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Mixed-stand plantations are not always as beneficial for timber production and carbon
sequestration as monoculture plantations. Systematic analyses of mixed-stand forests
as potential ideal plantations must consider the physiological-ecological performance
of these plantations. This study aimed to determine whether mixed moso bamboo
(Phyllostachys pubescens (Pradelle) Mazel ex J. Houz.) and Chinese fir (Cunninghamia
lanceolata (Lamb.) Hook.) stands exhibited better physiological-ecological performance
than monoculture plantations of these species. We analyzed leaf photosynthesis,
chlorophyll fluorescence, antioxidant enzyme activities, chlorophyll content and leaf
chemistry in @ moso bamboo stand, a Chinese fir stand and a mixed stand with both
species. The results showed that both species in the mixed stand exhibited significantly
higher leaf net photosynthesis rate (Amax), instantaneous carboxylation efficiency (CUE),
chlorophyll content, maximum quantum yield of photosynthesis (Fv/Fm), photochemical
quenching coefficient (gP), PSII quantum vyield [Y(Il)], leaf nitrogen content, and
antioxidant enzyme activities than those in the monoculture plantations. However, the
non-photochemical quenching (NPQ) in Chinese fir and 2-year-old moso bamboo was
significantly lower in the mixed stand than in the monocultures. In addition, the water use
efficiency (WUE) of Chinese fir was significantly higher in the mixed stand. The results
suggest that the increase in leaf net photosynthetic capacity and the improved growth
in the mixed stand could be attributed primarily to the (i) more competitive strategies
for soil water use, (i) stronger antioxidant systems, and (i) higher leaf total nitrogen
and chlorophyll contents in the plants. These findings suggest that mixed growth has
beneficial effects on the leaf photosynthesis capacity and physiological resistance of
moso bamboo and Chinese fir.

Keywords: leaf-level gas exchange, stand carbon sequestration, chlorophyll fluorescence, antioxidant enzyme,
water use efficiency, bamboo-fir mixture
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INTRODUCTION

Moso bamboo (Phyllostachys pubescens (Pradelle) Mazel ex J.
Houz.) is extensively distributed in southeastern and southern
Asia and is well known for its rapid growth and important
ecological and economic benefits (Guan et al, 2015; Zhang
et al., 2015). For example, moso bamboo plants can grow in
height by up to 1 m per day during the period of their fastest
growth (Ueda, 1960) and complete their vertical growth within
35-40 days after shoots emerge from the soil in the spring
(Song et al., 2016). Due to its rapid growth and substantial
ecological benefits and carbon sink functions, moso bamboo
is grown in monocultures under intensive management. Moso
bamboo forests are estimated to cover an area of 4.43 million
ha, which represents 80% of their global distribution and 63% of
the bamboo forests in China (Li et al., 2013; Song et al., 2015;
Tang et al, 2017). However, long-term monoculture planting
under intensive management has resulted in the loss of species
biodiversity, declining soil fertility and poor ecological stability
(Wang et al,, 2016). Low timber prices and increased labor
costs have also exacerbated lax management practices and even
the abandonment of moso bamboo plantations in China and
Japan in recent years (Shinohara et al., 2019). The vigorous
rhizome system of moso bamboo, which spreads laterally
underground, can rapidly expand and invade adjacent forests
(Shinohara et al., 2019). Therefore, moso bamboo often impedes
the development of adjacent secondary broad-leaved and/or
coniferous plantations (Wang et al., 2016; Song et al., 2017). Moso
bamboo has similar environmental and site requirements for
growth as Chinese fir (Cunninghamia lanceolata (Lamb.) Hook.),
and the distributions of their plantations are often similar;
therefore, monoculture plantations can be gradually transformed
into mixed forests via the interaction of roots and litter in the
transition zone (Song et al., 2014; Tu et al., 2014).

Chinese fir is one of the most important plantation trees due
to its fast growth, straight and decay-resistant timber, and high
economic value (SFAPRC, 2015; Wang et al., 2018). It has been
widely planted in China, with an area of 8.95 million hectares that
accounts for 19% of the planted forest area in China and 6.1%
of the global planted forest area (Yang et al., 2018). Chinese fir
plantations are the major forest carbon sinks in China due to their
high carbon sequestration potential (Wang et al., 2018). Similar
to that of other monocultures, the sustainability of Chinese fir
plantations is threatened by biodiversity reduction, production
losses and declining soil fertility (Chen et al., 2014; Wu et al,,
2014; Liu et al., 2018). Thus, forest management practices usually
convert monocultures to mixed stands to maintain an ecological
balance (Liu et al., 2018), increase stand-level productivity (Li
et al., 2015; Huang et al., 2018), increase individual tree growth
rates (Andrés et al., 2017), implement environmental restoration,
and increase soil fertility (Liu et al., 2018).

Mixed plantations have been reported to have a higher
carbon sequestration capacity than monocultures (Liang et al,,
2016; Huang et al.,, 2018; Zhang et al., 2019). For example, 15
years after reforestation, the carbon stocks in mixed Chinese
fir and Alnus cremastogyne Burk. plantations were 11% higher
than those in pure Chinese fir plantations (Wang et al., 2009).

Similarly, the conversion of a pure Scots pine (Pinus sylvestris
L.) plantation into a mixed stand of Scots pine and European
beech (Fagus sylvatica L.) resulted in higher carbon sequestration
(Pretzsch et al., 2016). Huang et al. (2018) also found positive
effects of tree species richness on stand-level productivity. These
results suggest that mixed plantations are a better strategy than
monocultures for maintaining species diversity and community
stability to cope with forest degradation. The higher stand-level
production in mixed plantations can be explained by enhanced
structural heterogeneity (Pretzsch et al., 2016), species richness
a mechanism (Huang et al., 2018), the competitive production
principle (Kelty, 2006) and increases in photosynthesis and
water-use efficiency (Forrester et al, 2012). However, mixed
planting does not always benefit productivity, depending on the
strength of both intra- and interspecific competition (Forrester,
2015; Forrester and Bauhus, 2016). Therefore, each species
combination involved should be considered when studying the
performance of a mixed stand (Andrés et al., 2017). Increasing
photosynthesis has been shown to increase biomass and carbon
sequestration in a range of species (Forrester et al., 2012).
Previous studies on mixed moso bamboo forests have focused
mainly on broad-leaved forests and their production (Bai
et al., 2016; Shinohara et al., 2019), while less information is
available on mixed-species forests comprising moso bamboo and
coniferous trees.

Photosynthesis, which converts light energy into usable
chemical energy for various metabolic processes, is the most
crucial process for plant growth and development (Makino,
2011). It is also a complex physiological process that is very
sensitive to changes in the environment (Ashraf and Harris,
2013). External environmental factors cannot only directly affect
plant photosynthesis but can also indirectly affect photosynthesis
by affecting the physiological conditions inside the plants
(Cano et al,, 2014). Reactive oxygen species (ROS) are often
produced during photosynthesis in chloroplasts (Wu et al,
2018b). Increasing the activity of major ROS scavenging enzymes
can increase the protection of plant photosynthetic capacity
(Payton et al,, 2001). Nitrogen is involved mainly in light
energy capture, electron transfer and carboxylation processes
in photosynthesis, so the nitrogen content of leaves is closely
related to photosynthesis (Wu et al., 2018b). As the most
critical photosynthetic pigment in plants, chlorophyll has an
important influence on the plant photosynthetic rate, primary
productivity and growth (Forrester et al., 2012). Its synthesis
process and content are related to the site conditions. However,
our understanding of the physiological-ecological responses of
mixed-species stands of moso bamboo and Chinese fir also lags
well behind our understanding of the responses of single-species
stands (Guan et al., 2015; Shinohara et al., 2019).

In this context, the present study sought to quantify the net
photosynthetic capacity of moso bamboo and Chinese fir in
mixed forests and the effect of mixed planting on the growth
of these two species. We investigated how the photosynthetic
parameters, fluorescence parameters, enzyme activity and leaf
chemistry of both species responded to growing in mixed stands.
The specific objectives of this study are to determine whether
the mixed planting would increase the photosynthetic capacity
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of the plants and improve their physiological stress resistance.
The study of moso bamboo and Chinese fir in a mixed stand
will contribute to understanding current patterns in tree growth,
implementing efficient plantation management strategies and
achieving higher economic returns.

MATERIALS AND METHODS
Study Site

The study site was located in Banqiao town, Lin’an city (30°10°
N, 119°45” E), Zhejiang Province (Figure 1), China. The mean
annual precipitation at the study site is 1,420 mm, and the
monthly precipitation is 118 mm, ranging from 47 mm in
December to 231 mm in June. The mean annual temperature is
17.49°C, with monthly mean temperatures reaching a maximum
of 24°C in July and a minimum of 3°C in January. The area
receives an average of 1,774 h of sunshine per year and 236 h of
sunshine per month, ranging from 108 h per month in February
to 216 h per month in August. The soil is a slightly acidic red
soil derived from siltstone (Li et al., 2018). The original Chinese
fir plantation at the study site was all logged approximately
15 years ago, but Chinese fir trees have continued to grow on
the plantation. Thus, all Chinese fir plantation trees were 15
years old in the study site. Furthermore, a plantation of moso
bamboo was established adjacent to the Chinese fir plantation at
approximately the same time as the Chinese fir plantation was
logged. The transition zone between the Chinese fir and moso
bamboo plantations is approximately 30-50 m in width. In this
zone, the moso bamboos reach the same height as the canopy
formed by the Chinese fir. Moso bamboos more than 4 years
old are usually harvested in November during even-numbered
years to maximize the economic benefits. Thus, the moso bamboo
plantations are uneven-aged forests with a 2-year difference in the
age of the trees (Song et al., 2016).

Experimental Design

In February 2019, three experimental sites were established,
including a monoculture moso bamboo plantation site (PMB), a
monoculture Chinese fir plantation site (PCF) and a mixed forest
site with both species (MCM). There were three replicate plots
in each site, meaning that a total of 9 plots (20 m x 20 m) were
established (Figure 1). The plots were separated by buffer zones
of at least 20 m to keep them independent of each other. The
stand characteristics are summarized in Table 1.

Leaf-Gas Exchange Measurements,
Chlorophyll a Fluorescence and

Chlorophyll Content Determination

A 20 m tall observation tower with a walkway was built to
reach the crown of the trees in each plot of the PCF, PMB,
and MCM sites (9 observation towers in total). Around each
tower, three Chinese fir trees were selected in the PCF site, six
moso bamboo plants (three 1-year-old and three 2-year-old moso
bamboo plants) were selected in the PMB site, and a total of

nine plants (three Chinese fir trees, three 1-year-old and three 2-
year-old moso bamboo plants) were selected in the MCM site.
Then, several mature and healthy leaves of both Chinese fir
and moso bamboo trees on the southern side from the middle
layer canopy of the selected sample plants in each plot were
chosen randomly for measurement. These leaves were similar
in size and were all taken from the middle of each twig (Van
Goethem et al., 2013; Zhang et al., 2017a; Wang et al., 2019;
Figure 1). The leaf gas exchange and fluorescence parameters
were measured, chlorophyll contents were determined and
samples were collected in the tower in Spring (May) 2019.

The net photosynthesis rate (Amax), stomatal conductance
(gsw), intracellular CO, concentration (Ci), and transpiration
rate (Tr) were measured with an open gas-exchange system
connected to a leaf fluorometer chamber (2 cm?; Li-6800;
Li-Cor, Inc., United States). Measurements from the selected
leaves were taken on sunny days between 8:00 and 16:00. The
CO, concentration was maintained at 400 pmol mol~! at a
leaf temperature of 25°C, and the vapor pressure deficit was
maintained as close to 1 kPa as possible. Several leaves (two
moso bamboo or six to eight Chinese fir leaves) were flat
into the leaf chamber and with full covered, when measuring
photosynthesis. Once a steady state was reached (usually 10 min
after clamping the leaf), data were recorded every 5 s for a total
of 10 data points for every single leaf. The WUE was calculated as
WUE = Amax/Tr, and the instantaneous carboxylation efficiency
(CUE) was calculated as CUE = Amax/Ci.

The fluorescence parameters were measured with a PAM-
2500 instrument (WALZ Inc., Germany). The leaves (one moso
bamboo of three to four Chinese fir leaves) were fully dark
adapted with leaf clips for approximately 20 min and then
exposed to weak actinic light (0.05 pmol m~2 s71) to detect
the initial minimal fluorescence (Fo). Then, a saturating light
pulse (6,000 wmol m~2 s~!) was applied for 2 s to detect the
maximal fluorescence (Fm). The maximal potential quantum
yield of photosystem PSII was calculated as Fv/Fm = (Fm-
Fo)/Fm. Leaves were exposed to the saturating light pulse
repeatedly to determine the non-photochemical quenching
(NPQ), photochemical quenching coefficient (qP) (Genty et al.,
1989) and effective quantum yield of PSII [Y(II)] (Murchie and
Lawson, 2013). A detailed documentation of the measurement
of the fluorescence parameters is given by Murchie and Lawson
(2013). The chlorophyll content was measured with a SPAD-502
portable chlorophyll meter (Minolta Camera Co., Ltd., Osaka,
Japan). Ten mature and healthy leaves per selected sample plants
from the middle layer canopy in each plot were chosen randomly
for chlorophyll content measurement. For each leaf, the mean of
three readings was used to represent the chlorophyll content.

Extraction and Enzyme Activity Assay

After the in situ parameters were measured, the measured leaves
were collected in plastic bags and immediately transported to the
laboratory for further measurements. Fresh leaf samples (0.5 g)
were collected for extraction. The enzymes were extracted at 4°C
with 5 mL of 50 mM potassium phosphate buffer (pH 7.8). The
extracting solutions were centrifuged at 8,000 x g at 4°C for
15 min, and the homogenate was stored at 4°C for the analysis of
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FIGURE 1 | Location of the sample site and sampling design. The white area indicates a buffer; 20 m refers to the length of the border around the plots. See section
“Materials and methods” for details.

TABLE 1 | Stand and average tree characteristics in moso bamboo and Chinese fir monocultures and a mixed stand.

Stand and tree type Mean DBH (cm) Mean height (m) Density (stems ha=1) Biomass (t ha=1)
Monoculture, Chinese fir 10.9 £ 3.6 72+24 2366.7 £+ 208.2 37.3+11.5
Mixed, Chinese fir 82+22 7.8+2.1 2405.6 + 980.9 246 +£7.2
Mixed, Moso bamboo 7.6+17 9.1+20 1649.1 4+ 392.8 16.7+1.2
Monoculture, Moso bamboo 96+1.7 89+15 3051.9 £ 168.3 29.8+20
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superoxide dismutase (SOD), peroxidase (POD), catalase (CAT),
and Rubisco activity.

SOD activity was measured according to the method
of Giannopolitis and Ries (1977), where the activity was
determined by inhibiting the effect of B-nitro blue tetrazolium
chloride (NBT) on photoreduction. POD and CAT activity was
determined by the method of Chance and Maehly (1955). The
reaction was conducted at 470 and 240 nm, and extinction
coefficients of 2.47 and 36 Mm cm™! were used to determine
the activity of POD and CAT, respectively. Rubisco was
quantified by capillary electrophoresis using a method modified
from Warren et al. (2000).

The malondialdehyde (MDA) content was determined with
the thiobarbituric acid method (TBA) (Li and Wang, 2003). Leaf
tissue samples of 0.5 g were homogenized in 2 mL supernatant
and a 2-mL mixture of TBA (0.6%, v/v) and trichloroacetic acid
(TCA, 10%, v/v). The mixture was heated for 25 min at 100°C.
Then, the mixture was centrifuged at 5,000 x g for 20 min after
cooling. The supernatant was analyzed at 532, 600, and 450 nm
with a spectrophotometer. The MDA content was calculated
using the following formula: C (WM) = 6.45 (ODs3; - ODggo) -
0.560Dys50.

N Content Analysis

Nutrient contents were determined in leaf samples oven dried
at 105°C during the first 30 min, then at 65°C until reaching
a constant weight and then ground with a grinder (DFT-
50A, Wenling LINDA Machinery Co., Ltd., China). Total leaf
nitrogen content was determined using a Sumigraph NC-80
high-sensitivity CN analyser (Sumitomo Chemical Industry
Co., Ltd., Japan).

Statistical Analyses

To determine the effects of mixture, species (Chinese fir and
two ages of moso bamboo) and their interaction on the
photosynthetic, chlorophyll a parameters, enzyme activity and
leaf chemistry parameters, data were subjected to a two-way
ANOVA. Similarly, to determine the effects of mixture, age
and their interaction effects on the photosynthetic, chlorophyll
a parameters, enzyme activity and leaf chemistry parameters
in moso bamboo, data were subjected to a two-way ANOVA.
One-way ANOVA was used to analyze the effect of mixture
on each parameter. Before the ANOVAs, the data were
checked for normality and homogeneity of variances and log-
transformed to correct deviations from these assumptions as
needed. Post hoc comparisons were tested using the least
significant difference (LSD) test at a significance level of
P < 0.05. The changes in on photosynthetic performance
parameters (Amax, WUE, CUE, Fv/Fm, NPQ, and chlorophyll
content) was conducted with a fixed-effects model (Forrester
and Albrecht, 2014; Andrés et al.,, 2017). We included as fixed
factors “mixture,” “age;” and “species” to detect the differences
in the rates of change of 1-year-old moso bamboo, 2-year-old
moso bamboo and Chinese fir of photosynthetic performance
parameters. All of the data were analyzed using SPSS statistical
software (version 19.0, Armonk, NY, United States). Raincloud
plots were used to evaluate the distributions of the average

of various photosynthetic parameters for both species in
the monoculture plantation and mixed stand. In addition,
radar charts were drawn using Origin 2021 to estimate the
average fluorescence parameters of the leaves of both species
in the monocultures and mixed stand. The radial column
chart was drawn using the ggplot2 package in R statistical
software to estimate the average antioxidant enzyme activities
of the leaves of both species in the monocultures and mixed
stand (R v3.6.1).

RESULTS

The results of the two-way ANOVA suggested that mixture,
species and their interaction had significant effect on WUE and
CUE (P < 0.001; Table 2). Similarly, the results also suggested
that mixture, age and their interaction effect had significant effect
on WUE and CUE in moso bamboo (P < 0.001; Table 3). In
addition, the mixture had no significant effect on NPQ (ns;
Table 3), while age and the interaction of mixture and age had
significant effect on NPQ (P < 0.001; Table 3).

Using a fixed-effects model, we also found significant effects
of mixture on CUE and NPQ of 1-year-old moso bamboo and
Chinese fir (P < 0.001; Supplementary Table 1). In addition,
mixture has a negative effect on WUE of 1-year-old moso
bamboo, while the positive effect on WUE of Chinese fir
(P < 0.01; Supplementary Table 1).

TABLE 2 | Results of two-way ANOVA on the effects of mixture and species on
photosynthetic performance parameters.

Source of variation/factors Mixture Species Interaction
F-value Sig F-value Sig F-value Sig
Amax 5.105 * 0.83 0.368 0.073 0.078
WUE 126.267 *** 28584 ***  230.142
CUE 36.764 e 16.96 e 7.134 *
Fv/Fm 14.568 ** 11348 ™ 0.070 0.792
NPQ 0.857 0.359 5.37 * 3.613 0.063
Chlorophyll content 3.167 0.081 330.02 ** 2.662 0.109

P < 0.05; *p < 0.01; *p < 0.001.

TABLE 3 | Results of two-way ANOVA on the effects of mixture and age on
photosynthetic performance parameters.

Source of variation/factors Mixture Age Interaction
F-value Sig F-value Sig F-value Sig
Amax 33.787  ** 299.612 ** 3.157 0.085
WUE 60.987  **  119.218 ** 43299 ***
CUE 62.859 ** 290.444 ** 18.308 ***
Fv/Fm 36.297 ** 87.115 1.881 0.180
NPQ 1.454 0.237 16.448 ** 33597
Chlorophyll content 0.033 0.857 0.999 0.325 1.259 0.270

*p < 0.001.
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Photosynthetic Parameters

The carbon assimilation of both Chinese fir and moso bamboo
in MCM was significantly higher than that in PMB and PCF
(Figure 2A). The photosynthetic parameters Amax, WUE, and
CUE measured in Chinese fir trees grown in mixed stands
(MCM) were 9.3, 82.6, and 70.7% higher, respectively, than those

measured in Chinese fir monoculture plots (PCF) (P < 0.01;
Figures 2A,E,F), whereas Ci, gsw, and Tr were 35.5, 34.4, and
44.7% lower, respectively, in MCM than in PCF (P < 0.001;
Figures 2B,C,D). Compared with PMB, 1-year-old moso bamboo
in MCM exhibited significantly higher Amax, gsw, Tr and
CUE, by 20.5, 18.2, 88.4, and 35.2%, respectively (P < 0.001;
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FIGURE 2 | Raincloud plot of photosynthetic parameters among (A) Amax, (B) Ci, (C) gsw, (D) Tr, (E) WUE, and (F) CUE combined. The “cloud” represents the data
distribution, and the “rain” represents the jittered raw data. The black point represents the mean distribution values, and the black line represents the standard
deviations of the distributions. Capital letters indicate significant differences between Chinese fir under monoculture and mixed-stand conditions (P < 0.05).
Lowercase letters indicate significant differences between 2-year-old moso bamboo under monoculture and mixed-stand conditions (P < 0.05). Greek letters
indicate significant differences between 1-year-old moso bamboo under monoculture and mixed-stand conditions (P < 0.05).
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Figures 2A,C,D,F). Similarly, compared with PMB, 2-year-old
moso bamboo in MCM exhibited significantly higher Amax,
gsw, Tr and CUE, by 23.3, 19.5, 61.6, and 15.5%, respectively
(P < 0.001; Figures 2A,C,D,F). However, 1-year-old moso
bamboo exhibited significantly lower Ci and WUE, by 9.1
and 29.8%, respectively, in MCM than in PMB (P < 0.001;
Figures 2B,E). There was no significant differences in the Ci and
WUE of 2-year-old moso bamboos grown in MCM and PMB
(P > 0.05; Figures 2B,E).

Chlorophyll a Fluorescence Parameters

The values of all fluorescence parameters (Fv/Fm, qP, and Y(II),
with the exception of NPQ) of Chinese fir and two-year-old
moso bamboo in MCM were slightly higher than those in PCF
and PMB (P > 0.05; Figures 3A,B). NPQ was 19.8 and 24.1%
lower, respectively, for Chinese fir and 2-year-old moso bamboo
in MCM than in PCF and PMB (P < 0.05; Figures 3A,B), while
NPQ was 40.4% higher in the 1-year-old moso bamboo in MCM
than in PMB (P < 0.05; Figure 3C).

Antioxidant Enzyme Activities

Growing in MCM had significant effects on antioxidant enzyme
activity and MDA content in Chinese fir and moso bamboo of
both ages (Figure 4). Compared with PCE MCM significantly
increased SOD and CAT activity and MDA content in Chinese
fir by 53.2, 55.4, and 17.6%, respectively (P < 0.001; Figure 4).
Similarly, for 1-year-old moso bamboo, the POD, CAT and
Rubisco activities and MDA content were 8.7, 121.4, 50.4, and
9.2% higher, respectively, in MCM than in PMB (P < 0.001;
Figure 4). For 2-year-old moso bamboo, the SOD, POD, CAT and
Rubisco activities and MDA content were 24.4, 19.9, 48.2, 149.8,
and 11.4% higher, respectively, in MCM than in PMB (P < 0.001;
Figure 4).

Chlorophyll Content and Leaf Chemistry
The chlorophyll contents of Chinese fir and 1-year-old moso
bamboo in MCM were 7.5 and 3.7% higher, respectively, than
those in PMB and PCF (P < 0.05; Figure 5). Similarly, the N
content was 30.3, 15.3, and 4.6% higher among Chinese fir, 1-
year-old and 2-year-old moso bamboo plants, respectively, in
MCM than in PCF and PMB (P < 0.001; Figure 5).

DISCUSSION

Effects of Mixed Growth on

Photosynthesis

Photosynthesis is an indispensable component of plant activity,
and it is the only process on earth that converts inorganic
matter into organic matter and light energy into chemical
energy (Wu et al, 2018b). The photosynthetic capability of
plants reflects their productivity to a certain extent. We aimed
to evaluate the effects of growing in a mixed stand on the
physiological activity of Chinese fir and moso bamboo plantation
trees under subtropical conditions. This information is relevant
both for understanding how growing in mixed stands may

affect the performance of moso bamboo and Chinese fir
and for assessing the potential benefits of mixed stands in
subtropical forests. Our results showed that growing in MCM
significantly affected all photosynthetic parameters in both
Chinese fir and moso bamboo, including Amax, Ci, gsw, Tr,
WUE, and CUE. The increase in Amax supported our first
hypothesis, according to which the plants growing in mixed
stands would exhibit greater photosynthetic capacity than those
growing in monocultures. Moreover, we observed that the
reasons for the increase in Amax differed between moso bamboo
and Chinese fir.

The increase in photosynthesis in Chinese fir in MCM was
driven by its optimization of CO, and water uptake when it was
grown with moso bamboo. This explanation is supported by the
observed increases in the WUE and CUE, which were higher in
MCM than in PCF (Figures 2E,F and Supplementary Table 1).
On the one hand, the increase in WUE and the reduction in
transpiration may have also increased the competitive advantage
of Chinese fir growing in environments where water is a
limiting resource (Figures 2D,E; Andrés et al, 2017). On the
other hand, a shadier environment proportioned by the taller
moso bamboo may reduce incoming radiation in Chinese fir
so that the damaging effects of excessive light energy on the
photosynthetic complex was reduced. Meanwhile, transpiration
rate was reduced, although lower stomatal conductance rates
were keeping stable, thereby supporting higher WUE and
photosynthesis (Liu et al., 2016). The higher CUE of the Chinese
fir in MCM suggests that these trees maximized their use of
carbon resources; this strategy may have increased their energy
production and minimized the harmful effects of excessive light
energy on the photosynthetic complex (He et al., 2011).

However, the Tr, gsw, and Ci were lower in Chinese fir
growing in MCM than in Chinese fir growing in PCF. This
result can be explained by the fact that Chinese fir exhibits
strong physiological self-regulation abilities when adapting to
water resource competition (Annicchiarico et al., 2015; Li et al,,
2015). First, the decrease in the Tr and the increase in the
WUE of Chinese fir in MCM may indicate that water stress
in Chinese fir might occur due to interspecific competition
under these conditions (Zhang et al., 2017a). Because of the
shallow rooting depths (0-40 cm) of both moso bamboo (Chen
et al., 2013; Shinohara et al., 2019) and Chinese fir (Fan, 2019;
Liao et al.,, 2019), competition for soil water may induce water
stress when the plants are taking up water from shallow soil
layers (Schwendenmann et al., 2014). To tolerate water stress,
complex physiological responses in Chinese fir that regulate
photosynthetic productivity and promote survival are triggered
(Xu, 2013). Stomatal closure is one of the first responses to water
stress (Van Goethem et al., 2014; Nadal and Flexas, 2018); it
allows plants to maintain an adequate water status by reducing
transpiration to sustain critical physiological and biochemical
processes (Han et al., 2019). In general, stomatal closure induced
by water stress can reduce the photosynthetic capacity of plants
(Xu, 2013), though our results indicated that moderate stomatal
closure may benefit water preservation and promote WUE. To
some extent, the high photosynthetic capacity of Chinese fir in

the mixed stand (Amax = 3.7 umol m~2 s~! in the mixture;
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FIGURE 3 | Radar plot showing various fluorescence parameters of the different stand types. (A) Chinese fir. (B) 2-year-old moso bamboo. (C) 1-year-old moso
bamboo. Each line represents the average of 27 measurements per stand type. *P < 0.05, *P < 0.01, and ***P < 0.001.
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Figure 2A) may have contributed to its strong resistance to water
stress (Annicchiarico et al., 2015; Li et al., 2015).

Second, a decrease in gsw usually leads to a decrease in the
Ci and photosynthesis due to the limited CO, diffusion from the
atmosphere to the intercellular airspace. Fortunately, the decrease
in photosynthesis caused by decreased gsw under drought
conditions can be alleviated by maintaining the mesophyll
conductance (gm) (Aranda et al, 2007; Han et al, 2016).
Because the variability of gm has little or no effect on leaf
water transpiration, it can affect CO; diffusion from substomatal
cavities to the carboxylation sites within chloroplasts (Flexas
et al., 2012; Cano et al., 2014; Flexas, 2016; Han et al., 2016).
It is possible that maintaining the gm can indirectly balance
CO; uptake and water loss, thereby achieving optimization
between CO, and water at the carboxylation sites in the
chloroplast and contributing to improved photosynthesis and
drought tolerance.

Since not all tree species utilize resources in the same manner,
growth in mixed stands is more active than that in monocultures.
The strategy of moso bamboo differs from those observed in
Chinese firs for increasing its photosynthetic capacity. The Amax
was much higher in both 1-year-old and 2-year-old moso bamboo
growing in MCM than those growing in PMB. Because moso
bamboo growing in MCM has a higher competitive advantage
than Chinese fir for obtaining soil water from shallow soil layers
due to its complex belowground rhizomatous clonal growth
system (Song et al., 2017; Shinohara et al., 2019), moso bamboo
in the MCM can more readily access soil water resources
than that growing in the PMB, suggesting a release from
intraspecific competition in the MCM. It is generally recognized
that increasing soil water competition ability can help increase
CO;, diffusion from the atmosphere to the carboxylation site due
to stomatal opening and increased gm, which, in turn, contribute
to an increase in Amax (Chaves and Oliveira, 2004; Ashraf and
Harris, 2013). In addition, due to the tightly coupled relationship
between leaf photosynthesis and Tr, the higher Tr of moso
bamboo was expected to result in higher photosynthesis (Zhang
et al., 2017a; Gu et al., 2019). The physiological integration
of moso bamboo through the belowground rhizome system

may promote its advantages in competing for soil moisture in
mixed stands and thus higher productivity. Similarly, increased
photosynthetic capacity and WUE were found in grass-legume
mixtures (Liu et al., 2016) and in mixed conifer-hardwood forests
(Ferndndez-de-Una et al., 2016). Forrester et al. (2010, 2012) also
found that the Amax and WUE of Eucalyptus globulus Labill
increased in mixtures with Acacia mearnsii de Wildeman; several
different processes can contribute to this response (Forrester
et al., 2010; Forrester, 2015; Pretzsch et al., 2016). These findings
are consistent with our results that the photosynthetic capacity
and water stress responses of moso bamboo and Chinese fir
in MCM were different from those in PMB and PCF. Hence,
mixed stands may result in species interactions and increased
interspecies competition. The fierce interspecies competition in
mixed stands drives trees to achieve a competitive advantage
in obtaining soil water resources through physiological self-
regulation or interspecific morphological differences, which
ultimately enhances their net photosynthetic capacity (Forrester,
2015; Forrester and Bauhus, 2016). Different strategies bring
different benefits to plants as well as different risks. The risk of
the photosynthesis improvement strategy in moso bamboo is that
opening the stomata to increase Tr will be accompanied by a
decrease in WUE (Figures 2C-E). As a result, moso bamboo
may lose more water through transpiration, making it more
difficult for Chinese fir to obtain soil water. For Chinese fir,
the disadvantage of this lower stomatal conductance and lower
transpiration water is its weakened capacity to compete for soil
water resources under drought stress when growing in mixed
stands with moso bamboo.

Previous studies have shown that mixed plantations have a
higher carbon sequestration capacity and stand-level productivity
than monocultures (Liang et al., 2016; Pretzsch et al., 2016; Huang
et al., 2018) consistent with our results. However, mixed stands
do not always promote the productivity of each component
species in comparison to their performance in monocultures,
perhaps due to changes in species proportions and inter-specific
differences in biomass allocation patterns (Lee et al., 2003). In
a pot trial with mixtures of Norway spruce (P. abies L.) and
European beech, the former suffered a competitive disadvantage
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FIGURE 4 | Antioxidant enzyme activities, Rubisco activity, and malondialdehyde (MDA) content in moso bamboo and Chinese fir leaves in different stand types.
Capital letters indicate significant differences between Chinese fir under monoculture (PC) and mixed-stand (PM) conditions (P < 0.05). Lowercase letters indicate
significant differences between 2-year-old moso bamboo under monoculture (PM-2a) and mixed-stand (MM-2a) conditions (P < 0.05). Greek letters indicate
significant differences between 1-year-old (1a) moso bamboo under monoculture (PM-1a) and mixed-stand (MM-1a) conditions (P < 0.05). SOD: superoxide

dismutase; POD: peroxidase; CAT: catalase.
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PM-2a
MM-2a
PM-1a
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in mixtures, which had lower crown volumes, above-ground
biomass and Amax compared to monocultures (Kozovits et al.,
2005). Similarly, in another pot trial with mixtures of Pinus
taeda and Acer rubrum, the Acer rubrum of biomass, height,
Amax and biomass allocation to leaves were significantly lower
in mixtures than in monocultures (Groninger et al., 1996). The
reason for the difference photosynthesis capacity of the mixed
plantation may be depended on the competitive ability of the
admixed species and their influence on the availability and uptake
of resources (Forrester et al., 2012). In addition, the stand density
may be a critical factor affecting forest growth photosynthesis
capacity (Forrester and Bauhus, 2016), and the changes in soil
microorganism diversity and soil microbial activities in the mixed
plantation may also contribute to the different photosynthetic
capacity by improving soil nutrition conditions for plants (Wu
et al., 2018a). In addition, these results may only represent the
performance of plants in May. Long-term seasonal changes will
be examined in the future study.

Our results showed that the interaction of mixture and species
had significant effect on WUE and CUE, which may indicate
that growing in mixed stands exacerbated the competitive for
nutrition (such as water and nitrogen) between species. The
previous study also confirmed that N addition alleviates the
competitive effect between the introduced invasive plant Robinia
pseudoacacia L. and the native tree Quercus acutissima Carr.
(Luo et al., 2014).

Effects of Mixed Growth on

Fluorescence Parameters

Chlorophyll fluorescence, as an important component of
plant photosynthesis, is widely used to study photosynthetic
performance in leaves, and it can provide useful information
about physical changes in pigment-protein complexes
and the electron transport rate through PSII (Baker and
Rosengvist, 2004). Chlorophyll fluorescence parameters
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[Fv/Fm, Y(II), NPQ, and gN] are sensitive to water stress
(Pan et al., 2012; Van Goethem et al., 2013; Yuan et al., 2016;
Wu et al, 2018b) and photosynthetic status (Man et al,
2017; Rudzani et al, 2017). Thus, we further investigated
whether the photochemical response can detect the potential
stresses and changes in photosynthetic status induced
in mixed stands.

In our study, all fluorescence parameters of moso bamboo
and Chinese fir were slightly higher in MCM than in PCF
and PMB, and only the NPQ of Chinese fir and 2-year-old
moso bamboo was significantly lower in MCM. Among the
fluorescence parameters, the value of Fv/Fm can be used to detect
damage to PSII and to the photosynthetic efficiency of leaves
resulting from environmental stress (Yuan et al., 2016; Wu et al.,
2018b). Numerous studies have confirmed that when the Fv/Fm
decreases due to water stress, it may destroy the PSII oxygen-
evolving complex and the PSII reaction centers and in turn
degrade the D1 protein (Van Goethem et al., 2013; Man et al,,
2017; Rudzani et al., 2017). Our photosynthetic data may indicate
that Chinese fir suffered from water stress in MCM, but this was
not reflected in its Fv/Fm, which was slightly higher in MCM than
PCEF. The reason for this discrepancy may be that a decrease in
Fv/Fm can be detected only when structural damage occurs in the
photosystem II primary photochemistry, resulting in a decrease
in the photosynthetic rate (Wu et al., 2018b).

The parameter qP represents the photochemical capacity
and the number of QA oxidation states in PSII under light
adaptation. A higher qP value is advantageous for the separation
of electric charges in the reaction center and is beneficial to
electron transport and PSII yield (Rudzani et al., 2017). The
slight increases in Fv/Fm, qP, and Y(II) in both Chinese fir and
moso bamboos of both ages in MCM were consistent with the
increased photosynthetic rate, which may indicate that mixed
plantations can protect plant photochemical efficiency from the
damage caused by environmental stresses, such as water stress
(Wu etal., 2018b). The reason for the slightly higher fluorescence
parameters of each species may attribute to higher leaf nitrogen
concentrations in moso bamboo and Chinese fir growing in
the mixed stand (Figure 5) which is mainly involved in light
energy capture, electron transfer and carboxylation processes in
photosynthesis (Forrester et al., 2012).

The lower NPQ in Chinese fir and 2-year-old moso bamboo
in MCM indicates that the light energy captured by leaves
was fully used for photosynthesis (Liu et al., 2016), increasing
photoprotection for the plants and reducing the risk of light
damage (Zhang et al., 2017a; Demmig-Adams et al., 1996).
However, the significantly higher NPQ of the 1-year-old moso
bamboo in the MCM suggested that thermal energy dissipation
was activated to dissipate the excess light energy, thereby
preventing ROS generation and maintaining the balance between
the absorption and consumption of light energy under a
moderate water deficit (Yi et al, 2018). The above results
suggested that MCM improved the light use efficiency of each
component compared to that of PCF and PMB. In addition, these
results also suggest that Chinese fir and 2-year-old moso bamboo
have a higher light use efficiency compared to 1-year-old moso
bamboo. The different responses of Chinese fir and 2-year-old

moso bamboo and 1-year-old moso bamboo can be explained
by the differences in growth stage and environmental adaptation
mechanism (Wen et al., 2011).

While Fv/Fm has served as an indicator of water stress in
previous studies (Van Goethem et al., 2013; Yuan et al., 2016;
Zhang et al.,, 2017b; Wu et al,, 2018b), our study also further
supported previous results showing that NPQ is very sensitive to
light use efficiency and could be a useful indicator of the impacts
of mixed plantations (Mathobo et al., 2017; Zhang et al., 2017a).

Effects of Mixed Growth on Physiological

and Biochemical Resistance

ROS are often produced in chloroplasts during photosynthesis.
Under normal circumstances, a balance exists between ROS
production and elimination in plants (Wu et al., 2020). However,
water stress can change the electron transport chain and
exacerbate the production of ROS such as O and H,O, (Man
et al, 2017), which ultimately results in the disruption of
this balance. This effect is harmful to organelles, including
chloroplasts, mitochondria and peroxisomes, and may damage
the photosynthetic apparatus through the oxidation of lipids,
proteins, carbohydrates and nucleic acids (Mittler, 2002; Wu
et al., 2018b). To minimize the occurrence of oxidative damage,
plants have developed an array of protective and repair systems;
these systems include the antioxidative system, which involves
enzymes such as SOD, POD, and CAT that react with ROS and
keep ROS levels low (Imlay, 2003; Reddy et al., 2004).

Cell membrane lipid peroxidation is an important index of
plant damage caused by water deficit. It occurs due to the
accumulation of ROS when the balance between ROS generation
and removal is disturbed. Thus, the content of MDA (a product of
lipid peroxidation) is often used to assess the extent of oxidative
damage in plant tissue (Noctor and Foyer, 1998; Mittler, 2002).
An increase in MDA content suggests that lipid peroxidation
caused by ROS accumulation has resulted in cellular damage. Our
results showed an increase in the MDA concentration of both
species in MCM, which may indicate that oxidative stress caused
cellular damage and therefore metabolic disorders in these plants
(Wu et al., 2020). However, an effective antioxidative system
in plants can minimize oxidative stress levels and protect their
tissues. The activity of SOD catalyses the disproportionation of
O~ to molecular oxygen and H,O;, which is further reduced to
water by CAT; these processes maintain a very low steady-state
concentration of O~ and H,O; and minimize the production of
hydroxyl radicals (Yi et al., 2018). Similarly, POD activity plays
an important role in antioxidative protection. We observed that
the activities of SOD, CAT, and POD were higher in MCM than
in PCF and PMB, suggesting that antioxidative enzymes were
mobilized to protect the plant tissue from oxidative damage,
which showed that mixed plantations may induce water stress
conditions (Wu et al., 2020). In addition, future studies should
focus on sap flux density to quantify the water stress of both
species in the different mixture conditions. Our results indicate
that growing in mixed plantations can hone the ability of plant
antioxidant systems, stimulate cells to enter a sensitized state,
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FIGURE 5 | Chlorophyll content and leaf N content in moso bamboo and Chinese fir leaves in different stand types. Capital letters indicate significant differences
between Chinese fir under monoculture and mixed-stand conditions (P < 0.05). Lowercase letters indicate significant differences between 2-year-old moso bamboo
under monoculture and mixed-stand conditions (P < 0.05). Greek letters indicate significant differences between 1-year-old moso bamboo under monoculture and
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induce plants to effectively control excessive ROS concentrations
and increase the ability of plants to resist stress.

Rubisco activity has been considered a useful indicator for
breeding programmes aiming to enhance plant WUE as well as
yield (Hirel et al., 2007). In our study, an increase in Rubisco
activity in MCM was considered beneficial for plant survival
under water stress conditions because a positive relationship
between leaf Rubisco content and Amax has been reported in
most C3 plants (Taub, 2010; Makino, 2011). An increase in the
rate of the Rubisco-catalyzed reaction has been reported to occur
due to changes in CO, availability at the chloroplast level or in
the availability of the Rubisco substrate or due to the activation of
Rubisco (Han et al., 2019).

Effects of Mixed Growth on Leaf N and
Chlorophyll Contents

The results also showed that Chinese fir and moso bamboo of
both ages had significantly higher chlorophyll and leaf nitrogen
contents in MCM than PMB and PCE which corresponds to the
high photosynthesis rate in MCM (Liu et al., 2016). Because the
majority of leaf nitrogen is used in the photosynthetic apparatus,
a high leaf nitrogen content results in an increase in the number
of thylakoids and an increase in thylakoid proteins in chloroplasts
(Evans, 1989). A strong, positive, causal correlation between the
photosynthetic rate of the leaf and the leaf nitrogen content
has been reported (Xu, 2013). In other words, the increase
in leaf nitrogen content in mixed plantations can increase the
maximum photosynthetic rates of the trees. In addition, the
chlorophyll content per unit of leaf area, the specific activity of

RuBP carboxylase and the electron transport capacity increase
with increasing nitrogen content, which improves the plant
photosynthetic capacity (Sugiharto et al., 1990; Nakaji et al., 2001;
Xu, 2013). Kippers (1996) found that E. delegatensis R. T. Bak.
saplings growing with Acacia dealbata Link. had higher leaf N
levels in a native forest. Similarly, Forrester et al. (2012) observed
that the leaf nitrogen content of Eucalyptus globulus was greater
in mixed plantations than in monocultures. These results are
consistent with our results, in which the leaf nitrogen content
of Chinese fir and both ages of moso bamboo in MCM was
significantly higher than that in PMB and PCF. The researchers
found that the possible cause of this increase was that higher N
availability in the mixed stands resulted from increased rates of
N,-fixation and accelerated rates of nutrient cycling (Forrester
et al., 2005; Forrester et al., 2012). However, Amax did not
increase with increasing leaf nitrogen in Acacia mearnsii in
a mixed stand as it did in a monoculture (Forrester et al,
2012), and others found no relationships, suggesting that leaf
nitrogen content was in excess of photosynthetic requirements
and that Amax was limited by other factors (Warren et al., 20005
Close et al., 2004). The difference of the facilitative influence of
mixed planting was caused by species specific (Kiippers, 1996;
Forrester et al., 2012).

CONCLUSION

The increase in the net photosynthetic capacity of the moso
bamboo and Chinese fir grown in mixed stands can primarily
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be attributed to their (i) more competitive strategies for soil
water use, (ii) stronger antioxidant activity, and (iii) higher
leaf total nitrogen and chlorophyll contents. The results of
our study indicate that mixed stands can significantly alter the
photosynthetic capacity and physiological stress resistance of
plants. These findings may provide a potential approach to
increasing the carbon sequestration capacity to mitigation of
global warming effect and serve as reasonable guidance for the
cultivation of Chinese fir and moso bamboo plantations.
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