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Natural regeneration plays an important role in determining species diversity and
evolution. Exploring causes of variation in regeneration dynamics can provide key insights
into the factors affecting regeneration. However, the relationship between the
regeneration of Larix principis-rupprechtii and environmental factors is not clear in north
China. Primarily, the three extents of regenerated L. principis-rupprechtii were selected in
Shanxi Province. Then, the redundancy analysis revealed the environmental factors
(topography, stand structure, soil property, and litter) that affected natural regeneration.
The structural equation modeling identified the most importance of direct and indirect
factors that affecting L. principis-rupprechtii natural regeneration. Litter thickness, canopy
density, and adult tree diameter at breast height were positively correlated with natural
regeneration. Aspect and total volume of nitrogen were negatively associated with natural
regeneration. In addition, there was no significant correlation between natural
regeneration and other environmental factors (altitude, slope, adult tree height, stand
density, soil water content, soil organic content, total P, available N, available P, and soil
enzyme). Further artificial intervention measures should be considered to promote
plantation regeneration. This finding provides an effective base for land managers to
conduct forest restoration and sustainable management.

PeerJ reviewing PDF | (2023:02:82300:0:1:NEW 16 Feb 2023)

Manuscript to be reviewed



1 The potential factors promoting the Larix principis-

2 rupprechtii natural regeneration in North China

3 Weiwen Zhao, Yanjun Sun*, Yufeng Gao

4 Institute of Soil and Water Conservation Science, Shanxi Agricultural University, Taiyuan, 

5 China

6 *Corresponding Author:

7 Yanjun Sun

8 Taiyuan, Shanxi, China

9 Email address: syj_yx@126.com (Y. S.)

10

11 Abstract
12 Natural regeneration plays an important role in determining species diversity and evolution. 

13 Exploring causes of variation in regeneration dynamics can provide key insights into the factors 

14 affecting regeneration. However, the relationship between the regeneration of Larix principis-
15 rupprechtii and environmental factors is not clear in north China. Primarily, the three extents of 

16 regenerated L. principis-rupprechtii were selected in Shanxi Province. Then, the redundancy 

17 analysis revealed the environmental factors (topography, stand structure, soil property, and litter) 

18 that affected natural regeneration. The structural equation modeling identified the most importance 

19 of direct and indirect factors that affecting L. principis-rupprechtii natural regeneration. Litter 

20 thickness, canopy density, and adult tree diameter at breast height were positively correlated with 

21 natural regeneration. Aspect and total volume of nitrogen were negatively associated with natural 

22 regeneration. In addition, there was no significant correlation between natural regeneration and 

23 other environmental factors (altitude, slope, adult tree height, stand density, soil water content, soil 

24 organic content, total P, available N, available P, and soil enzyme). Further artificial intervention 

25 measures should be considered to promote plantation regeneration. This finding provides an 

26 effective base for land managers to conduct forest restoration and sustainable management. 

27 Keywords Natural regeneration, Environmental factors, Plantations, Management implication, 

28 Litter layers, Guandi Mountain

29

30 Introduction 
31 Natural regeneration is crucial in forest ecosystems for providing the next generation with canopy 

32 trees (Lombaerde et al., 2019). It is a tendency for tree regeneration to achieve close-to-nature 

33 management (Elisa et al., 2021). The regeneration of overstorey trees can make the forest 

34 ecological system retain a higher biomass diversity and ecological quality (Puhlick et al., 2012). 

35 Natural regeneration is replacing artificial planting in most places in a dominant manner (Christian 
36 et al., 2018; Puettmann et al., 2015). Compared with traditional regeneration, natural regeneration 

37 is the cost-effective time-saving renewal of a stand by its seeds. It can achieve higher seedlings 
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38 density by making full use of the soil-plant composite system and adapting complex habitats (Kolo 
39 et al., 2017a; Srinivasan et al., 2015).

40 It has been challenging to promote the natural regeneration of Larix principis-rupprechtii, 
41 one of the main tree species of typical natural secondary forest in the mountains area of North 

42 China. Many research found that the regeneration of L. principis-rupprechtii endured difficult 

43 periods with the shifting from seeds to seedlings (Gao et al., 2020; Hernandez-Barrios et al., 
44 2015). The priority target is to identify the factors controlling the natural regeneration of trees. The 

45 seedling establishment of L. principis-rupprechtii in natural regeneration is more easily affected 

46 by abiotic and biotic factors, such as moisture, elevation, soil properties, and temperature (Liu et 
47 al., 2012; Terwei et al., 2013). Hence, a better understanding of the basic characteristics of trees 

48 regeneration is a prerequisite for effective management implications. 

49 Previous studies have shown that regeneration significantly affects stand density, canopy 

50 density, herb, shrub, and litter layers (Nakhoul et al., 2020; Royo & Carson, 2008). Stand density 

51 and canopy density can influence herb and shrub cover. As herbs and shrubs grew, the productions 

52 of litter were increasing, affecting the solar radiation. For instance, low understory light levels 

53 limit seedlings� survival, while light availability exerts pressure in shade-tolerant trees (Sangsupan 
54 et al., 2021). Litter impacts the composition of species communities by changing the micro-climate 

55 needed for seeds to germinate (Hu et al., 2016). In turn, litter decomposition affects nutrient 

56 recycling. In addition, topography affects runoff, soil drainage, and soil property variation, thus 

57 adjusting the regenerated condition (Wang et al., 2001). Strong ties exist between topographic 

58 position, soil nutrient, and plantation regeneration (Dessalegn et al., 2014). Previous studies 

59 analyzed the relations between topographic, soil, shrub, and herb to explore the main determinants 

60 of regenerated seedlings through traditional multivariate analysis (Wang et al., 2016). Although 

61 some studies discussed several factors affecting the regeneration, few had comprehensively 

62 assessed the relevance of potential factors affecting the L. principis-rupprechtii regeneration 

63 (Caquet et al., 2010; Ibáñez et al., 2015; O�Brien et al., 2007; Zhang et al., 2011).

64 This study focused on all the potential environmental factors influencing the regeneration of 

65 L. principis-rupprechtii which were selected in few areas in North China. A region of L. principis-
66 rupprechtii natural regeneration in Shanxi Province was selected to identify the control factors. 

67 Three plantations regenerated degree were classified: (1) regeneration density ≤ 3000 tree/ha (2) 

68 3000 < regeneration density ≤ 5000 tree/ha (3) regeneration density > 5000 tree/ha. This study was 

69 designed to (ⅰ) assess the all-potential factors affecting L. principis-rupprechtii regeneration, (ⅱ) 

70 identify the main influencing factors affecting natural regeneration, and (ⅲ) propose some 

71 management implications to promote the level of L. principis-rupprechtii natural regeneration. 

72 The results are expected to provide some ideal guidance for the managing L. principis-rupprechtii 
73 natural regeneration and further understanding to achieve sustainable development of forest 

74 regeneration.
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75

76 Material & methods
77 Study site

78 This study was conducted in Chailugou of Guandi Mountain, Jiaocheng County, Shanxi Province 

79 (111°28´�111°33´E, 37°48´�37°51´N) (Fig. 1) (Yang et al., 2017). The annual average 

80 temperature is 4.3 ℃, with the minimum and maximum temperatures being �11.9 ℃ and 30.7 ℃, 

81 respectively. The climate belongs to the temperate continental monsoon climate. The average 

82 atmospheric pressure is 934.2 hPa, with the minimum and maximum pressure being 920.3 hPa and 

83 948.4 hPa, respectively. The average water vapor pressure is 2.5 hPa, the annual average 

84 precipitation and evaporation are 822 mm and 1268 mm, respectively, and the elevation is 1500-

85 2831 m (Zhao et al., 2021). The main soil types are mountain cinnamon soil, cinnamon soil and 

86 brown soil (Yang et al., 2017).

87 The dominant plant species were forests (L. principis-rupprechtii, Pinus tabuliformis, Picea 
88 wilsonii, Picea meyeri, Picea asperata and Populus simonii), shrubs (Acer tataricum subsp. 
89 ginnala, Rosa multiflora, Spiraea salicifolia, Clematis florida, and Berberis amurensis), and 

90 grasses (Fragaria orientalis, Geranium wilfordii, Chquuuujrysanthemum chanetii, Lathyrus 
91 humilis, Rubia cordifolia, Bupleurum smithii, and Thalictrum aquilegiifolium).

92 Experimental design

93 In the summer of July to August 2022, an area of 1 hm2 in the artificial forest (no thinned or 

94 managed in recent years) in Guandi Mountain was investigated to find L. principis-rupprechtii 
95 natural regeneration, including 14 sampling plots (20 m×20 m). Then the trees within the plot 

96 wood were seized feet to record height, diameter at breast height (DBH), canopy cover, species 

97 and numbers. Meanwhile, all trees were classified into three types in each plot (regenerated plants 

98 of seedlings: height ≤ 1 m, saplings: height > 1 m, DBH ≤ 5 cm; adult trees: DBH > 5 cm), and 

99 also classified according to regeneration degree (high: > 5000 tree/ha; medium: 3000-5000 tree/ha; 

100 low: < 3000 tree/ha). Each plot was set with a GPS to measure longitude, latitude, and elevation. 

101 Meanwhile, growth cores were used to determine the age of adult trees, while a compass was used 

102 to record the aspect and slope (Table 1). 

103 Data collection

104 The research site was located in the rocky mountain area, too dry below 60 cm soil depth near the 

105 bedrock. Five soil sampling plots were collected with an X-shaped collection scheme at soil depth 

106 0�20 cm, 20�40 cm, and 40�60 cm in each plot by using a soil auger after three days without 

107 rainfall event, and replicated three times. These three soil layers were mixed and placed in an 

108 aluminum box as composite soil samples and brought back to the laboratory for drying and 

109 weighting (105℃, 24h) to calculated soil water content (SWC). Meanwhile, the dried soil samples 

110 were crushed and sieved with a 1.5 mm screen to remove rocks and roots. Soil organic content 

111 (SOC) was measured by using the H2SO4-K2CrO7, total nitrogen (TN) was determined by the 

112 Kjeldahl methods, total phosphorus (TP) were determined by the colorimetric method after 

113 digestion with HClO4-H2SO4, and available nitrogen (AN) was measured with the method of Li et 
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114 al. (2018). Furthermore, soil enzymes (sucrase, phosphatase, and urease) were measured with the 

115 method of Xiangping et al. (2021).  
116 After sampling soil, five herb quadrats (1 m×1 m) and five shrub quadrats (5 m×5 m) with an 

117 X shape sampling method were established in these sampling plots. At each quadrat, the species, 

118 numbers, height, and coverage were conducted. The five litter samples were also collected near 

119 herb and shrub sample plots with an X-shape pattern to record the thickness of , then bagged and 

120 weighed. The collected litter was taken to the laboratory for drying and weighting (85℃, 24h) then 

121 calculated the accumulation of litter (A et al., 2021).

122 Data analysis 

123 The natural regeneration data (regenerated numbers, trees DBH, and trees height per plot) could 

124 not be normalized although through various methods. Therefore, the effects of treatments via 

125 nonparametric tests (Kruskal-Wallis ANOVA) were analyzed. The raw data was ranked to test the 

126 interaction between multiple factors. Then the environmental gradients were identified through 

127 sorting analysis by using CANOCO (version 5.0). Preliminary detrended correspondence analysis 

128 of the all-regenerated sampling plots demonstrated that the gradient lengths were < 3.0, indicating 

129 that the regeneration plots showed linear responses to latent environmental variation, evidence of 

130 the reasonability of linear multivariate methods (Li et al., 2018). Therefore, the redundancy 

131 analysis (RDA) was carried out in the CANOCO 5.0 software to determine the community�s 

132 predominant environmental factors. The scale of the sort centered on correlations among the 

133 species. Monte Carlo simulations with a significance level of 99% were used to test the statistical 

134 significance based on random permutations (Chen & Cao, 2014). The regeneration data was 

135 transformed through logarithmic transformation to reduce the influence of extreme values (Gazer, 
136 2011). 

137 The number, diameter at breast height and height of regenerated plants were used to represent 

138 the species. Environmental factors were divided into four categories: topographic factors (altitude, 

139 slope, and aspect), stand structure (stand density, adult tree average diameter at breast height, adult 

140 trees height, and canopy density), soil properties (soil water content, soil organic content, total 

141 nitrogen, total phosphorus, available phosphorus, available potassium, ammonia nitrogen, urease, 

142 sucrase, and phosphatase), and litter (thickness and accumulation). All values for these factors 

143 were square-root transformed to ensure the uniformity of variance before conducted statistical 

144 analysis. All values after logarithmic transformation were analyzed using the ANOVA method; 

145 meanwhile, Duncan�s test (p < 0.01 or p < 0.05) was used to compare the differences in 

146 environmental factors. Pearson correlation coefficients were determined to test the relationships 

147 between environmental factors and regeneration. Statistical parameters and tests were conducted 

148 in SPSS 22.0 (Chicago, USA) and drafted in Origin 2023 (Northampton, MA, USA).

149 Structural equation modeling (SEM) was established to test all potential effects of 

150 environmental factors on regeneration by transforming the data sets into a path relation network 

151 (Malik et al., 2018). A confirmatory approach was used to measure the maximum likelihood of 
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152 data fitting the hypothesized path model, deducing environmental factor influences natural 

153 regeneration. The fitting of the path model and the relationship between structure and data were 

154 verified by using the Lavan R (version 4.2.1) package (Rosseel, 2012; Team, 2015). The fittest 

155 model was identified by high comparative fit index (CFI > 0.9), high goodness of fit index (GFI > 

156 0.9), low root mean square error of approximation index (RMSER ≤ 0.08), and low standardized 

157 root mean square residual index (SRMR < 0.08). 

158

159 Results
160 Characters of natural regeneration

161 Natural regeneration was better in the study area (Fig. 2, Table 2) after field investigation. A great 

162 number of regenerated saplings were recorded, especially the maximum plot 4 (552 trees) and the 

163 minimum plot 14 (N = 26); however, the number of regenerated seedlings was low except plot 1 

164 (N = 62), plot 3 (N = 17), and plot 10 (N = 19) (Fig. 2). In addition, there also had a low number 

165 of adult trees (number from 1 to 10). The population of regenerated saplings made up more than 

166 80% except plot 1 (59%), while regenerated seedlings and adult trees were less occupied in each 

167 sample plot (Fig. 2). However, there were no regenerated seedlings recorded in plots 8 and 11. 

168 Sampling plot 9 (density = 2200 tree/ha), 11 (density = 2775 tree/ha), and 14 (density = 1125 

169 tree/ha) were recorded medium regeneration degree. Other sample plots with a great regeneration 

170 degree of L. principis-rupprechtii were recorded greater than 3000 tree/ha.

171 Environmental factors for RDA analysis 

172 Based on statistical theory, the best predictors of L. principis-rupprechtii regeneration were 

173 determined. RDA could distinguish the relative contributions of topographic factor, stand 

174 structure, soil properties, and litter variables to L. principis-rupprechtii regeneration; meanwhile, 

175 the correlation between variables and multivariable data was evaluated. Fig. 3 shows the RDA 

176 ordination diagram. The correlation between the corresponding variables is represented by the 

177 cosine values of the environment variables in the graph; the sine cosine value represents the 

178 positive correlation between the variable, while the negative cosine value represents the negative 

179 correlation.

180 The results show a strong correlation between regeneration and environmental factors as the 

181 variation in the regeneration of 94.2% is shown on axis 1 (Fig. 3). Fig. 3-B shows all biplots of the 

182 RDA analysis. Litter thickness, litter accumulation, stand density, and canopy density positively 

183 correlates with the regenerated number, while altitude, soil water content, and total P have a weak 

184 correlation with the regenerated number (Fig. 3-A). Litter thickness and altitude are respectively 

185 the strongest and weakest effects. The variable of total N, available P, aspect, adult tree height, 

186 and adult tree diameter at breast height negatively correlate with the regenerated number; the 

187 negative effect of aspect is the largest. Regenerated height strongly positively correlates with the 

188 aspect. It negatively correlates with litter accumulation, litter thickness, stand density, canopy 

189 density, total P, soil water content, and altitude (strongly negative correlation), while adult height, 

190 adult tree DBH, total N, available P, and available N have a weak effect. Regenerated tree DBH 
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191 positively correlates with aspect and available N, the latter being the strongest; meanwhile, it 

192 negatively correlates with other environmental factors, with altitude having the strongest negative 

193 effect. Sample plots (2, 3, 4, 6, 7, 12) show the same patterns expect plot 5, while plots (1, 8, 9, 

194 10, 11, 13, 14) show the same patterns, representing the largest degrees of natural regeneration, 

195 with sample plot 4 showing the highest (Fig. 3-B). 

196 In the RDA analysis, litter thickness and canopy density contribute more than 10% (Table 3). 

197 The RDA1 axis positively correlates with total P, soil water content, altitude, stand density, canopy 

198 density, litter thickness, and litter accumulation; available N, available P, total N, aspect, average 

199 adult tree diameter at breast height, and adult tree height show a negative correlation (Table 4). 

200 Litter thickness has a greater positive correlation coefficient with RDA1 (0.696), while available 

201 N has the lowest negative correlation coefficient with RDA1 (-0.134). The aspect most highly 

202 correlates with RDA2 (0.522) followed by available N (0.055). Other variables show negative 

203 correlations. 

204 Regeneration correlation with environmental factors

205 According to RDA analysis, thirteen environmental factors were selected. Fig. 4 shows the 

206 correlation between stand structure, soil properties, litter variables and topographic factors. The 

207 number of regenerated trees positively correlates with stand density (0.62) and canopy density 

208 (0.55), and significantly positive correlates with litter thickness (0.70). The extent of regeneration 

209 (include number, diameter at breast height, and height) positively correlates with litter thickness 

210 (0.70, 0.69, and 0.55, respectively). Soil water content (-0.72) and altitude (-0.85) significantly 

211 negatively correlate with tree regeneration height. Soil water content notably negatively correlates 

212 with aspect (-0.81) but significantly positively correlates with stand density (0.68) and positively 

213 correlates with altitude (0.66). Total N is greatly positive with available N (0.67). Litter thickness 

214 is negatively correlated with aspect (-0.64) but positively correlated with stand density (0.57) and 

215 litter accumulation (0.61). Adult tree diameter at breast height is negatively correlated with litter 

216 thickness (-0.60). 

217 Structural equation model (SEM)

218 Based on maximum likelihood estimation, eight environmental factors are selected to form the 

219 SEM. All indexes are high in this model which has a great degree of fit (χ2/df = 0.446, P = 0.874). 

220 The comparative fit index (CFI) and goodness of fit index (GFI) are 0.999 and 0.991, respectively. 

221 The parsimony goodness of fit index (PGFI) and parsimony normed fit index (PNFI) are 0.505 

222 and 0.552, respectively. The standardized root means square residual (SRMR) and the root mean 

223 square error of approximation (RMSEA) are 0.027 and 0.002, respectively.

224 Litter thickness and regeneration are positively associated, with the path coefficient being 

225 0.87. Regeneration positively correlates with canopy density, with the path coefficient being 0.63. 

226 Altitude positively correlates with litter thickness, canopy density, and soil water content, the path 

227 coefficient of which are 0.25, 0.71, and 0.31, respectively. Aspect positively correlates with litter 

228 accumulation, with the path coefficient being 0.31. Total N positively correlates with litter 

229 thickness, with the path coefficient being 0.23. Aspect and canopy density is positively correlated, 
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230 having a path coefficient of 0.30. Meanwhile, litter accumulation is positively associated with litter 

231 thickness, with the path coefficient being 0.81. Regeneration is negatively associated with litter 

232 accumulation, total N, and aspect, the path coefficients of which are -0.08, -0.17, and -0.18, 

233 respectively. Total N and litter accumulation are negatively correlated, with the path coefficient of 

234 -0.47. The aspect is negatively associated with litter thickness and soil water content, the path 

235 coefficient of which are -0.40 and -0.53, respectively.

236

237 Discussion
238 According to a series of analyses, litter thickness, altitude, aspect, canopy density, adult tree DBH 

239 and total N are selected factors that affected the L. principis-rupprechtii natural regeneration.

240 Effect of topography on regeneration

241 Soil serves as the essential part affecting the growth and distribution of vegetation. Soil and 

242 vegetation are affected by topography (Liu et al., 2012; Parker, 2013). Topographic factors can 

243 adjust seeds, water, and nutrient redistribution. For instance, aspect has a significant effect on plant 

244 community structure and extents of natural regeneration (Fu et al., 2004; Ma et al., 2010; Wang 
245 et al., 2016). The ordination results indicated that the aspect and altitude were the major 

246 topographic factors affecting regeneration. However, SEM analysis indicated altitude did not 

247 influence regeneration. In this study, the difference between high and low elevations in sampling 

248 plots was 88 m. Many studies indicated a little effect on the development of vegetation and 

249 regeneration when the elevation change was < 300 m (Liu et al., 2012; Wang et al., 2006), which 

250 may not be enough to cause variations in water conditions. Therefore, the elevation variable was 

251 not chosen as the element affecting regeneration. The aspect was positively related to the activity 

252 of aboveground organisms and the distribution of herbs and negatively correlated with 

253 regeneration (Scowcroft et al., 2010; Vitousek et al., 1994). There were two kinds of aspects 

254 (Northwest and West) recorded in our study site, which determined the amount of solar radiation 

255 accepted (Sariyildiz et al., 2005). The seedlings of L. principis-rupprechtii need enough light to 

256 grow at early-stage from seeds to seedlings then saplings. The Northwest aspect could receive 

257 more solar radiation than the West aspect. A great regeneration density was recorded in the 

258 Northwest aspect in this study. Soil temperature and soil water availability are controlled by aspect, 

259 which in turn affect seedlings� establishment and growth (Mcnab, 1992; Xue et al., 2012). 

260 Topography can affect the soil depth and profile development and the accumulation of soil 

261 nutrients, indirectly influencing the distribution of plants and species composition (Dessalegn et 
262 al., 2014; Liang & Wei, 2020; Sariyildiz et al., 2005). In this study, regeneration was negatively 

263 correlated with aspect (-0.18), suggesting that it is easier for seeds to accumulate and grow in the 

264 aspect of the Northwest with more solar radiation.

265 Effect of stand structure on regeneration

266 Stand structure factors greatly influence the level of regenerated seedlings and plants restoration, 

267 which can affect seedlings� richness and density (Liu et al., 2020). This study conducted the effect 

268 of stand structure on natural regeneration. The change of different factors depended on the life 
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269 stages of regenerated seedlings. As one of the structure factors, canopy density affects stand 

270 structural composition, litter cover, species richness, and composition (Chen & Cao, 2014; 
271 Takahashi & Mikami, 2008). Regenerated seedlings need light to grow, which is important for 

272 regeneration to increase light capture. So, seedlings need to reduce self-shading to accept more 

273 efficient light in the forest understory (Takahashi & Mikami, 2008). The SEM analysis suggested 

274 that adult tree�s DBH positively correlated with natural regeneration. Mother trees with greater 

275 DBH typically obtained more soil water, light, and other resources to support seedlings� growth, 

276 occupying a dominant position in the forest (Li et al., 2005). Many seeds produced by strong 

277 mother trees were higher in quantity and quality, which might explain the high regeneration density 

278 in the study area. There was a positive correlation between canopy density and regeneration, 

279 consistent with that of A et al. (2019) and Mou et al. (2012). Meanwhile, the strength of this 

280 correlation was higher than that of adult trees DBH. The regenerated period of light requirements 

281 for growth increased with the increasing canopy density. The shortage of light supplements could 

282 cause poor growth and even death (Gaudio et al., 2011; Wang et al., 2017). Some studies have 

283 also indicated the light is one of the most important environmental factors influencing the 

284 development of natural regeneration; direct light transmission is more conducive to seed 

285 germination and seedlings� growth, conducting to its natural regeneration (Canham et al., 1990; 
286 Kneeshaw et al., 2006). In general, the relationship between canopy density, and adult tree DBH 

287 effect on L. principis-rupprechtii regeneration in this study was highly consistent with the findings 

288 of other studies (A et al., 2019; Ares et al., 2010; Koorem & Moora, 2010; Liang & Wei, 2020).

289 Effect of litter on regeneration

290 Understory shrubs, herbs, and litter play an important role in maintaining the biodiversity in local 

291 forest ecosystems and affecting natural forest regeneration (Li et al., 2018). Because with the 

292 increasing of shrubs height and herb coverage, more light is intercepted, and more litter is 

293 accumulated. In turn, the growth space availability decreases (Caccia & Ballaré, 1998; Facelli & 
294 Pickett, 1991; O�Brien et al., 2007). Shrubs were minor and less distributed in sampling plots, 

295 indicating no effect on regeneration. In addition, L. principis-rupprechtii is shade tolerance 

296 species, so the herb lacks a clear effect on regenerated seedlings (Kolo et al., 2017b; Lombaerde 
297 et al., 2019; Vayreda et al., 2013). However, some studies have suggested that limitation on the 

298 understory vegetation can promote natural regeneration since the herb can provide a shady 

299 environment to support the growth of seedlings. In turn, seedlings restrain the growth of herbs, 

300 explaining the existence of a few understories� vegetation (Bose et al., 2012; Émilie et al., 2015; 
301 Simon et al., 2017; Skay et al., 2021). 

302 RDA analysis suggested that litter thickness could explain 60.4% for regeneration. SEM 

303 analysis showed that it had a path coefficient of 0.87 for regeneration. So, the litter thickness was 

304 closely correlated with regeneration. Generally speaking, the seeds of L. principis-rupprechtii 
305 majorly scatter in soil layers for their length above 2 mm (Liang & Wei, 2020). With the thickness 

306 of litter layers increasing, the water holding capacity was increased. Stable temperature and better 

307 water holding capacity provide suitable growth conditions for germination while limiting soil 
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308 water evaporation (Boydak, 2004; Petrou & Milios, 2020; Spanos et al., 2000). Instead, some 

309 studies have indicated that the seeds do not grow and even die in litter layers since the radicles fail 

310 to reach the soil layers to attain adequate nutrients. Additionally, the litter has an auto-toxic effect 

311 on seeds� germination and seedlings� growth (Pardos et al., 2007; Willis et al., 2021). 

312 Nevertheless, litter thickness has positive correlations with regeneration in this study (Fig. 5) since 

313 the adequate litter thickness and stable decomposition rate of litter can reduce a mechanical and 

314 physiological battier to promote natural regeneration, helping seeds find favorable conditions to 

315 germinate (Baker & Murray, 2010; Eckstein & Donath, 2005). So, the thickness of litter was in an 

316 ideal state in this area, which can be adjusted in further management to achieve the optimal 

317 regeneration density.

318 Effect of soil properties on regeneration

319 Soil nutrient circulation is an important factor affecting natural forest regeneration (Chen & Cao, 
320 2014). Seeds germination and seedlings� growth need soil resources, such as soil organic content, 

321 soil water content, total nitrogen, and total phosphatase (Will et al., 2005). SEM analysis showed 

322 that total nitrogen greatly contributed to explaining natural regeneration compared with other soil 

323 properties. Since numerous litters were accumulated and decomposed in the surface soil layer at 

324 extensive management forest, increasing total nitrogen content. Total nitrogen was positively 

325 correlated with canopy density and negatively correlated with regeneration, while litter thickness 

326 was positively correlated with total nitrogen. Hence, species were deduced to increase total 

327 nitrogen, which was in agreement with that of Baker & Murray (2010) and Li et al. (2015). In 

328 addition, total N is one of the most important variables impacting species richness and plant 

329 distribution (Zuo et al., 2012). Meanwhile, more nutrients were released from inputted litter with 

330 forest regeneration (Deng et al., 2013). Nevertheless, as the total nitrogen content decreased, the 

331 number of species increased (Liu et al., 2011; Rhoades et al., 2009). Through observation, the 

332 richness (number) and quantity (height and diameter at breast height) of species varied in the RDA, 

333 indicating insufficient regeneration quality in the study site. Though high total nitrogen volume 

334 can restrict natural regeneration, a great proportion of total N consumption is needed for 

335 regenerated seedlings (Xu et al., 2018). So, artificial restoration is a necessary for in the later stage. 

336 Management implications

337 Environmental factors (aspect, canopy density, adult tree DBH, litter thickness, and total nitrogen) 

338 and regeneration of L. principis-rupprechtii were mutually related and restricted. Therefore, to 

339 improve the regeneration and soil quality, the coevolution of regeneration and soil quality should 

340 be considered. Effective implications should be considered, like appropriate removal of litter to 

341 decrease thickness to promote seeds germination. Scattered seedlings and dead trees should be 

342 removed to enlarge the distance between seedlings and adult trees and allow more light available 

343 to L. principis-rupprechtii. 

344 Conclusions
345 Great understandings of the environmental factors affecting seedlings� growth were needed to 

346 achieve L. principis-rupprechtii regeneration. Based on RDA and SEM analysis, litter thickness 
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347 was the most important variable affecting natural regeneration, followed by canopy density, adult 

348 tree DBH, aspect, and total N. Hence, intervention measures of the above should be adopted in 

349 forest management, such as reducing the thickness in the thicker area and removing dead trees to 

350 increase the forest gap. Some aggregate regenerated seedlings near the adult trees were properly 

351 removed to the Northwest aspect. Further, the results may contribute to formulate scientific and 

352 flexible regeneration management implications and achieve sustainability for forest plantation of 

353 the mountain area in north China.

354

355 Acknowledgements

356 We thank anonymous reviewers for the useful comments.

357 Funding

358 This work was supported by the Project supported by the Scientific research project of Shanxi 

359 Province doctoral work award fund (No. SXBYKY2022146). 

360

361 References
362 A A, Dong D, Ka B, Mt A, Zy A, Uc C, Jm D, and Zz A. 2019. Response of understory 

363 vegetation, tree regeneration, and soil quality to manipulated stand density in a Pinus 

364 massoniana plantation. Global Ecology and Conservation 20:e00755. 

365 10.1016/j.gecco.2019.e00775 

366 A XD, Peng GA, Rui ZA, Cheng LA, B XD, and Xiang NC. 2021. Changing characteristics and 

367 influencing factors of the soil microbial community during litter decomposition in a mixed 

368 Quercus acutissima Carruth. and Robinia pseudoacacia L. forest in Northern China. Catena 

369 196:104811. 10.1016/j.catena.2020.104811

370 Ares A, Neill AR, and Puettmann KJ. 2010. Understory abundance, species diversity and 

371 functional attribute response to thinning in coniferous stands. Forest Ecology & 
372 Management 260:1104-1113. 10.1016/j.foreco.2010.06.023 

373 Baker AC, and Murray BR. 2010. Relationships between leaf‐litter traits and the emergence 

374 and early growth of invasive Pinus radiata seedlings. Weed Research 50:586-596. 

375 10.1111/j.1365-3180.2010.00805.x 

376 Bose AK, Harvey BD, Suzanne B, Marilou B, and Alain L. 2012. Constraints to partial cutting 

377 in the boreal forest of Canada in the context of natural disturbance-based management: a 

378 review. Forestry 87:11-28. 10.1093/forestry/cpt047 

379 Boydak M. 2004. Silvicultural characteristics and natural regeneration of Pinus brutia Ten. � a 

380 review. Plant Ecology 171:153-163. 10.1023/B:VEGE.0000029373.54545.d2 

381 Caccia FD, and Ballaré C. 1998. Effects of tree cover, understory vegetation, and litter on 

382 regeneration of Douglas-fir (Pseudotsuga menziesii) in southwestern Argentina. Canadian 
383 Journal of Forest Research 28:683-692. 10.1139/x98-036 

384 Canham CD, Denslow JS, Platt WJ, Runkle JR, Spies TA, and White PS. 1990. Light regimes 

PeerJ reviewing PDF | (2023:02:82300:0:1:NEW 16 Feb 2023)

Manuscript to be reviewed



385 beneath closed canopies and tree-fall gaps in temperate and tropical forests. NRC Research 
386 Press Ottawa, Canada 20:620-631. 10.1139/x90-084 

387 Caquet B, Montpied P, Dreyer E, Epron D, and Collet C. 2010. Response to canopy opening 

388 does not act as a filter to Fagus sylvatica and Acer sp. advance regeneration in a mixed 

389 temperate forest. Annals of Forest Science 67:105-105. 10.1051/forest/2009086

390 Chen YM, and Cao Y. 2014. Response of tree regeneration and understory plant species diversity 

391 to stand density in mature Pinus tabulaeformis plantations in the hilly area of the Loess 

392 Plateau, China. Ecological Engineering 73:238-245. 10.1016/j.ecoleng.2014.09.055

393 Christian A, Andreas F, Anton F, Gossner MM, Peter M, Rupert S, Thomas FM, Peter A, 
394 Jürgen K, and Bettina O. 2018. Key ecological research questions for Central European 

395 forests. Basic and Applied Ecology 32:3-25. 10.1016/j.baae.2018.07.006 

396 Deng L, Wang KB, Chen ML, Shangguan ZP, and Sweeney S. 2013. Soil organic carbon 

397 storage capacity positively related to forest succession on the Loess Plateau, China. Catena 

398 110:1-7. 10.1016/j.catena.2013.06.016 

399 Dessalegn D, Beyene S, Ram N, Walley F, and Gala TS. 2014. Effects of topography and land 

400 use on soil characteristics along the toposequence of Ele watershed in southern Ethiopia. 
401 Catena 115:47-54. 10.1016/j.catena.2013.11.007 

402 Eckstein RL, and Donath T. 2005. Interactions between litter and water availability affect 

403 seedling emergence in four familial pairs of floodplain species. Journal of Ecology 93:807-

404 816. 10.1111/j.1365-2745.2005.01015.x 

405 Elisa FM, Park KJ, Kypfer C, and Kevin W. 2021. The long-term development of temperate 

406 woodland creation sites: from tree saplings to mature woodlands. Forestry:1-10. 

407 10.1093/forestry/cpab027 

408 Émilie P, Cornelia K, David P, and Aaron W. 2015. Effect of three partial cutting practices on 

409 stand structure and growth of residual black spruce trees in north-eastern Quebec. Forestry 

410 88:471-483. 10.1093/forestry/cpv017 

411 Facelli JM, and Pickett S. 1991. Plant Litter: Light Interception and Effects on an Old‐Field 

412 Plant Community. Ecology 72:1024-1031. 10.2307/1940602 

413 Fu BJ, Liu SL, Ma KM, and Zhu YG. 2004. Relationships between soil characteristics, 

414 topography and plant diversity in a heterogeneous deciduous broad-leaved forest near 

415 Beijing, China. Plant & Soil 261:47-54. 10.1023/b:plbo.0000035567.97093.48 

416 Gao X, Li H, and Zhao X. 2020. Impact of land management practices on tree water use strategy 

417 and responses to drought in a dryland plantation. Land Degradation and Development 
418 32:439-452. 10.1002/LDR.3687

419 Gaudio N, Balandier P, Perret S, and Ginisty C. 2011. Growth of understorey Scots pine (Pinus 

420 sylvestris L.) saplings in response to light in mixed temperate forest. Forestry 84:187-195. 

421 10.1093/forestry/cpr005 

422 Gazer M. 2011. Vegetation composition and floristical diversity in date palm orchards of Central 

PeerJ reviewing PDF | (2023:02:82300:0:1:NEW 16 Feb 2023)

Manuscript to be reviewed



423 Saudi Arabia. Acta Botanica Hungarica 53:111-126. 10.1556/ABot.53.2011.1-2.10 

424 Hernandez-Barrios JC, Anten NPR, and Martinez-Ramos M. 2015. Sustainable harvesting of 

425 non-timber forest products based on ecological and economic criteria. Journal of Applied 
426 Ecology 52:389-401. 10.1111/1365-2664.12384

427 Hu JJ, Luo CC, Turkington R, and Zhou ZK. 2016. Effects of herbivores and litter on 

428 Lithocarpus hancei seed germination and seedling survival in the understorey of a high 

429 diversity forest in SW China. Plant Ecology 217:1429-1440. 10.1007/s11258-016-0610-0

430 Ibáñez B, Gómez-Aparicio L, Ávila JM, Pérez-Ramos IM, García LV, and Marañón T. 2015. 
431 Impact of tree decline on spatial patterns of seedling-mycorrhiza interactions: Implications 

432 for regeneration dynamics in Mediterranean forests. Forest Ecology and Management 
433 353:1-9. 10.1016/j.foreco.2015.05.014

434 Kneeshaw DD, Kobe RK, and Messier CC. 2006. Sapling size influences shade tolerance 

435 ranking among southern boreal tree species. Journal of Ecology 94:471-480. 

436 10.1111/j.1365-2745.2005.01070.x 

437 Kolo H, Ankerst D, and Knoke T. 2017a. Predicting natural forest regeneration: a statistical 

438 model based on inventory data. European Journal of Forest Research 136:923-938. 

439 10.1007/s10342-017-1080-1 

440 Kolo H, Ankerst D, and Knoke T. 2017b. Predicting natural forest regeneration: a statistical 

441 model based on inventory data. European Journal of Forest Research:1-16. 

442 Koorem, and Moora. 2010. Positive association between understory species richness and a 

443 dominant shrub species (Corylus avellana) in a boreonemoral spruce forest. Forest Ecology 
444 and Management 260:1407-1413. 10.1016/j.foreco.2010.07.043 

445 Li Q, Jia Z, Zhu Y, Wang Y, Li H, Yang D, and Zhao X. 2015. Spatial Heterogeneity of Soil 

446 Nutrients after the Establishment of Caragana intermedia Plantation on Sand Dunes in 

447 Alpine Sandy Land of the Tibet Plateau. PLoS One 10:e0124456. 

448 10.1371/journal.pone.0124456

449 Li SJ, Su PX, Zhang HN, Zhou ZJ, Xie TT, Shi R, and Gou W. 2018. Distribution patterns of 

450 desert plant diversity and relationship to soil properties in the Heihe River Basin, China. 
451 Ecosphere 9:e02355. 10.1002/ecs2.2355

452 Li YY, Shao MA, Zheng JY, and Zhang XC. 2005. Spatial-temporal changes of soil organic 

453 carbon during vegetation recovery at Ziwuling, China. Pedosphere 15:601-610. 

454 10.1002/jpln.200521793 

455 Liang WJ, and Wei X. 2020. Factors promoting the natural regeneration of Larix principis-
456 rupprechtii plantation in the Lvliang Mountains of central China. PeerJ 8:e9339. 

457 10.7717/peerj.9339

458 Liu HD, Chen Q, Chen YF, Xu ZY, Dai YC, Liu Y, Jiang Y, Peng X, Li HY, Wang J, and 
459 Liu H. 2020. Effects of biotic/abiotic factors on the seedling regeneration of Dacrydium 

460 pectinatum formations in tropical montane forests on Hainan Island, China. Global 
461 Ecology and Conservation 24:e01370. 10.1016/j.gecco.2020.e01370

PeerJ reviewing PDF | (2023:02:82300:0:1:NEW 16 Feb 2023)

Manuscript to be reviewed



462 Liu X, Lu Y, Zhou Y, Lei X, Zhang X, and Meng J. 2011. The influence of soil conditions on 

463 regeneration establishment for degraded secondary forest restoration, Southern China. 
464 Forest Ecology & Management 261:1771-1780. 10.1016/j.foreco.2011.01.038 

465 Liu XP, Zhang WJ, Yang F, Zhou X, Liu ZJ, Qu F, Lian SQ, Wang CL, and Tang XG. 2012. 
466 Changes in vegetation-environment relationships over long-term natural restoration 

467 process in Middle Taihang Mountain of North China. Ecological Engineering 49:193-200. 

468 10.1016/j.ecoleng.2012.06.040

469 Lombaerde ED, Verheyen K, Calster HV, and Baeten L. 2019. Tree regeneration responds 

470 more to shade casting by the overstorey and competition in the understorey than to 

471 abundance per se. Forest Ecology and Management 450:117492. 

472 10.1016/j.foreco.2019.117492 

473 Ma X, Zhang S, Su Z, Ou Y, and Liu G. 2010. Community structure in relation to 

474 microtopography in a montane evergreen broadleaved forest in Chebaling National Nature 

475 Reserve. Acta Ecologica Sinica 30:5151-5160. 10.1016/S1872-5813(11)60001-7 

476 Malik AA, Puissant J, Buckeridge KM, Goodall T, Jehmlich N, Chowdhury S, Gweon HS, 
477 Peyton JM, Mason KE, van Agtmaal M, Blaud A, Clark IM, Whitaker J, Pywell RF, 
478 Ostle N, Gleixner G, and Griffiths RI. 2018. Land use driven change in soil pH affects 

479 microbial carbon cycling processes. Nature Communications 9:3591. 10.1038/s41467-

480 018-05980-1

481 Mcnab WH. 1992. A topographic index to quantify the effect of mesoscale landform on site 

482 productivity. Revue Canadienne De Recherche Forestière 23:1100-1107. 10.1139/x93-140 

483 Mou YB, Wang P, Tian-Ming GE, and Jianping. 2012. Evaluation of regeneration potential of 

484 Pinus koraiensis in mixed pine-hardwood forests in the Xiao Xing'an Mountains, China. 
485 Journal of Forestry Research 23:543-551. 10.1007/s11676-012-0294-9 

486 Nakhoul J, Santonja M, Fernandez C, Greff S, Bousquet-Melou A, Dupouyet S, Nemer N, 
487 Kattar S, Abboud J, and Prevosto B. 2020. Soil scarification favors natural regeneration 

488 of Pinus pinea in Lebanon forests: Evidences from field and laboratory experiments. Forest 
489 Ecology and Management 459:117840. 10.1016/j.foreco.2019.117840

490 O�Brien MJ, O�Hara KL, Erbilgin N, and Wood DL. 2007. Overstory and shrub effects on 

491 natural regeneration processes in native Pinus radiata stands. Forest Ecology and 
492 Management 240:178-185. 10.1016/j.foreco.2006.12.025

493 Pardos M, Montes F, Aranda I, and Ca ?Ellas I. 2007. Influence of environmental conditions 

494 on germinant survival and diversity of Scots pine (Pinus sylvestris L.) in central Spain. 
495 European Journal of Forest Research 126:37-47. 10.1007/s10342-005-0090-6 

496 Parker AJ. 2013. The Topographic Relative Moisture Index: An Approach to Soil-Moisture 

497 Assessment in Mountain Terrain. Physical Geography 3:160-168. 

498 10.1080/02723646.1982.10642224 

499 Petrou P, and Milios E. 2020. Investigation of the Factors Affecting Artificial Seed Sowing 

500 Success and Seedling Survival in Pinus brutia Natural Stands in Middle Elevations of 

PeerJ reviewing PDF | (2023:02:82300:0:1:NEW 16 Feb 2023)

Manuscript to be reviewed



501 Central Cyprus. Forests 11:1349. 10.3390/f11121349

502 Puettmann KJ, Wilson SM, Baker SC, Donoso PJ, and Bauhus J. 2015. Silvicultural 

503 alternatives to conventional even-aged forest management - What limits global adoption? 
504 Forest Ecosystems 2:123-138. 10.1186/s40663-015-0031-x 

505 Puhlick JJ, Laughlin DC, and Moore MM. 2012. Factors influencing ponderosa pine 

506 regeneration in the southwestern USA. Forest Ecology and Management 264:10-19. 

507 10.1016/j.foreco.2011.10.002 

508 Rhoades C, Loftis D, Lewis J, and Clark S. 2009. The influence of silvicultural treatments and 

509 site conditions on American chestnut (Castanea dentata) seedling establishment in eastern 

510 Kentucky, USA. Forest Ecology & Management 258:1211-1218. 

511 10.1016/j.foreco.2009.06.014 

512 Rosseel Y. 2012. lavaan: An R package for Structural Equation Modeling. Journal of Statistical 
513 Software 48:1-36. 10.18637/jss.v048.i02

514 Royo AA, and Carson WP. 2008. Direct and indirect effects of a dense understory on tree 

515 seedling recruitment in temperate forests: habitat-mediated predation versus competition. 
516 Canadian Journal of Forest Research 38:1634-1645. 10.1139/X07-247 

517 Sangsupan HA, Hibbs DE, Withrow-Robinson BA, and Elliott S. 2021. Effect of microsite 

518 light on survival and growth of understory natural regeneration during restoration of 

519 seasonally dry tropical forest in upland northern Thailand. Forest Ecology and 
520 Management 489. 10.1016/j.foreco.2021.119061

521 Sariyildiz T, Anderson JM, and Kucuk M. 2005. Effects of tree species and topography on soil 

522 chemistry, litter quality, and decomposition in Northeast Turkey. Soil Biology and 
523 Biochemistry 37:1695-1706. 10.1016/j.soilbio.2005.02.004 

524 Scowcroft PG, Turner DR, and Vitousek PM. 2010. Decomposition of Metrosideros 

525 polymorpha leaf litter along elevational gradients in Hawaii. Global Change Biology 6:73-

526 85. 10.1046/j.1365-2486.2000.00282.x 

527 Simon, Boivin-Dompierre, Alexis, Achim, David, and Pothier. 2017. Functional response of 

528 coniferous trees and stands to commercial thinning in eastern Canada. Forest Ecology and 
529 Management 384:6-16. 10.1016/j.foreco.2016.10.024 

530 Skay R, Windmuller-Campione MA, Russell MB, and Reuling LF. 2021. Influence of eastern 

531 spruce dwarf mistletoe on stand structure and composition in northern Minnesota. Forest 
532 Ecology and Management 481:118712. 10.1016/j.foreco.2020.118712 

533 Spanos IA, Daskalakou EN, and Thanos CA. 2000. Postfire, natural regeneration of Pinus brutia 

534 forests in Thasos island, Greece. Acta Oecologica 21:13-20. 10.1016/S1146-

535 609X(00)00107-7 

536 Srinivasan M, Bhatia S, and Shenoy K. 2015. Vegetation-environment relationships in a South 

537 Asian tropical montane grassland ecosystem: Restoration implications. Tropical Ecology 

538 56:201-207. 10.1126/science.2511632 

539 Takahashi, and Mikami. 2008. Crown architecture and leaf traits of understory saplings of 

PeerJ reviewing PDF | (2023:02:82300:0:1:NEW 16 Feb 2023)

Manuscript to be reviewed



540 Macaranga semiglobosa in a tropical montane forest in Indonesia. PLANT SPEC BIOL 

541 23:202-211. 10.1111/j.1442-1984.2008.00223.x 

542 Team CR. 2015. R: A Language and Environment for Statistical Computing. Computing. 

543 10.1890/0012-9658(2002)083[3097:CFHIWS]2.0.CO;2 

544 Terwei A, Zerbe S, Zeileis A, Annighöfer P, Kawaletz H, Mölder I, and Ammer C. 2013. 
545 Which are the factors controlling tree seedling establishment in North Italian floodplain 

546 forests invaded by non-native tree species? Forest Ecology and Management 304:192-203. 

547 10.1016/j.foreco.2013.05.003

548 Vayreda J, Gracia M, Martinez-Vilalta J, and Retana J. 2013. Patterns and drivers of 

549 regeneration of tree species in forests of peninsular Spain. Journal of Biogeography 

550 40:1252-1265. 10.1111/jbi.12105 

551 Vitousek PM, Turner DR, Parton WJ, and Sanford RL. 1994. Litter Decomposition on the 

552 Mauna Loa Environmental Matrix, Hawai'i: Patterns, Mechanisms, and Models. Ecology 

553 75:418-429. 10.2307/1939545 

554 Wang J, Fu B, Qiu Y, and Chen L. 2001. Soil nutrients in relation to land use and landscape 

555 position in the semi-arid small catchment on the loess plateau in China. Journal of Arid 
556 Environments 48:537-550. 10.1006/jare.2000.0763 

557 Wang J, Wang H, Cao Y, Bai Z, and Qin Q. 2016. Effects of soil and topographic factors on 

558 vegetation restoration in opencast coal mine dumps located in a loess area. Scientific 
559 Reports 6:22058. 10.1038/srep22058 

560 Wang Y, Zhu Y, Zhang Q, and Zhang F. 2006. Species diversity of wild vascular plants in 

561 Longjiao Mountain forest area. Chinese Journal of Ecology 25:1490-1494. 

562 10.13292/j.1000-4890.2006.0284

563 Wang ZB, Yang HJ, Dong BQ, Zhou MM, Ma LY, Jia ZK, and Duan J. 2017. Effects of 

564 canopy gap size on growth and spatial patterns of Chinese pine ( Pinus tabulaeformis ) 

565 regeneration. Forest Ecology and Management 385:46-56. 10.1016/j.foreco.2016.11.022

566 Will RE, Narahari NV, Shiver B, and Teskey RO. 2005. Effects of planting density on canopy 

567 dynamics and stem growth for intensively managed loblolly pine stands. Forest Ecology 
568 & Management 205:29-41. 10.1016/j.foreco.2004.10.002 

569 Willis JL, Schnake DK, Deperno CS, Lashley MA, Wetzstein B, and Yow J. 2021. Tree 

570 encroachment impacts on seed predator selection and seedling establishment in degraded 

571 pine woodlands. Applied Vegetation Science 24:e12570. 10.1111/avsc.12570 

572 Xiangping T, Yanxia N, Xiaomin M, Zhiming G, Yang L, Haixia T, Mallavarapu M, Weijun 
573 S, and Wenxiang H. 2021. Soil chemical properties rather than the abundance of active 

574 and potentially active microorganisms control soil enzyme kinetics. The Science of the total 
575 environment 770:144500. 10.1016/j.scitotenv.2020.144500 

576 Xu C, Xiang W, Gou M, Chen L, Lei P, Xi F, Deng X, and Shuai O. 2018. Effects of Forest 

577 Restoration on Soil Carbon, Nitrogen, Phosphorus, and Their Stoichiometry in Hunan, 

578 Southern China. Sustainability 10:1874. 10.3390/su10061874 

PeerJ reviewing PDF | (2023:02:82300:0:1:NEW 16 Feb 2023)

Manuscript to be reviewed



579 Xue Z, Li Z, Zeng G, Xia X, Lin Y, and Wu J. 2012. Erosion effects on soil properties of the 

580 unique red soil hilly region of the economic development zone in southern China. 
581 Environmental Earth Sciences 67:1725-1734. 10.1007/s12665-012-1616-0 

582 Yang XQ, Zhang P, Wu QT, Yan HB, Yu MK, Wang G, and Wu TG. 2017. Effects of 

583 Simulated Wind Load on Leaf Photosynthesis and Carbohydrate Allocation in Eight 

584 Quercus Species. Journal of Biobased Materials and Bioenergy 11:629-634. 

585 10.1166/jbmb.2017.1721

586 Zhang H, Tao J, Wang L, Zuo J, Wang Y, He Z, Liu J, and Guo Q. 2011. Influences of 

587 herbaceous vines on community characteristics in pioneer succession stages. Acta 
588 Ecologica Sinica 31:186-191. 10.1016/j.chnaes.2011.03.005

589 Zhao WW, Liang WJ, Han YZ, and Wei X. 2021. Characteristics and factors influencing the 

590 natural regeneration of Larix principis-rupprechtii seedlings in northern China. PeerJ 

591 9:e12327. 10.7717/peerj.12327

592 Zuo XA, Zhao XY, Zhao HL, Zhang TH, Li YL, Wang SK, Li WJ, and Powers R. 2012. Scale 

593 dependent effects of environmental factors on vegetation pattern and composition in 

594 Horqin Sandy Land, Northern China. Geoderma 173-174:1-9. 

595 10.1016/j.geoderma.2011.10.003 

596

PeerJ reviewing PDF | (2023:02:82300:0:1:NEW 16 Feb 2023)

Manuscript to be reviewed



Figure 1
The study site location in Jiaocheng County (A). (B) Sampling plots (1-14) in Guandi
Mountain, gray boxes indicate the fourteen sampling areas.
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Figure 2
Regenerated tree number and distribution of different sample plots in height and
diameter at breast height (DBH) class.

Note: Seedlings: height < 0.5 m; Saplings: height ≥ 0.5 m, DBH ≤ 0.5 m; Adult trees: DBH >
2 m).
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Figure 3
Ordination diagram of the redundancy analysis (RDA) results of topographic factors,
stand structure, soil properties, and litter in sample plots.

(A) The relationship between the number (Re-Number), DBH (Re-DBH), height (Re-Height),
and impact factors of regenerated trees; (B) the relationship between sample plots
distribution and impact factors. The direction of the arrows corresponds to the correlation
(positive or negative) among the environmental factors with the axis. The lengths of the
arrows indicate the extent of correlation to which a factor impacts regeneration and longer
lines indicate further correlations. Abbreviations of stand structure, soil properties, and litter
variables in figures are as follow: StaD, stand density; Adt-DBH, adult tree average diameter
at breast height; Adt-Height, adult tree height; CanD, canopy density; SWC, soil water
content; TP, total phosphorus; TN, total nitrogen; AN, ammonia nitrogen; AP, available
phosphorus; LitT, litter thickness, and LitA, litter accumulation.
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Figure 4
Correlation analysis of environmental factors.

Re-number, regenerated tree number; Re-DBH, regenerated tree diameter at breast height;
Regenerated-Height, regenerated height; TP, total P; AN, available N; TN, total N; SWC, soil
water content; StaD, stand density; CanD, canopy density; LitT, litter thickness; LitA, litter
accumulation; Adt-DBH, adult tree diameter at breast height; Adt-Height, adult tree height.
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Figure 5
Corrected structural equation model with standardized path coefficients between
influence factors and regeneration. Figures on the arrows indicate standardized path
coefficients.

Red arrows indicate negative affect, while blue arrows indicate positive association.
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Table 1(on next page)

Summary of the stand characteristics in sample plots
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1 Table 1

Plot Basal area (m2·ha�1) Altitude (m) Longitude Latitude
Stand density 

(Tree·ha�1)
Aspect Slope (º) DBH (cm) Height (m) Age (a)

1 3.89 2063 111º32′32″ 37º51′21″ 175 N-W 19.4 44.5 21.13 56

2 2.50 2066 111º32′33″ 37º51′21″ 125 N-W 13 35.7 23.9 59

3 1.95 2060 111º32′28″ 37º51′19″ 250 N-W 23 31.49 17.81 50

4 2.39 2070 111º32′31″ 37º51′20″ 225 N-W 15.7 34.87 20.87 64

5 1.94 2078 111º32′26″ 37º51′17″ 75 N-W 17 31.47 21.73 64

6 1.14 2029 111º32′25″ 37º51′17″ 175 N-W 25 24.14 19.84 62

7 2.07 2018 111º32′24″ 37º51′15″ 125 N-W 22 32.48 16.54 64

8 1.75 2002 111º32′19″ 37º51′14″ 75 N-W 24 29.87 21.8 55

9 3.51 2007 111º32′18″ 37º51′15″ 100 W 22 42.3 21.1 82

10 1.64 1990 111º32′19″ 37º51′15″ 100 W 32 28.88 21 70

11 0.75 2022 111º32′25″ 37º51′20″ 50 W 15 19.6 12.3 19

12 2.36 2025 111º32′26″ 37º51′20″ 50 W 18 34.7 14.5 65

13 2.83 2023 111º32′24″ 37º51′20″ 50 W 21 37.95 24 19

14 4.67 2000 111º32′23″ 37º51′21″ 75 W 8 48.77 22.7 59

2 Note: N-W is the northwest aspect of each plot, and W is the west aspect of each plot.
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Table 2(on next page)

Total L. principis-rupprechtii regeneration density in study plots
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1 Table 2

Study site

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Density 

(Tree·ha�1)
4025 6000 8175 15500 6075 10725 11225 3100 2200 3800 2775 9325 5500 1125

2
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Table 3(on next page)

Percent variance of environmental factors affecting the regeneration

Abbreviations of stand structure, soil properties, and litter variables in figures are as follow:
LitT, litter thickness; CanD, canopy density; AP, available phosphorus; SWC, soil water
content; TN, total nitrogen; Adt-DBH, adult tree average diameter at breast height; Adt-
Height, adult tree height; StaD, stand density; TP, total phosphorus; LitA, litter accumulation;
AN, ammonia nitrogen.
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1 Table 3

F����� E�����	
 ((� Pseudo-F P

LitT 60.4 18.3 0.004

C�	� 20.5 11.9 0.004

Altitude 3.7 2.4 0.12

AP 2.5 1.7 0.182

Aspect 1.3 0.9 0.402

SWC 2.8 2.3 0.14

TN 2.7 2.7 0.126

Adt-DBH 1.2 1.2 0.324

Adt-Height 2.1 2.1 0.138

StaD 1.2 2.1 0.164

TP 0.9 2.8 0.17

LitA 0.6 5 0.122

AN 0.1 < 0.1 1

2

PeerJ reviewing PDF | (2023:02:82300:0:1:NEW 16 Feb 2023)

Manuscript to be reviewed



Table 4(on next page)

Coefficients for environmental factors for RDA1 and RDA2
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1 Table 4


������������ f����� R��� R���

Total P 0.120 �0.278

A�����A�� N �0.134 0.055

A�����A�� P �0.382 �0.292

Total N �0.394 �0.226

Soil w���� content 0.401 �0.592

Altitude 0.496 �0.692

Aspect �0.561 0.522

Stand density 0.616 �0.114

Canopy density 0.547 �0.108

Litter thict���� 0.696 �0.203

Litter accumulation 0.416 �0.008

A������ adult tree diameter at A����� height �0.215 �0.144

A������ adult tree height �0.150 �0.096
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