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Abstract
Soil aggregation by earthworms is important for sustainable agriculture because soil aggregates are 
highly permeable and retain water.  Casts are a soil aggregate and indicator of earthworm activity.  
The effects of reduced tillage using a rotary tiller on earthworm cast productivity and yield of Chinese 
cabbage were investigated in volcanic-ash soil.  Five tillage practices were investigated; conventional 
tillage (CT), no tillage (NT), and three reduced tillage practices: shallow tillage, row tillage, and shal-
low row tillage respectively.  Cast production of Pheretima (Amynthas) carnosa, the species which 
dominated the study site, and yields of Chinese cabbages were measured during three crop seasons.  
Crop yield under the NT treatment was lower than that under the CT treatment (p<0.05) in fall 2004, 
while in spring 2005 Chinese cabbage under NT treatment did not head out.  Yields under reduced 
tillage treatments tended to decrease in spring 2005, but were similar to those under CT treatment in 
the other two cropping seasons.  Under CT treatment, the surface cast production was almost zero.  
Cast production under reduced tillage exceeded that under CT treatment, but was lower than that under 
NT treatment.  Accordingly, reduced tillage can combine the ability to preserve aggregate formation 
by earthworms while also preventing any decline in Chinese cabbage production yield in the cropping 
system studied.
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Introduction

Tillage, pesticide use and chemical fertilizer applica-
tion are important means of increasing crop production.  
However, mismanagement of tillage and pesticide and fer-
tilizer applications results in water pollution and soil degra-
dation, hence recent intensive efforts to develop 
environment-conscious agricultural systems.  When envi-
ronment-conscious agricultural techniques are adopted, any 
potential or actual yield loss should be covered by facilitat-
ing soil fertilization through soil microbe and fauna func-
tions.  Although tillage is important for crop management, it 
may also degrade aggregates and reduce the densities of 
earthworms, which boost the development of soil aggre-

gates5.  Earthworms enhance nutrient cycling and soil aggre-
gate formation1,3,11.  Furthermore, Martin (1991)12 showed 
that aggregates made by earthworms delayed the decompo-
sition of organic matter.  Since keeping organic carbon in 
soil undecomposed is important for soil fertilization, pro-
moting the role of earthworms in soil aggregate formation 
should also boost improved soil fertilization.

The effect of tillage on earthworm density depends on 
the tillage machinery used, soil types and earthworm spe-
cies5.  Earthworms can be separated into three major groups 
based on their burrowing and feeding habits: endogeic, epi-
geic and anecic.  Endogeic species live in soil layers, 
whereas epigeic species are surface dwellers, and anecic 
species build permanent, deep vertical burrows in the soil 
and rise to the surface to search for food2,10.  Generally, till-
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age harms all these earthworm groups, particularly epigeic 
and anecic species5, whereas endogeic species sometimes 
proliferate if tillage adds organic material to the soil5.  
Ploughing is a conventional tillage method in Western coun-
tries, and the effects of tillage on earthworm communities 
have often been compared with those of non-inversion 
reduced tillage.  During these studies, the adoption of non-
inversion reduced tillage, e.g. disc harrowing, increased the 
abundance of anecic and epigeic species compared with 
plough tillage6,8.  Conversely, rotary tillers are convention-
ally used in Japan.  To date, there have been no studies 
investigating how the tillage area and depth resulting from 
rotary tillage affects the role of earthworms in soil aggregate 
formation and earthworm density.  Volcanic-ash soils are 
the dominant soil on Japanese agricultural land18.  In addi-
tion to differences in tiller type, the effect of reduced tillage 
on Japanese agricultural land has not been well studied.  
Enami et al. (1999)7 showed that the negative effects of till-
age on earthworm abundance were stronger in volcanic-ash 
soil than non-volcanic-ash soils, while the benefit of reduced 
tillage in terms of earthworm abundance and biomass only 
emerged in non-volcanic-ash soil (e.g. Ernst and Emmerling, 
20098).  In volcanic-ash soil, the negative effects of tillage 
on earthworms were investigated by Nakamura (1988)14 and 
Nakamura et al. (2003)15, but the effects of reduced tillage 
on the role of earthworms in soil aggregate formation and 
density were not studied.  Estimating the effects of reduced 
tillage on earthworms in volcanic-ash soil is useful for 
accelerating the functioning and use of earthworms in sus-
tainable agriculture.

No tillage and reduced tillage would induce less 
destruction of soil aggregate and facilitate soil aggregate 
formation by earthworms.  Promoting the soil aggregate 
structure would support sustainability, namely, long term 
productivities on which we can not detect the effects of soil 
aggregate formation in few years.  Conversely, in some 
cases, environmentally friendly tillage decreased the crop 
yield in the short term.  For carrying out sustainable agricul-
ture, not only long term productivity and also short term 
productivity are needed.  Therefore in this study the effects 
of reduced tillage using rotary tiller on the role of earth-
worms in soil aggregate formation as indicator of long term 
productivity and on the crop yield as short term productivity 
on a volcanic-ash soil were investigated.

Methods

In the experimental field, the anecic earthworm species 
Pheretima (Amynthas) carnosa (Goto & Hatai, 1899), which 
grows to over 20 cm long, dominated, comprising over 95% 
of the total biomass in the field9.  Therefore, we focused on 
this species in the study.  Earthworms form soil aggregates 
by casting and exuding external mucus into the soil, which 

acts as a soil-binding agent.  Although anecic species 
excrete casts both onto the soil surface and into the soil, we 
could not distinguish between newly excreted casts and soil 
aggregates in the soil.  In addition, it was difficult to collect 
casts deposited in the soil at no-till sites without disturbing 
the plots.  Accordingly, surface cast production alone was 
often measured and used to indicate activity (e.g. Zeller and 
Arnone, 199719, Sharpley et al., 201117).  Furthermore, a 
previous study showed a strong positive relationship 
between earthworm biomass and the surface cast production 
of P. (A.) carnosa9.  Therefore, in this field experiment, sur-
face cast production was measured to estimate the effects of 
tillage on earthworm casting activities.  Two experiments 
and one field survey were conducted.  A pot experiment was 
performed to confirm the validity of counting surface casts 
as an indicator of earthworm activities.  In a previous study9, 
we investigated herbicidal effects on this species by measur-
ing surface cast production under no-till sites.  In the previ-
ous study, soil bulk density was the same between 
treatments.  However, in this study, bulk density changed 
with tillage treatments and the bulk density of the tilled soil 
was low compared with no-till.  In addition, the bulk density 
of the tilled soil increased due to the treading stress applied 
when farm work was done in the plots.  If soil density 
affects earthworm casting behavior, we cannot estimate the 
role of earthworms in soil aggregate formation by measur-
ing surface cast production between different tillage treat-
ments.  Moreover, a field experiment was performed to 
declare the effects of tillage on soil surface cast production 
and crop yield.  During the field experiment, we could 
assess the initial effects of tillage on earthworms, because 
the study site had been managed as a no-till site for more 
than a decade.  These data were obtained by counting the 
number of injured earthworms on the soil surface at the time 
of the first tillage.  A field survey was performed to obtain 
data on the vertical distribution of earthworms.  In this 
study, since tillage depth was manipulated between treat-
ments, information on the vertical distribution of earth-
worms was useful to estimate the extent of earthworm 
damage caused directly by machinery.

1. Field experiment
(1) Study site

The study was conducted at the Department of Upland 
Farming, National Agricultural Research Center for Tohoku 
Region, Fukushima, Japan (37°43’N, 140°23’E; altitude 176 
m a.s.l.).  The soil was a humus-rich volcanic ash (an 
Umbric Andosol, according to the FAO classification; 55% 
sand, 26% silt and 20% clay)13.  The air temperature and 
precipitation were monitored near the experimental field.  
Mean monthly air temperatures and monthly precipitation 
were calculated from the daily data.  Precipitation from 
April to June in 2005 was less than that in 2004, while in 
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October precipitation in 2004 exceeded that in 2005.  The 
maximum average temperature over a month differed 
between the two years: the maximum average was in July 
2004 and in August 2005 (Fig. 1).
(2) Treatment

The field experiment was set up in a field measuring 
94 × 30 m.  Five tillage practices were investigated; conven-
tional tillage (CT), no tillage (NT), and three reduced tillage 
practices.  For the reduced tillage practices, we manipulated 
the tillage depth and area to reduce the amount of soil dis-
turbance.  The whole surface of CT plots was tilled to a 
depth of 15 cm with a rotary tiller, while in the NT plots, 
Chinese cabbage was directly planted.  Shallow tillage (ST) 
was conducted by tilling to a depth of 7 cm.  Row tillage 
(RT) tilled to a depth of 15 cm, but tilled with a width of 
only 40 cm in an 80-cm width row for planting.  In the RT 
treatment, the area tilled by the rotary tiller was half that in 
the CT treatment.  Shallow row tillage (SRT) was done by 
tilling to a depth of 7 cm, but tilled with a width of only 40 
cm.  There was no litter on the surface in the tilled area.  
Conversely, there was some litter, which was dead weed on 
the surface in the no-tilled area.  The experiments com-
menced in the fall of 2004 with three replicate plots (4 × 7 
m) per tillage treatment.
(3) Cropping

Chinese cabbage (Brassica rapa L. ‘Oukou 65’) was 
cultured in fall 2004, spring 2005 and fall 2005.  Table 1 
shows the field operation.  Because the experimental field 
had been under no-till management for an extended period, 
in the first cropping, tillage was done twice.  Weeding was 
done manually.  Because the weed growth rate was high in 
spring, the second cropping involved weeding done twice, 
while herbicide was applied to every treatment in the second 
and third cropping.  Chinese cabbage was transplanted by 
hand at rows spaced at 80 cm and a hill space of 40 cm 
within rows in every cropping.  Chemical fertilizer was 
applied to the rows just before transplanting at a rate corre-
sponding to approximately 18 kg N, 8 kg P, and 15 kg K per 
10 a (1,000 m2) in all cropping seasons.  A cyclo-di-urea (2-
oxo-4-methyl-6-ureidohexahydropyrimidine) mixed fertil-
izer (15% N, 15% P2O5, 15% K2O), which is a slow-release 
fertilizer was used in 39% of the total fertilizer.
(4) Measurement

To measure the effects of tillage treatments on surface 
cast production, soil surface casts were collected before the 
tillage of the first cropping during twelve days and approxi-
mately weekly during each cropping period.  Fresh casts 
were collected from a quadrat of 80 × 80 cm located at the 
center of each plot, whereupon they were dried at 105°C 
and weighed.

Damaged earthworms on the surface were counted in 
the RT and SRT plots after the first tillage, on 26 August, 
2004.

Fresh heads of Chinese cabbage were weighed 60 days 
after planting.  Fifty-six individuals were planted per plot, 
and only thirty individuals inside the plot were used to cal-
culate the mean value.  Undeveloped individuals, e.g. those 
whose heads were not formed, were not used to calculate 
the mean value.

2. Pot experiment
The effects of tillage on soil bulk density and soil sur-

face cast production were measured for validation as a sam-
pling surface cast in the field experiment.  Soil core samples 
were collected in five replications from the NT, CT without 
treading stress (T), and CT with treading stress (TS) plots.  
Polycarbonate tubes (10.5 cm in diameter, 12 cm high) were 
inserted to a depth of 10 cm, and then gently pulled out.  
The upper opening of the core was covered with a screen 
mesh made of polyester to prevent the earthworms from 
escaping, while the bottom of the core was covered with 
polycarbonate.  As food, 1.93 g (105°C dry weight basis) of 
centipede grass (Eremochloa ophiuroides (Munro) Hack.) 
was placed on the surface and one worm (average fresh 
weight 4 g) was inserted into each pot.  The core was kept 
in a climate chamber, the temperature of which was con-
trolled at 22.5°C during the day with 52700 lux (12 h) and 
at 20°C overnight (12 h).  Relative humidity was controlled 
at 70% during the day, and 75% overnight.  Soil surface 
casts were collected eight and fifteen days after the start of 
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Fig. 1.   Monthly precipitation (bars) and temperature (solid 
line) during the experiment

2004
fall

2005
spring

2005
fall

Tillage 26 Aug. 
8 Sep. 8 Apr. 1 Sep.

Weeding 26 Aug. 28 Apr. 
18 May 11 Oct.

Herbicide application 4 Apr. 30 Aug.
Chinese cabbage seeded 30 Aug. 16 Mar. 23 Aug.
Chinese cabbage transplanted 13 Sep. 19 Apr. 12 Sep.
Chinese cabbage hervested 24 Nov. 21 Jun. 24 Nov.

Table 1.  Field operation in field experiment
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the experiment respectively, and weighed (105°C dry weight 
basis).
3. Field survey

The vertical distribution of P. (A.) carnosa was inves-
tigated during one year in an adjacent study plot, which had 
been under no-till conditions.  Soil samples were taken from 
depths of 0-5, 5-25 and 25-40 cm in October 2003, February, 
June, August, and November 2004.  For the second tillage, 
on 8 September, 2004, sampling was performed at soil 
depths of 0-7, 7-15 and 15-40 cm.  Six soil profiles (25 × 25 
cm) were excavated at all sampling times and earthworms 
were removed from the soil by hand-sorting.  Only the sub-
adults and adult density were counted because only they 
could be identified.

4. Data analysis
The effects of tillage on cast production and soil bulk 

density in pot experiment were estimated by one-way 
ANOVA and a Tukey-Kramer’s honestly significant differ-
ence test, while the effects of tillage and cropping season on 
cast and Chinese cabbage production were estimated by 
repeated measures ANOVA.  The mean value of thirty 
Chinese cabbage head samples was used for statistical anal-
ysis.  To obtain normal distributions for the data before con-
ducting ANOVA, the cast weight and weights of the heads 
of Chinese cabbage were transformed to log (x + 1), but the 

original mean values are presented in Figs. 2 and 3.  When 
significant interaction between treatment and cropping sea-
son was detected, the tillage effects were analyzed at each 
cropping season with Bonferroni correction.  Analyses were 
carried out using SPSS 11.0.1J for Windows (SPSS Inc., 
Chicago, IL, USA).

Results and Discussion

1.  Validation as sampling surface cast in the pot 
experiment

If the soil density affected earthworm casting behavior, 
for example high soil density increased earthworm surface 
casts, this would prevent us from using surface casting 
activity as an indicator of soil aggregate formation by earth-

T TS NT p

Soil bulk density g cm-3 0.729 a 0.816 b 0.925 c p<0.05

Cast weight g pot-1 5.03 4.42 6.16 p=0.243

Data of cast weight show the total soil surface cast weight per 
pot during the experiment.  Different characters show statisti-
cally significant differences in values in the Tukey-Kramer 
test (p<0.05).  T: CT without treading stress soil, TS: CT with 
treading stress soil, NT: NT soil.

Table 2.  Effects of tillage on soil bulk density and soil 
surface cast weight during 15 days in pot 
experiment (mean)
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Fig. 2.   Effects of tillage treatments on the yield per Chinese 
cabbage (head weight)

Error bars indicate ±SE. CT: conventional tillage; 
RT: row tillage; ST: surface tillage; SRT: surface 
row tillage; NT: no tillage
*: There were no heads of Chinese cabbage in NT 
in spring 2005. Different characters show statisti-
cally significant differences after Bonferroni cor-
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Fig. 3.   Tillage effects on surface cast production rate in 
field experiment

Error bars indicate ±SE. CT: conventional tillage; 
RT: row tillage; ST: surface tillage; SRT: surface 
row tillage; NT: no tillage.
Different characters show statistically significant 
differences after Bonferroni corrections (α ini-
tial=5%).
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worms.  Although tillage affected soil density, soil density 
did not affect earthworm casting behavior (Table 2).  Buck 
et al. (2000)4 also showed Lumbricus terrestris, which is the 
same habitat species as this experiment and produced an 
equivalent amount of cast between two soil densities.  With 
this result we can assume it is valid to measure surface cast 
production to estimate the effects of tillage on the earth-
worm function as the soil aggregate formation due to the 
lack of any link between earthworm casting behavior and 
soil bulk density.

2. Effect of tillage on Chinese cabbage yield
In the fall of 2004, yields of Chinese cabbage under 

NT treatment were significantly less than those under 
reduced and conventional tillage treatments (p<0.05) (Fig. 
2).  Chinese cabbage did not head in spring 2005 in the NT 
treatment.  Although the yields in ST, RT, and SRT plots 
tended to decrease compared with that under CT treatment 
in spring 2005, those under ST, RT, and SRT treatments 
were almost the same as the yields under CT treatment in 
the other two cropping periods.  In NT treatment, the crop 
yield fluctuated between cropping, which would be mainly 
attributable to weed biomass.  Even though we did not mea-
sure weed biomass, in the first cropping, weed biomass may 
be high in NT treatment, due to the non-use of herbicide.  In 
the second cropping, despite using herbicide, two times of 
weeding were needed due to the weed proliferating in 
spring.  Miura et al. (2008)13 also showed weed biomass was 
higher in spring than fall in adjacent experimental plots.  In 
the third cropping, herbicide using, weeding practice and 
low weed growth rate would help achieve high NT treat-
ment productivity.

Miura et al. (2008)13 showed that the yield of Chinese 
cabbage under no-tillage treatment was lower than that 
under conventional tillage.  Our data were consistent with 
their study, and showed that reduced tillage helped to avoid 
a reduction in the Chinese cabbage yield.

3.  Effect of tillage practices on earthworm casting 
activity

There was no difference between treatments in soil 
surface cast production before tillage commenced.  Cast 
production rates over all treatments before tillage com-

menced were 17.8 ± 1.01 g m-2 day-1 (mean ± S.E.).  The 
cast production rate in the NT plots was the highest in every 
cropping period (Fig. 3).  During the first cropping, signifi-
cant differences emerged between NT and the other treat-
ments, while in the second cropping, there were statistically 
significant differences between CT and ST tillage treat-
ments, and NT.  In the third cropping, cast production rates 
in the different treatments increased in the following order 
CT, ST, RT, SRT, and NT, and there were statistically sig-
nificant differences between treatments.

After the first tillage, on 26 August, 2004, injured 
worms arising from tillage were counted on the soil surface 
in RT and SRT treatments.  The numbers of worms were 3.3 
± 0.9 and 8.3 ± 1.8 (mean ± S.E.) per plot in SRT and RT 
treatments, respectively (Table 3).  The injured individuals 
died a few days later.  Based on this observation, deep till-
age induced a profound, direct negative effect on the earth-
worms.  During the second tillage on 8 September, 2004, 
the vertical distribution proportions of earthworm were 20, 
40 and 40% in the 0-7, 7-15, and 15-40-cm soil layers, 
respectively (Table 4), meaning there were few individual 
worms in the top 7 cm layer at the time of tillage.  In addi-
tion, no earthworms were found in the 0-5 cm layer during 
the year (Table 5).  Although slight differences emerged in 
the depth of the top layer between the two surveys, many 
individual worms remained under the shallow tillage layer.

However, despite the fact many worms were present in 
the soil below 5 cm over the year, surface cast production 
declined significantly, even during the shallow tillage treat-
ments (Fig. 3).  The elimination of organic matter from the 
soil surface, mechanical damage caused to earthworms by 
machinery, and disturbance of the earthworm habitat are 
considered major negative factors of tillage on earthworms5.  
Generally speaking, surface organic matter is important for 
Anecic and Epigeic species5,16.  Kaneda et al. (2009)9 
showed that removing surface litter caused a reduction in 
the surface cast production of the same species, meaning 
decreasing surface litter by tillage would induce low surface 
cast production due to decreasing earthworm casting activ-
ity or escaping from tillage plots in this experiment.  In 
addition to mechanical damage to earthworms, the elimina-
tion of organic matter from the soil surface and disturbance 

Treatment Tillage depth Number plot-1

SRT 7cm 3.3 ± 0.9

RT 15cm 8.3 ± 1.8

Earthworms were sampled on 26 Aug., 2004. (n=3) SRT: 
Shallow row tillage treatment, RT: row tillage treatment.

Table 3.   The number of injured worms arising from tillage 
in the field experiment (mean ± S.E.)

Soil depth Number m-2 (%)
0-7cm 8.0 ± 3.52 20

7-15cm 16.0 ± 4.16 40

15-40cm 16.0 ± 5.92 40
Earthworms were sampled on 8 Sep., 2004. (n=6)

Table 4.   The vertical distribution proportions of 
earthworms around the field experiment 
plot (mean ± S.E.)
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of their habitat induced by tillage apparently decreased cast 
production in this experiment.

Nakamura (1988)14 and Nakamura et al. (2003)15 found 
that tillage adversely affected earthworm density in volca-
nic-ash soil.  Miura et al. (2008)13 showed that surface cast 
production under conventional tillage was lower than under 
a no-tillage system.  Results in this study were consistent 
with previous research, and revealed that soil surface cast 
production in reduced tillage treatments was lower than that 
in the NT treatment, but exceeded that in the CT treatment.  
This result is applicable to the same type of anecic species, 
but for epigeic and endogeic species, further research into 
the effects of reduced tillage is needed.

Conclusions

This study investigated the reduced tillage effect on 
earthworm cast production and the yield of Chinese cabbage 
on volcanic-ash soil.  Yields under reduced tillage treat-
ments tended to decrease in spring 2005.  At other times, 
however, yields under reduced tillage treatments were 
almost the same as those in the CT treatment.  Conversely, 
soil surface cast production under the reduced tillage treat-
ments was lower than that under the NT treatments, but 
exceeded that under the CT treatment.  These results indi-
cate that reduced tillage can help preserve aggregate forma-
tion by earthworms and prevent any reduction in yield in 
Chinese cabbage production in the cropping system studied.  
Soil aggregate formation is strongly linked to soil fertility.  
Namely, reduced tillage should keep and facilitate soil fer-
tility without decreasing the crop yield.
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