essential to ensure high crop

yield, as well as to facilitate the growth and development of crops and

improve the efficiency of fertilizer utilization. The effect of organic

fertilizer on pumpkin yield in 2022 and 2023 was significant (P<0.05)

(Table 5). The data indicated that pumpkin yield increased with the
FIGURE 3

Changes on soil bulk density under different levels in different treatment. (A) represents the change of soil bulk density under different treatments;
(B) represents the relationship between organic fertilizer and soil bulk density; (C) the relationship between different organic fertilizer contents and
soil bulk density in 2022; (D) indicates the relationship between different organic fertilizer content and soil bulk density in 2023. Different lowercase
letters indicate significant differences between treatments at the P <0.05 level.
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application of organic fertilizer within a certain extent. From individual

fruit weight and final yield, the yield under different fertilization

conditions was ranked as M > H > L > CK. Compared to the CK,

the application of organic fertilizer increased pumpkin yield by 4.54–

25.97%, improved water use efficiency by 2.21–19.24% on average in

2022 and 2023. Among them, pumpkin yield, individual fruit weight,

and water use efficiency reached their maximum values of 31,101.13

kg·ha-1, 1.51 kg, and 69.24 kg·ha-1·mm-1 under the M treatment

respectively, significantly higher than them under CK and low level

treatment of organic fertilizer (P<0.05). Compared to CK, pumpkin
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yield, individual fruit weight, and water use efficiency increased an

average by 6,412.07 kg·ha-1, 0.53 kg, and 11.17 kg·ha-1·mm-1,

respectively, over two years. The M and H treatments significantly

improved pumpkin yield, individual fruit weight, and water use

efficiency, with no significant difference between them (P>0.05). As

the amount of organic fertilizer applied increased, the fertilizer partial

productivity gradually decreased, with the maximum fertilizer partial

productivity (PFP) under CK treatment. Compared to L, PFP of M

treatment was decreased by 5.12%, and that of H treatment was

decreased by 49.79%.
FIGURE 4

Changes on soil organic carbon content at 0 ‒ 100cm soil layers in different periods. The figures (A–F) represent the changes on soil organic carbon
content during the germination period, seedling period, vine extension period, flowering period, maturation period, and full growth period,
respectively; SOC represents soil organic carbon; different lowercase letters in the figure indicate significant differences between treatments in the
same group (P <0.05), the same below.
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3.5 Correlation analysis of soil nutrients
with pumpkin growth dynamics and yield

The redundant analysis (RDA) and Mantel test results of soil

nutrient, pumpkin growth dynamics, and yield in 2022 and 2023

(Figures 8A, B) show that soil bulk density is significantly negatively

correlated with pumpkin stem thickness, vine length, and yield

(P<0.01), while there is no significant correlation with pumpkin leaf

area (P>0.05). Soil organic carbon, available phosphorus, available

potassium, nitrate nitrogen, and water use efficiency are all

significantly positively correlated with pumpkin yield (P<0.01).
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4 Discussions

4.1 Impact of organic fertilizer on soil bulk
density and nutrients

This founding of this study indicated that the application of

organic fertilizer can significantly improve soil bulk density. With

the increasing application of organic fertilizer, there was a gradual

decrease in soil bulk, indicating a significant negative correlation.

Some scholars had got the same conclusion: the application of

organic fertilizer could increase soil porosity, reduce bulk density,
FIGURE 5

Changes on available phosphorus content at 0 ‒ 100cm soil layers in different periods. AP in the figure represents available phosphorus. (A–F)
represent the changes on available phosphorus content during the germination period, seedling period, vine extension period, flowering period,
maturation period, and full growth period.
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and improve water holding capacity. Different application amounts

of organic fertilizer had different effects on regulating balance of

crops nutrient absorption and improving soil structure (Sunny

et al., 2022; Li et al., 2021a; Gul-Lalay et al., 2024).

The organic fertilizers are distinguished by their wide range of

nutrients and prolonged effectiveness. This study has demonstrated

that the application of organic fertilizer can enhance soil fertility

and improve both the physical and chemical properties of farmland

soil. It significantly increased organic carbon, alkali-hydrolyzable

nitrogen, available phosphorus, and available potassium content

compared to the control treatment. There were two times increase

significant increase process in the whole growth period, which were

mainly related to two times of topdressing fertilization. The

contents of available potassium, available phosphorus, and nitrate

nitrogen in the soil were all increased in each time of topdressing
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fertilization period. Similarly, it had been found that long-term

application of organic fertilizers could also increase the

accumulation and supply capacity of soil nutrients, as well as

significantly increase the storage of soil carbon and nitrogen, with

a long validity period (Gai et al., 2018). Whereas long-term

application of chemical fertilizers could also increase the content

of available potassium, but the effect is not as obvious as that of

applying organic fertilizers (Fan et al., 2020). Organic nitrogen

within organic fertilizers was slowly mineralized and released,

although it could not quickly supply a large amount of nutrients

in a timely at the critical crop growth periods, its effectiveness was

more long-lasting than that of inorganic fertilizer (Li et al., 2020b).

Studies had found that organic fertilizers significantly increase soil

organic carbon by 15.6% and improve available nutrients by 2.3% to

20.2% (Liu et al., 2021b). Results also indicated that applying
FIGURE 6

Changes on available potassium content at 0 - 100cm soil layers in different periods. AK in the figure represents available potassium. (A–F)
represent the changes on available potassium content during the germination period, seedling period, vine extension period, flowering period,
maturation period, and full growth period.
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organic fertilizers could significantly increase soil organic matter,

total nitrogen, available potassium, and available phosphorus

content, but had no significant impact on nitrate nitrogen and

ammonium nitrogen content, compared with 100% application of

chemical fertilizer (Fan et al., 2023).

This study also indicated that soil organic carbon, available

phosphorus, available potassium, and nitrate nitrogen content

gradually increased with the increase of organic fertilizer

application, but the changes of the 1st year and 2nd year were

not significant. Similar conclusions had been drawn by Shi et al.,

who found that soil organic carbon, alkaline nitrogen, available

phosphorus, and available potassium content all showed a gradual

increase with the increase of organic fertilizer application, and the

increase of various indicators in the 2nd year was more obvious (Shi
Frontiers in Plant Science 12
et al., 2017). It was related to the fact that organic fertilizer

decomposed exogenous organic matter in the soil by increasing

the activity of functional bacteria, thereby releasing nitrogen,

phosphorus, and potassium, and activating insoluble nutrients

such as nitrogen, phosphorus, and potassium in the soil (Shi

et al., 2017). This study concluded that compared with the

control group, the application of organic fertilizer could

significantly increase soil organic carbon, alkaline nitrogen,

available phosphorus, and available potassium content, improve

soil nutrients, and enhance soil fertility. The reason for this is

related to the fact of effective bacteria (Bacillus subtilis + Bacillus

licheniformis) ≥ 0.5 billion/ml and amino acids ≥ 3% from the

tested organic fertilizer. It was indicated that the addition of

effective bacteria (Bacillus subtilis + Bacillus licheniformis) and
FIGURE 7

Changes on soil nitrate nitrogen content at 0 - 100cm soil layers in different periods. (A–F) represent the changes on soil nitrate nitrogen content
during the germination period, seedling period, vine extension period, flowering period, maturation period, and full growth period.
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amino acids in organic fertilizer could further increase soil nutrient

content. Li also showed that long-term use of organic fertilizer

could increase microbial biomass and enzyme activity, improve the

quantity and quality of soil organic matter, and organic fertilizer

added with Bacillus subtilis could further increase soil nutrient

content (Li et al., 2021a). The improvement on soil fertility was

mainly due to the reproduction of microorganisms in organic

fertilizer, which could regulate the accumulation and cycling of

soil nutrients (Li et al., 2021a). Organic fertilizer could activate soil

nutrients and thus improve soil fertility. The biodegradation and

transformation of organic matter in organic fertilizer could

significantly increase the metabolic activity of microorganisms,
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activate soil nutrients, and promote nutrient absorption of crops

(Wang et al., 2004; Shi et al., 2014; Nagaraju et al., 2012).
4.2 Effects of organic fertilizer on growth
dynamics, yield, and water and fertilizer
utilization efficiency of pumpkin

This study indicated that the application of organic fertilizer can

enhance the growth and development of pumpkin, with an increase

in vine length, stem thickness, and leaf area corresponding to higher

application rates. Similar conclusions had been reported that the
FIGURE 8

The impact of soil nutrients on pumpkin yield. (A) Redundancy analysis (RDA) results between soil factors and pumpkin traits, (B) Mantel test results
between soil factors and pumpkin traits. BD, SD, OC, AP, AK, NO3

--N, WUE, VL, LA, SMW, and Y represent soil bulk density, stem diameter, soil
organic carbon, soil available phosphorus, soil available potassium, soil nitrate nitrogen, crop water use efficiency, vine length, leaf area, single fruit
weight, and yield, respectively. The larger the square, the stronger the correlation coefficient; the smaller the square, the weaker the correlation
coefficient. Blue indicates positive correlation, red indicates negative correlation, and darker color indicates stronger correlation. * indicates P<0.05,
** indicates P<0.01.
TABLE 5 Effects of organic fertilizer on pumpkin yield and water use efficiency.

Year Treatment
Single melon
weight (kg)

Yield (kg·ha-1)
Water use efficiency

(kg·ha-1·mm-1)
Fertilizer

partial productivity

2022

L 0.82c 24914.16c 51.51b 5.54b

M 1.60a 30726.13a 62.94a 5.39c

H 1.41a 26044.72b 54.01b 3.77d

CK 1.08b 24119.46d 52.51b 17.87a

2023

L 1.01bc 26705.73b 65.51b 5.93b

M 1.42a 31126.22a 75.48a 5.52b

H 1.21ab 26794.72b 65.65b 3.88c

CK 0.89c 25258.67b 64.59b 18.71a

Average

L 0.92b 25809.94b 57.91b 5.74b

M 1.51a 30926.18a 68.21a 5.46b

H 1.31a 26419.72b 59.34b 3.83c

CK 0.99b 24689.06c 58.06b 18.29a
Different lowercase letters indicate significant differences between treatments at the P <0.05 level.
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application of organic fertilizer with the phylum Ascomycota, could

promote the nutrients absorption of plant roots system, thus plant

growth and development (Toffa et al., 2021). Adebayo found that

the application of organic fertilizer significantly increased vine

length and yield of pumpkin (Olowoake and Adeyemo, 2020).

Research also showed that the application of organic fertilizer had

the most significant improvement effect on crop height and stem

thickness, with the largest single plant leaf area (Wang et al., 2020b).

The application of organic fertilizer could significantly increase the

plant height, number of leaves, and leaf area of crops, having higher

economic benefits than inorganic fertilizer (Mahamad et al., 2022).

The application of fertilizer is a key determinant of pumpkin

yield and water utilization efficiency. This study also found that the

application of organic fertilizer was beneficial to the formation of

pumpkin yield. A large number of studies had shown that fertilizers,

as the main source of crop nutrients, were directly participate in or

regulate crop nutrient metabolism and cycling, and were closely

related to crop yield (Gautam et al., 2022). Studies had shown that

within a certain range of fertilization application amount, the

application of organic fertilizer could promote to increase crop

yield (Moritz et al., 2023; Vinh and Quang, 2022; Liu et al., 2023). In

this study, it was also found that pumpkin yield increased to a

certain extent with the increase in the application amount of

organic fertilizer, that is, an appropriate increase in organic

fertilizer could contribute to pumpkin yield formation. However,

under the high-level organic fertilizer treatment, the pumpkin yield

decreased. The data from 2022 and 2023 showed that compared to

the high-level organic fertilizer treatment, the medium-level organic

fertilizer treatment increased the pumpkin yield by 4681.41 kg·ha-1

and 4331.50 kg·ha-1, respectively. It was because that organic

fertilizer had a long effective period, and high amount of organic

fertilizer could lead to pumpkin stem lengthening at maturity, and

yields were reduced instead. Li also found that the application of

organic fertilizer could increase crop yield, but excessive application

did not achieve the desired increase in yield and instead reduced

economic income (Li et al., 2022). This was because excessive

application of organic fertilizer was accompanied by an increase

in the number of pathogenic microorganisms in the soil and

overabundance of nutrient accumulation, which was also easy to

be lost and not conducive to crop growth (Liu et al., 2020).

This study also revealed that overall water utilization efficiency of

pumpkin was improved through the application of organic fertilizer,

and the yield of the medium and high level organic fertilizer

treatments was higher than that of the control treatment. It could

be seen that the application of organic fertilizer also needed to be

within an appropriate range to promote yield increase and improve

water and fertilizer utilization efficiency (Xiang et al., 2022).

In addition, some studies had shown that the significant impact of

bio-organic fertilizer and chemical fertilizer on soil lies in soil microbial

community structure. Compared with no fertilizer or chemical fertilizer

application, the application of organic fertilizer improved the resistance

of soil microbial community to disturbance, indicating that organic

fertilizer changes the structure of soil microbial community, thereby

affecting crop yield (Fan et al., 2023; Cui et al., 2018; Francioli et al.,

2016; Legrand et al., 2018). It was particularly important to reasonably
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use organic fertilizer for soil fertility improvement, in order to reduce

nutrient loss and mitigate soil environmental pollution risks. Excessive

application of organic fertilizer could also lead to the salts

accumulation, heavy metals and a decrease in the effectiveness of

certain elements (Wang et al., 2020a; Wang et al., 2010; Muhammad

et al., 2020). Therefore, further research would be needed to investigate

the specific effects mechanisms of organic fertilizer application on crop

yield, microorganisms, and certain elements.
5 Conclusion
1. By analyzing the effects of organic fertilizer on soil

nutrients, growth and yield of pumpkin, the results

showed that high organic fertilizer treatment was more

beneficial to the growth of stem thickness, vine length, and

leaf area of pumpkin.

2. Compared to the CK, the application of various organic

fertilizer treatments resulted in a significantly reduction in

soil bulk density, and there was a significant negative

correlation between the amount of organic fertilizer

applied and soil bulk density.

3. The content of organic carbon, available potassium,

available phosphorus, and nitrate nitrogen in the 0–

100cm soil layer exhibited a gradual decline following

application of various organic fertilizer treatments.

Compared to the CK, the contents of organic carbon,

available potassium, available phosphorus, and nitrate

nitrogen were significantly increased by medium and

high level of organic fertilizer treatment.

4. Under different treatments, the yield and water use

efficiency of pumpkin treated with medium level organic

fertilizer were the highest. Fertilizer partial productivity

gradually decreased with the increase of organic fertilizer

application amount. There were extremely significant

positive correlations between pumpkin yield and stem

thickness, vine length, organic carbon, available

phosphorus, available potassium, nitrate nitrogen, single

fruit weight, and water-fertilizer use efficiency.
In a comprehensive analysis of the effects of varying levels of

organic fertilizer on pumpkin yield and soil nutrients content, the

M treatment (application of 5700 kg·ha-1 organic fertilizer including

base fertilizer 4800 kg·ha-1, 900 kg·ha-1 follow-up fertilizer) has

proven to be advantageous for the cultivation of pumpkins in the

arid regions of northwest China and similar areas.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding author.
frontiersin.org

https://doi.org/10.3389/fpls.2024.1467931
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Ren et al. 10.3389/fpls.2024.1467931
Author contributions

FR: Data curation, Writing – original draft, Writing – review &

editing. JZ: Funding acquisition, Project administration, Writing –

review & editing. LD: Project administration, Resources, Funding

acquisition, Writing – review & editing. FL: Supervision, Writing –

review & editing. RZ: Supervision, Writing – review & editing,

Resources. XL: Supervision, Writing – review & editing. TZ:

Visualization, Writing – review & editing. MY: Visualization,

Writing – review & editing. RY: Visualization, Writing – review

& editing. PT: Visualization, Writing – review & editing. LLD:

Supervision, Writing – review & editing. KG: Visualization, Writing

– review & editing. TY: Visualization, Writing – review & editing.

QL: Formal analysis, Writing – review & editing. XRL: Resources,

Software, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was funded by the 2024 Gansu Province Higher Education

Innovation Fund Project (2024A-063), the “Innovative Team for

Water Saving Irrigation and Water Resource Regulation in Arid

Irrigation Areas” in the discipline of water conservancy engineering

at Gansu Agricultural University (GSAU-XKJS-2023-38), the
Frontiers in Plant Science 15
National Natural Science Foundation of China (51509039), and

Gansu Province Water Conservancy Research and Technology

Promotion Plan Project (202204).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1467931/

full#supplementary-material
References
Alharbi, S., Majrashi, A., Ghoneim, A. M., Ali, E. F., Modahish, A. S., Hassan, F. A.
S., et al. (2021). A new method to recycle dairy waste for the nutrition of wheat plants.
Agronomy 11, 840. doi: 10.3390/agronomy11050840

Cui, H., Sun, W., Delgado-Baquerizo, M., Song, W., Ma, J., andWang, K. (2020). The
effects of mowing and multi-level N fertilization on soil bacterial and fungal
communities in a semiarid grassland are year-dependent. Soil Biol. Biochem. 151,
108040. doi: 10.1016/j.soilbio.2020.108040

Cui, X., Zhang, Y., Gao, J., Peng, F., and Gao, P. (2018). Long-term combined
application of manure and chemical fertilizer sustained higher nutrient status and
rhizospheric bacterial diversity in reddish paddy soil of Central South China. Sci. Rep. 8,
16554. doi: 10.1038/s41598-018-34685-0

Duan, C., Li, J., Zhang, B., Wu, S., Fan, J., Feng, H., et al. (2023). Effect of bio-organic
fertilizer derived from agricultural waste resources on soil properties and winter wheat
(Triticum aestivum L.) yield in semi-humid drought-prone regions. Agric. Water
Manage. 289, 108539. doi: 10.1016/j.agwat.2023.108539

Fan, F., Zhang, H., Alandia, G., Luo, L., Cui, Z., Niu, X., et al. (2020). Long-term effect of
manure and mineral fertilizer application rate on maize yield and accumulated nutrients use
efficiencies in North China Plain. Agronomy 10, 1329. doi: 10.3390/agronomy10091329

Fan, H., Zhang, Y., Li, J., Jiang, J., Waheed, A., Wang, S., et al. (2023). Effects of
organic fertilizer supply on soil properties, tomato yield, and fruit quality: A global
meta-analysis. Sustainability 15, 2556. doi: 10.3390/su15032556

Fawzy, Z. F., El- Bassiony, A. M., Marzouk, N. M., and Zak, M. F. (2016).
Comparison of nitrogen fertilizer sources and rates on growth and productivity of
squash plants. Int. J. PharmTech Res. 9, 51–57. doi: CorpusID:212588045

Fernández, J. E., Alcon, F., Diaz-Espejo, A., Hernandez-Santana, V., and Cuevas, M.
V.. (2020). Water use indicators and economic analysis for on-farm irrigation decision:
A case study of a super high density olive tree orchard. Agric. Water Manage. 237,
106074. doi: 10.1016/j.agwat.2020.106074

Francioli, D., Schulz, E., Lentendu, G., Wubet, T., Buscot, F., and Reitz, T. (2016).
Mineral vs. organic amendments: microbial community structure, activity and
abundance of agriculturally relevant microbes are driven by long-term fertilization
strategies. Front. Microbiol. 7. doi: 10.3389/fmicb.2016.01446

Gai, X., Liu, H., Liu, J., Zhai, L., Yang, B., Wu, S., et al. (2018). Long-term benefits of
combining chemical fertilizer and manure applications on crop yields and soil carbon
and nitrogen stocks in North China Plain. Agric. Water Manage. 208, 384–392.
doi: 10.1016/j.agwat.2018.07.002

Gautam, A., Guzman, J., Kovacs, P., and Kumar, S. (2022). Manure and inorganic
fertilization impacts on soil nutrients, aggregate stability, and organic carbon and
nitrogen in different aggregate fractions. Arch. Agron. Soil Sci. 68, 1261–1273.
doi: 10.1080/03650340.2021.1887480

Gul-Lalay, Ullah, S., Shah, S., Jamal, A., Saeed, M. F., Mihoub, A., et al. (2024).
Combined effect of biochar and plant growth-promoting rhizbacteria on physiological
responses of canola (brassica napus l.) subjected to drought stress. J. Plant Growth
Regul. 43, 1814–1832. doi: 10.1007/s00344-023-11219-1

Ierna, A., Pandino, G., Lombardo, S., and Mauromicale, G. (2011). Tuber yield, water
and fertilizer productivity in early potato as affected by a combination of irrigation and
fertilization. Agric. Water Manage. 101, 35–41. doi: 10.1016/j.agwat.2011.08.024

Iqbal, A., He, L., Khan, A., Wei, S., Akhtar, K., Ali, I., et al. (2019). Organic manure
coupled with inorganic fertilizer: an approach for the sustainable production of rice by
improving soil properties and nitrogen use efficiency. Agronomy 9, 651–651.
doi: 10.3390/agronomy9100651

Jiang, H., Lei, Q., Wu, S., and Feng, H. (2022). Effects of vermicompost bag culture on
the growth, yield, and quality of tomatoes. Chin. J. Soil Sci. Fertil. 2022, 191–197.
doi: 10.11838/sfsc.1673-6257.21335

Legrand, F., Picot, A., Cobo-Dıáz, J. F., Carof, M., Chen, W., and Floch, G. L. (2018).
Effect of tillage and static abiotic soil properties on microbial diversity. Appl. Soil Ecol.
132, 135–145. doi: 10.1016/j.apsoil.2018.08.016

Li, B., Guo, L., Wang, H., Li, Y., Lai, H., Wang, X., et al. (2021a). Bio-organic
fertilizers manipulate abundance patterns of rhizosphere soil microbial community
structure to improve tomato productivity. Res. Square 1, 852188. doi: 10.21203/rs.3.rs-
852188/v1

Li, C., Ma, S., Yun, S., Ma, S., and Zhang, L. (2018). Effects of long-term organic
fertilization on soil microbiologic characteristics, yield and sustainable production of
winter wheat. J. Integr. Agric. 17, 210–219. doi: 10.1016/S2095-3119(17)61740-4

Li, P., Kong, D., Zhang, H., Xu, L., Li, C., Wu, M., et al. (2021b). Different regulation
of soil structure and resource chemistry under animal-and plant-derived organic
fertilizers changed soil bacterial communities. Appl. Soil Ecol. 165, 104020.
doi: 10.1016/J.APSOIL.2021.104020
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2024.1467931/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1467931/full#supplementary-material
https://doi.org/10.3390/agronomy11050840
https://doi.org/10.1016/j.soilbio.2020.108040
https://doi.org/10.1038/s41598-018-34685-0
https://doi.org/10.1016/j.agwat.2023.108539
https://doi.org/10.3390/agronomy10091329
https://doi.org/10.3390/su15032556
https://doi.org/CorpusID:212588045
https://doi.org/10.1016/j.agwat.2020.106074
https://doi.org/10.3389/fmicb.2016.01446
https://doi.org/10.1016/j.agwat.2018.07.002
https://doi.org/10.1080/03650340.2021.1887480
https://doi.org/10.1007/s00344-023-11219-1
https://doi.org/10.1016/j.agwat.2011.08.024
https://doi.org/10.3390/agronomy9100651
https://doi.org/10.11838/sfsc.1673-6257.21335
https://doi.org/10.1016/j.apsoil.2018.08.016
https://doi.org/10.21203/rs.3.rs-852188/v1
https://doi.org/10.21203/rs.3.rs-852188/v1
https://doi.org/10.1016/S2095-3119(17)61740-4
https://doi.org/10.1016/J.APSOIL.2021.104020
https://doi.org/10.3389/fpls.2024.1467931
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Ren et al. 10.3389/fpls.2024.1467931
Li, P., Li, Y., Xu, L., Zhang, H., Shen, X., Xu, H., et al. (2021c). Crop yield-soil quality
balance in double cropping in China’s upland by organic amendments: A meta-
analysis. Geoderma 403, 115197. doi: 10.1016/j.geoderma.2021.115197

Li, T., Zhang, Y., Bei, S., Li, X., Reinsch, S., Zhang, H., et al. (2020a). Contrasting
impacts of manure and inorganic fertilizer applications for nine years on soil organic
carbon and its labile fractions in bulk soil and soil aggregates. Catena 194, 104739.
doi: 10.1016/j.catena.2020.104739

Li, T., Zhao, D., Li, Y., Wang, Z., Wen, X., and Liao, Y. (2023). Assessment of the
effects of integrated rotation-tillage management on wheat productivity in the loess
plateau region. Eur. J. Agron. 149, 126906. doi: 10.1016/j.eja.2023.126906

Li, X., Chen, L., Li, J., and Shi, L. (2022). Effects of two types of organic fertilizers on
photosynthetic characteristics, yield, and quality of purple cabbage in Yuanmou,
Yunnan. Agric. Res. Arid Areas 40, 145–153. doi: 10.7606/j.issn.1000-7601.2022.03.18

Li, X., Liu, X., and Liu, X. (2020b). Long-term fertilization effects on crop yield and
desalinized soil properties. Agron. J. 112, 4321–4331. doi: 10.1002/agj2.20338

Liu, L., Li, H., Zhu, S., Gao, Y., Zheng, X., and Xu, Y. (2021b). The response of agronomic
characters and rice yield to organic fertilization in subtropical China: A three-level meta-
analysis. Field Crops Res. 263, 108049. doi: 10.1016/j.fcr.2020.108049

Liu, L., Wu, T., Liu, H., Shi, X., Jiao, Y., Chen, W., et al. (2020). Effects of different
levels of organic fertilizer on yield of greenhouse watermelon and accumulation of soil
nitrate nitrogen in the suburbs of Beijing. Chin. Fruits Vegetables 40, 47–53+76.

Liu, P., Lin, Y., Liu, X., Deng, M., Zhang, P., Ren, X., et al. (2023). Manure
substitution with appropriate N rate enhanced the soil quality, crop productivity and
net ecosystem economic benefit: A sustainable rainfed wheat practice. Field Crops Res.
304, 109164. doi: 10.1016/j.fcr.2023.109164

Liu, Q., Xu, H., and Yi, H. (2021a). Impact of fertilizer on crop yield and C: N: P
stoichiometry in arid and semi-arid soil. Int. J. Environ. Res. Public Health 18, 4341.
doi: 10.3390/ijerph18084341

Mahamad, N. I. A., Samah, S. N. A. A., and Khidzir, M. N. A. M. (2022). “Effects of
different organic fertilizers on growth and yield potential of (eggplant) in Malaysia,” in
IOP Conference Series: Earth and Environmental Science, Vol, (IOP Publishing), 1114,
012083. doi: 10.1088/1755-1315/1114/1/012083

Mihoub, A., Ahmad, I., and Radicetti, E. (2023). Editorial: Alternative fertilizer
harnessing plant-microbe interactions (AFPMI) for improved soil and plantnutrient
management. Front. Plant Sci. 14, 1333927. doi: 10.3389/fpls.2023.1333927

Moritz, L., Marc, C., Samuel, N. M., Monicah, W. M. M., Daniel, M., Magdalena, N.,
et al. (2023). Combining manure with mineral N fertilizer maintains maize yields:
Evidence from four long-term experiments in Kenya. Field Crops Res. 291, 108788.
doi: 10.1016/j.fcr.2022.108788

Muhammad, J., Khan, S., Lei, M., Khan, M. A., Nawab, J., Rashid, A., et al. (2020).
Application of poultry manure in agriculture fields leads to food plant contamination
with potentially toxic elements and causes health risk. Environ. Technol. Innovation 19,
100909. doi: 10.1016/j.eti.2020.100909

Nagaraju, A., Sudisha, J., Murthy, S. M., and Ito, S.-i. (2012). Seed priming with
Trichoderma harzianum isolates enhances plant growth and induces resistance against
Plasmopara halstedii, an incitant of sunflower downy mildew disease. Australas. Plant
Pathol. 41, 609–620. doi: 10.1007/s13313-012-0165-z

Olowoake, A. A., and Adeyemo, O. P. (2020). Soil properties and vegetative growth
of fluted pumpkin (Telfairia occidentalis Hook F) as influenced by organic fertilizer. J.
Agron. 19, 76–82. doi: 10.3923/ja.2020.76.82

Salman, M., Inamullah,, Jamal, A., Mihoub, A., Saeed, M. F., Radicetti, E., et al.
(2023). Composting sugarcane filter mud with different sources differently benefits
sweet maize. Agronomy 13, 748. doi: 10.3390/agronomy13030748

Santiago, A., Recena, R., Perea-Torres, F., Moreno, M. T., Carmona, E., and Delgado,
A. (2019). Relationship of soil fertility to biochemical properties under agricultural
practices aimed at controlling land degradation. Land Degrad. Dev. 30, 1121–1129.
doi: 10.1002/ldr.3298

Sharma, S., Rana, V. S., Rana, N., Sharma, U., Gudeta, K., Alharbi, K., et al. (2022). Effect
of organic manures on growth, yield, leaf nutrient uptake and soil properties of kiwifruit
(actinidia deliciosa chev.) cv. Allison Plants 11, 3354. doi: 10.3390/plants11233354

Shi, H., Tan, J., Qin, X., and Wang, R. J. (2014). Effects of different bio-organic
fertilizers on growth and development, yield and quality of flue-cured tobacco. Chin.
Tobacco Sci. 2, 74–78. doi: 10.13496/j.issn.1007-5119.2014.02.014

Shi, W., Liu, S., Zhao, Y., Gao, H., Wang, Y., Li, H., et al. (2017). Effects of organic
fertilizer application with pig manure on the content of quick-acting nutrients and
aggregate distribution in paddy soil. J. Agric. Resour. Environ. 34, 431–438.
doi: 10.13254/j.jare.2017.0070

Ta, N., Cui, Y., Xiao, C., Shi, T., Zhongt, B., and Wang, H. (2016). Effects of different
nitrogen fertilizer application methods on the yield of small pumpkins in the northern semi-
arid region. China Agric. Resour. Regional Plann. 37, 73–77. doi: 10.7621/cjarrp.1005-
9121.20160711

Toffa, J., Loko, Y. L. E., Kpindou, O. K. D., Zanzana, K., Adikpeto, J., Gbenontin, Y.,
et al. (2021). Endophytic colonization of tomato plants by Beauveria bassiana
Vuillemin (Ascomycota: Hypocreales) and leaf damage in Helicoverpa armigera
Frontiers in Plant Science 16
(Hübner)(Lepidoptera: Noctuidae) larvae. Egyptian J. Biol. Pest Control 31, 1–9.
doi: 10.1186/s41938-021-00431-4

Tung, S. A., Huang, Y., Ali, S., Hafeez, A., Shah, A. N., Ma, X., et al. (2019). Mepiquat
chloride effects on potassium acquisition and functional leaf physiology as well as lint
yield in highly dense late-sown cotton. Ind. Crops Prod. 129, 142–155. doi: 10.1016/
j.indcrop.2018.11.056

Ünlükara, A., Varol, I.̇ S., and Günes ̧, A. (2022). Effects of various fertilizers and
different nitrogen doses on pumpkin seed and plant water consumption. Commun. Soil
Sci. Plant Anal. 53, 5, 590–5, 601. doi: 10.1080/00103624.2021.2017960

Vinh, L. T., and Quang, V. M. (2022). Improvement of glutinous corn and
watermelon yield by lime and microbial organic fertilizers. Appl. Environ. Soil Sci.
2022, 2611529. doi: 10.1155/2022/2611529

Wang, H., Xu, J., Liu, X., Liu, X., Zhang, D., Li, W., et al. (2019). Effects of long-term
application of organic fertilizer on improving organic matter content and retarding acidity
in red soil from China. Soil Tillage Res. 195, 104382. doi: 10.1016/j.still.2019.104382

Wang, L., Li, W. J., Qiu, J. J., Ma, Y., and Wang, Y. (2004). Effect of biological organic
fertilizer on crops growth, soil fertility and yield. Soils Fert. 5, 12–16.
doi: CorpusID:131004565

Wang, X., Liu, W., Li, Z., Teng, Y., Christiex, P., and Lou, Y. (2020a). Effects of long-
term fertilizer applications on peanut yield and quality and plant and soil heavy metal
accumulation. Pedosphere 30, 555–562. doi: 10.1016/S1002-0160(17)60457-0

Wang, X., Wang, Z., Wang, R., and Sun, Q. (2020b). Response of wine grapes in the
alluvial fan area at the eastern foot of Helan Mountain, Ningxia, to integrated water and
fertilizer management. J. Soil Water Conserv. 34, 269–275+282. doi: 10.13870/
j.cnki.stbcxb.2020.02.038

Wang, Y. K., Zhang, H. C., Hao, X. Z., and Zhou, D. (2010). A review on application
of organic materials to the remediation of heavy metal contaminated soils. Chin. J. Soil
Sci. 41, 1275–1280. doi: 10.3724/SP.J.1077.2010.10305

Wei, W., Yan, Y., Cao, J., Christie, P., Zhang, F., and Fan, M. (2016). Effects of
combined application of organic amendments and fertilizers on crop yield and soil
organic matter: An integrated analysis of long-term experiments. Agric. Ecosyst.
Environ. 225, 86–92. doi: 10.1016/j.agee.2016.04.004

Wei, Z., Yang, X., Yin, S., Shen, Q., Ran, W., and Xu, Y. (2011). Efficacy of Bacillus-
fortified organic fertiliser in controlling bacterial wilt of tomato in the field[J]. Applied
soil ecology. 48, 152–159. doi: 10.1016/j.apsoil.2011.03.013

Xiang, Y., Li, Y., Luo, X., Liu, Y., Yue, X., Yao, B., et al. (2022). Manure properties, soil
conditions and managerial factors regulate greenhouse vegetable yield with organic
fertilizer application across China. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.1009631

Xue, J., Guan, H., Huo, Z., Wang, F., Huang, G., and Boll, J. (2017). Water saving
practices enhance regional efficiency of water consumption and water productivity in
an arid agricultural area with shallow groundwater. Agric. Water Manage. 194, 78–89.
doi: 10.1016/j.agwat.2017.09.003

Zang, X., Chen, P., Zhang, Y., Huang, F., and Deng, Q. (2017). Development of
hyperglycemic functional foods and its functional components. Food Nutrit. 23, 55–59.

Zhang, C., Li, X., Yan, H., Ullah, I., Zuo, Z., Li, L., et al. (2020). Effects of irrigation quantity
and biochar on soil physical properties, growth characteristics, yield and quality of
greenhouse tomato. Agric. Water Manage. 241, 106263. doi: 10.1016/j.agwat.2020.106263

Zhang, C., Zhao, Z., Li, F., and Zhang, J. (2022). Effects of organic and inorganic
fertilization on soil organic carbon and enzymatic activities. Agronomy 12, 3125.
doi: 10.3390/agronomy12123125

Zhang, J., Du, L., Xing, Z., Zhang, R., Li, F., Zhong, T., et al. (2023). Effects of dual
mulching with wheat straw and plastic film under three irrigation regimes on soil
nutrients and growth of edible sunflower. Agric. Water Manage. 288, 108453.
doi: 10.1016/j.agwat.2023.108453

Zhang, M., Yao, Y., Tian, Y., Ceng, K., Zhao, M., Zhao, M., et al. (2018a). Increasing
yield and N use efficiency with organic fertilizer in Chinese intensive rice cropping
systems. Field Crops Res. 227, 102–109. doi: 10.1016/j.fcr.2018.08.010

Zhang, Y., Wang, S., Wang, H., Ning, F., Zhang, Y., Dong, Z., et al. (2018b). The
effects of rotating conservation tillage with conventional tillage on soil properties and
grain yields in winter wheat_spring maize rotations. Agric. For. Meteorol. 263, 107–117.
doi: 10.1016/j.agrformet.2018.08.012

Zhao, N., Wang, X., He, J., Yang, S., Zheng, Q., and Li, M. (2024). Effects of replacing
chemical nitrogen fertilizer with organic fertilizer on active organic carbon fractions,
enzyme activities, and crop yield in yellow soil[J]. Environ. Sci. 45, 4196–4205.

Zhou, Z., Zhang, S., Jiang, N., Xiu, W., Zhao, J., and Yang, D. (2022). Effects of
organic fertilizer incorporation practices on crops yield, soil quality, and soil fauna
feeding activity in the wheat-maize rotation system. Front. Environ. Sci. 10.
doi: 10.3389/fenvs.2022.1058071

Zong, R., Wang, Z., Li, W., Li, H., and Ayantobo, O. (2023). Effects of practicing
long-term mulched drip irrigation on soil quality in Northwest China. Sci. Total
Environ. 878, 163247. doi: 10.1016/j.scitotenv.2023.163247

Zong, R., Wang, Z., Zhang, J., and Li, W. (2021). The response of photosynthetic
capacity and yield of cotton to various mulching practices under drip irrigation in
Northwest China. Agric. Water Manage. 249, 106814. doi: 10.1016/j.agwat.2021.106814
frontiersin.org

https://doi.org/10.1016/j.geoderma.2021.115197
https://doi.org/10.1016/j.catena.2020.104739
https://doi.org/10.1016/j.eja.2023.126906
https://doi.org/10.7606/j.issn.1000-7601.2022.03.18
https://doi.org/10.1002/agj2.20338
https://doi.org/10.1016/j.fcr.2020.108049
https://doi.org/10.1016/j.fcr.2023.109164
https://doi.org/10.3390/ijerph18084341
https://doi.org/10.1088/1755-1315/1114/1/012083
https://doi.org/10.3389/fpls.2023.1333927
https://doi.org/10.1016/j.fcr.2022.108788
https://doi.org/10.1016/j.eti.2020.100909
https://doi.org/10.1007/s13313-012-0165-z
https://doi.org/10.3923/ja.2020.76.82
https://doi.org/10.3390/agronomy13030748
https://doi.org/10.1002/ldr.3298
https://doi.org/10.3390/plants11233354
https://doi.org/10.13496/j.issn.1007-5119.2014.02.014
https://doi.org/10.13254/j.jare.2017.0070
https://doi.org/10.7621/cjarrp.1005-9121.20160711
https://doi.org/10.7621/cjarrp.1005-9121.20160711
https://doi.org/10.1186/s41938-021-00431-4
https://doi.org/10.1016/j.indcrop.2018.11.056
https://doi.org/10.1016/j.indcrop.2018.11.056
https://doi.org/10.1080/00103624.2021.2017960
https://doi.org/10.1155/2022/2611529
https://doi.org/10.1016/j.still.2019.104382
https://doi.org/CorpusID:131004565
https://doi.org/10.1016/S1002-0160(17)60457-0
https://doi.org/10.13870/j.cnki.stbcxb.2020.02.038
https://doi.org/10.13870/j.cnki.stbcxb.2020.02.038
https://doi.org/10.3724/SP.J.1077.2010.10305
https://doi.org/10.1016/j.agee.2016.04.004
https://doi.org/10.1016/j.apsoil.2011.03.013
https://doi.org/10.3389/fpls.2022.1009631
https://doi.org/10.1016/j.agwat.2017.09.003
https://doi.org/10.1016/j.agwat.2020.106263
https://doi.org/10.3390/agronomy12123125
https://doi.org/10.1016/j.agwat.2023.108453
https://doi.org/10.1016/j.fcr.2018.08.010
https://doi.org/10.1016/j.agrformet.2018.08.012
https://doi.org/10.3389/fenvs.2022.1058071
https://doi.org/10.1016/j.scitotenv.2023.163247
https://doi.org/10.1016/j.agwat.2021.106814
https://doi.org/10.3389/fpls.2024.1467931
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Organic fertilizer increases pumpkin production by improving soil fertility
	1 Introduction
	2 Materials and methods
	2.1 Study site
	2.2 Experimental materials
	2.3 Experimental design and soil sampling
	2.4 Soil sample collection and physicochemical properties determination
	2.4.1 Soil sample collection
	2.4.2 Determination of soil bulk density
	2.4.3 Determination of soil nutrients

	2.5 Growth characteristics analysis method
	2.5.1 Logistic curve fitting of pumpkin growth dynamics
	2.5.2 Water use efficiency
	2.5.3 Yield and fertilizer partial factor productivity

	2.6 Data analysis

	3 Results and analysis
	3.1 Effects of organic fertilizer on pumpkin growth and development dynamics
	3.2 Impact of organic fertilizer on soil bulk density
	3.3 Effects of organic fertilizer on soil nutrients
	3.3.1 Effects of organic fertilizer on soil organic carbon
	3.3.2 Effects of organic fertilizer on soil available phosphorus
	3.3.3 Effect of organic fertilizer on soil available potassium
	3.3.4 Effects of organic fertilizer on soil nitrate nitrogen

	3.4 Effect of organic fertilizer on pumpkin yield and water-fertilizer use efficiency
	3.5 Correlation analysis of soil nutrients with pumpkin growth dynamics and yield

	4 Discussions
	4.1 Impact of organic fertilizer on soil bulk density and nutrients
	4.2 Effects of organic fertilizer on growth dynamics, yield, and water and fertilizer utilization efficiency of pumpkin

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


