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Abstract

Great efforts have been devoted to assessing the effects of straw managements on greenhouse gas (GHG) emissions, global
warming potential (GWP), and net economic budget in rice monoculture (RM). However, few studies have evaluated the effects
of straw managements on GHG emissions and net ecosystem economic budget (NEEB) in integrated rice-crayfish farming (RC).
Here, a randomized block field experiment was performed to comprehensively evaluate the effects of aquatic breeding practices
(feeding or no feeding of forage) and straw managements (rice straw returning or removal) on soil NH;*~N and NO 3-N
contents, redox potential (Eh), CH4 and N,O emissions, GWP, and NEEB of fluvo-aquic paddy soil in a rice-crayfish co-culture
system in Jianghan Plain of China. We also compared the differences in CH4 and N,O emissions, GWP, and NEEB between RM
and RC. Straw returning significantly increased CH4 and N,O emissions by 34.9-46.1% and 6.2-23.1% respectively compared
with straw removal. Feeding of forage decreased CH4 emissions by 13.9-18.7% but enhanced N,O emissions by 24.4-33.2%
relative to no feeding. Compared with RM treatment, RC treatment decreased CH,4 emissions by 18.1-19.6% but increased N,O
emissions by 16.8-21.0%. Moreover, RC treatment decreased GWP by 16.8-22.0% while increased NEEB by 26.9-75.6%
relative to RM treatment, suggesting that the RC model may be a promising option for mitigating GWP and increasing economic
benefits of paddy fields. However, the RC model resulted in a lower grain yield compared with the RM model, indicating that
more efforts are needed to simultaneously increase grain yield and NEEB and decrease GWP under RC model.
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Introduction

The global warming caused by greenhouse gas (GHG) emis-
sions is a serious environmental problem in the world. Under
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current emission scenarios, the global surface temperature is
expected to increase by an average of 1.0-3.7 °C by the year
of 2100 (IPCC 2013). Agroecosystem is an important source
of CH,4 and N,O emissions in the atmosphere (IPCC 2007).
Flooded rice field, as a primary CH,4 source, can emit 33 to
40 Tg CH,4 per year, accounting for approximately 15-20% of
the total anthropogenic CH4 emissions (Sass and Fisher 1997,
Yan et al. 2005, 2009). Rice field can provide a suitable envi-
ronment for a wide range of aquatic animals, such as fish,
freshwater prawns, shrimp, crabs, and turtles (Xie et al.
2011; Halwart 2006), and it has been reported that the conver-
sion of rice paddies to aquaculture could significantly reduce
CH,4 and N,O emissions by 48% and 56%, respectively (Li
et al., 2008; Liu et al. 2016). Thus, co-culture of rice and
aquatic animals has been developed as a sustainable agricul-
tural practice for mitigating the global warming potential
(GWP) (Datta et al. 2009; Li et al. 2009; Sheng et al. 2018).
Integrated rice-crayfish co-culture, a symbiotic planting-
breeding model, has been rapidly popularized in China due
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to its high economic benefits (Guo et al. 2017; Si et al. 2017).
To date, the crayfish breeding area has surpassed 6 x 10° hm?
in China, and rice-crayfish model accounts for about 70% of
the total (Guo et al. 2017). The RC model allows crawfish to
live and prey in the rice fields, where the rice stubbles serve as
the food basis for crawfish after the rice is harvested (Yuan
et al. 2007). In addition, a peripheral trench is excavated and
used as a refuge for the crayfish (Si et al. 2017). The model is
characterized by the advantages of increasing resource utiliza-
tion efficiency, improving soil carbon pool and microbial
community structure, and contributing to high yield due to
the activity of crayfish in the field (Si et al. 2017; Xu et al.
2017b). Many studies have been focused on the effects of rice-
aquatic farming on CH,4 and N,O emissions (Huang et al.
2005; Zhan et al. 2011; Bhattacharyya et al. 2013; Xu et al.
2017a, b). In general, most studies have reported on the mit-
igation of CH,4 emissions and enhancement of N,O emissions
in paddy field under rice-aquatic farming. However, few stud-
ies were focused on the effects of rice-crayfish co-culture on
CH,4 and N,O emissions (Cao et al. 2017; Xu et al. 2017b; Li
et al. 2018).

Straw returning and feeding are the most common mea-
sures for boosting crayfish growth in the rice-crayfish model
(Cao et al. 2017; Si et al. 2017). However, the effects of such
agricultural practices on GHG emissions remain unclear.
Therefore, this study aims to investigate the CH4 and N,O
emissions from the rice-crayfish model through a two-year
field experiment. We hypothesized that straw returning and
feeding could significantly affect CH, and N,O emissions
from the rice-crayfish model. We also expected that the rice-
crayfish co-culture could mitigate GWP compared with rice
monoculture.

Materials and methods
Site description

The experimental site is located in the Huazhong Agricultural
University Research Farm in Houhu farm, Qianjiang City,
Hubei Province, China (30°39' N, 112°71" E), where the soil
was derived from the alluvial soil of the Yangtze River and
classified as a fluvo-aquic paddy soil (PRC classification).
This region has a winter static groundwater level of 40—
55 cm and a northern, humid, subtropical monsoon climate.
The mean annual precipitation is 1100 mm, and the mean
annual temperature is 16.1 °C, with a frost-free period of
246 days. The monthly rainfall and air temperature during
the experimental period from 2016 to 2017 are shown in
Fig. 1. The soil properties of the experimental site (0—
20 cm depth) are as follows: pH, 7.12; organic C,
26.43 g kg '; total N, 2.41 g kg '; total P, 0.44 g kg '; and
total K, 19.0 g kg .

Experimental design

The treatments were prepared with a random block design.
Each treatment was of three replicates. The experiment includ-
ed four treatments of rice-crayfish co-culture (RC) with an
area of 1000 m” and two treatments of rice monoculture
(RM) with an area of 100 m”. The RC treatments included
straw managements [rice straw returning (S) or removal (NS)]
and feeding [feeding (F) or no feeding (NF) of forage],
resulting in four combinations of treatments designated as
RC+S+F, RC+NS+F, RC+S+NF, and RC+ NS +NF;
whereas the RM treatments included the RM with rice straw
returning (RM-S) and removal (RM-NS). For all treatments,
rice stubbles (5 cm above ground) were retained in the field
after harvesting. For S treatment, rice straws were chopped to
approximately 4-6 cm in length, which were subsequently
incorporated into the soils, whereas the chopped straws were
removal for NS treatment. The C/N ratio of rice straws was 45.
For F treatment, supplementary forage (1500 kg ha ") for the
crayfish was supplied daily from April to June. The N, P,Os,
and K,O contents of the crayfish forage were 46.6 g kg ',
11.0 gkg ™', and 10.5 g kg ', respectively.

The plots were plowed to 30 cm depth by a SNH554 tractor
(Shanghai New Holland Agriculture Machinery Co., Ltd.) on
June 12,2016 and June 19, 2017. Taiyou390 (Oryza sativa L.)
was mechanically transplanted by WP60D rice transplanter
(Kubota China Holdings Co., Ltd.) at the density of
180,000 hills ha ' on June 15, 2016 and June 24, 2017, and
harvested on September 22, 2016 and October 23, 2017.
Commercial compound fertilizer (26%—10%—15%, N-P,05—
K,0), urea (46% N), and potassium chloride (60% KCl) were
used to provide 167 kg N ha ', 37.5 kg P,Os ha™', and
123.7 kg K,O ha ! during the rice growing seasons. N fertil-
izers were used at two doses, with 68% at the basal and 32% at
the tillering stage. P fertilizers were only used as basal fertil-
izers, and K fertilizers were applied with 48% at the basal and
52% at the tillering stage.

For RC model, a peripheral trench (2.0 m wide and 1.2 m
deep) was excavated as refuge for the crayfish (Procambarus
clarkii) in August 2015. The excavated soil was used to con-
struct a dyke (1.0 m high) surrounded by a nylon net (0.45 m
high) to prevent the escaping of the crayfish. Crayfish larvae
(5-6 g tail ') were stocked at a density of 300 kg ha ! in
September 2015, and the crayfish was allowed to self-
propagate inside the rice paddies. The immature crayfish would
migrate to the peripheral trench during field puddling, seedling
planting, drying, and re-watering, and would re-enter the field
after these agricultural practices. Manure crayfish were harvest-
ed using crayfish cages (length=35 m, diameter=0.5 m) in
early June and before the rice harvest in 2016 and 2017. For
the RC model, the burrow density was observed to be 0.6 bur-
rows'm ~ in the paddy field. For all treatments, the surface
water in the paddy was kept at the level of 5-10 cm during rice
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Fig. 1 Monthly precipitation and 500

air temperatures during the 2016
and 2017 rice growing seasons. 400 b
Tnin, monthly minimum air
temperature; 7yeqn, monthly
mean air temperature; 7,y
monthly maximum air
temperature
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growing seasons except for a drainage for 5-7 days in the
vigorously tillering stage and 2 weeks before rice harvest.

Soil sampling and analytical methods

During rice growing seasons, soil samples at 0—20 cm depth were
collected for the determination of NH,*—N and NO; —N contents
using a soil sampler (5 cm of inner diameter) in eight random
positions about every 1 month. Soil NH;*~N and NO; N were
extracted with 2 mol-'L ™" KCl in a 1:3 ratio and determined by a
FLAStar-5000 continuous flow analyzer (Foss, Sweden).

Soil Eh was determined five times (at about 3—4 week in-
tervals) during rice growing seasons by FJA-4 portable
oxidation-reduction potential analyzer (Nanjing Zhuan-Di
Instrument and Equipment Company Limited, China).

CH,; and N,O emissions

Static chamber method was used to measure CH, and N>O fluxes
as described by Li et al. (2013). The gas samples were collected
15-16 times at about 7-day intervals during rice growing seasons.
The CH,4 and N,O concentrations were measured using a chro-
matograph meter (Shimadzu GC-14B), and the detailed measure-
ment procedures were described by Li et al. (2013).

The seasonal total CH,4 and N,O emissions were calculated
by interpolating the gas emission during the sampling interval,
assuming that the computation derived from measured fluxes
represents the average daily flux (Li et al. 2013).

Grain yield measurement

Rice grains at three random positions in each plot were collected
using a 2 m x 3 m frame. Rice within the frame was threshed,
and the rice grains were adjusted to a moisture content of 14%.
GWP calculation

GWP was calculated by multiplying the seasonal total gas

emissions by their respective radiative forcing potential
(Bayer et al. 2014). On a 100-year time frame, the radiative

@ Springer

0 . . . . .
2016-06 2016-07 2016-08 2016-09 2016-10

, , \ . . 0
2017-06 2017-07 2017-08 2017-09 2017-10
Time (yy-mm)

forcing potentials of CH,4 and N,O are 30 and 268, respective-
ly (IPCC 2013). Therefore, the GWP was calculated accord-
ing to the following equation:

GWP = CH4 x 30 4+ N,O x 268

NEEB calculation

NEEB can be used to evaluate the economic feasibility of eco-
agriculture, and was calculated according to the following
equation:

NEEB = Yield gain—agricultural activity cost-GWP cost

In the equation, yield gain was calculated from the current
price of rice grains and crayfish (rice, 2620 CNY t'; crayfish,
25,510 CNY t ). Agricultural activity cost consisted of the costs
of mechanical tillage and harvesting (1200 CNY ha™'), rice
seeds (1000 CNY ha_l), fertilizers, pesticides and herbicides
(5000 CNY ha '), and forage (4500 CNY ha ). The GWP cost
was the product of carbon-trade price (103.7 CNY t ' CO»-eq)
and GWP (Li et al. 2015).

Data analysis

Data were statistically analyzed by SPSS 22.0. One-way
NANOVA was used to assess the effects of straw manage-
ment, feeding method, and the stocking of crayfish on
NH,*-N and NO; —N, Eh, GHG emissions, and NEEB.
Duncan’s multiple range tests were performed to examine
whether the differences in the mean values between treatments
were statistically significant at the level of 0.05.

Results

Soil NH,*-N and NO;-N

Soil NH4*N contents ranged from 1.09 to 44.70 mg kg’
under RC treatments (RC+S+F, RC+S+NF, RC+NS +
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F, and RC + NS + NF), and from 1.25 to 10.55 mg kg ' under
RM treatments (RM + S and RM + NS, Fig. 2a). The soil
NO; —N contents were lower than NH,*-N contents. The
NO; N contents were 1.36-3.96 mg kg ' under RC treat-
ments, and 1.55-3.83 mg kg ™' under RM treatments (Fig. 2b).

The stocking of crayfish significantly increased the content
of NH, N in the soil, but did not affect that of NO; N (Fig.
2). RC treatments increased the mean NH,*—N content by
167.9-196.4% relative to RM treatments. Straw returning and
feeding significantly affected soil NH,*N content, but showed
no influence on NO; —N content. Straw returning increased the
mean NH;—N content by 6.0-19.4% compared with straw re-
moval. Moreover, feeding of forage increased the mean NH,*—
N content by 8.8-17.6% compared with no feeding.

Soil Eh

The introduction of crayfish into the field improved the soil
oxidation potential (Fig. 3). Compared with RM treatments,
RC treatments significantly increased the mean soil Eh by

10.8%. In addition, straw returning and feeding also had sig-
nificant effects on soil Eh. Straw returning reduced the mean
soil Eh by 8.5-15.8% relative to straw removal, and feeding
led to 12.7-18.0% higher mean soil Eh than no feeding.

CH,; and N,O emissions

Seasonal changes in CH, fluxes from paddy fields are shown in
Fig. 4. Two peaks of CH, fluxes were observed at the vigorously
tillering and boosting stages in both 2016 and 2017 rice growing
seasons. For RC treatments, the CH, fluxes were 0.25—
29.46 mgm 2h ' in 2016 and 0.65-30.60 mgm 2 h ' in 2017;
for RM treatments, the fluxes varied from 0.34 to
3492mgm *h 'in2016and 1.23t033.91 mgm >h ' in2017.

Seasonal changes in N,O fluxes under different treatments
are shown in Fig. 5. Peaks of N,O fluxes were found just
immediately after each N fertilization and after drainage in
2016 and 2017 rice seasons. For RC treatments, the N,O
fluxes ranged from 17.35 to 146.09 ug m 2 h™" in 2016 and
from 8.36 to 140.08 ug m > h ™' in 2017; for RM treatments,

Fig. 2 Changes in soil NH4+7N 50 ¢ a OSF OSNF BNSF ENSNF
(a) and NO; —N (b) contents
under different treatments in 2016
and 2017 rice seasons. RC, rice- 40 r
crayfish co-culture; RM, rice o=
monoculture; S, straw returning; 2 20 |
NS, straw removal; F, feeding; %ﬁ
NF, no feeding. Bars indicate z.
4
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Fig. 3 Changes in soil Eh under
different treatments in 2017 rice
seasons. RC, rice-crayfish co-cul-
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the fluxes were 14.75-63.39 ug m > h™' in 2016 and 8.46—
16.39 ugm 2 h ™" in 2017.

The stocking of crayfish in the paddy fields significantly
influenced cumulative CH, and N,O emissions (Table 1). RC
treatments decreased cumulative CH4 emissions by 18.1-19.6%
compared with RM treatments, but increased cumulative N,O
emissions by 16.8-21.0%. Moreover, straw returning and feed-
ing showed significant impacts on cumulative CH4 and N,O
emissions. Straw returning significantly enhanced cumulative
CH, and N,O emissions by 34.9-46.1% and 6.2-23.1% respec-
tively relative to straw removal. Feeding decreased cumulative
CH,4 emissions by 13.9-18.7% but increased cumulative N,O
emissions by 24.4-33.2% compared with no feeding.

Grain yield and GWP

The introduction of crayfish into the paddy fields also signif-
icantly affected rice grain yield and GWP (Table 2). RC treat-
ments decreased the grain yield and GWP by 30.8-30.9% and
16.8-22.0% respectively relative to RM treatments. Straw
returning and feeding did not affect grain yield, while had
significant effects on GWP. Straw returning elevated GWP
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by 33.4-63.6% compared with straw removal, and feeding
enhanced GWP by 14.5-29.4% compared with no feeding.

Theraising of crayfish in the paddy fields significantly affected
NEEB (Table 3). RC treatments increased NEEB by 26.9-75.6%
relative to RM treatments. In addition, feeding significantly en-
hanced NEED by 45.1-123.0% compared with no feeding, while
straw returning did not show any effect on NEEB.

Discussion

To date, few studies have described the effects of RC model
on GHG emissions compared with RM model (Xu et al.
2017b). The aim of this study was to compare the differences
in GHG emissions between RC and RM models, and also to
investigate the effects of straw returning and feeding on GHG
emissions under RC model. Our results indicate that straw
returning and feeding of forage have significant effects on
GHG emissions, and RC model could mitigate GWP and
increase NEEB compared with RM model. Our results pro-
vide a scientific basis for assessing the ecological effects of
RC model.
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Fig. 4 Changes in CH, fluxes under different treatments in 2016 and 2017 rice seasons. RC, rice-crayfish co-culture; RM, rice monoculture; S, straw
returning; NS, straw removal; F, feeding; NF, no feeding. Bars indicate standard error of the means
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Fig. 5 Changes in N,O fluxes under different treatments in 2016 and 2017 rice seasons. RC, rice-crayfish co-culture; RM, rice monoculture; S, straw
returning; NS, straw removal; F, feeding; NF, no feeding. Bars indicate standard error of the means

GHG emissions

Two peaks of CH4 fluxes were observed at the vigorously
tillering and boosting stages during rice growing seasons
in this study (Fig. 4). Similar results were reported by Li
et al. (2013). The observed peaks may be ascribed to the
increase in available organic carbon from the decomposi-
tion of fresh crop residues incorporated into the soil and
the release of root exudates (Li et al. 2013) at the two
stages. Moreover, high temperature (25-30 °C) at the
two stages (Fig. 1) is suitable for the activities of
methanogens (Kim et al. 2012; Sanchis et al. 2012), which
leads to the rapid production of CH,4. Peaks of N,O fluxes
were found just immediately after each N fertilization
(Fig. 5), possibly due to the increase in substrate availabil-
ity from fertilizer N hydrolysis (Li et al. 2009; Ussiri et al.
2009). Other peaks were observed just after the fields were
drained (Fig. 5), possibly because high soil O, availability
caused by drainage resulted in high nitrification in this
stage (Sheng et al. 2018).

In the present study, straw returning led to higher CH4
emissions than straw removal (Table 2). Similar results
have been widely reported (Zou et al. 2005;
Bhattacharyya et al. 2013; Zhang et al. 2015). The returned
straws could provide C substrates for methane-producing
bacteria, thus promoting CH, emissions. Moreover, the
decomposition of rice straws can consume the O, in the
soils and thus increase soil anaerobic conditions (Fig. 3;
Bayer et al. 2014), leading to the inhibition of CH,4 oxida-
tion. Straw returning can provide C and N substrates for
denitrification or nitrification (Zou et al. 2005; Sanchis
et al. 2012), as partly indicated by the higher NH,*—N
content under straw returning, and thus higher N,O emis-
sions under straw returning than under straw removal were
observed in this study (Table 2).

Raising of crayfish led to the decrease in CH4 emissions
and increase in N,O emissions under RC model in this
study (Table 1). Mineralization of the forage residues in
the field increased soil NH,* contents (Fig. 2), which can
facilitate CH, oxidation (Bodelier et al. 2000, Bodelier

Table 1  Changes in cumulative CH, and N,O emissions under different Table 2 Changes in rice grain yield and GWP under different
treatments treatments
Treatments CH, (g m?) N,O (mg m?) Treatments Grain yield (kg ha!) GWP (kg CO,-¢eq. ha ')
2016 2017 2016 2017 2016 2017 2016 2017
RC+S+F 2342 ¢ 2030 ¢ 140.15a 94.72 a RC+S+F 5664 b 4570 b 8590 b 7205 b
RC+S+NF 2738Db 23.17b 105.18 ¢ 76.15 be RC+S+NF 5277b 4533 b 7308 ¢ 6294 ¢
RC+NS+F 17.09 ¢ 1225 ¢ 13146 b 80.22 b RC+NS+F 6084 b 5327b 6439 d 4977d
RC+NS+NF 20.29d 15.83d 100.99 cd 64.25d RC+NS+NF 58040 5033 b 5397 e 3847 e
RM+S 3123 a 27.60 a 111.54 ¢ 73.78 ¢ RM+S 8227 a 6783 a 9668 a 8478 a
RM+NS 2258 ¢ 18.88 ¢ 85.82 ¢ 61.25d RM+NS 8259 a 7295 a 7004 cd 5828 ¢

Different letters in a column means significant differences at the 5% level.
RC rice-crayfish co-culture, RM rice monoculture, S straw returning, NS
straw removal, F’ feeding, NF no feeding

Different letters in a column mean significant differences at the 5% level.
RC rice-crayfish co-culture, RM rice monoculture, S straw returning, NS
straw removal, F’ feeding, NF no feeding
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Table 3 Changes in NEEB under different treatments
Treatments Grain costs (CNY ha 1) Crayfish costs (CNY ha!) Agricultural costs  GWP costs (CNY ha!) NEEB (CNY ha )
(CNY ha™")
2016 2017 2016 2017 2016 2017 2016 2017

RC+S+F 14,840 b 11,974 b 19,097 a 25,387 a 11,700 891 b 747 b 21,346a 24913 a
RC+S+NF 13,825 b 11,878 b 11,396 b 17,642 b 11,700 758 ¢ 653 ¢ 12,761 b 17,167 b
RC+NS+F 15,939 b 13,958 b 17,982 a 20,118 ab 11,700 668 d 516 d 21,553a 21,859a
RC+NS+NF 15208b 13,187 b 10,100 b 8716 ¢ 11,700 560 e 399 e 13,048 b 9803 cd
RM+S 21,554 a 17,772 a - - 7200 1003 a 879 a 13,351b 9693 d
RM +NS 21,639 a 19,112 a - - 7200 726 cd 604 ¢ 13,712b 11,308 ¢

Different letters in a column mean significant differences at the 5% level. RC rice-crayfish co-culture, RM rice monoculture, S straw returning, NS straw
removal, F' feeding, NF no feeding, GWP global warming potential, NEEB net ecosystem economic benefit

2011; Ellen and Frenzel 2001) and reduce CH, emissions
subsequently. The increased soil NH,* contents by feeding
(Fig. 2) can boost nitrification, thus increasing N,O emis-
sions. Moreover, feeding can boost the foraging activity of
crayfish, and thus accelerate the gas exchange among soil,
water, and atmosphere, which would result in the increase
in soil Eh (Fig. 3; Si et al. 2017; Xu et al. 2017b). The
increase in soil Eh would decrease the activities of soil
methanogens to reduce CH, emissions. Higher Eh also
enhances soil nitrification, and thus increases N,O
emissions.

The stocking of crayfish into the fields decreased CH,4
emissions (Table 1), which is similar to the result previous-
ly reported (Cao et al. 2017; Xu et al. 2017b). This result
may be explained by the following reasons. Firstly, the
crayfish can dig burrows for refuge, and disturb soil surface
and plow the pan of paddy fields, thus improving soil per-
meability and Eh (Fig. 3; Si et al. 2017; Xu et al. 2017b).
The elevated soil Eh will inhibit CH,4 emissions. Secondly,
the crayfish, an omnivore animal, can suppress weeds in the
paddy fields, and thus reduce the consumption of floodwa-
ter dissolved O, by weeds, resulting in an increase in soil
Eh (Fig. 3) and CH, oxidation subsequently. Thirdly, the
foraging of crayfish in the fields increases the contact op-
portunity between soil and O,, which will improve soil Eh
(Fig. 3) and thus lead to a decrease in CH4 emissions.
Finally, the crayfish can eat rice stubbles retained in the
fields, which accordingly reduces CH4 production from
rice stubble decomposition under flooding conditions. In
contrast, RC treatments increased N,O emissions relative
to RM treatments (Table 1) possibly due to the increase in
soil Eh (Fig. 3). The activities of digging burrows and for-
aging of crayfish improve the gas exchange among soil,
water, and O,, as well as enhance soil Eh (Fig. 3), which
thereby results in more N,O production from nitrification.
Moreover, the excretions of crayfish can provide C and N
substrates for nitrification and denitrification to promote
N,O emissions (Si et al. 2017; Xu et al. 2017b).
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Grain yield

In the present study, straw returning did not affect grain yield
(Table 2), which is similar to the finding of Zhang et al.
(2015). Although increased soil fertility due to straw returning
has the potential to improve rice productivity (Pan et al. 2009),
the negative effects of straw decomposition on soil ecological
processes suggest that straw returning may inhibit rice root
growth and development (Zavalloni et al. 2011), which might
thereby offset the positive effects of increased soil fertility on
rice yield. Moreover, feeding had no effect on grain yield
(Table 2). The forage used in RC model consisted of fishbone
dust, rapeseed cake, cotton kernel cake and corn meal, and so
on. The application of forage may not be sufficient to increase
rice yield due to the relatively low nutrient supply of the or-
ganic fertilizer (Bayu et al. 2006).

RC model resulted in a lower rice grain yield than RM model
(Table 2), which is different from the result of Xu et al. (2017b)
that similar rice grain yields were obtained between RC and RM
models. This discrepancy may be attributed to the difference in
the peripheral trench excavated as a refuge for crayfish. In this
study, the area of peripheral trench (accounting for about 15—
17% of the total area) was included in the calculation of grain
yield in the RC model, which might decrease the grain yield of
per unit area, while Xu et al. (2017b) did not consider the area of
the peripheral trench when determining the grain yield.

GWP and NEEB

The GWP based on CH,4 and N,O emissions under RC model
was 5397-8590 kg CO,-eq. ha ! in 2016 and 3847—
7205 kg CO»-eq. ha ' in 2017, which were comparable to the
results of Xu et al. (2017b), who indicated 4960 kg CO,-
eq. ha™' of GWP under RC model in the same region of
Jianghan Plain. In the present study, RC model decreased
GWP by 16.8-22.0% relative to RM model (Table 2) owing
to the effective inhibition of CH,4 emissions. Similar result was
reported by Xu et al. (2017b), who found 11.1-21.1% of
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reduction in GWP under RC model relative to RM model.
Similar mitigating effects of integrated rice-breeding farming
on GWP have been widely reported (Xu et al. 2017a). For
example, Sheng et al. (2018) reported that integrated rice-duck
farming could decrease the GWP by 28.0-28.1% compared
with conventional rice monoculture in central China. Xu et al.
(2017a) pointed out that rice-duck farming could lower the
GPW by 6.7-14.6% relative to conventional rice monoculture
in Nanjing city. Our results further indicate the mitigating effects
of integrated rice-breeding farming on GWP from paddy fields.
NEEB is an indicator to integratedly assess agricultural
economic and ecological benefits, and has far-reaching signif-
icance in guiding government decision-making and agricul-
tural activities (Li et al. 2015; Zhang et al. 2015). In the pres-
ent study, high economic benefits of crayfish resulted in high
NEEB under RC model, especially under straw returning and
feeding conditions (Table 3), suggesting that RC model may
be an effective strategy to simultaneously increase economic
benefits and mitigate GWP. However, RC model at the same
time decreased rice grain yield obviously relative to RM mod-
el, suggesting that this model cannot increase rice grain yield
to meet the food demand in the world. Therefore, more efforts
should be made to maintain rice grain yield at the same time of
mitigating GWP under RC mode (Cao et al. 2017).

Conclusions

This study shows that straw returning and feeding significant-
ly affect CH4 and N,O emissions from paddy fields. RC mod-
el mitigates CH4 emissions, and thus reduces GWP and in-
creases NEEB. Our results indicate that the RC model might
be an effective practice to increase economic benefits and
mitigate GWP at the same time. However, the RC model
would result in a lower grain yield relative to RM model,
suggesting that more efforts should be made to simultaneously
maintain rice grain yield and mitigate GWP under RC model.
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