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Yield effect of applying earthworm 
castings produced during the 
oilseed rape-growing season in rice-
oilseed rape cropping fields to rice
Min Huang1,2, Chunrong Zhao1, Yingbin Zou1 & Norman Uphoff2

In-field earthworm density can be increased by planting oilseed rape during the non-rice growing season 
as compared to maintaining the rice-growing fields in fallow. This study was conducted to determine 
the effect on rice yield of earthworm castings produced during the oilseed rape-growing season in rice-
oilseed rape cropping fields and to identify the critical factors that contribute to the yield effect. Field 
microplot experiments were conducted in 2016 and 2017. In 2016, a rice cultivar was grown under a 
factorial combination of absence (EC0: 0 kg m−2) and presence of earthworm castings (EC1: 17 kg m−2) 
with three N application rates (9, 12 and 15 g m−2). In 2017, nine rice cultivars were grown under EC0 
and EC1 with the moderate N rate as was used in 2016. Results showed that application of earthworm 
castings produced during the oilseed rape-growing season in rice-oilseed rape cropping fields had 
a significant positive yield effect on rice. This was attributed to increased panicle m−2 and total 
aboveground biomass while spikelets panicle−1, spikelet filling percentage, grain weight, and harvest 
index were not affected. Our study indirectly provides a new evidence that oilseed rape is an excellent 
previous crop for cereals.

Rice is a major staple food for almost 50% of the world’s population, and rice fields account for more than 12% 
of the global cropland area1. Of these rice fields, nearly 90% are located in Asia (World Rice Statistics database, 
available at http://ricestat.irri.org:8080/wrs, hereinafter referred to as WRS database). In order to produce enough 
food for rapidly growing populations, agricultural land use in Asia has become very intense2. In the past 50 years, 
the intensification of rice-based cropping systems has helped ensure production of sufficient rice and other food 
crops3. However, the continuous intensive practice of rice-based cropping systems such as rice-wheat cropping 
system practiced for several decades has led to declines in productivity and raised concerns about sustainability4.

China is one of the major rice-producing countries in the world with an area of about 30 million hectares, 
accounting for approximately 20% of the world’s rice field area (WRS database). Rice-based cropping systems 
are diverse in China due to differences in agro-climatic zones5. Among those cropping systems, rice-wheat and 
rice-oilseed rape are two long-established major ones6. In contrast to the concerns about sustainability of continu-
ous rice-wheat cropping system as mentioned above, our study suggests that long-term rice-oilseed rape cropping 
system can increase soil fertility and consequently reduce the dependence on external nitrogen (N) inputs and 
adverse impacts on the environment7. This supports the viewpoint that oilseed rape is an excellent and sustainable 
previous crop for cereals8–10.

Such a viewpoint also can be supported by our recent investigations which showed that in-field earthworm 
density during the non-rice growing season was doubled by planting oilseed rape as compared to fallow in 
long-term, no-tillage rice-based fields11. Although the earthworms are likely to migrate away from fields dur-
ing the early stage of rice-growing when rice fields are flooded (Fig. 1A), their castings will remain in the fields 
(Fig. 1B). These facts indicate that growing oilseed rape as a previous crop for rice can enhance earthworm activ-
ity and hence may provide similar benefits as the option of applying the earthworm castings as fertilizer, especially 
in regions that are kept on fallow during the non-rice growing season. This aroused our interest to investigate 
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the effect of the earthworm castings produced during the oilseed rape-growing season in rice-oilseed rape crop-
ping fields on grain yield in rice. As a consequence, we conducted a pot experiment and found that grain yield 
was increased in a rice cultivar with application of the earthworm castings collected from oilseed rape fields12. 
However, this finding could be subject to the constraints of pot cultivation and cultivar specificity. Therefore, 
more experimentation should be done under field conditions with various rice cultivars to obtain more concrete 
results.

Figure 1. Earthworms migrated away from the rice field after flooding (A), earthworm castings produced in the 
oilseed rape-growing season (B), and earthworm castings collected after harvesting the oilseed rape (C). These 
photos were taken from rice-oilseed rape cropping fields located in Nanxian, Hunan Province, China in 2016.
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Rice yield is determined by sink size (spikelets per unit land area), spikelet filling percentage, and grain weight. 
Sink size is considered as the primary determinant of the rice yield, and it can be increased either by increas-
ing the number of panicles or panicle size (spikelets per panicle), or both13. Because a strong compensation 
mechanism exists between the two yield components, a concurrent increase in them is not easy to achieve14,15. 
Increasing panicle size is a common approach for the rice breeders to enhance the sink size and consequently to 
improve rice yield potential16. However, there has contradictory statement that more panicle number should be 
emphasized to achieve higher grain yield in the super hybrid rice with large panicle size17.

In another approach, grain yield of rice is a function of total aboveground biomass and harvest index. It is 
generally accepted that achieving greater rice yields depends on increasing total aboveground biomass, because 
there is little scope to achieve further increases in the harvest index under favorable conditions18–20. The harvest 
index of modern high-yielding rice is around 50%21. However, in recent years there have been reports that high 
grain yield can achieved in rice with high harvest index22,23.

In our present study, grain yield and yield attributes in rice were compared between with and without appli-
cations of earthworm castings that were produced during the oilseed rape-growing season in rice-oilseed rape 
cropping fields in two-year field microplot experiments. Our objectives were to (1) determine the effect on rice 
yield of earthworm castings produced during the oilseed rape-growing season in rice-oilseed rape cropping fields, 
and (2) identify the critical factors that contributed to this yield effect.

Results
In 2016, grain yield was significantly affected by earthworm casting treatment, but not by N rate and the inter-
action between earthworm casting treatment and N rate (Table 1). In 2017, earthworm casting treatment and 
cultivar had a significant effect on grain yield, while the interaction effect on grain yield between earthworm 
casting treatment and cultivar was not significant. Therefore, only the means of earthworm casting treatments in 
2016 and the means of earthworm casting treatments and cultivars in 2017 were presented in subsequent tables 
for evaluating effect on yield attributes, making interpretation easier.

EC1 had, respectively, 32% and 20% higher grain yield than EC0 in 2016 and 2017 (Table 1). In 2017, 
Longliangyou 97 produced the highest grain yield, although this was not significantly higher than from 
Shenliangyou 5814, Xiangliangyou 396, Y-liangyou 1, Y-liangyou 2 and Zhunliangyou 608, but it was 14–20% 
higher than the yields from Liangyoupeijiu and Huanghuazhan, and 39% higher than that from Guihefeng.

N rate/cultivar

Earthworm casting treatment

EC0 EC1 Mean†

2016

  N1 846 (110) 1165 (116) 1006

  N2 884 (18) 1178 (73) 1031

  N3 932 (64) 1160 (41) 1046

  Mean 887 1168

Analysis of variance

  Earthworm casting 
treatment (EC) **

  N rate (N) ns

  EC × N ns

2017

  Guihefeng 752 (63) 1002 (55) 877c

  Huanghuazhan 933 (54) 1113 (82) 1023b

  Liangyoupeijiu 967 (78) 1176 (102) 1072b

  Longliangyou 97 1157 (59) 1289 (84) 1223a

  Shenliangyou 5814 1028 (28) 1315 (43) 1172a

  Xiangliangyou 396 1084 (43) 1306 (97) 1195a

  Y-liangyou 1 1035 (39) 1323 (74) 1179a

  Y-liangyou 2 1142 (119) 1293 (21) 1218a

  Zhunliangyou 608 1159 (42) 1273 (61) 1216a

Mean 1029 1232

Analysis of variance

  EC **

  Cultivar (C) **

  EC × C ns

Table 1. Grain yields (g m−2) from a rice cultivar Liangyoupeijiu grown under absence (EC0: 0 kg m−2) and 
presence of earthworm castings (EC1: 17 kg m−2) with three N rates (N1: 9 g m−2; N2: 12 g m−2; and N3: 15 g m−2) 
in 2016, and from nine rice cultivars grown under EC0 and EC1 with one N rate (N2) in 2017. Values in 
parenthesis are the standard deviations. †Means of cultivars with the same letters are not significantly different 
at the 0.05 probability level (LSD test). ** represents significance at the 0.01 probability level. ns denotes non-
significance at the 0.05 probability level.
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Panicles m−2 under EC1 were 21% and 13% higher than those under EC0 in 2016 and 2017, respectively 
(Table 2). There was no significant difference in spikelets panicle−1 between EC1 and EC0 in either 2016 and 2017. 
EC1 had higher spikelets m−2 than EC0, by 27% in 2016 and by 16% in 2017. The differences in spikelet filling 
percentage and in grain weight were insignificant between EC1 and EC0 in both years.

In 2017, Longliangyou 97 had the highest panicles m−2, and similar values were observed in Huanghuazhan, 
Xiangliangyou 396 and Y-liangyou 1 (Table 2). The lowest panicles m−2 was recorded in Guihefeng. This variety 
also had the highest spikelets panicle−1, followed by Y-liangyou 2 and the other cultivars, which were not sig-
nificantly different from one another. Y-liangyou 2 had the highest spikelets m−2, but this was not significantly 
different from the spikelets m−2 for Guihefeng, Huanghuazhan, Longliangyou 97 and Xiangliangyou 396, whereas 
Zhunliangyou 608 had the lowest spikelets m−2. Spikelet filling percentage was highest in Shenliangyou 5814 and 
lowest in Liangyoupeijiu. Zhunliangyou 608 had the highest grain weight, while Guihefeng and Huanghuazhan 
had the lowest grain weight.

EC1 produced 27% higher total aboveground biomass than EC0 in 2016 and 19% more in 2017 (Table 3). 
There was no significant in harvest index between EC1 and EC0 in either year. In 2017, Y-liangyou 2 produced 
the highest total aboveground biomass, but this was not significantly different from the biomass in Longliangyou 
97, Shenliangyou 5814, Y-liangyou 1, and Zhunliangyou 608, while Guihefeng had the lowest total aboveground 
biomass. Xiangliangyou 396 had the highest harvest index, but similar values were recorded in Huanghuazhan, 
Longliangyou 97, Y-liangyou 1 and Zhunliangyou 608. The lowest harvest index was observed in Guihefeng.

Non-fertilizer N uptake was 32% higher under EC1 than EC0 (Fig. 2A). There was no significant difference in 
non-fertilizer N uptake among N1, N2 and N3 (Fig. 2B). Fertilizer N uptake was not significantly different between 
EC1 and EC0 (Fig. 2C), while it was slightly but significantly increased with an increasing rate of N (Fig. 2D). EC1 
had a 27% higher total uptake of N than did EC0 (Fig. 2E). The difference in total N uptake was, however, insig-
nificant among the three N rates (Fig. 2F).

Discussion
Our results showed that application of earthworm castings produced during the oilseed rape-growing season 
in the rice-oilseed rape fields had a significant positive yield effect on rice. This finding is in agreement with our 
observation in a pot experiment12. These works support the previously-expressed viewpoints that oilseed rape is 
an excellent previous crop for cereals8–10 and that earthworm presence in agroecosystems can lead to increase in 
crop yield24.

Analysis of yield components indicated that the yield increase effect of the application of earthworm castings 
was mainly attributed to an enhancement of sink size that resulted from increased panicle number. This finding 
is not in agreement with the predominant standpoint among rice breeders that increasing panicle size is the most 
promising approach to enhancing sink size and consequently improving rice yield potential16.

More interestingly, the increased panicle number induced by the application of earthworm castings did not 
cause a significant decrease in panicle size in this study. This result is inconsistent with previous studies, such as 
Ying et al.14 and Huang et al.15, which reported that there was a compensation between the two yield components. 
Moreover, in the present study, the enhanced sink size was achieved not at the expense of spikelet filling percent-
age and grain weight in rice that has been grown with earthworm castings applied. These results demonstrated 
that compatible relationships among yield components were established in rice with the application of earth-
worm castings. In this regard, it is suggested that increasing biomass production is a feasible way to decouple the 

Earthworm casting 
treatment/cultivar† Panicles m−2

Spikelets 
panicle−1

Spikelets m−2 
(×103)

Spikelet 
filling (%)

Grain weight 
(mg)

2016‡

EC0 192b 251a 48.2b 70.1a 22.8a

EC1 233a 262a 61.0a 71.4a 23.1a

2017

EC0 247b 219a 53.1b 79.8a 21.3a

EC1 280a 222a 61.5a 80.7a 21.8a

Guihefeng 198e 293a 57.8ab 79.7bc 16.6e

Huanghuazhan 296ab 203c 60.2ab 82.2b 17.9e

Liangyoupeijiu 269bc 208c 55.9b 71.2d 23.4b

Longliangyou 97 298a 207c 61.6ab 77.2c 22.7bc

Shenliangyou 5814 263cd 212c 55.3bc 87.7a 21.0cd

Xiangliangyou 396 292ab 201c 58.8ab 79.2bc 22.6bc

Y-liangyou 1 280abc 195c 54.6bc 82.4b 22.5bc

Y-liangyou 2 239d 267b 63.8a 79.8bc 20.7d

Zhunliangyou 608 239d 200c 47.6c 83.1b 26.5a

Table 2. Yield components in rice as affected by earthworm castings in 2016, and by earthworm castings and 
cultivars in 2017. Within a column for earthworm casting treatments in each year and for cultivars in 2017, 
data with the same letters are not significantly different at the 0.05 probability level (LSD test). †EC0 and EC1 
represent absence (0 kg m−2) and presence of earthworm castings (17 kg m−2), respectively. ‡Data are the means 
across three N rates in 2016.
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compensations among yield components in cereals including rice25,26. In this study, a higher total aboveground 
biomass was achieved in rice applied with earthworm castings, which could be responsible for the compatible 
relationships among yield components in rice with the application of earthworm castings.

On the other hand, the results of total aboveground biomass and harvest index revealed that there was a 
positive yield effect from the application of earthworm castings which was mainly driven by increased total 
aboveground biomass rather than harvest index. This is not surprising because it has been well-documented that 
there is little scope to further increase in harvest index under favorable conditions18–20. However, perhaps inter-
estingly, the application of earthworm significantly did not decrease and even slightly increased harvest index. 
This is different from the effect of application of chemical fertilizer N on rice, in which harvest index is generally 
decreased27. Harvest index is determined by the remobilization of stored reserves into the growing grain and the 
transient photosynthesis during grain formation28. An increase in the former is usually achieved accompanied 
with early senescence and shortened grain-filling duration, which can be induced by unfavorable conditions such 
as water stress29. However, this must not be the case in the present study, because we observed that the applica-
tion of earthworm castings made the rice leaves greener during the grain-filling period. Therefore, the slightly 
increased harvest index might be related to the transient photosynthesis during grain formation in rice applied 
with earthworm castings in this study. This highlights that further investigations are needed to determine the 
effect of application of earthworm castings on photosynthetic characteristics during the ripening period in rice.

Decreasing N rate from 150 to 90 kg ha−1 did not result in significant yield reduction in the hybrid rice cul-
tivar Liangyoupeijiu in 2016. Huang et al.30 determined N response of this cultivar over a wide range of N rates 
(60–410 kg ha−1). Their results showed that Liangyoupeijiu required a minimum total N rate of 120–150 kg ha−1 
to produce maximum grain yield. These suggest that the hybrid rice Liangyoupeijiu does not necessarily need 
more N fertilizer to produce high grain yield. Consistent with this, Huang et al.31 have observed that higher grain 
yield in hybrid rice is mainly driven from a higher grain yield without N fertilizer rather than increases in grain 
yield with N fertilizer. This suggests that greater application of N fertilizer is not needed to benefit from hybrid 
production and that improving and maintaining soil fertility should be the focus for sustaining hybrid rice pro-
duction. This can be further supported by this study’s results in 2016 that the total N uptake mainly depended 
on non-fertilizer N uptake in the hybrid rice cultivar Liangyoupeijiu. The non-fertilizer and fertilizer N uptake 
accounted for 87% and 13% of the total N uptake, respectively (Fig. 2). In addition, the positive effect of applica-
tion of earthworm castings on panicle number, total aboveground biomass, and grain yield in 2016 also could be 
explained by an increase in non-fertilizer N uptake. The increased non-fertilizer N uptake under application of 
earthworm castings was partially due to that the earthworm castings contained a certain amount of available N.

Significant cultivar differences in grain yield were detected in 2017. Inbred cultivars generally produced lower 
grain yields than did hybrid cultivars. The lower grain yields of inbred cultivars were mainly attributed to lower 
grain weight and to lower total aboveground biomass. When comparison was made among the hybrid cultivars, 
the lowest grain yield was recorded in Liangyoupeijiu, which was released in 1999 (Table 1). The yield difference 
was small among the other six hybrid cultivars, which were released during 2008 to 2016 (Table 1). It seems that 
the breeding effort did not contribute much to increased rice yield in the past decade. Also interestingly, the six 
high-yielding hybrid cultivars could be divided into four groups according to their yield component perfor-
mance: (1) Longliangyou 97, Xiangliangyou 396 and Y-liangyou 1 are characterized by more panicle number, 
(2) Y-liangyou 2 is distinguished for its large panicle size, (3) Shenliangyou 5814 has a higher spikelet filling 

Earthworm casting 
treatment/cultivar†

Total aboveground 
biomass (g m−2)

Harvest 
index (%)

2016‡

  EC0 1669b 45.9a

  EC1 2097a 47.9a

2017

  EC0 1656b 53.4a

  EC1 1970a 53.7a

  Guihefeng 1478e 51.1e

  Huanghuazhan 1641d 53.6abc

  Liangyoupeijiu 1799c 51.3de

  Longliangyou 97 1897ab 55.6ab

  Shenliangyou 5814 1889abc 53.4bcd

  Xiangliangyou 396 1844bc 55.7a

  Y-liangyou 1 1879abc 53.9abc

  Y-liangyou 2 1972a 53.0cde

  Zhunliangyou 608 1920ab 54.5abc

Table 3. Total aboveground biomass and harvest index in rice as affected by earthworm castings in 2016, and by 
earthworm castings and cultivars in 2017. Within a column for earthworm casting treatments in each year and 
for cultivars in 2017, data with the same letters are not significantly different at the 0.05 probability level (LSD 
test). †EC0 and EC1 represent absence (0 kg m−2) and presence of earthworm castings (17 kg m−2), respectively. 
‡Data are the means across three N rates in 2016.



www.nature.com/scientificreports/

6SCIentIfIC RepoRts |  (2018) 8:10759  | DOI:10.1038/s41598-018-29125-y

percentage, and (4) Zhunliangyou 608 is notable for its large grain size. This suggests that there are multiple strat-
egies or pathways for developing high-yielding hybrid rice cultivars.

Conclusions
Application of earthworm castings produced during the oilseed rape-growing season in rice-oilseed rape cropping 
fields had a significant positive yield effect on rice. This was attributed to increased panicle m−2 and total aboveground 
biomass while spikelets panicle−1, spikelet filling percentage, grain weight, and harvest index were not affected.

Methods
Field microplot experiments were conducted in a rice field at the research farm of Hunan Agricultural University 
(28°11′N, 113°04′E) in Changsha, Hunan Province, China in 2016 and 2017. The soil of the rice field was a tidal 
clay (Fluvisol, FAO taxonomy) with the following properties: pH = 5.75, organic matter = 34.2 g kg−1, available 
N = 81.6 mg kg−1, available P = 34.4 mg kg−1, and available K = 56.7 mg kg−1. The soil test was based on samples 
taken from the 0–20 cm layer before the experiment was begun in 2016.
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Figure 2. Uptake of non-fertilizer N (A,B), fertilizer N (C,D), and total N (E,F) in aboveground biomass in 
a rice cultivar Liangyoupeijiu as affected by earthworm castings (EC0: 0 g m−2; EC1: 17 g m−2) and N rates (N1: 
9 g m−2; N2: 12 g m−2; N3: 15 g m−2) in 2016. The interactive effect between earthworm casting treatment and 
N rate on these parameters were not significant. Error bars represent SE (n = 9 for each earthworm casting 
treatment, and 6 for each N rate). Within each graph, columns with the same letters are not significantly 
different at the 0.05 probability level (LSD test).
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In 2016, eighteen microplots were constructed by inserting bottomless PVC boxes (40 cm long × 40 cm 
wide × 30 cm deep) into the soil to a depth of 20 cm with a collar of 10 cm aboveground. A hybrid rice cultivar 
Liangyoupeijiu was grown a factorial combination of absence (EC0: 0 kg m−2) and presence of earthworm castings 
(EC1: 17 kg m−2) with three N application rates (N1: 9 g m−2; N2: 12 g m−2; and N3: 15 g m−2). The earthworm cast-
ing amount of EC1 was based on an estimate obtained by multiplying daily production rate of earthworm castings 
(78 g m−2 d−1) by the duration of an oilseed rape-growing season (218 d). The daily production rate of earthworm 
castings was obtained on the first day after harvesting the oilseed rape from 10 randomly selected 1-m2 plots in 
a rice-oilseed rape cropping field located in Nanxian (29°21′N, 112°25′E), Hunan Province, China in 2015. The 
N rates were chosen according to the local recommended N rate (150 kg ha−1) for rice production in the study 
region. The treatments were arranged in a completely randomized block design with three replications.

In 2017, seventy-two microplots were constructed using the same procedures as described above. Nine 
rice cultivars, including two inbred cultivars (Guihefeng and Huanghuazhan) and seven hybrid cultivars 
(Liangyoupeijiu, Longliangyou 97, Shenliangyou 5814, Xiangliangyou 396, Y-liangyou 1, Y-liangyou 2 and 
Zhunliangyou 608), were grown under EC0 and EC1 with N2. The N rate was chosen according to the results in 
2016, when grain yield was not significantly different among the three N rates (Table 1). The treatments were 
laid out in a split-plot design with earthworm casting treatments as the main plots and cultivars as subplots. The 
experiment was replicated four times. All the cultivars used in this study are ones that have been widely grown by 
rice farmers in southern China.

The earthworm castings used in the experiment were collected from rice-oilseed rape cropping fields located 
in Nanxian after harvesting the oilseed rape in 2016 (Fig. 1C). The site has a moist subtropical monsoon climate 
with an annual average temperature of 16.6 °C, an annual average rainfall of 1238 mm, and an annual average 
sunshine duration of 1776 h. The soil in the fields is a purple calcareous clay (Fluvisol, FAO taxonomy). The 
dominant earthworm species in the field is Pheretima guillelmi. The earthworm castings had the following prop-
erties: pH = 7.89, organic matter = 61.4 g kg−1, available N = 128 mg kg−1, available P = 44.2 mg kg−1, and available 
K = 254 mg kg−1. The N fertilizer used in 2016 was 15N-labeled urea (5.18% isotopic abundance, provided by 
Shanghai Institute of Chemical Industry, China), and unlabeled urea in 2017.

Pre-geminated seeds were sown on a seedbed on 10 May. Seedlings were transplanted on 5 June. Transplanting 
was done with four hills per microplot and one seedling per hill. Earthworm castings were applied at 1 day before 
transplanting. N fertilizer was split-applied with 50% as basal (1 day before transplanting), 30% at early tillering 
(7 days after transplanting), and 20% at panicle initiation. Superphosphate (4.8 g P2O5 m−2) was applied as basal 
fertilizer. Potassium chloride (8.4 g K2O m−2) was split equally at basal and panicle initiation. A floodwater depth 
of about 5 cm was maintained in the microplots until 7 days before maturity, when the microplots were drained. 
Insects, disease, and weeds were controlled by using approved pesticides to avoid yield loss.

Plants were sampled for each microplot at maturity in both years. Panicle number was counted in each hill 
to determine panicles m−2. Plants were separated into straw (including rachis) and spikelets by hand threshing. 
Filled spikelets were separated from unfilled spikelets by submerging them in tap water. Dry weights of straw and 
filled and unfilled spikelets were determined after over-drying at 70 °C to constant weight. Three subsamples of 
30 g of spikelets and all unfilled spikelets were taken to count the number of spikelets. Total aboveground biomass 
was the total dry matter of straw and of filled and unfilled spikelets. Spikelets panicle−1, spikelets m−2 (panicles 
m−2 × spikelets panicle−1), spikelet filling percentage (100 × filled spikelet number/total spikelet number), grain 
weight, and harvest index (100 × filled spikelet weight/total aboveground biomass) were calculated. Grain yield 
was adjusted to a moisture content of 0.14 g H2O g−1.

In 2016, the dried plant samples were ground into fine powder for determining their N content (VAP50 
Kjeldahl meter, Gerhardt, Königswinter, Germany) and 15N abundance (Delta V Advantage isotope mass spec-
trometer, Thermo Fisher, Waltham, MA, USA). Total N uptake, and uptake of fertilizer and non-fertilizer N in 
aboveground biomass were calculated according to Huang et al.32.

Data were analyzed by analysis of variance with the use of Statistix 8.0 software (Tallahassee, FL, USA). In 
2016, the statistical model included replication, earthworm casting treatment, N rate, and the interaction between 
earthworm casting treatment and N rate. In 2017, the statistical model included replication, earthworm casting 
treatment, cultivar, and the interaction between earthworm casting treatment and cultivar. Means were com-
pared based on the least significant difference test (LSD). The 0.05 probability level was used to test for statistical 
significance.

Data availability. All data generated or analysed during this study are included in the article.

References
 1. Zhang, G. et al. Mapping paddy rice planting areas through time series analysis of MODIS land surface temperature and vegetation 

index data. ISPRS J. Photogram. Remote Sens. 106, 157–171 (2015).
 2. Bronson, K. F. et al. Soil carbon dynamics in different cropping systems in principal ecoregions of Asia in Management of carbon 

sequestration in soil (eds Lal, R., Kimble, J. M., Follett, R. F. & Stewart, B. A.) 35–57 (CRC Press, 1998).
 3. Buresh, R. J., Larazo, W. M., Laureles, E. V., Samson, M. I. & Pampolino, M. F. Sustainable soil management in lowland rice 

ecosystems. In Organic-based agriculture for sustained soil health and productivity (eds Javier, E. F., Mendoza, D. M. & Dela Cruz N. 
E.) 116–125 (Central Luzon State University, 2005).

 4. Ladha, J. K. et al. How extensive are yield declines in long-term rice-wheat experiments in Asia? Field Crops Res. 81, 159–180 (2003).
 5. Xing, G. X., Shi, S. L., Shen, G. Y., Du, L. J. & Xiong, Z. Q. Nitrous oxide emissions from paddy soil in three rice-based cropping 

systems in China. Nutr. Cycl. Agroecosyst. 64, 135–143 (2002).
 6. Zou, C., Gao, X., Shi, R., Fan, X. & Zhang, F. Micronutrient deficiencies in crop production in China. In Micronutrient deficiencies in 

global crop production (ed. Alloway, B. J.) 127–148 (Springer, 2008).
 7. Huang, M. et al. Increased soil fertility in a long-term rice-oilseed rape cropping system and its potential roles in reducing nitrogen 

inputs and environmental impacts. In Cropping Systems: Applications, Management and Impact (ed. Hodges, J. G.) 103–113 (Nova 
Science Publishers, 2017)



www.nature.com/scientificreports/

8SCIentIfIC RepoRts |  (2018) 8:10759  | DOI:10.1038/s41598-018-29125-y

 8. Angus, J. F., Van Herwaarden, A. F. & Howe, G. N. Productivity and break crop effects of winter growing oilseeds. Aust. J. Exp. Agr. 
31, 669–677 (1991).

 9. Kirkegaard, J. A., Gardiner, P. A., Angus, J. F. & Koetz, E. Effect of Brassica break crop on the growth and yield of wheat. Aust. J. Agr. 
Res. 45, 529–545 (1994).

 10. Kirkegaard, J. A., Hocking, P. J., Angus, J. F., Howe, G. N. & Gardner, P. A. Comparison of canola, Indian mustard and Linola in two 
contrasting environments. II. Break-crop and nitrogen effects on subsequent wheat crops. Field Crops Res. 52, 179–191 (1997).

 11. Huang, M. et al. Earthworm responses to cropping rotation with oilseed rape in no-tillage rice fields and the effects of earthworm 
casts on human-essential amino acid content in rice grains. Appl. Soil Ecol. 127, 58–63 (2018).

 12. Huang, M. et al. Rice yield and the fate of fertilizer nitrogen as affected by addition of earthworm casts collected from oilseed rape 
fields: a pot experiment. PLoS ONE 11, e0167152 (2016).

 13. Kropff, M. J., Cassman, K. G., Peng, S., Matthews, R. B. & Setter, T. L. Quantitative understanding of yield potential. In Breaking the 
yield barrier (ed. Cassman, K. G.) 21–38 (International Rice Research Institute, 1994).

 14. Ying, J. et al. Comparison of high-yield rice in tropical and subtropical environments I. Determinants of grain and dry matter yields. 
Field Crop Res. 57, 71–84 (1998).

 15. Huang, M. et al. No-tillage and direct seeding for super hybrid rice production in rice-oilseed rape cropping system. Eur. J. Agron. 
34, 278–286 (2011).

 16. Peng, S., Khush, G. S., Virk, P., Tang, Q. & Zou, Y. Progress in ideotype breeding to increase rice yield potential. Field Crops Res. 108, 
32–38 (2008).

 17. Huang, M. et al. Relationship between grain yield and yield components in super hybrid rice. Agr. Sci. China 10, 1537–1544 (2011).
 18. Evans, L. T. & Fischer, R. A. Yield potential: its definition, measurement, and significance. Crop Sci. 39, 1544–1551 (1999).
 19. Peng, S., Cassman, K. G., Virmani, S. S., Sheehy, J. E. & Khush, G. S. Yield potential trends of tropical rice since the release of IR8 and 

the challenge of increasing rice yield potential. Crop Sci. 39, 1552–1559 (1999).
 20. Yang, W., Peng, S., Laza, R. C., Visperas, R. M. & Dionisio-Sese, M. L. Yield gap analysis between dry and wet season rice crop grown 

under high-yielding management conditions. Agron. J. 100, 1390–1395 (2008).
 21. Khush, G. S. Modern varieties–Their real contribution to food supply and equity. GeoJournal 35, 275–284 (1995).
 22. Huang, M., Yin, X., Jiang, L., Zou, Y. & Deng, G. Raising potential yield of short-duration rice cultivars is possible by increasing 

harvest index. Biotechnol. Agron. Soc. Environ. 19, 153–159 (2015).
 23. Huang, M. et al. Improving physiological N-use efficiency by increasing harvest index in rice: a case in super-hybrid cultivar 

Guiliangyou 2. Arch. Agron. Soil Sci. 62, 725–743 (2016).
 24. van Groenigen, J. W. et al. Earthworms increase plant production: a meta-analysis. Sci. Rep. 4, 6365 (2014).
 25. Slafer, G. A., Calderini, D. F. & Miralles, D. J. Generation of yield components and compensation in wheat: opportunities for further 

increasing yield potential. In Increasing yield potential in wheat: breaking the barriers (eds Reynolds, M. P., Rajaram, S. & McNab, A.) 
110–133 (International Maize and Wheat Improvement Center, 1996).

 26. Huang, M. et al. Yield gap analysis of super hybrid rice between two subtropical environments. Aust. J. Crop Sci. 7, 600–608 (2013).
 27. Jiang, P. et al. Comparisons of yield performance and nitrogen response between hybrid and inbred rice under different ecological 

conditions in southern China. J. Integr. Agr. 14, 1283–1294 (2015).
 28. Blum, A. Selection for sustained production in water-deficit environments. In International crop science, vol. 1 (eds Shibles, R. et al.) 

343–347 (Crop Science Society of America, 1993).
 29. Yang, J. & Zhang, J. Grain filling of cereals under soil drying. New Phytol. 169, 223–236 (2006).
 30. Huang, J. et al. Determination of optimal nitrogen rate for rice varieties using a chlorophyll meter. Field Crops Res. 105, 70–80 

(2008).
 31. Huang, M. et al. Higher yields of hybrid rice do not depend on nitrogen fertilization under moderate to high soil fertility conditions. 

Rice 10, 43, https://doi.org/10.1186/s12284-017-0182-1 (2017).
 32. Huang, M., Yang, L., Qin, H., Jiang, L. & Zou, Y. Fertilizer nitrogen uptake by rice increased by biochar application. Biol. Fertil. Soils 

50, 997–1000 (2014).

Acknowledgements
This work was supported by the National Key R&D Program of China (2017YFD0301503) and the Earmarked 
Fund of China Agriculture Research System (CARS-01). We would like to thank Fangbo Cao, Xiaobing Xie, Jiana 
Chen, Shuanglü Shan, Wei Gao, Zhibin Li, Yumei Wang and Hengdong Zhang for joining the experiments.

Author Contributions
M.H. and Y.Z. conceived the experiments. C.Z. performed the experiments. M.H. and C.Z. analyzed the data and 
wrote the manuscript. N.U. revised the manuscript. All authors have read and approved the final manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1186/s12284-017-0182-1
http://creativecommons.org/licenses/by/4.0/

	Yield effect of applying earthworm castings produced during the oilseed rape-growing season in rice-oilseed rape cropping f ...
	Results
	Discussion
	Conclusions
	Methods
	Data availability. 

	Acknowledgements
	Figure 1 Earthworms migrated away from the rice field after flooding (A), earthworm castings produced in the oilseed rape-growing season (B), and earthworm castings collected after harvesting the oilseed rape (C).
	Figure 2 Uptake of non-fertilizer N (A,B), fertilizer N (C,D), and total N (E,F) in aboveground biomass in a rice cultivar Liangyoupeijiu as affected by earthworm castings (EC0: 0 g m−2 EC1: 17 g m−2) and N rates (N1: 9 g m−2 N2: 12 g m−2 N3: 15 g m−2) in
	Table 1 Grain yields (g m−2) from a rice cultivar Liangyoupeijiu grown under absence (EC0: 0 kg m−2) and presence of earthworm castings (EC1: 17 kg m−2) with three N rates (N1: 9 g m−2 N2: 12 g m−2 and N3: 15 g m−2) in 2016, and from nine rice cultivars g
	Table 2 Yield components in rice as affected by earthworm castings in 2016, and by earthworm castings and cultivars in 2017.
	Table 3 Total aboveground biomass and harvest index in rice as affected by earthworm castings in 2016, and by earthworm castings and cultivars in 2017.




