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1. Introduction 26 

 27 

Healthy, thriving ecosystems are generally highly diverse with numerous taxa. Soil 28 

ecosystems are known to comprise complex food webs, including a wide range of 29 

organisms, from single-celled bacteria, algae, and protozoa to multicellular mites, 30 

earthworms, collembolans, and nematodes. Nematodes vary widely in life strategies 31 

and fulfill various functions in soil food webs (Berkelmans et al., 2003; Bongers and 32 

Bongers, 1998). Soil fauna communities in agro-ecosystems, including nematodes, are 33 

strongly influenced by anthropogenic disturbances such as tillage inversion, cropping 34 

patterns, and nutrient management. 35 

Maintaining a healthy soil ecosystem function is fundamental to ensure 36 

sustainability and viability of agricultural systems worldwide. Recent Japanese 37 

legislation has been introduced to promote the development of more environmentally 38 

friendly farming practices associated with the growing awareness of the importance of 39 

waste reduction. This policy is leading the spread of organic farming and farming 40 

practices oriented to environmental conservation in the region. According to recent data, 41 

216,341 farms in Japan have engaged in environmental conservation farming, 42 

accounting for 21.5% of the total cropping area in the country (MAFF, 2014). Under 43 
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conservation management, traditional agronomic methods are combined with modern 44 

farming techniques, and conventional inputs such as synthetic pesticides and fertilizers 45 

have been excluded or reduced. Instead of synthetic inputs, organic materials are used 46 

to build soil fertility. In addition, cover cropping and manure management are intended 47 

to promote soil health. Cover crops provide a particularly beneficial ecosystem service, 48 

by assisting in supplying soil organic matter, adding biologically fixed nitrogen (N), 49 

scavenging soil residual nutrients, suppressing weeds, and breaking pest cycles 50 

(Higashi et al., 2014; Magdoff, 1993; Peet, 1996; Sarrantonio, 1998). 51 

Soil tillage is aimed to improve soil structure and quality. Moldboard plow/rotary 52 

harrow for seed bed preparation (MP), a conventional tillage system, turns the surface 53 

soil into the deep soil layer and thoroughly incorporates surface crop residues into the 54 

lower layers of the tilled area, removing crop residues from the soil surface. In Japan, 55 

more than 80% of cultivated cropland is tilled using rotary cultivators (RC) (Moriizumi 56 

et al., 1995). Soil is tilled with a rotary blade and crop residues are mixed with the soil, 57 

although not completely turned into the soil. This system is simple and easy to use by 58 

farmers, particularly for small to medium-scale Asian farms, enhancing the seedbed 59 

while reducing weed occurrence. However, intensive tillage, including MP and RC, is 60 

also associated to great disturbances to soil ecosystems. 61 
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Tillage strongly influences the location and level of fragmentation of crop residue 62 

and soils. Crop residue and surface soil remain on the soil surface in systems with no 63 

tillage (NT); on the other hand, they are fully incorporated into the soil in MP systems, 64 

whereas they are partially fragmented and incorporated into the soil in RC systems. 65 

Leaving crop residue and preserving a stable surface soil are promoted as a 66 

management to maintain the natural stability of soil ecosystems. 67 

Fu et al. (2000) showed that soil nematodes are more abundant in NT than in MP. In 68 

particular, bacterial feeder (BAC) nematodes respond to the addition of crop residue 69 

faster than fungal feeder and facultative root feeder (FFR) nematodes under both MP 70 

and NT. The vertical distribution of crop residue has been shown to influence nematode 71 

abundance and community structure (Fu et al., 2000). Cover cropping has been shown 72 

to increase BAC abundance by two fold, which actively influences N mineralization 73 

(DuPont et al., 2009).  74 

In general, larger organisms appear to be more sensitive to tillage operations than 75 

smaller ones, mostly because of the level of physical disruption of the soil, the burial of 76 

crop residue, and changes in soil moisture and temperature (Kladivko, 2001). The 77 

vertical distribution of crop residue in the soil due to tillage inversion is a key factor 78 

affecting soil ecosystems. Soil micro- and macro-organisms are mostly observed in the 79 
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surface soil layer, in particular, Ou et al. (2005) observed highest nematode abundance 80 

in the 0–5-cm soil layer, and fungal biomass is shown to be higher in the surface soil 81 

than in subsoil layers (Zhaorigetu et al., 2008). Soil tillage inversion leads to direct 82 

habitat disturbance and promotes vertical translocation of organisms. In addition, it 83 

indirectly leads to changes in soil physical properties and the translocation of crop 84 

residue as a food source for organisms (Kladivko, 2001). The degree of surface soil 85 

translocation (DTL) is also known to decrease with the decrease in tillage depth. 86 

Different tillage tools also enhance soil nematode community structure by minimizing 87 

soil disturbance. 88 

The evolution of complex soil nematode communities in agro-ecosystems can be 89 

monitored using the maturity index (MI) (Berkelmans et al., 2003; Bongers and Bongers, 90 

1998; Neher, 1999; Yeates and Bongers, 1999). Maturity and diversity indices have been 91 

used successfully to distinguish well-functioning ecosystems from heavily disturbed or 92 

stressed systems (Berkelmans et al., 2003; Neher, 1999; Yeates and Bongers, 1999), and 93 

also to detect subtle differences among agriculture, including tillage systems and cover 94 

cropping. Despite the strong influence that tillage is known to have over soil ecosystems, 95 

the effect and interaction of different tillage systems and cover cropping on nematode 96 

community structure, particularly in Asia, has not been comprehensively assessed. 97 
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The objectives for this study were (1) to compare the effects of tillage and cover 98 

cropping on soil nematode community composition and diversity and (2) to determine 99 

whether there is a relationship between nematode community composition and 100 

structure and DTL. In addition, cover cropping and manure application may also 101 

influence nematode community structure. Thus, we hypothesized that DTL and cover 102 

cropping can synergistically affect soil nematode community structure. 103 

 104 

2. Materials and methods 105 

 106 

2.1. Study site 107 

 108 

This study was conducted as a part of a long-term experiment at the Field Science 109 

Center, Ibaraki University, Japan from 2009 to 2011. The climate is relatively humid 110 

and classified Cfa (humid subtropical and hot summer) (Trewartha, 1968). The study 111 

site (N 36°1′57.7′′, E 140°12′43.6′′) is 170 km south from the Fukushima Daiichi nuclear 112 

power plant (FDNPP). Mean monthly temperature and precipitation ranged from 2.9 to 113 

28.6 °C and 0.5 mm to 389.0 mm (1423 mm year−1) during 2010–2011 (Fig. 1), 114 

respectively. The soil was an Epi-humic Wet Andosols (Typic Endoaquands) (Soil Survey 115 
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Staff, 2014), with a loam layer of 0–20-cm depth, a clay loam layer between 20–63-cm 116 

depth, and a light clay layer 63–100-cm depth. Soil chemical properties of the surface 117 

soil (0–30 cm) varied among treatments within the following ranges: pH, 5.9–6.3; EC, 118 

67.8–112 µS cm−1; CaO, 233.4–337.8 mg 100 g−1; MgO, 26.0–38.1 mg 100 g−1; and K2O, 119 

47.2–129.5 mg 100 g−1. 120 

In the four replicated split–split experimental design, tillage systems were 121 

considered as the main variable, with cover cropping and manure application as 122 

variables in the sub-subplots. The study covered 72 plots, and each plot was 3 m × 6 m 123 

with 2 m wide aisles between plots. The soil was prepared using the respective tillage 124 

system: MP (25–30-cm deep, rotary harrow, and sowing), RC (15-cm deep and sowing), 125 

and NT (no-tillage sowing). Cover crop treatments were hairy vetch (Vicia villosa 126 

“Mamesuke”), winter rye (Secale cereal “Ryokusyun”), and fallow (native weeds). Bark 127 

with chicken manure applications (N: 0.6%, P2O5: 0.5%, K2O: 0.5%, C/N ratio: 20.0, and 128 

water content: 66.8%) were 0 and 1 Mg ha−1. 129 

 130 

2.2. Management 131 

 132 

Cover crops were manually sown on October 28, 2009. Seeding rates were 100 kg 133 
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ha−1 for rye and 50 kg ha−1 for hairy vetch. Cover crops were grown until late May and 134 

mowed using a flail mower. The residues were returned to the soil on June 7, 2010. 135 

Cover crop residues were left on the soil surface, and tillage was performed on June 14, 136 

2010. In MP, the soil was tilled to a depth of 25–30 cm with the subsequent 137 

incorporation of the crop residue to the soil. In RC, cover crop residues were also 138 

incorporated to the soil using a rotary cultivator to a depth of 0–15 cm. In NT, cover crop 139 

residue was left on the soil surface. Soybean (Glycine max “Natto Syouryu”) was sown 140 

with a no-tillage seeder (MJSE18-6, Mitsubishi, six rows, 1.8 m wide) on July 5, 2010. 141 

The seeding rate was 50 kg ha−1 for soybean. Manure was applied only in sub–sub plots 142 

at 1 Mg ha−1 for soybean. After seeding, weeds were removed manually two or three 143 

times during each growing period. Soybean was harvested with a binding machine on 144 

November 8, 2010 and soybean residues were removed at harvest. After the summer 145 

crop harvest, cover crop seeds were manually sown and the soil was disc-harrowed to 146 

the top 3cm soil surface layer in all plots to ensure all seeds where covered with soil.  147 

Cover crops were sown on November 10 and disked down to 3 cm. All cover crops and 148 

native weeds remained in the area during the FDNPP accident on March 15 and 21, 149 

2011. Radioactive cesium fallout in this area, measured by airborne monitoring in 2011, 150 

reached 78,000 Bq m−2 (MEXT, 2011). Cover crops were mowed on June 16, 2011. Tillage 151 
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treatments were again applied on June 20 and soybean seeds were sown on July 4 the 152 

same year. The same farming practices were applied in 2011 and soybean was finally 153 

harvested on November 4, 2011. 154 

 155 

2.3. Sampling  156 

 157 

Soil samples for radioactive cesium measurement were collected by hand with a 158 

5-cm diameter and 30-cm long steel cylinder (5887.5 cm3) on May 31, 2011 and May 25, 159 

2012. Two soil core samples were collected from the center of each plot. Each soil core 160 

was divided into four subsamples by depth: 0–2.5 cm, 2.5–7.5 cm, 7.5–15 cm, and 15–30 161 

cm. The two samples from each depth were combined before further assessment. 162 

Samples were collected over 200 g soil for nematode samples from each plots, twice a 163 

year, from all treatments: after tillage (June 28, 2010 and June 27, 2011) and after 164 

soybean harvest (November 15, 2010 and November 14, 2011). Samples were collected 165 

with a steel trowel from the top 10-cm depth, excluding the uppermost soil layer. Each 166 

sample was removed gravel and roots, and then hand-mixed. Two subsamples which 167 

were weighed 20 g soil from 200 g soil sample were made for nematode extraction. 168 

Cover crop biomass was estimated from data collected in late May from the center of 169 
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each plot using a 0.25 m2 quadrat. Biomass was calculated by weighing oven-dried 170 

(60 °C for 72 h) subsamples. Cover crop carbon (C) and N concentrations were 171 

quantified with a C/N coder (Sumika chemical analysis service, Ltd. NC900). 172 

 173 

2.4. Nematode extraction, identification, and community analysis 174 

 175 

Nematodes were extracted from subsamples using Baermann funnel method 176 

(Japanese Nematological Society, 2004). 20 g of fresh soil was weighed on a KimwipeTM 177 

tissue (Kimberly-Clark), and then placed samples on a stainless steel mesh screen on a 178 

glass funnel 120 mm in diameter. The funnel was filled with water to a level that is 179 

slightly over the mesh screen prior to placing the Kimwipe™ tissue containing soil on 180 

the mesh screen. Soil samples were immersed for 72 h at room temperature 181 

(approximately 25 °C), before collecting the nematodes, which actively moved to the 182 

bottom of the funnel. The nematodes collected were heat killed (60 °C) and fixed with 183 

triethanolamine formalin, transferred to flamed slide glasses with approximately 1 ml 184 

of fixative, and observed under a microscope. The first 500 nematodes encountered were 185 

identified to genus or family level to estimate density per 20 g of soil at a magnification 186 

of ×1000. After the identification of nematode, we calculated the mean nematode 187 
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densities in two extracted subsamples from same plot. 188 

Nematode taxa were assigned to feeding groups according to the descriptions by 189 

Yeates et al. (1993), and FFR nematodes were classified following Okada and Harada 190 

(2007). We used the following five feeding groups: BAC, FFR, predators (PRD), 191 

omnivores (OMN), and obligatory root feeders (ORF). We refer to the feeding groups 192 

collectively as “ALL.” We counted total nematode species (S) and calculated the 193 

abundance ratio of FFR to FFR + BAC [F/(F + B)]. Each nematode taxon was also 194 

assigned to a functional guild (Ferris et al., 2001), defined on the combination of feeding 195 

group and life history traits expressed as colonizer–persister (cp) scores from 1 196 

(extremely r-strategist) to 5 (K-strategist) (Bongers, 1990). Nematodes of all feeding 197 

habits with a cp score 3–5 are considered to be indicators of soil ecosystem structure; 198 

BAC with a cp score 1 and FFR with a cp score 2 are considered to be indicators of soil 199 

enrichment. MI was calculated from the cp scores (Bongers, 1990). The following three 200 

indices: channel index (CI), enrichment index (EI), and structure index (SI) were 201 

calculated using population densities of functional groups as described by Ferris et al. 202 

(2001). MI, as the weighted mean frequency for all free-living taxa, may be considered 203 

as a measure of disturbance, with smaller values being indicative of a more disturbed 204 

environment and larger values characteristic of a less disturbed environment. CI, EI, 205 
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and SI provide a quantitative estimate of the soil food web state, CI is an indicator of 206 

the dominant decomposition pathways, EI is a measure of opportunistic BAC and FFR 207 

nematodes, and SI is an indicator of the food web state affected by stress or disturbance, 208 

respectively. These indices were calculated as: 209 

MI =  �  
𝑣𝑣𝑖𝑖  ×  𝑓𝑓𝑖𝑖

𝑛𝑛
 210 

where 𝑣𝑣𝑖𝑖  =  cp score assigned to family , 𝑓𝑓𝑖𝑖  =  frequency of family 𝑖𝑖 in a sample , and 𝑛𝑛 =211 

 total number of individuals in a sample. 212 

CI =  
𝐹𝐹𝐹𝐹𝐹𝐹2  ×  𝑊𝑊2

𝐵𝐵𝐵𝐵𝐵𝐵1  ×  𝑊𝑊1  + 𝐹𝐹𝐹𝐹𝐹𝐹2  ×  𝑊𝑊2
 ×  100 213 

EI =  
𝑒𝑒

𝑒𝑒 +  𝑏𝑏
 ×  100 214 

SI =  
𝑠𝑠

𝑠𝑠 +  𝑏𝑏
 ×  100 215 

𝑏𝑏 =  (𝐵𝐵𝐵𝐵𝐵𝐵2  + 𝐹𝐹𝐹𝐹𝐹𝐹2)  ×  𝑊𝑊2 216 

𝑒𝑒 =  (𝐵𝐵𝐵𝐵𝐵𝐵1  ×  𝑊𝑊1)  + (𝐹𝐹𝐹𝐹𝐹𝐹2  ×  𝑊𝑊2) 217 

𝑠𝑠 =  (𝐵𝐵𝐵𝐵𝐵𝐵𝑖𝑖  ×  𝑊𝑊𝑖𝑖)  + (𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖  ×  𝑊𝑊𝑖𝑖)  + (𝑂𝑂𝑂𝑂𝑂𝑂𝑖𝑖  ×  𝑊𝑊𝑖𝑖)  + (𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖  ×  𝑊𝑊𝑖𝑖) 218 

where 𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖  =  abundance of FFR in cp 𝑖𝑖 , 𝐵𝐵𝐵𝐵𝐵𝐵𝑖𝑖  =  abundance of BAC in cp 𝑖𝑖 , 𝑊𝑊1  =  3.2 , 219 

𝑊𝑊2  =  0.8, 𝑊𝑊3  =  1.8, 𝑊𝑊4  =  3.2, 𝑊𝑊5  =  5.0. 220 

 221 

2.5. Radioactive cesium measurements  222 

 223 
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A section of each soil sample was dried until reaching a constant weight at 105 °C 224 

(12–36 h) and coarse organic matter was removed by hand. The soil samples were 225 

subsequently pulverized in a blender (701BUJ, Asone Co. Ltd.) and 100 g of this soil 226 

was transferred to a 127-ml U-8 polystyrene cylindrical bottle (external size: 5-cm 227 

diameter × 6.8-cm height). Cesium-137 (137Cs) concentrations were determined with a 228 

Ge-semiconductor detector (CANBERRA GC4020: Energy resolution at 1.33 MeV is less 229 

than 2.0 keV). The gamma spectra obtained were analyzed with a Gamma Explorer 230 

(Canberra Industries Inc.). A true coincidence summing correction considering the 231 

container geometry was applied. Gamma-ray emission at 661.64 keV for 137Cs was 232 

measured for 1800–7200 s to secure 10 Bq (kg dry soil) −1 as the quantitative limit for 233 

137Cs, which was calculated using the method reported by Cooper (1970). Nine nuclide 234 

mixed activity standard volume sources in alumina (Japan Radioisotope Association, 235 

Tokyo, Japan) were used as reference standards. 236 

 237 

2.6. Soil vertical translocation analysis 238 

 239 

We calculated DTL using the following formula by Kawashima and Komori (1962) on 240 

the basis of the 137Cs concentrations in soil: 241 
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DTL =  �  
100𝑎𝑎𝑖𝑖  (2𝑖𝑖 −  1)

2𝑚𝑚𝑚𝑚

𝑛𝑛

𝑖𝑖 = 1

 242 

where 𝑚𝑚 =  total radioactive cesium concentration (Bq m−2) in all soil layers before tillage , 243 

𝑛𝑛 =  total number of soil layers, 𝑎𝑎𝑖𝑖  =  radioactive cesium concentration in the 𝑖𝑖th soil layer. 244 

 245 

2.7. Data analysis 246 

 247 

Data were statistically analyzed by analysis of variance (ANOVA) or 248 

repeated-measures ANOVA (StatView, SAS Institute) for a split–split plot design, 249 

applying Tukey–Kramer test with P <0.05. Regression analyses were also conducted to 250 

evaluate the relationship between DTL and nematode abundance and community indices. 251 

 252 

3. Results 253 

 254 

3.1. Cover crop dry matter (DM), C and N accumulation, and soybean yields 255 

 256 

The DM of cover crops and native weeds were significantly influenced by cover crop 257 

treatments in both years and by tillage systems in 2011 (Table 1). Significant 258 

differences were observed in DM and C accumulations in 2011 between tillage systems, 259 
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although these differences were not observed in 2010. In 2011, NT showed a 260 

significantly higher DM and C accumulation than MP and RC. For cover crops, the 261 

highest DM and C accumulations were measured for rye plots, which also showed the 262 

highest C/N ratio among all cover crop treatments. Hairy vetch showed the highest N 263 

accumulation, resulting in the lowest C/N ratio. Rye showed the highest DM 264 

accumulation, which was 149% and 331% higher than hairy vetch and fallow, 265 

respectively. Manure application did not significantly influence cover crop growth. The 266 

interaction between tillage and cover crop was significant for C/N ratio and N 267 

accumulation in 2010. N accumulation was highest in MP hairy vetch crops, but this 268 

trend was not observed in NT and RC crops. 269 

Differences in soybean biomass and seed yield were not significant between tillage 270 

systems, cover crops, and manure applications. Soybean DM was 7.0 Mg ha−1 in 2010 271 

and 6.3 Mg ha−1 in 2011. Soybean seed yield was 2.4 Mg ha−1 in 2010 and 1.7 Mg ha−1 in 272 

2011 (data not shown). 273 

 274 

3.2. Nematode density and soil management  275 

 276 

In field plots, 46 and 47 nematode taxa were observed in summer sampling in 2010 277 
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and 2011, respectively; however, the number of taxa was reduced to 43 and 42 in 278 

autumn in 2010 and 2011, respectively (Table S1). Most species were observed 279 

throughout all sampling periods. In relation to the functional guilds, defined as the 280 

combination of feeding group and cp score, BAC with cp1 and FFR with cp2 contained 281 

six and five taxa, respectively, and these guilds were observed throughout all sampling 282 

periods. In contrast, the number of nematode taxa of all feeding habits in cp 3–5 283 

decreased from 27 and 26 taxa in June 2010 and 2011 to 24 and 22 taxa in November 284 

2010 and 2011, respectively. 285 

Tillage system significantly influenced nematode abundance. Thus, the abundance 286 

of all feeding groups was significantly higher in NT than in MP and RC plots (Table 2). 287 

The effects of cover cropping were significant on the abundance of BAC, FFR, PRD, and 288 

ORF but such influence was not observed for OMN nematodes. Manure application 289 

significantly influenced PRD nematode abundance. Seasons significantly affected 290 

nematode abundances, except for ORF. Nematode abundances changed seasonally, and 291 

consequently, the overall abundance trend was unclear (Fig. 2). Among tillage systems, 292 

the highest nematode abundance was found in NT plots. In one instance, the total 293 

nematode population density was 2673 individuals per 20 g soil in NT, 171% and 20% 294 

higher than those observed in MP and RC, respectively. The BAC group showed a large 295 
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population density that was significantly affected by tillage system, cover cropping, and 296 

season. Across cover crops, manure applications and seasons, the population density of 297 

BAC in NT plots was 1695 individuals, which was 259% and 35% higher than in MP and 298 

RC plots, respectively. BAC population density in rye cover crop was significantly 299 

higher than in fallow, whereas BAC population density was higher in summer than in 300 

autumn. FFR population density was also significantly influenced by tillage system, 301 

cover cropping, and season, and it was lower in MP than in NT and RC plots. FFR 302 

abundance was higher in rye cover crops than in fallow and hairy vetch. FFR was 130% 303 

higher in summer than in autumn. Tillage system, cover cropping, manure application, 304 

and season significantly influenced PRD population density. PRD population density 305 

was 52% and 313% higher in NT than in MP and RC plots, respectively. PRD population 306 

density was higher in rye cover crop plots than in fallow and hairy vetch plots. PRD 307 

population density was 16 individuals with no manure application, 110% higher than 308 

with 1 Mg ha−1. PRD was 1.8% higher in summer than in autumn. Tillage system and 309 

season significantly influenced OMN population density. OMN population density was 310 

115 individuals in NT plots, 256% and 40% higher than for MP and RC plots, 311 

respectively. ORF population density was significantly affected by tillage systems and 312 

cover crops but not by manure application and seasons. ORF density in NT and RC was 313 
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significantly higher than that in MP. Hairy vetch significantly increased ORF. In 314 

contrast to the ORF, the ratio of ORF to non-ORF was significantly higher in MP than 315 

in NT and RC, and that was higher in hairy vetch than in rye. 316 

The interaction between tillage system and cover cropping was significant for BAC 317 

and PRD nematodes (Table 2). No differences in BAC density were observed between 318 

cover crops in MP plots; however, for NT and RC plots, BAC population densities were 319 

higher in rye plots than those in hairy vetch or fallow plots. On the other hand, only 320 

small differences were found in PRD population density between cover crops, although 321 

MP showed higher PRD population density in rye than in hairy vetch and fallow plots. 322 

The interaction between tillage system and manure application was significant for PRD 323 

population density. PRD was higher in the no manure-input plot than in that with 324 

manure application. However, NT with no manure application showed a 3.1-fold higher 325 

nematode density than NT plots with 1 Mg ha−1 manure application. The interaction 326 

between tillage system and season was significant for the population densities of ALL, 327 

BAC, FFR, and ORF guilds. ALL showed the same result as BAC, probably because 328 

BAC was overrepresented in the total nematode population. In BAC, seasonal changes 329 

were observed in NT and RC plots but not in MP. BAC densities were higher in NT and 330 

RC in summer than in autumn. Almost no seasonal changes were observed in FFR in 331 
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NT and MP; however, FFR in RC were significantly higher in summer than in autumn. 332 

ORF in MP and RC plots were higher in summer than in autumn. In contrast, in NT 333 

plots, ORF was higher in autumn than in summer. ORF population density also varied 334 

among cover crops and seasons. In addition, ORF seasonal variation differed among 335 

cover crops. ORF did not vary seasonally in fallow plots. ORF in hairy vetch plots was 336 

higher in summer than in autumn, although ORF in rye plots in summer was lower 337 

than in autumn. 338 

 339 

3.3. Nematode species and community indices, and soil management 340 

 341 

Tillage system, cover crop treatment, and manure application influenced nematode 342 

community indices, but the significant effects varied depending on the index (Table 3). 343 

Overall, S, MI, and SI were higher in NT plots across tillage systems, whereas F/(F + B) 344 

was lower in NT plots (Fig. 3). Tillage system, cover crop treatment, manure application, 345 

and season influenced S. For cover crops, S in rye was higher than those in hairy vetch 346 

and fallow. S in no manure application plots was higher than in plots treated with 1 Mg 347 

ha−1 manure application. S was also higher in summer than in autumn. F/(F + B) was 348 

influenced by tillage systems and cover crop treatments; therefore, F/(F + B) was 349 
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significantly lower in NT plots than in the other tillage systems and was higher in rye 350 

plots than in the other cover crops. MI was affected by tillage systems, cover crops, and 351 

seasons. MI was higher in NT plots than in any other tillage system and higher in rye 352 

plots than in any other cover crops. In addition, MI was higher in summer than in 353 

autumn. EI was affected by cover cropping, manure application, and season. EI in rye 354 

plots was the highest among cover crop treatments, and EI under no manure 355 

application was higher than that under 1 Mg ha−1. EI was higher in summer than in 356 

autumn. SI was influenced by tillage system and season. SI values were in descending 357 

order of NT, MP, and RC and were higher in summer than in autumn. 358 

The interaction between tillage system and cover crop treatment was also 359 

significant for F/(F + B) and MI. F/(F + B) in MP and RC plots was higher with rye than 360 

with fallow or hairy vetch, although it was higher with fallow than with hairy vetch or 361 

rye in NT plots. In contrast, there was no difference in MI between cover crops in NT 362 

and RC. However, the effect of MP on MI was 25% and 36% higher with rye than with 363 

fallow and hairy vetch, respectively. The interaction between tillage system and season 364 

was significant for F/(F + B), MI, and SI. F/(F + B) differed between seasons. In NT, F/(F 365 

+ B) was higher in autumn than in summer. In contrast, F/(F + B) in MP was higher in 366 

summer than in autumn. In addition, no seasonal change in F/(F + B) was observed for 367 
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RC. MI and SI in NT plots were higher in summer than in autumn, although these 368 

differences were not observed for MP and RC. 369 

 370 

3.4. Soil vertical translocation and nematode community 371 

 372 

Radioactive cesium contaminations were significantly higher in the 0–2.5 cm surface 373 

soil layer before tillage treatment in 2011 in all plots. In fact, over 85% of the total 374 

radioactive cesium was deposited in the 0–2.5 cm soil layer. (Fig. S1). After tillage, MP 375 

enhanced the mixing of the surface soil into deeper soil layers, with 21% of the surface 376 

soil mixed within the 2.5–7.5 cm soil layer, 19% within the 7.5–15 cm layer, and 52% 377 

within the 15–30 cm layer. RC also incorporated a 43% of the surface soil within the 378 

2.5–7.5 cm layer, a 35% within the 7.5–15 cm layer, although NT did not change the soil 379 

distribution between before and after tillage treatment. Tillage significantly influenced 380 

DTL (𝑃𝑃 = 0.002). Overall, NT showed a lower DTL than RC and MP. DTL were 29.6%–381 

30.9% for NT plots, 49.1%–72.3% for MP plots, and 43.9%–50.8% for RC plots; however, 382 

DTL did not significantly differ among cover crop treatments (Fig. 4). 383 

DTL significantly negatively correlated with nematode abundances for ALL (𝑅𝑅 =384 

 −0.68, 𝑃𝑃 = 0.0010), BAC (𝑅𝑅 =  −0.66, 𝑃𝑃 = 0.0013), OMN (𝑅𝑅 =  −0.66, 𝑃𝑃 = 0.0014), 385 
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and ORF (𝑅𝑅 =  −0.44 , 𝑃𝑃 = 0.0243 ) groups (Fig. 5). Similarly, DTL significantly 386 

negatively correlated with S (𝑅𝑅 =  −0.43, 𝑃𝑃 = 0.0271) and SI (𝑅𝑅 =  −0.38, 𝑃𝑃 = 0.0457). 387 

DTL was significantly positively correlated with F/(F + B) (𝑅𝑅 =  0.53, 𝑃𝑃 = 0.0082) (Fig. 388 

6). 389 

 390 

3.5. Relationship between plant parasitic and non-plant parasitic nematodes 391 

Across all treatments and sampling times, the proportions of total non-ORF 392 

nematodes were negatively correlated with the abundance of ORF (𝑅𝑅 = −0.58,𝑃𝑃 <393 

0.0001) (Fig. 7). 394 

 395 

4. Discussion 396 

 397 

Inversion tillage mixes crop residues with soil at greater depths and the type of 398 

tillage tool greatly influences the eventual location of aboveground residues within the 399 

soil profile. We used DTL as a proxy to measure the degree of soil disturbance by tillage 400 

and its effect on soil nematode community structure. We used 137Cs fallout from the 401 

FDNPP accident as a tracer to detect the level of soil translocation, however, as our DTL 402 

results agreed with previous studies determined by the small pieces of chalk 403 
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(Kawashima and Komori, 1962) and rock fragments (Zhang et al., 2004) as a tracer. 404 

In this research, sampling soil depths of between DTL determination and nematode 405 

extractions were not exactly same because the layer of the top 10-cm depth, excluding 406 

the uppermost soil layer was represented the nematode community rather than other 407 

soil depth layer (Japanese Nematological Society, 2004). However, DTL will be a good 408 

indicator to compare the degree of soil disturbance due to different tillage inversion to 409 

the soil ecosystem (Fig. 5 and 6). 410 

In 2010 and 2011, nine years after converting the experimental plots to the specific 411 

tillage systems and cover crops, we measured the effect of the associated DTL on the 412 

nematode community composition. Nematode communities stabilized and were 413 

essentially identical in 2010 and 2011, although seasonal variations remained. BAC 414 

were more prevalent in NT than in RT and MP plots and in rye than in fallow plots, as 415 

previously reported (Fu et al., 2000). This can be primarily attributed to the greater 416 

crop residue left on the soil surface by cover crops, resulting in consistently higher 417 

microbial biomass in NT plots (Zhaorigetu et al., 2008). 418 

Changes in the occurrence and abundance of different nematode feeding groups are 419 

often associated with changes in crop species and soil management practices (Ettema 420 

and Bongers, 1993) and may ref」：lect changes in the soil food web structure. The direct 421 
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and indirect effects of the plant community on the structures of nematode communities 422 

have been previously documented (Neher, 1999). Hairy vetch, which increased ORF 423 

abundance in this study, is known to be a good host of an ORF, Pratylenchus (McSorley 424 

and Dickson, 1989). The larger DM accumulation with rye than in fallow or hairy vetch 425 

(Table 1) ensures the abundance of BAC, FFR, and PRD. This result agrees with the 426 

observation by Nahar et al. (2006) that the abundance of all feeding groups increased 427 

with the increase in organic matter input.  428 

However, tillage systems directly affect ORF abundance by translocation of 429 

nematodes across soil layers, which can indirectly alter soil properties due to the 430 

differences in crop residue decomposition process. Nahar et al. (2006) reported that NT 431 

enhanced and MP reduced nematode abundance of all feeding groups, although Minton 432 

(1986) and Okada and Harada (2007) did not observe such differences in ORF and 433 

Pratylenchus between NT and RC. Our results agree with previous reports stating that 434 

ORF abundances in NT were equal to those in RC. A possible explanation is that 435 

Pratylenchus can survive in fragmented plant roots, and thereby is able to maintain its 436 

population in RC (Alby et al., 1983; Okada and Harada, 2007). In contrast, MP disturbs 437 

nematode surface soil habitat and transport fragments of plant roots to deeper soil 438 

layers, reducing the abundance of total nematodes in MP compared with NT. 439 
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Compared to tillage systems and cover crop treatments, the effect of manure 440 

application on nematode communities was limited. Okada and Harada (2007) reported 441 

that manure application increases nematode abundance, although Nahar et al. (2006) 442 

showed that the difference is not significant for PRD. Our results did not agree with 443 

those previous results, as most nematode abundances did not change or decreased after 444 

manure application (Table 2). In our experiment, the amount of manure applied was 445 

small compared to the amount of cover crop residue input (Table 1), suggesting that a 446 

greater amount would be required to produce an effect. 447 

In this study, we used six indices of nematode diversity and community. Our results 448 

agree with those of Okada and Harada (2007), who observed higher values for S, MI, 449 

and SI in NT than in RC. In NT, as the abundance of K-strategists (cp scores 3–5) 450 

increased, SI values increased. On the other hand, F/(F + B) was higher in MP and RC 451 

than in NT, reflecting the greater abundance of BAC compared with that of FFR (Table 452 

3). Okada and Harada (2007) reported that CI in NT is equal to or greater than that in 453 

RC, although F/(F + B) is less sensitive in detecting differences between NT and RC. 454 

This insensitivity of CI is probably caused by the stationary nature and low abundance 455 

of r-strategy fungal feeders. Several authors have suggested that EI can adequately 456 

detect the increase in soil fertility associated to the application of organic mulch or 457 
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fertilizer in the US, Canada, and Japan (Bulluck III et al., 2002; Forge et al., 2003; 458 

Okada and Harada, 2007; Wang et al., 2006). In contrast, in this study, EI was 459 

decreased with manure application (1 Mg ha−1). We speculated that manure application 460 

was extremely low for detection by EI. 461 

A minimum level of soil disturbance by tillage inversion is expected to increase 462 

nematode abundances. Our results revealed that as soil disturbance increased, S and SI 463 

decreased (Fig. 6); however, cover crop and manure application did not significantly 464 

influence SI in the same way as tillage, suggesting that tillage has a stronger impact on 465 

the soil ecosystem than cover crop treatment and manure application. DTL showed a 466 

significant negative correlation with SI, suggesting that DTL could be useful to evaluate 467 

the level of ecosystem disturbance not only regarding soil translocation but also in 468 

relation to soil ecosystem development. 469 

Our results agree with the observation by Nahar et al (2006) that there was a strong 470 

negative relationship between the proportion of non-ORF and the abundance of ORF. 471 

Both of NT and RC with rye cover crop increased non-ORF and lowered the ratio of ORF 472 

to non-ORF, possibly due to antagonistic effects of microbial community. Further 473 

research will be needed to be investigated the relationship between antagonistic effects 474 

of microbial community on ORF and soil managements. 475 
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 476 

5. Conclusions 477 

 478 

This study showed that soil nematode community immediately responds to changes 479 

in DTL due to tillage inversion. NT effectively increased nematode abundance under the 480 

humid subtropical conditions prevailing in Kanto, Japan. Two years of field 481 

observations also revealed that tillage inversion can exert a stronger influence on 482 

nematode community and the structure of soil ecosystems than cover crop treatment 483 

and manure application. DTL can be used as a quantitative indicator of soil ecosystem 484 

due to tillage inversion; however, our research results are limited to Andosols under 485 

Japanese climatic conditions. 486 
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