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Introduction: Peanut production is being increasingly threatened by water stress

with the context of global climate change. Film mulching have been reported to

alleviate the adverse impact of drought on peanut. Lower phosphorus use

efficiency is another key factor limiting peanut yield. Application of iron-

modified and phosphorus-loaded biochar (BIP) has been validated to enhance

phosphorus utilization efficiency in crops. However, whether combined effect of

film mulching and BIP could increase water use efficiency and enhance peanut

production through regulating soil properties and root morphologies needs

further investigation.

Methods: A two-year (2021-2022) pot experiment using a split-plot design was

conducted to investigate the effects of phosphorus fertilizer substitution using

BIP on soil properties, root morphology, pod yield, and water use of peanut under

film mulching. The main plots were two mulching methods, including no

mulching (M0) and film mulching (M1). The subplots were four combined

applications of phosphorus fertilizer with BIP, including conventional

phosphorus fertilizer rates (PCR) without BIP, P1C0; 3/4 PCR with 7.5 t ha-1 BIP,

P2C1; 3/4 PCR with 15 t ha-1 BIP, P2C2; 2/3 PCR with 7.5 t ha-1 BIP, P3C1; 2/3 PCR

with 15 t ha-1 BIP, P3C2.

Results and discussion: The results indicated that regardless of biochar

amendments, compared with M0, M1 increased soil organic matter and root

morphology of peanut at different growth stages in both years. In addition, M1

increased peanut yield and water use efficiency (WUE) by 18.8% and 51.6%,

respectively, but decreased water consumption by 25.0%, compared to M0 (two-

year average). Irrespective of film mulching, P2C1 increased length, surface area,

and volume of peanut root at seedling by 16.7%, 17.7%, and 18.6%, at flowering by

6.6%, 19.9%, and 29.5%, at pod setting by 22.9%, 33.8%, and 37.3%, and at pod
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filling by 48.3%, 9.5%, and 38.2%, respectively (two-year average), increased soil

pH and organic matter content during peanut growing season, and increased soil

CEC at harvest. In general, the M1P2C1 treatment obtained the optimal root

morphology, soil chemical properties, WUE, and peanut yield, which increased

peanut yield by 33.2% compared to M0P1C0. In conclusion, the combination of

film mulching with 7.5 t ha-1 BIP (M1P2C1) effectively improved soil chemical

properties, enhanced root morphology of peanut, and ultimately increased

peanut yield and WUE.
KEYWORDS

iron-modified biochar, root growth, peanut yield, soil organic matter, water

use efficiency
1 Introduction

China is the world’s largest producer and consumer of peanuts,

with both total peanut production and consumption accounting for

about 40% of the world (Zhang et al., 2020). Due to climate and

other planting conditions, peanut planting in China is mostly

distributed in Northern region. Taking Liaoning Province as an

example, it is characterized by producing high-quality peanut and

exporting the majority of peanut in China (Sun et al., 2019). With

the increasing planting area of peanuts in Liaoning Province, there

are still some issues that limit peanut yield and quality, such as

drought and nutrients deficiency. Therefore, it is essential to

develop water-saving techniques to ensure peanut production.

Plastic film mulching is an efficient method for drought-resistance

of crop in farmland. Studies have shown that film mulching could

increase soil temperature (Zhao et al., 2023b), reduce soil moisture

evaporation, enhance peanut yield (Sun et al., 2018), and ultimately

improve WUE of crop (Braunack et al., 2015). Hence, it is

important to adopt film mulching in peanuts production to cope

with water shortage and increase peanut yield.

Phosphorus, as one of the essential nutrients for peanuts

growth, is an important component of nucleic acids, nucleotides,

phospholipids, and amino acids (Ajay et al., 2017). Though peanuts

prefer phosphorus, due to the lower mobility of phosphorus in soil,

it is easy to be fixed and accumulated in the form of phosphate in

soil (Gealy, 2015), which are not conducive to the absorption and

utilization of phosphorus by peanuts. It is reported that suitable

application rate of phosphorus fertilizer can not only optimize root

morphology and improve phosphorus absorption and utilization of

crop, but also facilitate the formation of rhizobia, increase nitrogen

absorption and fixation, and thereby enhance peanuts yield

(Bebeley et al., 2024; He et al., 2024). However, excessive

application of phosphorus fertilizer will not improve peanut yield

or quality, but will strengthen environmental risk induced by

serious phosphorus leaching (Taliman et al., 2019; Li et al., 2024).
02
Therefore, seeking efficient phosphorus fertilizer management in

farmland is of great importance for improving phosphorus fertilizer

utilization efficiency and alleviating eutrophication issues caused by

phosphorus leaching.

In recent decades, many efficient phosphorus fertilizer

managements have been put forward and developed, such as

partial substitution of phosphorus fertilizer with organic fertilizer

(Reddy et al., 2000; Liao et al., 2024), combination of microbial

agents and phosphorus fertilizer (Zuo, 2005), reduction of

phosphorus fertilizer with biochar or biochar-based fertilizer

(Dolatmand-Shahri et al., 2024; Qadir et al., 2024), etc. It has

been reported that combination of reduced phosphorus fertilizer

with optimization measures can effectively improve soil

physicochemical properties and phosphorus use efficiency (Xu

et al., 2023). Among abovementioned managements, combined

application of biochar and phosphorus fertilizer is widely applied

in farmland to adsorb phosphorus and reduce phosphorus leaching

due to its high adsorption capacity (Cao et al., 2021). However, the

physicochemical properties of biochar varied with preparation

conditions (Nardis et al., 2022; Řimnáčová et al., 2024; Zhang

et al., 2024). Numerous studies have suggested that the

adsorption capacity of chemical modified biochar for phosphorus

was higher than unmodified biochar (Zheng et al., 2020; Zhao et al.,

2022). Among various modification methods, the most commonly

used is metal salt modification. After iron salt modification, the

surface of biochar will form a certain amount of iron oxide and

hydroxyl oxide, thereby enhancing the adsorption of biochar for

phosphorus (Yao et al., 2011; Gao and Wan, 2023). Due to the

excellent absorption performance of iron-modified biochar for

phosphorus, in recent years, scholars proposed a new idea that

load iron-modified biochar with phosphorus fertilizer to produce

BIP, which have been applied in farmland to reduce phosphorus

fertilizer application rates (Yuan et al., 2012). Studies have

demonstrated that application of BIP could effectively improve

phosphorus utilization efficiency (Wu et al., 2022), increase soil
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available phosphorus, promote phosphorus uptake and utilization

in plant, thereby enhancing photosynthesis, dry matter

accumulation, and yield of crop (Xia et al., 2023). However, litter

information is available about the response of root morphology and

pod yield of peanut to BIP application, especially under film

mulching. Therefore, further study is needed to explore the

potential effect of combined application of BIP and film mulching

on peanut production.

In this study, we hypothesized that the application of BIP would

improve soil properties, root morphology, pod yield, and water use

efficiency of peanut under film mulching. Thus, we aimed to

evaluate the effect of BIP on soil organic matter, pH, CEC, root

morphology (length, surface area, and volume), peanut yield, water

consumption, and WUE under film mulching.
2 Materials and methods

2.1 Experimental site and materials

A pot experiment was conducted at the Crop Drought

Resistance Cultivation Simulation Test Field of Academy of

Agricultural Sciences, Liaoning Province, China (41.53°N, 123.44°

E) during peanut growing seasons (May-October) in 2021 and 2022.

The soil used for pot experiment was collected locally from the

topsoil of 0-30 cm. The physicochemical properties of soil were

shown in Table 1. The daily average air temperatures during the

peanut growing seasons in both years were presented in Figure 1.

The peanut variety used in this study is “Nonghua 9”. The

biochar was produced by Shenyang Longtai Biotechnology Co.,

Ltd., which was pyrolyzed from maize straw at 450° under

anaerobic conditions. The biochar had an organic carbon of

515 g kg-1, total nitrogen of 10.2 g kg-1, total phosphorus of

8.1 g kg-1, and total potassium of 15.7 g kg-1. The fertilization rates

were in line with local farmers’ practices, with 90 kg ha-1 N as urea

and 90 kg ha-1 K2O as potassium sulfate. Phosphate fertilizer was

applied as superphosphate with 105 kg ha-1 P2O5, as reported by

Zheng et al. (2021).
2.2 Preparation of BIP

Firstly, maize straw-derived biochar and iron containing

solution including an equal dose of 1 mol L-1 for FeCl2 and FeCl3
concentrations were prepared in a solid-liquid ratio of 1:15,
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followed by magnetic stirrer for 30 min. In order to adjust the pH

value to 10, a 5 mol L-1 NaOH solution was added to the mixture,

which was filtered, then dried at 60° and pyrolyzed at 450° for 1 h.

Subsequently, the pyrolysis product was passed through a 0.15 mm

mesh, washed with deionized water no less than 3 times, and dried

at 60° for 48 h.

Afterwards, iron-modified biochar was added to NaH2PO4

solution containing 200 mg L-1 for initial phosphorus

concentration in a solid-liquid ratio of 1:200, and then stirred for

12 h. Finally, the iron-modified and phosphorus saturated biochar

was washed multiple times with deionized water, and dried

to neutrality.
2.3 Experimental design

A split-plot experimental design was conducted in both years.

The main plots were mulching methods: no film mulching (M0)

and film mulching (M1). The subplots were partial substitution of

phosphorus fertilizer with BIP: conventional phosphorus fertilizer

rate (PCR) without biochar amendment, P1C0; 3/4 PCR with 7.5 t

ha-1 BIP, P2C1; 3/4 PCR with 15 t ha-1 BIP, P2C2; 2/3 PCR with 7.5 t

ha-1 BIP, P3C1; 2/3 PCR with 15 t ha-1 BIP, P3C2. Each treatment

was replicated twelve times. The pots were rewatered to 85% field

water capacity (FC) when the soil moisture dropped to 55% FC

during the whole growth period (Li, 2018). Field capacity was

measured using the overnight free drainage method proposed by

de Melo Carvalho et al. (2014) and Suliman et al. (2017). During the

experiment, soil moisture was controlled using the gravimetric

method (Zheng et al., 2021). Each pot was daily weighed.

The pot was 28 cm in height, with a top and bottom diameter of

32.5 cm and 27 cm, respectively. The bottom of each pot was sealed

with the plastic sleeve to avoid water and nutrients losses and

facilitate root sampling. Each pot was filled with 12 kg of dry soil,

which was passed through a 2 mm sieve, and then watered to 100%

FC. Nitrogen, potassium, phosphorus fertilizer, and BIP were all basal

applied before sowing. When soil moisture reached about 70% FC,

five seeds with uniform size and good fullness were sown in each pot.

For the mulching treatment, each pot was fully covered with a black

plastic film (0.01 mm thick) with no holes. During the seedling stage,

the film was manually punctured to help seedlings emerge. In each

pot, seedlings were thinned to two after germination. All pots were

placed under an automatic rain shelter to avoid the effect of rainfall

on soil moisture. Seeds were sown on 26 May 2021 and 23 May 2022,

and harvested on 30 September for both 2021 and 2022.
TABLE 1 Physio-chemical properties of soil used for pot experiment.

Soil texture
Total N
(g kg-1)

pH
Available P content

(mg kg-1)
Available K content

(mg kg-1)

Organic
matter content

(g kg-1)

Soil bulk
density
(g cm-3)

Field
capacity
(g g-1, %)

Silt loam 0.68 6.58 20.16 95.53 8.38 1.38 21.94
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2.4 Sampling and measurements

2.4.1 Soil organic matter, pH, and CEC
From seedling to pod filling, soil samples were collected from 0

to 15 cm depth at three different locations and mixed together for

each pot. Soil organic matter was measured using potassium

dichromate method (Du and Zhong, 2021). Soil pH was

measured using a pH meter (Hangzhou Anheng Instrument Co.,

Ltd, Hangzhou, Zhejiang Province, CHN) according to Meng et al.

(2018). Soil cation exchange capacity (CEC) was determined using

the ammonium acetate method.

2.4.2 Root morphology
During each growth stage, three replications for each treatment

were selected for root sampling. At the harvest, the shoots of the

plant were cut from the roots and the plastic bag was pulled out

from the pot and opened to expose the soil and roots. Afterwards,

the roots were separated from the soil by gently washing the

samples with water. Root samples were then scanned at 400 dpi

using an EPSON Expression 110000XL Scanner (Epson America

Inc, Long Beach, CA, USA) and analyzed for length, volume, and
Frontiers in Plant Science 04
surface area of root using WinRHIZO LA2400 Software (Regent

Instruments Inc, Quebec, QC, CNA).
2.4.3 Peanut yield, water consumption, WUE, and
economic benefit

At physiological maturity, peanut yield in each pot was

measured independently. Plants were manually threshed and the

pods were air dried until attain 14% of the moisture content, then

the pod yield was measured. Total water consumption of peanuts

during each growing season was calculated according to Zheng et al.

(2021) as follows:

TWC =on
i=1(Gi + I − Gi+1)=S (1)

where TWC is total water consumption (mm), Gi and Gi+1 are

pot weight (kg) on the ith day and (i+1)th day (i = 1, 2, 3, 4,…, n), n

is the harvest day in the peanut growing season, S is the cross-

sectional area of the pot (m2), and I is the irrigation water amount

each day (kg).

WUE was calculated as follows:

WUE = Y=(10*TWC) (2)

where WUE is water use efficiency (kg m–3) and Y is peanut

yield (kg ha–1).

The economic benefit (EB) of our study excludes the costs of

peanut seeds and pest control, mainly from the perspective of major

resource inputs and pod yield. The EB was calculated as follows:

EB = Cyield − Cfertilizer − Cwater − Cb − Cbpp − Cpf (3)

where Cyield is the value of pod yield ($1.67 kg-1 peanut pod);

Cfertilizer is the costs of N, P, and K fertilizers ($0.36 kg-1 urea-N;

$0.13 kg-1 superphosphate; $0.59 kg-1 potassium sulfate); Cwater is

the costs of water usage ($0.028 m-3 water usage); Cb is the costs of

biochar transportation and application ($109.06 t-1); Cbpp is the

costs of biochar processing and production ($76.82 t-1); Cpf is the

cost of plastic film ($0.24 m-2).
FIGURE 1

Daily mean air temperature during the peanut growing season in 2021 (A) and 2022 (B) in Shenyang, Northeast China.
TABLE 2 The ANOVA for the effect of mulching methods and biochar
amendments on soil CEC at the pod filling stage.

Year Main effects CEC

2021

M **

C **

M×C **

2022

M ns

C **

M×C ns
M and C represent mulching methods and biochar amendments, respectively. ** and ns
represent extremely significant (P<0.01) and non-significance, respectively.
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2.5 Statistical analysis

Two years data were respectively analyzed based on the split-

plot design with the Agricolae package in R studio (Posit PBC Inc,

San Francisco, CA, USA) (Mendiburu, 2014). Mulching and BIP as

fixed factors and replicates as random factors were considered.

Multiple comparisons between treatments were undertaken using

Tukey’s HSD test at the 5% probability level. Graphs were produced

by the Origin 2021 (OriginLab Corporation Inc, Amherst, MA,

USA). Principle component analysis was conducted by the

Factoextra package in R studio.
3 Results

3.1 Soil pH, organic matter, and CEC

In 2021, film mulching treatment (M1) had higher (P < 0.05) soil

pH than the no mulching control (M0) at the seedling stages

(Figure 2A). In 2021 and 2022, during the whole peanut growth

stages, P2C1 significantly increased soil pH compared to the non-

biochar control (P1C0). At the flowering stage, compared to P1C0,

P2C2 significantly (P < 0.05) increased soil pH at pod setting in 2021.

In both years, M and C treatments had significant (P < 0.05)

effects on soil organic matter (SOM) during the whole peanut

growth stages (Figure 3). There was a significant (P < 0.05) M ×

C interaction for SOM at the flowering and pod setting stages in
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2021, and at the seedling and pod filling stages in 2022 (Figures 3C,

D). Compared with M0, M1 increased SOM by 19.8% at the

seedling, 22.5% at the flowering, 26.3% at the pod setting, and

22.5% at the pod filling stages (Figures 3A, B), respectively (two-

year average). Compared with P1C0, P2C1 increased SOM by

24.8% and 36.0% during the flowering and pod setting stages

(Figures 3C, D), respectively (two-year average). In 2021, M1 had

higher (P < 0.05) soil CEC than M0 (Figure 4A; Table 2) at harvest.

In both years, P2C1 increased soil CEC by 23.91% (two-year

average, Figure 4B) compared to the no-biochar control (P1C0).

3.2 Root morphology

3.2.1 Root length
As shown in Figure 5, mulching methods (M) had a significant

(P < 0.05) impact on root length at the seedling and pod filling stages in

2021, and at the pod setting stage in both years. Biochar amendments

(C) had significant (P < 0.05) impacts on total root length during the

whole growth stages, except the flowering in 2021. There was

significant (P < 0.05) interaction of M × C on root length during all

growth stages in 2022. Regardless of biochar amendments, compared

with M0, M1 increased root length at the seedling, pod filling, and pod

setting stages by 12.4%, 19.3%, and 27.2% in 2021, 10.8%, 19.3%, and

30.1% in 2022, respectively. Averaged across film mulching, compared

with P1C0, P2C1 increased root length by 20.1% at the seedling, 23.0%

at the pod setting, and 46.5% at the pod filling stages, respectively (two-

year average).
FIGURE 2

Effect of mulching methods (A, B) and biochar amendments (C, D) on soil pH during the whole peanut growth stages. M1 and M0 represent film
mulching and no mulching control, respectively. P1, P2, and P3 represent conventional phosphorus fertilizer application rate, 3/4 and 2/3
conventional phosphorus fertilizer application rates, respectively. C0, C1, and C2 represent no biochar control, 7.5 t·ha-1, and 15 t·ha-1 BIP,
respectively. ** and * indicates significance at 0.01 and 0.05 probability levels, respectively. ns indicates non-significance. For each factor, within
each stage, different letters above the bars indicate significant differences between different treatments at P < 0.05 level. The same as below.
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3.2.2 Root surface area
During the whole growth stages, M1 had significantly (P < 0.05)

higher root surface area thanM0, which was 25.0% to 26.0% higher than

M0 except pod setting in both years. The M1P2C1 treatment obtained

the highest root surface area among all the treatments, which had similar

root surface area with M1P1C0. Moreover, M1P2C1 had higher root

surface area thanM1P2C2 at flowering and pod filling in 2021, and at all

observed stages in 2022. Further, M1P2C1 had higher root surface area

than M1P3C1 at all observed stages in both years (Figure 6).
Frontiers in Plant Science 06
3.2.3 Root volume
From pod setting to pod filling stages, M1 had significant (P < 0.05)

higher root volume than M0, which was 24.1% (pod setting), and

13.1% (pod filling) higher than M0, respectively (two-year average). As

for biochar amendment, during the whole growth stages, P2C1

increased root volume by 17.9% to 39.8% (2021) and 20.4% to 45.7%

(2022), respectively, compared to P1C0 (Figure 7). The M1P2C1

treatment had the highest root volume among all the combined

treatments during the entire growth stages.
FIGURE 4

Effect of mulching methods (A) and biochar amendments (B) on soil CEC at the pod filling stages in 2021 and 2022. For each year, different
lowercase letters above the bars indicate significant differences between different treatments at P < 0.05 level.
FIGURE 3

Effect of mulching methods (A, B) and biochar amendments (C, D) on soil organic matter content during the whole peanut growth stages in 2021
and 2022. For each factor, within each stage, different lowercase letters above the bars indicate significant differences between different treatments
at P < 0.05 level. ** and * indicates significance at 0.01 and 0.05 probability levels, respectively. ns indicates non-significance.
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3.3 Peanut yield, WUE, and
economic benefit

Regardless of biochar amendments, compared with M0, M1

increased (P < 0.05) peanut yield by 18.8% (two-year average).

Irrespective of film mulching, P2C1 had the highest (P < 0.05)

peanut yield among all the biochar treatments, which was 14.1%
Frontiers in Plant Science 07
(2022) higher than P1C0 (two-year average). Among all the

combined treatments, the M1P2C1 treatment achieved the highest (P

< 0.05) peanut yield, which was 32.2% (2021) and 34.2% (2022) higher

than the M0P1C0 (conventional practice), respectively (Table 3).

Irrespective of biochar amendments, M1 reduced (P < 0.05)

total water consumption by 15.6% in 2021 and 24.0% in 2022,

respectively, compared to M0. Regardless of film mulching, P2C1
FIGURE 5

Effects of film mulching and biochar amendments on total root length of peanut during the whole growth stages in 2021 and 2022. For each factor,
within each stage, different lowercase letters above the bars indicate significant differences between different treatments at P < 0.05 level. ** and *
indicates significance at 0.01 and 0.05 probability levels, respectively. ns indicates non-significance.
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and P2C2 had less total water consumption than P1C0 in both

years. In consideration of the interaction effect, the M1P2C1

treatment had the lowest (P < 0.05) total water consumption

among all the combined treatments in both years, which was

26.5% and 30.8% lower than M0P1C0, respectively (two-

year average).

M1 increased (P < 0.05) WUE by 35.4% (2021) and 68.0%

(2022), respectively, compared with M0. Irrespective of film

mulching, P2C1 achieved the highest WUE among all the biochar
Frontiers in Plant Science 08
treatments, which was 22.9% (2021) and 30.6% (2022) higher than

P1C0, respectively. The M1P2C1 treatment obtained the highest

(P < 0.05) WUE among all the combined treatments in both years.

In view of the M × C interaction, the M1P2C1 treatment obtained

the relatively higher economic benefit among all the combined

treatments, which was similar with the conventional practice

(M0P1C0 treatment) in both years (Table 3). From the perspective

of biochar treatment, the P2C1 treatment had similar economic benefit

with the P1C0 treatment and was significantly higher than other
FIGURE 6

Effects of mulching methods and biochar amendments on root surface area of peanut during the whole growth stages in 2021 and 2022. For each
factor, within each stage, different lowercase letters above the bars indicate significant differences between different treatments at P < 0.05 level. **
and * indicates significance at 0.01 and 0.05 probability levels, respectively. ns indicates non-significance.
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biochar treatments in both years. The P3C2 treatment obtained the

lowest economic benefit among all the biochar treatments, which was

significantly lower than P1C0 in both years.
3.4 Principal components analysis

The PCA results determined two principal components (PCs)

with eigenvalues > 1, which explained 83.1% of the total variation in
Frontiers in Plant Science 09
soil chemical properties, root morphology, yield, and water use

(Figure 8). The first principal component (PC1), accounted for

70.9% of the variability, and mainly contributed to SOM, CEC, root

length (RL), root surface area (RSA), root volume (RV), peanut

yield (PY), WUE, and total water consumption (TWC). PC2

explained 12.2% of the variability in soil pH.

The correlations between normalized PC1 and PC2 are

presented in Figure 8. For example, SOM, CEC, and WUE were

loaded positively on PC1 but negatively on PC2. TWC were loaded
FIGURE 7

Effects of mulching methods and biochar amendments on root volume of peanut during the whole growth stages in 2021 and 2022. For each
factor, within each stage, different lowercase letters above the bars indicate significant differences between different treatments at P < 0.05 level. **
and * indicates significance at 0.01 and 0.05 probability levels, respectively. ns indicates non-significance.
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TABLE 3 Effect of mulching methods and biochar amendments on yield, water consumption, WUE, and economic benefit of peanut.

2022

a-1)
Total water
consumption

(mm)

Water use
efficiency (kg

m-3)

Economic
benefit ($

ha-1)

.59a 208.89 ± 7.72b 2.80 ± 0.24a 6796 ± 445a

93b 274.98 ± 9.17a 1.72 ± 0.07b 5807 ± 313a

59bc 253.51 ± 17.73a 1.99 ± 0.27c 8036 ± 285a

.44a 234.70 ± 27.14b 2.46 ± 0.55a 7395 ± 720a

83bc 236.63 ± 20.86b 2.18 ± 0.26bc 4863 ± 265c

.80c 243.26 ± 20.99ab 22.03 ± 0.24c 6168 ± 221b

59ab 241.69 ± 23.88ab 2.27 ± 0.36b 5045 ± 153c

86bc 226.01 ± 1.45b 2.26 ± 0.11c 8445 ± 352a

65a 194.53 ± 3.98c 3.19 ± 0.03a 8884 ± 285a

00bc 20.527 ± 3.26bc 2.33 ± 0.09bc 5110 ± 441cd

3cd 212.87 ± 3.62bc 2.20 ± 0.70c 6326 ± 398bc

.12b 205.87 ± 10.37bc 2.35 ± 0.12b 5216 ± 240cd

4d 281.01 ± 55.55a 1.65 ± 0.02d 7628 ± 342ab

06d 274.98 ± 14.59a 1.61 ± 0.08d 5905 ± 541cd

1cd 267.98 ± 9.65a 1.667 ± 0.08d 4616 ± 308d

28d 273.65 ± 13.03a 1.64 ± 0.10d 6009 ± 245cd

8cd 277.51 ± 6.63a 1.67 ± 0.04d 4874 ± 173cd

* ** ns

* ** **

ns ** **

conventional phosphorus fertilizer application rates, respectively. C0, C1, and C2 represent no biochar
respectively. ns indicates non-significance. Means followed by different letters are significantly different
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Treatments

2021

Yield
(kg ha-1)

Total water
consumption

(mm)

Water use
efficiency (kg

m-3)

Economic
benefit ($

ha-1)
Yield (kg h

M1 5529.55 ± 417.37a 321.53 ± 13.39b 1.72 ± 0.15a 7474 ± 536a 5848.01 ± 190

M0 4858.87 ± 238.84b 380.75 ± 13.15a 1.28 ± 0.06b 6353 ± 453b 4721.35 ± 63

P1C0 5538.00 ± 247.29a 387.14 ± 19.66a 1.43 ± 0.13b 9030 ± 436a 5055.49 ± 190

P2C1 5880.58 ± 527.14a 340.59 ± 22.91b 1.73 ± 0.27a 8458 ± 762ab 5796.60 ± 353

P2C2 4920.39 ± 97.71b 341.43 ± 13.63b 1.44 ± 0.08b 5349 ± 277cdP 5156.82 ± 121

P3C1 4641.74 ± 144.75b 340.22 ± 24.12b 1.36 ± 0.12b 6846 ± 324bc 4944.51 ± 115

P3C2 4989.14 ± 301.57b 346.37 ± 20.02b 1.444 ± 0.16b 4885 ± 352d 5494.57 ± 190

M1P1C0 5864.90 ± 137.52b 357.83 ± 4.82bcd 1.644 ± 0.04b 9699 ± 662a 5114.60 ± 127

M1P2C1 6696.02 ± 147.17a 305.97 ± 6.63e 2.19 ± 0.07a 9700 ± 304a 6209.89 ± 85

M1P2C2 4943.31 ± 123.04c 321.53 ± 7.84cde 1.54 ± 0.07bcd 5388 ± 349cd 4776.84 ± 776

M1P3C1 5032.57 ± 132.69c 304.28 ± 12.06e 1.65 ± 0.04b 6919 ± 684bc 4677.93 ± 83.

M1P3C2 5107.36 ± 147.17c 318.39 ± 7.84de 1.60 ± 0.02bc 5663 ± 119bcd 4839.57 ± 100

M0P1C0 5063.93 ± 165.26c 416.45 ± 110.73a 1.222 ± 0.05e 8361 ± 256ab 4626.06 ± 8.

M0P2C1 5211.10 ± 91.68bc 375.20 ± 8.20ab 1.39 ± 0.04cde 7216 ± 798abc 4427.02 ± 38

M0P2C2 4896.26 ± 90.47c 361.45 ± 1.33bc 1.35 ± 0.02cde 5310 ± 511cd 4481.30 ± 97.

M0P3C1 4945.72 ± 120.63c 376.280 ± 2.65ab 1.31 ± 0.06de 6774 ± 232bcd 4488.54 ± 54

M0P3C2 4174.91 ± 20.51d 374.23 ± 12.54ab 1.12 ± 0.04e 4106 ± 13d 4334.50 ± 15.

ANOVA

M * ** ** * **

C ** ** ** ** **

M×C ** ns ** ns **

M1 and M0 represent film mulching and no mulching control, respectively. P1, P2, and P3 represent conventional phosphorus fertilizer application rate, 3/4 and 2/3
control, 7.5 t·ha-1, and 15 t·ha-1 iron-modified and phosphorus loaded biochar treatments, respectively. ** and * indicates significance at 0.01 and 0.05 probability levels
at P < 0.05 by Tukey’s HSD test.
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negatively on PC1 but positively on PC2. pH, RL, RSA, RV, and PY

were loaded positively on PC1 and PC2. In terms of mulching effect,

shifting from M0 to M1 increased all the traits except soil pH, but

decreased TWC (Figure 8A), indicating that film mulching

promoted soil fertility and improved root morphology and peanut

yield with less water use. Moreover, among all the combined

treatments, the M1P2C1 treatment was closely and positively

correlated with SOM, CEC, PY, WUE, RL, RSA, RV, and pH, but

negatively correlated with TWC (Figure 8B), indicating that partial

substitution of phosphorus with iron-modified biochar under film

mulching could not only increase peanut yield through improving

soil fertility, but also save irrigation water use.
4 Discussion

4.1 Effects of film mulching and BIP on root
morphology of peanut

Compared with other organs, root system of plants was directly

in close contact with soil, and its growth was more prone to be

affected by soil fertility and moisture. Improved cultivation methods

have been developed to improve root morphology, ensuring the

absorption of nutrients by plants especially in the middle and later

growth stages, promoting dry matter accumulation and yield of

crop (Mirsafi et al., 2024). In this study, compared to M0, M1

effectively increased root length (Figure 5), root surface area

(Figure 6), and root volume (Figure 7) of peanuts, which was

consistent with previous studies (Li et al., 2023; Zhang et al.,

2024). These might be due to that film mulching reduced water

loss by lowering soil moisture evaporation and raised soil

temperature, compared to no mulching control, which provided

suitable hydrothermal conditions for roots grow of peanut, thereby

improving root morphology and strengthening the transportation
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capacity of water and nutrients by roots, and ultimately increasing

peanut yield (Zhang et al., 2023).

It has been reported that application of porous biochar in soil could

optimize root morphology of crop by reducing soil bulk density,

increasing soil pores, and improving soil microenvironment (Xia

et al., 2022). Similarly, in this study, iron-modified and phosphorus

loaded biochar improved root length, root surface area, and root

volume of peanuts at various growth stages (Figures 5–7). This

might be resulted from that iron-modified biochar increased soil

pores through its larger specific surface area (He et al., 2018), which

provided a better space for root growth. Moreover, the increased CEC

of iron-modified biochar made it adsorb more nutrients from soil and

lately released to supply the growth of peanut roots (Mao et al., 2023),

which further optimized root morphology.

Our study also found that the combination offilmmulching and

3/4 conventional phosphorus application rate with 7.5 t ha-1 BIP
obtained the highest root length, root surface area, and root volume

among all the treatments, indicating that partial substitution of

phosphorus application with appropriate amount iron-modified

biochar with film mulching is more conducive to promoting root

growth, increasing the contact area between roots and soil, and

thereby improving crop water and nutrient absorption through

roots, and finally favoring peanut production.
4.2 Effects of film mulching and BIP on soil
physicochemical properties

Soil is the foundation of agricultural production, and good soil

quality is a prerequisite for sustainable development of agriculture

(Fan et al., 2022). In this study, the increased soil pH by BIP
(Figure 2) could be attributed to its alkaline characteristic. When

BIP was applied to soil, it reduced the H+ content in soil through its

adsorption effect, and thereby increasing soil pH (Shaaban et al.,
frontiersin.or
FIGURE 8

Principal component analysis (PCA) of variables response to mulching methods [(A) M1, film mulching; M0, no mulching control] and biochar
amendments [(B) P1C0, conventional phosphorus fertilizer rate (PCR) without biochar amendment; P2C1, 3/4 PCR with 7.5 t ha-1 BIP; P2C2, 3/4 PCR
with 15 t ha-1 BIP; P3C1, 2/3 PCR with 7.5 t ha-1 BIP; P3C2, 2/3 PCR with 15 t ha-1 BIP] throughout the peanut-growing seasons. The two principal
components are plotted with the proportion of variance explained by each component printed next to the axis labels. PY, TWC and WUE represent
peanut yield, total water consumption and water use efficiency, respectively; pH, SOM, and CEC represent soil Ph, soil organic matter and cation
exchange capacity, respectively; RL, RSA and RV represent root length, root surface area, root volume, respectively.
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2018). Xu et al. (2019) found that, applying biochar to the soil

before sowing slightly increased soil pH compared to no biochar

amendment, and soil pH increased with biochar rates. Moreover,

the increased soil pH can alter salt exchange performance in soil,

enhance the availability of soil nutrients to crop, and ensure better

crop growth (Zhou et al., 2024).

Soil organic matter is the main factor determining soil fertility.

In this study, both film mulching and BIP increased soil organic

matter. Compared with M0, M1 treatment increased soil organic

matter during the whole growth stages (Figure 3). This might be due

to that variations of soil moisture and temperature caused by film

mulching affected nutrient transformation in soil, thereby

influencing soil organic matter. This is also confirmed by Yang

et al. (2023), who found that film mulching increased soil organic

matter in corn field by 3.9% compared to no film control in the dam

area. Meanwhile, BIP increased soil organic matter compared to no

biochar amendment. In this study, P2C1 treatment increased soil

organic matter at various growth stages compared to P1C0

(Figure 3). This could be attributed to that application of BIP
provided abundant nitrogen and carbon sources for the growth of

soil microorganisms, which promoted the formation of soil organic

matter. In comparison, conventional fertilization only inputs

nitrogen sources to the soil, and soil organic matter rapidly

decomposes due to the action of microorganisms, leading to the

decrease of organic matter in soil. Tian et al. (2016) also

demonstrated that biochar could exert the protective effect of soil

aggregates on soil organic matter, and enhance the stability of soil

organic matter, which ultimately increase soil organic matter

content. In addition, compared to no biochar control, BIP

increased soil CEC at final harvest over two years (Figure 4). This

might be resulted from that iron-modified biochar had large surface

area and abundant pore structure, which lead to it had strong

adsorption capacity for cation and effectively increase soil CEC and

fertility (Huang et al., 2022).
4.3 Effects of film mulching and BIP on
peanut yield, WUE, and economic benefit

In this study, film mulching increased peanut yield compared to

no mulching control (Table 3), which is similar to Zhao et al.

(2023a). This might be because that film mulching increased soil

temperature, improved water and nutrients availability to peanut,

accelerated peanut growth, increased dry matter accumulation, and

ultimately enhanced peanut yield (Sun et al., 2018). Additionally,

the WUE of film mulching treatment was higher than that of no

mulching control, which could be resulted from that film mulching

not only increased peanut yield but also reduced water

consumption, as film mulching suppressed gas exchange between

soil and atmosphere and reduced the evaporation of ineffective soil

moisture, and thus improved WUE (Zhao et al., 2012).

In our study, the application of 3/4 conventional phosphorus

application rate with 7.5 t ha-1 BIP increased peanut yield by 14.1%

(2022), compared with no biochar amendment (Table 3). This

might be because that BIP, which is rich in phosphorus, not only

improved soil quality and fertility due to biochar effect, but also
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compensated the deficiency of nutrients in biochar with loaded

phosphorus (Chen et al., 2011). Moreover, BIP slowly released

phosphorus to soil to ensure phosphorus supply to crops in the

later growth stage of peanut, which would be beneficial for pod

filling of peanut and enhance peanut yield. Simultaneously,

regardless of film mulching methods, the P2C1 treatment

achieved the highest WUE among all the treatments, which was

significantly higher than the conventional phosphorus fertilizer

treatment (P1C0) (Table 3), since iron-modified biochar

enhanced peanut yield and reduced water consumption.

The high cost of biochar production limited its widespread

application. Sun et al. (2020) reported that high amount of biochar

application (20 t ha-1 or 40 t ha-1) reduced economic benefit by

99.8–229.3% compared with the non-biochar control, due to the

high cost of biochar application. However, in our study, the

M1P2C1 treatment had similar economic benefit with the

conventional practice (M0P1C0 treatment), which was consistent

with Bi et al. (2022) (Table 3). This might be due to that in the

M1P2C1 treatment, the increased benefit of enhanced peanut yield

and reduced cost of phosphorus fertilizer by less phosphorus

application rate did not offset the expense of biochar production.

Although the M1P2C1 treatment did not increase the economic

benefit compared with the conventional practice, the reduced

phosphorus fertilizer application will be helpful for alleviating

environmental risk induced by excess phosphorus leaching, such

as eutrophication. Therefore, the application of M1P2C1 treatment

is of importance to increase peanut yield and reduce environmental

pollution with less phosphorus fertilizer applied. In order to further

increase the economic benefit of the M1P2C1 treatment, we will try

to reduce the biochar application rate and simplify the preparation

processing of BIP in future so as to lower the expense of

biochar production.
5 Conclusions

Compared with no mulching control, film mulching improved

root morphology, and increased peanut yield and WUE with less

water consumption, which was due to the reduction of soil

evaporation by film mulching and the increase of soil nutrient

availability. Iron-modified and phosphorus loaded biochar

increased peanut yield and WUE compared to no biochar

amendment. Compared with the conventional practice (P1C0), 3/

4 conventional phosphorus fertilizer rate with 7.5 t ha-1 iron-

modified and phosphorus loaded biochar treatment (P2C1)

improved root morphology and peanut yield. This could be

attributed to that iron-modified biochar increased soil CEC and

organic matter content, which promoted soil fertility and made

more nutrients available for root absorption and thereby favoring

peanut growth. In addition, the enhanced yield could also be linked

to increased soil pH since the soil used is acid. In general,

application of 3/4 conventional phosphorus application rate with

7.5 t ha-1 iron-modified and phosphorus loaded biochar treatment

under film mulching (M1P2C1) increased peanut yield and WUE

through optimizing root morphology and soil chemical properties

with less water consumption.
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