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a b s t r a c t

Pleioblastus pygmaeus (Miq.) Nakai, as a dwarf bamboo, providing a high ornamental value
in landscaping. Furthermore its well-developed and intricate root system lends its use for
soil consolidation and slope protection. A pot experiment was performed to study the
impact of different light intensity on the growth characteristics of P. pygmaeus seedlings.
The light intensity was controlled by punching circular holes with different diameters in
center of the plates cover the pots. The illuminance percentages of the pore diameter area
to the inner diameter area of the pot in each treatment were 1.29% (A), 5.16% (B), 11.62% (C),
20.66% (D), 32.28% (E), and 100% (F). The average illumination intensity under treatment A,
B, C, D and E is 3.87%, 11.25%, 20.25%, 38.76% and 60.70% of control F (100% of full sunlight),
respectively. The results showed that the light intensity is a key factor influencing P.
pygmaeus seedlings’ growth and mortality. Seedlings died when light is lower than 38.76%.
As light intensity decreased, the mortality increased and the number of culms and total
rhizomes, leaf-, aboveground- and underground-biomass significantly decreased, and the
gap between the treatments and control significantly increased over the nine month
growing period. The generalized additive model (GAM) explained the influence of illu-
minance and investigation time and indicated a lower determination coefficient on culm
height, culm diameter, total rhizome length and total rhizome diameter compared with
number of culms, number of total rhizomes and biomass. The diameter of culms showed a
decreasing trend during the experiment while their lengths increased even under A
treatment (3.87% of full sunlight), suggesting that nonstructural carbohydrates stored prior
to the experiment was used for culm height growth under light/carbon limitation. In the
case of the leaves, their growth was significantly inhibited under low light intensity (3.87
e60.70% of full sunlight) as they are the primary component of the plant’s photosynthetic
apparatus. As suppressed leaves could not independently provide enough carbon to the
plant, P. pygmaeus seedlings adjust their plasticity to slow down rhizome growth, shoot
emergence and biomass accumulation, eventually resulting in “Carbon starvation” and
increased mortality. This study provides insights into how dwarf bamboos balance growth
and survival under low light availability.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC
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1. Introduction

Competition for resources (i.e. light, water, nutrient, etc.) has long been considered to be a cause of stress in plants and
to be important for determining the distribution of species (Craine and Dybzinski, 2013). For example, many species grow
well in botanical gardens when isolated from other plants but cannot maintain themselves when subjected to a compe-
tition environment with other species (Warming, 1909). Plants use light as a source of energy for photosynthesis, referring
to the reaction between carbon dioxide and water in the presence of light to produce carbohydrates and oxygen. Therefore,
light availability is a key factor determining plant growth and survival (Pacala et al., 1996; Kunstler et al., 2009; Sterck et al.,
2013).

Plants are known to exhibit a certain degree of plasticity in many traits in response to differing light environments, in
order to allow them to survive and grow in a range of light conditions (Sterck et al., 2013). The functional and performance
traits associated with shade tolerance vs. shade avoidance are key factors related to plant success under shade environments
(Dlugos et al., 2015). Under deep shade, shade-avoiding species may ensure survival through adaption of multiple traits, for
example, promoting early leaf flush and late leaf drop, reducing relative growth rate, limiting biomass production, producing
leaf area at lower leaf mass costs, and producing leaves at a slower pace and with smaller leaf-area etc. (Harrington et al.,
1989; Poorter and Werger, 1999; Leicht and Silander, 2006; Xu et al., 2007; Poorter et al., 2009). However, shade-tolerant
species might keep their rapid growth rate by maintaining high photosynthetic capacity and minimizing carbon loss
through low dark respiration rate and light compensation point (Pattison et al., 1998; Gianoli and Salda~na, 2013).

The effect of light availability across plant life stage is not homogeneous (Moustakas and Evans, 2015). Previous studies
have shown that effects of light availability on plant growth may vary depending on the length of growing season. The
difference between the leaf dry matter of Vitis vinifera L. under high- and that under low-light condition increases when
growing period is extended during late autumn and winter (Greer andWeedon, 2012). As the duration of darkness increases,
root area and weight of Zizania palustris L. are increasingly limited, while the mean relative growth, unit leaf area and specific
leaf area showed almost on changes or a decreasing trend (Sims et al., 2012). In addition, growth rates of plants are also a key
factor for species composition in forests. Species that grow faster in full light exhibit lower shade tolerance and lower
variation of growth rates (Kobe, 1999; Coomes et al., 2009). Species growth is determined by asymmetric competition for
light, and thus the light should be considered when calculating growth rates.

Pleioblastus pygmaeus (Miq.) Nakai is a dwarf bamboo that introduced from Japan to China in around early 20th
century. It grows to twelve or eighteen inches tall and features slender, erect, green culms with purplish nodes and bright
green, palm-shaped leaves (Emamverdian et al., 2020). It grows in average, medium moisture, well-drained soil in part
shade to full shade and it could tolerates wide range of soil conditions. P. pygmaeus not only has a strong ornamental
value in landscaping, but is also used for soil consolidation and slope protection because of its well-developed and
intricate roots. As a landscape plant species, it could compete with trees for light, or under shade of buildings. Changing
light environments could influence the morphology, physiology and growth characteristics of bamboos. Yang et al. (2014)
found that woody bamboo Sinarundinaria nitida (Mitford) Nakai had a high plasticity of its leaf structural functional traits
in response to different light intensity. Specifically, compared with individuals grown in open areas, S. nitida grown in
shaded areas had higher values in leaf size, specific leaf area, leaf nitrogen, and chlorophyll concentrations per unit area
that could enhance photosynthesis, but lower values in leaf thickness, vein density and stomatal density that could
reduce carbon cost. Further, those grown in open habitats exhibited a higher light-saturated net photosynthetic rate and
electron transport rate than those in shade habitats. Phyllostachys edulis (Carri�ere) J.Houz. was deeply tolerant of shade
which resulted from clonal of new shoots. The height growth was 8e13% higher for ones with shaded shoots than for
ones with unshaded shoots (Wang et al., 2016). Qiao et al. (2008) revealed that in the subalpine area with strong illu-
mination, appropriate reducing light intensity could slow down the senescence of Fargesia denudata Yi leaves and
maintain a higher light shed rate.

However, the growth of P. pygmaeus responding to changing light conditions is not well understood. In the current study,
we conducted a greenhouse experiment with six different light intensity on one-year-old seedlings of P. pygmaeus. We
assessed temporal dynamics of culm growth, rhizome growth, leaf biomass, above- and below-ground biomass. The objective
of this study was to examine the tradeoffs between growth and survival in P. pygmaeus under low light availability.
2. Materials and methods

2.1. Study area

The pot seedling experiment was run in a glass greenhouse at Baima Resource Nursery of Nanjing Forestry University,
Nanjing, Jiangsu Province (119�901500 E, 31�3604900 N). For the greenhouse, the top of the shed was provided with two layers of
inner and outer shading nets, a water curtainwas arranged on one side of the ventilation, and an exhaust fanwas arranged on
the other side. During research, the outer shading net was opened in early May, the outer shading net and exhaust fan were
opened in late May, the inner and outer shading nets were opened in mid-June, the two-layer shading net and the water
curtainwere opened in early July, the inner shading net was closed in mid-October, and the outer shading net was also closed
in mid-November. At the site, there is a continuous rainy season from June to July.
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2.2. Materials

One-year-old P. pygmaeus seedlings were obtained from Baima Resource Nursery. The seedlings used in this experiment
were sowed seedlings after P. pygmaeus blooming in Nanjing Forestry University in March 2015.

2.3. Experimental design

In this experiment, the differing light intensity was selected as different treatments. In total, a control and five treatments
with differing light intensity were set. Two-color plates were used to cover the pot to control light intensity, and control pots
were not covered by plates. The size of the two-color plate is 60 cm� 60 cmwith a thickness of 0.5 cm. The light intensity was
controlled by punching circular holes with different diameters in center of the different cover plates. The diameter of the
circular holes of the two-color plates were 5 cm, 10 cm, 15 cm, 20 cm and 25 cm, and assigned as treatment A, B, C, D and E,
respectively, and control treatment F (Fig. 1). The illuminance percentages of the pore diameter area to the inner diameter
area of the pot in each treatment were 1.29%, 5.16%, 11.62%, 20.66%, 32.28%, and 100%. Plastic planting containers, 51 cm in
outer-diameter, 44 cm in inner-diameter and 35 cm in tall, were used. Inside the containers, nutrient soil and loess were
mixed with 15 cm thickness and using a 1:2 mixture. Two bushes of one-year-old P. pygmaeus seedlings were transplanted
into the center of each plastic pot in early March 2016. In total, 216 seedlings were transplanted with 36 replicates for each
light intensity.

One week after transplanting, containers were covered by plastic covers on March 11, 2016. The first sampling and
measurement took place on April 15, 2016, and then the next samplings were conducted roughly every 25 days. In total, 12
investigation times were recorded. The specific date of surveys in 2016were 15th April, 9thMay, 3rd June, 27th June, 21st July,
12th August, 5th September, 23rd September, 17th October, 10th November, 2nd December and 26th December. At each
survey time, three pots of each treatment were randomly selected. The specific survey datewas equal to 36 d, 60 d, 85 d,109 d,
133 d, 155 d, 179 d, 197 d, 221 d, 245 d, 267 d and 291 d after light treatment, respectively. The samples werewashed by water
pipe and then packed in ziplock bags and prepared for measuring.

2.4. Light intensity

During treatment, a sunny and cloudless day was regularly selected every month. From 9:00 to 16:00 o’clock, a TES-1332A
digital illuminance meter (TES Electrical Electronic Corp.) was used to measure the light intensity under six different
treatments. The probewas put directly below the aperture of the cover plate and on the tope of P. pygmaeus seedling to record
the light intensity. When the value of the illuminance meter remains stable for 3 s, the value was recorded. It was recorded
every half an hour, and each treatment was repeated three times. The average value of the three repeated records was the
average illuminance in the current habitat for each treatment.

2.5. Growth and biomass determination

From April 2016 to December 2016, various growth parameters were measured on the samples. The growth parameters
include (i) culm: number of culms, culm height and culm diameter (measured near the soil surface), (ii) rhizome: number of
total rhizomes, total rhizome length and total rhizome diameter, (iii) biomass: leaf dry weight, aboveground dry weight and
underground dry weight.

The diameter was measured by a vernier caliper (Shanghai Hengliang Measuring Tool Co., Ltd., measuring range
0e150 mm, measuring accuracy 0.02 mm). The height and length were measured by a ruler (Nanchang Aerospace Modern
Science and Education Instrument Factory, measuring range 0e30 cm, measuring accuracy 1 mm).

The samples were dried to a constant dry weight in a ventilated oven (Type: XMTD-8222, Jinghong Experimental
Equipment Co., Ltd., Shanghai, China) at 80 �C for at least 72 h. After drying, the leaves, aboveground and underground parts of
P. pygmaeus seedlings were separated, and weighed by an electronic balance (ME204/02, Mettler Toledo Company, Grei-
fensee, Switzerland, measurement accuracy 0.0001 g).

2.6. Mortality

FromMarch 2016 to December 2016, the death status of seedlings was observed and recorded from 27 d since the first day
of treatment to 271 d. The specific date of survey is 27 d, 76 d, 111 d, 134 d, 155 d, 176 d, 194 d, 207 d, 212 d, 233 d, 251 d and
271 d. The ratio of dead individuals to total seedlings was calculated for each treatment at each survey time.

2.7. Statistical analysis

Firstly, a linear model was used to analyze the relationship between the investigated growth parameters and light in-
tensity, and between the investigated growth parameters and investigation time, respectively. Then a line plot was used to
visualize the data distribution of different parameters under the different treatments and investigation times.
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Fig. 1. Experiment design and set-up. The photos show the growth status of P. pygmaeus seedlings from six different light treatments and were taken on
November 30, 2016.
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Secondly, a generalized additive model (GAM) was used to analyze the correlation coefficient test of the joint effects of
different light intensity and investigation time on measured and observed parameters:

yi ¼bþ si ðlight intensityÞ þ si ðinvestigation timeÞ þ ε (1)

where yi represents the measured value for parameter i, b is the general mean, si ðlight intensityÞ is a smoother that accounts
for a common trend in the parameter i over light intensity of different treatments, si ðinvestigation timeÞ is a smoother that
accounts for a general trend in the parameter i along investigation time, ε is the residual. GAM was conducted using the
“mgcv” package in R (version 3.6.3; Wood, 2017).

The improvements of GAM over linear regression are: the ability to handle a larger class of distributions for a response
variable, e.g. Gaussian, binomial, Poisson, Gamma; its ability to incorporate potential solutions (e.g. quasilikelihood) to deal
with overdispersion (Davison, 2001); a link function to establish the relationship between the mean of the response variable
and a ‘smoothed’ function of the explanatory variables; GAM is semi-parameterized and could select appropriate level of
‘smoother’ for a predictor using the concept of effective degrees of freedom (Yee and Mitchell, 1991; Guisan et al., 2002).
3. Results

3.1. Diurnal curve of light intensity

It can be seen from the diurnal curve of the year 2016 from April to December under different treatments, the light in-
tensity showed a clear daily change over time (Fig. 2A and B). The light intensity increased from 9:00 o’clock, and then
reached the maximum value between 11:30 and 13:00 o’clock during a day. After 13:00 o’clock, the light intensity decreased
until the last record at 16:00 o’clock. Across different light treatments, the intensity of illumination on 39 d after treatment
indicated the highest average light intensity of 5779.74 lux, whereas the intensity of illumination on 219 d was the lowest
with value of 581.16 lux.

At different times of the day, the light intensity under six different treatments all show F > E > D > C > B > A. As the
aperture of the cover plate decreased, the average light intensity decreased. Across all the survey time, the average light
intensity of control F was 5580.08 lux, and the average illumination intensity under treatment A, B, C, D and E is 3.87%, 11.25%,
20.25%, 38.76% and 60.70% of control F, respectively.
3.2. Growth-light intensity and -investigation time analysis

The linear regression analysis was carried out with investigated eleven parameters as dependent variables, and light
treatment and investigation time as independent variables. In addition, a generalized additive model (GAM) was used with
light intensity and investigation time as independent variables to assess their joint influence on the investigated parameters
(Table 1, Figs. 6e9). For almost all the investigated parameters of P. pygmaeus, the GAM showed higher goodness of fit than
4
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that of the linear regression model. We suggest that the GAM fits the data better. Therefore, only results from GAM were
shown in current study.

From the culm number plots, we can see the number of culms increased with the increasing light intensity (Fig. 3
and Fig. S1 in the online supplementary data). The median value of culm number under control F across the 12 inves-
tigation times is 18, which is 3.6, 3.6, 2.3, 2.0 and 1.5 times of treatment A, B, C, D and E, respectively. At the
first two investigation times, the number of culms showed no significant difference between treatments (Fig. 3). Under
treatment A, the number of culms reached maximum at the 5th survey time; under treatment E, it reached maximum
at 10th investigation time; under control F, it reached maximum at 11th survey time. Based on GAM, the goodness of fit
is R2

adj ¼ 0.416, indicating that different treatments and investigation times have a significant effect on the number
of culms (P < 0.001, Table 1). The partial residual plots showed that as the increasing of light intensity, the number of
culms increased, and there is a positive and linear relationship between number of culms and investigation time (Figs. 6
and 7).

The culm height was significantly influenced by light intensity (P < 0.05) and investigation time (P < 0.001), and the
goodness of fit is R2

adj¼ 0.201 resulted fromGAM (Table 1). When the illuminance is<40.0% of full sunlight, the light intensity
had a negative effect on culm height (Fig. 6). The median value of culm height ranged from 7.24 to 9.58 cm. Treatment A had
the highest culm height compared with other treatments and there is little difference of culm height among the remaining
treatments (Fig. S1 in the online supplementary data). As the investigation time increased, the culm height showed a bimodal
fluctuation trend. The average height is smallest at 2nd investigation time, and reached a second highest peak at around 5th
investigation time, and reached the maximum value at around 9th investigation time (Fig. 7).

The median value of culm diameter under different treatments ranged from 1.04 to 1.09 mm. The lowest value presented
under treatment Awhereas treatment C had the highest value (Fig. S1 in the online supplementary data). The culm diameter
was significantly affected by light intensity (P < 0.05) and investigation time (P < 0.001), however the goodness of fit resulted
from GAM is not strong (R2

adj ¼ 0.069, Table 1). A linear and positive relationship presented between culm diameter and light
intensity (Fig. 6). As the investigation time changed, the trend of culm diameter fell first dropping to the lowest value between
4th and 9th investigation time, and then gradually rose again (Figs. 3 and 7).

From the GAM, a significant relationship was found between number of total rhizomes and light intensity, and between
total rhizome number and investigation time (R2

adj ¼ 0.407, P < 0.001, Table 1, Figs. 6 and 7). Increasing light intensity and
investigation time promoted the increase of total rhizome number. Across 12 investigation times, treatment A and B had the
lowest number of total rhizomes with value of 2.0, while control F showed the highest value of 9.5 which was 4.75, 4.75, 3.17,
3.17 and 1.90 times larger than treatment A, B, C, D and E, respectively (Fig. 4 and Fig. S1 in the online supplementary data).
Therewas no obvious difference between treatments at the first two investigation times, and the gap between the control and
other treatments significantly increased with the prolonged investigation time (Fig. 4).
Fig. 2. The plots of (A) diurnal variation of light intensity under six levels, the error-bar indicates the standard error of light intensity across investigation days at
each record time during the day; (B) light intensity under six levels along the investigation days, the error-bar indicates the standard error of light intensity across
the 15 records during a day from 9:00 to 16:00 o’clock. The illuminance percentages of the pore diameter area to the inner diameter area of the pot in each
treatment were 1.29% (A), 5.16% (B), 11.62% (C), 20.66% (D), 32.28% (E), and 100% (F).
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Fig. 3. The plots of (a) number of culms, (b) culm height and (c) culm diameter under six different light intensity along the investigation time. The error-bar
indicates the standard error of six replicates. The illuminance percentages of the pore diameter area to the inner diameter area of the pot in each treatment
were 1.29% (A), 5.16% (B), 11.62% (C), 20.66% (D), 32.28% (E), and 100% (F). The average light intensity of different treatments is A ¼ 3.87%, B ¼ 11.25%, C ¼ 20.25%,
D ¼ 38.76%, E ¼ 60.76%, and F ¼ 100% of full sunlight. The investigation time in 2016 is 1 ¼ April 15th, 2 ¼ May 9th, 3 ¼ June 3rd, 4 ¼ June 27th, 5 ¼ July 21st,
6 ¼ August 12th, 7 ¼ September 5th, 8 ¼ September 23rd, 9 ¼ October 17th, 10 ¼ November 10th, 11 ¼ December 2nd, 12 ¼ December 26th.

W. Huang, E. Olson, S. Wang et al. Global Ecology and Conservation 24 (2020) e01262
The light intensity positively influenced total rhizome length (Fig. 6). The relationship between total rhizome length and
investigation time showed a bimodal trend (Fig. 7). Across all the 12 investigation times, treatment A indicated the lowest
total rhizome length with an average value of 5.36 cm, while control F showed the highest average value of 11.74 cm which
was 2.19, 2.11,1.52, 1.30 and 1.09 times larger than treatment A, B, C, D and E, respectively (Fig. S1 in the online supplementary
data). The total rhizome length reached a peak at 5th and 9th survey time, and it decreased to a trough at 7th survey time. The
value of total rhizome length was lowest at 1st survey time and highest at 9th survey time (Fig. 7).

The results of GAM indicate that non-significant effect of investigation time on total rhizome diameter was found
(P > 0.05). However, as the light intensity increased the total rhizome diameter significantly increased (P < 0.001).

The similar trend under different light intensity was found for leaf-, aboveground- and underground-dry biomass. The dry
biomass was significantly promoted by increasing light intensity (P < 0.001, Fig. 5). Under control F, P. pygmaeus seedlings had
the largest leaf-, aboveground- and underground-dry biomass compared to all the five remain treatments (Fig. 5). An almost
linear and positive relationship was found in leaf dry mass vs. light intensity (R2

adj ¼ 0.455, degrees of freedom ¼ 1.910,
P < 0.001, Table 1 and Fig. 6), in aboveground dry mass vs. light intensity (R2

adj ¼ 0.443, degrees of freedom ¼ 2.044,
P < 0.001), and in underground dry mass vs. light intensity (R2

adj ¼ 0.385, degrees of freedom ¼ 2.250, P < 0.001). The
relationship between underground dry biomass and investigation time was almost linear and positive (degrees of
freedom ¼ 1.658, P < 0.001). However, with the increase of investigation time, the leaf- and aboveground-dry biomass
showed fluctuating rise trend and reached a maximum value at the 10th survey time (Fig. 7). The model prediction results
deviate from the actual, but the overall trend is consistent with the actual (Fig. 7 and Fig. S2 in the online supplementary data).

The light intensity represents a significant effect on the survival of seedlings (Fig. 8). At all the survey times, the mortality
increased with the decrease of light intensity. Under treatment E and control F, no dead seedling was observed (Fig. 8a and b).
Treatment A, B, C and D started to show dead seedlings 27 d, 76 d, 111 d and 233 d, respectively, after treatment was initiated
(Fig. 8a). Seedlings under treatment A had the highest mortality rate of 31.25%, which was 1.4, 3.8 and 16.3 times higher than
treatment B, C and D, respectively (Fig. 8b). Under the four treatments with dead seedlings, the overall mortality rate
increased with time in the early stage of the experiment, and the death rate declined after 194 d, and increased again after
6



Fig. 4. The plots of (a) number of total rhizomes, (b) total rhizome length and (c) total rhizome diameter under six different light intensity along the investigation
time. The error-bar indicates the standard error of the six replicates. For the information of light treatment and investigation time, please see the caption of Fig. 3.
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251 d (Fig. 8c). The results of GAM showed that a linear and positive relationship was found between mortality rate and
survey time (degree of freedom¼ 1.000, P < 0.001, R2

adj¼ 0.772, Fig. 8e), while a nonlinear correlation betweenmortality rate
and light intensity was indicated. The death rate decreased with increasing light intensity and started to remain stable when
the light intensity reached 45% full sunlight (Fig. 8d).

The ratio of leaf dry weight to underground dry weight (L/U ratio) was significantly affected by light intensity (P < 0.001)
and investigation time (P < 0.001), and the goodness of fit is R2

adj ¼ 0.228 resulted from GAM (Table 1). The GAM predicted
that as the light availability decreased, the L/U ratio first increased and then significantly decreased reaching a peak under
light between 50% and 70% of full sunlight (Fig. 9d). Across all the 12 investigation times, treatment A indicated the lowest L/U
ratio with a value of 31.5%, while treatment D showed the highest value of 68.8% which was 2.18, 1.93, 1.15, 1.09 and 1.25 times
larger than treatment A, B, C, E and F, respectively (Fig. 9b). As the investigation time increased, the L/U ratio showed a single
peak curve (Fig. 9e). The L/U ratio is smallest at 1st investigation time, and reached the maximum value at around 7th
investigation time (Fig. 9d).

4. Discussion

4.1. Growth rates and shade tolerances

We can speculate that P. pygmaeus is a shade-avoidance species which could adjust its growth rate and morphology traits
to changing light condition. We found that all the investigated growth and biomass traits, except culm height, were reduced
by decreasing light availability (Table 1 and Fig. 6). The culm height of seedlings significantly increased under 3.87% of full
sunlight compared with it of ones under light between 11.25% and 100%. Results from generalized additive model (GAM)
showed that lower determination coefficient of culm height, culm diameter and total rhizome length compared with number
of culms, number of total rhizomes and biomass, suggesting that the former three parameters had stronger tolerance
7



Fig. 5. The plots of (a) leaf dry weight, (b) aboveground dry weight and (c) underground dry weight under six different light intensity along the investigation
time. The error-bar indicates the standard error of the six replicates. For the information of light treatment and investigation time, please see the caption of Fig. 3.

Table 1
Results from the generalized additive model (GAM) in explaining the influence of light intensity and investigation time on P. pygmaeus growth.

Parameters Independent variable Degrees of freedom F value Pr (>ǀtǀ) R2adj

Number of culms S (light) 1.000 238.22 <0.001*** 0.416
S (invesitigation time) 1.000 27.92 <0.001***

Culm height S (light) 2.039 3.14 <0.05* 0.201
S (invesitigation time) 7.482 11.17 <0.001***

Culm diameter S (light) 1.000 5.83 <0.05* 0.069
S (invesitigation time) 4.591 4.57 <0.001***

Number of total rhizomes S (light) 1.933 100.55 <0.001*** 0.407
S (invesitigation time) 1.000 60.48 <0.001***

Total rhizome length S (light) 2.031 28.39 <0.001*** 0.225
S (invesitigation time) 7.315 5.02 <0.001***

Total rhizome diameter S (light) 1.000 13.51 <0.001*** 0.030
S (invesitigation time) 1.000 0.17 0.677

Leaf dry weight S (light) 1.910 105.84 <0.001*** 0.455
S (invesitigation time) 5.756 9.76 <0.001***

Aboveground dry weight S (light) 2.044 93.56 <0.001*** 0.443
S (invesitigation time) 5.219 10.39 <0.001***

Underground dry weight S (light) 2.250 67.81 <0.001*** 0.385
S (invesitigation time) 1.658 24.25 <0.001***

Ratio of mortality S (light) 3.655 53.99 <0.001*** 0.772
S (invesitigation time) 1.000 48.59 <0.001***

Ratio of leaf dry weight to underground dry weight (L/U ratio) S (light) 1.981 32.13 <0.001*** 0.228
S (invesitigation time) 3.078 11.24 <0.001***

P. pygmaeus seedlings were growing under six different light treatments. The average light intensity of different treatments is A ¼ 3.87%, B ¼ 11.25%,
C ¼ 20.25%, D ¼ 38.76%, E ¼ 60.76%, and F ¼ 100% of full sunlight. The death status and growth characteristics of seedlings were measured and recorded
twelve times from April to December 2016.
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Fig. 6. Partial residual plot illustrating the relationship between light intensity and nine estimated parameters. The shaded area of the trends are the 95%
confidence intervals of the fitted smoothers.
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compared with latter parameters under light limitation. Variations in these functional traits may provide insights into how P.
pygmaeus optimize resources allocation in response to low light availability. Total rhizome diameter was not different be-
tween the 12 investigation times and the culm diameter reduced during the treatment from April to September in 2016,
reflecting that rhizome and culm have completed its diameter growth prior to the light treatment. Under extreme light
condition (3.87% of full sunlight), P. pygmaeus seedlings enhanced their height growth speed in order to optimize their ability
to capture light. This is consistent with previous study indicated that plants generally invoke increased allocation to stems at
the expense of roots and leaves that can contribute to the elevation of canopies of individuals competing for light (Poorter
et al., 2012). However for leaves, as a key component of a plant’s photosynthetic apparatus, their growth was significantly
inhibited under low light intensity (3.87e60.70% of full sunlight). Further, during the initial growth stage, i.e. within three
months after transplanting, the leaf dry biomass was gradually increased and the growth speed was lower than culm height.
We speculate that during the initial growth period or under limited light condition (3.87e60.70% of full sunlight) carbon used
for culm height growth was mainly from storage of non-structural carbonhydrates (NSCs). Many studies have shown that
NSCs storage are mobilized to meet carbon demands for growth when carbon supply is limited by defoliation, low CO2 and
shading (Hartmann et al., 2018; Huang et al., 2019, 2020). In another bamboo species, Phyllostachys pubescensMazel ex H. de
Lehaie, NSCs stored in branches, trunks and rhizomes have been shown to be mobilized and used for shoots height growth
(Song et al., 2016).

Consistent to our expectation that plants prioritize to adjust leaf growth over root growth to alleviate carbon limitation
under extreme shading, we found that median light limitation decreased leaf growth less than rhizome-root growth while
9



Fig. 7. Partial residual plot illustrating the relationship between investigation time and nine estimated parameters. The shaded area of the trends are the 95%
confidence intervals of the fitted smoothers.
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extreme light limitation reduced leaf growth more than rhizome-root growth. In addition, previous study found that S. nitida
can adjust leaf structural and functional traits to grow in heterogeneous habitats under different light availability (Yang et al.,
2014).
4.2. Effects of shading on seedling survival

The mortality of P. pygmaeus seedlings occurs under 55% reduction of light, and continues to increase as light
availability further decreases. The light limitation indicated a cumulative effect. Within 27 d after treatment, plants under
different light intensity showed equally 100% survival. However, differing treatments’ differences became apparent in
treatment A (3.87% light) as it started to present dead seedlings 27 d after treatment, treatment B (11.25% light) since
76 d, treatment C (20.25% light) since 111 d, and treatment D (38.76% light) since 233 d. Under extreme light limitation
(3.87% and 11.25% of full sunlight), the aboveground and underground growth of P. pygmaeus seedlings were significantly
suppressed during the whole growing period. With the prolonged growing period, P. pygmaeus seedlings even decreased
its underground biomass under treatment A (3.87% full sunlight), while the ones under treatment of C and D (20.25% and
38.76% of full sunlight) gradually increased their aboveground and underground biomass. The light limitation occurs if
plant demand for carbon exceeds the supply from photosynthesis and NSCs. This result is consistent with previous
studies showing mortality increase with the increasing of sapling size in tree species, e.g. Abies balsamea (L.) Mill., Thuja
10



Fig. 8. Plots on mortality: a) the mortality under different light intensity treatments along the investigation time; b) box plots of mortality under different
treatments; c) box plots of mortality under different investigation times; d) partial residual plot illustrating the relationship between light intensity and mor-
tality; e) partial residual plot illustrating the relationship between investigation time and mortality. For the information of light treatment, please see the caption
of Fig. 3.
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occidentalis L., Acer spicatum Lam., Picea glauca (Moench)Voss, Betula alleghenensis Britton (Kneeshaw et al., 2006). As a
plant become bigger, the ratio of photosynthetic to non-photosynthetic tissue declines and “Carbon starvation” occurs.
Then non-photosynthetic tissue requires more energy to respire and less photosynthate is available for other functions
(Givnish, 1988; Messier et al., 1999; Enquist and Niklas, 2002; Cheng et al., 2005). For example, Liriodendron tulipifera
(Magnoliaceae) showed effective compensation point by 140 mmol m�2 s�1 in trees 1 m tall, and by nearly 1350 mmol m�2

s�1 in trees 30 m tall (Givnish, 1988). The other reason to explain this phenomenon could be the allocation and trans-
formation dynamic of NSCs in bamboo. Song et al. (2016) revealed that P. pubescens completed their height and diameter
growth within 38 days. Simultaneously, attached mature bamboos transferred almost all the NSCs from their leaves,
branches, trucks and rhizomes to shoots for shoot structural growth and metabolism. Four months after shoot emer-
gence, this transfer stopped when the leaves could independently provide enough carbon demands for young bamboos.
In the current study, P. pygmaeus seedlings finished their culm diameter and height growth one and four months after
transplanting, respectively. Dry leaf mass significantly reduced with decreased light availability. The negative effects of
limited light on leaf growth were strengthened with the prolonged investigation period. We speculate that several
months after the storage NSCs were almost use-up, the growth-restricted leaves by limited light could not provide
enough carbon for their rhizome growth, aboveground and underground biomass accumulation, then “Carbon starvation”
occurred and mortality increased.
11



Fig. 9. Plots on ratio of leaf dry weight to underground dry weight (L/U ratio): a) the L/U ratio under different light intensity treatments along the investigation
time; b) box plots of L/U ratio under different light treatments; c) box plots of L/U ratio under different investigation times; d) partial residual plot illustrating the
relationship between the light intensity and L/U ratio; e) partial residual plot illustrating the relationship between the investigation time and L/U ratio. For the
information of light treatment and investigation time, please see the caption of Fig. 3.
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5. Conclusions

In conclusion, light intensity is key factor for P. pygmaeus seedling growth and survival. Seedlings died when light is lower
than 38.76%. With decreasing light availability, the number of culms, culm diameter, number of total rhizomes, total rhizome
length and diameter, leaf biomass, aboveground- and underground-biomass significantly decreased, while the mortality
increased. And the gap between the treatments and control significantly increased over the nine month growing period. The
GAM explained the influence of light treatment and investigation time on plant growth, and its results suggest that the culm
height, culm diameter, total rhizome length and total rhizome diameter showed a stronger tolerance compared with number
of culms, number of total rhizomes and biomass. The rhizome and culm have completed its diameter growth prior to the light
treatment. Under extreme light condition (3.87% of full sunlight), P. pygmaeus seedlings enhance their height growth speed in
order to optimize their ability to capture light. These results suggest that nonstructural carbohydrates stored prior to the
experiment was used for culm height growth under light/carbon limitation. In the case of the leaves which are the most
important component of photosynthesis, their growth was significantly inhibited under low light intensity (3.87e60.70%
light). As suppressed leaves could not independently provide enough carbon to the plant, P. pygmaeus seedlings adjust their
plasticity to slow down rhizome growth, shoot emergence and biomass accumulation, eventually resulting in “Carbon
starvation” and increasedmortality. This study provides insights into how dwarf bamboos balance growth and survival under
low light intensity.
12
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