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ABSTRACT 24 

Phyllostachys edulis (Poales: Poaceae) is a bamboo species with well-developed 25 

rhizomes, which play important roles in growth, resource storage and transport. 26 

However, the extent to which rhizomes are produced, accumulated and turn over 27 

annually at the stand level remains largely unknown. We studied the biomass, 28 

production and turnover rate of rhizomes and other organs (culms, branches, leaves and 29 

roots) in a bamboo stand in Japan between 2013 and 2018. We sought to answer the 30 

following questions: To what extent is the newly assimilated carbon allocated to 31 

rhizomes, and how rapid is carbon turnover in rhizomes? How does biomass allocation 32 

to below-ground parts in bamboo ramets compare to that in woody plant individuals of 33 

similar size? We found the amount of newly produced rhizomes was 0.90 Mg C ha–34 

1 year-1, which accounted for 9.5% of total new biomass. The carbon turnover rate of 35 

rhizomes was 0.11 g g-1 year-1, which was slower than that of other organs (i.e., longer 36 

lifespan). Compared to other woody plants of similar biomass, bamboo had 2.0-fold 37 

higher biomass allocation to below-ground organs due to the high biomass of 38 

rhizomes. Furthermore, bamboo allocated 8.7-fold lower biomass to leaves despite their 39 



high growth rates, perhaps due to the thin (but leathery) leaves and green stems that can 40 

photosynthesize as well. Our study highlights that the large storage capacity of below-41 

ground rhizomes along with the efficient above-ground production system are the key 42 

growth features of P. edulis, which are likely to contribute to their success in temperate 43 

forest areas. 44 

 45 

KEYWORDS: Carbon cycle, biomass allocation, air spade, clonal growth, moso 46 

bamboo 47 

  48 
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Introduction 49 

Moso bamboo, Phyllostachys edulis (Poales: Poaceae), is a tall temperate bamboo 50 

species native to China that forms large clonal colonies (up to 25 m in height). This 51 

species has been introduced into many countries, including Japan, because of its high 52 

value for the production of food, fibers and building materials (Suzuki 1978). While 53 

moso bamboo can be categorized as an herbaceous plant based on the absence of stem 54 

secondary growth, it often forms tall stands with similar or greater height than 55 

neighboring forests. Therefore, moso bamboo behaves like a tree in terms of its stature 56 

and roles in the forest ecosystem (e.g., carbon storage and nutrient cycle). For example, 57 

moso bamboo stands can store considerable amounts of carbon, sometimes exceeding 58 

100 Mg C ha–1 in East Asia (90% quantile range, 7.5–73.9 Mg C ha–1; Yuen et al. 59 

2017); the amounts can exceed those in forests in the same region (e.g., Fukushima et 60 

al. 2015; Song et al. 2017). These stands have high productivity (6.5–14.4 Mg C ha–1 61 

year–1), comparable to or higher than that of forests in the same region (Lin et al. 2017). 62 

This bamboo species as well as other tall bamboo species differ from most woody 63 

plants (trees) in terms of its growth strategy; it rarely reproduces sexually and instead is 64 



propagated asexually via the production of new shoots from below-ground rhizomes. 65 

The new above-ground shoots grow very rapidly, reaching a height of more than 10 m 66 

within a few months (e.g., Ueda 1960; Yen 2016); this may be due to large stores of 67 

carbon and nutrients in the rhizome system. Therefore, clarifying the ecology and 68 

function of bamboo rhizomes, such as their morphological characteristics, mass 69 

allocation, and production and turnover rates, could provide novel insights into the 70 

success of moso bamboo in temperate forest areas.  71 

The morphology and growth characteristics of moso bamboo rhizomes have 72 

been investigated over the last half century (e.g., Ueda 1960; Zheng et al. 1998; Kawai 73 

et al. 2008; Xiao et al. 2021; Li et al. 2021). Rhizomes, which are typically cylindrical 74 

in shape (of diameter ca. 2 cm and each length ca. 1–2 m) with internodes every ca. 4 75 

cm, are often concentrated in the top 0.3 m of soil (e.g., Li et al. 1999; Xiao et al. 2021; 76 

Li et al. 2021). New rhizomes are produced every year during summer and autumn, 77 

branching from the previous year's rhizome fragment (typically at an angle of less than 78 

30 degrees; Li et al. 2021). Each node on the rhizome has one lateral bud, and less than 79 

1% of buds typically give rise to above-ground shoots (Ueda 1960; Utsunomiya 1976; 80 
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Nonaka 1987). Rhizomes that are 2–6 years old produce the most shoots (Ueda 1960). 81 

In addition to information on their growth characteristics, the total length and mass of 82 

rhizomes per ground area have been evaluated both through destructive excavation 83 

(e.g., Ueda 1960) and non-destructive technologies such as ground-penetrating radar 84 

(e.g., Xiao et al. 2021). Studies on the carbon sink capacity of moso bamboo stands in 85 

East Asia showed that rhizome biomass accounts for on average 31% of total biomass at 86 

the stand levels (Lin et al. 2017; Yuen et al. 2017). Such high biomass fraction in 87 

rhizomes is a key feature of bamboo stands, and could be driven by either the slower 88 

turnover (i.e., longer lifespan) of rhizomes or greater allocation of newly produced 89 

biomass to rhizomes (i.e., higher rhizome net primary productivity, NPP) compared to 90 

other organs especially roots. However, to our knowledge, no such quantitative 91 

assessment has been conducted to date. 92 

Some previous studies have assumed that below-ground NPP, including 93 

rhizome NPP, could be estimated from above-ground NPP under the assumption that 94 

the ratio of below- to above-ground NPP is equal to that of below- to above-ground 95 

biomass (i.e., the turnover rate is the same for above- and below-ground organs; Suzuki 96 



1976; Tang et al. 2015a, 2015b, 2016; Song et al. 2017; Song et al. 2020); other studies 97 

ignored rhizome NPP in the calculation of below-ground NPP (Li et al. 2006; Lin et al. 98 

2017; Shimono et al. 2021). The ratio of below- to above-ground biomass would not be 99 

equal to that of below- to above-ground NPP if the carbon turnover rate differs between 100 

above- and below-ground organs. As lifespans differ among organs (e.g., a rhizome 101 

may have a much longer lifespan than a root), the turnover rate, expressed as the inverse 102 

of the lifespan, is expected to also differ among organs. Therefore, below-ground NPP, 103 

including rhizome NPP, must be evaluated independently from above-ground NPP. 104 

Root NPP has been estimated using an in-growth core method in some studies (Liu et 105 

al. 2013; Lin et al. 2017; Shimono et al. 2021), but rhizome NPP has never been 106 

estimated in bamboo stands because the rhizomes are too large for the in-growth core 107 

method.  108 

The rhizome systems of moso bamboo stands contribute to higher biomass 109 

allocation in below-ground parts, as described above. However, these biomass 110 

allocation patterns remain unclear at the individual unit level. Moso bamboo stands are 111 

comprised of individual bamboos (ramets), each of which can be compared to an 112 
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individual woody plant. Such comparisons between moso bamboo ramets and woody 113 

plant individuals may provide new insight into the growth strategy of moso bamboo. As 114 

the biomass allocation pattern varies among organs according to their size (Poorter et al. 115 

2015), interspecific differences in biomass allocation may be well evaluated through 116 

comparison of individuals of similar size.   117 

 In the present study, we evaluated biomass accumulation, new production 118 

amounts and turnover rates for all organs including rhizomes, roots, culms, branches 119 

and leaves in a stand of moso bamboo, P. edulis, in the warm temperate zone of Japan. 120 

Specifically, we focus on below-ground rhizomes and address the following questions. 121 

(1) To what extent is newly assimilated carbon allocated to below-ground organs, 122 

particularly rhizomes? (2) How does the carbon turnover rate of rhizomes compare to 123 

those of other organs including culms, branches, leaves and roots? (3) To what extent 124 

do moso bamboo ramets differ in biomass allocation compared to woody plant 125 

individuals when the comparison involves similarly size (i.e., similar stem dry mass)?  126 

 127 

 128 



Materials and Methods 129 

Term definitions 130 

Moso bamboo (Phyllostachys edulis; often reported as P. pubescens) exhibits clonal 131 

growth. An individual unit (ramet) is composed of a culm (= stem), branches and 132 

leaves, and the associated rhizomes and roots. A culm consists of above- and below-133 

ground parts (connecting stem between the rhizome and the above-ground culm), and 134 

the latter portion is called the "culm base". Note that “below-ground culm base” in the 135 

present study was referred to as the “stump” in Fukushima et al. (2015).  136 

 Biomass at the stand level was expressed as carbon mass in grams. The carbon 137 

concentration in each organ was taken from Fukushima et al. (2015), with consideration 138 

of the age class of culms (see Table S1). Below-ground organs including rhizomes and 139 

roots cannot be readily divided into each ramet due to their complex structures (see 140 

example in Figure 1b). Here, the average below-ground biomass per ramet was 141 

estimated from the ground area occupied by each culm, which was determined from the 142 

spatial distribution of above-ground culms, as described below. While the below-ground 143 

culm base is part of the culm in terms of morphology, it was included in below-ground 144 
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biomass in our analysis of the biomass distribution using above- and below-ground part 145 

categories.  146 

 NPP can be defined as the sum of the net increase in biomass, litter production, and 147 

biomass losses obtained through herbivory over a given period (e.g., Ogawa 1977). A 148 

bamboo stand consists of culms, branches, leaves, roots and rhizomes; therefore, NPP 149 

can be calculated separately for each organ (e.g., Isagi et al. 1997). In general, biomass 150 

loss due to herbivory is quite small, and is thus ignored in the calculation of NPP (Isagi 151 

et al. 1997; Lin et al. 2017). While culms do not undergo secondary growth, the mass of 152 

culms increases slightly with age (e.g., the mass of one-year culm is three-fourths that 153 

of a five-year-old culm; Yen and Lee 2011; Yen 2016). We calculated the NPP of 154 

above-ground culms from the amount of newly produced culms considering the 155 

biomass increment with culm age, as described below. NPPs of branches, rhizomes and 156 

below-ground culm bases were calculated from the amounts of newly produced 157 

branches, rhizomes and below-ground culm bases, respectively. Leaves were renewed 158 

during the census period even within a culm, so we estimated the NPP of leaves from 159 

the standing leaf mass considering leaf longevity, as described below. Root NPP was 160 



calculated as the increase in living root biomass considering the mass balance between 161 

living and dead root biomass (Fairley and Alexander 1985; Brunner et al. 2013). Other 162 

minor tissues, including sheaths, twigs and undeveloped sprouts, are also produced in 163 

moso bamboo stands, but were excluded from the estimation of NPPs because they 164 

account for negligible biomass compared to the stand as a whole (e.g., Goto et al. 2008). 165 

 166 

Site description and plot establishment 167 

The present study was conducted in a moso bamboo stand on Awaji Island, Hyogo 168 

Prefecture, western Japan (34°33'43.2"N 134°57'54.7"E, 250 m above sea level) (Figure 169 

1a). This bamboo stand has existed for more than 40 years, as confirmed by aerial 170 

photographs taken by local governments in 1975, and has been selectively logged by the 171 

landowners once or twice per year, without fertilization, until the present study began in 172 

2013. The average culm size was 7.6 cm in diameter at breast height (DBH) and 11 m in 173 

height from the ground. The density of living culms was 7,600 culms ha-1. This bamboo 174 

stand grows on a gentle slope facing southward (16.5° on average). The mean annual air 175 

temperature (MAT) and mean annual precipitation (MAP) were 15.9°C and 1,167 mm, 176 
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respectively at Gunge, which is the nearest meteorological station, located 15 km from 177 

the study site (average values between 1976 and 2019). Understory vegetation was 178 

sparse (Figure 1a), comprising only a few small plants such as Camellia japonica. The 179 

soil type is categorized as clay loam derived from rhyolite. 180 

 181 

Biomass and NPP of above-ground organs 182 

In September 2013, three 8 m × 8 m plots were established, which were placed ca. 2 m 183 

apart within the study stand (Figure 1a). The culm DBH, living status (alive or dead) 184 

and location of each culm in the three plots were recorded every autumn or winter for 5 185 

years, 2013 to 2017. As moso bamboo stands typically exhibit a biennial growth pattern 186 

(Li et al. 1998a, see Table S3), more than two years of study are needed for estimation 187 

of mean biomass and NPP. The biomass of above-ground organs was estimated from 188 

culm DBH using the following allometric equations, with one-year culms and those 189 

older than one year (according to previous studies in Japan; e.g., Isagi et al. 1997; Abe 190 

and Shibata 2009; Fukushima et al. 2015) considered separately: 191 



𝑀𝑖𝑗 = α 𝐷𝐵𝐻𝛽         (1) 192 

where M is biomass; DBH is culm diameter at breast height; i is the organ (culms, 193 

branches or leaves); j is culm age class (one or more than one year old); and α and β are 194 

constants. We employed two allometric equations, i.e., those of Kaku et al. (2014) and 195 

Abe and Shibata (2009) (Table S2). The allometric equation of Kaku et al. (2014) was 196 

obtained at a site very close to our study site, but was applicable only to culm biomass 197 

for culms older than one year. Abe and Shibata (2009) reported more comprehensive 198 

allometric equations with consideration of culm age class and multiple organs, but their 199 

study site was remote from ours. Here, we used a combined approach. First, we 200 

calculated the difference in estimated biomass between the two equations for culms 201 

older than one year. The ratio of these two values (calculated biomass ratio, Rculm) can 202 

be expressed as follows: 203 

𝑅𝑐𝑢𝑙𝑚 =  
𝑀𝑐1

𝑀𝑐2
=  

9.7×10−2𝐷𝐵𝐻2.049

1.305×10−1𝐷𝐵𝐻2.052 =  7.4 × 10−1 𝐷𝐵𝐻−0.003 (2) 204 

where Mc1 represents culm biomass for bamboo culms older than one year estimated 205 

with the method of Kaku et al. (2014), and Mc2 is the corresponding value estimated 206 
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with the equation of Abe and Shibata (2009). As the estimated culm biomass based on 207 

Kaku et al. (2014) was lower than that based on Abe and Shibata (2009) (see equation 208 

2), the biomass of culms, branches and leaves in both age classes was estimated using 209 

the equations of Abe and Shibata (2009) with adjustment based on Rculm, as follows: 210 

𝑀𝑖𝑗 = α 𝐷𝐵𝐻𝛽𝑅𝑐𝑢𝑙𝑚  (3) 211 

The culm, branch and leaf biomass of each living bamboo were summed for 212 

each plot, expressed per unit ground area (g m–2), and converted into total above-ground 213 

biomass (Mg C ha–1). As the biomass of the below-ground culm base was not 214 

considered in the equations above, we considered this biomass separately using an 215 

allometric equation reported by Fukushima et al. (2015) (see Table S2), with adjustment 216 

based on Rculm shown in equation 2. Biomass was calculated for each year in the period 217 

2013–2017, and average values over five years were used for further analysis.  218 

The NPP of culms, including below-ground culm bases (culm NPP, Mg C ha–219 

1 year–1), and branches (branch NPP, Mg C ha–1 year–1) was calculated from the culm 220 

DBH of newly produced culms in each plot over five years from 2013 to 2017; the 221 



average values over five years were used for further analysis. As noted above, above-222 

ground culms accumulate three-fourths of their biomass in the first year and then 223 

accumulate slowly (Yen and Lee 2011). Thus, above-ground culm NPP originating 224 

from newly emerged culms was calculated using allometric equations for one year in 225 

the first year, and the biomass increment was then added in the second year (i.e., the 226 

difference between the biomass of culms older than one year and one-year). The leaf 227 

lifespan of moso bamboo is typically two years, except in one-year culms, where its 228 

lifespan is only one year (Li et al. 1998a). Considering the leaf lifespan of moso 229 

bamboo, the NPP of leaves (leaf NPP, Mg C ha–1 year–1) can be calculated as the sum of 230 

newly produced leaf biomass originating from one-year culms and a half of the leaf 231 

biomass originating from culms older than one year. We estimated leaf NPP for each 232 

plot based on culm data for five years from 2013 to 2017, and the average values were 233 

used for further analysis.  234 

 235 

Biomass and NPP of roots 236 
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The biomass and NPP of roots (root NPP, g C m–2 year–1) were estimated using an in-237 

growth core technique (e.g., Brunner et al. 2013). In December 2013, 12 cylindrical 238 

mesh bags, 55 mm in diameter, 0.3 m in length and with a 5 mm × 5 mm mesh size, 239 

were filled with root-free soil and buried around each of the three plots (36 in-growth 240 

cores in total). After 12 and 24 months, six in-growth cores per plot were collected 241 

(total of 18 in-growth cores per sampling time). For each core, the living and dead roots 242 

were separated, by hand and with tweezers, based on their texture and color (Vogt and 243 

Persson 1991). Roots were then oven-dried at 70°C for two days, and their dry weight 244 

was determined with a digital balance. Root NPP (g C m–2 year–1) was calculated from 245 

the difference between living and dead root biomasses, as well as the measurement 246 

interval, according to the decision matrix method described by Fairley and Alexander 247 

(1985). As root biomass was not measured before installing in-growth cores, it was 248 

measured in the same plot and manner in December 2019 as in December 2013. 249 

 250 

Morphological characteristics, biomass and NPP of rhizomes 251 



To measure rhizome morphology and estimate biomass, the surface soil was removed to 252 

a depth of 0.5 m with an air spade (screw compressor: PDS130S; Hokuetsu Industries 253 

Co. Ltd., Niigata, Japan) in April 2014 (Figure 1b). As the excavation survey was very 254 

laborious and caused relatively major disturbance to the plot, we established only two 2 255 

m × 2 m subplots, in two of the three plots. Each subplot was subdivided into 16 0.5 m 256 

× 0.5 m sub-subplots (see Figure S1). Soil was removed in two steps due to the high 257 

density of roots; the first excavation typically reached 0–0.2 m in depth and the second 258 

was to a depth of 0.5 m. The second excavation was conducted after all roots in the 0.2-259 

m layer had been carefully collected for biomass measurement. Despite collecting as 260 

many roots as possible, the root biomass measured in this manner was underestimated 261 

by 48% compared to measurements obtained with the soil core sampling method. All 262 

rhizomes in each sub-subplot were labeled, and their diameters in two orthogonal 263 

directions at both ends, length, number of nodes and deepest and shallowest distances 264 

from the surface were measured. We constructed a distribution map of rhizomes for 265 

each sub-subplot. The excavated areas were refilled with their original soils and covered 266 

with surface litter in May 2014 after sampling and measurement. During the period of 267 
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excavation (ca. 1 month), the excavated rhizome systems were covered with 268 

polyethylene sheets and watered regularly to avoid drying. 269 

The volume of a rhizome can be calculated from its diameter and length by 270 

assuming a cylindrical shape (e.g., Xiao et al. 2021).  271 

𝑉𝑠 =  
𝜋𝐷𝑠

2𝐿𝑠

4
  (4) 272 

where Vs is the estimated volume of rhizomes (cm3), and Ds and Ls are the diameter and 273 

length of rhizomes (cm) in the sub-subplot. The total estimated volume (cm3) of 274 

rhizomes in each sub-subplot was calculated as the sum of Vs for all rhizomes in each 275 

sub-subplot. To convert the volume of these rhizomes into biomass, we estimated 276 

rhizome tissue density (d, g cm–3) for a subset of rhizomes collected randomly from 15 277 

sub-subplots. Tissue density was calculated as the dry mass of a rhizome divided by its 278 

fresh volume. The sampled rhizomes were washed, wiped dry with towels, oven-dried 279 

at 70°C for at least five days until the weight became constant, and then weighed with a 280 

digital balance. The average rhizome tissue density (d) was 0.61 g cm-3, and this value 281 

was used to convert volume into biomass for rhizomes (g C m–2).  282 



 The standard in-growth core method cannot be used to measure rhizome NPP, 283 

because the size of the core (approximately 5 cm in diameter) is typically too small for 284 

rhizomes to penetrate. Therefore, we applied the concept of the in-growth core at a 285 

larger scale by repeatedly excavating the same ground area with a four-year time 286 

interval to estimate rhizome NPP. In April 2018, we removed the surface litter and soil 287 

to a depth of 0.5 m, in the same location and manner as in 2014. First, we confirmed 288 

that remaining rhizomes found in 2014 were all dead (but their debris existed); second, 289 

we observed that all new rhizomes were living (no turnover of new rhizomes within 4 290 

years). All new rhizomes in each sub-subplot were then labeled and their diameter (in 291 

the orthogonal direction), length, number of nodes and deepest and shallowest distances 292 

from the ground surface were measured (Table S4). The total biomass of new rhizomes 293 

in each sub-subplot was estimated through the method described above. We calculated 294 

NPP of rhizomes as the biomass of new rhizomes divided by the time interval (four 295 

years) (rhizome NPP, g C m–2 year–1), as no new turnover observed within this period. 296 

 297 

Data analysis 298 
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All data analyses were conducted with the R statistical package (version 4.1.2; R Core 299 

Team 2021). Data from two subplots for rhizome variables and three plots for root 300 

measurements were pooled for analysis. The turnover rate was calculated as biomass 301 

divided by NPP, and this calculation was conducted for each organ. We evaluated the 302 

relative variation (coefficient of variation [CV] = standard deviation per mean) of the 303 

measured below-ground data (morphology, biomass and NPP) in plots of various sizes 304 

(0.25, 1.0 and 4.0 m2), as horizontal heterogeneity is high for these data and few studies 305 

have considered the effect of plot size in below-ground surveys (causing major 306 

uncertainty in below-ground data for bamboos; Zhang et al. 2005; Yuen et al. 2017). 307 

We analyzed CV sensitivity according to plot size among below-ground variables.  308 

Below-ground biomass in each plot was partitioned into bamboo culms under 309 

the assumption that the relative proportions of below-ground biomass attributed to 310 

bamboo ramets were equal to the relative proportions of space occupancy by those 311 

ramets, determined using Voronoi partitioning based on the locations of culms (Li et al. 312 

1998b; see Figure 1c). Each plot was divided into multiple tiles based on culm location 313 

through a Dirichlet tessellation method, using the voronoi mosaic function in R. Only 314 



closed tiles were used; edge data were excluded from the analysis (Table S7). The 315 

locations of culms in 2017 were used for analysis. Note that the below-ground biomass 316 

was calculated from the rhizome biomass measured in 2014 and root biomass in 2019.  317 

 318 

 319 

Results 320 

Rhizome characteristics 321 

The morphological characteristics of rhizomes in the study stand are summarized in 322 

Table 1 and Table S5. Rhizomes spread extensively in the horizontal direction, with an 323 

average rhizome diameter of 21 mm. The total length of rhizomes averaged 8.4 m, with 324 

230 nodes per unit square meter. The vertical distribution typically ranged between 0 325 

and 0.2 m in depth and rhizomes were scarce below 0.4 m (Figure S3).  326 

 327 

Biomass accumulation 328 

The total biomass of the study stand averaged 46 Mg C ha–1 and the biomass fractions 329 

of culms, branches, leaves, rhizomes and roots were 26 ± 8.7, 2.5 ± 0.70, 0.65 ± 0.16, 330 
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8.1 ± 4.5 and 8.4 ± 2.8 Mg C ha–1, respectively (mean ± standard deviation) (Figure 331 

2a). Rhizomes were the third largest component among these organs, accounting for 332 

18% of the total biomass. Among below-ground parts, rhizome biomass was 0.96 times 333 

the root biomass and 2.3 times the below-ground culm base biomass, accounting for 334 

41% of total below-ground biomass (Table 1; Figure 2a; Figure S6). The ratio of below-335 

ground biomass (rhizomes + roots + below-ground culm bases) to above-ground 336 

biomass (above-ground culms + branches + leaves) was 0.80. 337 

 338 

NPP and turnover rate 339 

The annual NPP of the study stand during the study period averaged 9.5 Mg C ha–340 

1 year–1. At the organ level, the NPP values for culms, branches, leaves, rhizomes and 341 

roots were 4.6 ± 1.6, 0.53 ± 0.20, 0.41 ± 0.13, 0.90 ± 0.76 and 3.1 ± 2.4 Mg C ha–1 year–342 

1, respectively (Figure 2b; Table S3). Rhizomes were the third largest component, 343 

accounting for 9.5% of the total NPP. Among below-ground parts, rhizome NPP 344 

was 0.29 times the root NPP and 1.4 times the culm base NPP, accounting for 19% of 345 



total below-ground NPP (Table 1; Figure 2b; Table S3). The ratio of below- to above-346 

ground NPP was 0.94, which differed from the ratio of biomass described above (0.80).   347 

The turnover rate of the study stand averaged 0.21 g g-1 year–1. The turnover rate 348 

averaged 0.18, 0.21, 0.63, 0.38 and 0.11 g g-1 year–1 for culms, branches, leaves, 349 

rhizomes, and roots, respectively (Figure 2c). The turnover rate of rhizomes was lowest 350 

among all organs. 351 

 352 

Biomass allocation pattern within individual units 353 

In Figure 3, we show the biomass (not carbon mass) allocations among organs at the 354 

individual level in our studied bamboo and woody plants that was compiled by Poorter 355 

et al. (2015). As biomass was subdivided into leaves, stems and roots in the dataset of 356 

Poorter et al. (2015), the biomass of our studied moso bamboo ramets was subdivided 357 

into the same categories, i.e., leaves, stems (above-ground culms + branches) and roots 358 

(roots + rhizomes + below-ground culm bases) for this comparison (n = 86). In addition, 359 

this comparison was made for woody plants with stem biomass ranging from 0.66 to 14 360 

kg (n = 842), which is equivalent to the range of moso bamboo ramets in the present 361 
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study. Biomass allocation to stems tended to be similar between moso bamboo ramets 362 

(0.54 ± 0.13, mean ± standard deviation) and woody plant individuals (0.65 ± 0.10). 363 

Biomass allocation to roots, i.e., below-ground organs, was much higher in moso 364 

bamboo (0.44 ± 0.13) than woody plants (0.22 ± 0.083), while biomass allocation to 365 

leaves was much lower in moso bamboo (0.015 ± 0.0037) than woody plants (0.13 ± 366 

0.082). 367 

 368 

Spatial heterogeneity of below-ground data according to plot size 369 

The plot-size dependency of the below-ground traits was evaluated by plotting the CV 370 

against plot size (Figure 4). CV decreased with increasing plot size for all variables. 371 

Because rhizomes are much larger structures than roots, rhizome biomass showed a 372 

higher CV than root biomass, especially at smaller plot sizes (Figure 4d, f). This 373 

increased variation of rhizome biomass was due to greater variation in rhizome length 374 

(and consequently node numbers) per unit ground area (Figure 4c), and not to variation 375 

in rhizome diameter (Figure 4b). 376 

 377 



 378 

Discussion 379 

In the present study, we evaluated the biomass accumulation, NPP and carbon turnover 380 

rate for each organ, namely culms, branches, leaves, roots and rhizomes, in a stand of 381 

moso bamboo, Phyllostachys edulis. We found that below-ground rhizome production, 382 

which has never been quantified (Shimono et al. 2021), played significant roles within a 383 

moso bamboo stand due to the longer lifespan of rhizomes. We also found that biomass 384 

allocation to leaves was quite low in moso bamboo ramets despite their high NPP, 385 

which may be another unique characteristic of this bamboo. In the following sections, 386 

we first discuss biomass accumulation and NPP in our study stand. Second, we discuss 387 

NPP and turnover rates of rhizomes to address questions (1) and (2). Third, we discuss 388 

unique biomass allocation patterns within moso bamboo ramets to address question (3).  389 

 390 

Biomass accumulation in the study stand 391 

The biomass of our studied moso bamboo stand averaged 46 Mg C ha-1, which is 392 

similar to the mean biomass of other moso bamboo stands in East Asia (46.0 ± 39.8 Mg 393 
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C ha-1, N = 125 (mean ± standard deviation), Yuen et al. 2017; Lin et al. 2017), but 394 

tends to be lower than that of stands in Japan (63.3 ± 31.7 Mg C ha-1, N = 12, Table S6). 395 

In Table S6, we summarize existing data on the above- and below-biomass of moso 396 

bamboo stands in Japan. Compared to other bamboo stands in Japan, our study stand 397 

tended to have higher culm density (7,600 vs. 6,785 ± 2,983 culms ha-1), but lower 398 

DBH of individual culms (7.6 vs. 8.7 ± 2.1 cm). The relatively small culm size in our 399 

study stand was likely due to local environmental factors including wind, soil 400 

conditions (Numata 1962). The relatively short period of time after the stand have been 401 

abandoned and have naturalized may also be related. Our study stand was selectively 402 

managed until the start of the present study, and then abandoned; therefore, biomass 403 

accumulation might have been suppressed to some extent. This possibility is supported 404 

by the fact that both culm density and above-ground biomass tended to increase 405 

monotonically from 2013 to 2016 (Figure S2a, d).  406 

The ratio of below- to above-ground biomass in our study stand was 0.80, 407 

which was within the range of previously reported values, although those values varied 408 

greatly among study sites and regions (0.55 reported in East Asia by Yuen et al. 2017 409 



vs. 0.95 ± 0.56 in Japan, see Table S6). Despite the variation among previous studies, 410 

the ratios for bamboo stands, including our study stand, are typically higher than those 411 

for temperate forest vegetation (e.g., 0.26 ± 0.07, n = 73, Cairns et al. 1997).  412 

 413 

NPP in the study stand 414 

The estimated NPP of the study stand, including both above- and below-ground organs, 415 

averaged 9.5 Mg C ha-1 year-1, which is within the range of previous studies but lower 416 

than the mean value for moso bamboo stands in East Asia (6.5–14.4 Mg C ha-1 year-1, n 417 

= 10, Lin et al. 2017). In Japan, the NPP of moso bamboo stands has been estimated in 418 

at least four studies. Suzuki (1976) reported ca. 7.3–11.0 Mg C ha-1 year-1 (n = 3) from 419 

four-year surveys conducted in the Kyoto area, and Shimono et al. (2021) reported ca. 420 

6.5–9.2 Mg C ha-1 year-1 (n = 5) from three-year surveys in Fukuoka Prefecture, 421 

respectively. Kawahara et al. (1987) and Isagi et al. (1997) reported ca. 8–9 Mg C ha-1 422 

year-1 for above-ground parts from five-year surveys in the same region of the Kyoto 423 

area. As above-ground NPP was 4.9 Mg C ha-1 year-1 in the present study, NPP in this 424 

study was lower than the values reported by Kawahara et al. (1987) and Isagi et al. 425 
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(1997), but similar to that of Suzuki (1976), likely due to differences among local 426 

conditions, as described above. As the number of studies that evaluate NPP of bamboo 427 

stands remains limited compared to biomass studies, and there is no NPP evaluation to 428 

include rhizome data, our results are important for explaining carbon flow in bamboo 429 

stands in this region. 430 

 431 

NPP and carbon turnover rate of rhizomes 432 

We found that the NPP and carbon turnover rate of rhizomes averaged 0.90 Mg C ha–433 

1 year–1 and 0.11 year–1, respectively, in the stand (Figure 2b, c). The pattern of NPP 434 

among organs was similar to that of biomass, except for below-ground parts (Figure 2a, 435 

b). NPP was much lower in rhizomes than roots (0.29-fold), while biomass was similar 436 

between rhizomes and roots (0.96-fold, Table 1; Figure 2a, b). Roots had higher 437 

turnover rates than rhizomes (Figure 2c), probably due to their metabolic activities, such 438 

as absorption of nutrients and water, resulting in a much higher NPP for a given 439 

biomass of roots. The turnover rate of rhizomes (0.11 year-1, Figure 2c), suggesting a 440 

rhizome lifespan of ca. 9–10-years, was consistent with previous findings (rhizomes 441 



survived for around 10 years, Ueda 1960). The longer lifespan of rhizomes compared to 442 

the other studied organs may be due to their stiff structure and low exposure to 443 

disturbances such as strong winds compared to above-ground organs. In terms of the C 444 

cycle in bamboo stands, a longer lifespan of rhizomes means that a moso bamboo stand 445 

can store and transport resources in below-ground parts for a long time, supporting 446 

rapid growth of above-ground shoots.  447 

If we calculate below-ground NPP under the assumption that the turnover rate 448 

is equal between above- and below-ground organs (i.e., 0.20), as was the case in 449 

previous studies (Suzuki 1976; Li et al. 1999; Tang et al. 2015a, 2015b, 2016; Song et 450 

al. 2017; Song et al. 2020), below-ground NPP would be 4.0 Mg C ha-1 year-1, which is 451 

87% of our result based on direct estimation (4.6 Mg C ha-1 year-1). This study 452 

highlights the importance of considering the different turnover rates of each organ for 453 

better NPP estimate (Figure 2c), and verifies the accuracy of the previously used 454 

method. Nonetheless, our estimates should be considered an initial attempt at 455 

elucidating below-ground C dynamics. Some technical challenges in data collection 456 

remain, such as the repeated excavations used in the present study, which can damage 457 
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below-ground organs and cause over- or underestimation of rhizome NPP (a similar 458 

argument has been made for the in-growth core method for root NPP; e.g., Hendricks et 459 

al. 2006). In addition, management history may have affected our results, as the 460 

turnover rate of culms in the present study (0.18, Figure 2c) was higher than expected 461 

(typically 0.05–0.1, equating to culm longevity of 10–20 years). Note that the biomass 462 

accumulation and NPP of roots and culms might be over- or underestimated, as some 463 

roots attached to below-ground culm bases were included in the culm biomass and NPP 464 

estimates in the present study. Non-destructive techniques, such as ground penetrating 465 

radar, have been used in recent years for rhizome detection in bamboo stands (Xiao et 466 

al. 2021), and may constitute a more useful method for estimating rhizome NPP in the 467 

future. 468 

 469 

Biomass allocation pattern within individual units 470 

Compared to woody plant individuals of similar stem size, our studied moso bamboo 471 

ramets had higher average biomass allocation to below-ground parts (44% vs. 22%; 2.0-472 

fold higher than the level in woody plants) and much lower average allocation to leaves 473 



(1.5% vs. 13%; 8.7-fold lower than the level in woody plants) (Figure 3). These results 474 

suggest that moso bamboo ramets allocate more biomass to below-ground organs 475 

compared to woody plants of similar size. Higher biomass allocation to below-ground 476 

organs in moso bamboo was partly explained by the large amount of rhizomes, which 477 

formed a dense network structure (average = 8.4 m m-2, see Table 1; Figure 1b; Table 478 

S5) because rhizomes are typically not present in woody plants and rhizome biomass 479 

comprised 41% of the total below-ground biomass in moso bamboo (Table S6). On the 480 

other hand, the average leaf fraction was surprisingly low in moso bamboo (1.5%) 481 

compared to woody plant individuals (13%). This low allocation to leaves is consistent 482 

with previous studies (e.g., 3–4% of above-ground organs in Yen and Lee 2011, 1–2% 483 

in Yen 2016 and 1–6% in Murakami et al. 2006), but its possible mechanism has never 484 

been discussed. We proposed the low allocation to leaves may be partly related to its 485 

thin leaves. Leaf mass per area of moso bamboo is typically 50–70 g m-2 (e.g., 61.3 g m-486 

2 in Li et al. 1999 and 52.8 g m-2 in Sun et al. 2017), which is typically lower than most 487 

tree leaves (Mean ± standard deviation = 122 ± 86.6 (n = 967), Wright et al. 2004). The 488 

leaves of moso bamboo are leathery and typically survive for two years (Li et al. 1998a; 489 
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Itou et al. 2018), possibly due to high Si accumulation (4–7%, Ueda 1960; Umemura 490 

and Takenaka 2014). Silica accumulation is considered an adaptive strategy for 491 

increasing leaf mechanical strength with minimal C cost, and for reducing biomass 492 

investment in leaves (Cooke and Leishman 2011). Another possible explanation for the 493 

lower allocation to leaves is that green branches and culms (Figure 1a) may play the 494 

role of photosynthetic organs in moso bamboo (as discussed in the following section), 495 

which can offset mass allocation to leaves. 496 

Despite the low allocation to photosynthesizing leaves and high allocation to 497 

below-ground organs, moso bamboo achieve a high growth rate. We propose three 498 

possible explanations for this trend. First, the leaves of moso bamboo are evergreen and 499 

have higher nitrogen content than those of woody plants (e.g., Fukushima et al. 2015; 500 

Song et al. 2017); this may enable moso bamboo to achieve a high photosynthetic rate 501 

throughout the year. Second, moso bamboo can photosynthesize through their green 502 

branches and culms (Figure 1a), as described above. Chloroplasts in the culms are 503 

mainly distributed in chlorenchyma cells under the epidermis, and in cells around the 504 

vascular bundle, similar to the Kranz anatomy observed in C4 plants (Wang et al. 2012). 505 



High activity of a photosynthetic enzyme, phosphoenolpyruvate carboxylase (PEPC), 506 

has been detected in culms, suggesting that an efficient photosynthetic pathway might 507 

exist in the culms (Wang et al. 2012). CO2 released by respiration may partially reused 508 

for photosynthesis. However, the extent to which stem/branch photosynthesis 509 

contributes to overall photosynthesis remains largely unclear. Third, several 510 

characteristics, including efficient height acquisition due to its hollow structure (i.e., 511 

plants are taller per unit biomass), efficient foliage arrangement within the crown that 512 

utilizes light efficiently (Li et al. 1999), higher nitrogen use efficiency (Song et al. 513 

2017), and high fine root activity (Liu et al. 2013), may contribute to the high 514 

productivity of moso bamboo. 515 
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Tables 681 

Table 1. Morphology, biomass and net primary productivity (NPP) of the below-ground 682 

rhizomes and roots of a stand of moso bamboo, Phyllostachys edulis, at a study site in 683 

western Japan.  Rhizome and root data were based on 32 (0.5 m × 0.5 m × 0.5 m) and 684 

18 (cylindrical mesh bags 55 mm in diameter, 0.3 m in length and with 5 mm × 5 mm 685 

mesh size) samples, respectively. 686 

  N Mean ± standard deviation Minimum Maximum 

Rhizome Mean diameter (mm) 32 21 ± 1.7 16 24 

 Total node number (m–2) 32 230 ± 120 44 570 

 Total length (m m–2) 32 8.4 ± 4.3 2.1 18 

 Biomass (g C m–2) 32 810 ± 450 140 1700 

 NPP (g C m–2 year–1) 32 90 ± 76 0 290 

Root Biomass (g C m–2) 18 840 ± 280 540 1300 

 NPP (g C m–2 year–1) 18 310 ± 240 0 790 

687 
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Figure legends 688 

Figure 1 Representative images of the moso bamboo, Phyllostachys edulis, stand on 689 

Awaji Island, Hyogo Prefecture, western Japan; above-ground standing culms (a) and 690 

below-ground rhizome system (b). The excavated area in (b) was 2 m × 2 m. Results 691 

from tessellation (solid lines) of three 8 m × 8 m plots based on the spatial distribution 692 

of above-ground culms (colored dots) in the bamboo stand (c). As an example, culm 693 

position data in 2017 are shown. Dashed lines in (c) indicate failed tessellation. 694 

 695 

Figure 2 Biomass (a), NPP (b) and turnover rates (c) of various organs of moso bamboo 696 

(Phyllostachys edulis) on Awaji Island, Hyogo Prefecture, western Japan. Mean and 697 

standard deviation values are shown (n = 3 for culms, branches and leaves; n = 18 for 698 

roots; n = 32 for rhizomes). 699 

 700 

Figure 3 Biomass allocation patterns within woody plant individuals and moso bamboo 701 

(Phyllostachys edulis) ramets at the present study site. Data for woody plants were 702 



obtained from Poorter et al. (2015). Biomass allocation to stems represents biomass 703 

allocated to stems and branches in woody plants, and that allocated to above-ground 704 

culms and branches of bamboo. Biomass allocation to roots indicates biomass allocated 705 

to all below-ground organs (rhizomes, roots and below-ground culm bases of bamboo). 706 

To compare these parameters among plants of similar size, woody plant data were 707 

filtered for stems mass, ranging from 0.66 to 14 kg (n = 842), which is equivalent to the 708 

range of moso bamboo measured at the present study site. The dotted lines are isoclines 709 

denoting biomass allocation to leaves of the ratio; 0, 0.1 and 0.2. 710 

 711 

Figure 4 The coefficient of variation (CV) of below-ground characteristics, surveyed 712 

through excavation with an air spade, plotted against plot size (0.25 m2, n = 32; 1.0 m2, 713 

n = 8; 4.0 m2, n = 2): (a) total number of nodes on rhizomes, (b) rhizome diameter, (c) 714 

total rhizome length, (d) rhizome biomass, (e) net primary production of rhizomes; 715 

rhizome NPP and (f) root biomass.  716 
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Supplementary materials 725 

Table S1 Carbon concentrations in organs (leaves, branches, culms, rhizomes, below-ground culm bases and roots) of Phyllostachys 726 

edulis (syn. P. pubescens) reported by Fukushima et al. (2015). 727 

Organ 

 

Culm age class Carbon concentration (g g-1) 

Leaves one year 0.419 

 > one year 0.432 

Branches one year 0.464 

 > one year 0.458 



Culms one year 0.463 

 > one year 0.468 

Rhizomes and below-ground culm bases*1 0.443 

Roots*2 0.437 

*1. Below-ground culm base was referred to as the stump in Fukushima et al. (2015). 728 

*2. Carbon concentration of roots is the average value for fine and coarse roots from Fukushima et al. (2015).   729 
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Table S2 Coefficients of allometric equations (Wij = αDBHβ) used for estimating the biomass (Wij) of each organ from culm diameter at 730 

breast height (DBH) in moso bamboo, Phyllostachys edulis.  731 

Organ (i) Culm age class (j) α β N R2 Reference 

Leaves one year 1.149×10-2 1.515 7 0.853 

Abe and Shibata (2009) 

 > one year 4.774×10-3 1.976 8 0.851 

Branches one year 1.045×10-1 1.185 7 0.722 

Abe and Shibata (2009) 

 > one year 4.647×10-2 1.483 8 0.740 

Culms one year 6.210×10-2 2.261 7 0.951 

Abe and Shibata (2009) 

 > one year 1.305×10-1 2.052 8 0.912 



Below-ground culm bases*1 7.71×10-2 1.434 – 0.954 Fukushima et al. (2015) 

Culms > one year 9.7×10-2 2.049 9 0.943 Kaku et al. (2014) 

*1. Below-ground culm base was referred to as the stump in Fukushima et al. (2015). 732 
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Table S3 Interannual variation of net primary production (NPP, Mg C ha-1 year-1) in a stand of moso bamboo, Phyllostachys edulis, on 733 

Awaji Island, Hyogo Prefecture, western Japan. NPP is shown for each organ: leaves (Leaf NPP), branches (Branch NPP), above-734 

ground culms (Culm NPP) and below-ground culm bases (Culm base NPP) from 2013 to 2017. Mean and standard deviation values are 735 

shown (8 m × 8 m plots, n = 3). Note that leaf NPP at stand level was roughly calculated from the leaf biomass and leaf lifespan with 736 

consideration of culm ages (see Method for detail). 737 

(Mg C ha-1 year-1) 2013–2014 2014–2015 2015–2016 2016–2017 Average 

Leaf NPP – – – – 0.41 ± 0.13 

Branch NPP 0.70 ± 0.48 0.22 ± 0.16 0.96 ± 0.07 0.25 ± 0.091 0.53 ± 0.20 

Culm NPP 4.4 ± 3.2 2.4 ± 1.8 5.9 ± 0.92 3.3 ± 0.56 4.0 ± 1.6 



Culm base NPP 0.85 ± 0.60 0.24 ± 0.18 1.1 ± 0.10 0.29 ± 0.11 0.63 ± 0.25 

  738 
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 Table S4 Morphological characteristics of rhizomes collected during two excavations (2014 and 2018) of a stand of moso bamboo, 739 

Phyllostachys edulis, on Awaji Island, Hyogo Prefecture, western Japan. Mean and standard deviation values are shown (0.5 m × 0.5 m 740 

plots, n = 32). 741 

  Mean ± standard deviation Minimum Maximum 

Mean diameter (mm) April 2014 21 ± 1.7 16 24 

 April 2018 21 ± 3.1 14 26 

Total number of nodes of rhizomes (m–2) April 2014 230 ± 120 44 572 

 April 2018 80 ± 70 0 360 

Number of rhizome segments (m–2) April 2014 22 ± 9.8 4 44 



 April 2018 8.6 ± 5.9 0 28 

Total length (m m–2) April 2014 8.4 ± 4.3 2.1 18 

 April 2018 3.7 ± 2.9 0 11 

  742 
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Table S5 Summary of morphological and growth characteristics of moso bamboo (Phyllostachys edulis) rhizomes in Japan obtained 743 

from the literature. Mean values are shown. Parentheses indicate range. 744 

RF Prefecture Year Diameter Internode length Living bud density Total length Annual growth rate Number 

      cm cm m-2 m-1 m m-2 m system-1 *1 m year-1 m2 year-1 m-2  system-1 

1 – – 1.6 – – – 3.3–11.0  – – – – – 

2 Kyoto 

1952–1960 2.6 5.3 – – 

2.5–11.3 – – – – – 

1.7 3.3 – – 

1954 2.1 3.9 –  0.8 - 1.68 6.2 0.29 18 

2.2 3.8 –  1.1  - 1.84 4.8 0.52 25 

1949–1953 1.2–2.0 – –  1.5 28.4 1.93 – 1.21 23 



3 Tokushima 1960–1961 2.0–2.5 3.8–5.9 – – 7.9–12.0 – – – – – 

4 Ehime 1975 2.2 4.0 29.3 20.1 1.5 112.2 1.29 19.3 1.17 90 

5 Fukuoka – 2.4–2.6 – – – – – – – 

4.3 

(3.6–

5.2) 

– 

6 Kumamoto 1985 – – – 6.7 – 14.5 

1.81 (1.1-

2.65) 

– – – 

7 Gifu 2002–2003 – (0.20–8.2) – – – – 

1.27 

(0.02-3.6) 

– – – 

8 Gifu 2005 – – – – – – 

1.92 

(0.18-

5.50) 

– – – 
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9 Osaka 2003 – – – 18.6 – – 

2.7 (1.0-

5.0) 

– – – 

10 Hyogo 

2014 2.1 (1.6-2.4) – 

230 (44-

574)*2 

– 

8.4 (2.1-

18.0) 

– – – 

22 (4-

44) 

– 

2018 2.1 (1.4-2.6) – 

80 (0-

360)*2 

– 3.8 (0-360) – – – 

8.6 (0-

28) 

– 

RF: Reference, [1] Takeuchi 1932, [2] Ueda 1960, [3] Maruo 1962, [4] Utsunomiya 1976, [5] Nonaka 1979, [6] Nonaka 1987, [7] 745 

Kawai et al. 2008, [8] Kawai et al. 2010, [9] Ito and Yamada 2005, [10] This study 746 

*1. The unit "system" indicates a connecting rhizome system. 747 

*2. Value is "total node density", not "living bud density". 748 

  749 



Table S6 Summary of above- and below-ground biomass of moso bamboo (Phyllostachys edulis) stands in Japan. Studies considering 750 

both above- and below-ground rhizome biomass are included here.  751 

    

Culm density 

(culms ha-1) 

Culm DBH 

(cm) 

  
Above–ground biomass (Mg C ha-1)   Below–ground biomass   Total   Below/Above Rhizome/Total Rhizome/Below 

      
Culms Branches Leaves Total   Roots Rhizomes Culm bases Total 

           

Suzuki (1976) *1,2  4,500 8.3  19.0 3.3 1.3 23.7  7.7 4.5 – 12.2  35.9  0.52 0.12 0.37 

 5,100 9.3  23.0 4.2 1.8 29.1  10.7 6.2 – 16.9  46.0  0.58 0.14 0.37 

 8,800 9.2  41.0 5.7 2.4 49.1  9.5 5.9 – 15.4  64.5  0.31 0.09 0.38 

Umemura and Takenaka 

(2014) *1 

 2,660 8.2  12.4 1.7 0.6 14.6  11.4 4.4 – 15.7  30.4  1.08 0.14 0.28 

 2,400 10.1  17.5 2.1 0.7 20.3  14.4 10.9 – 25.2  45.5  1.24 0.24 0.43 

 4,790 11.2  43.1 5.0 1.8 49.9  18.0 11.6 – 29.6  79.5  0.59 0.15 0.39 

Isagi et al. (1997)  7,100 11.3  55.5 7.5 2.7 65.7  11.2 7.5 – 18.7  84.4  0.28 0.09 0.40 
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Fukushima et al. (2015)  9,675 10.5  75.9 6.9 2.1 84.9  27.8 18.2 9.9 55.9  140.8  0.66 0.13 0.33 

Goto et al. (2008)  8,200 7.5  31.6 8.1 39.7  19.8 13.0 12.6 45.4  85.1  1.14 0.15 0.29 

 8,125 5.4  17.2 3.3 20.5  23.9 15.7 5.1 44.7  65.2  2.18 0.24 0.35 

 7,575 8.2  18.0 4.6 22.6  11.8 14.0 8.3 34.1  56.7  1.51 0.25 0.41 

Zhang et al. (2005) *3,4   12,500 4.6   – – – 11.1   4.3 7.1 3.4 14.9   25.9   1.34 0.28 0.48 

  

  

6,785 ± 2,983 *5 8.7 ± 2.1       

  

35.9 ± 22.6       

  

27.4 ± 14.6 

  

63.3 ± 31.7 

  

0.95 ± 0.56 0.17 ± 0.06 0.37 ± 0.06 

This study *1  7,600 7.6  22 2.5 0.65 25  8.4 8.1 3.5 20  46  0.80 0.18 0.41 

  

  

6,825 ± 2,860 *6 8.6 ± 2.0       

  

35.1 ± 21.8       

  

26.8 ± 14.1 

  

61.9 ± 30.8 

  

0.94 ± 0.54 0.17 ± 0.06 0.38 ± 0.06 

*1. Carbon concentration data reported by Fukushima et al. (2015) were used.  752 

*2. Biomass data for the leaf sheath were excluded. 753 



*3. Phyllostachys edulis - P. nigra var. henonis mixed stands 754 

*4. No carbon concentration data were available. The values reported by Goto et al. (2008) in the same area were used. Total above-755 

ground C concentration was assumed to be the average value of culm, branch and leaf C concentrations. 756 

*5. Mean ± standard deviation (n = 12)  757 

*6. Mean ± standard deviation (n = 13)  758 
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Table S7 Size data used for estimation of below-ground biomass within moso bamboo ramets. The area occupied by each bamboo ramet 759 

(tile area) in three 8 m × 8 m plots was determined based on the spatial distribution of above-ground living culms using Dirichlet 760 

tessellation (an example is shown in Figure 1c). Only closed tiles in 2017 were used for calculation of biomass allocation patterns in 761 

Figure 3. The below-ground biomass of each ramet was calculated from the tile area and excavation data, summarized in Table 1 (2014 762 

for rhizomes and 2019 for roots). 763 

Year 2013 2014 2015 2016 2017 

No. total living culms 97 127 145 191 165 

No. closed tiles 38 62 70 105 86 

Mean tile area (m2) 

(Minimum–Maximum) 

2.0 

(1.1–3.5) 

1.5  

(0.44–3.7) 

1.3  

(0.44–3.4) 

1.0  

(0.26–2.3) 

1.2  

(0.26–3.0) 

764 



 765 

Figure S1 Conceptual diagram of a plot at the study site. Each above-ground plot (8 m 766 

× 8 m, see Figure 1) was divided into 16 subplots (2 m × 2 m), and two subplots were 767 

randomly selected for excavation of below-ground rhizomes. Each subplot was divided 768 

into 16 sub-subplots (0.5 m × 0.5 m) for rhizome measurement.  769 

  770 
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 771 

Figure S2 Living culm density (a), newly produced culm density (b), culm diameter at 772 

breast height (DBH) (c), and above-ground biomass (d) in the studied moso bamboo 773 

(Phyllostachys edulis) stand on Awaji Island, Hyogo Prefecture, western Japan. Mean 774 

and standard error values are shown (8 m × 8 m plots, n = 3). 775 

 776 



 777 

Figure S3 Vertical distributions of below-ground rhizomes in (a) 2014 and (b) 2018 in 778 

the studied moso bamboo (Phyllostachys edulis) stand on Awaji Island, Hyogo 779 

Prefecture, western Japan. The shallowest and deepest depth of each rhizome fragment 780 

in each of the 32 sub-subplots (0.5 m × 0.5 m) are shown (N = 172 for 2014 and N = 70 781 

for 2018). Data are arranged in ascending order of average distance from the surface. 782 

Different colors indicate data originating from the two different subplots (2 m × 2 m). 783 

 784 


