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Abstract

The use of chemical fertilizers under a rice-wheat cropping system (RWCS) has led to the

emergence of micronutrient deficiency and decreased crop productivity. Thus, the experi-

ment was conducted with the aim that the use of organic amendments would sustain pro-

ductivity and improve the soil nutrient status under RWCS. A three-year experiment was

conducted with different organic manures i.e. no manure (M0), farmyard manure @ 15 t ha-1

(M1), poultry manure @ 6 t ha-1(M2), press mud @ 15 t ha-1(M3), rice straw compost @ 6 t

ha-1(M4) along with different levels of the recommended dose of fertilizer (RDF) i.e. 0%

(F1), 75% (F2 and 100% (F3 in a split-plot design with three replications and plot size of 6 m

x 1.2 m. Laboratory-based analysis of different soil as well as plant parameters was done

using standard methodologies. The use of manures considerably improved the crop yield,

macronutrients viz. nitrogen, phosphorus, potassium and micronutrients such as zinc, iron,

manganese and copper, uptake in both the crops because of nutrient release from decom-

posed organic matter. Additionally, the increase in fertilizer dose increased these parame-

ters. The system productivity was maximum recorded under F3M1 (13,052 kg ha-1) and

results were statistically identical with F3M2 and F3M3. The significant upsurge of macro

and micro-nutrients in soil and its correlation with yield outcomes was also observed through

the combined use of manures as well as fertilizers. This study concluded that the use of

100% RDF integrated with organic manures, particularly farmyard manure would be a bene-

ficial resource for increased crop yield, soil nutrient status and system productivity in RWCS

in different regions of India.

1. Introduction

Rice-wheat cropping system (RWCS) is an extremely essential cropping system in India, par-

ticularly in Indo–Gangetic plains, (IGP) covering nearly 12.3 Million ha. To fulfil the food

requirements of the continuously increasing population, RWCS and cultivation of high-

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0292602 November 9, 2023 1 / 21

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Dhaliwal SS, Sharma V, Verma V, Kaur M,

Singh P, Gaber A, et al. (2023) Impact of manures

and fertilizers on yield and soil properties in a rice-

wheat cropping system. PLoS ONE 18(11):

e0292602. https://doi.org/10.1371/journal.

pone.0292602

Editor: ML Dotaniya, Directorate of Rapeseed-

Mustard Research, INDIA

Received: June 20, 2023

Accepted: September 24, 2023

Published: November 9, 2023

Copyright: © 2023 Dhaliwal et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper.

Funding: The study was funded by the Department

of Soil Science, Punjab Agricultural University,

Ludhiana, 141004, India, and also funded by the

Deanship of Scientific Research, Taif University,

Taif, Saudi Arabia. The funders had no role in study

design, data collection and analysis, decision to

publish, or preparation of the manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://orcid.org/0000-0002-9387-5599
https://orcid.org/0000-0003-0264-2712
https://doi.org/10.1371/journal.pone.0292602
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0292602&domain=pdf&date_stamp=2023-11-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0292602&domain=pdf&date_stamp=2023-11-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0292602&domain=pdf&date_stamp=2023-11-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0292602&domain=pdf&date_stamp=2023-11-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0292602&domain=pdf&date_stamp=2023-11-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0292602&domain=pdf&date_stamp=2023-11-09
https://doi.org/10.1371/journal.pone.0292602
https://doi.org/10.1371/journal.pone.0292602
http://creativecommons.org/licenses/by/4.0/


yielding varieties with higher inputs of chemical fertilizers (e.g. synthetic fertilizers and pesti-

cides) have been incorporated into the present agricultural system [1]. Undoubtedly, the

approach has evidenced the surplus food grain production [2], however, the use of chemical

fertilizers continuously in excessive amounts has resulted in various soil as well as environ-

mental issues such as deficiency of multiple nutrients, soil organic carbon loss, environmental

pollution etc which has stagnated the crop yield in the system [3, 4]. In the last decade, stag-

nated crop productivity has been registered, which may further decline in the coming years

due to resource-guzzling practices. Previous studies have suggested the complete organic

approach of nutrient management for improving crop yield as well as soil health [5]. However,

the sole use of organic nutrient management would result in incomplete organic availability,

thus directing the researchers to search for more possible options for nutrient management in

crops.

Another approach to tackle this problem is the blending of organic amendments along with

conventional fertilizers to replenish soil health and nutrient status. However, the availability of

nutrients is lesser in manures and they cannot completely replace all the nutrients required for

sustaining crop yield. The combined use of organic manures along with chemical fertilizers

has great potential to improve soil quality and productivity of the crop. The application of

organic manures such as farmyard manure (FYM), poultry manure (PM), press mud (PrM)

and rice straw compost (RSC) in the soil acts as a nutrient reservoir and also helps in recover-

ing soil health. Thus, the inclusion of these amendments in cropping systems could increase

on-farm profitability and improve system stability [6]. Various studies have advocated the pos-

itive impact of manures and crop residue inclusion on crop yield as well as soil health. In one

of the studies, the soil under maize cultivation was treated with sheep manure compost where

the maize growth, as well as yield, was found to increase with organic amendments along with

improvement in soil aggregation, physical-chemical properties and soil organic matter [7]. In

another study, the application of biochar and municipal compost for three years improved the

maize yield and resulted in higher Fe uptake along with increased soil organic carbon [8].

Various researchers have reported the beneficial impact of organic amendments on increas-

ing yield outputs of RWCS. Integrated application of chemical fertilizers along with organic

amendments such as PrM, RSC, PM and FYM in RWCS increased the system productivity,

micronutrient content and uptake by crops [9]. The yield of two different rice varieties was

also found to increase through the combined use of chemical fertilizer + PM (50% each) in

comparison to the use of chemical fertilizers alone [10]. While previous research has investi-

gated the impact of nutrient management schedules on soil parameters and crop production

in various agriculture systems and climatic conditions, but some studies in rice-wheat systems

are still lacking. Moreover, the effect of organic manures along with different levels of inor-

ganic fertilizers on system productivity, uptake of nutrients by crops and soil nutrient level has

not been studied. Considering the above aspects, a three-year study was conducted to give ben-

eficial and systematic information regarding the effect of organic manures along with inor-

ganic fertilizers on soil quality parameters, system productivity and crop performance

including the upsurge of soil macro and micro-nutrients.

2. Materials and methods

2.1 Experiment details

The trial was conducted in Kharif 2019 at Punjab Agricultural University, Ludhiana, 141004,

India (30˚ 56’ N, 75˚ 52’ E and 247 m above mean sea level) on sandy loam soil (Typic Usto-

chrept) with three main plots and five subplot treatments in a split-plot design with plot size 6

m x 1.2 m2. In the main plot, nitrogen (N), phosphorus (P) and potassium (K) were applied at
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0 (F1), 75 (F2) and 100% (F3) recommended doses of fertilizers (RDF) to rice and wheat crops.

The N at 0, 78.7 and 105 kg ha-1 and K2O@ 0, 22.5 and 30 kg ha-1 were applied to rice crop.

Whereas N at 0, 93.7 and 125 kg ha-1 and P2O5 @ 0, 46.9 and 62.5 kg ha-1 were applied to

wheat crop. In the sub-plot, various organic manures i.e., no manure (M0), farmyard manure

(FYM) @ 15 t ha-1 (M1), poultry manure (PM) @ 6 t ha-1 (M2), press mud (PrM) @ 15 t ha-1

(M3) and rice straw compost (RSC) @ 6 t ha-1 (M4) were mixed in soil before sowing of rice.

The composition of nutrients in organic manures used in this work is shown in Table 1.

Rice (var. PR 122) was transplanted in Kharif season where N (one-third dose) and K (a

complete dose) were applied before puddling. The second and third doses of N were given

after 7 and 21 days of transplanting. Similarly, during the Rabi season, wheat (var. PBW 725)

was sown in November. During sowing, N (half dose) and P (full dose) were applied. The

remaining N was applied in two split doses at the first and second irrigation.

2.2 Preparation and analysis of plant samples

Harvesting of crops was done at maturity where grain as well as straw yields were noted. The

grain and straw samples of both rice and wheat were collected at the harvesting stage followed

by drying in an oven (65 ˚C) for 3 days which were then grounded in a willey mill. Nitrogen

(N) in the samples was evaluated through Kjeldahl’s method [11]. The concentrations of total

nutrients i.e. phosphorus (P), potassium (K), iron (Fe), manganese (Mn), zinc (Zn) and copper

(Cu) were achieved through wet-acid digestion of dried samples with a diacid mixture (HNO3

and HClO4) in 4:1 ratio [12]. Total P in the samples after digestion and filtration was evaluated

through the vanado-molybdo-phosphoric-yellow colour method in the nitric acid system [13]

on a spectrophotometer, whereas total K was recorded through a flame photometer [14] and

the values of total micronutrients were recorded through atomic absorption spectrophotome-

ter (AAS) [15] The concentrations of N, P, K, Zn, Cu, Fe and Mn in manures were also ana-

lyzed using the methods described above. The macro as well as micro-nutrient uptakes were

calculated using the formula given below.

Uptake g ha� 1
� �

¼
Concentration mg kg� 1

� �
� Yield q ha� 1

� �

10

2.3 Cropping system productivity

The productivity of RWCS was recorded by the addition of the total benefits of both crops

[16].

System productivity ¼Wheat yieldþWheat equivalent yield of rice

Wheat equivalent yield (WEY) for the RWCS was obtained by adding up the obtained

Table 1. Nutrient composition of organic manures.

Organic manures N P K Zn Cu Fe Mn

% mg kg-1

M1 1.01 0.57 1.88 231.2 25.8 1773 221.2

M2 2.35 1.64 2.56 266.6 25.3 3602 220.1

M3 1.42 0.34 1.27 361.7 59.4 1937 319.0

M4 0.83 0.89 2.16 177.3 23.8 1942 463.9

M1: farmyard manure; M2: poultry manure; M3: press mud; M4: rice straw compost

https://doi.org/10.1371/journal.pone.0292602.t001
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wheat yield and WEY of the dry season which was expressed in kg ha−1. The WEY was calcu-

lated by using the following formula [17]:

WEY ¼ Yr Pr=Pwð Þ

Where, Yw = Wheat seed yield (kg ha-1); Pw = Wheat seed price (INR per kg seed); Pr = Rice

grain price (INR per kg grain) and INR = Indian rupee.

The WEY of the RWCS was evaluated by considering INR 19.60 per kg of rice grain and

INR 20.15 per kg of wheat seed during the experimental time.

2.4 Soil sample analysis

Surface soil samples were collected before the initiation of the experiment and after 3 years fol-

lowing the wheat crop harvest in April 2022. The samples were air-dried and sieved through

2.0 mm plastic sieve. The pH and EC of soil samples were recorded through pH meter and EC

meter employing 1:2.5 suspension method [11, 18]. The organic carbon (OC) was analyzed

using wet-combustion method [19]. The available N in soil was estimated by the micro-Kjel-

dahl method [20], whereas available P and K were calculated using 0.5 M NaHCO3 extractable

P method and ammonium acetate extractable K method using a flame photometer, respec-

tively [21, 22]. Diethylenetriamine-pentaacetic acid (DTPA) extractable soil micronutrients

(Zn, Cu, Fe and Mn) were analyzed using DTPA-TEA buffer in the ratio of 1:2, and then their

concentrations were determined through AAS [23]. The initial soil properties as determined

using the above-mentioned methodologies were: pH, EC and OC = 7.77, 0.22 dS m-1 and

0.35%, respectively, N, P and K = 150 .0, 24.40, 133.0 kg ha-1, respectively, Zn, Cu, Fe and

Mn = 0.48, 0.26, 1.40 and 4.27 mg kg-1, respectively.

2.5 Statistical analysis

The statistical analysis of experimental data was done through SPSS version 16.0 (SPSS Inc.,

Chicago, USA) package. Analysis of variance (ANOVA) and Duncan’s multiple range test

were used to compare the least significant difference among means at p�0.05.

3. Results

The results regarding the RWCS on the sustainability of crop productivity and build-up of soil

nutrients are summarized in the following sections:

3.1 Manures and fertilizers effect on crop yield and system productivity

The data of rice and wheat crops for three consecutive years of experiment is given in Table 2.

The present study revealed that the additional blending of organic manures along with inor-

ganic fertilizers improved the yield outcomes of both crops. At the end of 3rd year, maximum

grain yield in rice was observed in treatment F3M2 (6766 kg ha-1) and the results were consid-

erably superior to other treatments (Table 2). Whereas, the highest grain yield in wheat was

recorded in treatment F3M1 (6606 kg ha-1) which was not statistically different from the

results observed in F3M2, F3M3 and F3M4. The system productivity was maximum in F3M2

(13,052 kg ha-1), which was not statistically different from treatments F3M1 and F3M3. Thus,

the joint use of 100% RDF along with organic manures may prove beneficial for higher rice-

wheat productivity.
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3.2 Manures and fertilizers effect on macronutrient uptake by rice grain

and straw

The macronutrient (N, P and K) uptake by rice grain was found to increase considerably with

the sole as well as combined use of organic manures and chemical fertilizers. The addition of

100% RDF showed significantly higher results for N uptake in comparison to 75% RDF and no

RDF. Among manures, a maximum increase in N uptake was observed with M2 treatment

(Table 3).

Table 2. Effect of manures and fertilizers on rice yield, wheat yield and system productivity in 3rd year.

Treatments Rice Yield (kg ha-1) Wheat Yield (kg ha-1) System Productivity of 3rd Year (kg ha-1)

1st Year 2nd Year 3rd Year 1st Year 2nd Year 3rd Year

F1M0 3920h 3808i 3752h 2640f 2684h 2702g 6352g

F1M1 4752fg 5167f 5225f 3952d 4197f 4336f 9419e

F1M2 5080d 5408e 5950d 3680de 3984fg 4149f 9938e

F1M3 4672g 5015fg 5495e 4096d 4200f 4275f 9620ef

F1M4 4928de 5104fg 5262f 3456e 3768g 4149f 9268f

F2M0 4680g 4744h 4852g 3888d 4128f 4552e 9272f

F2M1 5568ab 5656d 5908d 5696b 5992bc 6224b 11971c

F2M2 5592a 5888bc 6250c 5776b 5888c 5936c 12033c

F2M3 5544ab 5696cd 6036d 5088c 5552d 6019bc 11891c

F2M4 5328c 5432e 5610e 5184c 5336e 5544d 11002d

F3M0 4864ef 4960g 5150f 5096c 5272e 5647d 10657d

F3M1 5416bc 6304b 6545b 6392a 6456a 6606a 12973a

F3M2 5648a 5928a 6766a 6024ab 6264ab 6470a 13052a

F3M3 5608a 5976bc 6473b 5648b 5912c 6489a 12787ab

F3M4 5544a 5864b 6116cd 6184a 6248ab 6396a 12347bc

LSD (0.05) 163 190 210 427 285 215 586

M0: no manure; M1: farmyard manure; M2: poultry manure; M3: press mud; M4: rice straw compost; F1: no fertilizer; F2: 75% recommended dose of fertilizers;

F3:100% recommended dose of fertilizers. (Means in a column followed by common lower-case letters are not significantly different).

https://doi.org/10.1371/journal.pone.0292602.t002

Table 3. Effect of manures and fertilizers on macronutrient uptake (kg ha-1) by rice grain and straw.

Treatment Grain Straw

N P K N P K

F1 30.14c 14.63c 39.77c 28.92c 14.18c 135.90c

F2 39.55b 18.86b 47.60b 39.11b 17.44b 182.54b

F3 47.14a 21.57a 52.58a 49.49a 20.37a 206.93a

LSD (0.05) 1.27 0.65 1.56 1.85 0.73 6.55

M0 29.83c 13.77c 36.43d 30.23c 11.99d 110.02c

M1 40.44b 19.51ab 48.98b 41.49ab 13.50c 140.32b

M2 44.68a 19.99a 52.18a 42.59a 16.34a 149.55b

M3 40.56b 19.64ab 49.73b 42.16a 15.29b 157.96a

M4 39.20b 18.86b 45.92c 39.39b 12.22d 142.63b

LSD (0.05) 1.64 0.83 2.02 2.38 0.94 8.46

M0: no manure; M1: farmyard manure; M2: poultry manure; M3: press mud; M4: rice straw compost; F1: no fertilizer; F2: 75% recommended dose of fertilizers;

F3:100% recommended dose of fertilizers. (Means in a column followed by common lower-case letters are not significantly different).

https://doi.org/10.1371/journal.pone.0292602.t003
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The treatments M1, M3 and M4 showed statistically non-significant results although higher

than no manure. The interaction data (Fig 1) showed that the uptake of N varied between

19.40–56.80 kg ha-1 in all the treatments. Maximum N uptake was observed in F3M2 which

was higher than control and other treatments. For P uptake in rice grain, higher results were

observed with 75% RDF and single use of manures. Interaction data showed that P uptake in

rice grain varied between 9.50–24.03 kg ha-1, under different treatments (Fig 1). The highest P

uptake was observed in treatment F3M1 and results were statistically identical with F3M2,

whereas the minimum value was recorded in F1M0. Whereas for K uptake in rice grain, the

addition of 100% RDF recorded significantly higher results in comparison to 75% RDF and no

RDF. Whereas, the combined effect of manures and fertilizers resulted in the highest value of

K uptake in treatment F3M3 followed by F3M1 and F3M2 (Fig 1).

In the case of rice straw, the addition of 100% RDF showed significantly higher results for

N uptake as compared to 75% RDF and no RDF. From manures, the maximum increase in N

Fig 1. Effect of manures and fertilizers on N, P and K uptake by rice grain and straw. M0: no manure; M1:

farmyard manure; M2: poultry manure; M3: press mud; M4: rice straw compost; F1: no fertilizer; F2: 75%

recommended dose of fertilizers; F3:100% recommended dose of fertilizers.

https://doi.org/10.1371/journal.pone.0292602.g001
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uptake was recorded with M2 treatment and the results were statistically identical with the

treatments M1 and M3 (Table 3). The interaction data showed that the uptake of N varied

between 18.40–53.31 kg ha-1 in all the treatments (Fig 1) where the maximum N uptake was

observed in F3M1 which was significantly at par with the treatments F3M2, F3M3 and

F3M4. Whereas the maximum P uptake in rice straw was recorded under M2 which was sig-

nificantly higher than other organic amendments (M1, M3 and M4) as well as no manure

treatment (M0) in the case of different manures. The interaction data showed that P uptake

in rice straw ranged from 8.43 to 19.56 kg ha-1, under different treatment combinations (Fig

1). The highest P uptake was observed in treatment F3M2 and results were significantly

higher than in control as well as other treatments. The K uptake in rice straw was consider-

ably higher with manure M3, which was significantly higher than M0, whereas the results

M1, M2 and M4 were statistically identical. From the interactive treatments, the maximum

increase (88.54%) was observed in treatment F3M3, which was higher than control and the

rest of the treatments (Fig 1).

3.3 Manures and fertilizers effect on micronutrient uptake by rice grain

and straw

The uptake of Zn, Cu and Mn was found to increase significantly through the application of

organic manures along with RDF over the no manure application, whereas Fe uptake was not

increased significantly (Table 4).

Micronutrient (Zn, Cu, Fe and Mn) uptake among all the treatments ranged from 101.3–

237.0, 21.57–55.86, 259.75–607.47 and 59.13–153.15 g ha-1, respectively. Among manures, Zn

uptake was significantly higher under M2 (45.50%) than M0 as well as from other treatments.

A similar trend was seen for Cu, Fe and Mn uptake. In the case of Fe and Mn, the results of M3

were statistically non-significant with M2. The addition of 100% RDF recorded significantly

higher results for micronutrients (Zn, Cu, Fe and Mn) than 75% RDF and without RDF. The

interactive data of different treatments demonstrated that the treatment F3M2 showed maxi-

mum Zn uptake (237.0 g ha-1). The Cu uptake was maximum recorded under F3M1 (55.86 g

ha-1) which was not statistically different from treatments F3M2 and F3M4 and a similar trend

was recorded for Mn uptake (Fig 2a).

Table 4. Effect of manures and fertilizers on micronutrient uptake (g ha-1) by rice grain and straw.

Treatments Grain Straw

Zn Cu Fe Mn Zn Cu Fe Mn

F1 157.3c 34.8c 388.4c 92.2c 204.4c 59.4c 2100c 256.3c

F2 188.2b 43.0b 470.1b 120.8b 281.7b 75.8b 2961b 322.2b

F3 210.1a 51.5a 541.7a 138.8a 353.4a 83.8a 3362a 353.20a

LSD (0.05) 5.14 2.14 13.80 3.92 11.04 3.39 135.68 14.19

M0 145.4d 31.3c 354.8d 87.8c 213.9c 55.0c 2208c 210.7c

M1 194.3b 45.1b 482.5b 122.6b 294.7ab 78.7b 2757b 312.8b

M2 216.4a 49.4a 526.9a 129.5a 307.8a 86.0a 3088a 367.3a

M3 187.8bc 46.2b 511.2a 128.9a 300.5ab 76.5b 3093a 353.4a

M4 182.1c 43.5b 458.2c 117.5b 282.2b 68.9c 2893b 308.5b

LSD (0.05) 6.64 2.77 17.82 5.06 14.24 4.38 175.20 18.32

M0: no manure; M1: farmyard manure; M2: poultry manure; M3: press mud; M4: rice straw compost; F1: no fertilizer; F2: 75% recommended dose of fertilizers;

F3:100% recommended dose of fertilizers. (Means in a column followed by common lower-case letters are not significantly different).

https://doi.org/10.1371/journal.pone.0292602.t004
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Uptake of Zn, Cu and Mn in rice straw enhanced significantly through the use of organic

manures along with RDF over the no manure application, whereas Fe uptake was not signif-

icantly increased. The Zn, Cu, Fe and Mn uptake varied between 143.71–380.93, 39.64–

92.80, 1514–3832 and 155.88–403.28 g ha-1, respectively, under various treatments. Among

manures, Zn uptake was significantly higher under M2 (72.40%) than M0, however, it was

statistically identical with M1 and M3. A similar trend was observed for uptake of Cu, Fe

and Mn. Also, the addition of 100% RDF recorded significantly higher results for micronu-

trients (Zn, Cu, Fe and Mn) than 75% RDF and without RDF. The interactive data of differ-

ent treatments demonstrated that the treatment F3M2 showed maximum Zn uptake

(380.93 g ha-1) (Fig 2b). The Cu uptake was also observed to be maximum under F3M2

(92.80 g ha-1), which was not statistically different from treatments F3M1 and F3M4. Like-

wise in Mn, F3M2 showed maximum uptake (403.28 g ha-1), which was statistically identi-

cal to F3M3.

Fig 2. Effect of manures and fertilizers on micronutrient uptake by (a) rice grain and (b) straw. M0: no manure; M1:

farmyard manure; M2: poultry manure; M3: press mud; M4: rice straw compost; F1: no fertilizer; F2: 75% recommended dose of

fertilizers; F3:100% recommended dose of fertilizers.

https://doi.org/10.1371/journal.pone.0292602.g002
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3.4 Manures and fertilizers effect on macronutrient uptake by wheat grain

and straw

The overall N, P and K uptake in wheat grain ranged from 14.17–47.31 kg ha-1, 8.52–22.52 kg

ha-1 and 13.52–45.42 kg ha-1 in all the treatments (Table 5).

Comparing different manures, maximum N uptake was observed in PM (M2) treatment

which was higher as compared to no manure treatment i.e. M0 (11.72%) as well as other

amendments. For P uptake also, the maximum value was recorded under M2 which was statis-

tically at par with M1 and M3. However, K uptake was recorded highest under M4 treatment

which was statistically identical to treatments M1 and M3. On the other hand, the level of RDF

application had a significant impact on micronutrient uptake. The interaction data showed

that a combination of various treatments had a considerable effect on N and K uptake, how-

ever non-significant variation was recorded in P uptake (Fig 3). Maximum N uptake was

recorded under F3M2, whereas K uptake was maximum under F2M4, which was statistically

identical with F3M1 and F3M4.

The uptake of N, P and K in wheat straw varied between 13.31–54.36 kg ha-1, 7.03–23.65 kg

ha-1 and 51.21–155.32 kg ha-1 under various treatments (Table 5). Interactive data showed

non-significant variation for K uptake. All the treatments involving the use of manures consid-

erably enhanced the N uptake as compared to no manure treatment (M0) and a similar trend

was seen for K uptake. Also, the RDF application at 75% RDF and 100% RDF showed statisti-

cally identical results for N uptake but significantly higher than no RDF application. However,

for P and K uptake the results of F3 were significantly higher than F1 and F2. The data pertain-

ing to N and P uptake demonstrated the highest uptake under F3M1 which was statistically

identical to F3M2 in the case of P uptake (Fig 3). All the other treatments also recorded signifi-

cantly higher results than the control treatment.

3.5 Manures and fertilizers effect on micronutrient uptake by wheat grain

and straw

A significant effect of organic manures on micronutrient uptake was observed in rice. Uptake

of Zn, Cu, Fe and Mn in wheat grain varied between 65.86, 5.78, 218.54 and 42.35 g ha-1 to

202.94, 21.80, 765.03 and 178.75 g ha–1, respectively, under various treatments. The residual

Table 5. Effect of manures and fertilizers on macronutrient uptake (kg ha-1) by wheat grain and straw.

Treatments Grain Straw

N P K N P K

F1 23.90c 12.54c 23.11c 20.68b 11.23c 76.26c

F2 37.50b 19.06b 34.39b 34.34a 17.43b 120.39b

F3 43.29a 21.33a 41.03a 43.68a 21.36a 146.30a

LSD (0.05) 1.28 0.67 1.34 1.76 0.89 6.82

M0 26.76c 14.03c 24.06c 26.53b 12.77d 88.94b

M1 37.27a 18.76a 36.22a 39.24a 18.02b 123.99a

M2 37.98a 19.18a 32.65b 31.77a 19.69a 118.69a

M3 37.31a 18.88a 34.89a 34.07a 17.05b 122.42a

M4 35.15b 17.35b 36.42a 32.91a 15.86c 117.28a

LSD (0.05) 1.65 0.86 1.73 2.27 1.14 8.80

M0: no manure; M1: farmyard manure; M2: poultry manure; M3: press mud; M4: rice straw compost; F1: no fertilizer; F2: 75% recommended dose of fertilizers;

F3:100% recommended dose of fertilizers. (Means in a column followed by common lower-case letters are not significantly different).

https://doi.org/10.1371/journal.pone.0292602.t005
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effect of FYM showed significant results for all the micronutrient uptake in comparison to

other manures. The level of RDF application also affected the micronutrient uptake. The

results of 100% RDF were significantly higher than 75% RDF and no RDF (Table 6).

The uptake of Zn, Cu, Fe and Mn, in wheat straw varied between 65.47–254.88, 21.39–

96.92, 1313–5944 and 50.71–221.47 g ha-1 under various treatments. Among manures, the

highest Zn and Fe uptake was recorded with the residual effect of M1, whereas Cu and Mn

uptake was highest with M2. The Zn uptake did not differ significantly among other manures.

Fig 3. Effect of manures and fertilizers on N, P and K uptake by wheat grain and straw. M0: no manure; M1: farmyard

manure; M2: poultry manure; M3: press mud; M4: rice straw compost; F1: no fertilizer; F2: 75% recommended dose of

fertilizers; F3:100% recommended dose of fertilizers.

https://doi.org/10.1371/journal.pone.0292602.g003
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The residual effect of M3 and M1 was statistically at par for Fe and Cu uptake. Interactive data

of different treatments in wheat grain demonstrated that the treatment F3M1 showed maxi-

mum Zn uptake (202.94 g ha-1), which was considerably higher than the control and all other

treatments (Fig 4a). The Cu uptake was recorded as a maximum under F3M3 (21.80 g ha-1)

whereas Mn uptake was maximum in treatment F3M4 (178.80 g ha-1) which was statistically

identical to F3M1. Similarly, Zn and Cu uptake in wheat straw were observed to be maximum

in treatments F3M3 (254.88 g ha-1) and F3M1 (96.92 g ha-1), respectively (Fig 4b).

3.6 Effect on soil properties and macronutrients buildup

The impact of organic amendments on soil properties is given in Tables 7 and 8. The use of

organic manures (M1, M2 and M3) favoured the acidification of soil pH as confirmed by

slightly lower pH values in comparison to unamended soil (M0) (Table 7). The addition of

RDF also slightly reduced the soil pH in comparison to the results when no RDF was added to

the soil.

The interaction table showed non-significant variation in soil pH on the combined treat-

ment of organic manures and fertilizers. The addition of M1 and M3 showed significantly

higher results for EC, whereas M2 showed results that were significantly at par with control.

Also, the addition of RDF did not considerably affect the soil EC. The interaction table pre-

dicted the highest EC value with treatment F3M3 (0.30 dS m-1) and the results were not statis-

tically different from treatments F2M1, F3M1, F1M3 and F1M4. Whereas, the maximum

value of OC was observed in treatment F3M3 (0.51%). The impact of increasing the inorganic

fertilizer dose was non-significant, whereas the addition of manures significantly affected the

OC. Maximum OC was obtained with M3 which was significantly higher than other organic

amendments and the least was recorded in no manure addition.

The soil macronutrient data showed that the available N content varied significantly

between 198.0–330.6 kg ha−1 with the combined use of fertilizers as well as manures (Table 8).

The addition of PM showed the maximum increase in N (27.23%) in comparison to control

and the results were significantly higher than the addition of other organic fertilizer sources.

Likewise, the results for 100% RDF were significantly more as compared to the addition of

75% RDF and no RDF. Within the treatments, PM application with 100% RDF showed the

Table 6. Effect of manures and fertilizers on micronutrient uptake (g ha-1) by wheat grain and straw.

Treatment Grain Straw

Zn Cu Fe Mn Zn Cu Fe Mn

F1 104.2c 9.90c 335.7c 84.6c 108.6c 28.69c 2164c 86.96c

F2 162.5b 15.48b 542.6b 138.0b 181.4b 53.56b 3643b 146.8b

F3 187.0a 19.99a 671.3a 162.4a 220.6a 73.68a 5196a 189.1a

LSD (0.05) 4.73 0.70 31.18 4.93 9.59 2.85 242.80 13.94

M0 116.7d 11.35c 392.4c 91.8c 132.2c 40.09c 2714c 101.8b

M1 171.2a 16.45a 592.1a 144.5a 177.0b 58.62a 4047a 152.8a

M2 161.1b 16.09ab 584.6a 133.8b 165.6b 52.53b 3653b 152.0a

M3 158.3b 16.49a 509.5b 132.9b 202.2a 57.50a 4215a 151.3a

M4 148.7c 15.25b 503.9b 138.8ab 174.1b 51.13b 3716b 147.1a

LSD (0.05) 6.11 0.90 40.24 6.36 12.38 3.60 313.44 17.99

M0: no manure; M1: farmyard manure; M2: poultry manure; M3: press mud; M4: rice straw compost; F1: no fertilizer; F2: 75% recommended dose of fertilizers;

F3:100% recommended dose of fertilizers. (Means in a column followed by common lower-case letters are not significantly different).

https://doi.org/10.1371/journal.pone.0292602.t006
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highest available N content, which was 66.66% higher than the control. Whereas, available P

varied between 24.75 kg ha−1 (F1M0)–46.23 (F3M2) kg ha−1. Among the different manures,

PM resulted in higher available P content, and it was significantly higher than other organic

amendments. In the case of RDF, 100% addition showed significantly higher results than 75%

RDF and no RDF. The available K content varied between 161.50–241.77 kg ha−1 in soil and

was minimal in control. The interaction table showed that the highest K was recorded under

F3M1, which was 49.68% higher than F1M0. The results of treatment F3M1 were not statisti-

cally different from F2M1, F2M4 and F3M4.

3.7 Effect on micronutrient build-up in soil

The DTPA-extractable Zn in various treatments ranged between 1.51–2.83 mg kg−1 (Tables 7

and 8). The maximum Zn was observed in F3M3 i.e. 100% RDF + PrM, which was statistically

similar to 75% RDF + PrM and the least value for Zn was observed in F1M0. Data also demon-

strated that the Zn content with 100% RDF was significantly higher as compared to the

Fig 4. Effect of manures and fertilizers on micronutrient uptake by wheat (a) grain and (b) straw. M0: no manure; M1:

farmyard manure; M2: poultry manure; M3: press mud; M4: rice straw compost; F1: no fertilizer; F2: 75% recommended

dose of fertilizers; F3:100% recommended dose of fertilizers.

https://doi.org/10.1371/journal.pone.0292602.g004
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treatments with 75% RDF irrespective of the manures used. The DTPA-extractable Cu varied

between 0.84–1.24 mg kg−1 in various treatments. The maximum value for Cu content was

observed in treatment involving 100% RDF + FYM, which was significantly higher than other

treatments. Thus, the use of FYM showed the highest results for Cu content. For DTPA-

extractable Fe, values ranged between 19.43–28.01 mg kg−1 in various treatments and the high-

est value was observed in treatment F3M1 i.e., 100% RDF + FYM, which was 44.15% higher

than the control. For DTPA-extractable Mn, the content varied between 4.22 (F1M0)–7.97

Table 7. Effect of manures and fertilizers on soil properties.

Treatments pH EC OC N P K Zn Cu Fe Mn

dS m-1 (%) (kg ha-1) (mg kg-1)

F1 7.71 0.24 0.37c 216.2c 30.89c 181.5c 2.15c 0.98c 22.35c 6.04b

F2 7.76 0.26 0.41b 246.8b 36.87b 211.8b 2.30b 1.04b 23.72b 6.47a

F3 7.77 0.26 0.43a 291.7a 41.43a 224.0a 2.36a 1.14a 25.45a 6.74a

LSD (0.05) NS NS 0.01 8.67 1.59 7.59 0.03 0.02 0.42 0.31

M0 7.70 0.22b 0.33c 224.3d 30.37d 191.6d 1.72d 0.96c 19.76d 5.37c

M1 7.67 0.28a 0.42b 266.6b 37.27b 224.4a 2.22c 1.15a 25.21b 7.34a

M2 7.80 0.24b 0.40b 285.3a 42.74a 204.4bc 2.35b 1.13a 26.14a 6.77b

M3 7.75 0.28a 0.46a 237.1c 35.78c 199.0cd 2.68a 0.94c 24.30c 5.53c

M4 7.82 0.24b 0.41b 244.6c 35.80bc 209.7b 2.38b 1.07b 23.79d 7.07ab

LSD (0.05) NS 0.02 0.02 11.19 2.05 9.80 0.04 0.03 0.55 0.40

M0: no manure; M1: farmyard manure; M2: poultry manure; M3: press mud; M4: rice straw compost; F1: no fertilizer; F2: 75% recommended dose of fertilizers;

F3:100% recommended dose of fertilizers. (Means in a column followed by common lower-case letters are not significantly different).

https://doi.org/10.1371/journal.pone.0292602.t007

Table 8. Interactive effect of manures and fertilizers on soil properties.

Treatments pH EC OC N P K Zn Cu Fe Mn

dS m-1 (%) (kg ha-1) (mg kg-1)

F1M0 7.77 0.20e 0.31f 198.0h 24.75g 161.5f 1.50h 0.84h 19.43g 4.22e

F1M1 7.77 0.26bc 0.41d 233.9fg 31.19e 205.7c 2.13f 1.09d 22.95ef 6.78bc

F1M2 7.76 0.22de 0.39d 246.0ef 39.35cd 180.3ef 2.32cd 1.08e 24.62d 6.76bc

F1M3 7.82 0.26bc 0.40d 203.0h 32.48e 183.9e 2.46b 0.89g 22.64f 5.37d

F1M4 7.88 0.24cd 0.35e 200.0h 26.67f 176.3ef 2.31d 0.98f 22.12f 7.04b

F2M0 7.78 0.22de 0.34ef 215.1gh 29.92ef 199.7de 1.83g 0.90g 19.67g 5.75d

F2M1 7.63 0.28ab 0.42cd 259.4de 37.56d 225.6abc 2.22e 1.14bcd 24.66cd 7.29ab

F2M2 7.76 0.24cd 0.40d 279.3d 42.63bc 213.7bcd 2.33cd 1.13bcde 26.44b 6.69bc

F2M3 7.71 0.28ab 0.48ab 234.6fg 36.13d 201.8cd 2.75a 0.92g 24.11d 5.55d

F2M4 7.84 0.24cd 0.42c 246.6ef 38.09d 221.4abc 2.39bcd 1.10cde 23.71de 7.08b

F3M0 7.86 0.24cd 0.35e 259.7de 36.45d 213.5bc 1.84g 1.15bc 20.17g 6.13cd

F3M1 7.74 0.28ab 0.44cd 307.5b 43.06b 241.8a 2.31d 1.24a 28.01a 7.97a

F3M2 7.78 0.24cd 0.41d 330.6a 46.23a 219.1bcd 2.40bc 1.17b 27.35a 6.86b

F3M3 7.73 0.30a 0.51a 273.6d 38.75d 214.4bc 2.83a 1.01f 26.17b 5.66d

F3M4 7.84 0.28ab 0.45bc 287.2c 42.63b 231.4ab 2.44b 1.15bc 25.55bc 7.09b

LSD (0.05) NS 0.02 0.03 11.19 3.56 19.95 0.08 0.05 0.95 0.70

M0: no manure; M1: farmyard manure; M2: poultry manure; M3: press mud; M4: rice straw compost; F1: no fertilizer; F2: 75% recommended dose of fertilizers;

F3:100% recommended dose of fertilizers. (Means in a column followed by common lower-case letters are not significantly different).

https://doi.org/10.1371/journal.pone.0292602.t008
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(F3M1) mg kg−1 and the highest value was observed through the use of 100% RDF and organic

manures, which was statistically at par with the treatments involving 75% RDF. Thus, FYM

and RSC showed significantly higher Mn content over the control.

3.8 Correlation between yield and soil properties

The correlation between crop yields (rice yield, wheat yield and system productivity) and soil

properties is given in Fig 5(a) & 5(b). The data in Fig 5(a) shows that the yield of both crops

and system productivity possessed a positive and significant correlation with all soil proper-

ties except pH and EC. The maximum significance and positive correlation of rice yield was

with DTPA-extractable Fe with a correlation coefficient of 0.93, demonstrating that the con-

tribution of soil Fe content was maximum towards rice yield. On the other hand, wheat yield

showed the highest positive correlation with the available K value (Fig 5(b)). In the case of

system productivity, a maximum significant correlation was found with available P content

(Fig 5(c)).

4. Discussion

4.1 Manures and fertilizers effect on yield sustainability of rice and wheat

The present results showed an increase in yield for successive years except for control in rice,

in which there was a depletion of soil nutrient status as no nutrients were added through the

exogenous supply. The organic amendments contributed to the soil fertility status by supplying

nutrients through the decomposed organic matter. Also, the release of different organic acids

from organic matter favour the solubilization of native soil nutrients and increases their avail-

ability to plants [24]. After 3rd year, the maximum yield of rice recorded under F3M2 was

because of the higher nutrient status of PM in comparison to the other manures and RSC [24].

Poultry manure also possesses a high rate of mineralization as compared to other organic

sources; thus the early release of nutrients makes them readily available to the succeeding crop

[25]. Moreover, a full dose of RDF was applied under F3M2 as compared to F2M2 under

which 75% RDF was applied, which resulted in higher availability of nutrients [26, 27]. On the

other hand, the maximum residual effect of FYM on wheat crop yield was recorded because of

the slow rate of mineralization of FYM [28, 29]. Also, the higher yield under F3 as compared

to F2 in wheat, irrespective of manures used, was attributed to the higher availability of nutri-

ents [26, 27].

4.2 Manures and fertilizers effect on macronutrient uptake in rice and

wheat grains

The increase in macronutrient uptake in grain and straw of rice might be due to organic mat-

ter decomposition which resulted in the assimilation of macronutrients into the soil matrix,

thus making soil a nutrient reservoir [30]. Biofertilizers play a key role in N fixation, solubiliza-

tion of P, and mobilization of more amounts of nutrients in a readily available form in the soil.

Further, these released nutrients become easily available for plant uptake. Additionally, the

improved grain and straw yield along with the presence of a sufficient amount of N in organic

manures and inorganic fertilizers led to the improved uptake of macronutrients. Uptake of N

by plant is a good indicator of a crop’s N utilization efficiency. In the present study, when PM

was applied along with a 75% NPK, N absorption enhanced due to a higher amount of nutri-

ents from PM. Similar results were recorded by Mia et al. [31] where N and K uptake was

found to increase with enhancing levels of PM application. Whereas, the P and K uptake were

found to be the maximum in treatments involving FYM and inorganic fertilizers. The positive
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effect of FYM on K uptake was due to the fact that in addition to FYM acting as a source of K,

it also influenced the availability of native and applied K by releasing organic colloids with

higher cation exchange sites to attract K from non-exchangeable pool. Additionally, the

applied K favoured crop growth and higher accumulation of biomass through increased K

uptake. Similar results were observed for P uptake. The above results were corroborated with

the work conducted by Majumdar et al. [32].

Fig 5. Correlation between yield, soil properties and nutrient content: (a) shows the significant positive correlation between

rice yield and soil properties; (b) shows the significant positive correlation between wheat yield and soil properties; and (c)

shows the correlation between system productivity and soil properties.

https://doi.org/10.1371/journal.pone.0292602.g005
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In wheat grain, the highest N uptake was noted in treatment involving PM; whereas the

maximum N uptake for wheat straw was found in treatment involving FYM. When FYM was

applied with a 75% NPK fertilizer, N absorption was found to increase in the case of wheat

straw. The FYM has a higher C:N ratio, which resulted in the immobilisation of N [33], while

the sole application of inorganic fertilizers led to N loss because of leaching as well as volatiliza-

tion [34, 35]. Farmyard manure improved soil properties, thus resulting in higher root density

and reduced leaching, which improved the nutrient absorption capability of the crop. Thus,

using organic and inorganic sources in combination improved the micronutrient absorption

in wheat straw [36]. Whereas, in the case of wheat grain residual effect of rice might have

resulted in lesser uptake of N from the soil thus leading to lesser accumulation of N in treat-

ment involving FYM. Moreover, soil experiments showed a higher amount of N in PM which

further append to the higher N uptake in treatment involving PM. In the case of K, treatment

F2M4 involving RSC along with inorganic fertilizers exhibited maximum K uptake. This may

be due to the increase in the soil Fe2+ and Mn2+, caused by RSC, which release K from

exchange complexes. These outcomes were similar to those obtained by Kaur and Benipal [37]

in which recycling of rice straw to the field improved available K in soil to a considerable level

more than manure. Also, the maximum level of K was observed in RSC in the present study

which resulted in increased K uptake in treatment involving RSC.

4.3 Manures and fertilizers effect on micronutrient uptake in rice and

wheat grains

The higher micronutrient uptake through combined use of organic manures as well as inor-

ganic fertilizers might be because of increased micronutrient bioavailability in soil, which

improved their uptake in rice as compared to control [38]. Poultry manure is an excellent ani-

mal manure which helps to boost the productivity of soil as compared to other manures and

provides significant improvement in organic C, available P and exchangeable cations [39].

Also, organic manures possess positive effects on plant growth not only because of the tempo-

ral availability of essential minerals but also because of enhancement in soil physical, chemical

and biological properties which help in increasing the uptake of micronutrients in grain and

straw of rice. Additionally, the uptake of micronutrients was also related to the interaction

with other nutrients as a higher concentration of N helps in improving the number of Zn

transporters and Zn chelating nitrogenous substances [40–42]. Manganese also shows a

favourable interaction with N as nitrate possesses the ability to promote Mn availability and

Mn uptake in rice [43, 44].

In the present study, soil organic matter forms a number of complex biochemical reactions

after the application of manures in the soil. The presence of carboxylic and phenolic functional

groups in soil organic matter upon dissociation enhanced the negative charge on soil and also

improved its resistance to acidification. Also, stabilization of soil structure was achieved

through organic fertilizers which reduced the N loss and improved N levels in soil. More N fer-

tilization improved the Zn and Fe uptake and translocation in wheat roots and shoots [41],

resulting in increased Zn and Fe uptake in wheat grain and straw [42]. On the other hand, Cu

and Mn uptake was maximum in treatment involving PM along with inorganic fertilizers. The

application of PM provides excess levels of organic matter affecting mineral solubility as well

as plant availability. This also stimulates the activity of microorganisms which temporarily

decreases the nutrient availability while improving the solubility of other nutrients during the

breakdown of organic matter in soil. So, PM increased the available quantities of Cu and Mn

in soil which were easily taken up by wheat thus enhancing their uptake in crop.
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4.4 Manures and fertilizers effect on the build-up of soil chemical

properties

The lower pH of organically amended soil as compared to unamended soils might be because

of organic acids released from microbial decomposition of the incorporated manures, which

lowered the soil pH below their initial values. Adekiya et al. [24] reported similar results with

organic amendments to soils. The application of NPK fertilizer also accelerated soil acidifica-

tion because of the leaching of bases from the surface of the soil. The incorporation of N fertil-

izers led to the displacement of acidic ions and basic cations from the sorption complex, which

increased the active acidity and the leaching of base cations with accompanying anions, respec-

tively. Also, the NH4
+ absorption by plants/microorganisms along with secretion of H+ during

nitrification, contribute to intensifying soil acidification [45]. The increase in EC with manure

application was associated with the increase in soluble salt concentration sourced from feed

additives and the solubilization of native minerals due to a lowering in soil pH. The acids

released from manure decomposition undergo chemical reactions with soluble salts present in

the soil which get converted to either soluble salts or experience increased solubility. The

increase in OC was due to the addition of organic matter through manures. The higher OC in

the case of PrM addition was because of a higher level of PrM added to soil as compared to

other manures.

Similarly, in the case of available NPK, the lower levels in untreated plots were due to the

mining of available macronutrients with continuous cropping without fertilization for 3 years.

The high content of macronutrients in manure-amended plots might be due to the nutrient

supplementation to soil through decomposed organic matter which releases CO2. The CO2

dissolves in water to form carbonic acids and breaks down the minerals which leads to nutrient

release [9]. For P, the organic acids released from the decomposed organic manures acceler-

ated the solubilization of P because of improved microbial activities, and retarded P fixation in

soil. Higher K content in the soil was due to the enhanced cation exchange capacity of soil

which resulted in increased soil capacity for holding exchangeable K and reducing leaching

losses of K in soil [46]. In plants involving NPK, the addition of nutrients was done externally

to soil which led to the improved nutrient level in soil. These results corroborated well with

previous literature where the use of manures and inorganic fertilizers has enhanced the nutri-

ent levels in soil [47, 48].

Different levels of micronutrients in soil with the organic and inorganic amendments were

related to the changes in soil environment i.e., less pH and high content of organic matter in

soil. The role of manures is not only limited to the supply of in the soil, but it also helps in

enhancing biological as well as chemical reactions which leads to the dissolution of non-avail-

able micronutrients in soil [49]. These manures along with RSC also form metal complexes

with organic matter which improves the levels of available micronutrients by reducing their

adsorption, fixation, as well as precipitation. Soil pH decreased with the application of NPK

which in turn increased the available micronutrient level in soil. These results corroborated

well with the study conducted by Dhaliwal et al. [50], where a considerable upsurge in DTPA-

extractable micronutrients was observed through the integrated use of manures and fertilizers

under RWCS.

5. Conclusions

The present study involved the assessment of the organic manure along with inorganic fertil-

izer for yield and soil health of the RWCS The application of different manures in addition to

RDF significantly increased the grain and straw yield of rice and wheat as well as system pro-

ductivity over no manure treatments, highlighting the significance of integrated use of
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fertilizers. The results also showed that the combined use of chemical fertilizers such as NPK

with farm yard manure and poultry manure could also resist the decline in system productivity

as compared to the long-term use of chemical fertilizers alone. The macro and micronutrient

uptake in both crops also increased significantly with the combined application of manures

and RDF. Moreover, soil macro and micronutrient status also improved with the exogenous

supply of nutrients through 100% RDF and manures. With the increase in the rate of fertilizer

dose, grain and straw yield of rice and wheat increased significantly and the maximum was

recorded with the application of 100% RDF irrespective of organic amendments except for

RSC which showed significantly lower results as compared to other manures. According to

this study, the improvement in soil properties, crop growth and system sustainability is highly

influenced by balanced chemical fertilization along with regular organic inputs. Together, the

findings indicate that it is feasible to increase and sustain the productivity of the RWCS and

overall soil quality by applying RDF along with organic manures (FYM, PM and PrM) which

further supports the idea of integrating chemical fertilizers with organic inputs to promote sys-

tem sustainability over time.

Acknowledgments

Authors also like to acknowledge the contribution of Manzer H. Siddiqui for revising the final

draft of the article.

Author Contributions

Conceptualization: Salwinder Singh Dhaliwal, Vivek Sharma, Vibha Verma, Manmeet Kaur,

Prabhjot Singh.

Data curation: Salwinder Singh Dhaliwal, Ahmed Gaber, Alison M. Laing, Akbar Hossain.

Formal analysis: Salwinder Singh Dhaliwal, Alison M. Laing, Akbar Hossain.

Funding acquisition: Salwinder Singh Dhaliwal, Ahmed Gaber, Akbar Hossain.

Investigation: Salwinder Singh Dhaliwal, Vivek Sharma, Vibha Verma, Manmeet Kaur,

Prabhjot Singh.

Methodology: Salwinder Singh Dhaliwal, Vivek Sharma, Vibha Verma, Manmeet Kaur,

Prabhjot Singh.

Resources: Vibha Verma.

Software: Ahmed Gaber, Alison M. Laing, Akbar Hossain.

Supervision: Salwinder Singh Dhaliwal.

Validation: Salwinder Singh Dhaliwal, Vivek Sharma, Vibha Verma, Manmeet Kaur, Prabhjot

Singh.

Visualization: Salwinder Singh Dhaliwal, Vivek Sharma, Vibha Verma, Manmeet Kaur,

Prabhjot Singh.

Writing – original draft: Salwinder Singh Dhaliwal, Vivek Sharma, Vibha Verma, Manmeet

Kaur, Prabhjot Singh.

Writing – review & editing: Ahmed Gaber, Alison M. Laing, Akbar Hossain.

PLOS ONE Long-term effect of manures and fertilizers on yield and soil health in the rice-wheat cropping system

PLOS ONE | https://doi.org/10.1371/journal.pone.0292602 November 9, 2023 18 / 21

https://doi.org/10.1371/journal.pone.0292602


References
1. Gamage A, Gangahagedara R, Gamage J, Jayasinghe N, Kodikara N, Suraweera P, et al. Role of

organic farming for achieving sustainability in agriculture. Farm Syst. 2023; 1: 100005. https://doi.org/

10.1016/j.farsys.2023.100005

2. Dhaliwal SS, Sharma V, Shukla AK, Verma V, Kaur M, Shivay YS, et al. Biofortification—A frontier

novel approach to enrich micronutrients in field crops to encounter the nutritional security. Mol. 2022;

27(4): 1340. https://doi.org/10.3390/molecules27041340 PMID: 35209127

3. Biswas DR. Nutrient recycling potential of rock phosphate and waste mica enriched compost on crop

productivity and changes in soil fertility under potato–soybean cropping sequence in an Inceptisol of

Indo-Gangetic Plains of India. Nutr Cycl Agroecosyst. 2011; 89: 15–30. https://doi.org/10.1007/

s10705-010-9372-6

4. Seitzinger SP, Phillips L. Nitrogen stewardship in the Anthropocene. How can nitrogen emissions be

reduced and reused to reduce pressure on ecosystems? Sci. 2017; 357: 350–351. https://doi.org/10.

1126/science.aao081

5. Laik R, Kumara BH, Pramanick B, Singh SK. Labile soil organic matter pools are influenced by 45 years

of applied farmyard manure and mineral nitrogen in the wheat–pearl millet cropping system in the sub-

tropical conditions. Agron. 2021; 11: 2190. https://doi.org/10.3390/agronomy11112190

6. Dhaliwal SS, Sharma V, Sharma S, Walia SS, Singh J, Verma V, et al. Effect of Vermicompost,

Farm Yard Manure and Biofertilizers on Soil Health and Plant Nutrition In: Earthworms and their

Ecological Significance, Editors: Vig AP, Suthar SS, and Singh J. Nova Publishers; 2022; pp. 179–

208

7. Zhang W, Xiong Y, Li Y, Qiu Y, Huang G. Effects of organic amendment incorporation on maize (Zea

mays L.) growth, yield and water-fertilizer productivity under arid conditions. Agric Water Manag. 2022;

269: 107663. https://doi.org/10.1016/j.agwat.2022.107663

8. Maharjan B, Panday D, Blanco-Canqui H, Mikha MM. Potential amendments for improving the produc-

tivity of low-carbon semiarid soil. Agrosyst Geosci Environ. 2021; 4: e20171. https://doi.org/10.1002/

agg2.20171

9. Randhawa MK, Dhaliwal SS, Sharma V, Toor AS, Sharma S, Kaur M, et al. Nutrient use efficiency as a

strong indicator of nutritional security and builders of soil nutrient status through integrated nutrient man-

agement technology in a rice-wheat system in northwestern India. Sustain. 2021; 13: 4551. https://doi.

org/10.3390/su13084551

10. Moe K, Moh SM, Htwe AZ, Kajihara Y, Yamakawa T. Effects of integrated organic and inorganic fertiliz-

ers on yield and growth parameters of rice varieties. Rice Sci. 2019; 26(5): 309–318. https://doi.org/10.

1016/j.rsci.2019.08.005

11. Jackson ML. Soil chemical analysis—advanced course. A manual of methods useful for instruction and

research in soil chemistry, physical chemistry, soil fertility and soil genesis. 2nd Edn, Madison US;

1973.

12. Piper CS. Soil and plant analysis. Hans Publishers Bombay; 1966. pp. 368.

13. Sparks DL, Page AL, Helmke PA, Leoppert RH, Soltanpour PN, Tabatabai MA, et al. (Eds.) Method of

soil analysis part 3. Madison, Wisconsin: American Society of Agronomy Inc; 1996.

14. Pratt PF. Potassium chemical and microbiological properties. In Methods of Soil Analysis, ed. Page AL,

Miller RH, and Kenney DR, Madison, Wisconsin: American Society of Agronomy; 1982. pp. 256–346.

15. Page AL, Miller RH, Keeney DR. Methods of soil analysis Part 2. Madison, Wisconsin: American Soci-

ety of Agronomy; 1982.

16. Sarwar N, Farooq O, Wasaya A, Hussain M, El-Shehawi AM, Ahmad S, et al. Integrated nitrogen man-

agement improves productivity and economic returns of wheat-maize cropping system. Journal of King

Saud University-Science. 2021, 33(5):101475. https://doi.org/10.1016/j.jksus.2021.101475

17. Kumar M, Singh S R, Jha S K, Shamna A, Mazumdar S P, Singh A, et al. System productivity, profitabil-

ity and resource use efficiency of jute (Corchorus olitorius) based cropping systems in the eastern Indo-

Gangetic plain. Indian J Agric Sci. 2014; 84 (2): 209–213.

18. Richard LA. Diagnosis and improvement of saline and alkali soils. In: Agriculture Handbook No. 60;

USDA: Washington, DC, USA, 1954; pp. 7–33.

19. Walkley A, Black IA. An examination of the Degtjareff method for determining soil organic matter, and a

proposed modification of the chromic acid titration method. Soil science. 1934, 37(1):29–38.

20. Subbiah BV, Asija GL. A rapid procedure for estimation of available nitrogen in soils. Curr Sci. 1956;

25: 259–260.

21. Olsen SR, Cole CV, Watanabe FS, Dean LA. Estimation of available phosphorus by extraction with

sodium bicarbonate. US Deptt Agri Circ 939; 1954.

PLOS ONE Long-term effect of manures and fertilizers on yield and soil health in the rice-wheat cropping system

PLOS ONE | https://doi.org/10.1371/journal.pone.0292602 November 9, 2023 19 / 21

https://doi.org/10.1016/j.farsys.2023.100005
https://doi.org/10.1016/j.farsys.2023.100005
https://doi.org/10.3390/molecules27041340
http://www.ncbi.nlm.nih.gov/pubmed/35209127
https://doi.org/10.1007/s10705-010-9372-6
https://doi.org/10.1007/s10705-010-9372-6
https://doi.org/10.1126/science.aao081
https://doi.org/10.1126/science.aao081
https://doi.org/10.3390/agronomy11112190
https://doi.org/10.1016/j.agwat.2022.107663
https://doi.org/10.1002/agg2.20171
https://doi.org/10.1002/agg2.20171
https://doi.org/10.3390/su13084551
https://doi.org/10.3390/su13084551
https://doi.org/10.1016/j.rsci.2019.08.005
https://doi.org/10.1016/j.rsci.2019.08.005
https://doi.org/10.1016/j.jksus.2021.101475
https://doi.org/10.1371/journal.pone.0292602


22. Merwin HD, Peech M. Exchangeability of soil potassium in sand, silt and clay fractions as influenced by

the nature of the complimentary exchangeable cations. Soil Sci Soc Am Proc. 1950; 15: 125–128.

https://doi.org/10.2136/sssaj1951.036159950015000C0026x

23. Lindsay WL, Norvell WA. Development of a DTPA soil test method for zinc, iron, manganese and cop-

per. Soil Sci Soc Am J. 1978; 42: 421–428. https://doi.org/10.2136/sssaj1978.

03615995004200030009x

24. Adekiya AO, Ejue WS, Olayanju A, et al. Different organic manure sources and NPK fertilizer on soil

chemical properties, growth, yield and quality of okra. Sci Rep. 2020; 10: 16083. https://doi.org/10.

1038/s41598-020-73291-x PMID: 32999383

25. Shaji H, Chandran V, Mathew L. Controlled Release Fertilizers for Sustainable Agriculture. Organic fer-

tilizers as a route to controlled release of nutrients; 2021. pp. 231–245.

26. Sun J, Li W, Li C, Chang W, Zhang S, Zeng Y, et al. Effect of different rates of nitrogen fertilization on

crop yield, soil properties and leaf physiological attributes in banana under subtropical regions of China.

Front Plant Sci. 2020; 11: 613760. https://doi.org/10.3389/fpls.2020.613760 PMID: 33408734

27. Du QJ, Xiao HJ, Li JQ, Zhang JX, Zhou LY, Wang JQ. Effects of different fertilization rates on growth,

yield, quality and partial factor productivity of tomato under non-pressure gravity irrigation. PLoS ONE.

2021; 16(3): e0247578. https://doi.org/10.1371/journal.pone.0247578 PMID: 33711032

28. Dey A, Srivastava PC, Pachauri SP, Shukla AK. Time-dependent release of some plant nutrients from

different organic amendments in a laboratory study. Int J Recycl Org Waste Agricult. 2019; 8: 173–188.

https://doi.org/10.1007/s40093-019-0287-1

29. Masunga RH, Uzokwe VN, Mlay PD, Odeh I, Singh A, Buchan D, et al. Nitrogen mineralization dynam-

ics of different valuable organic amendments commonly used in agriculture. Appl Soil Ecol. 2016; 101,

185–193. https://doi.org/10.1016/j.apsoil.2016.01.006

30. El-Ghamry AM, Abd El-Hamid AM, Mosa AA. Effect of farmyard manure and foliar application of micro-

nutrients on yield characteristics of wheat grown on salt-affected soil. American-Eurasian J Agric Envi-

ron Sci. 2009; 5: 460–465.

31. Mia MB, Akter S, Molla AH, Rahman GM. Poultry Manure with Inorganic Nitrogen on Growth and Yield

of Onion (Allium cepa L.). The Agriculturists. 2007:101–8. https://doi.org/10.3329/agric.v5i1.5204

32. Majumdar B, Venkatesh M S, Kumar K, Patiram. Effect of potassium and farmyard manure on yield,

nutrient uptake and quality of ginger (Zhgiber offieinale) in a Typic Napludalf of Meghalaya. Indian J

Agric Sci. 2005; 75: 809–811.

33. Srinivasarao CH, Venkateswarlu B, Lal R, Singh AK, Kundu S, Vittal KP, et al. Long–term manuring and

fertilizer effects on depletion of soil organic carbon stocks under pearl millet–cluster bean–castor rota-

tion in Western India. Land Degrad Develop. 2014; 25:173–183. https://doi.org/10.1002/ldr.1158

34. Rech I, Polidoro JC, Pavinato PS. Additives incorporated into urea to reduce nitrogen losses after appli-
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