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Abstract: Crop straw is an important natural resource in China because it is rich in nutrients.  When returned to fields after 

harvests, the straw can improve soil quality and the next crop’s yield.  Evaluating the economic values of the main ecological 

services of a farmland ecosystem while implementing the straw return technique can be a more systematic and comprehensive 

approach to better understand the contribution of straw return to the development of ecological agriculture.  Based on the data 

of a field experiment established in 2010 with varying numbers of years of straw return, four ecological services, i.e., 

agricultural product and industrial raw materials, atmospheric regulation and purification, soil nutrient accumulation, and water 

conservation, were selected to estimate a net ecosystem service value (ESV) of a wheat field’s ecosystem services.  

Agro-ecosystem service appraisal theories were applied to estimate the economic value of each service.  Results showed that 

straw returning improved the total ESV in the wheat system.  Compared to the no straw return treatment, 1 year, 3 years, 5 

years or 7 years of straw returning altered the economic value of the agricultural product and industrial raw materials (EVAIM) 

by –5.93% to 7.84% and improved atmospheric regulation (EVAR) by 13.66%-30.80%, soil nutrient accumulation (EVSNA) 

by 59.87%-233.31% and water conservation (EVWC) by 2.60%-13.26%.  The total ESV of wheat plots with 1-7 years of 

straw returning was 3.67%-27.41% higher than that with no straw return, and the total ESV increased with the increase in years 

of straw return.  The proportion of EVAIM out of the total ESV in this wheat field system was highest (accounted for 

47.09%-55.64%), followed by EVAR and EVWC.  The value of EVSNA was the lowest.  However, the proportion of 

EVSNA was higher than that of water conservation after the fifth year of straw return.  In general, the adoption of continuous 

straw returning in a wheat field ecosystem is ecologically valuable.  The results can inform the development and 

implementation of ecological compensation policies involving straw return. 
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1  Introduction

 

Crop straw is an important natural resource in rural areas of 

many countries.  In China, annual straw production is about 

600-800 million t[1].  Crop straw contains many nutrients for plant 

growth, such as organic carbon, nitrogen (N), phosphorus (P), 

potassium (K) and calcium.  In fields where the use of chemical 

fertilizer is undesired and organic fertilizer is too costly and 

difficult to apply, returning the straw back into these fields has 

become a more attractive option to improve soil quality and 

replenish soil nutrient content.  Straw return directly affects soil 

organic carbon (SOC) and N sequestration[2,3], crop yield[4], and 
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farmland greenhouse gas emissions[5].  It also can increase 

contents of soil nutrients, such as N, P, and K[3]; reduce soil bulk 

density and increase soil porosity[6]; improve soil structure[7] and 

moisture[4]; help avoid environmental pollution caused by straw 

burning[8].  Previous research of farmland ecosystems affected by 

straw return mainly focuses on crop yield, nutrient cycling, 

fertilizer substitution, carbon sequestration, etc[9-11].  However, 

these unilateral approaches are not comprehensive and a more 

complete understanding of the effect of straw returning on the 

farmland ecosystem is still lacking.  

Ecosystem services refer to the natural environmental 

conditions and ecological processes of an ecosystem that provide 

some utility to human beings[12].  To date, there have been many 

studies on the evaluation of farmland ecosystem services[13,14].  Yu 

et al.[15] pointed out that the net value of ecosystem services can 

reveal the real benefits of an ecosystem, and assessments of the 

values among various ecosystem services under different land uses 

can help inform land-use policy.  Cao et al.[16] evaluated six types 

of services in Jiangsu Province which were as follows: farmland 

ecosystem supply, regulation (including atmospheric, 

environmental quality and water resource regulations), cultural, 
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supporting (including nutrient cycling, soil conservation and 

biodiversity maintenance), social guarantee (e.g. providing the 

unemployment insurance for the labors transferred from rural to 

urban) and reducing the environmental pollution.  Xie et al.[17] 

assessed net ESV for services, agricultural product and industrial 

raw material, atmospheric regulation, soil nutrient accumulation, 

and water conservation, using the Ziyunying-early rice-late rice 

system in an eight-year field experiment.  These studies also have 

provided a basis for assessing the effect of straw return on the value 

of the farmland ecosystem service. 

The wheat field ecosystem is one of the most important 

farmland ecosystems in China.  The application of straw return 

may affect this system’s services, such as agricultural productivity, 

soil nutrient accumulation and water conservation[18].  However, a 

simple comparative analysis or study of a single variable cannot 

comprehensively and systematically evaluate the advantages and 

disadvantages of straw returning in a wheat field ecosystem.  Thus, 

ecological economics-related methods were adopted to establish a 

valuation system to determine net ESV of a wheat field ecosystem.  

To obtain the ESV, rather than use a single factor, four types of 

services were appraised: agricultural product and industrial raw 

materials, atmospheric regulation, soil nutrient accumulation, and 

water conservation.  Additionally, by testing different numbers of 

years of straw returning or no straw returning, the effects of short, 

moderate, and long-term straw return on the ecosystem service 

value (ESV) of the wheat ecosystem were more comprehensively 

and systematically assessed.  These findings may better inform the 

development and implementation of ecological compensation 

policies involving straw return in farm fields. 

2  Materials and methods  

2.1  Experimental site  

The experiment was conducted at Yangzhou University, 

Jiangsu Province (32°23′N, 119°25′E) from 2010 to 2018 using a 

rice-wheat rotation field where straw return had not been applied.  

This area has a subtropical monsoon climate with an annual 

average temperature of 13.2°C-16°C and annual precipitation of 

800-1200 mm.  During the periods of wheat growth, the total 

accumulated temperature was 2359°C, the total accumulated 

precipitation was 462 mm, and the total sunshine duration was 

1139 h.  The predominant soil was classified as a Stagnic 

Anthrosol[19].  Soil samples were taken from the 0-20 cm soil 

layer in 2010 providing estimates for basic soil properties: bulk 

density (1.45 g/cm3); pH (7.21); and dry soil contents of SOC 

(15.73 g/kg), total N (TN, 1.24 g/kg), available potassium   

(16.32 mg/kg), and available phosphorus (146.12 mg/kg).  

Rice-wheat is the dominant cropping system in this area.  

2.2  Experimental design 

The experiment included five treatments: no straw returning 

(NR) and one (SR1), three (SR3), five (SR5), and seven (SR7) 

consecutive years of straw returning.  Each treatment was 

established with a completely randomized block design with three 

repetitions.  For each of the four straw return treatments, an 

annual amount of 9000 kg/hm2 (fresh weight) rice residue was 

applied within a soil depth of 10 cm.  Wheat straw was removed 

after harvest for paper making. 

The wheat variety was Yangfumai 4, and its growing season 

was from mid-November to early May, while the growing season 

of rice was from late May to late October.  The total amount of 

nitrogen applied during wheat growth was 240 kg/hm2, of which 

50% was applied as basal fertilizer, 10% was applied during the 

tillering stage, 20% was applied during the jointing stage, and 20% 

was applied during the booting stage.  Phosphate fertilizer (P2O5) 

and potassium fertilizer (K2O) were applied in amounts of      

90 kg/hm2 and 150 kg/hm2, respectively, where 50% of each 

fertilizer was applied as base fertilizer and the other 50% was 

applied during the jointing stage.  The fertilization regime for the 

rice crop was the same as that of wheat, except that 150 kg/hm2 of 

urea was applied at the tiller stage and booting stages. 

2.3  Data sampling 

Data collected from the wheat field ecosystem included wheat 

grain and straw yield; physical and chemical properties of the plow 

layer (bulk density, saturated water content, organic matter, TN, 

available phosphorus and available potassium, etc.); and CO2, CH4 

and N2O emissions.   

From each plot, three 1 m2 sections of plants were harvested to 

measure wheat grain, straw yields and biomass yields.  

Soil samples from the plow layer (0-20 cm) were collected 

after wheat plants reached maturity.  Analyses of soil physical and 

chemical properties were performed as published in Soil 

Agro-chemistries Analysis[20]: SOC content was measured by the 

potassium dichromate oxidation method, TN content was measured 

by the semi-micro Kjeldahl method, available phosphorus content 

was determined by the sodium bicarbonate extraction-molybdenum 

antimony colorimetric method, available potassium content was 

determined by acetamide extraction-flame spectrophotometry, and 

soil bulk density and saturated water content were determined by 

the ring knife method.  Yield, soil nutrient contents, and soil 

physical property data from 2011 to 2018 were averaged annually 

from all years for each treatment.  Greenhouse gas emissions data 

were obtained from the study conducted at the same site by Niu[21]. 

The cost, price and price index (PI) data required for the 

evaluation of the ESV were derived from the “Specifications for 

the Evaluation of Forest Ecosystem Services”[22] and China 

Statistical Yearbook[23]. 

2.4  Valuation of four services and total ESV 

The economic values of agricultural products and industrial 

raw materials (EVAIM), atmospheric regulation (EVAR), soil 

nutrient accumulation (EVSNA), and water conservation (EVWC) 

were estimated to determine the net ESV of a wheat field system.  

As various price parameters change from year to year, this study set 

the last experimental year, 2018, as the base year to convert prices 

of the other years with the price index (PI) of 2018 to obtain the 

economic values of each service[17]. 

2.4.1  Agricultural product and industrial raw materials 

The main products of wheat ecosystems are wheat grain and 

wheat straw.  The minimum purchase price of wheat grain in 

China in 2018 was 2.30 RMB/kg.  Wheat straw can be used as 

industrial raw materials, such as for papermaking.  According to 

the market price of such raw materials and its PI, 1.067, the 

estimated price of wheat straw was 81.95 RMB/t.  The EVAIM 

was computed as: 

( )g y yV M E                   (1) 

where, Vg is EVAIM, RMB/hm2; My is the yield of wheat grain or 

straw, kg/hm2; and Ey is the price of wheat grain or straw, RMB/kg. 

2.4.2  Atmospheric regulation 

Farmland ecosystems perform atmospheric regulating 

functions by releasing oxygen, fixing CO2 and emitting greenhouse 

gases (e.g., CO2, CH4, and N2O) and pollutants (e.g., SO2, NOX, 

and dust).  According to the equation of photosynthesis 

(6nCO2+6nH2OnC6H12O6+6nO2nC6H10O5), every 1.00 g of 
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dry matter accumulated during plant growth can fix 1.63 g of CO2 

and release 1.19 g of O2.  The amount and economic value of 

fixed CO2 and released O2 can be calculated based on the dry 

matter mass of wheat at maturity.  The economic values of 

releasing oxygen and fixing CO2 from crops were computed using 

Equations (2) and (3), respectively. 

VCO2
= ECO2

×Q×1.63×Nc              (2) 

VO2
= EO2

×Q×1.19                 (3) 

where, VCO2
 and VO2

 are respective values of carbon sequestration 

and oxygen release, RMB/hm2; ECO2
 and EO2

 are respective costs of 

carbon sequestration and oxygen release, RMB/t; Q is crop biomass, 

kg/hm2; Nc is the carbon content of CO2 (27.3%).  The cost of 

carbon sequestration (625.32 RMB/t) was averaged from the 2018 

Swedish carbon tax rate (US$ 150/t or 992.61 RMB/t, based on the 

daily average exchange rate of 6.6174 RMB to USD in 2018) and 

the afforestation cost (258.03 RMB/t, estimated from a PI of 0.989).  

The cost of oxygen release, 383.725 RMB/t, was averaged from the 

afforestation cost (349.05 RMB/t, estimated from a PI of 0.989) 

and cost of industrial oxygen production (418.40 RMB/t, estimated 

from a PI of 1.046). 

While farmland ecosystems fix CO2 during crop growth, CO2, 

CH4, and N2O emitted by crop and soil respiration are important 

components of greenhouse gases.  Emissions of CH4 and N2O are 

presented as CO2 equivalents and calculated based on their global 

warming potential on the 100a scale determined to be 25 times and 

298 times greater than that of CO2, respectively[24].  Because 

greenhouse gas emissions have a negative effect on the 

environment, their economic value was expressed as a negative 

value.  The economic value of greenhouse gas emission was 

calculated from Equation (4). 

4 2 2 21 CH N O CO CO( 25 298 )a cV F F F E N           (4) 

where, Va1 is the negative value of greenhouse gas emissions, 

RMB/hm2; FCH4
, FN2O, and FCO2

 are accumulative seasonal 

emissions of CH4, N2O and CO2 (kg/hm2), respectively.  

Pollutant emissions from straw return treatments were 

considered to be zero because the CO2 emissions from these 

treatments have been included in the calculations of greenhouse gas 

emissions, and the straw was mixed with the soil.  Thus N, S and 

other substances released from the straw directly entered the soil 

and was used in soil-related reactions instead of being emitted.  

For the NR treatment, the straw was incinerated.  Straw 

incineration releases CO2, SO2, NOX, dust and other pollutants.  

According to Li et al.[25], the amounts of various pollutant gases, 

SO2, NOX, dust (calculated from the sum of PM2.5 and PM10), and 

CO2 released from the burning of rice straw were 0.9 g/kg, 3.1 g/kg, 

18.78 g/kg, and 1460 g/kg, respectively.  According to the 

atmospheric regulation costs in the “specifications for the 

Evaluation of Forest Ecosystem Services”, estimated from a PI of 

1.046, the regulation costs of SO2, NOX and dust were     

1255.20 RMB/t, 658.98 RMB/t, and 156.90 RMB/t, respectively.  

Because pollutants and CO2 emissions have a negative effect on the 

environment, the economic value of pollutant emissions from straw 

incineration was also expressed as a negative value and was 

calculated as: 

Va2 = D × M × Ed + Va3               (5) 

where, Va2 is the negative value of pollutant emissions from straw 

incineration, RMB/hm2; D is pollutant emissions, g/kg; M is the 

amount of straw returned to a field, t/hm2; Ed represents regulation 

costs of SO2, NOX and dust, RMB/kg; and Va3 is the value of CO2 

emissions from straw incineration, RMB/hm2, refer to Equation (4) 

for its calculation. 

The sum of resulting values from Equations (2) to (5) 

determines EVAR (Va): 

Va = VCO2
 + VO2

 + Va1 + Va2               (6) 

2.4.3  Soil nutrient accumulation 

According to the organic matter and fertilizer prices in the 

“Specifications for the Evaluation of Forest Ecosystem Services”, 

estimated from a PI of 1.074, the unit price of each nutrient was: 

organic matter, 343.68 RMB/t; N, 1132.74 RMB/t; P2O5,   

2894.75 RMB/t; and K2O, 3937.93 RMB/t.  Since soil nutrients 

cannot be directly traded in the market, the values of soil organic 

matter, TN, available phosphorus, and available potassium were 

replaced by the market values of their corresponding fertilizers 

containing equivalent substances and were calculated as: 

1( )N nV B N E   
     

         (7) 

where, VN is the EVSNA, RMB/hm2; ρ is the soil bulk density of 

the 0-0.20 m soil layer, g/cm3; B is the soil volume, m3/hm2; N1 is 

the nutrient content changes, g/g; and En is the nutrient price, 

RMB/t.  The changes in nutrient contents were calculated as the 

differences in the measured values for each treatment from the 

initial values obtained prior to the start of the experiment.  

2.4.4  Water conservation 

The water conservation function of farmland ecosystems is 

mainly realized through soil.  According to the price of 

construction per unit of reservoir storage capacity in the 

“Specifications for the Evaluation of Forest Ecosystem Service 

Functions”, combined with a PI of 1.072, reservoir construction 

cost was 6.55 RMB/t.  Similar to soil nutrients, soil water cannot 

be directly traded in the market, thus the EVWC was calculated 

based on the construction cost of a reservoir. 

Vw = θf × h ×ρw × Ew × 10              (8) 

where, Vw is the EVWC, RMB/hm2; θf is saturated soil water 

content; H is the depth of tilled soil (0.2 m); ρw is water density 

(1000 kg/m3); Ew is the price of construction per unit of reservoir 

storage capacity, RMB/t. 

2.5  Statistical analyses 

Statistical calculations and analyses were performed using Excel 

2010 and SPSS 17.0.  Least-significant difference (LSD) test was 

applied for multiple comparisons.  Pearson coefficient was used 

for correlation analysis. 

3  Results 

3.1  Economic value of agricultural product and industrial 

raw materials 

In this study, yields of wheat grain and wheat straw were used 

to calculate EVAIM.  Compared with the respective yields of NR, 

wheat grain and straw yields of SR1 and SR3 were lower, while 

that of SR5 and SR7 were higher (Table 1).  The EVAIMs of SR1 

and SR3 were respectively 5.93% and 2.22% lower than that of NR, 

while the EVAIMs of SR5 and SR7 were respectively 3.35%, and 

7.84% greater than that of NR. 

3.2  Economic value of atmospheric regulation 

Compared with straw incineration, straw returning mainly 

reduced the amounts of air pollutants and CO2 emissions, and 

ultimately, straw returning significantly increased the EVAR 

(Table 3).  Compared with NR, SR1 and SR3 reduced the 

biological yield of wheat (Table 1), and their economic values of 

carbon fixation and oxygen release decreased by 6.02% and 2.26%, 

respectively.  In contrast, that of SR5 and SR7 increased by 3.35% 

and 7.94%, respectively.  The cumulative greenhouse gas 
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emissions during the wheat growth period increased with 

increasing years of straw returning (Table 1), and the negative 

economic value of greenhouse gas emissions also increased.  The 

negative economic values of greenhouse gas emissions of SR1, 

SR3, SR5 and SR7 were 22.67%, 28.71%, 37.12% and 40.30% 

higher than that of NR, respectively.  Only in the NR treatment 

were pollutants produced due to straw incineration.  The annual 

amount of straw returned to plots was 9000 kg/hm2, and the 

economic value of the pollutants and CO2 emission of this amount 

of incinerated straw was –55.07 RMB/hm2 and –2243.16 

RMB/hm2, respectively, in a total of –2298.23 RMB/hm2.  

Compared with the EVAR of NR, the EVAR of SR1, SR3, SR5 

and SR7 were greater by 13.66%, 17.72%, 24.01% and 30.80%, 

respectively. 
 

Table 1  Ecosystem service measures from different treatments of a wheat system 

Ecological service function NR SR1 SR3 SR5 SR7 

Wheat yield 

/kg·hm
-2

 

Grain yield 7458.76
bc

 7009.73
d
 7290.51

cd
 7708.67

ab
 8050.72

a
 

Straw yield 8304.64
bc

 8010.71
c
 8189.56

c
 8579.54

ab
 8755.80

a
 

Biological yield 16214.70
bc

 15238.55
d
 15848.93

cd
 16757.99 

ab
 17501.57

a
 

Greenhouse gas 

emission/kg·hm
-2

 

CO2 16210.97
c
 20401.69

b
 21307.62

b
 22710.96

a
 23232.57

a
 

CH4 −1.41
d
 −0.24

c
 0.31

b
 0.19

c
 0.47

a
 

N2O 4.25
a
 3.36

c
 3.81

b
 4.03

ab
 4.12

ab
 

Soil nutrient 

accumulation/g·kg
-1

 

Organic mater 2.39
d
 3.32

c
 4.90

b
 6.16

a
 6.68

a
 

Total nitrogen −0.03
c
 0.04

c
 0.16

b
 0.18

b
 0.27

a
 

Available phosphorus −1.46
e
 0.23

d
 1.58

c
 2.00

b
 3.07

a
 

Available potassium −21.76
e
 −14.01

d
 −3.72

c
 4.19

b
 10.43

a
 

Soil physical  

property 

Bulk density/g·cm
-3

 1.42
a
 1.39

ab
 1.36

ab
 1.31

bc
 1.24

c
 

Saturation water content/g·cm
-3

 0.43
c
 0.44

bc
 0.45

abc
 0.46

ab
 0.48

a
 

Note: 1. Soil nutrient accumulation were the differences of each nutrient from the corresponding nutrient contents measured before application of treatments; 2. Different 

letters in the same row indicate significant differences at the 0.05 level (LSD test) among treatments at the same soil depth.  
 

Table 2  Economic value of agricultural products and industrial raw materials for different treatments of a wheat system (RMB/hm2) 

Product NR SR1 SR3 SR5 SR7 

Wheat grain 17155.15
bc

 16122.39
d
 16768.17

cd
 17729.95

ab
 18516.66

a
 

Straw 680.53
bc

 656.44
c
 671.10

c
 703.06

ab
 717.50

a
 

Economic value 17835.68
bc

 16778.83
d
 17439.26

cd
 18433.01

ab
 19234.15

a
 

Note: Different letters in the same row indicate significant differences at the 0.05 level (LSD test) among treatments at the same soil depth. 
 

Table 3  Economic value of atmospheric regulation for different treatments of a wheat system (RMB/hm2) 

Classification NR SR1 SR3 SR5 SR7 

Economic value of carbon fixation 4511.92
bc

 4240.30
d
 4410.14

cd
 4663.10

ab
 4870.01

a
 

Economic value of oxygen release 7404.16
bc

 6958.42
d
 7237.14

cd
 7652.25

ab
 7991.79

a
 

Economic value of greenhouse gas emissions –2960.20
d
 –3631.38

c
 –3810.22

b
 –4059.01

ab
 –4153.27

a
 

Economic value of straw incineration pollutants and CO2 emissions –2298.23 0 0 0 0 

Sum 6657.66
d
 7567.34

c
 7837.06

bc
 8256.34

ab
 8708.53

a
 

Note: Different letters in the same row indicate significant differences at the 0.05 level (LSD test) among treatments at the same soil depth. 
 

3.3  Economic value of soil nutrient accumulation 

Straw returning increased soil nutrient contents in the plow 

layer (Table 1).  Table 4 shows that with the increasing number of 

years of straw return (1-7 years), the economic values of organic 

matter, TN, available phosphorus and available phosphorus 

accumulation increased from the corresponding values of NR by 

36.11%-143.49%, 209.38%-780.37%, 115.29%-283.15%, and 

37.01%-141.78%, respectively.  The EVSNA of each straw return 

treatment also increased from that of NR by 59.87% (SR1), 

154.999% (SR3), 210.86% (SR5) and 233.31% (SR7). 

Table 4  Economic value of soil nutrient accumulation in 

different treatments of a wheat system (RMB/hm2) 

Soil nutrient NR SR1 SR3 SR5 SR7 

Organic matter 2336.48
d
 3180.10

c
 4569.13

b
 5535.32

a
 5688.98

a
 

Total nitrogen –110.71
e
 121.09

d
 481.57

c
 530.35

b
 753.19

a
 

Available phosphorus –12.04
e
 1.83

d
 12.37

c
 15.16

b
 22.05

a
 

Available potassium –243.77
e
 –153.55

d
 –39.77

c
 43.07

b
 101.85

a
 

Sum 1969.96
d
 3149.48

c
 5023.29

b
 6123.89

ab
 6566.07

a
 

Note: Different letters in the same row indicate significant differences at the 0.05 

level (LSD test) among treatments at the same soil depth. 

3.4  Economic value of water conservation 

Straw returning increased the saturated water content in the 

plow layer (Table 1).  As shown in Table 5, compared with NR’s 

EVWC, the EVWC of SR1, SR3, SR5, and SR7 increased by 

2.60%, 4.47%, 8.17%, and 13.26%, respectively. 
 

Table 5  Economic value of water conservation from different 

treatments of a wheat system (RMB/hm2) 

 NR SR1 SR3 SR5 SR7 

Economic value 5594.93
d
 5740.35

cd
 5845.29

bc
 6051.90

b
 6336.73

a
 

Note: Different letters in the same row indicate significant differences at the 0.05 

level (LSD test) among treatments at the same soil depth. 
 

3.5  ESV of straw returning in wheat field  

Straw returning was conducive to improving the economic 

values of ecosystem services from wheat fields (Table 6).  The 

ESV for SR1, SR3, SR5, and SR7 increased by 3.67%, 12.75%, 

21.23% and 27.41%, respectively, from that of NR.  For all 

treatments, the EVAIM accounts for the highest proportion of the 

ESV (47.09% to 55.64% across treatments), followed by EVAR, 

then EVWC, and finally EVSNA.  Values of EVSNA were the 
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lowest with exceptions for SR5 and SR7 whose values were 

slightly higher than that of water conservation. 

With the increasing number of years of straw returning, the 

EVAIM initially decreased and then increased, while the EVAR, 

EVWC, and EVSNA gradually increased.  Additionally, with 

the increasing number of years of straw return, the proportions of 

EVAIM and EVWC gradually decreased, while the proportion of 

EVSNA gradually increased, and the proportion of EVAR 

reached its peak at SR1, then dropped rapidly and then rose 

slowly. 
 

Table 6  Economic values and proportions of those values of the four services that account for net ESV (Sum) for the different 

treatments of a wheat system 

Economic function 

NR SR1 SR3 SR5 SR7 

Value 

/RMB·hm
−2

 

Proportion 

/% 

Value 

/RMB·hm
−2

 

Proportion 

/% 

Value 

/RMB·hm
−2

 

Proportion 

/% 

Value 

/RMB·hm
−2

 

Proportion 

/% 

Value 

/RMB·hm
−2

 

Proportion 

/% 

Agricultural products and 

industrial raw materials 
17835.68 55.64 16778.83 50.48 17439.26 48.25 18433.01 47.43 19234.15 47.09 

Atmospheric regulation 6657.66 20.77 7567.34 22.77 7837.06 21.68 8256.34 21.24 8708.53 21.32 

Soil nutrient accumulation 1969.96 6.14 3149.48 9.48 5023.29 13.90 6123.89 15.76 6566.07 16.08 

Water conservation 5594.93 17.45 5740.35 17.27 5845.29 16.17 6051.90 15.57 6336.73 15.51 

Sum 32058.23  33236.01  36144.91  38865.13  40845.47  

Note: Different letters in the same row indicate significant differences at the 0.05 level (LSD test) among treatments at the same soil depth. 
 

3.6  Cumulative increase of ESV of SR7 

The ESV of wheat fields continuously rose as the number of 

straw-return years increased and the linear relationship was 

significant (R2=0.993, p<0.01, Figure 1).  Using the linear model, 

the ESVs at 2 years, 4 years, and 6 years of straw return were 

estimated, which were 34 717.8 RMB/hm2, 37 272.6 RMB/hm2, 

and 39 827.4 RMB/hm2, respectively.  Notably, the cumulative 

increase of ESV in SR7 was the sum of the successive increases of 

ESV from NR through each successive treatment of straw return 

years, which was 36 501.71 RMB/hm2. 

 
Note: ** indicates significant difference at p<0.01. 

Figure 1  Relationship between ESV and the number of 

straw-return years 

4  Discussion 

The number of years of straw return affected wheat straw 

yields, as well as wheat grain yields, both of which determined the 

EVAIM.  Results in Table 2 show that compared with NR’s 

EVAIM, short-term straw returning (≤3 years) reduced the EVAIM, 

while long term (≥5 years) increased it.  Within the timeframe of 

short-term straw returning, straw likely did not decompose and 

convert into organic matter in time to provide nutrients to the 

subsequent wheat crop.  Crude fiber from straw residues in the 

soil affects the growth of seedlings and the number of effective 

spikes and grain number per spike, which reduces yield[26].  As the 

years of straw returning increased, this allowed the time for straws 

to gradually decompose and accumulate in the soil and improve 

soil fertility; resulting in the gradual increase of 1000-grain weight 

and grain number per spike and ultimately, greater wheat yield[23,27].  

Studies also showed that the effect of straw returning on crop yield 

was closely related to regional climate, soil conditions, tillage 

method, water and fertilizer management[27,28].   

The economic value of carbon fixation and oxygen release by 

crops depends on the biological yield of the crops.  Short-term 

straw returning (≤3 years) decreased the biological yield of wheat, 

which also decreased its economic values of carbon fixation and 

oxygen release.  When the number of years of straw return was 

more than five, the biological yield of wheat exceeded that of NR, 

with a similar pattern for the EVAIM. 

The major greenhouse gas emissions from farmland are N2O, 

CH4 and CO2.  Crops can fix CO2 through photosynthesis, while 

crops and soil respiration will emit CO2.  Unfortunately, some 

studies have ignored the role of CO2 in the service of atmospheric 

regulation from farmland ecosystems[17] when its inclusion can 

provide a more comprehensive assessment of this service[18].  

The results showed that straw returning reduced N2O emissions 

from the soil and increased CH4 and CO2 emissions to greater 

than that of NR (Table 1).  The decline in emissions of N2O 

from soil may be due to the effect of straw return reducing the 

redox potential of soil[29].  Moreover, straw has a high C:N ratio, 

which can promote biological nitrogen fixation after straw is 

returned to fields.  As the returned straw decompose, they may 

generate allelochemicals that inhibit denitrification[30].  In 

contrast, straw returning increased soil water and organic carbon 

content, which is not conducive to the activity of soil 

CH4-oxidizing bacteria, leading to an increase in CH4 

emissions[31].  Because straw returning increases soil respiration, 

temperature[32], and organic carbon content[33], CO2 emissions 

increase as well[34].  With the increasing number of years of 

straw return, cumulative emissions of N2O, CH4, and CO2 

gradually increased, likely caused by the continuous increase of 

soil C and N contents. 

The straw return method deposits nutrients, such as organic 

matter, N, P, and K into the soil, which affects the accumulation of 

nutrients in the soil.  This study showed that compared with the 

initially recorded measures of soil nutrient contents, N, P, and K 

contents in NR decreased, while the accumulation of those 

nutrients significantly increased in the two long-term straw return 

treatments (Table 1), as well as their economic values (Table 4).  

Congruent with these results, many other studies have shown that 

straw returning effectively increases the contents and stocks of soil 

organic carbon and nitrogen[35-37] and soil N, P, and K contents[3,38].  

However, though soil C and N contents gradually increased with 

the increasing number of years of straw return, plant growth rates 
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may decelerate[39].  

Straw returning reduced soil bulk density (Table 1).  It can 

also promote soil particle aggregation and aggregate stability[40] 

and increase soil porosity and soil moisture[4].  All these 

improvements ultimately benefitted the EVWC (Table 5). 

Consistent with the results of Cao et al.[16], the valuation results 

showed that in the wheat field of this rice-wheat rotation system, 

the EVAIM accounted for the highest proportion of the net ESV, 

ranging from 47.09% to 55.64% among all treatments, followed by 

the value for atmospheric regulation.  

Although the economic values of multiple services of a 

farmland ecosystem were determined in this study, additional 

services have not been examined.  For example, biodiversity and 

soil conservation were not investigated because modern farm fields 

are inherently monocultures and we were unable to measure the 

amount of soil erosion.  Therefore, the actual ESV of wheat field 

ecosystems is likely higher than the estimated value in this study.  

In addition, the longest number of straw return years applied in this 

study was seven; crops have been grown in the same fields for 

much longer lengths of time.  Moreover, this valuation tested only 

one level of amount of returned straw, 9000 kg/hm2·a.  Despite 

the exclusion of many possible ecosystem services from this study, 

this investigation was broader in scope than previous studies by the 

examination of multiple services.  In the future, establishing 

longer-term experiments in different types of farmland ecosystems 

and appraising more ecosystem services are needed to better 

evaluate the effect of straw return on the ESV of farmland 

ecosystems. 

5  Conclusions 

The effect of straw return on ESV, including EVAIM, EVAR, 

EVSNA and EVWC were studied in a wheat field ecosystem by 

establishing a valuation system.  By comparing the ESV of 

different treatments of the number of straw-return years with that of 

a no straw return treatment, this study offers insight into the 

benefits of straw return where other fertilizer options are 

unavailable.  The main conclusions of this study are as follows: 

(1) Short-term straw return reduced EVAIM, but increased 

EVAR, EVSNA and EVWC and thus the net ESV in comparison to 

those of no straw return. 

(2) The ESV showed a positive linear correlation with the 

number of straw-return years (R2=0.993**, p<0.01), indicating that 

ESV increased with the increase in the number of years of straw 

return in a wheat field ecosystem. 

(3) The cumulative increase of ESV of SR7 was 36 501.71 

RMB/hm2.  Continuous years of straw returning are significant 

positive effects on farmland resource utilization and are important 

tools for the development and sustainability of agriculture. 

 

Acknowledgements 

This work was partially supported by A Project Funded by the 

Priority Academic Program Development of Jiangsu Higher 

Education Institutions (PAPD), the National Key R&D 

Program of China (Grant No. 2018YFD0200500), the Science and 

Technology Innovation Project of the Chinese Academy of 

Agricultural Sciences (Agricultural Academy Office (2014) No. 

216) and the Fundamental Research Funds for the Central Public 

Research Institutes (Grant No. S202010-02).  The authors 

acknowledge the anonymous reviewers for their insightful 

comments on the manuscript. 

[References] 
[1] Sun D, Ge Y, Zhou Y.  Punishing and rewarding: How do policy 

measures affect crop straw use by farmers? An empirical analysis of 

Jiangsu Province of China.  ENERG. POLICY, 2019; 134: 110882.  doi: 

10.1016/j.enpol.2019.110882. 

[2] Poeplau C, Kätterer T, Bolinder M A, Börjesson G, Berti A, Lugato E.  

Low stabilization of aboveground crop residue carbon in sandy soils of 

Swedish long-term experiments.  Geoderma, 2015; 237–238, 246–255. 

[3] Zhang P, Chen X L, Wei T, Yang Z, Jia Z K, Yang B, et al.  Effects of 

straw incorporation on the soil nutrient contents, enzyme activities, and 

crop yield in a semiarid region of China.  Soil and Tillage Research, 2016; 

160: 65–72. 

[4] Akhtar K, Wang W Y, Ren G X, Khan A, Feng Y Z, Yang G H.  Changes 

in soil enzymes, soil properties, and maize crop productivity under wheat 

straw mulching in Guanzhong, China.  Soil and Tillage Research, 2018; 

182: 94–102. 

[5] Hu N J, Wang B J, Gu Z H, Tao B R, Zhang Z W, Hu S J, et al.  Effects 

of different straw returning modes on greenhouse gas emissions and crop 

yields in a rice-wheat rotation system.  Agriculture, Ecosystems & 

Environment, 2016; 223: 115–122. 

[6] Fan R Q, Zhang B H, Li J Y, Zhang Z H, Liang A Z.  Straw-derived 

biochar mitigates CO2 emission through changes in soil pore structure in a 

wheat-rice rotation system.  Chemosphere, 2020; 243: 125329. doi: 

125329. 10.1016/j.chemosphere.2019.125329. 

[7] Lucas-Borja M E, Plaza-Álvarez P A, Ortega R, Miralles I, 

González-Romero J, Sagra J, et al.  Short-term changes in soil 

functionality after wildfire and straw mulching in a Pinus halepensis M. 

forest.  Forest Ecol. Manag., 2020; 457: 117700.  doi: 10.1016/ 

j.foreco.2019.117700. 

[8] Huang X L, Cheng L L, Chien H, Jiang H, Yang X M, Yin C B.  

Sustainability of returning wheat straw to field in Hebei, Shandong and 

Jiangsu Provinces: A contingent valuation method.  J. Clean. Prod., 2019; 

213: 1290–1298. 

[9] Wang S C, Zhao Y W, Wang J Z, Zhu P, Cui X, Han X Z, et al.  The 

efficiency of long-term straw return to sequester organic carbon in 

Northeast China's cropland.  J. Integr. Agr., 2018; 17(2): 436–448. 

[10] Wang J, Wang D J, Zhang G, Wang Y, Wang C, Teng Y, et al.  Nitrogen 

and phosphorus leaching losses from intensively managed paddy fields 

with straw retention.  Agri Water Manage, 2014; 141: 66–73. 

[11] Xiao L G, Zhao R Q, Kuhn N J.  Straw mulching is more important than 

no tillage in yield improvement on the Chinese Loess Plateau.  Soil and 

Tillage Research, 2019; 194: 104314.  doi: 10.1016/j.still.2019.104314. 

[12] Daily G C (Ed.).  Nature's services: Societal dependence on natural 

ecosystems.  Washington, D.C: Island Press, 1997; 412p. 

[13] Zhang W X, Yu Y, Wu X Q, Pereira P, Lucas Borja M E.  Integrating 

preferences and social values for ecosystem services in local ecological 

management: A framework applied in Xiaojiang Basin Yunnan Province, 

China.  Land Use Policy, 2020; 91: 104339.  doi: 10.1016/j.landusepol. 

2019.104339. 

[14] Yang Y J, Song G, Lu S.  Study on the ecological protection redline (EPR) 

demarcation process and the ecosystem service value (ESV) of the EPR 

zone: A case study on the city of Qiqihar in China.  Ecol. Indic., 2020; 

109: 105754.  doi: 10.1016/j.ecolind.2019.105754. 

[15] Yu Z Q, Liu X, Zhang J Z, Xu D Y, Cao S X.  Evaluating the net value of 

ecosystem services to support ecological engineering: Framework and a 

case study of the Beijing Plains afforestation project.  Ecol. Eng., 2018; 

112: 148–152. 

[16] Cao X J.  Valuation of multi-function of farmland ecosystem-take Jiangsu 

Province as example.  Master dissertation.  Nanjing: Nanjing 

Agricultural University, 2011; 89p. (in Chinese) 

[17] Xie Z J, He Y Q, Xu C X.  Appraisal on ecological services from Chinese 

milk vetch-early rice-late rice cropping ecosystem.  Journal of Natural 

Resources, 2018; 33(5): 735–746. (in Chinese) 

[18] Ma Y Q, Huang G Q.  Effects of combined application of Chinese milk 

vetch (astragalus sinicus L.) and nitrogen fertilizer on ecological service 

function of paddy field.  Journal of Natural Resources, 2018; 33(10): 

1755–1765. (in Chinese) 

[19] Gong Z T, Zhang G L, Chen Z C.  Pedogenesis and soil taxonomy.  

Beijing: Sciences Press, 2007; 626p. (in Chinese) 

[20] Bao S D.  Soil agro-chemistrical analysis (3rd ed.).  Beijing: China 

Agriculture Press, 2000. (in Chinese) 

[21] Niu D.  Effects of full rice straw returning on soil nutrient and greenhouse 

gas emission in wheat.  Master dissertation.  Yangzhou: Yangzhou 



198   January, 2021                        Int J Agric & Biol Eng      Open Access at https://www.ijabe.org                         Vol. 14 No. 1 

University, 2017; 67p. (in Chinese) 

[22] LY/T 1721-2008.  Specifications for the evaluation of forest ecosystem 

services.  Beijing: National Forestry Administration of China, 2008. (in 

Chinese) 

[23] National Bureau of Statistics of People's Republic of China.  China 

Statistical Yearbook (2019).  Beijing: China Statistics Press, 2019. (in 

Chinese) 

[24] Intergovernmental Panel on Climate Change.  Climate Change 2007- 

Mitigation of Climate Change: Working group Ⅲ contribution to the fourth 

assessment report of the IPCC.  Cambridge: University Press, 2007. 

[25] Li L L, Wang K, Jiang J Q, Liu F, Pu Y H, Liu W, et al.  Emission 

inventory and the temporal and spatial distribution of pollutant for open 

field straw burning in Heilongjiang province.  China Environmental 

Science, 2018; 38(09): 3280–3287. (in Chinese) 

[26] Wang J, Xue Y, Pan J J, Zheng X Q, Qin Q, Sun L J, et al.  Effects of 

tillage and straw incorporation on sequestration of organic carbon and crop 

yields.  Journal of Soil and Water Conservation, 2018; 32(5): 121–127. 

(in Chinese) 

[27] Yang H K, Wu G, Mo P, Chen S H, Wang S Y, Xiao Y, et al.  The 

combined effects of maize straw mulch and no-tillage on grain yield and 

water and nitrogen use efficiency of dry-land winter wheat (Triticum 

aestivum L.).  Soil and Tillage Research, 2020; 197: 104485.  doi: 

10.1016/j.still.2019.104485. 

[28] Xu J, Han H F, Ning T Y, Li Z J, Lal R.  Long-term effects of tillage and 

straw management on soil organic carbon, crop yield, and yield stability in 

a wheat-maize system.  Field Crop Res, 2019; 233: 33–40. 

[29] Cui S Y, Xue J F, Chen F, Tang W G, Zhang H L, Lal R.  Tillage effects 

on nitrogen leaching and nitrous oxide emission from double-cropped 

paddy fields.  Agron. J., 2014; 106(106): 15–23. 

[30] Zhao X, Liu S L, Pu C, Zhang X Q, Xue J F, Zhang R, et al.  Methane and 

nitrous oxide emissions under no-till farming in China: a meta-analysis.  

Global Change Biol., 2016; 22(4): 1372–1384. 

[31] Wu X H, Wang W, Xie K J, Yin C M, Hou H J, Xie X L.  Combined 

effects of straw and water management on CH4 emissions from rice fields.  

J. Environ. Manage., 2019; 231: 1257–1262. 

[32] Wang W Y, Akhtar K, Ren G X, Yang G H, Feng Y Z, Yuan LY.  Impact 

of straw management on seasonal soil carbon dioxide emissions, soil water 

content, and temperature in a semi-arid region of China.  Science of the 

Total Environment, 2019; 652: 471–482. 

[33] Zhao X M, He L, Zhang Z D, Wang H B, Zhao L P.  Simulation of 

accumulation and mineralization (CO2 release) of organic carbon in 

chernozem under different straw return ways after corn harvesting.  Soil 

and Tillage Research, 2016; 156: 148–154. 

[34] Vasconcelos A L S, Cherubin M R, Feigl B J, Cerri C E P, Gmach M R, 

Siqueira-Neto M.  Greenhouse gas emission responses to sugarcane straw 

removal.  Biomass and Bioenergy, 2018; 113: 15–21. 

[35] Zhao H L, Shar A G, Li S, Chen Y L, Shi J L, Zhang X Y, et al.  Effect of 

straw return mode on soil aggregation and aggregate carbon content in an 

annual maize-wheat double cropping system.  Soil and Tillage Research, 

2018; 175: 178–186. 

[36] Wang X H, Yang H S, Liu J, Wu J S, Chen W P, Wu J, et al.  Effects of 

ditch-buried straw return on soil organic carbon and rice yields in a 

rice-wheat rotation system.  Catena, 2015; 127: 56–63. 

[37] Wang X, Qi J Y, Zhang X Z, Li S S, Latif Virk A, Zhao X, et al.  Effects 

of tillage and residue management on soil aggregates and associated carbon 

storage in a double paddy cropping system.  Soil and Tillage Research, 

2019; 194: 104339.  doi: 10.1016/j.still.1019.104339. 

[38] Yin H J, Zhao W Q, Li T, Cheng X Y, Liu Q.  Balancing straw returning 

and chemical fertilizers in China: Role of straw nutrient resources.  

Renewable and Sustainable Energy Reviews, 2018; 81: 2695–2702. 

[39] Hao M M, Hu HY, Liu Z, Dong Q L, Sun K, Feng Y P, et al.  Shifts in 

microbial community and carbon sequestration in farmland soil under 

long-term conservation tillage and straw returning.  Appl. Soil. Ecol., 

2019; 136: 43–54. 

[40] Xie W J, Chen Q F, Wu L F, Yang H J, Xu J K, Zhang Y P.  Coastal 

saline soil aggregate formation and salt distribution are affected by straw 

and nitrogen application: A 4-year field study.  Soil and Tillage Research, 

2020; 198: 104535.  doi: 10.1016/j.still.2019.104535. 

 


