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Moso bamboo (Phyllostachys pubescens) forests are utilized for food, building materials,
and carbon fixation in East Asia. Hence, understanding the factors that influence
productivity is important. Long-term records of managed Moso bamboo forests have
provided evidence for 2-year cycles of new shoot production. A widely accepted
explanatory hypothesis is that the 2-year leaf life span and unequal proportions of newer
and older leaves in bamboo stands are the cause of the 2-year shoot production cycle.
However, 2-year cycles are not observed in all circumstances. If the 2-year leaf life span
causes the biennial production cycle, why are the 2-year cycles of new shoot production
not observed in some periods? By constructing an age-structured population growth
model that considered the Moso bamboo leaf life span, this study aimed to clarify the
possible mechanisms that could suppress the 2-year cycle of new shoot production.
The simulation demonstrated that the 2-year cycle may readily disappear because of
the contribution of considerable carbohydrates originating from photosynthesis in old
leaves and in new leaves of zero-year-old culms, and from belowground carbon storage
in roots and rhizomes. The results suggested that the contribution of photosynthesis in
old leaves and in new leaves of zero-year-old culms may be overlooked at the population
scale, and that belowground carbon storage in Moso bamboo rhizome systems might
act as buffer to stabilize the year-to-year variations in new shoot production.

Keywords: Moso bamboo, production, two-year cycles, age-structured population growth model, leaf
phenology, storage

INTRODUCTION

Bamboo is the common term for a group of woody grasses belonging to the family Poaceae.
Bamboo species are distributed widely, growing naturally in tropical and subtropical regions on all
continents except Europe and Antarctica, and from sea level to 4,300 m elevation (Clark et al., 2015).
Moso bamboo (Phyllostachys pubescens) is a monopodial species that dominates a major forest type
in East Asia. The species is native to southern China and was introduced to neighboring regions
for practical utilization for food and materials (Benton, 2015). Unlike tree species, new shoots of
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Moso bamboo sprout in early spring and complete their
growth within 2 months (Song et al., 2016). Subsequently,
no further annual height and radial growth occurs; thus, new
shoot emergence in spring determines the annual aboveground
productivity in Moso bamboo forest. Recently, Moso bamboo
forest has been considered to be an important carbon sink and
increasing attention has focused on its ecological benefits, such as
for climate change mitigation (Shinohara et al., 2014; Lin et al.,
2017; Xu et al., 2018; Zhou et al., 2019). Hence, an understanding
of new shoot productivity is important to formulate appropriate
management practices in bamboo forests.

Two-year cycles in shoot production have been observed in
many Moso bamboo stands: a high number of new shoots are
produced in a “good” year, followed by a “poor” year with
development of a low number of new shoots (Li et al., 1998a;
Kleinhenz and Midmore, 2001; Song et al., 2016). Two-year cycles
in shoot production have also been observed in many species of
fruit trees, such as apple and pear (Monselise and Goldschmidt,
1982). Recent studies suggest that at the individual scale, after
a good year, a fruit tree takes time to recover from depletion of
carbohydrate reserves; at the stand level, abnormal weather may
act as a trigger to synchronize the fruiting cycles of individual
trees (Silvertown and Charlesworth, 2009). Moso bamboo is
well known for extremely rapid vegetative growth rate, and its
fastest growth rate could reach 1-m day−1 (Xu et al., 2011; Li
et al., 2018). Unlike fruit trees, which take time to recover from
the reproductive costs, new shoots of Moso bamboo elongate
rapidly and then initiate photosynthesis, thereby contributing
newly synthesized carbohydrates to the bamboo stand (Wang
et al., 2020). Thus, competition between shoot production
and vegetative carbon sinks is unlikely, suggesting that the
mechanism responsible for the periodic population dynamic of
Moso bamboo forests may differ from that of fruit trees.

Long-term records in East Asian countries support the
distinctive 2-year cycle of new shoot production by Moso
bamboo. One explanatory hypothesis has been widely accepted:
the 2-year leaf life span combined with the imbalance between
“even” and “odd” culm-age structure at the population scale leads
to the 2-year production cycle (Li et al., 1998a). The life span of
Moso bamboo leaves is mainly 2 years; that is, the life-span of
leaves of zero-year-old culms is 1 year, whereas the life-span of all
leaves of ≥1-year-old culms is 2 years. Furthermore, all leaves of
an individual are of an identical age, and all culms of a specific
age bear leaves of the same age. In this manner, the leaves of zero-
year-old culms and odd-age culms are new leaves (i.e., 1st year
leaves). In contrast, the leaves of even-aged culms are old leaves
(i.e., 2nd year leaves) (Li et al., 1998a). The photosynthesis rate of
new leaves is much higher than that of old leaves (Huang et al.,
1989), leading to more substantial contribution of carbohydrate
from new leaves than from old leaves to new shoot production.
Thus, the number of new shoots is positively correlated with the
proportion of bamboo culms with new leaves in a stand. If for
any reason (e.g., disturbance or management practices) the ratio
between the number of mature culms with new leaves and those
with old leaves deviates from 1:1, the bamboo stand will include
a higher proportion of new (or old) leaves in a given year and a
higher proportion of old (or new) leaves in the following year.

This mechanism was interpreted by Li et al. (1998a) and has been
widely accepted to explain the marked biennial alternation in
Moso bamboo new shoot production.

Although the 2-year cycle of new shoot production in
managed forests has been widely observed, 2-decade observation
of the productivity of Moso bamboo (Li et al., 1998a) revealed
that the 2-year cycle was not obvious in certain periods. Why
is the 2-year cycle of new shoot production not obvious in
some periods if the 2-year leaf life span causes the biennial
cycle in Moso bamboo forest? Possible reasons for suppression
of the 2-year cycle may involve (1) photosynthesis in the old
leaves of even-aged culms, (2) photosynthesis in the new leaves
of zero-year-old culms, and (3) belowground carbon allocation
and storage. First, the contribution of old leaves (with a lower
photosynthesis rate) to total carbon assimilation might not be
negligible at the population scale and may be sufficient to
suppress the year-to-year variation in new shoot production.
Second, the leaf life span of zero-year-old culms is an exception–
such culms renew their leaves after 1 year (Kleinhenz and
Midmore, 2001). Given that their leaves are new and productive,
the carbohydrate assimilated by this age class is presumed to
be high in every year, probably providing a large amount of
carbohydrate for new shoot production in the following spring,
and moderating the reduction in new shoot production in the
following year (although the following year is potentially a poor
year). Third, the large belowground carbon storage, probably
supported by a high root:shoot ratio (Li et al., 1999; Mokany
et al., 2006; Yuen et al., 2017), acts as a buffer to stabilize new
shoot production. A similar phenomenon has been noted in the
seed bank of plant species, in which the belowground seed bank
can buffer plant population dynamics against environmental
perturbations (MacDonald and Watkinson, 1981; Eager et al.,
2014).

To understand new shoot productivity in Moso bamboo
forest, we aimed to clarify the possible mechanisms that
may suppress the 2-year cycle of new shoot production by
constructing a new age-structured population growth model.
We first established an age-structured population growth model
that considered the specific leaf life span and belowground
carbon storage in Moso bamboo forest. Using this model, we
examined the impact of differential photosynthesis rates of new
and old leaves on new shoot production at the population scale.
Specifically, we examined the effects of photosynthesis rate of (1)
new leaves of zero-year-old culms and (2) old leaves of even-aged
culms on the periodicity of new shoot production, respectively.
Subsequently, we examined, and (3) the impact of belowground
carbon storage on the periodicity of new shoot production by
changing the allocation of carbohydrate from the leaves.

MATERIALS AND METHODS

Model Description
Bamboo Survival and Aging
We considered the age structure of the bamboo population
(Figure 1). The density of bamboo culms at age i (i = 0, 1, 2,. . .,
6) in a stand (Ni) changes year by year. The density of new shoots
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FIGURE 1 | Schematic representation of (A) a Moso bamboo forest showing clonal new shoot reproduction with a rhizome system and (B) the Moso bamboo
age-structured model. In (A), black arrows represent flows of carbohydrates from surrounding adult culms to a new shoot via rhizomes. In (B), Ni represents the
density of bamboo culms of age i. PH(t) and ST(t) represent net annual carbohydrate in leaves and belowground carbon storage at year (t), which is determined by
proportions a and b and carbon loss fraction r. The orange and brown arrows represent flows of carbohydrates; the brighter and darker green horizontal arrows
represent transitions to the next culm age classes with the survival rate si of 0.95 and 0, respectively. Leaf conditions in culm age classes are also shown using green
color bars; length of the bars represent leaf life span, and brighter and darker green colors correspond to newer (first year) and older (second year) leaves,
respectively.

depends on the leaf photosynthesis rate and carbohydrate storage
of the whole stand in accordance with Moso bamboo carbon
allocation (e.g., Isagi et al., 1997; Li et al., 1998b; Song et al., 2016).
An individual culm of age i enters the next age class (i + 1) with
the constant survival rate si before age 6 (si = 0.95 for i = 0, 1, 2,
. . ., 5). These assumptions give the following equation,

Ni (t + 1) = si−1 · Ni−1 (t) , i = 1, 2, 3, 4, 5, and 6, (1)

where Ni(t) is evaluated at the beginning of year t. We assumed
an individual that grows up to age 7 is harvested and removed
from the stand, so its survival rate is assumed to be zero (s6 = 0).

Photosynthesis, New Shoot Production, and Carbon
Storage
PH(t), which represents the net annual production of
carbohydrate from leaf photosynthesis evaluated at the end
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of year t, decreases by the total population density (
∑6

i=0 Ni(t))
with the density dependence strength d as a consequence of
self-shading. This relationship is given by the following formula,

PH(t) = [N0(t) · Pnew_N0 + (N1(t)+ N3(t)+ N5(t)) · Pnew

+ (N2(t)+ N4(t)+ N6(t)) · Pold]

· exp

(
−d

6∑
i = 0

Ni(t)

)
. (2)

To simulate the 2-year leaf life span, we distinguished three
types of leaves. New shoots of N0 have new leaves of 1-year
life span; age one, three and five (N1, N3, and N5) have
new leaves with a 2-year life span; and age two, four, and
six (N2, N4, and N6) have old leaves with a 2-year life span
(see Figure 1B). The net photosynthesis rate of each leaf type
(i.e., gross carbon assimilation minus aboveground autotrophic
respiration) is controlled by the parameter Pk (k = new_N0, new,
or old), where Pnew_N0 is the net photosynthesis rate of new leaves
of zero-year-old culms, Pnew is the net photosynthesis rate of new
leaves, and Pold is the net photosynthesis rate of old leaves. At the
beginning of the following year t + 1, a proportion a of PH(t)
contributes to new shoot production, whereas the remaining
proportion (1 - a) is transferred to belowground carbon storage
(ST; Figure 1B).

The model also considered carbon storage loss during
the growing season as a result of belowground autotrophic
respiration, including fine and coarse roots, and rhizomes (Hsieh
et al., 2016), with the fraction r. It follows that the carbon storage
remaining at the end of year t is represented as (1− r) · ST (t).
A proportion (1 - b) of the remaining carbon storage contributes
to new shoot production at the beginning of year t + 1, whereas
the remaining proportion b is stored. Therefore, the density of
bamboo culms at age 0 at the beginning of year t + 1 is given by,

N0 (t + 1) = a · PH (t)+
(
1− b

)
· (1− r) · ST (t) , (3)

Similarly, the carbon storage ST(t + 1) evaluated at the beginning
of year t + 1 is given by,

ST (t + 1) = (1− a) · PH (t)+ b · (1− r) · ST (t) . (4)

Dynamics of Bamboo Population Coupled With
Carbon Production and Storage
The iteration of this age-structured model (Eqs 1–4) simulates
the interannual dynamics of bamboo density with belowground
carbon storage. Details of the parameters included in this study
are presented in Table 1.

Method of Analysis
This study focused on the dynamics of production of new shoots
(N0) as an indicator of bamboo forest productivity. We focused
on the final state of the model bamboo population (i.e., the
equilibrium, periodic fluctuations, or chaotic fluctuations), but
not on the transient states that are highly dependent on the initial
conditions. For this purpose, the model was run from year 0 to
108 (t = 0–108) and recorded the population size in the final

TABLE 1 | List of parameters for the age-structured population growth model.

Parameter Definition Default value

Pnew_N0 Photosynthesis rate of
zero-year-old culms’ leaves

0–10

Pnew Photosynthesis rate of new
leaves

0–10

Pold Photosynthesis rate of old
leaves

0–10

a Proportion of carbohydrate
from leaf photosynthesis
contributes to generating new
shoots in the following year

0.8–1

b Proportion of carbohydrate
remains as the storage in the
following year

0–0.6

r Loss until the following year
spring due to belowground
autotrophic respiration

0–0.6

s Survival rate for individual at the
age i to enters the next age
class (i + 1)

si = 0.95 for i = 0,1,
2, . . ., 5 s6 = 0.0

d Density dependence strength 0.01

500 years for further analyses, which represents the final state (i.e.,
attractor) of the population dynamics.

To clarify the impact of Moso bamboo-specific leaf
photosynthesis on the number of new shoots, we examined
the relationship between the parameter Pk (Pnew_N0 , Pnew, or
Pold) and the final state patterns of N0 using the coefficient of
variation (CV). The CV, which is defined as the ratio of the
standard deviation to the mean, is a standardized measure of
temporal fluctuation. If the final state is at equilibrium (i.e.,
constant N0 values), the CV will be equal to 0. If the final state
shows a 2-year cycle, the CV will be equal to N0_max−N0_min

N0_max+N0_min
, where

N0_max and N0_min represent the number of new shoots in a
good year and poor year, respectively). When the final state
shows more than a 2-year cycle, the CV will be larger than
zero and the exact value will depend on the dynamic of the N0
population. When calculating the CV, two of the parameters
Pnew_N0 , Pnew, and Pold were systematically changed from zero
to 10 with a step of 0.05, whereas the other parameter was
fixed. To confirm that the three types of final state did not
appear simultaneously in narrow ranges of the parameters, we
examined the asymptotic behavior of N0 (equilibrium, periodic
fluctuations, or chaotic fluctuations) using a bifurcation diagram,
which is a visual summary of the shifts as a function of the
parameters (Murray, 2002). The range of the parameters Pnew_N0 ,
Pnew, and Pold was extended to 50 in the bifurcation diagram (see
Supplementary Figure 1).

To clarify the impact of carbon storage on new shoot
production, we examined the relationship between the
belowground carbon allocation parameters a, b, and r and
the final state patterns (i.e., CV) using representative parameter
sets of Pnew_N0 , Pnew, and Pold. The parameters a, b, and r
were changed from 0 to 1.0 with a step of 0.1. In this study, we
conducted all numerical calculations using the C language.
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RESULTS

Final States
The final states of the model were classified into three types:
2-year cycles, stable equilibrium, and others (i.e., more than
2-year cycles or chaotic fluctuations) (Figure 2). In the case of
2-year cycles (Figure 2B), the population size (the number of
annual new shoots) alternated regularly between two values in
the final state, resulting in CV = N0_max−N0_min

N0_max+N0_min
(note that N0_max

and N0_min depend on the combination of the parameter Pk).
In the stable equilibrium type (Figure 2A), population sizes
were constant in the final state (CV = 0). In the other type
(Figure 2C), population size alternated between more than two
values, resulting in positive CV values. Although 2-year and other
cycles apparently showed positive CV values, we confirmed that
the two types appeared in different ranges of the parameter values
using bifurcation diagrams (Supplementary Figure 1). The other
type only appeared when Pnew_N0 was considerably larger than
Pnew and Pold (Supplementary Figures 2, 3).

FIGURE 2 | Example of the three types of final states in the Moso bamboo
age-structured model. (A) Stable type with the parameter sets Pnew_N0 = 1.2,
Pnew = 1.2, Pold = 0.4, (B) 2-year cycle type with the parameter set
Pnew_N0 = 0.5, Pnew = 2.5, Pold = 0.2, and (C) more than 2-year cycle with
the parameter set Pnew_N0 = 5.0, Pnew = 0.2, and Pold = 0.2. Note that
Pnew_N0, Pnew, and Pold represent photosynthesis rates of zero-year-old
culms’ leaves, new leaves, and old leaves, respectively.

Impact of Leaf Photosynthesis-Related
Parameters Pnew_N0, Pnew, and Pold
The regions with CV = 0 (i.e., stable type) were broadened with
increase in Pold, indicating that the contribution of carbohydrate
from old leaves to new shoot production at the population
scale weakened the 2-year cycle (Figures 3A–C). When Pold
was small (0), the stable, 2-year cycle, and more than 2-
year cycle types covered approximately 57, 36, and 7% of
the total area, respectively, in the range 0 ≤ Pnew ≤ 10 and
0 ≤ Pnew_N0 ≤ 10 (Figure 3A). The 2-year cycle appeared
when Pnew > Pnew_N0, whereas the more than 2-year cycle
type appeared when Pnew_N0 > Pnew (Figure 3A). When Pold
was relatively large (2.5), most parameter sets produced stable
conditions, and the stable type covered approximately 97% of
the total area in the range 0 ≤ Pnew ≤ 10 and 0 le Pnew_N0 ≤

10 (Figure 3C).
The stable type regions with CV = 0 were also broadened

with Pnew_N0, indicating that the presence of leaves of zero-year-
old culms weakened the 2-year cycle (Figures 4A–C). When
Pnew_N0 was small (0), the stable, 2-year cycle, and more than
2-year cycle types covered approximately 85, 15, and 0% of
the total area, respectively, in the range 0 ≤ Pnew ≤ 10 and
0 ≤ Pold ≤ 10 (Figure 4A). The 2-year cycle appeared when
Pnew > Pold (Figure 4A). When Pnew_N0 was relatively large (10),
most parameter sets produced stable conditions, and the stable
type covered approximately 98% of the total area in the range 0≤
Pnew ≤ 10 and 0 ≤ Pold ≤ 10 (Figure 4C).

Impact of Carbon Storage-Related
Parameters a, b, and r
With decrease in parameter a (which determines the proportion
of carbohydrate from leaves allocated to new shoot production
and hence belowground storage), the regions with CV = 0
(i.e., stable type) were distinctly broadened (Figures 5A,B,E),
indicating that increase in belowground storage stabilized
interannual variation in new shoot production. When a = 1.0,
the stable type covered approximately 57% of the total area in the
range 0 ≤ Pnew ≤ 10 and 0 ≤ Pnew_N0 ≤ 10 (Figure 5A). When
a = 0.8, the stable type covered approximately 92% of the total
area (Figure 5E). Accordingly, the percentage of the 2-year cycle
region in the total area decreased from 36 to 0% (Figures 5A,E).

Increase in the parameters b and r (which determine the
proportion of carbohydrate in belowground storage utilized
to produce new shoots, and the carbon loss from roots and
rhizomes, respectively) increased the probability of the 2-year
cycle, although the final state conditions were less sensitive to
parameters b and r compared with a (Figures 5, 6). When b = 0,
the stable, 2-year cycle, and more than 2-year cycle types covered
approximately 82, 11, and 7% of the total area, respectively, in
the range 0 ≤ Pnew ≤ 10 and 0 ≤ Pnew_N0 ≤ 10 (Figure 5B).
When b = 0.6, the stable, 2-year cycle, and more than 2-year
cycle types covered approximately 74, 21, and 5% of the total
area, respectively (Figure 5D). In addition, increase in r led to
decrease in the stable type and to increase in the 2-year cycle type
(Figure 6). When r increased from 0 to 0.6, the regions of the
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FIGURE 3 | Effect of net photosynthesis rate in old leaves on new shoot production. The figures show the final state coefficient of variation (CV) values from a series
of Pold values of (A) 0.0, (B) 1.0, and (C) 2.5. The color gradation bar represents the CV. Parameter settings of the upper-left blue region generate the more than
2-year cycles or chaotic condition of production. Parameter settings of the central white region generate stable production. Parameter settings of the lower-right red
region generate the 2-year cycles.

FIGURE 4 | Effect of net photosynthesis rate in new leaves of zero-year-old culms on new shoot production. The figures show the final state coefficient of variation
(CV) values from a series of Pnew_N0 values of (A) 0.0, (B) 5.0, and (C) 10.0. The color gradation bar represents the CV. Parameter settings of the lower-right red
region generate the 2-year cycles of production. Parameter settings of the central white region generate stable production. Parameter settings of the lower-left blue
region generate more than 2-year cycles or chaotic conditions.

stable and 2-year cycle types changed from 81 to 68% and from
12 to 25%, respectively (Figures 6A,C).

DISCUSSION AND CONCLUSION

Effect of New and Old Leaves on
Periodicity of New Shoot Production
In this study, the increase in net photosynthesis rate of old leaves
stabilized new shoot production (Figure 3). In addition, the
increase in net photosynthesis rate of new leaves of zero-year-old
culms led to the stable state or more than 2-year periodic cycles
(Figure 4). In contrast, the increase in net photosynthesis rate in
new leaves promoted the 2-year cycle of new shoot production
(Figures 3, 4). Only when the photosynthesis rates of new leaves
were much higher than those of old leaves and of new leaves of
zero-year culms, was the 2-year cycle imposed. The simulation
supported the hypothesis that the contribution of carbohydrate
from old leaves might not be negligible at the population scale

and that the carbohydrate from old leaves may readily cancel
the 2-year cycle of new shoot production. The simulation also
supported the conclusion that the new leaves of zero-year-old
culms can eliminate the 2-year cycle, as the presence of the new
leaves with high net photosynthesis rates on zero-year-old culms
provided a large carbohydrate input for new shoot production in
a poor year following a good year.

The present simulation raised a question mark regarding the
general applicability of the traditional hypothesis proposed by Li
et al. (1998a), that is, the biennial cycle of new shoot production
results from interannual variation in the number of adult shoots
carrying new leaves. Previous field measurements showed that
photosynthesis activity is lower in old leaves than in new leaves;
the photosynthesis rates of old leaves can be one-third of those
of new leaves and the photosynthesis rates of new leaves of
zero-year-old culms is almost identical to those of new leaves
(Huang et al., 1989). Surprisingly, the parameter settings that
satisfy the Huang et al. (1989)’s conditions (i.e., Pold = 1/3 Pnew or
Pnew = Pnew_N0) did not generate the 2-year cycle of new shoot
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FIGURE 5 | Effect of belowground carbon storage on new shoot production. The figures show the final state coefficient of variation (CV) values. The parameter
settings of upper left (A) are identical to those of Figure 3A. The other figures show the final state CV values from six sets of parameters a and b. The parameter a
ranged from 1.0 [upper panel; (A)], 0.9 [middle panels; (B–D)], to 0.8 [lower panels; (E–G)]. The parameter b ranged from 0.0 [left column; (A,B,E)], 0.3 [central
columns; (C,F)], to 0.6 [right columns; (D,G)]. The color gradation bars represent the CV.

FIGURE 6 | Effect of loss of belowground carbon storage on new shoot production. The figures show the final state coefficient of variation (CV) value from a series of
r values of (A) 0.0, (B) 0.2, and (C) 0.6. The color gradation bars represent the CV.
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production in Moso bamboo forest (Figures 3–5). Therefore,
we concluded that the 2-year leaf life span alone cannot be the
causal factor of the 2-year cycle of new shoot production. It
is possible that the biennial cycle of new shoot production in
Moso bamboo forest is a transitional phenomenon induced by
artificial disturbances, e.g., harvesting of old culms (Katanoda,
2007), or natural disturbances, e.g., drought in early spring (Xu
et al., 2016; Tong et al., 2021) and foraging of shoots by animals
(Kobayashi, 2020).

Our understanding of leaf photosynthesis rates in Moso
bamboo forest remains limited compared with that of tree
species (Kattge et al., 2011). Recently, field measurements
showed that culm aging can impact on physiological traits, such
as hydraulic conductivity and stomatal conductance (Tsuruta
et al., 2016; Zhao et al., 2017; Gu et al., 2019; Wu et al.,
2019). Thus, the amount of assimilated carbon in new and old
leaves might change with culm aging. We strongly recommend
measuring leaf photosynthesis rates in accordance with culm-age
classes with consideration of seasonal variation or interannual
monitoring of aging-related decline in leaf photosynthesis rates
in certain individual culms. Such data should clarify (1) whether
photosynthesis rates in old leaves can be less than one-third
of those of new leaves regardless of culm age and (2) whether
photosynthesis rates in new leaves of zero-year-old culms can be
less than those of new leaves in other age-class culms.

Effect of Belowground Carbon Storage
on Periodicity of New Shoot Production
The present study showed that the increases in carbon allocation
from annual photosynthesis to belowground storage (smaller a)
and the increase in contribution of belowground carbon to new
shoot production (smaller b and r) canceled the 2-year cycles of
new shoot production (Figures 5, 6). The simulation supported
the hypothesis that enhanced belowground carbon storage would
act as a buffer to stabilize interannual variation in new shoot
production. The highly developed rhizome systems in Moso
bamboo forest, including fine and coarse roots and rhizomes, can
be a major carbon stock in Moso bamboo forest (Lin et al., 2017;
Yuen et al., 2017). The belowground carbon stocks are almost
identical to those aboveground in Moso bamboo forest (Lin et al.,
2017; Yuen et al., 2017). This is in contrast to other forest types,
such as temperate coniferous and broadleaved forests, in which
belowground carbon stocks are approximately 60–70% smaller
than those aboveground (Qi et al., 2019).

Elucidating belowground carbon cycling, including carbon
stocks and flows, is important to understand the mechanism of
the 2-year cycle of new shoot production. Moso bamboo has
a unique growth pattern [new shoots complete their growth
(in height and diameter) within 2 months after new shoot
emergence in spring], suggesting that the rapid new shoot growth
requires massive resources within a short period. A previous
study indicated that the neighboring mature culms can transfer
via the rhizomes almost all non-structural carbohydrates (NSCs)
required to complete new shoot growth (Song et al., 2016;
Wang et al., 2020). Culms with old leaves and new leaves of
zero-year-old culms shed their leaves and produce new leaves
during the new shoot emergence period (Li et al., 1998a; Zhou

et al., 2019). It is possible that culms with new leaves transfer
NSCs for new shoot growth, whereas culms with old leaves and
zero-year-old culms mainly use NSCs to produce new leaves
in the following year. In this case, NSCs originating from old
leaves and new leaves of zero-year-old culms have little impact
on new shoot production, and hence NSCs originating from
new leaves mostly control new shoot production. However, our
understanding of the carbon dynamics between new shoots and
older culms during the new shoot emergence period is limited.
The residence time of assimilated carbon belowground is also
unknown. A stable carbon isotope pulse labeling technique (e.g.,
Dannoura et al., 2011; Epron et al., 2012) using a carbon balance
approach (Li et al., 1998b; Song et al., 2016) would provide insight
into the temporal changes in belowground carbon stocks and
flows in Moso bamboo forest, and hence the possible mechanism
of the periodicity of new shoot production.

Implications for Climate Change as a
Possible Factor for the 2-Year Cycle
The present simulation suggested that the 2-year cycle of new
shoot production can be readily canceled by carbohydrate input
from old leaves and new leaves of zero-year-old culms at
the population scale, that may be a transitional phenomenon,
enhanced by artificial and natural disturbances. Climate change
might also enhance the 2-year cycle of new shoot production
through changes in carbon allocation in Moso bamboo forest.
The increase in temperature can cause exponential increase in
respiration of plant organs (Reich et al., 2016; Crous et al., 2022),
probably leading to increase in carbon loss and hence decrease in
the belowground carbon stock (see Figures 5, 6). Indeed, high-
temperature sensitivity of root respiration in a Moso bamboo
forest has been suggested (Hsieh et al., 2016). The carbon loss
induced by temperature increase might enhance the 2-year cycle
of new shoot production, although the effects of temperature
increase on carbon cycling are still uncertain (e.g., Dusenge et al.,
2020; Zhang et al., 2021; Crous et al., 2022). In addition, a high
frequency of drought during the shoot emergence period has
been noted in some regions (e.g., Kao et al., 2013), which may
also enhance the 2-year cycle. Supra-annual monitoring of new
shoot production would be helpful to clarify the mechanism of
new shoot production in Moso bamboo forest in the context
of climate change. Furthermore, meta-analysis of interannual
new shoot production cycles using data derived from a broad
geographic area, covering the southern and northern limits of
Moso bamboo distribution, would enable examination of the
potential impacts of temperature increase on the periodicity
of new shoot production, and determination of appropriate
management practices for stable new shoot production in Moso
bamboo forest under a changing environment. Such a meta-
analysis will also act as the test of our model predictions regarding
the presence/absence and frequently of the new shoot production
cycles and their dependence on temperature related parameter
values. If we find the gaps between the model predictions and
the geographic patterns, it will motivate us to further develop
a mathematical model for better understanding the long-term
behavior of the Moso bamboo populations.
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