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Significance and limitation of scarification treatments on early 11 

establishment of Betula maximowicziana, a tree species producing 12 

buried seeds: effects of surface soil retention 13 

We compared early establishment of B. maximowicziana, a commercially 14 

valuable tree species producing buried seeds, among the standard scarification 15 

and three alternative treatments in which surface soil was retained (soil replacing, 16 

screening and plowing). We found the efficiencies of the soil retention for the 17 

seedling emergence were clearly different among the treatments; the replacing 18 

and plowing caused significantly richer seedling emergence, whereas the 19 

screening resulted in lower emergence than the standard treatment. In total, the 20 

most abundant seedling emergence was estimated to have occurred in the case of 21 

higher soil water content with lower soil hardness. These seemed to be attributed 22 

to soil properties, induced differently by each treatment, and relatively high water 23 

demand characteristics of B. maxomowicziana. On the other hand, plowing 24 

showed low seedling density at the end of the second growing season despite its 25 

greater emergence, probably because of suppression from understory vegetation 26 

recovered from undisturbed root system. We conclude that replacing would be a 27 

best alternative for regeneration of B. maxomowicziana. The scarification 28 

treatments in which surface soil is retained can be evaluated to be positive or 29 

negative according to the site conditions, physiological characteristics of the 30 

target tree species, and recovery of other vegetation.  31 

Keywords: site preparation; birch; natural regeneration; soil properties; soil water 32 

content 33 

Introduction 34 

Establishment of alternative silvicultural regime with close-to-nature concept poses a 35 

considerable challenge for forestry and forest-product industries of many countries and 36 

regions (Kohm and Franklin 1997; Messier et al. 2013). Regeneration is one of the most 37 

important processes for forest management as it dictates the long-lasting stand structure, 38 

including composition of tree species (Nyland 2016). In comparison with artificial 39 

regeneration with planting or sowing, natural regeneration that relies on seed dispersal 40 



or coppicing is generally more compatible with the close-to-nature concept because it 41 

largely reflects natural vegetation that is adaptable in the in situ environment (Schütz 42 

1999). This approach is also beneficial in reducing the management cost (Shono and 43 

Cadaweng 2007), which results in this practice being a preferred option for many forest 44 

types. 45 

However, natural regeneration is generally associated with high uncertainly in 46 

terms of both regeneration density and species composition (Nyland 2016); low 47 

seedling performance could result from various factors, including poor soil conditions 48 

(Hutchings et al. 2003) and competing vegetation (Noguchi and Yoshida 2004; Royo et 49 

al. 2006), and supplementary practices to improve these unfavorable conditions for 50 

desired regeneration outcomes are required. Therefore, persistent improvement of such 51 

a practice is an issue which should be addressed in many regions (Löf et al. 2012). 52 

Mechanical site preparation, which is the practice using heavy machinery to 53 

remove competitive vegetation and to improve surface soil condition, is widely applied 54 

for reforestation, in particular the method that rely on natural seeding (Löf et al. 2012; 55 

Nyland 2016). Mechanical site preparation has some variations that differ in intensity 56 

and the method of treatment, and its effects on soil environments differ considerably 57 

depending on the type of practice (Bock and Van Rees 2002; Löf et al. 2012). The 58 

practice is expected to provide appropriate seed-bed conditions; however, in some cases, 59 

it results in regeneration failure, partly due to a mismatch between the selection of the 60 

practice and regeneration characteristics of a target species (Prévost et al. 2010; Soto et 61 

al. 2015). 62 

In the present study, we targeted regeneration of Betula maximowicziana Regal, 63 

which is a major tree species occurring in the cool-temperature mixed forests of 64 

northern Japan (Hasegawa 2009). B. maximowicziana sometimes forms a mixed 65 



secondary forest with other birch species [Betula ermanii Cham. and Betula platyphylla 66 

var. japonica (Miq.) Hara] following soil scarification. B. maximowicziana has the 67 

highest commercial value because of its superior wood quality (Hasegawa 2009); 68 

however, a reliable practice to regenerate the species has not yet been developed. This 69 

species has a high reproductive ability, showing a relatively longer seed dispersal 70 

distance among wind-dispersed trees (up to several hundred meters; Osumi and Sakurai 71 

1997). On the other hand, the species requires an extended time for sexual maturation of 72 

>50 years so that the majority of individuals attain seed production (Osumi 2005). 73 

Furthermore, the species shows masting years, where abundant seed production is only 74 

observed every 3 or 4 years (Osumi and Sakurai 1997). 75 

The latter two characteristics of B. maximowicziana lead to uncertainty of its 76 

capacity for natural regeneration. However, the species has characteristics to mitigate 77 

against these negative factors; the majority of buried seeds are able to germinate even 78 

after several years (Osumi and Sakurai 1997). Therefore, retaining surface soil during 79 

the scarification practice has been thought to be effective in reducing the uncertainty of 80 

regeneration. Recently, scarification practice with leaving surface soil has attracted 81 

attention due to its potential to achieve rapid growth of regenerated seedlings (Aoyama 82 

et al. 2009). There are several practices with different treatments and intensities, such as 83 

replacing, screening and plowing of surface soil (Fig. 1; see details in Materials and 84 

Methods). Some previous studies have suggested a positive effect of such a practice on 85 

emergence of seedlings originated from buried seeds (Sato 1998; Sugita et al. 2006; 86 

Goto and Tsuda 2007). Nevertheless, no previous studies have evaluated the influence 87 

of the change in soil environmental conditions induced by retaining the surface soil. 88 

Because B. maximowicziana has relatively high water demand characteristics (Tabata 89 

1964; Osumi and Sakurai 2002), a difference in treatments may change the 90 



effectiveness of retaining soil through possible changes in soil properties. More 91 

specifically, the objective of the current study is to evaluate the effects of several 92 

different scarification practices to leave surface soil (replacing, screening and plowing) 93 

on the early establishment of B. maximowicziana seedlings. With consideration of the 94 

ability of this species to create buried seeds, it is expected that this species is positively 95 

affected by these practices. However, because the alternation of the soil environment, in 96 

particular the water conditions in relation to the intensity of soil disturbance, vary 97 

according to the practice adopted, we expect that there would be a variation in the early 98 

establishment of the species among these practices. 99 

Materials and Methods 100 

Study site and treatments 101 

This study was carried out in the Teshio Experimental Forest of Hokkaido University in 102 

Hokkaido, northern Japan. Mean annual temperature and precipitation are respectively 103 

5°C and 1000mm, with the maximum snow depth is over 200cm. The forest is largely 104 

dominated by a mixed conifer-broadleaf stand [consisting mainly of Picea jezonensis 105 

Carr., Abies sachalinensis (Fr. Scham.) Masters, Querucus crispula Blume. and Betula 106 

species], with secondary Betula stands as an occasional associate. 107 

Soil scarification has been widely conducted for non-wooded sites dominated by 108 

dwarf bamboos (Sasa species), and has resulted in establishment of Betula stands in 109 

many cases in northern Japan (Umeki 2003). In this study, this practice was conducted 110 

in large canopy openings created in a 39-year-old mature secondary stand (total basal 111 

area 2.6 m
2 

ha
-1

). This stand was established following soil scarification in 1974, and 112 

consisted of B. ermanii Cham. (62.5% of the basal area), B. maximowicziana (24.2%) 113 

and B. platyphylla var. japonica (Miq.) Hara (6.6%). The understory was densely and 114 



exclusively covered with dwarf bamboo, Sasa kurilensis (Rupr.) Makino et Shibata, and 115 

there were few tree seedlings. Four experimental plots, each with an area of 250 m
2
 116 

(25 × 10 m), were established in the center of the canopy openings. The four plots were 117 

located within the range of several hundred meters on a gentle ridge (slope inclination < 118 

5°). In each of these plots, four different practices of soil scarification (Fig. 1) were 119 

conducted during the summer of 2013. 120 

(1) Scarifying: It is a standard treatment in which a power shovel (Hitachi 121 

Construction Machinery Co. Ltd, HITACHI ZX130L-3) was used to remove 122 

understory vegetation with surface soil (up to 5–10 cm depth). The resulting 123 

debris was piled outside the area. 124 

(2) Replacing: It is an alternative practice which can retain more surface soil at the 125 

site (Aoyama et al. 2009). The surface soil with understory vegetation was 126 

removed from the site using a power shovel, similar to the scarifying process; 127 

however, the soil was subsequently replaced using a power shovel after a certain 128 

period. The site was left for duration of 4 weeks in this case to prevent 129 

recolonization of dwarf bamboos from root stocks (Aoyama et al. 2009). 130 

(3) Screening: It is an additional alternative practice to retain the surface soil (Sato 131 

1998). The understory vegetation was removed by clamping using the bucket of 132 

the power shovel, in which the entire plant is removed, including the root system. 133 

As much soil as possible is shaken off the root debris so as to retain the soil at 134 

the site. 135 

(4) Plowing: It is a practice that involved removal of the above-ground part of the 136 

understory vegetation with disturbance to surface soil. All the understory plants, 137 

mostly S. kurilensis, were cut by using a machinery grass cutter, and were 138 

carried out from the area. The blade of the cutter was inserted to soil to cut 139 



bamboo stems as close to the ground as possible. The resultant surface condition 140 

was mostly consisted of plowed soil. 141 

After completing these practices, we established two quadrats (1 × 1 m) for each 142 

treatment in each plot. For evaluating germination from buried seeds, these quadrats 143 

were covered with meshed-cloth to exclude dispersed seeds until the beginning of the 144 

next growing season. We note that a record of seed-fall in nearby natural forests showed 145 

that an abundant crop of B. maximowicziana occurred 2 years before the treatment 146 

(Teshio Experimental Forest. unpublished), indicating that there were sufficient buried 147 

seeds in surface soil (Osumi and Sakurai 1997). 148 

Field survey 149 

We censused seedlings of B. maximowicziana immediately after the treatment, at the 150 

end of the first growing season (2013), and at the beginning and the end of the second 151 

growing season (2014). The seedlings were tagged and individual heights were 152 

measured with confirmation of their survival at the time of each investigation. The other 153 

plant species were also recorded in terms of individual stem density during the last 154 

census. We noted that it was difficult to identify species of many seedlings among the 155 

three Betula species immediately after germination. Therefore, we tentatively classified 156 

these seedlings by their morphological characteristics and achieved identification after 157 

species characteristics became clear. The individuals that died earlier were identified 158 

according to the early characteristics. 159 

In addition, we measured soil conditions within the vicinity of each quadrat. The 160 

measurements were carried out after non-rainy weather lasted several days during the 161 

summer of the first growing season (2014). We suppose these measurements can 162 

represent the soil condition of the study site, because their trends were consistent with 163 



those observed in the preliminary (immediately after the treatment in 2013) and the 164 

subsequent (summer of 2015) measurements. Soil hardness was measured with a tester 165 

(Fujiwara Scientific Co.Ltd, Yamanaka’s Soil Hardness tester) at nine points randomly 166 

selected in each quadrat, and the mean values was used as a representative measure of 167 

hardness in each quadrat. Soil samples were also collected systematically at a depth of 168 

0-10cm (three repetitions for each quadrat) using on auger (196.25cm
3
). The mean 169 

values of the three repetitions were used for the analysis (six samples per treatment in a 170 

plot). We carefully removed roots, stones and large bulks using the sieve (2-mm mesh), 171 

and  weighted the sample before and after drying (105 °C, 24 h) to determine water 172 

contents. The extracts of collected samples, obtained using 2N KCl, were measured to 173 

determine NH4 and NO3 using an analyzer (BL-TEC, AACS-4), and total NH4 and NO3 174 

was regarded as the amount of inorganic nitrogen.  175 

Analysis 176 

The emergence of B. maximowicziana from buried seeds was evaluated by the number 177 

of seedlings observed in the covered (i.e., seed dispersal limited) quadrats at the 178 

beginning of the second growing season. The growth potential of B. maximowicziana 179 

was evaluated by height-class distribution of seedlings at the last census. The number of 180 

seedlings and stems of major regenerated plant species recorded at the last census was 181 

also subjected. For comparison among treatments, the statistical differences was tested 182 

using a generalized liner mixed model (GLMM) in which the plot was considered as a 183 

random effect. We assumed a Gaussian distribution with an identity-link function for 184 

the soil conditions, and a Poisson distribution with a log-link function for the densities 185 

of seedlings. 186 

We found that there was considerable variation in soil conditions among the 187 

plots (Table 1) despite they were located on a same gentle ridge topography. Therefore, 188 



we conducted an additional analysis that explicitly examined the effects of soil factors 189 

on the emergence of B. maximowicziana. The soil hardness, soil water content, and their 190 

interaction were used as predictor variables. There was no multi-collinearity among soil 191 

hardness and soil water content (the variance inflation factors for soil hardness and soil 192 

water content were both 1.27). We again used a GLMM in which the treatment and plot 193 

were used as random effects. We assumed a Poisson distribution with a log-link 194 

function for the analysis. R 3.1.2 was used (R Development Core Team 2017) for the 195 

analyses. 196 

Results 197 

Soil conditions 198 

Soil conditions were significantly influenced by the treatments (Table 1). The standard 199 

scarification showed the highest soil hardness (6.5 ± 1.3kg cm
-2

), followed by the 200 

plowing and the screening, whereas the soil hardness of the replacing showed an 201 

exceedingly low value (1.5 ± 0.3kg cm
-2

). On the other hand, the standard scarifying 202 

process resulted in significantly lower soil nutrients (17.5 ± 1.7mg kg
-1

) than that of the 203 

other three treatments. There was no significant difference in soil water contents among 204 

the treatments, although the maximum and minimum values were observed respectively 205 

in replacing and scarifying treatment (43.2 and 23.5%).   206 

Regeneration 207 

The emergence of B. maximowicziana seedlings originating from buried seeds was 50 208 

stems m
-2

 on an average. The replacing and plowing treatments resulted in significantly 209 

richer emergence (78.5 ± 76.8 and 65.8 ± 98.9 stems m
-2

, respectively; Fig. 2), whereas 210 

the screening treatment resulted in the lowest emergence (24.3 ± 16.5 stems m
-2

). The 211 

results of the GLMM suggested that the emergence was influenced by soil hardness, 212 



soil water content, and their quadratic interaction (Table 2). The soil water contents 213 

generally had a considerable positive effect, and the most abundant emergence was 214 

estimated to have occurred in the case of higher soil water content with lower soil 215 

hardness (Fig. 3). The height-class distributions demonstrated that B. maximowicziana 216 

seedlings were more abundant in the replacing treatment in all the height classes (Fig. 4). 217 

In particular, number of seedlings with a height >30cm (8.9 ± 5.7 stems m
-2

) was 218 

approximately more than four to eight fold greater than that of the other treatments. 219 

With regard to the other plant species, as similar to B. maximowicziana, B. 220 

platyphylla var. japonica was significantly denser in the replacing treatment(57.8 ± 42.7 221 

stems m
-2

, Fig. 5) and scarcer in the screening treatment (20.3 ± 23.3 stems m
-2

, Fig. 5). 222 

In contrast, there was no significant difference among the treatments for Phellodendron 223 

amurense Rupr. A shrub (Rubus idaeus L. var. aculeatissimus Regel et Tiling) and a 224 

forb (Eupatorium chanense L. subsp. sachalinense (F.Schmidt) Kitam. Ex Murata) 225 

showed richer density in the three treatments in which surface soil was retained. The 226 

dwarf bamboo Sasa kurilensis, which had exclusively dominated before the 227 

scarification, was significantly denser in the plowing treatment. 228 

Discussion 229 

Effects of soil retention on seedling emergence 230 

We found that the efficiencies of the treatments in which surface soil was retained were 231 

clearly condition-dependent; the effects on the early demography of B. maximowicziana 232 

were sometimes not apparent or even negative in the present study. We observed a large 233 

seed-fall event of the species 2 years before the treatment (Teshio Experimental Forest, 234 

unpublished). With regard to the extended life-span of the buried seeds of this species 235 

(more than half of the buried seeds were able to germinate even after 6 years; Osumi 236 



and Sakurai 1997), it can be expected that there was a large quantity of buried seeds in 237 

the soil at the time of the treatment (Yamazaki et al. in prep). It has been reported that a 238 

standard scarification treatment using a rake dozer removed approximately 10 cm of 239 

surface soil (Yoshida et al. 2005), which is the depth within which most of the available 240 

buried seeds are distributed (Godefroid et al. 2006; Zobel et al. 2007; Sakai et al. 2010). 241 

Hence, a positive effect of the treatments with surface soil retention has been regarded 242 

as an obvious precondition for the management of species with buried seeds. Goto et al. 243 

(2007) reported that many seedlings of B. maximowicziana, as well as other species 244 

producing buried seeds, such as Phellodendron amurense and Aralia elata, germinated 245 

following scarification with the retaining of surface soil. In addition, Sato (1998) 246 

observed similar effects of such treatments on P. amurense.  247 

However, as shown in the present study, the effect of the treatment with 248 

retaining surface soil is not necessarily positive; the abundance of seedling emergence 249 

of B. maximowicziana in the screening treatment was significantly lower than that of the 250 

standard scarification treatment (Fig. 2). This strongly indicates that the potential to 251 

utilize buried seeds is subjected to certain limitations, depending on the conditions 252 

induced by the treatments.  253 

Significance of soil conditions 254 

We suppose that the difference in soil properties, induced differently by each 255 

scarification treatment, would be important as the limiting factor. Many previous studies 256 

have suggested that, in scarification sites, soil desiccation as a result of exposure to 257 

direct radiation (Wetzel and Burgess 2001) is a major negative factor on early 258 

establishment of seedlings (Fleming et al. 1994; Madsen 1995; Resco de Dios et al. 259 

2005; Yoshida et al. 2005); this would be significant also for B. maximowicziana, which 260 

has vulnerability to water stress (Tabata 1964; Yamazaki et al. in prep). In the current 261 



study we did not find significant differences in the mean water content of the soil 262 

(≤10 cm depth) among the treatments (Table 1). However, we suspect there may be a 263 

difference in water retention capacity, if we consider only the shallower part of the soil, 264 

which correspond to the rooting depth of the first-year seedlings. In fact, our subsequent 265 

investigation (Yamazaki et al. in prep) demonstrated that the replacing showed 266 

significantly higher soil water content of the shallow surface layer (0-2.5 cm depth) than 267 

screening treatment. We confirmed that some extent of cultivation induced by these 268 

surface soil retentions resulted in higher porosity of surface soil, which generally has a 269 

potential to decrease water retention capacity (McNabb and Startsev 2001; Ares et al. 270 

2005; Siegel-Issem et al. 2005). We therefore suspect soil desiccation might be less 271 

remarkable in the replacing than in the screening; the replacing produces a relatively 272 

heterogeneous surface condition with considerable root debris in the soil, which might 273 

contribute to partial maintenance of water retention capacity in the sites (Yamazaki et al. 274 

in prep). We need further investigations regarding detailed structures and processes in 275 

surface soil associated with the treatments. 276 

The current study site was located on gentle ridge topography (see Material and 277 

Methods), which indicates a relatively dry site condition. This may strengthen the result 278 

of the current study that the retaining surface soil was not necessarily effective. In actual 279 

fact, the result of the GLMM demonstrated a negative effect of soil hardness (i.e. lower 280 

compaction, induced by the replacement treatments) on seedling emergence, which was 281 

particularly apparent under a higher water content condition (Fig. 3). We suppose that 282 

this may again result from the high vulnerability of B. maximowicziana to water stress. 283 

In contrast, the established densities of the other plant species, Rubus idaeus and 284 

Eupatorium chinense, were simply higher in the two soil-retention treatments (Fig. 5). 285 

These two species are known to adapt to relatively dry-site conditions (Saito et al. 2016) 286 



and produce buried seeds (cf. Zobel et al. 2007; Sakai et al. 2010). We suppose that the 287 

species characteristics of vulnerability to water stress resulted in the different patterns 288 

evident between these two species and B. maximowicziana. This may be supported by 289 

the results showing that Phellodendron amurense which is adapted to a relatively moist 290 

condition in comparison with B. maximowicziana (Saito et al. 2016), has showed no 291 

significant differences in density among the treatments (Fig. 5). We note that a similar 292 

result has been observed in a scarification site in northern America in which a Rubus 293 

species increased by the treatment, regardless of the soil water environment, whereas 294 

Betula alleghaniensis was subjected to germination restrictions by water stress (Prévost 295 

et al. 2010). 296 

The retention of surface soil produced richer nitrogen content (Table 1). In spite 297 

of this, at the end of the second growing season, the retention did not result in greater 298 

density of large seedlings of B. maximowicziana expect for the replacement treatment 299 

(Fig. 4). We suppose the positive effect of the soil fertility was canceled by competition 300 

with other plants. The vigorous regeneration recorded for shrubs and/or forb species is 301 

naturally a concern for forestry management (Yoshida et al. 2005), and the competitive 302 

interaction among plant species would be also an issue requiring further examination. 303 

The current study focused on the regeneration pattern during the earliest development 304 

stage; thus, we did not explicitly test the effect of the competition because vegetation 305 

coverage was still generally sparse in the plots. However, we suspect that the recovery 306 

of Sasa kurilensis in the plowing treatment (Fig. 5) may have exceptionally influenced 307 

the growth of B. maximowicziana; the treatment left the rhizome of S. kurilensis intact 308 

and resulted in vigorous recovery in the plots. This may partly result in the lower 309 

seedling density of B. maximowicziana observed in the plowing treatment despite its 310 

greater seedling density at the emergent stage (Fig. 2, 5) 311 



Implications for management 312 

The current study clarified that the scarification treatments in which surface soil is 313 

retained can be evaluated to be positive or negative according to the site conditions and 314 

physiological characteristics of the target tree species. In previous studies, the treatment 315 

in which surface soil was retained was simply regarded to increase the number of 316 

seedlings from buried seeds (Sato 1997; Sugita et al. 2006; Goto and Tuda 2007). 317 

However, as also shown in many studies, the area subjected to soil scarification often 318 

produces desiccate surface conditions because of exposure to direct radiation (Wetzel 319 

and Burgess 2001), and this might be strengthened depending on way of the retention of 320 

surface soil. Therefore, the creation of a soil structure that can maintain a certain 321 

amount of water content should also be added as a required condition, particularly when 322 

a tree species demanding a wet condition such like B. maximowicziana is targeted. We 323 

can recommend the replacing treatment, but the detailed elucidations of soil structures 324 

induced by different treatments are necessary to test the emerged hypothesis. 325 

In addition, it should also be noted that retaining the surface soil can induce a 326 

significant increase in competitive vegetation (Yoshida et al. 2005). As shown in the 327 

present study, the numbers of seedlings of several shrub and forb species were clearly 328 

abundant in the treatments in which surface soil was retained (Fig. 5). Although B. 329 

maximowicziana have a fast growth rate, it is also reported to be highly vulnerable to 330 

competition with neighbors (Ohno et al. 2010). Hence, a condition in which a light-331 

demanding pioneer shrub and forb species is able to grow abundantly should be avoided. 332 

For developing sustainable forest management that incorporates scarification practice, 333 

further investigation to grasp the appropriate location for each treatment, with or 334 

without retaining surface soil, is required. 335 
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Table 1. Soil conditions in the four scarification treatments. The averages and the 451 

standard deviations (in parentheses) are shown 452 

Table 2. The result of the generalized liner mixed model explaining the emergence of B. 453 

maximowicziana seedlings originated from buried seeds. The treatments and plots were 454 

considered as random factors. The coefficients and p values (in parentheses) are shown 455 

Figure 1. The four scarification treatments applied in this study. See details in Materials 456 

and Methods 457 

Figure 2. The mean emergence of B. maximowicziana seedlings originated from buried 458 

seeds. Bars indicate standard deviation. Different letters indicate significant difference 459 

among the treatments 460 

Figure 3. The effect of soil conditions on the emergence of B. maximowicziana 461 

seedlings originated from buried seeds, based on the result of the generalized linear 462 

mixed model (Table. 2). High (45%) and low (25%) water contents, which are 463 

respectively represent upper and lower limits of the observed values 464 

Figure 4. The size frequency distribution of B. maximowicziana. seedlings in the four 465 

scarification treatments at the end of the second growing season 466 

Figure 5. The number of seedlings or stems established in the four scarification 467 

treatments at the end of the second growing season. Bars indicate standard deviation. 468 

Different letters indicate significant difference among the treatments; N.S. : not 469 

significant 470 

 471 
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Table.1 Soil conditions in the four scarification treatments. The averages and the 

standard deviations (in parentheses) are shown 

 

Different letters indicate significant difference among the treatments. 

 

Table.2 The result of the generalized liner mixed model explaining the emergence of B. 

maximowicziana seedlings originated from buried seeds. The treatments and plots were 

considered as random factors. The coefficients and p values (in parentheses) are shown 

 

Treatment

Hardness (kg cm
-2

) 6.5 (1.3) 
a 1.5 (0.3) 

d 2.5 (0.5) 
c 4.2 (0.5) 

b

Nitrogen content (mg kg
-1

) 17.5 (1.7) 
b 43.0 (17.5) 

a 38.4 (8.3) 
a 41.5 (6.5) 

a

Water content (%) 33.1 (5.0) 
a 35.6 (4.1) 

a 34.4 (3.5) 
a 35.6 (3.1) 

a

Scarifying Replacing Screening Plowing

Soil hardness 1.27 (<0.01)

Soil water content 24.80 (<0.01)

hardness×water content -3.54 (<0.01)

Intercept -5.47 (<0.01)

AIC 352.57

Random effect

           Variance 0.7

           Std. Dev. 0.84


