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Factors impacting soil organic carbon pool in different types of Andosols 22 

in Toya, Hokkaido, Japan  23 

Organic matter (OM) application is a possible solution to carbon (C) sequestration. Among the 24 

soil pedogenic factors for volcanic ash, time of exposure to weathering affects formation of short-25 

range ordered minerals and soil organic carbon (SOC) accumulation. This study aimed to evaluate 26 

the effect of long-term OM application with the vertical infiltration of OM on different ages of 27 

Andosols in Hokkaido, Japan. Twelve fields of Vitric Andosols and 22 fields of Silandic Andosols 28 

were selected. Vitric and Silandic Andosols are characterized by newly erupted volcanic ash with 29 

weak weathering, and formation of short-range ordered minerals by weathering, respectively. The C 30 

application rate via OM was determined using questionnaires given to farmers, and soil 31 

physicochemical properties in the 0–0.15 m and 0.15–0.30 m layers were analyzed.  32 

The average C application rate in Vitric and Silandic Andosols were 1.71 ± 1.18 and 1.31 ± 1.28 33 

(Mg C ha-1 yr-1), respectively (values are mean ± sd). The sand content was significantly higher in 34 

Vitric Andosols (55.7% ± 4.0%) than in Silandic Andosol (51.2% ± 2.0%). Although there was no 35 

significant difference in micro-porosity, Silandic Andosols had significantly higher total porosity 36 

and lower bulk density than Vitric Andosols. These results indicate better soil structure 37 

development in Silandic Andosols. The SOC stock in the 0–0.30 m layer in Vitric Andosols [71.5 ± 38 

15.3 (Mg C ha-1 0.30 m-1)] was significantly lower than in Silandic Andosols [86.4 ± 12.7 (Mg C ha-39 

1 0.30 m-1)]. The SOC stock in Vitric and Silandic Andosols showed a different response to the OM 40 

application. An increased C application rate significantly increased the SOC stock in the 0–0.15 and 41 

0–0.30 m layers in Vitric Andosols, but the relations were not significant in Silandic Andosols. In 42 

contrast, in Silandic Adosols, weak trends (p = 0.07) were observed in the 0.15–0.30 m layer. In 43 

Silandic Andosols, SOC stock in the 0–0.15 m layer showed a ｚsignificant positive correlation 44 

with soil micro-porosity, suggesting physical protection of OM inside the aggregate. These results 45 

suggest that there are different factors affecting SOC stock between Vitric and Silandic Andosols.  46 

 47 
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1. Introduction 50 

The atmospheric carbon dioxide (CO2) concentration has risen from 278 ppm in the preindustrial 51 

era (circa 1750) to 405.5 ppm in 2017 at a rate of 2.24 ppm yr–1 (Lal 2019; WMO. 2018). Soil 52 

organic carbon (SOC) sequestration is a possible solution to mitigate climate change by taking 53 

atmospheric CO2 and converting it into soil carbon (C) (Minasny et al. 2017). 54 

Management techniques have been proposed that facilitate the buildup of soil organic matter 55 

(SOM) (Minasny et al. 2017). According to Minasny et al. (2017), there is a trend in the types of 56 

management and SOC accumulation rates: afforestation [0.6 (Mg C ha-1 yr-1)], conversion to pasture 57 

[0.5 (Mg C ha-1 yr-1)], organic matter (OM) application [0.5 (Mg C ha-1 yr-1)], residue incorporation 58 

[0.35 (Mg C ha-1 yr-1)], no or reduced tillage [0.3 (Mg C ha-1 yr-1)], and crop rotation [0.2 (Mg C ha-59 

1 yr-1)]. 60 

Although Andosols cover only approximately 0.84% of the world’s land surface (Soil Survey Staff 61 

1999), they cover approximately 30% of the land surface in Japan (Obara et al. 2016). According to 62 

a recent update of the soil map of Hokkaido, Japan [Fig. 1 (a)], the dominant soil great group in 63 

Hokkaido is Andosols (43% distribution) (Kanda et al. 2016). Therefore, changes in the SOC of 64 

Andosols significantly influence calculations of CO2 emissions from soils in Japan (Shirato, 65 

Hakamata, and Taniyama. 2004).  66 

Andosols possess several distinctive physicochemical properties, such as high SOC content, highly 67 

developed porous structure, low bulk density, and high phosphate adsorption capacity (PAC), which 68 

are rarely found in other soils (Imaya 2020; Takahashi and Dahlgren 2016). These properties are 69 

mainly due to the dominance of short-range ordered minerals (allophane, imogolite, and 70 

ferrihydrite) and Al/Fe–humus complexes in their colloidal fractions (Takahashi and Dahlgren 71 

2016).  Among the soil pedogenic factors for volcanic ash, time of exposure to weathering strongly 72 

affects the formation of short-range ordered minerals and SOC accumulation (Shoji, Nanzyo, and 73 

Dahlgren 1993; Tsai et al. 2010), which is also important for soil classification (IUSS working 74 

group WRB. 2015). 75 

Several studies have evaluated the effect of OM application on C sequestration in Andosols. 76 

(Iwasaki, Endo, and Hatano. 2017; Koga 2017; Shirato, Hakamata, and Taniyama 2004). Increased 77 

input of C increases net ecosystem exchange and enhances C accumulation in soil (Koga 2017; 78 

Limin et al. 2015; Naveed et al. 2014). However, initial SOC stock is another key factor that affects 79 

the change in SOC stock (Bellamy et al. 2005; Iwasaki, Endo, and Hatano 2017; Minasny et al. 80 

2017). Iwasaki, Endo, and Hatano (2017) evaluated the effect of long-term application of OM on 81 



SOC stock and physicochemical properties of different types of Andosols of different ages in the 82 

cool temperate zone. In 2012, a soil survey was conducted in 34 fields in Toya, Hokkaido, Japan, 83 

using reference data collected from 2001 to 2003. They found a significant negative correlation 84 

between the initial SOC stock [SOC stock in 2001–2003 (Mg C ha-1 0.15 m-1)] and change in SOC 85 

stock [rate of change in SOC stock from 2001 to 2003 to 2012 (Mg C ha-1 0.15 m-1 yr-1)] with the 86 

following equation: 87 

Change in SOC stock (Mg C ha-1 0.15 m-1 yr-1) = −0.052 Initial SOC stock (Mg C ha-1 0.15 m-1) + 88 

2.09… (eq. 1) 89 

This result indicates that the application of OM increases SOC stock when initial SOC stock is 90 

lower than the threshold (intercept at the x-axis) of 36.1 (Mg C ha-1 0.15 m-1), but a decrease in 91 

fields with higher SOC stock than the threshold (Iwasaki, Endo, and Hatano 2017). 92 

From these results, we hypothesized that the OM application effect on C sequestration differs 93 

according to the ages of Andosols. 94 

SOM acts as a binding agent that stabilizes soil aggregates that in turn protect SOM and act as an 95 

important reservoir of C and other mineral nutrients (Beare et al. 1994; Elliott 1986), thereby, 96 

affecting the physicochemical properties of soil (Gruba and Mulder 2015; Johnson et al. 2011; 97 

Naveed et al. 2014). Thus, it is essential to evaluate the effect of long-term application of OM in 98 

Andosols, not only from the perspective of C sequestration but also from that of soil fertility 99 

improvement (Oldfield et al. 2019). 100 

It is generally known that SOM can be stabilized by (1) incorporation into aggregates (physical 101 

protection); (2) an intimate association with silt and clay particles (chemical protection); and (3) the 102 

formation of recalcitrant SOM compounds (biological protection) (Six et al. 2002). Although there 103 

is a controversy, physical protection has been considered a major SOM stabilization mechanism 104 

(Guan et al. 2018; Lal 2019). 105 

The effect of OM application and role of soil aggregate on soil C sequestration is often studied. 106 

However, their interactions with different types of Andosols of different ages are poorly 107 

understood. Therefore, we conducted the present study in Toya, Hokkaido, Japan, where Andosols 108 

of different ages are distributed, and practices that encourage the efficient use of organic matter 109 

have been developed since the late 1990s (Iwasaki, Endo, and Hatano 2017). 110 

This study aimed 1) to evaluate the effect of long-term OM application with the vertical 111 

infiltration of OM on different ages of Andosols and 2) to identify the vertical infiltration of OM 112 

and factors impacting SOC stock. 113 



2. Materials and Methods 114 

2.1. Study sites information 115 

The study was conducted in Toya, Central Hokkaido, Japan (42° 65’N, 140° 80’E), located on the 116 

north side of Lake Toya [(Fig. 1(b)]. A humid continental climate characterizes the site with cold 117 

winter and cool summer without an apparent wet or dry season. The long-term (30 y) average 118 

annual precipitation and air temperature were 1179 mm and 7.5 °C, respectively (Japan 119 

Meteorological Agency: https://www.jma.go.jp/jma/indexe.html). 120 

The parent materials of this region were derived from Toya Caldera (Acocella et al. 2015). 121 

Subsoils in the study area were derived from Mt. Yotei (Ya) and surface soils from Mt. Usu (Ua and 122 

Ub). Eruptive activity at Usu Volcano resumed in 1663, and since then, seven eruptions have been 123 

recorded in 1769, 1822, 1853, 1910, 1943–1945, 1977–1978, and 2000 (Miyabuchi et al. 2014). Ua 124 

was derived from volcanic ash produced by an eruption after 1769, and Ub originated from the 125 

volcanic ash produced by the eruption in 1663 (Iwasaki, Endo, and Hatano 2017). 126 

Soils in the study sites were classified as Vitric and Silandic Andosols (IUSS Working Group 127 

WRB 2015), and they correspond to Regosoric Andosols and Allophanic Andosols in the soil map 128 

of Hokkaido, Japan (Fig. 1(b)), respectively, based on the comprehensive soil classification system 129 

of Japan (Kanda et al. 2016). Vitric Andosols are characterized by newly erupted volcanic ash with 130 

weak weathering. On the other hand, Silandic Andosols are characterized by formation of short-131 

range ordered minerals (allophane and imogolite) through weathering and accumulation of SOM 132 

(IUSS Working Group WRB 2015). 133 

Vitric Andosols are mainly distributed in the southwest part of the region, closer to Mt. Usu, and 134 

are affected by Ua and Ub more than Silandic Andosols. 135 

Thirty-four fields of 34 farmers were selected, and were classified into 12 fields of Vitric Andosols 136 

(K1 soil series in Iwasaki, Endo, and Hatano (2017)) and 22 fields of Silandic Andosols (K2 and 137 

HO soil series in Iwasaki, Endo, and Hatano (2017)) based on a soil profiling survey.  138 

In this region, OM application was conducted in all 34 study fields because of the practice 139 

developed in late 1990s that encourages sustainable agriculture with effective use of organic matter 140 

(Iwasaki, Endo, and Hatano 2017). Major crops such as corn, sugar beet, potato, red bean, radish, 141 

carrot, and burdock are rotationally cultivated in this area.  142 



2.2. Soil sampling and analysis 143 

The depth of the Ap horizon was 0.23 ± 0.04 m on average (ranging from 0.15 to 0.32 m) 144 

(Iwasaki, Endo, and Hatano 2017). Three replicates of both composite and undisturbed samples 145 

(100 mL) were taken from 0 to 0.15 m in May 2012 and 0.15 to 0.30 m in October 2012. Composite 146 

samples were air-dried and passed through a 2-mm mesh sieve to remove stones and plant residues. 147 

Samples for C and nitrogen (N) content estimation were sifted further using a 0.5 mm mesh. Soil 148 

physicochemical properties presented in Iwasaki, Endo, and Hatano (2017) were cited, and 149 

additional analysis was conducted in this study.  150 

Undisturbed samples from the 0 to 0.15 m layer were used to measure the bulk density, water-151 

filled pore space (WFPS), saturated hydraulic conductivity via constant-head and falling-head 152 

methods (Klute 1965), soil moisture characteristic curve using the suction plate method for 0 to 153 

−10.0 kPa, and pressure plate method for −10.0 to −50.0 kPa (Dane and Hopmans 2002), and total 154 

porosity using a three-phase meter (DIK-1110; Daiki Rika, Japan). Macro-porosity (pores that drain 155 

at 0 to −6.0 kPa) and micro-porosity (water retained at −6.0 kPa) were estimated according to Gao 156 

et al. (2019). Large macro-porosity was estimated as total porosity subtracted by macro-porosity 157 

and micro-porosity. Water holding capacity was estimated as water drained retained at 0 kPa. Soil 158 

available water was defined as water drained at −3.0 kPa (field water capacity) to −50.0 kPa 159 

(depletion of moisture for normal growth). Undisturbed samples from 0.15 to 0.30 m were 160 

subjected to bulk density measurements. 161 

Soil texture (sand, silt, and clay), pH, electrical conductivity (EC), available phosphorus (P), 162 

phosphorus absorption coefficient (PAC), exchangeable cations (K+, Ca2+, and Mg2+), and cation 163 

exchange capacity (CEC) measured using composite samples taken from 0 to 0.15 m were cited 164 

from Iwasaki, Endo, and Hatano (2017). 165 

Soil organic carbon and soil total nitrogen (STN) contents, water-extractable soil organic carbon 166 

(WESOC), nitrate nitrogen (NO3
--N), ammonium nitrogen (NH4

+-N), and available N were 167 

measured using composite samples from both 0 to 0.15 and 0.15 to 0.30 m layers. 168 

Soil organic carbon and STN were measured by a dry-combustion method using an NC analyzer 169 

(NC-900; Sumika Chemical Analysis Service, Japan). From the water extracts, WESOC was 170 

measured using a total organic carbon (TOC) analyzer (TOC 5000A; Shimadzu, Japan), and NO3
--N 171 

concentrations were analyzed by ion chromatography (Dionex QIC Analyzer; Dionex Japan, 172 

Japan). NH4
+-N in the 2M KCl extract solution was determined using indophenol blue method (UV 173 



mini-1240; Shimadzu, Japan). Available N was measured using a simplified thermal extraction 174 

estimation method suggested by Sakaguchi, Sakurai, and Nakatuji (2010). 175 

 176 

2.3. Management practice 177 

The application rate of C by manure, green manure, and combined organic and synthetic fertilizer 178 

(COS) were cited from Iwasaki, Endo, and Hatano (2017). Briefly, they estimated an annual 179 

average C application rate (Mg C ha-1 yr-1) based on the questionnaires provided to farmers and the 180 

chemical composition of each OM source. In this region, Heiotsu (Avena sativa L.) was used as 181 

both succeeding crop green manure and fallow green manure. Plants were incorporated into the soil 182 

before the decrease of soil temperature for better decomposition (August for fallow green manure 183 

and beginning of October for succeeding green manure). On the other hand, manure application was 184 

generally conducted at the end of October after the harvest. 185 

 186 

2.4. Statistical analysis and data visualization  187 

Statistical analysis and drawing figures were performed using R version 4.0.0 (R core team 2020). 188 

The difference between the two soil types in the C application rate via OM and soil 189 

physicochemical properties were analyzed using a non-paired t-test. The correlation matrix was 190 

calculated using Pearson’s correlation coefficient. In this study, the alpha level was set to 0.05. 191 

The soil great group distribution map of Hokkaido, Japan [Fig.1 (a)] was constructed by simple 192 

feature access with a shapefile provided by Institute for Agro-Environmental Sciences, NARO 193 

(https://soil-inventory.dc.affrc.go.jp/offer.html) (Obara et al. 2016). 194 

A soil group map of the studied region [Fig.1 (b)] was constructed using Rayshader ver. 0.20.0. 195 

Andosols were picked up from the shapefile provided by Institute for Agro-Environmental 196 

Sciences, NARO (https://soil-inventory.dc.affrc.go.jp/offer.html) and overlaid on the Digital 197 

Elevation Model (DEM) and satellite image (Landsat8). DEM and satellite images were obtained 198 

from Shuttle Radar Topography Mission (SRTM) data set by the National Aeronautics and Space 199 

Administration (NASA) (https://dwtkns.com/srtm30m/), and Earth Explorer provided by United 200 

States Geological Survey (USGS) (https://earthexplorer.usgs.gov/), respectively. 201 

 202 
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 203 

3. Results 204 

3.1. Application rate of carbon via organic matter application 205 

The CN ratios of the OM and C application rates via manure, green manure, and COS are 206 

presented in Table 1. The CN ratios of manure, green manure, and COS were 5.6–19.4, 15.0–25.0, 207 

and 3.1–15.5, respectively. The total (sum of manure, green manure, and COS) C application rate 208 

(mean ± sd) in the fields on Vitric and Silandic Andosols were 1.71 ± 1.18 and 1.31 ± 1.28 (Mg C 209 

ha-1 yr-1), respectively, with no significant difference between the soil types. Among the C sources, 210 

the highest amount of C was applied as manure (65.5% and 65.4% of total C application in Vitric 211 

and Silandic Andosols, respectively), followed by green manure (31.6 and 30.8% of total C 212 

application in Vitric and Silandic Andosols, respectively), and the lowest as COS (2.9% and 3.8% 213 

of total C application in Vitric and Silandic Andosols, respectively). 214 

 215 

3.2. Soil physicochemical properties 216 

Table 2 shows a comparison of soil physicochemical properties at 0–0.15 m between Vitric and 217 

Silandic Andosols. The soil texture in Vitric Andosols was relatively coarse compared to Silandic 218 

Andosols with a significantly higher sand content (p < 0.01) and lower silt content (p < 0.01). 219 

Although there is no significant difference in micro-porosity and macro-porosity between the soil 220 

types, Vitric Andosols showed a significantly smaller amount of large macro-porosity and total 221 

porosity than Silandic Andosols (p < 0.01, respectively). The bulk density was significantly higher 222 

in Vitric Andosols than in Silandic Andosols (p < 0.01). 223 

Among the soil chemical properties, pH, PAC, exchangeable Mg2+ content, and base saturation 224 

were significantly larger in Vitric Andosols than in Silandic Andosols (p < 0.05 for PAC and p < 225 

0.01 for pH, exchangeable Mg2+ content, and base saturation, respectively). On the other hand, SOC 226 

content, STN content, EC, and CEC were significantly higher in Silandic Andosols than in Vitric 227 

Andosols (p < 0.01). 228 

Table 3 shows Pearson’s correlation matrix among all the data of physico-chemical properties of 229 

all 34 study sites. Soil texture correlated not only with physical properties but also with chemical 230 

properties. The sand content was positively correlated (p < 0.05) with bulk density, available water, 231 

pH, exchangeable Mg2+ content, and base saturation, and negatively correlated (p < 0.05) with total 232 

porosity, water holding capacity, SOC content, STN content, and CEC. For the physicochemical 233 

properties, these significant correlations are depicted in Fig. A1 (Appendix). On the other hand, silt 234 



content showed an opposite trend, that is, a negative correlation (p < 0.05) with bulk density, pH, 235 

exchangeable Mg2+ content, and base saturation, and positive correlation (p < 0.05) with total 236 

porosity, water holding capacity, and CEC. Soil pore distribution also impacted the soil 237 

physicochemical properties. The micro-porosity positively correlated (p < 0.05) with WFPS, water 238 

holding capacity, filed water capacity, EC, PAC, and CEC, and negatively correlated (p < 0.05) 239 

with saturated hydraulic conductivity, available P, and base saturation. Meanwhile, macro-porosity 240 

positively correlated (p < 0.05) with saturated hydraulic conductivity, water holding capacity, and 241 

available water, and negatively correlated (p < 0.05) with WFPS and field water capacity. 242 

 243 

3.3. Soil carbon and nitrogen 244 

Soil properties related to C and N are presented in Table 4. Preliminary analysis showed that SOC 245 

content and STN content were highly correlated [Fig. A2 (a)]. Therefore, SOC and STN content 246 

showed a similar trend. The SOC and STN contents were slightly higher at 0–0.15 m than 0.15–247 

0.30 m (not significant), and were higher in Silandic Andosols than in Vitric Andosol at 0–0.15 and 248 

0.15–0.30 m layers (p < 0.01, respectively). The two soil types had almost the same CN ratio in the 249 

0–0.15 m layer, while in the 0.15–0.30 m layer, CN ratio was significantly higher in Silandic 250 

Andosols than Vitric Andosols (p < 0.05). There was no significant difference between the soil 251 

types in WESOC at any depth. Available N was significantly higher in Vitric Andosols than in 252 

Silandic Andosols (p < 0.01). NO3
--N was higher in 0–0.15 m layer than in the 0.15–0.30 m layer, 253 

and NH4
+-N showed the opposite trend. There was no significant difference in NO3

--N and NH4
+-N 254 

between the soil types.  255 

In Vitric Andosols, the SOC stock of 0–0.15, 0.15–0.30, and 0–0.30 m layers (Mg C ha-1) were 256 

36.5 ± 9.3, 35.3 ± 10.1, and 71.5 ± 15.3, respectively. And in Silandic Andosols, these were 41.7 ± 257 

7.8, 44.5 ± 7.4, and 86.4 ± 12.7, respectively. Values were significantly higher in Silandic Andosols 258 

than in Vitric Andosols at any depth (p < 0.01). 259 

The relationship between the C application rate via OM (Mg C ha-1 yr-1) and SOC stock (Mg C ha-1) 260 

in the 0–0.15, 0.15–0.30, and 0–0.30 m layers are shown in Fig.2. Significant relationships (p < 261 

0.05) were obtained only in Vitric Andosols. Although the manure and total C applications did not 262 

affect the SOC stock in the 0.15–0.30 m layer, the SOC stocks in 0–0.15 m and 0–0.30 m layers 263 

were increased with increasing the manure and total C applications. Manure C application rate well 264 

explained the SOC stock with higher R2 values (R2 = 0.53 and 0.37 in 0–0.15 and 0–0.30 m layers, 265 

respectively) rather than the total C application rate (R2 = 0.35 and 0.27 in 0–0.15 and 0–0.30 m 266 



layers, respectively). In the Silandic Andosols, weak trends (p = 0.07) were observed in the 0.15–267 

0.30 m layer. 268 

 The relationship between the soil micro-porosity and SOC stock is shown in Fig.3. A significant 269 

relationship was obtained in Silandic Andosols (p < 0.01). On the other hand, there was no 270 

significant correlation in Vitric Andosols. The relationship between the PAC and SOC stock was 271 

significant in the Silandic Andosols(p < 0.05). However, the R2 (0.18) was smaller than that of the 272 

regression equation obtained from the relationship between micro-pore and SOC stock (0.50). 273 

 274 



 275 

4. Discussions 276 

4.1. Different ages of Andosols  277 

A comparison of soil physical properties (Table 2) showed a different pedogenic process of Vitric 278 

and Silandic Andosols. The sand content was significantly higher in Vitric Andosols. Although 279 

there was no significant difference in the micro-porosity and macro-porosity between the soil types, 280 

total porosity, and large macro-porosity were significantly higher in Silandic Andosols than in 281 

Vitric Andosols. Furthermore, bulk density in Silandic Andosols was significantly lower than in 282 

Vitric Andosols. These results indicate better soil structure development in Silandic Andosols 283 

during long-term pedogenesis (Håkansson and Lipiec 2000). Formation of short-range order 284 

minerals (allophane and imogolite) is reported to continuously occur for more than 100 kyr (Torn et 285 

al. 1997). Therefore, the amounts of these minerals, and of active aluminum and iron are 286 

theoretically larger in Silandic Andosols than in Vitric Andosols, which are strongly affected by 287 

newly produced volcanic ash from recent eruptions (after 1769) of Mt. Usu. Higher PAC in Vitric 288 

Andosol than Silandic Andosol surface soils may be attributed to increased SOM due to OM 289 

application (Iwasaki, Endo, and Hatano 2017). Previous studies have shown that distinct features of 290 

Silandic Andosols, including high porosity, SOC, and PAC, are mostly due to short-range order 291 

minerals and aluminum/iron–humus complexes (Shoji, Nanzyo, and Dahlgren 1993; Takahashi and 292 

Dahlgren 2016). These studies support the occurrence of better soil structure development in 293 

Silandic Andosols. 294 

 295 

4.2. Response of different types of Andosols to long-term organic matter application  296 

In this study, Vitric and Silandic Andosols responded differently to long-term OM application. 297 

An increased C application rate via OM significantly increased SOC stock in the 0–0.15 and 0–0.30 298 

m layers in Vitric Andosols, but the same correlations were not significant in Silandic Andosols 299 

(Fig.2). By contrast, weak trends (p = 0.07) were observed in the 0.15–0.30 m layer. The stored 300 

SOC distribution in 0–0.15 and 0.15–0.30 m layers displayed different patterns in Vitric and 301 

Silandic Andosols. SOC stock in the 0–0.15 m layer were elevated relative to the 0.15–0.30 m layer 302 

in Vitric Andosols, whereas in Silandic Andosols, relative SOC stock in the 0–0.15 m layer were 303 

lower than in the 0.15–0.30 m layer (Table 4).  304 



OM application is expected to increase stored SOC through direct input of a C source. Many 305 

studies have reported a positive relationship between the amount of C incorporated into a soil and 306 

its SOC content (Hao et al. 2003; Koga 2017; Kundu et al. 2007; Naveed et al. 2014). However, 307 

some studies have indicated that increased OM application does not consistently increase SOC 308 

content in a linear fashion (Iwasaki, Endo, and Hatano 2017; Shahbaz, Kuzyakov, and Heitkamp 309 

2017). In a previous study, Iwasaki, Endo, and Hatano (2017) concluded that OM application drove 310 

SOC accumulation especially effectively in Vitric Andosols (K1 soil series) with higher sand 311 

content and lower SOC stock than Silandic Andosols (K2 and HO soil series). However, in their 312 

study, the effect of OM application was evaluated only at 0–0.15 m layer, and the mechanism of 313 

SOC accumulation was not discussed.  314 

Because the average depth of the Ap horizon across the 34 study sites was 0.23 ± 0.04 m 315 

(Iwasaki, Endo, and Hatano 2017), most of the applied OM was directly incorporated into the 0–316 

0.15 m layer. In Silandic Andosols, which possess significantly higher large macro-porosity and 317 

total porosity than Vitric Andosols (Table 2), the OM applied to the 0–0.15 m layer was subjected 318 

to accelerated decomposition due to more aerobic conditions. A positive correlation between the 319 

macro-aggregate portion and microbial respiration has been found in several studies 320 

(Andruschkewitsch et al. 2014; Diba, Shimizu, and Hatano 2011; Shahbaz, Kuzyakov, and 321 

Heitkamp 2017). Moreover, a decrease in SOM stabilization with increasing OM input due to 322 

macro-aggregate formation has been reported (Aoyama and Taniuchi 1992; Shahbaz, Kuzyakov, 323 

and Heitkamp 2017). By contrast, OM incorporated into the 0.15–0.30 m layer might be more 324 

stable due to relatively anaerobic conditions. Enhanced vertical infiltration of OM from surface to 325 

sub-surface soil by increasing macro-porosity has also been reported (Mori, Fujihara, and 326 

Yamagishi 2014). The macro-pore in Mori, Fujihara, and Yamagishi (2014) is around 10 mm in 327 

diameter, corresponding to the large macro-pore in this study. 328 

In Vitric Andosols with less large macro-porosity and total porosity, OM incorporated into the 0–329 

0.15 m layer could accumulate as SOC. Consistent with this, we observed no effect on the 0.15–330 

0.30 m layer. The slope and R2 values presented in Fig.2 suggest that the C-containing manure 331 

application rate can more accurately account for SOC accumulation than the total C application rate 332 

in 0–0.15 and 0–0.30 m layers in Vitric Andosols. OM type was expected to influence the dynamics 333 

of OM incorporation into the soil, and SOC accumulation (Moreno-Cornejo et al. 2015). The CN 334 

ratio of OM, previously reported to influence CO2 emissions (Toma and Hatano 2007), did not 335 

clearly differ between manure and green manure (Table 1). Therefore, differences in environmental 336 



factors such as soil temperature and moisture after incorporation, might affect OM decomposition. 337 

These factors were not assessed in this study. 338 

 339 

4.3 Physical protection of soil organic matter by micro-pore 340 

In Silandic Andosols, SOC stock in the 0–0.15 m layer correlated significantly with micro-341 

porosity (Fig.3). This relationship indicates the existence of occluded SOM (Wagai, Mayer, and 342 

Kitayama 2009) and physical SOM stabilization by OM sequestration inside the micro-pores (Six et 343 

al. 2002). According to Wagai, Mayer, and Kitayama (2009), the occluded low-density SOM 344 

fraction accounts for up to half of the total C in surface soils, and is inaccessible to microbes. 345 

Oxygen-depleted conditions inside the micro-pores decrease microbial activity (Smith et al., 2014). 346 

As discussed above, the soil structure was better developed in Silandic Andosols than in Vitric 347 

Andosols. It has been reported that the fractal dimension of pore distribution patterns is linearly 348 

correlated with the areal porosity (Lipiec, Hatano, and Słowińska-Jurkiewicz 1998). Therefore, the 349 

variation in micro-pore distribution in Silandic Andosols might become larger than that in Vitric 350 

Andosols. A clearer relationship between the micro-porosity and SOC stock was observable in 351 

Silandic Andosols (Fig. 3).  352 

In this study, micro-porosity displayed strong positive correlation with WFPS, water holding 353 

capacity, and field water capacity (Table 3). SOM decomposition is slower in soils retaining higher 354 

moisture levels (Brady and Weil 2008). These results indicate that micro-pores contributed to SOM 355 

stabilization by physically protecting and maintaining soils with high WFPS. 356 

Moreover, in this study site, Iwasaki, Endo, and Hatano (2017) previously reported that the 357 

application of OM increases SOC when initial SOCstock (in 2001–2003) is lower than the threshold 358 

of 36.1 (Mg C ha-1 0.15 m-1), but a decrease in fields with higher initial SOCstock (in 2001–2003) 359 

than the threshold. In the present study, we revealed that soil structure development is another key 360 

factor in determining the OM application effect on SOC stock. In soils where SOC stock is 361 

decreasing over time, SOM decomposition proceeds from the relatively labile SOM fraction 362 

(Freixo et al. 2002). Therefore, the relatively stable SOM fraction becomes more important for 363 

SOC stock. These results suggest that in Vitric Andosols, where SOC stocks are significantly 364 

increased by OM application, relatively recent SOM accumulation has occurred. By contrast, in 365 

Silandic Andosols, which generally have higher SOC stock than the threshold with well-developed 366 

soil structure, SOM accumulates in the micro-pores in a more stable form. 367 



5. Conclusions 368 

This study aimed to evaluate the effect of long-term OM application on different ages of Andosols 369 

and to determine the factors affecting SOC stock. Twelve fields of Vitric Andosol and 22 fields of 370 

Silandic Andosols were selected in the same region. Vitric Andosols had a significantly lower SOC 371 

stock than Silandic Andosols did, which was characterized by a higher sand content. Two soil types 372 

showed different responses to the long-term OM application. An increased C application rate 373 

significantly increased the SOC stock in Vitric Andosols, but not in Silandic Andosols. On the other 374 

hand, SOC stock had a significant positive correlation with soil micro-pores in Silandic Andosols, 375 

suggesting physical protection of OM inside the micro-pore. These results suggest that there are 376 

different factors affecting SOC stock between Vitric and Silandic Andosols.  377 
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Captions 539 

Fig. 1. Soil great group distribution map of Hokkaido, Japan (a) and soil group map of the studied 540 

region (b). 541 

The soil great group and soil group were shown based on the recent update of the soil map in 542 

Hokkaido developed with the comprehensive soil classification system of Japan, (Obara et al., 543 

2016; Kanda et al., 2016).  544 

 545 

Fig.2. The relationship between the C application rate via organic matter and SOC stock. Error bar 546 

represents a standard deviation. 547 

 548 

Fig.3. The relationship between the micro-porosity and SOC stock in the 0–0.15 m layer. Error bar 549 

represents a standard deviation. 550 

 551 

Fig. A1. Relationship between sand content and soil physicochemical properties in the 0–0.15 m 552 
layer. 553 

The error bar represents the standard deviation. SOC: soil organic carbon; STN: soil total nitrogen; 554 
CEC: cation exchange capacity. 555 

 556 

Fig. A2. Relationship between (a) SOC content and STN content; (b) WESOC and available N. 557 

The error bar represents the standard deviation. SOC: soil organic carbon; STN: soil total nitrogen; 558 
WESOC: water extracted soil organic carbon; Available N: Thermal extracted nitrogen suggested 559 
by Sakaguchi, Sakurai, and Nakatuji (2010). 560 



Table 1 561 

CN ratio of organic matters and C application rate via manure, green manure, and combined organic 562 

and synthetic fertilizer. 563 

COS: Combined organic and synthetic fertilizers. The p-value represents the result of the t-test 564 

between Vitric and Silandic Andosols. Data were adapted from Iwasaki, Endo, and Hatano. (2017). 565 

 566 

Table 2 567 

Soil physicochemical properties. 568 

Soil physicochemical properties in the 0–0.15 m layer are presented. Values are mean ± sd. 569 

Different lowercase letters indicate a significant difference between the soil types. SOC: soil 570 

organic carbon; STN: soil total nitrogen; WFPS: water-filled pore space; EC: electric conductivity; 571 

PAC: phosphorus absorption coefficient; CEC: cation exchange capacity. Soil texture (sand, silt, 572 

and clay content), bulk density, total porosity, hydraulic conductivity, available water, SOC content, 573 

pH, EC, Available P, PAC, exchangeable bases (K+, Ca2+, and Mg2+), CEC, and base saturation 574 

were adapted from Iwasaki, Endo, and Hatano. (2017). 575 

 576 

Table 3 577 

Pearson’s correlation matrix of soil physicochemical properties. 578 

Soil physicochemical properties in the 0-0.15 m layer were used to obtain Pearson’s correlation 579 

coefficient. * p < 0.05; SOC: soil organic carbon; STN: soil total nitrogen; WFPS: water-filled pore 580 

space; EC: electric conductivity; PAC: phosphorus absorption coefficient; CEC: cation exchange 581 

capacity. 582 

 583 

Table 4 584 

Soil carbon and nitrogen related properties. 585 

Soil carbon and nitrogen related properties in the 0–0.15 m, 0.15–0.30 m, and 0–0.30 m layers are 586 

presented.  587 

Values are mean ± sd. Lowercase letters indicate a significant difference between the soil types. 588 

SOC: soil organic carbon; STN: soil total nitrogen; WESOC: water extracted soil organic carbon; 589 

Available N: Thermal extracted nitrogen suggested by Sakaguchi, Sakurai, and Nakatuji (2010). 590 

SOC content, SOC stock, and available N in the 0–0.15 m layer, and changes in SOC content from 591 

to 2001-2003 were adapted from Iwasaki, Endo, and Hatano. (2017). 592 



Table 1 1 
CN ratio of organic matters and C application rate via manure, green manure, and combined organic and synthetic fertilizer. 2 

Source  Unit CN ratio 
Vitric Andosols  Silandic Andosols  

p-value 
mean  max  min  sd mean  max  min  sd 

Manure (Mg C ha-1 yr-1) 5.6-19.4 1.12 2.87 0 0.94 0.85 5.17 0 1.25 0.21 

Green manure (Mg C ha-1 yr-1) 15-25 0.54 1.23 0 0.37 0.40 1.02 0 0.34 0.06 

COS (Mg C ha-1 yr-1) 3.1-15.5 0.05 0.19 0 0.06 0.05 0.19 0 0.05 0.87 

Total  (Mg C ha-1 yr-1)   1.71 4.09 0 1.18 1.31 6.05 0 1.28 0.12 

COS: Combined organic and synthetic fertilizers. The p-value represents the result of the t-test between Vitric and Silandic Andosols. Data were adapted from 3 
Iwasaki, Endo, and Hatano (2017). 4 
 5 



Table 2 6 
Soil physicochemical properties. 7 

Physical properties Unit 
Vitric Andosols Silandic Andosols       

Chemical properties Unit 
Vitric Andosols Silandic Andosols 

12 fields 22 fields 12 fields 22 fields 

Sand  (%) 55.7 ± 4.0 b 51.2 ± 2.0 a SOC content (g C kg-1) 21.7 ± 6.1 a 27.9 ± 5.2 b 

Silt (%) 24.3 ± 2.9 a 27.6 ± 2.3 b STN content (g N kg-1) 1.82 ± 0.48 a 2.38 ± 0.42 b 

Clay (%) 20.2 ± 2.4 a 21.3 ± 2.0 a CN ratio  11.9 ± 1.1 a 11.7 ± 0.6 a 

Bulk density (Mg m-3) 1.14 ± 0.16 b 1.00 ± 0.12 a pH  5.94 ± 0.15 b 5.70 ± 0.22 a 

Micro-porosity (m3 m-3) 0.300 ± 0.04 a 0.312 ± 0.059 a EC (m S m-1) 6.42 ± 1.32 a 7.27 ± 1.79 b 

Macro-porosity (m3 m-3) 0.131 ± 0.052 a 0.138 ± 0.048 a Available P content (mg P2O5 kg-1) 239 ± 97 a 200.± 100 a 

Large macro-porosity (m3 m-3) 0.137 ± 0.044 a 0.164 ± 0.056 b PAC (mg P2O5 100g-1) 1848 ± 357 b 1697 ± 348 a 

Total porosity (m3 m-3) 0.568 ± 0.068 a 0.613 ± 0.062 b Exchangeable K+ 
content (cmolc kg-1) 1.31 ± 0.25 a 1.25 ± 0.27 a 

WFPS (%) 68.0 ± 12.5 a 65.1 ± 12.4 a Exchangeable Ca2+ 
content (cmolc kg-1) 6.67 ± 2.96 a 7.49 ± 3.21 a 

Hydraulic conductivity (10-6 m s-1) 1886 ± 1961 a 2340 ± 2797 a Exchangeable Mg2+ 
content (cmolc kg-1) 2.41 ± 0.93 b 1.56 ± 0.58 a 

Water holding capacity (m3 m-3) 0.431 ± 0.042 a 0.451 ± 0.049 b CEC (cmolc kg-1) 20.5 ± 3.52 a 24.1 ± 3.52 b 

Field water capacity (m3 m-3) 0.328 ± 0.040 a 0.330 ± 0.057 a Base saturation (%) 52.4 ± 16.9 b 43.8 ± 15.5 a 

Available water  (m3 m-3) 0.071 ± 0.043 a 0.061 ± 0.019 a         

Soil physicochemical properties in the 0–0.15 m layer are presented. Values are mean ± sd. Different lowercase letters indicate a significant difference between 8 

the soil types. Micro-porosity: water retained at −6.0 kPa; macro-porosity: pores that drain at 0 to −6.0 kPa. Large macro-porosity: total porosity subtracted by 9 
macro-porosity. Water holding capacity: water retained at 0 kPa; soil available water: water drained at −3.0 kPa (field water capacity) to −50.0 kPa (depletion of 10 
moisture for normal growth). SOC: soil organic carbon; STN: soil total nitrogen; WFPS: water-filled pore space; EC: electric conductivity; PAC: phosphorus 11 
absorption coefficient; CEC: cation exchange capacity. Soil texture (sand, silt, and clay content), bulk density, total porosity, hydraulic conductivity, available 12 
water, SOC content, pH, EC, Available P, PAC, exchangeable bases (K+, Ca2+, and Mg2+), CEC, and base saturation were adapted from Iwasaki, Endo, and 13 
Hatano (2017). 14 
 15 
 16 
 17 



Table 3 18 
Pearson’s correlation matrix of soil physicochemical properties. 19 

  Sand Silt Clay Bulk 
density 

Micro-
porosity 

Macro-
porosity 

Large 
macro-

 

Total 
porosity WFPS Hydraulic 

conductivity 
Water 

holding 
 

Field 
water 

 

Available 
water 

SOC 
content 

STN 
content 

CN 
ratio pH Electric 

conductivity 
Available 

P PAC Exchangeable 
K+ 

Exchangeable 
Ca2+ 

Exchangeable 
Mg2+ CEC Base 

saturation 

  (%) (Mg m-

3) (m3 m-3) (%) (10-6 m s-1) (m3 m-3) (g C 
kg-1) 

(g N 
kg-1)     (m S m-1) (mg P2O5 

kg-1) 
(mg 
P2O5 

100 -

 

(cmolc kg-1) (%) 

Sand Sand                                                 

Silt -0.81* Silt                        

Clay -0.59* 0.04 Clay                       

Bulk density 0.42* -0.47* -0.09 Bulk 
density 

                     

Micro-porosity -0.02 0.25 -0.36* 0.12 Micro-
porosity 

                    

Macro-
porosity -0.22 0.17 0.2 -0.71* -0.59* Macro-

porosity 
                   

Large macro-
porosity -0.29 0.2 0.24 -0.70* -0.59* 0.57* 

Large 
macro-

it  

                  

Total porosity -0.38* 0.40* 0.09 -0.94* -0.13 0.67* 0.73* Total 
porosity 

                 

WFPS 0.10 -0.03 -0.20 0.70* 0.69* -0.90* -0.74* -0.66* WFPS                 

Hydraulic 
conductivity -0.32 0.15 0.33 -0.33 -0.60* 0.44* 0.62* 0.37* -0.47* Hydraulic 

conductivity 
               

Water holding 
capacity -0.34* 0.44* -0.02 -0.70* 0.43* 0.43* 0.08 0.67* -0.24 -0.1 

Water 
holding 
capacity 

              

Field water 
capacity 0.04 0.12 -0.30 0.05 0.93* -0.48* -0.52* -0.05 0.56* -0.59* 0.52* 

Field 
water 

capacity 
             

Available 
water 0.38* -0.3 -0.2 -0.32 -0.08 0.41* 0.12 0.30 -0.52* -0.19 0.30 0.14 Available 

water 
            

SOC content -0.49* 0.68* -0.11 -0.50* 0.50* 0.01 0.09 0.46* 0.09 0.00 0.55* 0.37* -0.19 SOC            

STN content -0.57* 0.75* -0.08 -0.56* 0.48* 0.09 0.10 0.50* 0.04 0.00 0.62* 0.36* -0.15 0.97* STN           

CN ratio 0.24 -0.17 -0.16 0.16 0.17 -0.32 -0.8 -0.16 0.25 -0.04 -0.17 0.09 -0.24 0.32 0.06 CN          

pH 0.41* -0.46* -0.03 0.46* -0.21 -0.04 -0.26 -0.44* 0.11 -0.09 -0.37* -0.23 -0.06 -0.41* -0.48* 0.25 pH         

Electric 
conductivity -0.26 0.32 -0.06 -0.27 0.42* -0.02 0.04 0.28 0.11 0.12 0.46* 0.40* -0.12 0.52* 0.55* 0.01 -0.26 Electric 

conductivity 
       

Available P 0.16 -0.27 0.17 0.16 -0.56* 0.29 0.11 -0.17 -0.33 0.36* -0.39* -0.60* 0.06 -0.35* -0.39* 0.06 0.38* -0.05 Available 
P 

      

PAC 0.04 0.04 -0.21 0.15 0.56* -0.3 -0.43* -0.08 0.50* -0.28 0.27 0.52* -0.14 0.32 0.33 0.05 0.03 0.28 -0.58* PAC      

Exchangeable 
K+ -0.08 0.12 -0.01 0.02 0.09 0.01 0.07 0.05 0.01 0.21 0.06 0.00 -0.23 0.16 0.15 0.10 0.15 0.50* 0.20 0.06 Exchangeable 

K+ 
    

Exchangeable 
Ca2+ 0.09 -0.20 0.20 -0.04 -0.18 0.04 0.13 -0.05 -0.16 -0.02 -0.15 -0.17 0.01 -0.11 -0.20 0.32 0.48* -0.05 0.43* -0.48* 0.13 Exchangeable 

Ca2+ 
   

Exchangeable 
Mg2+ 0.42* -0.34* -0.26 0.44* 0.15 -0.28 -0.27 -0.35* 0.25 -0.22 -0.18 0.21 0.08 -0.38* -0.37* -0.10 0.19 0.07 -0.04 0.24 0.25 -0.33 Exchangeable 

Mg2+ 
  

CEC -0.52* 0.73* -0.11 -0.58* 0.54* 0.07 0.12 0.50* 0.03 -0.03 0.66* 0.43* -0.16 0.85* 0.87* 0.06 -0.46* 0.60* -0.31* 0.22 0.23 -0.08 -0.23 CEC  

Base saturation 0.46* -0.62* 0.13 0.33 -0.35* -0.07 0.00 -0.34 -0.09 -0.04 -0.46* -0.27 0.13 -0.56* -0.65* 0.27 0.67* -0.25 0.50* -0.43* 0.12 0.82* 0.07 -0.58* Base 
saturation 

Soil physicochemical properties in the 0–0.15 m layer were used to obtain Pearson’s correlation coefficient. * p < 0.05; SOC: soil organic carbon; STN: soil total 20 
nitrogen; WFPS: water-filled pore space; EC: electric conductivity; PAC: phosphorus absorption coefficient; CEC: cation exchange capacity. 21 



Table 4 22 
Soil carbon and nitrogen related properties. 23 

Soil type 

SOC content Change in SOC content from 
2001-2003 to 2012 WESOC NO3--N SOC stock 

0–0.15 m 0.15–0.30 m 0–0.15 m 0.15–0.30 m 0–0.15 m 0.15–0.30 m 0–0.15 m 0.15–0.30 m 0–0.15 m 0.15–0.30 m 0-0.30 m 

(g C kg-1) (g C ha-1 yr-1) (mg C kg-1) (mg N kg-1) (Mg C ha-1) 

Vitric Andosols 12 
sites 21.7 ± 6.1 a 19.4 ± 6.8 a 0.24 ± 0.61 b  45.5 ± 23.7 a 36.9 ± 17.7 a 23.8 ± 9.3 a 1.3 ± 0.3 a 36.5 ± 9.3 a 35.3 ± 10.1 a 71.5 ± 15.3 a 

Silandic 
Andosols 

22 
sites 27.9 ± 5.2 b 26.9 ± 4.8 b -2.80 ± 0.39 a  46.8 ± 19.4 a 30.6 ± 17.1 a 30.8 ± 19.4 a 1.6 ± 17.1 a 41.7 ± 7.8 b 44.5 ± 7.4 b 86.4 ± 12.7 b 

Soil type 

STN content CN ratio Available N NH4+-N STN stock 

0–0.15 m 0.15–0.30 m 0–0.15 m 0.15–0.30 m 0–0.15 m 0.15–0.30 m 0–0.15 m 0.15–0.30 m 0–0.15 m 0.15–0.30 m 0-0.30 m 

(g C kg-1)  (mg N kg-1) (mg N kg-1) (Mg C ha-1) 

Vitric Andosols 12 
sites 1.82 ± 0.48 a 1.84 ± 0.47 a 11.9 ± 1.1 a 10.7 ± 2.9 a 37.0 ± 9.8 b 45.6 ± 10.5 b 1.0 ± 0.6 a 8.7 ± 9.9 a 3.05 ± 0.70 a 3.02 ± 0.79 a 6.06 ± 1.22 a 

Silandic 
Andosols 

22 
sites 2.38 ± 0.42 b 2.25 ± 0.43 b 11.7 ± 0.6 a 11.9 ± 0.7 b 31.8 ± 9.3 a 35.7 ± 10.4 a 1.4 ± 0.8 a 8.1 ± 3.7 a 3.55 ± 0.63 b 3.76 ± 0.69 b 7.33 ± 1.11 b 

 24 
Soil carbon and nitrogen related properties in the 0–0.15 m, 0.15–0.30 m, and 0–0.30 m layers are presented.  25 
Values are mean ± sd. Lowercase letters indicate a significant difference between the soil types. SOC: soil organic carbon; STN: soil total nitrogen; WESOC: 26 
water extracted soil organic carbon; Available N: Thermal extracted nitrogen suggested by Sakaguchi, Sakurai, and Nakatuji (2010). SOC content, SOC stock, and 27 
available N in the 0–0.15 m layer, and changes in SOC content from to 2001-2003 were adapted from Iwasaki, Endo, and Hatano (2017). 28 
 29 
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