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Yield and nutrient composition
of forage crops and their effects
on soil characteristics of winter
fallow paddy in South China
Liuxing Xu1,2, Guojian Tang2,3, Dan Wu1 and Jianguo Zhang2*

1College of Agronomy and Life Sciences, Zhaotong University, Zhaotong, China, 2Department of
Grassland Science, South China Agricultural University, Guangzhou, China, 3School of Biological
Sciences and Technology, Liupanshui Normal University, Liupanshui, China
In terms of providing additional feeds and improving the soil fertility, planting

forage crops during the fallow seasons is an effective strategy to promote

resource utilization. The objective of this research was to compare the effects

of planting different forage crops on the yields and nutritive compositions of

forage and soil properties of winter fallow paddy in southern China. Five forage

crops, including alfalfa (Medicago sativa, AF), common vetch (Vicia sativa, CV),

milk vetch (Astragalus sinicus, MV), smooth vetch (Vicia villosa, SV) and Italian

ryegrass (Lolium multiflorum, IR), were planted by monoculture on the winter

fallow paddy in 2017-2018 (season 1) and 2018-2019 (season 2), respectively. The

dry matter yield of IR was significantly higher than those of AF, CV, SV and MV

(P<0.05). The crude protein yield of IR was significantly higher than those of AF,

CV and MV (P<0.05). The neutral detergent fiber and acid detergent fiber

contents of CV, SV and IR were significantly lower than those of AF and MV

(P<0.05). Forage crops significantly affected the culturable microbial population

of soils (P<0.05). The bacteria, actinomyces and fungi numbers on IR were the

highest, while azotobacter number was the lowest. The catalase, acid-

phosphatase and invertase activities of IR soil were the lowest. The numbers of

bacteria, actinomyces and fungi of IR soil were the highest. IR and SV were the

best crops to obtain forage and improve the soil. When producers pursue higher

forage yield, we recommend planting Italian ryegrass. If the producers want to

improve soil characteristics, smooth vetch is the most suitable plant. These

results provide useful information to rice growers for cropping management

when growing forage crops (based on the yield and nutritional value) or green

manure (based on improving the soil fertility) as an alternative to late rice harvest.
KEYWORDS

ecological benefit, nutritive composition, soil, yield, green manure
Abbreviations: AF, alfalfa; CV, common vetch; MV, milk vetch; SV, smooth vetch; IR, Italian ryegrass; FM,

fresh matter; DM, dry matter; CP, crude protein; RFV, relative feed value; DMPP, dry matter partial

productivity; CPPP, crude protein partial productivity; CF, crude fiber; EE, ether extract; NDF, neutral

detergent fiber; ADF, acid detergent fiber; HC, hemicellulose; WSC, water-soluble carbohydrates; AP,

available phosphorus; OM, organic matter; TN, total nitrogen.
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1 Introduction

Grasses grown in rotations with corn (Zea mays) or rice (Oryza

sativa) provide a range of help to improve soil fertility and crop

yield in arid (Li et al., 2021) or humid regions (Xu et al., 2021). In

general, legumes can obtain nitrogen from the atmosphere,

reducing the input costs for agricultural production (mainly N

fertilizer input) (Jensen et al., 2020). Legumes can improve water

use efficiency and economic benefits in the areas where crop

rotation systems are simple or unique (Peng et al., 2022).

Meanwhile, crop rotations also showed positive effects on

microorganisms of soils (Venter et al., 2016). The contribution of

grass productivity on microbial community was higher than that of

soil variables, and microbial community was more related to grass

productivity (Wang et al., 2023). For example, phosphate-

solubilizing bacteria play a crucial role in the circulation of

phosphorus and the transfer of phosphorus to plants, and in

improving crop productivity (Estrada-Bonilla et al., 2021). Some

research results show that planting grasses not only improves soil

physical and chemical properties, but also increases the number of

soil bacteria and fungi (Chen et al., 2012; Ma et al., 2023). However,

in multiple crop rotation systems, producers need to consider more

factors, such as the direct economic benefits of yield and nutritional

value of forage (Xu et al., 2021).

The population accounts is 823 million in southern China, and

the demand for animal products is large, while the availability of

feedstocks usually restricts the development of livestock production

systems. In recent seasons, to provide more feedstocks, various

forage crops, e.g., Italian ryegrass (Lolium multiflorum, IR), barley

(Hordeum vulgare), wheat (Triticum aestivum), oat (Avena sativa),

alfalfa (Medicago sativa, AF), common vetch (Vicia sativa, VS),

milk vetch (Astragalus sinicus, MV) and smooth vetch (Vicia villosa,

SV), have been introduced into the traditional early rice-late rice-

winter fallow system, and the triple cropping system has been

widely adopted and recommended. Similar rotation systems have

also been recommended in Japan based on their proven advantages

in economic return (Li et al., 2019). On the other hand, farmers also

improve soil fertility by growing these crops. However, in addition

to considering the costs of seeds, labors and plowing, the impact of

planting forage crops during the fallow season on soil nutrients was

an important aspect that producers should consider. There was

currently very limited information on the soil impact of early rice-
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late rice forage crops rotation systems. Against this complex

background, producers have been considering which forage crops

will achieve both economic and ecological benefits.

At present, few researchers have focused on the forage yield and

nutritive value in cropping systems. Despite these findings,

uncertainty remains regarding how changes in forage yield and

soil properties respond to intensifying double-rice cropping systems

with different winter forage crops. In southern China, the

advantages of different crop rotation systems (cereal crops in the

summer and cash crops in the winter) have been revealed (Xian

et al., 2023), but studies integrating forage into farming systems and

scientifically evaluating the economic and ecological potential were

still lacking. This study offers more options for overlooked feed

producers, including: 1) selecting high-yield and high-quality forage

crops that grow in the winter fallow fields; 2) choosing green

manure crops that improve soil fertility. We hypothesize that 1)

Different forage crops have different effects on soil characteristics

and yields in the winter fallow fields; 2) there were positive

correlations between soil microbial population and forage yield or

nutritive value.
2 Materials and methods

2.1 Field experiment

The field experiment was conducted from Nov. 2017 to Mar.

2019 (after the late rice was harvested and before the early rice was

planted) at the Experimental Field of South China Agricultural

University, which is located in Ningxi (22°23′95″N, 113°63′27″E),
Zengcheng district, Guangdong province, China. In the last 20

seasons, the monthly mean temperature from Jan. to Dec. was

22.4°C, and the monthly mean precipitation was 150 mm. The

main soil characteristics of the field before the experiment were as

follows: pH 5.65, organic matter 22.0 g kg-1, total nitrogen 1.01 g

kg-1, available nitrogen 126 mg kg-1 and available phosphorus 13.2

mg kg-1. The total rainfall during the growing periods of forage

crops in 2017-2018 (season 1) and 2018-2019 (season 2) were

388 mm and 286 mm (total rainfall in five months), respectively

(Table 1). The annual average air temperature in season 1 and

season 2 were 16.9°C and 17.0°C (mean of the five months),

respectively. Paddy fields after harvesting late rice (Jul. planting,
TABLE 1 Meteorological data during growing period of forage crops at the experimental fields.

Month 20-season average Season 2 Season 1

Mean rain-
fall (mm)

Mean tempera-
ture (°C)

Mean rain-
fall (mm)

Mean tempera-
ture (°C)

Mean rain-
fall (mm)

Mean tempera-
ture (°C)

November 46 20.4 34.4 20.6 59 19.9

December 50 15.6 19.5 16.1 10 16.6

January 56 14.4 3.80 15.4 136 14.1

February 22 15.2 92.5 18.5 12 14.5

March 116 18.7 238 19.7 69 19.9
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Nov. harvest) were used to grow five forage crops (to be harvested

in spring next season). Subsequently, the early rice was planted

(Apr. planting, Jul. harvest) (Table 2).
2.2 Experimental treatments

Five forage crops, IR, AF, CV, milk vetch MV and SV, were

arranged in a randomized block design with three replicates. Each

plot was 3.0 by 4.0 m in size and was separated by 0.4 m walkways.

The fields were planted with early rice from Apr. to Jul., and next

planted by late rice from late Aug. to early Nov. The land after late

rice harvest was rotary-plowed (JLGJ4.5, Zhejiang Taizhou Food

Instrument Factory, Taizhou, China). The compound fertilizer

(mixture fertilizers, N: P2O5: K2O = 15: 6: 8) was split-applied at

the rate of 150 kg ha-1. Forty percent was applied as a basal fertilizer

before sowing, and the remaining was applied for 52 to 54 days after

seedling emergence. AF, CV, MV, SV and IR were sown at seeding

rates of 22.5, 60.0, 75.0, 75.0 and 22.0 kg ha-1, respectively. All

forage crops were broadcast. In this study, no insecticides and

fungicides were used during the forage crops growing periods, and

the experiments were conducted for two seasons (season 1 and

season 2).
2.3 Forage crops and soil sampling

Forage crop and soil samples from the each plot were taken on

126 d (season 1) and 132 d (season 2) after sowing (Table 3). Five

soil cores from 0-20 cm soil layer (diameter: 5 cm) that were

distributed evenly across each plot were collected. The five soil cores

were composited together into a single sample. Fresh soil samples

were used to determine amounts of microorganisms. The remaining

soil samples were air-dried in the laboratory, and soils were then

sieved using a 2 mm mesh and analyzed for chemical components

and enzymatic activities.

In each plot, 30 plants were randomly selected to measure plant

height, an area of 1 m × 1 m was randomly selected to harvest crops,

and the yield of fresh crops was determined. Then, 2 kg of fresh crop

from each plot was taken back to the laboratory and dried at 70°C
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for 48 h to determine the dry matter (DM) content. The DM yield

was calculated from dry matter content and fresh yield.
2.4 Microbial and chemical analyses

The dried crop samples were crushed and passed through a

1.0 mm sieve to determine the chemical compositions. Crude protein

(CP, obtained by multiplying total nitrogen with a factor of 6.25) or

total nitrogen, ether extract (AOAC, 1990) and water-soluble

carbohydrates (WSC) (Murphy, 1958) contents were determined

by Kjeldahl (Nitrogen analyzer KN680, Shandong Jinan Alva

Instrument, Jinan, China), anhydrous ether and sulfuric acid-

anthrone methods, respectively. The crude ash content was

determined by burning in a muffle furnace at 550°C for 5 hours.

Crude fiber, neutral detergent fiber (NDF), acid detergent fiber

(ADF), and acid detergent lignin (ADL) concentrations were

determined by a filter bag method (Ankom Technology, Macedon,

NY), with heat-stable amylase and sodium sulfite used for NDF

analysis (Van Soest et al., 1991). Hemicellulose content was calculated

from the difference between NDF and ADF contents.

The DM partial productivity (DMPP), CP partial productivity

(CPPP) and nitrogen use efficiency (NUE) were calculated

according to the ratio of dry matter yield and nitrogen content to

nitrogen fertilizer input (Yang et al., 2018). Relative feeding value

(RFV) was calculated based on the ADF and NDF contents of crops

(Rohweder et al., 1978).

Soils and distilled water were mixed at a ratio of 5 g: 25 mL and

left to stand for 30 min to determine pH of soils (LE438 pH meter,

Mettler Toldeo, Shanghai, China). Organic matter (Sims and Haby,

1971) and available phosphorus (Tran et al., 1988) contents of soils

were determined by oxidative titration and isotope dilution

methods, respectively. We determined soil enzymatic activity

using the methods described by Guan (1986). Urease activity was

determined with pH 6.7 citrate acid buffer solution at 37°C for 24

hours. Catalase activity was determined with the potassium

permanganate titration after shaking soil sample at 25°C for

20 min. Acid-phosphatase activity was determined with P-

nitrophenyl phosphate disodium at 37°C for 24 hours. Invertase

activity was determined with 3, 5-dinitro-salicylic acid colorimetry
TABLE 2 Agricultural operations dates of rice.

Seasons Crop
types

Transplanting density of
rice (104/ha)

Sowing
date

Base fertil-
izer date

Jointing fer-
tilizer date

Harvesting
date

Crop growth
time (d)

Season 1 Early rice 14.4 1.
Apr. 2017

10. Apr. 2017 22. May. 2017 26. Jul. 2017 117

Late rice 14.4 30.
Jul. 2017

8. Aug. 2017 20. Sep. 2017 15. Nov. 2017 109

Season 2 Early rice 14.4 4.
Apr. 2018

15. Apr. 2018 24. May. 2016 25. Jul. 2018 113

Late rice 14.4 28.
Jul. 2018

5. Aug. 2018 25. Sep. 2016 10. Nov. 2018 106
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at 37°C for 24 hours. In this study, 10 g fresh material (sterilized

saline solution 90 mL, 8.5 g L-1 NaCl) were used to determined the

culturable microbial population (Chen et al., 2021). The numbers of

bacteria, actinomyces, fungi and azotobacter were counted by using

nutrient agar, starch nitrate medium, potato dextrose agar, and

nitrogen-fixing rhizobia agar, respectively. Aerobic bacteria were

cultured at 37°C for 2 days under aerobic conditions. Actinomyces,

fungi and azotobacter were cultured at 37°C for 3 days under

aerobic conditions.
2.5 Data analyses

To test the effects of seasons, crops and their interactions on the

yield and nutritive value of crop and soil chemical properties,

repeated measures ANOVA (Duncan’s multiple range test) was

used. The normality and homogeneity of variance were checked

using statistical tests. If the p-value associated with these tests was less

than a pre-determined significance level (0.05), then we rejected the

null hypothesis, indicating that the variances was not equal across

groups. Conversely, if the P-value was greater than the significance

level, we failed to reject the null hypothesis, suggesting that the

variances was homogeneous. Pearson correlation (normality and

homogeneity of Pearson residuals were checked firstly) was used to

determine the relationships among yields, plant heights and

nutritional compositions of crops or chemical properties, enzyme

activities and microorganisms of soils (SPSS 25.0 for Windows; SPSS,

Chicago, IL). The model used was:

Y = m + Ti + eij

where Y was the response variable, m was the overall mean, Ti was

the effect of treatment, and eij was the residual error.
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To further investigate the pattern of relationships among the

indicators (all measured variable), principal component analysis

(PCA) was performed on two data sets of (1) forage yield and

nutritional compositions and (2) soil chemical properties and

microbial population (OriginPro®2022b software, OriginLab

Corp., W A, USA). Based on the information of grass yield and

nutrient composition and soil characteristics, the fuzzy membership

function analysis method was used to sort the five forage crops.
3 Results

3.1 Yield, plant height and partial
productivity of crops

Forage crop species had significant effects on the yield, plant

height, DMPP, CPPP and NUE (P<0.001). seasons had significant

effects on the CP yield, plant height, RFV and CPPP of crops

(P<0.05). The interaction of seasons and crop species on the plant

height was significant (P<0.001) (Table 4). Compared to season 1,

the DM and CP yields in season 2 decreased from 3.74 t ha-1 to

2.99 t ha-1 (25.1%) and 0.59 t ha-1 to 0.42 t ha-1 (40.5%),

respectively. The plant height and RFV in season 2 were

significantly higher than those in season 1. IR had the highest

DM yield (7.33 t/ha), CP yield (0.70 t/ha), DM partial productivity

(81.5 kg/kg), CP partial productivity (7.73 kg/kg), and NUE (67.1

kg/kg) among the forage crops species. The yields and partial

productivity of AF and MV were significantly lower than those

SV and IR (P<0.05), while their RFV was higher (P<0.05). The DM

yield and DMPP of IR were significantly higher than those of other

four forage crops (P<0.05), while the CP yield and CPPP of SV was

not different from IR.
TABLE 3 Agricultural operations dates of forage crops.

Seasons Crop
types

Sowing
rate
(kg/ha)

Sowing
date

First fertili-
zation date

Second fertil-
ization date

Growth stage Harvesting
date

Growth
period (d)

Season 1 AF 22.5 22-Nov 2-Dec 26-Jan Early blooming 27-Mar 126

CV 60.0 22-Nov 2-Dec 26-Jan Full blooming 27-Mar 126

MV 75.0 22-Nov 2-Dec 26-Jan Early blooming 27-Mar 126

SV 75.0 22-Nov 2-Dec 26-Jan Full blooming 27-Mar 126

IR 22.0 22-Nov 2-Dec 26-Jan Emergence of
inflorescence
completed

27-Mar 126

Season 2 AF 22.5 17-Nov 4-Dec 28-Jan Early blooming 29-Mar 132

CV 60.0 17-Nov 4-Dec 28-Jan Full blooming 29-Mar 132

MV 75.0 17-Nov 4-Dec 28-Jan Early blooming 29-Mar 132

SV 75.0 17-Nov 4-Dec 28-Jan Full blooming 29-Mar 132

IR 22.0 17-Nov 4-Dec 28-Jan Emergence of
inflorescence
completed

29-Mar 132
AF, alfalfa; CV, common vetch; MV, milk vetch; SV, smooth vetch; IR, Italian ryegrass.
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3.2 Nutritional composition of crops

Crop species had no effects on crude fiber and crude ash

contents, but significantly affected other nutritional indicators

(P<0.05 or 0.01) (Table 5). The ether extract, crude fiber, crude

ash, NDF, ADF and WSC contents of crops were different between

the seasons (P<0.05). The DM and CP contents of crops varied from

161 to 173 g kg-1 and 162 to 191 g k-1g in two seasons, respectively

(Table 6). Compared to season 1, an obvious decrease in ether

extract and WSC contents in season 2 were detected (P<0.05). The

ADF and NDF contents of CV, SV and IR were significantly higher

than those of AF and MV (P<0.05). The ADL content of IR was
Frontiers in Plant Science 05
lower than other four crops, whereas the content of WSC was

higher than other four crops (P<0.05).
3.3 Chemical properties, enzyme activities
and microorganisms of soils

The interaction of seasons and crop species affected pH value,

available phosphorus, organic matter and total nitrogen contents of

soils (P<0.05 or P<0.001). The pH value and organic matter content

of soils in season 1 were significantly lower than those in season 2

(P<0.05), while the available phosphorus and total nitrogen
TABLE 4 Plant height, yield and relative feed value for different seasons and forage crops.

Seasons and
crop types

Dry matter
yield (t/ha)

Crude
protein yield
(t/ha)

Plant
height
(cm)

Relative
feed
value

Dry matter
partial
productivity
(kg/kg)

Crude
protein
partial
productivity
(kg/kg)

Nitrogen use
efficiency
(kg/kg)

Seasons
(Y)

Season 1 3.74 ± 0.65 0.59 ± 0.06a 43.3
± 3.76a

124 ± 4.18a 41.6 ± 7.22 6.55 ± 0.61a 37.3 ± 4.25

Season 2 2.99 ± 0.53 0.42 ± 0.04b 29.4
± 4.26b

108 ± 2.96b 33.2 ± 5.85 4.64 ± 0.46b 41.9 ± 3.91

Average
value

3.36 0.50 36.4 116 37.4 5.60 39.6

Quadratic
sum

4.26 0.22 1468 1954 525 27.6 162

F 0.81 6.22 6.06 9.91 0.81 6.24 0.65

Crops
(C)

AF 1.30 ± 0.15c 0.27 ± 0.04d 30.7
± 5.50b

130 ± 5.86a 14.5 ± 1.63c 3.01 ± 0.50d 31.4 ± 1.95b

CV 2.78 ± 0.32b 0.52 ± 0.05bc 30.9
± 2.84b

105 ± 2.78b 30.9 ± 3.52b 5.75 ± 0.53bc 34.5 ± 4.82b

MV 1.76 ± 0.10c 0.38 ± 0.04cd 14.9
± 2.90c

132 ± 4.69a 19.6 ± 1.09c 4.19 ± 0.39cd 29.9 ± 1.74b

SV 3.64 ± 0.31b 0.66 ± 0.07ab 54.1
± 4.02a

103 ± 3.00b 40.4 ± 3.48b 7.30 ± 0.80ab 35.2 ± 1.33b

IR 7.33 ± 0.46a 0.70 ± 0.06a 51.1
± 1.22a

109 ± 4.21b 81.5 ± 5.10a 7.73 ± 0.69a 67.1 ± 3.79a

Average
value

3.36 0.50 36.4 116 37.4 5.60 39.6

Quadratic
sum

138 0.78 6321 4751 17024 97.0 5774

F 65.1 11.1 20.5 10.9 65.2 11.2 26.1

P value Y 0.375 0.019 0.020 0.004 0.376 0.019 0.427

C 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Y × C 0.330 0.124 0.000 0.072 0.327 0.130 0.541

Quadratic
sum (Y
× C)

1.77 0.06 350 259 219 7.68 168

F (Y × C) 1.23 2.06 15.5 2.54 1.24 2.02 0.80
AF, alfalfa; CV, common vetch; MV, milk vetch; SV, smooth vetch; IR, Italian ryegrass. Different lowercase letters in the same column represent significant differences between experiment
seasons or crops (P< 0.05). Quadratic sum means the sum of squares among groups.
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TABLE 5 Nutritional composition of forage crops in different seasons.

Nutritional composition (g/kg DM)

fiber Crude ash NDF ADF Hemicellulose WSC ADL

8b 87.5 ± 4.18b 511 ± 10.6b 276 ± 12.3b 235 ± 7.37 81.1 ± 9.07a 174 ± 13.2

2a 119 ± 3.64a 561 ± 7.96a 311 ± 11.5a 250 ± 6.44 51.6 ± 4.84b 207 ± 11.2

103 536 293 242 66.5 190

7588 19031 9155 1787 6671 8168

32.9 14.5 4.31 2.49 8.42 3.65

.2 101 ± 8.47 499 ± 10.2b 250 ± 8.89b 249 ± 11.3ab 57.9 ± 6.32bc 190 ± 9.47b

.4 117 ± 9.76 570 ± 8.92a 315 ± 8.95a 256 ± 4.27ab 49.6 ± 5.51bc 222 ± 14.9a

.6 112 ± 6.45 499 ± 13.3b 237 ± 10.9b 262 ± 11.8a 72.0 ± 5.23b 210 ± 11.0a

.7 96.4 ± 7.05 561 ± 10.3a 343 ± 10.9a 217 ± 8.92c 41.2 ± 4.99c 218 ± 9.99a

.4 90.7 ± 10.7 550 ± 14.9a 321 ± 11.3a 229 ± 8.81bc 112 ± 14.9a 109 ± 9.07c

103 536 293 242 66.50 190

2837 28261 52895 8693 18517 52459

1.58 6.43 21.0 4.11 11.2 17.8

0.000 0.001 0.047 0.126 0.007 0.066

0.210 0.001 0.000 0.011 0.000 0.000

0.157 0.184 0.649 0.512 0.000 0.980

979 2164 731 1655 2361 210

1.86 1.72 0.63 0.85 8.98 0.11

resent significant differences between experiment seasons or crops (P< 0.05). DM, dry matter; FM, fresh matter. Quadratic summeans

X
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e
t
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t
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n
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n
tie

rsin
.o
rg

0
6

Seasons and crop types Dry matter
(g/kg, FM)

Crude protein Ether extract Crude

Seasons (Y) Season 1 173 ± 5.80 191 ± 15.4 49.0 ± 4.21a 200 ± 7.

Season 2 161 ± 3.76 162 ± 10.3 38.5 ± 2.58b 242 ± 6.

Average value 167 177 43.7 221

Quadratic sum 1040 6327 823 13078

F 2.90 2.46 4.51 16.5

Crops (C) AF 183 ± 7.55a 203 ± 12.8a 53.7 ± 4.24ab 250 ± 14

CV 173 ± 2.73ab 195 ± 20.3a 36.9 ± 1.96c 223 ± 14

MV 140 ± 2.47c 212 ± 12.6a 56.1 ± 6.54a 214 ± 11

SV 162 ± 4.24b 179 ± 6.74a 29.7 ± 3.91c 217 ± 14

IR 175 ± 7.25ab 94.7 ± 5.55b 42.2 ± 4.30bc 199 ± 11

Average value 167 177 43.7 221

Quadratic sum 6844 54140 2990 8540

F 10.1 13.9 6.34 2.00

P value Y 0.100 0.128 0.043 0.000

C 0.000 0.000 0.000 0.126

Y × C 0.030 0.362 0.062 0.559

Quadratic sum (Y × C) 1276 3362 740 1816

F (Y × C) 3.33 1.15 2.67 0.77

AF, alfalfa; CV, common vetch; MV, milk vetch; SV, smooth vetch; IR, Italian ryegrass. Different lowercase letters in the same column rep
the sum of squares among groups.
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contents were higher in season 1. The organic matter content of AF

soil was lower than that of CV and IR soils (P<0.05).

The urease, catalase, and invertase activities in season 2 were

lower than those in season 1 (P<0.001, Supplementary Table S1).

Crop species had slight effects on enzyme activity of soils, and had

significant effects on microbial numbers of soils (P<0.05). The acid-

phosphatase activity of IR (67.7 mg/g/24h) soil was lower than that

of AF (335 mg/g/24h), CV (332 mg/g/24h), MV (332 mg/g/24h)

and SV (358 mg/g/24h) soils (P<0.05). Crop species had significant

effects on microbial numbers of soils (P<0.05). The numbers of soil

microorganisms (except for bacteria) in season 1 were more than in

season 2. Compared to other four crops, the bacteria (6.81 lg cfu/g

FM), actinomyces (5.77 lg cfu/g FM) and fungi (5.28 lg cfu/g FM)

numbers of IR soils were the highest, while azotobacter (3.70 lg cfu/

g FM) numbers was the lowest.
3.4 Interrelation pattern among crops or
soil quality indicators

In terms of correlation, there were negative correlations

between CP and WSC contents, between ADF or NDF and ether

extract contents, between WSC and crude fiber or ADL contents.

There were positive correlations between organic matter content

and bacterial numbers, between total nitrogen content and four
Frontiers in Plant Science 07
enzymatic activities (Supplementary Table S1). In the PCA, the

cumulative contribution rates of PC1 and PC2 was 59.5%.

Specifically, IR had the highest yield and WSC content (Tables 4,

5), which was clearly separated from the other four crops along the

second axis (Figure 1). On the other hand, IR had the most bacteria,

actinomyces (Table 7), and fungi, which was clearly separated from

the other four crops along the first axis (Figure 1). However, there

were no differences in most nutrients of four legume forage crops

and their effects on most soil nutrients and enzyme activity. This

was also the reason that the 95% confidence intervals overlap.

According to the results of the membership function analysis, SV

scored the highest, while AF scored the lowest, and was not affected

by the season (Table 8).
4 Discussion

In this study, as the five crops were commonly used as green

manure or forage crops of winter fallow paddy in southern China,

the research had certain scientific and practical value. The yield and

plant height were greater in season 1 than in season 2. This was

because the rainfall was more abundant and more intensive before

the crops were harvested in season 2 (Mar.), and significantly

affected the growth of crops. When the moisture content of soils

was high, the rapid depletion of oxygen and slow diffusion in the
TABLE 6 Soil chemical properties grown with various forage crops in different seasons.

Seasons and
crop types

pH Available phosphorus
(mg/kg)

Organic matter
(mg/kg)

Total nitrogen (mg/kg)

Seasons
(Y)

Season 1 5.06 ± 0.03b 23.1 ± 0.44a 20.5 ± 0.32b 1.50 ± 0.07a

Season 2 5.56 ± 0.05a 16.9 ± 0.49b 22.3 ± 0.27a 1.27 ± 0.03b

Average value 5.31 20.0 21.4 1.38

Quadratic sum 1.92 283 22.5 0.38

F 65.6 86.0 17.4 9.53

Crops
(C)

AF 5.32 ± 0.18 19.7 ± 1.85 20.1 ± 0.68b 1.30 ± 0.08

CV 5.30 ± 0.09 19.5 ± 1.40 22.0 ± 0.18a 1.45 ± 0.13

MV 5.24 ± 0.16 20.7 ± 0.70 21.4 ± 0.52ab 1.35 ± 0.05

SV 5.41 ± 0.13 21.9 ± 1.77 21.0 ± 0.43ab 1.56 ± 0.10

IR 5.20 ± 0.05 18.3 ± 1.45 22.5 ± 0.57a 1.28 ± 0.06

Average value 5.31 20.0 21.4 1.38

Quadratic sum 0.15 42.0 20.3 0.32

F 0.35 0.79 3.31 1.68

P value Y 0.000 0.000 0.000 0.005

C 0.840 0.544 0.026 0.187

Y × C 0.000 0.000 0.019 0.000

Quadratic sum
(Y × C)

0.45 32.0 6.86 0.52

F (Y × C) 9.94 8.87 3.80 9.00
AF, alfalfa; CV, common vetch; MV, milk vetch; SV, smooth vetch; IR, Italian ryegrass. Different lowercase letters in the same column represent significant difference between experiment seasons
or crops (P< 0.05). Quadratic sum means the sum of squares among groups.
frontiersin.org

https://doi.org/10.3389/fpls.2023.1292114
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Xu et al. 10.3389/fpls.2023.1292114
soil would lead to hypoxia in plant roots. Moreover, the aerenchyma

of roots also changed accordingly and determines the movement of

oxygen in the root system by adjusting the porosity when soil

moisture content was high (Colmer, 2003). However, the eventual

result is a decrease in the yield of grass.

In general, plants attempt to cope with hypoxic conditions by

regulating metabolic activities, such as ethylene synthesis,

carbohydrate breakdown, glycolysis and ethanol fermentation

(Perata, 2020). Plants could also generate energy by fermenting

WSC to withstand waterlogging stress (Moura et al., 2010).

However, the WSC content of crops was very limited in this

study (Table 5). Due to excessive rainfall in season 2, the WSC

content was lower than in season 1 (waterlogging stress). AF had the

lowest DM yield, since its roots had lower porosity and the

arrangement of cells in the cortex is hexagonal, so they were most

sensitive to waterlogging (Zook et al., 1986). On the other hand,

oxygen deficiency inhibits the uptake of nutrients by roots of crops,

which inevitably leads to nutrient deficiencies in the shoots. As

observed in this study, the CP content and some other soluble

components accumulated and caused the cell wall to be diluted in

season 1 (cellular contents were diluted), thus the crude fiber, ADF

and NDF contents were lower than those in season 2. It was well-

known that AF was more sensitive to the pH of soil compared to the

other four crops (Blazinkov et al., 2008). The soils showed obviously

weak acidity in this study, which was another reason for the lowest

DM and CP yields of AF. In this study, all the crops were harvested

before planting the early rice. It was worth noting that AF and MV

were important plants because of their perennial and biennial
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characteristics, especially alfalfa, but it might a low yield in the

first season and reaches its highest yield after the second season. It

was not logical to compare the yields of annuals and perennials, and

the other indicators take into account the results of only two

seasons. This was one of the shortcomings of this study.

Generally, due to genetic and morphological limitations of

harvest (crop performance), there are differences in yield and

quality indicators of crops (e.g. leaf morphological structures, leaf

senescence and sink control), some nutritional indicators of

different crops were different (Zhang et al., 2018). During plant

growth, photosynthetic products temporarily converge mainly in

the stem before flowering, followed by leaves (low ratio of leaves to

whole plant). As a result MV had the lowest plant height in this

study, and the lowest DM content. On the other hand, the increase

in photosynthetic products of cell wall also increased the DM

content. Through a symbiotic relationship between plant and

bacteria of soils, legume species could fix nitrogen from

atmospheric (Plaza-Bonilla et al., 2015). This explains why the CP

content of IR was the lowest in the present study. Some studies had

observed that the fiber content of grasses was higher than legumes

(Ergon et al., 2017). However, this phenomenon was not obvious in

this study, which might be related to the stems and leaves ratio of

crops. Unfortunately, morphological data (except for plant height)

were not collected from the forage species at harvest in this study.

The WSC content was different among four legumes in this study

(P<0.05), and the WSC content of IR was higher than four legumes

(P<0.05). The reason was that more WSC could be stored in the

mesophyll of IR.
FIGURE 1

Projection on the first two principal components on the basis of crops and soils. The first axis accounts for 32.2% of the total variance and the
second for 27.5%. Also inserted are the original attributes, with their vectors intersecting at (0, 0). The length of each attribute vector is proportional
to its contribution to the principal component axis. The ellipse indicates 95% confidence. DMY, dry matter yield; CPY, crude protein yield; DM, dry
matter; CP, crude protein; EE, ether extract; CF, crude fiber; NDF, neutral detergent fiber; ADF, acid detergent fiber; WSC, water-soluble
carbohydrates; ADL, acid detergent lignin; AP, available phosphorus; OM, organic matter; TN, total nitrogen; Ur, urease; Ca, catalase; Acid-p,
acid-phosphatase; In, invertase. AF, alfalfa; CV, common vetch; MV, milk vetch; SV, smooth vetch; IR, Italian ryegrass.
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The ADF and NDF contents of AF and MV were significantly

lower than those of CV and SV (P<0.05). This was closely related to the

maturity of crops (Table 3). In general, increasing maturity increased

NDF, ADF and ADL contents of herbage, and reduced CP content

(Tables 3, 5). The data on harvest stage differences among five forage

crops also explain maturity differences (Table 3). This explains the low

RFV of CV and SV in this study. The concentrations of all fibrous

components (NDF, ADF, hemicellulose, cellulose and lignin) in grasses

typically increase and digestibility of nutrients decreases with maturity

(Rinne et al., 1997). Therefore, higher ADF and NDF content have a

negative impact on milk production (Günal et al., 2019) and body

weight (Sousa et al., 2017) in ruminant animals. As a result, AF and

MV would improve milk production and body weight more than the
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other three crops in this study. However, producers should consider the

nutrient supply of each forage for animals and the potential hazards of

nitrate concentration in legume forage. The NDF content in legumes

below 400 g/kg DM is considered good in USA, whereas NDF content

up to about 500 g/kg DM in grasses is considered desirable. Forages

with ADF over 350 g/kg DM are considered low quality. This indicates

that the nutritional value of the forage in this study was relatively low.

Compared with the traditional early rice-late rice-fallow system, the

early rice-late rice-fallow forage crops rotation systems improves the

productivity of the winter paddy field and increases the forage supply of

the farm. Therefore, rice growers were willing to adopt the rice forage

production systems. There are similar conclusions in Japan (Li et al.,

2019). It was worth noting that a field experimental based data related
TABLE 7 Enzyme activities and microorganisms of soils grown with various forage crops in different seasons.

Seasons and
crop types

Enzymatic activities Microorganisms (lg cfu/g FM)

Urease
(mg/
g/
24 h)

Catalase
(mg/
g/20 min)

Acid-phos-
phatase (mg/
g/24 h)

Invertase
(mg/
g/24 h)

Bacteria Actinomyces Fungi Azotobacter

Seasons
(Y)

Season 1 0.50
± 0.01a

5.01 ± 0.39a 314 ± 34.1 21.3 ± 1.79a 6.14
± 0.09b

5.52 ± 0.10a 4.92
± 0.06

5.54 ± 1.92a

Season 2 0.21
± 0.01b

1.38 ± 0.11b 256 ± 27.1 10.1 ± 0.50b 6.65
± 0.10a

5.20 ± 0.11b 4.59
± 0.16

4.69 ± 0.23b

Average
value

0.35 3.20 285 15.7 6.39 5.36 4.75 5.11

Quadratic
sum

0.64 98.5 25008 935 1.98 0.77 0.79 5.39

F 225 79.0 1.75 36.2 14.7 4.91 3.66 6.81

Crops
(C)

AF 0.33
± 0.09

3.15 ± 0.83 335 ± 17.8a 12.2 ± 1.92 6.24
± 0.08b

5.33 ± 0.23bc 4.58
± 0.23b

5.07 ± 0.33b

CV 0.35
± 0.07

3.36 ± 1.02 332 ± 25.3a 15.8 ± 2.35 6.13
± 0.13b

5.61 ± 0.10ab 4.70
± 0.23b

5.93 ± 0.26a

MV 0.36
± 0.07

3.23 ± 0.84 332 ± 32.2a 17.9 ± 3.34 6.60
± 0.24ab

5.09 ± 0.06c 4.66
± 0.19b

5.34 ± 0.11ab

SV 0.32
± 0.05

4.37 ± 1.11 358 ± 15.3a 21.8 ± 4.24 6.19
± 0.14b

5.00 ± 0.13c 4.55
± 0.10b

5.54 ± 0.32ab

IR 0.42
± 0.06

1.88 ± 0.38 67.7 ± 3.79b 10.9 ± 1.23 6.81
± 0.14a

5.77 ± 0.04a 5.28
± 0.09a

3.70 ± 0.22c

Average
value

0.36 3.20 285 15.7 6.40 5.36 4.75 5.11

Quadratic
sum

0.03 18.8 356897 463 2.08 2.65 2.12 17.4

F 0.31 1.03 33.1 2.42 3.55 6.63 2.83 10.7

P value Y 0.000 0.000 0.196 0.000 0.001 0.035 0.066 0.014

C 0.868 0.413 0.000 0.075 0.020 0.001 0.046 0.000

Y × C 0.022 0.002 0.107 0.000 0.114 0.000 0.298 0.297

Quadratic
sum (Y
× C)

0.02 8.94 12919 167 0.50 1.14 0.81 1.00

F (Y × C) 3.63 6.25 2.19 8.96 2.14 9.74 1.32 1.32
AF, alfalfa; CV, common vetch; MV, milk vetch; SV, smooth vetch; IR, Italian ryegrass. Different lowercase letters in the same column represent significant difference between experiment seasons
or crops (P < 0.05). Quadratic sum means the sum of squares among groups.
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to forage productivity, nutritent quality and the scale of rice cultivation

related to animal feeding time information should be determined,

which facilitates the maximization of economic benefits in early rice-

late rice- forage crops rotation systems. Unfortunately, this study did

not investigate the production performance of animals fed with five

forage crops.

Usually, including forage crops within rotation system would

significantly increase soil’s organic carbon content, and legumes

have greater organic carbon of soils than grasses (Plaza-Bonilla

et al., 2015; Sainju et al., 2015). However, this phenomenon was not

detected in this study. The study field was mainly composed of fine

soil for planting rice, with suitable moisture content and low pH,

which was more suitable for the growth of the crops except AF. In

particular, the roots (important source of soil organic matter) of IR

have a high biomass mainly distributed in shallow soils, the highest

soil organic matter content (Zhang and Zhou, 2019). The

contribution of IR to soil organic matter was greater over a

limited time. In this study, there was more rainfall during Feb.

and Mar. in season 2 than in season 1 (Table 1), we speculate that

the organic matter traps the exchangeable aluminum and increases

the pH of soil (Table 6). As the pH value of soil increases, the

content of soil organic matter increases, the cation exchange

capacity increases, and the number of soil microorganisms

increases, which was beneficial to the improvement of soil

nutrient cycling capacity (Ye et al., 2023). Therefore, there was a

significant positively correlated between bacteria number and

organic matter content (P<0.001). This was consistent with the

results reported by Ye et al. (2023). The content of available

phosphorus was negatively correlated with the content of soil

organic matter (P<0.01) (Supplementary Table S1). The reason

was that some of available phosphorus were absorbed and utilized

by microorganisms. All of these factors have the potential to be

factors in improving the yield of the subsequent crops. This was

because, a large number of studies have shown that increasing the

crop replanting index was beneficial to the yield of the subsequent

crop (Li et al., 2018; Xian et al., 2023).

It seems the interaction effect of seasons and crop species by

crop species on soil properties due to confounding effect because the
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crops did not significantly affect the chemical properties of soils

(except for organic matter content and acid-phosphatase activity).

Previous studies had shown that soil enzyme activity was strongly

influenced by crop species (Singh et al., 2021). However, crop

species only affected acid-phosphatase activity in this study

(P<0.05). Usually, the growth of leguminous crops stimulates the

secretion of organic anions and acid phosphatase, which leaded to

an increase in acid-phosphatase activity in the soil. This was

consistent with the results reported by Sun et al. (2020). The

effectiveness of potential soil nutrients (available N and P) has a

high regulatory and controlling effect (positively correlated) on soil

enzyme activity. In particular, AF had higher requirements for

drainage of soils. As a result, the number of azotobacter in AF soils

was lower than that in other three legumes soils (affected by rainfall)

(Table 7). Winter fallow fields in this aera were not suitable for the

growth of AF root systems and the multiplication of azotobacter on

this basis. Although IR soils had the smallest number of azotobacter,

it had the largest numbers of bacteria, actinomycetes and fungi. This

might be related to the contribution of root metabolites to soil

organic carbon. On the other hand, the differences in the

composition and decomposition rate of plant roots also influence

the numbers of microorganisms (De Graaff et al., 2010).

Some plants have a higher ability to acquire nutrients in soils

rich in specific nutrients (mainly due to the extension of

microorganisms on the roots). In general, lignin content changes

in response to a plant’s soil microbial community (Bennett et al.,

2015). Rhizobia and mycorrhizal fungi affect the transport of plant

nutrients, while different proportions of plant nutrients were

thought to influence the lignin synthesis pathway (Moura et al.,

2010). Unfortunately, this study did not determine the effects of

detailed functional microorganisms on lignin. In addition,

microbially induced changes in the lignin synthesis pathway

might also affect the nutritional value of crops (Moura et al.,

2010). These theories can explain why the number of azotobacter

was positively correlated with the total nitrogen content of soils or

the CP content of crops in this study (P<0.05) (Supplementary

Table S1). Unfortunately, because of the complex role of soil

enzyme activity and microorganisms in nutrient cycling,
TABLE 8 Scores and rankings of forage crops in different seasons.

Seasons Crop type Composite scores Ranking in composite scores

Season 1 Alfalfa 0.547 5

Common vetch 0.617 2

Milk vetch 0.548 4

Smooth vetch 0.768 1

Italian ryegrass 0.560 3

Season 2 Alfalfa 0.182 10

Common vetch 0.318 8

Milk vetch 0.269 9

Smooth vetch 0.404 6

Italian ryegrass 0.355 7
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researches on their effects on forage nutrients was limited in

this study.

The results based on the analysis of the affiliation function

showed that the seasons and crop types had a great impact on forage

yield, nutrition and soil properties (Table 8). This was similar to the

results of a number of studies (Weidhuner et al., 2022). It was clear

that season 1 had a better impact on the agricultural system than

that in season 2. Regardless of the season, SV had a better combined

effect on improving forage yield and increasing soil fertility, with AF

being the worst, compared to other three crops.
5 Conclusion

To reduce the fertilizer input in agricultural production, it is

necessary to design an alternative nutrient management strategy.

Cover crops can produce livestock forage and improve soil nutrient

of winter fallow paddy in southern China, and forage had high

feeding potential in early rice-late rice-forage crops rotation

systems. When producers pursue higher forage yield, we

recommend planting Italian ryegrass. If the producers want to

improve soil characteristics, SV is the most suitable plant. These

results provide useful information to rice growers for cropping

management when growing forage crops (based on the yield and

nutritional value) or green manure (based on improving the soil

fertility) as an alternative to late rice harvest.
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