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Abstract 1 

Evaluating the effects of management on successional trajectories, plant composition, and 2 

diversity has been difficult due to the scarcity of long-term studies. This study examined the 3 

composition and diversity of species in natural and artificially regenerated forests at two 4 

eruption sites of Mount Usu, northern Japan, during 2015–2019, to compare the effects of 5 

active and passive management. The two sites are Yosomi, damaged by the 1910 eruptions, 6 

and the summit, damaged by the 1977–78 eruptions. Various natural and artificial forests 7 

developed at both sites, whose species composition was analyzed by non-metric 8 

multidimensional scaling to measure similarity between the forest types, and whose diversity 9 

was compared by the true diversity index, showing the effective number of species, from 10 

order 0 (presence-absence) to order 2 (weighted species) for two layers: the canopy (woody 11 

species with DBH larger than 3 cm) and understorey (less than 2 m high plants). Canopy 12 

diversity was measured by stem density in five 10 m × 10 m plots in each forest type, and 13 

understory diversity was measured by shoot density in four 1 m × 1 m quadrats in each plot. 14 

The canopy and understorey species compositions were distinct between the forest types, but 15 

the canopy was more affected by management than the understorey, indicating that early 16 

forest management had long-term effects on species composition. Species composition of the 17 

plantations resembled those of the natural forests when the plantations had patchy spatial 18 

structure. The naturally regenerated forests showed the highest diversities at both eruption 19 

sites, while the plantations displayed low diversities, except in one case, when the plantation 20 

showed heterogeneous forest structure. The plantations changed their species composition 21 

slowly and did not transform into natural forests. In conclusion, we suggest using a patchy 22 

plantation design with some space between patches instead of dense planting, to create 23 

resilient, diverse, and native forests after disturbances. 24 

Keywords: succession, plant diversity, management, species composition, volcano, true 25 

diversity 26 
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1. Introduction 27 

When disturbances destroy vegetation, management agencies need to decide between passive 28 

and active restoration. Early studies of plant succession promoted direct development from 29 

pioneer communities toward the climax community (Clements, 1916), suggesting that no 30 

intervention is needed. Although pioneer species often colonize in a deterministic manner 31 

(Efford et al., 2014; Marler and del Moral, 2013; Tsuyuzaki, 2019), successional trajectories 32 

are modified by subsequent disturbances (del Moral et al., 1995; Karadimou et al., 2018), 33 

biotic legacy (Talbot et al., 2010), and stochastic events (del Moral, 2009; Lichter, 2000), 34 

which change community composition and structure. Therefore, following the outcomes of 35 

active and passive restoration is important to understand the mechanism of succession. 36 

 Passive restoration is slow and often leads to undesirable communities; to restore high 37 

quality habitats, active management (e.g., seeding, planting, and mowing) is often required to 38 

accelerate revegetation and to influence the outcome (Perrow and Davy, 2002). However, the 39 

resultant communities may differ from the former vegetation (Mansourian et al., 2005), and 40 

natural forests often show higher species richness and diversity than managed forests (Prach 41 

and Walker, 2011). 42 

Patterns of succession are frequently studied by substituting space for time, called 43 

successional chronosequence, where a successional sere is constructed by observing plant 44 

communities at various locations arranged by recovery time since the disturbance (Cutler et 45 

al., 2008; Irl et al., 2019; Sutomo et al., 2011). These locations should be matched 46 

geographically and by their management histories to minimize differences in conditions other 47 

than recovery time (White and Walker, 1997), so volcanic eruptions, affecting different parts 48 

of the volcano, create ideal conditions for chronosequence studies. Volcanic eruptions can 49 

completely destroy the vegetation and thus provide suitable sites for monitoring primary 50 
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succession after the eruptions. However, only a few studies have observed successional 51 

processes on a timescale over 20 years after eruptions (e.g., Fridriksson 1982; Karadimou et 52 

al. 2018). Mount Usu, an active volcano in northern Japan (42°32’N, 140°50’E, 733 m 53 

elevation), erupted at distinct locations in 1910 and 1977–1978: at a foothill called Yosomi 54 

and at the summit, respectively. These two sites were covered with forests prior to the 55 

eruptions that denuded them, and by now they regained their forest cover. 56 

Due to active (plantations) and passive (natural regeneration) management practices at 57 

both sites, a mosaic of different forest types developed on the mountain. This mosaic of 58 

forests provided an opportunity to compare the canopy and understorey species richness and 59 

diversity, and also species composition between Yosomi and the summit, close to 40 and 110 60 

years after the eruptions. 61 

We expected that the effect of active management (plantations) will lessen with time, 62 

and species composition will become closer to those of naturally recovered forests. Therefore, 63 

the first hypothesis was that at Yosomi, the older eruption site, active management displayed 64 

less impact than at the summit. The second hypothesis was that passive management 65 

(naturally regenerated forests) resulted in more diverse vegetation than active management. 66 

Following these two hypotheses, we expected that the plantations at the summit had the 67 

lowest diversity indices and similarity to naturally regenerated forests. 68 

 69 

2. Methods 70 

2.1 Location 71 

Mount Usu is a basalt-andesite stratovolcano in Hokkaido, which erupts every 30 to 50 years 72 

at different locations on the mountain (Katsui et al. 1981). The mountain belongs to the 73 

temperate zone, with an average annual precipitation of 891 mm and annual mean 74 
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temperature of 8°C during 1976–2018 (Date Meteorological Station at 5 km from Mount Usu; 75 

JMA 2019). The climax vegetation is deciduous oak or mixed broad-leaved forests in the 76 

lowlands of this region, including Mount Usu (Okitsu, 2003). 77 

The 1910 eruption site was covered with well-developed forest prior to the eruptions 78 

(developed after the eruptions of 1822 and 1853; Kadomura, Okada, and Araya 1988) which 79 

was completely destroyed due to the tephra fall (~2 meters thick) and topographical changes 80 

which caused part of the area to slid into a nearby lake and the other part to raise and form the 81 

foothill called Yosomi. The site was not damaged by later eruptions, and the area is covered 82 

with broad-leaved forests (Populus suaveolens, Acer pictum, and Kalopanax septemlobus), a 83 

young (~50 yrs) plantation of Abies sachalinensis and an old (~70 yrs) plantation of A. 84 

sachalinensis in which broadleaved trees are mixed in. The area of the plantations had not 85 

shown positive recovery prior to the intervention, as their surface had no vegetation or was 86 

covered by dwarf bamboo (Forestry Agency, pers. comm.). The 1910 eruptions site is referred 87 

to as Yosomi hereafter. 88 

 In contrast to Yosomi, the eruptions, damages, and subsequent revegetation processes 89 

are well studied at the 1977–1978 eruptions site. The eruptions occurred at the summit, which 90 

was covered with seeded pastures and broad-leaved forests of P. suaveolens, Betula 91 

platyphylla var. japonica, Ulmus davidiana, and A. pictum ssp. mono prior to the eruptions 92 

(Tsuyuzaki, 1987). The tephra explosions destroyed the summit, and due to the thick volcanic 93 

deposits, for several years the vegetation recovered mostly by vegetative reproduction which 94 

spread from the edges of the site. The dominant species were Fallopia sachalinensis, 95 

Petasites japonicus, and Populus suaveolens (Kadomura et al., 1988; Tsuyuzaki, 1989). 96 

Because the eruption destroyed an area of 291 ha, the centre still lacks vegetation cover (Végh 97 

and Tsuyuzaki, 2021). 98 
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 Revegetation occurred faster on the caldera rim than in the crater basin, because rain 99 

and snow washed away the volcanic deposits from the caldera rim and plant propagules 100 

buried in the former topsoil became exposed (Tsuyuzaki and Haruki, 1996). Parts of the 101 

summit area were subject to aerial seeding and planting for erosion control (Kadomura et al., 102 

1988). Currently, the caldera rim is covered by a mixture of natural broadleaved forest (P. 103 

suaveolens, A. pictum), broadleaved forest plantations (B. platyphylla, Sorbus commixta, Salix 104 

spp., Alnus hirsuta) and conifer plantations (Picea glehnii, ~ 25 yrs). Large areas of the crater 105 

basin are still in the early stages of succession and are covered by bare ground or grassland, 106 

while a smaller area is covered by an open P. suaveolens forest. The 1977–78 eruptions site is 107 

called the summit henceforward. 108 

2.2 Field survey 109 

The damage from the 1910 and 1977–1978 eruptions was identified based on satellite and 110 

aerial images taken during 1972–2015 and supplemented by previous studies (Kadomura et 111 

al., 1988). In each eruption site, image analyses and field observations found several forest 112 

types. We called these forest types at Yosomi as Broadleaf, Abies, and Mixed forests (Abies 113 

was the young and Mixed was the old plantation), and at the summit as Closed-broadleaf, 114 

Open-broadleaf, Sorbus-Alnus, and Picea forests (Sorbus-Alnus was the broad-leaved and 115 

Picea was the conifer plantation, Figure 1). The broadleaved forests, apart from the Sorbus-116 

Alnus plantation, regenerated after the eruptions naturally. The Closed- and Open-117 

broadleaved forests were classified as separate forests because the Open-broadleaved forest 118 

was separated by a ridge from the other three forest types with an aerial distance of ~ 800 m, 119 

and also because its light intensity was higher than that of the Closed-broadleaf forest (yearly 120 

average 11.26 klux and 7.29 klux, respectively). For the survey, multiple random locations 121 

were generated in each forest type using stratified random two-stage sampling after excluding 122 
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inaccessible steep areas. Randomization was done using the ArcGIS random point generator 123 

function observing a minimum distance of 5 m between the points and from the given forest 124 

type edge. For every forest type, five plots were established from these randomly selected 125 

points and monitored from 2015 to 2019. 126 

 127 

Figure 1. The forest types and plots examined during the study. The first three forests in the 128 

legend box are at Yosomi (old plots), and the last four are at the summit (young plots). 129 

To monitor canopy, defined as woody species with a DBH > 3 cm, the five plots in 130 

each forest type measured 5 m × 5 m in 2015, and were enlarged to 10 m × 10 m for five 131 

forest types in 2016 and for the remaining two forest types, Open-broadleaf and Picea forests, 132 

in 2019. A typhoon destroyed four Mixed forest plots in 2016 by breaking and uprooting 133 

trees, so both the canopy and understorey vegetation were damaged. Later, the area was 134 
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cleared, causing the destruction of any surviving vegetation. We excluded the effects of the 135 

typhoon in the canopy survey by using pre-typhoon census data from 2016 in all forest types 136 

(reconstructed in the Open-broadleaf and Picea forest). 137 

In 2015, two randomly selected 1 m × 1 m quadrats were used for the understorey 138 

survey (vegetation less than 2 m in height) in every plot, and in the subsequent years the 139 

number of quadrats was increased to four. Cover percentage and shoot density were recorded 140 

for every plant rooted inside the quadrat; the latter was either counted or estimated in an 141 

interval scale if counting was not possible (categories based on shoot density: 0–5, 5–10, 10–142 

25, 25–50, 50–100, 100 <). The shoot density and the midpoint of the interval categories 143 

correlated well (Pearson’s r = 0.93, p < 0.001), so the missing density values were 144 

supplemented by the midpoints of the intervals. Cover was recorded at 5% intervals. 145 

Unidentified species were treated at genus or family level and included in the diversity 146 

analysis. 147 

Plots and quadrats were surveyed once a year in August or September, except in 2016 148 

and 2017, when understorey vegetation was surveyed an additional time in June or July. This 149 

repeated-sampling ensured that the early autumn survey was representative of species 150 

richness, diversity, and composition year-round. 151 

In four plots of the Mixed forests, the quadrats were not monitored from 2017 due to 152 

typhoon damage. 153 

2.3 Species diversity and composition measurements 154 

Vegetation recovery is measured via biodiversity by considering only the number of species 155 

present (species richness) and/or by considering the abundance of species (species diversity) 156 

(Magurran and McGill, 2011). Species richness usually becomes high soon after disturbances 157 

(Do et al., 2019; Rozendaal et al., 2019), yet it does not necessarily signal recovery, as few 158 
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species may dominate the communities. In contrast, species diversity incorporates evenness 159 

and more information about vegetation recovery, especially when coupled with species 160 

composition analysis. We combined all three approaches. 161 

The richness and diversity of plant species were measured at two layers: canopy and 162 

understorey. Canopy measurements were based on the stem number of woody species with a 163 

DBH > 3 cm and understorey measurements were calculated from the number of shoots of 164 

plants shorter than 2 m. 165 

Species richness and diversity were evaluated by the true diversity index (Jurasinski 166 

and Koch, 2011; Moreno and Rodríguez, 2011; Tuomisto, 2011), also known as Hill numbers 167 

(Hill, 1973). We selected true diversity because it measures the effective species number, 168 

which makes direct comparison possible between sites (Jost, 2006). The α-, β- (multiplicative) 169 

and γ- true diversity indices were calculated for order 0 (N0), order 1 (N1), and order 2 (N2) 170 

(Jost, 2006) for each forest by annually monitoring their plots. N0 is based on presence-171 

absence and corresponds to species richness, while N1,2 take abundance into account: N1 172 

incorporates the relative abundance of all species equally, whereas N2 emphasizes common 173 

species, giving more weight to their relative abundance (less influence of rare species). 174 

To describe dominant species, the understorey species were ranked by shoot density 175 

and cover percentage: the scores of each species were added from the four quadrats to 176 

calculate plot cover and density. Because a species theoretically could be observed in any of 177 

the five plots in a forest type and in any of the five observation years, the average species 178 

score was calculated by summing annual scores and dividing the sum by 25 (five plots × five 179 

years) — except for the Mixed forest, where the sum was divided by 13 (5 plots in 2015–180 

2016, and 1 plot in 2017–2019). The dominant canopy species were identified by the sum of 181 

stems from the five plots in 2016. 182 
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The differences in species composition of the forests were measured by the Bray-183 

Curtis dissimilarity index (Bray and Curtis, 1957). 184 

2.4 Statistical analysis 185 

The vegetation surveys in autumn and summer were compared using linear models (LM) and 186 

Pearson’s correlation coefficient (r). Species composition of the plots were compared by non-187 

metric multidimensional scaling (nMDS) using the vegan package in R (Oksanen et al. 2019). 188 

ANOSIM was used to determine the uniqueness of forest groupings with ten thousand 189 

permutations.  190 

We used generalized linear models (GLM, log-normal distribution) and general linear 191 

hypotheses comparison (GLH, Hothorn, Bretz, and Westfall 2008) to compare the canopy 192 

diversity indices, where the explanatory variable was the forest type, and the dependent 193 

variables were the α-, β-, and γ-diversity indices at the forest level. The understorey α-, β-, 194 

and γ-diversities were compared by generalized linear mixed-effects models (GLMM, log-195 

normal distribution), where the fixed effects were forest type and order of diversity, and the 196 

random factor was the year of survey. Data from 2015 were excluded from the analysis of the 197 

understorey diversity due to the smaller sample area in that year. Spatial autocorrelation was 198 

examined by Moran’s I (Moran, 1950), and the effect of elevation on the different order of 199 

diversities was tested with LM. All analyses were conducted in R programming environment 200 

(Hlavac, 2018; Pedersen, 2020; R Core Team, 2018; Wickham et al., 2019). 201 

3. Results 202 

3.1 Species composition 203 

The dominant species differed within the forest types depending on whether species were 204 

ranked by density or cover (Table 1), but the rankings of all species correlated with each other 205 
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(Kendall’s  = 0.80–0.85 for all forest types). Therefore, density ranking was used to describe 206 

the dominant species. 207 

 At the summit, the understorey species Pyrola asarifolia, F. sachalinensis, and 208 

Petasites japonicus were observed in three or more forest types. At Yosomi, Rhus ambigua 209 

and Sanicula chinensis established in two or more of the forest types. Species common at both 210 

sites were Asperula odorata and Hydrangea petiolaris. Some species ranked only in certain 211 

forests: at the summit, S. chinensis and Ranunculus repens were recorded in the Closed-212 

broadleaf forest, Artemisia montana and Trifolium repens in the Open-broadleaf forest, 213 

Celastrus orbiculatus and Stellaria media in the Sorbus-Alnus forest, and R. ambigua in the 214 

Picea forest. At Yosomi, the dominant understorey species of the Mixed forest were different 215 

from those of other forests, with A. sachalinensis and three other species being unique to that 216 

forest type. In the Broadleaf forest, the uniquely dominant species were Onoclea orientalis 217 

and A. pictum saplings, while in the Abies plantation they were Hylodesmum podocarpum and 218 

Phryma leptostachya. 219 

Table 1. Mean scores of dominant understorey species by forest types from 2015–2019. The 220 

species are sorted by the decreasing scores of the Closed-broadleaf (summit) and Broadleaf 221 

(Yosomi) forests. Density based scores are marked by n and cover based scores are marked 222 

by %. Species with the five highest scores are shown. 223 

 Closed-broadleaf Open-broadleaf Sorbus-Alnus Picea 

Summit n % n % n % n % 

Asperula odorata 71.5 23.2 63.8 23.8 56.2 27.4   

Pyrola asarifolia 25.7 22.4 22.8 16.8   3.3 3.0 

Ranunculus repens 21.3 16.8       

Fallopia sachalinensis 15.0 31.6 4.4 16.8   8.5 15.8 

Sanicula chinensis 12.8 11.6       

Petasites japonicus 4.2 20.8 4.0 20.0 4.4 20.8 1.7 6.2 

Artemisia montana   41.7 49.8     

Celastrus orbiculatus     4.1 10.4   

Geum macrophyllum var. 

sachalinense 
    9.4 18.0   

Hydrangea petiolaris     21.6 27.4 2.9 4.0 

Onoclea orientalis     6.6 22.6   

Pilea pumila     62.0 23.2   
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Rhus ambigua       1.1 3.4 

Solidago virgaurea var. 

asiatica 
  10.4 23.8   2.7 5.0 

Stellaria media     29.8 13.8   

Trifolium repens     18.0 8.8         

         

 Broadleaf Mixed Abies   

Yosomi n % n % n %   
Asperula odorata 74.3 24.4 28.9 14.6 69.1 25.2   
Rhus ambigua 17.3 31.6 12.0 19.6 19.2 42.8   
Sanicula chinensis 16.3 20.8   15.7 18.0   
Onoclea orientalis 11.9 28.4       
Disporum sessile 11.5 20.8       
Acer pictum 8.8 25.0       
Abies sachalinensis   21.7 25.8     
Dryopteris crassirhizoma  

 2.5 30.0     
Hydrangea petiolaris  

 14.4 23.1     
Hylodesmum podocarpum     9.4 17.4   
Phryma leptostachya     13.8 18.6   
Schizophragma 

hydrangoides     
11.1 16.5 

      
 224 

The canopy composition of the forests varied between the naturally regenerated forests 225 

and plantations (Table 2). At the summit, Salix ssp. and Betula spp. were common in all 226 

forests, and P. suaveolens appeared everywhere except in the Sorbus-Alnus forest. The 227 

dominant species of the conifer plantation was Picea glehnii, but Populus suaveolens and 228 

Salix spp. immigrated from outside the plantation. The Sorbus-Alnus plantation had many 229 

unique species, such as S. commixta and Alnus spp, whereas the natural broadleaved forests 230 

were rich in P. suaveolens and A. pictum. 231 

At Yosomi, the common canopy species were Abies sachalinensis, Morus australis, P. 232 

suaveolens, and Alnus hirsuta. The Broadleaf canopy composition resembled the natural 233 

forests in the area around Mount Usu. The Mixed forest had a higher density of immigrating 234 

species than the Abies forest, but also had unique species, such as H. paniculata and Swida 235 

controversa. The dominant species of the broadleaved forests, Acer spp. and K. septemlobus, 236 
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did not occur at high density in other forests. In the Abies forest, the planted A. sachalinensis 237 

was dominant and compared to it the other species, such as Magnolia kobus and B. 238 

platyphylla, had low density. 239 

Table 2. Stem number of dominant trees by forest types. Species with the five highest stem 240 

numbers are shown.The total area sampled is 500 m2 for each forest. 241 

Summit Closed-broadleaf Open-broadleaf Sorbus-Alnus Picea 

Populus suaveolens 51 41  26 

Acer pictum subsp. Mono 32 4   
Salix udensis 6 13 20  
Betula maximowicziana 5    
Ulmus davidiana 4    
Alnus hirsuta   19  
Alnus viridis subsp. 

Maximowiczii   
4 

 
Betula ermanii  3  5 

Betula platyphylla  8 16  
Larix kaempferi  2   
Picea glehnii    133 

Salix caprea  2  9 

Salix gracilistyla  2   
Sorbus commixta   22  
Viburnum opulus var. 

clavescens       
3 

     
Yosomi Broadleaf Mixed Abies  
Acer pictum subsp. Mayrii 18    
Kalopanax septemlobus 8    
Morus australis 8 4   
Populus suaveolens 8  2  
Acer pictum subsp. Mono 7    
Abies sachalinensis  28 62  
Alnus hirsuta  3 3  
Betula platyphylla   2  
Hydrangea paniculata  11   
Magnolia kobus   2  
Swida controversa   4    

 242 
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3.2 Forest and species ordination 243 

The nMDS by density distinguished the forest types and showed distinct groups on both 244 

understorey (ANOSIM, r = 0.57, p < 0.001) and canopy compositions (r = 0.88, p < 0.001). 245 

The summit forests occupied the right half of the multidimensional space along the first axis, 246 

while the Yosomi forests occupied the left half (Figure 2a). The understorey composition 247 

overlapped within the Yosomi plots, although the Mixed plots remained separated from the 248 

other forest plots (characteristic species: e.g., Schizophragma hydrangoides, A. 249 

sachalinensis). At the summit, the Picea plots displayed large variations, as plots falling 250 

below Picea spp. had low light and little vegetation and plots falling between rows of Picea 251 

spp. had high light and moderate vegetation (pers. obs.). The Sorbus-Alnus forest plots also 252 

displayed distinct understorey species composition, locating in the upper part of the nMDS 253 

space (e.g., Pilea pumila, S. media). 254 

 The canopy species composition of the forests differed more than the understorey 255 

composition and had distinct positions in the nMDS space (Figure 2b). Most canopy plots 256 

were closest to their own forest centroid, whereas many understorey plots were closer to other 257 

forest centroids. At Yosomi, the canopy composition of the Abies forest separated from those 258 

of the others, and the species compositions of the Broadleaf and Mixed forests were close to 259 

each other. At the summit, the canopy composition of the Closed- and Open-broadleaf forests 260 

overlapped with each other, and the other forest plots formed unique groups on either side of 261 

the broadleaved cluster. 262 
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 263 

Figure 2. Forest hulls by non-metric multidimensional scaling based on species composition 264 

and common species scores. (a) shows understorey scores by density, and (b) shows canopy 265 

scores by stem number. Yosomi forests are indicated by (Y) and summit forests by (S), and 266 

lines point to the position of species. 267 

 The canopy composition changed little during the five years, not considering the 268 

damages from the 2017 typhoon, which mainly affected plantations (Supplementary table S1). 269 

However, the nMDS showed that the understorey composition of the forests was altered: the 270 

scores of the summit forests displayed leftward movement, and those of the Yosomi forests 271 

displayed downward movements in the nMDS space apart from the Broadleaf forest (Figure 272 

3). The relative position of the forest types did not change either within Yosomi or within the 273 

summit, but as the summit forests were located on the right side in the nMDS space and the 274 
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Yosomi forests on the left, the young summit forests’ scores moved towards the mature 275 

Yosomi forest communities. The movement was slow, except between 2015 and 2016 at the 276 

summit, when a large shift occurred in the understorey communities. This shift resulted from 277 

the doubling of the understorey sampling area between those years. At Yosomi, no large shift 278 

was observed between 2015 and 2016, suggesting that increasing the surveyed area had less 279 

effect there. 280 

 281 

Figure 3. Annual changes of forests’ scores in the nMDS space by understorey density. The 282 

start of the arrow represents 2015 and the arrowhead shows 2019. 283 

3.3 Forest diversities 284 

The understorey diversities for each forest showed that the γ-diversities differed 285 

depending on the order used, but that natural broadleaved forests had high diversity scores 286 

(Figure 4). The β-diversities were higher at the summit than at Yosomi (GLMM, t = 5.3, p < 287 

0.001), with Closed-broadleaf forest having the highest scores for N0, 1 and Picea forest for N2 288 

(Table 3). N0 of γ-diversities showed that the Mixed and Picea forests had the lowest scores (t 289 
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= -5.7 and t = -6.3, GLMM with log-normal distribution, p < 0.001) and the Closed-broadleaf 290 

forest had the highest scores (t = 2.5, p < 0.05). As the order increased, the Picea forest 291 

showed higher scores and was placed among the most diverse forests (t = 2.8, p < 0.01), while 292 

the scores of the other plantations, such as the Sorbus-Alnus forest, remained low (t = -1.1, 293 

NS). 294 

 295 

Figure 4. Understorey diversity in forests evaluated by shoot density. β-diversity of the Mixed 296 

forest after 2017 is 1 because of typhoon damages in four plots. The first three forests are at 297 

Yosomi. 298 

Table 3. Statistical summary of forest level understorey diversity. Mean is shown with 299 

standard deviation in parentheses. Statistical significance was calculated by GLMM models 300 

(log-normal distribution) using survey year as random effect and forest type as fixed effect. 301 

The first three forests are at Yosomi and letters mark significant difference at p < 0.05. *: p < 302 

0.05, **: p < 0.01, and ***: p < 0.001. 303 

Order 0 Alpha Beta Gamma 

Broadleaf 19.4 (1.5)*** d 2.3 (0.1)*** a 44.5 (2.6)*** ab 

Mixed 22.7 (7.0)*** a 1.3 (0.5)*** b 26.2 (3.9)*** c 

Abies 20.0 (2.4) cd 2.4 (0.1) a 47.5 (5.7) ab 

Closed-broadleaf 20.6 (2.3)*** bc 2.5 (0.1) a 52.0 (7.5)* a 

Open-broadleaf 22.0 (3.3)*** ab 2.2 (0.2) a 47.0 (3.7) ab 

Sorbus-Alnus 18.6 (2.0)* d 2.1 (0.2) a 40.0 (6.4) b 

Picea 11.0 (0.6)*** e 2.1 (0.1) a 23.5 (1.0)*** c 
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Order 1          
Broadleaf 8.1 (1.1)*** b 1.5 (0.1)*** b 12.5 (2.5)*** ab 

Mixed 10.0 (2.5)*** a 1.1 (0.3)*** c 11.1 (2.8) b 

Abies 7.8 (0.5) bc 1.5 (0.1) b 11.3 (0.9) b 

Closed-broadleaf 7.7 (0.4) bc 2.0 (0.0)*** a 15.3 (0.7)** a 

Open-broadleaf 8.6 (0.5) ab 1.6 (0.1) b 13.4 (1.1) ab 

Sorbus-Alnus 6.3 (0.1)*** c 1.7 (0.1) b 10.4 (0.4)* b 

Picea 6.4 (0.8)** c 2.0 (0.0)*** a 12.9 (1.8) ab 

          
Order 2          
Broadleaf 4.8 (0.8)*** bc 1.3 (0.2)*** ce 6.4 (1.9)*** ab 

Mixed 6.2 (1.8)*** a 1.1 (0.2)** e 6.7 (1.9) ab 

Abies 4.4 (0.4) bc 1.3 (0.1) de 5.5 (0.6) b 

Closed-broadleaf 4.7 (0.1) bc 1.7 (0.1)*** b 7.8 (0.2) ab 

Open-broadleaf 5.3 (0.2) ab 1.4 (0.0) cd 7.3 (0.4) ab 

Sorbus-Alnus 3.6 (0.3)** c 1.6 (0.1)** bc 5.5 (0.5) b 

Picea 4.2 (0.5) bc 2.0 (0.2)*** a 8.6 (1.9)** a 

 304 

 Forest level canopy diversities showed that the Broadleaf forest had low β-, but high 305 

α- and γ-diversities, whereas the Abies forest had the highest β-diversity, but lowest α- and γ-306 

indices (Figure 5). At the summit, both the Closed-broadleaf and the Picea forests had high α-, 307 

β-, and γ-diversities, and the Open-broadleaf together with the Sorbus-Alnus forest had low 308 

diversities.  309 
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 310 

Figure 5. Forest level canopy diversities averaged from N0-2. Significant differences are 311 

determined by GLM (log-normal distribution) at p < 0.05. The first three forests are at 312 

Yosomi. 313 

 High understorey diversity indices did not predict high canopy diversity indices and 314 

vice versa. For example, understorey N0 and N1 of the Picea forest were the lowest and 315 

medium-level respectively, whereas the same canopy indices were high. In general, the 316 

canopy showed higher β-diversity indices than the understorey at both sites, indicating that 317 

the canopy composition was more heterogeneous than the understorey composition. 318 

3.4 Summer and autumn diversities 319 

The summer and autumn plant diversity indices in 2016 and 2017 correlated significantly at p 320 

< 0.001, with r ranging from 0.80 to 0.92 (Supplementary figure S1). Although the species 321 

richness and density were higher during the summer surveys than during the autumn ones 322 

(LM, p < 0.001), the diversity patterns were similar between autumn and summer. This 323 

similarity indicated that the autumn diversity indices described patterns of the entire growing 324 

season. 325 
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3.5 Spatial autocorrelation and elevation 326 

Moran’s I showed, that N0 of the understorey spatially autocorrelated (I = 0.1, p = 0.03), but 327 

for N1, 2, autocorrelation did not occur (p = 0.23 and 0.66 respectively). When the Yosomi and 328 

summit plots were analyzed separately, spatial autocorrelation remained present for N0 at the 329 

summit, but not at Yosomi. Elevation did not influence any order of diversities, independent 330 

of whether the Yosomi and summit plots were analyzed together or separately. 331 

 The canopy diversity indices did not show any autocorrelation (p > 0.05), but 332 

elevation weakly influenced the indices (r = 0.25–0.27, p < 0.01) when the plots were not 333 

separated into Yosomi and summit. 334 

4. Discussion 335 

4.1 Species composition of the canopy and understorey 336 

The first hypothesis, that species composition was more similar among the forests of active 337 

and passive management at Yosomi, was accepted for the Mixed forest canopy composition. 338 

The Abies plantation maintained its own separate canopy cluster, although its understorey 339 

composition overlapped with that of the Broadleaf forest. However, the largest overlap of 340 

understorey species composition was observed in the Picea plantation at the summit. 341 

Although forest age was the strongest predictor of species composition similarity in tropical 342 

forests (Rozendaal et al., 2019), we found that the structure of the plantation was more 343 

important in the temperate forests at Mount Usu. 344 

 The plantations retained their non-native canopy species and restricted the 345 

establishment of native trees. Active management of post-disturbance areas often decreases 346 

native species immigration. For example, the development of natural forests is impeded by 347 

plantations of non-native Larix kaempferi on the volcano Mount Koma, northern Japan 348 

(Kondo and Tsuyuzaki, 1999), and native trees appear less on seeded plots than on unseeded 349 
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ones on Mount St. Helens (Dale and Adams, 2003). Although native species started to 350 

immigrate into the Picea forest by seed immigration from the surrounding natural forests, the 351 

process was slow (Cain et al., 1998; Sorrells and Warren, 2011), shown also by the low ratio 352 

of broadleaved trees in the older Mixed forest at Yosomi. 353 

On Mount St. Helens, more than 30 years were required for the re-establishment of 354 

most native species after the eruption (del Moral and Wood, 2012). The present study 355 

examined areas 40 and 110 years after the eruptions, and because their geographic locations 356 

were close and they experienced similar abiotic conditions and management history, it can be 357 

assumed that the naturally regenerated forests followed the same successional trajectory. Yet, 358 

the species composition remained different between the two sites, indicating that re-359 

establishment was still in progress at the summit, 40 years after the eruptions. 360 

The canopy and understorey interactively influence each other during succession 361 

(Gilliam, 2007), but tree establishment in the early successional stages can affect successional 362 

trajectories strongly (Mudrák et al., 2016) or only weakly (Halpern and Lutz, 2013). On 363 

Mount Usu, the Sorbus-Alnus forest displayed distinct canopy and understorey composition 364 

compared to the other forest types, suggesting that in the broadleaf plantation the trees 365 

strongly affected the development of the species composition in the understorey. In the other 366 

plantations, even when the canopy composition was unique, the understorey composition 367 

overlapped or was close to that of natural forests. Therefore, the understorey composition was 368 

only weakly influenced by the canopy in the evergreen plantations. 369 

Seed dispersal limitation influences the understorey species composition (Baeten et 370 

al., 2015; Graae et al., 2004; Verheyen et al., 2003). Seed limitation can result from either 371 

large distance to seed sources or from limited seed production. Both the Picea and Sorbus-372 

Alnus forests were close to the natural forests surrounding the summit and to the Closed-373 

broadleaf forest. The large overlap of the understorey species composition of the Picea forest 374 
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with those of the broadleaved forests indicated that distance dependent dispersal limitation 375 

was not an issue. We suggest that the understorey composition in the Sorbus-Alnus forest was 376 

determined not by seed dispersal limitation, but by competition for resources (Bourgeois et 377 

al., 2016), and so it remained different. 378 

Natural succession was slow on the summit where the tephra was thick because of the 379 

lack of vegetative reproduction and dependence on seed dispersal (Tsuyuzaki and Haruki, 380 

1996). The Open-broadleaf forest established on thick tephra, and was farther away from the 381 

other forest types and far from the surviving forest patches, resulting in no connection to seed 382 

sources soon after the eruptions. On Mount St. Helens, lack of seed sources causes slow seed 383 

dispersal and establishment (Jones and del Moral, 2009). Therefore, we assume that seed 384 

limitation delayed the development of a closed canopy in the Open-broadleaf forest. Areas 385 

with slow revegetation immediately after the disturbance developed plant cover faster when 386 

more time passed since the disturbance on Mount St. Helens and Surtsey (del Moral and 387 

Magnússon, 2014), as well as on Usu (Tsuyuzaki, 2019). However, this trend was not 388 

observed in the Open-broadleaf forest, suggesting that the positive effects of plant facilitation 389 

(Cutler et al., 2008) were counterbalanced by harsh conditions, low seed immigration rate, 390 

and lack of vegetative reproduction. 391 

4.2 Active versus passive restoration 392 

Our expectation that forests resulting from passive restoration will be more diverse was 393 

partially true. Active restoration resulted in low total understorey species richness, and apart 394 

from the Picea plantation, lower diversity than in the naturally recovered forests. The Picea 395 

plantation, when abundance of common species determined diversity, had the highest 396 

effective species number among all forests. Within their eruption sites, some plantations also 397 

reached canopy diversity indices comparable to those of the natural forests. At Yosomi the 398 
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Mixed forest and at the summit the Picea forest became the most diverse forests together with 399 

their respective natural neighbours, the Broadleaf and Closed-broadleaf forests. 400 

Comparison of the Picea plantation with the other plantations showed that β-diversity 401 

was highest in the Picea forest, because its structure was heterogeneous. The trees in the Picea 402 

forest were planted in dense rows, but because there were a few meters distance between the 403 

rows, light reached the forest floor. This mosaic structure resulted in quadrats falling between 404 

the rows of trees including more species than quadrats falling below the trees. At Yosomi, the 405 

Abies plantation had similar mosaic structure and had the highest β-diversity there. The 406 

heterogeneous nature of the plantations resembles thinning, which is often used as a 407 

management strategy to increase the diversity of understory species (Kitagawa et al., 2017). 408 

While thinning can result in a decrease of diversity due to machines destroying the 409 

understorey (Nagai and Yoshida, 2006), the high β-diversity of the plantations suggested that 410 

spacious planting design had a long-lasting positive impact without additional management. 411 

Spacious planting mimicks natural vegetation patches, and patches, when in proximity to each 412 

other, are more likely to survive and merge, increasing vegetation cover after the eruptions of 413 

Mount Usu (Végh and Tsuyuzaki, 2021). Patchy vegetation also promotes the development of 414 

different communities thus high β-diversity, because early successional communities are 415 

sensitive to small variations in their micro-environments (Endo et al., 2008). 416 

Looking at the naturally recovered forests, the Broadleaf forest at Yosomi had lower 417 

understorey N1, 2 than the broadleaved forests at the summit, due to its low β-diversity. 418 

However, the canopy showed opposite trend: the Yosomi forests had higher richness and 419 

diversity than the summit forests. As the Yosomi and summit sites are considered to be 420 

different successional stages of the same trajectory, their diversity is expected to follow a 421 

hump-shaped diversity pattern, explained by the intermediate disturbance hypothesis (IDH, 422 

Grime 1973). The IDH curve is observed along the disturbance gradient on Mount St. Helens 423 
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(Chang et al., 2019), and also after windthrows in Germany, where the species richness of the 424 

understorey and canopy displayed synchronised movement on it (Meyer et al., 2021). The 425 

time-scale on which the IDH is observed depends on the type of community and the rate of 426 

succession (Chang et al., 2019). This inverse pattern of the canopy and understorey diversities 427 

between Yosomi and the summit suggested that if the canopy and understorey followed an 428 

IDH curve over time, they moved at a different pace. 429 

4.3 Management implications 430 

Restoration costs are reduced if the management concentrates on establishment of plant 431 

patches instead of dense plantations. However, monitoring is needed to ensure the 432 

development of desired communities (Gilbert and Anderson, 1998). For example, the Sorbus-433 

Alnus forest was successful in the context of developing vegetation cover quickly but was not 434 

successful in the context of promoting high diversity and similar species composition to those 435 

of naturally recovered forests, falling behind the coniferous plantations. Common species 436 

from the neighbouring naturally recovered Closed-broadleaf forest, such as the P. suaveolens 437 

did not establish in the Sorbus-Alnus plantation, likely because the conditions needed for its 438 

establishment are different from the conditions needed for its survival as an adult (Young et 439 

al., 2005). 440 

 The choice of planted species in the Sorbus-Alnus plantation could also have long-441 

term impacts. Alnus spp. usually facilitate plant establishment by increasing soil nitrogen 442 

(Kamijo et al., 2002; Titus, 2009). During early succession, nitrogen limits plant 443 

development, and competition for underground resources might be more severe than for 444 

aboveground resources (Haruki and Tsuyuzaki, 2001). Therefore, by planting Alnus spp., 445 

species that otherwise might not have been able to establish because of being sensitive to lack 446 

of nitrogen were able to thrive, and outcompete species established in the naturally recovered 447 
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forests. As the understorey composition of all summit forests moved closer to those of the 448 

Yosomi forests during the five years of this study, the effect of early management is expected 449 

to weaken further in the future. 450 

The plantations were more sensitive to subsequent disturbances, as shown by the 451 

intensive tree damage caused by the typhoon in 2016. Although wind speed is influenced by 452 

the terrain (Nakajima et al., 2009), and may have contributed to differences in the resilience 453 

of the forest types, the differences in species composition and root structure were 454 

deterministic factors to withstand damage. The frequency of typhoons and other extreme 455 

weather events is predicted to increase due to climate change (IPCC, 2021). Therefore, 456 

restoration activities need to aim not only to create ecosystems which provide basic services, 457 

but also to create ecosystems which are resilient against extreme weather events. 458 

5. Conclusions 459 

Species composition of the plantations resembled more the species composition of natural 460 

forests not with increasing age, but with more diverse structure. The understorey diversity was 461 

less affected by management activities than canopy diversity, but the understorey composition 462 

was different between natural and planted forests. The seeds of native species dispersed to the 463 

plantations over time, but the immigration process was slow; additional actions are needed to 464 

foster the transition of plantations into natural forests, and improve their resilience to 465 

secondary disturbances. The plantations had lower species richness and diversity than the 466 

naturally recovered forests, except for the Picea plantation, which reached comparable indices 467 

due to its mosaicked structure. Patchy plantation design seemed to lead to higher species 468 

similarity with natural forests and also increased species diversity, so we suggest active 469 

management to focus planting in patches instead of dense plantations. 470 
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