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Chapter

Possibility of No-Input Farming in 
Lowland Rice Fields in Japan from 
the Viewpoint of Sustaining Soil 
Fertility
Naoki Moritsuka

Abstract

In Japan, the area of low-input rice production is gradually increasing with a 
growing public interest in the quality and safety of our staple food. In an extreme 
case, rice has been grown over years without using any chemical fertilizers and 
agrochemicals. However, it is uncertain how much and how long such no-input 
farming can sustain rice yield and soil fertility. To better understand the sustain-
ability of no-input rice farming in Japan, I briefly review previous results obtained 
from the long-term field experiments. The topics are (1) rice yield and soil fertility 
under no-input farming, (2) the environmental factors affecting rice growth and 
soil fertility under no-input farming, and (3) the dynamics of soil K under continu-
ous rice cropping. The corresponding conclusions are as follows: (1) rice yield and 
soil fertility under no-input farming in Japan were influenced by various environ-
mental and management factors operating at regional and field scales; (2) the input 
of K through irrigation and the high-clay content in soil were considered the key 
environmental factors that enable to sustain no-input farming; and (3) soil K deple-
tion caused by long-term exhaustive cropping should be assessed by monitoring the 
decrease of soil nonexchangeable K rather than that of exchangeable K.

Keywords: irrigation effect, long-term field experiment, lowland rice, 
nonexchangeable potassium, soil sustainability

1. Introduction

It is generally considered that crop yield and soil fertility can be maintained by 
the adequate input of fertilizer elements to soil. However, in the case of irrigated 
paddy soil, there are several farmers’ fields in Japan which have not received any 
fertilizers for more than a decade but sustained rice yield at around 400 g m−2, i.e., 
about 80% of the conventionally fertilized fields [1–3].

The wonder of sustaining rice yield without fertilizer input may be explained 
by the unconscious input of nutrients to lowland fields through irrigation, rainfall, 
and biological nitrogen (N) fixation [4]. The advantage of lowland rice over upland 
rice can be found in the nutrient omission trials carried out throughout the country 
before chemical fertilizer was prevailed [5]. As shown in Figure 1, N was the most 
limiting element for both lowland and upland rice. For lowland rice, however, 
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the percentage of yield loss caused by the omission of fertilizers differed with the 
growth conditions; 22 and 47% under field and pot conditions, respectively. Such 
a discrepancy was not observed for upland rice. With a closer look at the response 
of lowland rice to the omission of potassium (K) and phosphorus (P) under field 
conditions, the omission of these elements also caused more than 10% decrease of 
the yield in more than 20% of the paddy fields surveyed (Figure 2). Accordingly, 
K or P began to limit rice yield in some of the paddy fields when N limitation was 
removed by the application of N fertilizer.

These results contributed to predict the necessary amount and type of chemical 
fertilizers applied to paddy fields. Figure 3 shows the temporal changes in the average 
rates of chemical fertilizer applied to paddy fields in Japan [6]. In 1950, N was applied 
at a higher rate than P and K. With time, the rates of P and K became comparable to 
the rate of N. This is probably because of the alleviation of N limitation and the use 
of compound fertilizer containing N and other nutrients. In 1970, more than 60% of 

Figure 1. 
Response of the yield of lowland rice and upland rice to the omission of N, P, and K fertilizers in Japan 
(adapted from [5]). Data obtained from the nutrient omission trials conducted under pot and field conditions 
since 1916 were summarized.

Figure 2. 
Response of the yield of lowland rice to the omission of N, P, and K fertilizers in Japan (adapted from [5]). 
Data obtained from the nutrient omission trials conducted under field conditions (field-grown lowland rice in 
Figure 1) were summarized. The trials were 1097–1138 in number.
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N, P, and K were applied together in the form of compound fertilizer. The application 
rates of all nutrients increased rapidly by 1970 and reached a plateau around 1980. 
Then, the rates decreased from 1990 to 2015. The amount of N applied in 2011–2015 
(60 kg ha−1) became smaller than the amount of N applied in 1950 (65 kg ha−1). This 
would be partly because the percentage of fertilizer N recovered by rice plants was 
significantly increased by the development of new techniques, e.g., side-dressing of 
polyolefin-coated urea that can supply N to rice roots according to crop demand. But a 
more plausible reason is the introduction of the gentan policy in 1970 for reducing rice 
production all over the country and the concomitant shift of the consumer preference 
to rice from the nutrition to the taste and safety. For example, recent Japanese con-
sumers prefer low-protein rice that is less nutritious than high-protein rice, because 
cooked rice with high-protein content tends to become hard and nonsticky [7].

From these backgrounds, rice and other crops produced with reduced input 
of chemical fertilizers and agrochemicals have been attracting more attention by 
consumers. In 2001, the Japanese government established the guidelines for the 
certification of crops produced with chemical fertilizers and agrochemicals at less 
than 50% of the conventional dosage in each region. The area of production of 
such crops amounted to 0.12 million ha (2.6% of total arable land) in 2017. Organic 
farming, where chemical fertilizer is fully replaced with organic fertilizer, is also 
increasing gradually, although the area of organic-farming fields is still 0.5% of the 
total area of arable land in 2017. The most extreme way of farming is the production 
of crops without using any chemical fertilizers and agrochemicals. Such no-input 
farming is called shizen nouhou or shizen saibai in Japanese, and translated directly as 
natural farming [1] or nature farming [8]. The amount of rice produced by no-input 
farming was estimated to be only 0.04% of the national production in 1991 [9].

These histories clearly show that no-input farming in Japan has been developed 
as a result of the past high-input farming, and it does not represent various types of 
no-input farming systems in the world. Almost all no-input paddy fields in Japan 
had received chemical fertilizers and agrochemicals before no-input farming was 
introduced, and these fields are different from the absolutely no-input fields in 
other countries that have not received any chemicals since land reclamation.

Figure 3. 
Rates of chemical fertilizer application to paddy fields in Japan from 1950 to 2015. The values before 1970 
were cited from FAO [6], and those after 1970 were cited from several volumes of Pocket Fertilizer Handbook 
published by the Association of Agriculture and Forestry Statistics, Tokyo.
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Recently, no-input rice farming in Japan has been recognized as an economically 
feasible farming system. Due to the very limited availability, rice produced by no-
input farming has been sold at twice or more the price of rice produced by conven-
tional farming [10]. Besides the price of the products, the level of rice yield and its 
sustainability are also important for farmers [1]. Several researchers have compared 
rice yield among no-input paddy fields with different periods after introducing 
no-input farming [1–3]. However, most of the previous studies have used a space-
for-time substitution approach instead of monitoring rice yield and soil fertility 
over years. Thus, it is uncertain how much and how long such no-input farming can 
sustain rice yield and soil fertility under various environmental conditions.

In order to better understand the sustainability of no-input rice farming in 
Japan, I briefly review previous results obtained from the long-term field experi-
ments including our no-input trial. The main topics in this review are (1) rice yield 
and soil fertility under no-input farming, (2) the environmental factors affecting 
rice growth and soil fertility under no-input farming, and (3) the dynamics of soil 
K under no-input and high-input rice farming systems.

2. Rice yield and soil fertility under no-input farming

In 1990, Neera et al. [1] surveyed 542 no-input fields in 17 prefectures in Japan 
and compared rice yield with the average yield by conventional farming according 
to the corresponding municipal statistics. The sampling of rice plants was per-
formed at one representative site in a paddy field at the rate of 30 hills per field [11]. 
On average of the surveyed fields, the period of no-input farming was 10.7 years, 
and the yield of brown rice by no-input farming (445 g m−2) amounted to 87% of 
the yield by conventional farming (511 g m−2). When the results were compared 
among different regions, the yield by no-input farming was significantly lower 
than the yield by conventional farming at six prefectures in Tohoku district located 
in northern Japan (Figure 4). The yield was relatively high in Tohoku district, and 
the average yield after no-input farming for 28–40 years amounted to 456 g m−2 
(n = 19). On the other hand, the yield gap was not statistically significant at many 
prefectures in Kinki and Chugoku districts located in southern Japan except for 

Figure 4. 
Relationship between rice yields obtained from municipal statistics and from no-input farming (adapted from [1]).
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Okayama prefecture. Furthermore, the coefficients of variation of yield by no-
input farming were as large as 12–29% in each region displayed in Figure 4, and 
the number of surveyed fields in each region was relatively large (19–180). These 
results suggest that rice yield was also influenced by field-specific environmental 
and management factors. The lack of the yield gap in several prefectures might be 
due to the arbitrary selection of fertile fields for no-input farming, because it was 
contrasting to the results obtained from the nutrient omission trials (Figure 2). 
Thus, the authors emphasized that more research is needed to monitor the yield 
under no-input farming in combination with the yield under conventional farming 
and to elucidate the factors affecting rice yield under no-input farming.

Following this pioneering work, however, only a few researchers have attempted 
to identify the factors affecting rice yield under no-input farming. Hosoya and 
Sugiyama [2] surveyed 16 no-input fields in four prefectures (Aomori, Iwate, 
Miyagi, and Niigata) in northern Japan. The yield of brown rice in no-input fields 
was positively correlated with the number of panicles (r = 0.92, p < 0.01). The pan-
icle number was positively correlated with the air temperature during the vegetative 
stage (r = 0.66, p < 0.01) and negatively correlated with the latitude of the location 
of each field (r = −0.60, p < 0.05). Tatara et al. [3] also examined 16 no-input fields 
in three prefectures (Fukui, Shiga, and Kyoto) located in the warmer part of Japan. 
The yield of rough rice was positively correlated with soil total N content (r = 0.76, 
p < 0.01) but was not significantly correlated with the content of mineralizable N 
in soil. These results imply that, in the case of northern Japan, the yield by no-input 
farming was limited by the low temperature during the vegetative stage. Thus, the 
rate of N mineralization from soil rather than soil total N was regarded as an impor-
tant factor limiting the tiller (panicle) number and yield. In the case of southern 
Japan, on the other hand, soil total N content was regarded as the most important 
factor limiting rice yield. These interpretations are based on the assumption that rice 
growth was not limited by the vigorous growth of weeds in no-input fields, because 
much more labor is required to remove weeds mechanically without herbicides, and 
effective weeding is the biggest concern for rice farmers adopting organic farming or 
no-input farming [12].

Compared to rice yield, much less attention has been paid to soil fertility 
under no-input farming. When the results in the above two reports [3, 12] were 
combined, total N content in the surface soil showed a large variation among the 
fields (Figure 5), and the coefficient of variation became 47%. The content was 
similar to or higher than the national average (2.39 g kg−1) in several fields with a 
no-input history for more than 5 years. The highest content was recorded in a field 
with no fertilizer input for 21 years. The soil in this field was classified as one of 
the Andosols, whereas the soil in all the other fields was classified as non-Andosols 
according to the digital soil map of Japan [13].

For other soil properties, Kuwamura [8] evaluated the characteristics of soil 
chemical properties under no-input farming by using a space-for-time substitution 
approach. An extensive survey was conducted by analyzing 654 soil samples col-
lected from no-input paddy fields throughout Japan from 1992 to 1996. The period 
of no-input farming ranged from 0 to 49 years. The results were compared with the 
contemporary national soil inventory data (third survey from 1989 to 1993 in [14]). 
The average depth of a plow layer in no-input fields (18.5 cm) was larger than that 
in the conventional paddy fields (14.6 cm). The average content of total N in the 
surface soil (2.6 g kg−1) was slightly higher than the national average (2.42 g kg−1). 
On the other hand, the average content of mineralizable N in the surface soil 
(118 mg kg−1) was slightly lower than the national average (145 mg kg−1). The aver-
age content of available P (Truog P) in the surface soil (126 mgP2O5 kg−1) was much 
lower than the national average (298 mgP2O5 kg−1). When the soil samples were 
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limited to those classified as non-Andosols (n = 460), the concentration of avail-
able P was negatively correlated with the period of no-input farming (Spearman’s 
r = −0.42, p < 0.001). This negative correlation was partly due to the presence of 
extremely high P soils in no-input fields with a short history, because the eight 
outliers with the available P content exceeding 600 mgP2O5 kg−1 were all sampled 
from the fields with a history of less than 20 years. Kuwamura [8] interpreted the 
results as follows: (1) soil available P was depleted by long-term no-input farm-
ing; (2) no-input fields with a short history had received more fertilizer-derived P 
before ceasing fertilization than those with a long history; and (3) no-input farmers 
with a long experience have managed their fields with lower return of plant residues 
such as rice straw. In contrast to available P, the concentration of mineralizable N 
in the non-Andosol samples was positively correlated with the period of no-input 
farming (Spearman’s r = 0.22, p < 0.001), which implies that soil available N was 
not depleted by long-term no-input farming.

The above results were obtained from the one-time survey of no-input fields. Due 
to the lack of long-term monitoring data, it is difficult to make a simple conclusion. 
Nevertheless, it can be roughly concluded that rice yield and soil fertility in no-input 
paddy fields were influenced not only by the period of no-input farming but also by 
various environmental and management factors operating at regional and field scales.

3.  Environmental factors affecting rice growth and soil fertility under 
no-input farming

In this section, I introduce our results obtained from a 5-year no-input trial [15]. 
To estimate the environmental factors that enable soil fertility to be maintained 
without fertilization, application of fertilizers to a paddy field at Kyoto University 
Farm in Takatsuki, Japan, was ceased in 2010. Both planted and unplanted plots 
were installed in the field (Figure 6). Then, changes in rice yield and soil fertility 
in the field were evaluated until 2015. Surface soil samples were collected from 
both planted and unplanted plots before transplanting and after harvesting of rice 
plants. At harvesting, rice straw was also removed from the field. The physico-
chemical properties of the samples were monitored. Rice yield and the uptake of N 

Figure 5. 
Relationship between the period after ceasing fertilization to paddy fields and the content of total N in the 
surface soil (adapted from [3, 12]). The circular and rectangular plots are those reported by Tatara et al. [3] 
and Hosoya and Sugiyama [12], respectively. A dotted line in the figure indicates the average content in the 
surface paddy soil of Japan (2.39 g kg−1) reported by MAFF [14].
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and K by rice plants were also analyzed. The soil in this field was classified as non-
Andosol (Gley lowland soil) according to Digital Soil Map of Japan [13]. The surface 
soil was relatively sandy (sand content higher than 60%) and had the following 
properties at the start of the experiment: pH(H2O)—5.95; total C—20.2 g kg−1; total 
N—1.99 g kg−1; mineralizable N—156 mg kg−1, available P (Bray no.2 P)—484 mgP 
kg−1; and cation exchange capacity—10.4 cmolc kg−1. As the soil was relatively rich 
in available P due to the long-term application of chemical fertilizers, we focused on 
the dynamics of N and K in this field.

During the experimental period, the yield of unhulled rice was relatively 
stable; 630, 621, 618, 551, and 639 g m−2 from 2010 to 2014, respectively. On the 
other hand, the levels of mineralizable N, total N, and nonexchangeable K (boil-
ing 1 mol L−1 HNO3-extractable K minus exchangeable K) in the surface soil of 
both planted and unplanted plots began to significantly decrease after three crop-
ping seasons (Figure 7). The amount of total N and boiling HNO3-extractable 
K (exchangeable K plus nonexchangeable K) decreased from the surface soil 
(0–10 cm) of the unplanted plot during the 5 years was estimated to be 55 and 
7.2 g m−2, respectively, assuming a bulk density of 1.0 g cm−3. On the other hand, 
the amount of N and K taken up by a single cropping of rice plants in 2012 was 
8.3 and 11.5 g m−2, respectively. Accordingly, N was lost from the unplanted plots 
with the magnitude comparable to the removal of N by rice plants. The results in 
Figure 7 also indicated that the continuous removal of N and K from soil caused the 
significant depletions of mineralizable N and nonexchangeable K but not of more 
readily extractable fractions (NH4

+-N and exchangeable K). By more frequent soil 
sampling and analysis conducted in 2012, it was revealed that the concentration of 
exchangeable K in soil decreased from transplanting to the maximum tillering stage 
and then recovered to the initial level from the booting stage to winter [15]. The 
reason for the lack of depletion of exchangeable K after continuous removal of K is 
discussed in the last section.

In 2013, the fourth year after ceasing fertilization, fertilizer trials with N or K 
application were conducted under both field and pot conditions to identify which 
element limited rice growth (Figure 8). Distilled water was used for irrigation in 
the pot experiment, whereas river or underground water was used for irrigation 
in the field experiment; total N and K concentration was measured at each irriga-
tion event. The fertilizer trials demonstrated that the element limiting rice growth 
was K or N under pot or field conditions, respectively (Figure 8). To confirm this 
result, another nutrient omission trial was conducted in 2016 by using the surface 
soil collected after six harvests of rice without fertilization. Among the nutrients 

Figure 6. 
Rice plants (cv. Hinohikari) at panicle initiation stage grown without fertilization in Kyoto University farm 
(right side). In the field with an area of 10 a, two unplanted plots were equipped next to the planted plots. The 
color of rice leaves in this field was yellower than the color in a fertilized field (left side), suggesting that N was 
the most limiting nutrient in the unfertilized field. The photograph was taken by the author on July 30, 2012, the 
third year after ceasing fertilization to this field.
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omitted (N, K, and Si), K was the most limiting nutrient when distilled water was 
used for irrigation (Figure 9). These results indicate that K, but not N, was the 
most limiting nutrient in the unfertilized soil and that the amount of K supplied by 
irrigation was sufficient to overcome the low K status of the unfertilized soil and 
meet plant demand. This should be the main reason why fertilizer responses were 
different between pot and field conditions. In other words, previous results on the 
nutrient omission trials (Figures 1 and 2) may have overestimated the ability of soil 
to supply nutrients to rice plants by allowing the external input of nutrients through 
irrigation.

In our field, the average concentration of K in irrigation water was 3.8 mg L−1 in 
2013. If the amount of irrigation was assumed to be 1000 kg m−2, the input of K to 
the field through irrigation becomes 3.8 g m−2. This amount is slightly higher than 
the amount of K in rice panicles at maturity stage (3.0 g m−2 in our study). Thus, the 
input of K by irrigation may meet the plant’s demand if rice straw is not removed 
from the fields and the irrigation water is rich in K (>2 mg L−1).

Figure 10 shows the average K concentration in river water sampled from 225 
rivers throughout Japan [16]. The sampling was carried out in 1940s and 1950s, when 
the eutrophication of river water was not a serious problem. The national average 
of the K concentration in river water was 1.20 mg L−1 with a large spatial variation 

Figure 7. 
Temporal changes of surface soil properties at planted (open circle) and unplanted (filled circle) plots in the 
unfertilized field (adapted from [15]). Error bars indicate the standard error of the mean (n = 2).
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(coefficient of variation = 57%). The concentration of K was higher than 2 mg L−1 
in 24 rivers (10.7%), and 13 out of 24 rivers were located in Kyushu district in 
southern Japan. Several rivers originating from the Aso and Kirishima volcanic areas 

Figure 8. 
Dry matter weight of rice shoot (cv. Hinohikari) at maturity stage as influenced by the fertilizer application 
and growth conditions (adapted from [15]). Air-dry weight for field experiment and oven-dry weight for 
pot experiment. Error bars indicate the standard error of the mean (n = 60 for field experiment, n = 3 for 
pot experiment). In the pot experiment, distilled water was used for irrigation. **and * indicate significant 
difference from the unfertilized treatment at 1 and 5% (t-test), respectively.

Figure 9. 
Rice plants (cv. Hinohikari) at milk ripe stage grown in Takatsuki soil collected from the field without fertilizer 
application for 6 years (Moritsuka, unpublished). Distilled water was used for irrigation. The values indicate 
the average ± standard deviation of the shoot dry matter weight (g pot−1, n = 3) for each fertilizer treatment. 
The photo was taken by the author on September 11, 2016.
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Figure 11. 
Relationship between the sand content and the total N content in soils frequently used for paddy fields (adapted 
from [15]). Among the data of agricultural surface soils in Japan reported by Sano et al. [17], those from soils 
classified as lowland paddy soils, Gley lowland soils, and Gray lowland soils (n = 65) were displayed.

in Kyushu district showed very high concentrations of both K and Si. These results 
suggest that, in some of the watersheds in Japan, the input of K by irrigation of river 
water can meet the plant’s demand even without the application of K fertilizer.

In contrast to K, the national average of inorganic N (NH4
+ and NO3

−) concen-
tration in river water was 0.28 mgN L−1 (coefficient of variation = 99%) [16]. The 
input of N by irrigation cannot meet the plant’s demand unless river water is pol-
luted by eutrophication. As shown in Figure 5, there was a large variation in total N 
content in no-input paddy soils even when an outlier classified as an Andosol was 
removed. Such a large variation may have originated from the capacity of soil clay 
particles to accumulate organic matter containing N. This is because a significant 
negative correlation was observed between the sand content and the total N content 
in agricultural surface soils frequently used for paddy fields (Figure 11) [17].

Figure 10. 
Average K concentration in river water sampled from 225 rivers in Japan (adapted from [16]). The numbers in 
the parentheses below the figure indicate the number of rivers surveyed in each region of the country.
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Summarizing the results of this section, the input of K through irrigation and 
high-clay content in soil were considered the key environmental factors that enable 
to continue no-input farming. These factors are indebted to geographical condi-
tions. Furthermore, the accumulation of fertilizer-derived P in the surface soil 
before ceasing fertilization may be another important factor. As a result of the alle-
viation of K and P deficiencies in the field, N became the most limiting nutrient in 
our experimental field. Enhancing the biological N fixation by growing leguminous 
plants after rice harvest and returning the plant residue to soil before transplanting 
may help to alleviate the N limitation to rice growth.

4.  Dynamics of soil K under no-input and high-input rice  
farming systems

In the last section, I focus on the dynamics of K in paddy soil. In our experimen-
tal field, the concentration of nonexchangeable K in soil decreased significantly by 
the no-input farming, whereas the concentration of exchangeable K in soil was rela-
tively constant and tended to increase from harvest to next transplanting (Figure 7). 
In this section, these observations are compared with previous results.

Srinivasa Rao et al. [18] evaluated the long-term changes in soil K forms under 
rice-rice cropping system with different fertilizer management. The experiment 
was carried out at Hyderabad in India. Surface soils were collected four times over 
20 years, and the samples were analyzed for the different forms of K, including 
nonexchangeable K (boiling 1 mol L−1 HNO3-extractable K minus exchangeable K). 
Figure 12 shows the temporal changes in the concentrations of soluble, exchange-
able, and nonexchangeable K in surface paddy soil as influenced by different fertil-
izer treatments. Among the three K forms, nonexchangeable K showed the largest 
depletion over 20 years (Figure 12). The amount of HNO3-extractable K decreased 
over 20 years was quantitatively comparable to the net output of K estimated from 
the total amount of crop removal and fertilization. Thus, continuous cropping of 
rice caused a significant depletion of nonexchangeable K, while the concentrations 

Figure 12. 
Effect of 20 years of rice-rice cropping and fertilizer application on the concentrations of soluble, exchangeable, 
and nonexchangeable K in surface paddy soil (adapted from [18]). The values above each bar indicate the sum 
of all forms of K. The values in the bottom indicate the net output of K (crop removal minus fertilizer input) 
over 20 years (kg ha−1). Inorganic fertilizers containing N, P, and K were applied at 115, 9, and 25 kg ha−1, 
respectively, per cropping, and farmyard manure (FYM) was applied at 15 Mg ha-1 per year.
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of more readily extractable K fractions were relatively constant. In a soil test, we 
usually measure the sum of soluble and exchangeable K by extracting soil with 
neutral 1 mol L−1 ammonium acetate. However, compared with nonexchangeable K, 
these K forms were much less sensitive to the long-term removal of K by rice plants. 
Based on these results, the authors concluded that the analysis of nonexchangeable 
K in soil should be added to a conventional soil test for better predicting K fertilizer 
requirements for long-term operation.

The results of Srinivasa Rao et al. [18] agree well with our results (Figure 7) 
and also with the results from an extensive survey by Khan et al. [19]. By reviewing 
previous results from the long-term field experiments in the world and comparing 
the net changes of exchangeable K in the surface soil at the beginning and end of 
the study period with the net inputs of K due to long-term fertilization and crop 
removal, Khan et al. [19] revealed that the changes in the soil exchangeable K pool 
during the study period were much smaller than the net input of K to the field 
estimated from the total amount of K added and removed (Figure 13). In the case 
of our field, the net decrease of soil exchangeable K during the 5-year experiment 
amounted to only 5.2% of the cumulative K removed by rice plants (Figure 13). 
From these results, the authors concluded that a one-time measurement of soil 
exchangeable K cannot account for the highly dynamic interchange of K between 
exchangeable and nonexchangeable pools. Khan et al. [19]) also reported that the 
concentration of exchangeable K in soil was increased significantly by air-drying 
soil samples to the soil moisture content below 50 g kg−1, which is a conventional 
soil pretreatment required for sample homogenization.

In the case of Srinivasa Rao et al. [18], the application of farmyard manure in 
combination with chemical fertilizer contributed to recover the concentration of 

Figure 13. 
Relationship between the net input of K due to long-term fertilization and crop removal and the net change of 
soil exchangeable K (adapted from [19]). Refer to the original papers [18, 19] for calculation methods. For our 
data, the net input of K was estimated from the extrapolation of crop K removal in 2012, and the net change 
of exchangeable K was calculated by assuming that soil depth and bulk density were 10 cm and 1.0 g cm−3, 
respectively.
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HNO3-extractable K to some extent (Figure 12). However, a few researchers have 
reported contrasting results; the co-application of manure over long periods did not 
necessarily increase the concentration of nonexchangeable K in soil [20, 21]. For 
example, Kitajima et al. [20] evaluated the effect of long-term co-application of farm-
yard manure on the K forms in the surface soil at three locations in Japan. As shown 
in Figure 14, the co-application of farmyard manure increased the concentration 
of exchangeable K (including soluble K) but decreased the concentration of nonex-
changeable K (boiling 1 mol L−1 HNO3-extractable K minus exchangeable K) at all the 
locations. The authors suggested that farmyard manure accelerated the dissolution of 
K-bearing minerals in soil, by which nonexchangeable K was irreversibly transformed 
to exchangeable K. Regardless of the processes involved, the results in Figure 14 cannot 
be explained by the dynamic equilibrium between the exchangeable K and the nonex-
changeable K which operates to minimize the concentration changes of both K forms.

Yamashita et al. [22] recently reported that microbial biomass K in the surface 
paddy soil is detectable by the conventional fumigation-extraction approach and 
that the concentration of microbial biomass K was increased by the continuous 
application of compost to paddy fields. Combining these results with those by Khan 
et al. [19], it is plausible to consider that exchangeable K pool evaluated by using 
air-dried soil samples inevitably includes microbial biomass K. The increase of 
exchangeable K by the long-term application of farmyard manure (Figure 14) may 
be due to the contamination of microbial biomass K in the exchangeable K fraction. 
From these interpretations, the dynamics of soil K forms in the soil-plant-microbe 
systems are depicted in Figure 15 by referring to the concept proposed by Asakawa 
and Yamashita [23]. The soundness and practical usefulness of this concept need to 
be evaluated in future experiments.

In summary, our results on soil K dynamics agreed well with previous results 
from long-term field experiments. Accordingly, it can be generally concluded that 
soil K depletion caused by long-term exhaustive cropping should be evaluated by 
monitoring the decrease of soil nonexchangeable K rather than that of exchangeable 
K. Furthermore, I hypothesized that the dynamics of soil microbial biomass K may 
cause the fluctuations of soil exchangeable K measured after air-drying pretreatment.

Figure 14. 
Effect of long-term co-application of farmyard manure (FYM) on the concentrations of exchangeable and 
nonexchangeable K in surface paddy soil (adapted from [20]). Animal dung manure had been applied at 
11.3 Mg ha−1 at all sites. The experiments at Saitama (Konosu) and Aomori sites began in around 1930, and are 
the earliest fertilizer experiments in Japan. Soil sampling was carried out in December, 1968.
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5. Conclusions

In this review, no-input rice farming in Japan was evaluated from the viewpoint 
of soil sustainability. It can be concluded that soil fertility under this farming 
system has been supported by various environmental and management factors, 
especially the input of K through irrigation, high-clay content in soil, and accumu-
lation of fertilizer P applied previously to the soil. In the case of our no-input trial 
for 5 years, a significant depletion of mineralizable N and nonexchangeable K was 
observed after three cropping seasons, and rice growth was limited by soil K supply 
when the input of K by irrigation was restricted. These results highlight the impor-
tance of monitoring the dynamics of multiple soil nutrients for several years.

Figure 15. 
Dynamics of K in the surface agricultural soil driven by crop plants, soil microbes, and fertilization (adapted 
from [23]). Both biotite and muscovite contain K in fixed form, and orthoclase contains K in structural form.
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