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Abstract

+ Key message A high-density plantation inhibited growth
and biomass accumulation of Cunninghamia lanceolata
(Lamb.) Hook. saplings, as well as their photosynthesis.
This inhibition was enhanced in a soil that had been pre-
viously planted with the same species. The main factors
limiting photosynthesis and growth were leaf-level irradi-
ance and nutrient availability, mainly of P and Mg.

+ Context The planting density and continuous planting great-
ly affect the photosynthesis and productivity of Chinese fir
plantations. The effects of high density and of continuous
plantations over several revolutions need be disentangled.

+ Aims In this study, the responses of C. lanceolata seedlings
to a high planting density were tested. Two soils were com-
pared: a soil from a secondary forest and one from a continu-
ous Chinese fir plantation. The study focused on growth and
the potential processes involved in deduced photosynthesis.

« Methods C. lanceolata seedlings were planted in wooden
boxes (100x 100 % 50 cm) with high and low planting densities
(16 vs 1 plant m2) in two types of soil.

+ Results Under the high planting density, C. lanceolata
showed less growth and biomass accumulation at the individ-
ual level and lower photosynthetic rate and instantaneous pho-
tosynthetic nutrient use efficiency (PNUE and PPUE) at the
leaf level. These negative effects were larger in soils that have
been continuously planted with Chinese fir. The low
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photosynthesis was related to low phosphorus and magnesium
contents in the leaves, changes in the foliar N/P and chloro-
phyll a/b ratios, and the limitation of the mesophyll
conductance.

« Conclusions The study showed that a high planting density
induced enhanced competition for nutrients (particularly for P
and Mg) and that this competition is enhanced in soils from
continuous plantations compared to soils from natural forests.

Keywords Chinese fir - Continuous planting - Planting
density - Photosynthesis - Photosynthetic nutrient use
efficiency

Abbreviations

P Apparent quantum efficiency

r CO, compensation point

A Net photosynthesis rate

A max The light-saturated photosynthetic rate
Caro Carotenoid

CE Carboxylation efficiency

Chla  Chlorophyll a

Chl b  Chlorophyll b

G Intercellular CO, concentration

E Transpiration

Zm Mesophyll conductance

gs Stomatal conductance

Jmax The maximum rate of electron transport

driving regeneration of RuBP
Lcp Light compensation point

PNUE Photosynthetic nitrogen use efficiency
PPUE  Photosynthetic phosphorus use efficiency
Tchl Total chlorophyll

Vemax ~ The maximum rate of RuBP carboxylation
Vrpu  Triose-phosphate utilization
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1 Introduction

Cunninghamia lanceolata (Lamb.) Hook is an important co-
niferous, fast-growing species that has been widely planted
over an area of approximately 12 million ha in southern
China (FAO 2010), which comprises about one third of the
country’s total plantation area. In addition to the economic
benefits (timber production), Chinese fir forests provide im-
portant ecological benefits, including carbon sequestration,
soil erosion conservation, and groundwater reposition at re-
gional and national scales (Tian et al. 2011). Recently, the
plantation area of Chinese fir has been enlarged due to an
increased demand for timber. However, the yield and produc-
tivity of pure Chinese fir plantations are extremely low be-
cause of low photosynthetic efficiency, poor soil fertility,
and nonscientific management practices (Wang et al. 2010;
Tian et al. 2011; Zhang and Wang 2012). Continuous planting
on the same site is an important reason for the decline in soil
fertility and the decreases in wood volume and productivity
(Ding and Cheng 1995; Zhang et al. 2004; Tian et al. 2011).
The production of toxic substances, nutrient deficiency, and
understory competition may be responsible for the decline in
yield in continuously planted sites (Ding and Cheng 1995; Bi
et al. 2007; Chen and Wang 2013). Compared with soils that
were continuously planted with Chinese fir, soils that were
first planted had fewer toxic substances, lower nutrient losses,
and less growth inhibition for C. lanceolata. However, studies
of the physiological response of C. lanceolata to different
soils are scarce.

Plant density greatly affects plantation productivity. A high
planting density can reduce biomass production, decrease the
photosynthetic efficiency, and change the resource use effi-
ciency (Mediavilla et al. 2001; Wang et al. 2005; Dybzinski
et al. 2013; Chen et al. 2014). Although these differences are
species specific and vary with the developmental stage, a de-
crease in the photosynthetic rate frequently occurs in many
plants, especially in saplings. Several factors are responsible
for the changes in photosynthesis, such as the mineral nutrient
content, chlorophyll content, mesophyll conductance to CO,,
and the RuBP-regeneration-limited rates of electron transport
in leaves (Flexas et al. 2008; Garrish et al. 2010; Chen et al.
2011). The factors that affect photosynthesis are sophisticated.
For example, mineral nutrient deficiency may cause changes
in the Rubisco or chlorophyll contents. Conversely, a decrease
in the Rubisco content or activity for other reasons would very
likely be reflected in leaf N contents or the N/P ratio. In addi-
tion to nutrients in the soils and leaves, light and water also
strongly affect photosynthesis (Anten and Hirose 2001;
Dorman et al. 2015). However, little is currently known about
the process leading to a density-dependent decrease of photo-
synthesis in Chinese fir in soils from continuous plantations.

To better understand the consequences of the density-
dependent responses of C. lanceolata, a controlled experiment
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was performed, and physiological and nutrient stoichiometric
measurements were conducted. We will address the following
questions: (1) Is growth of C. lanceolata inhibited more by
high planting density in soils that have been continuously
planted with Chinese fir than in soils that were first planted
(secondary broadleaf forest soils)? (2) What is the mechanism
underlying the low photosynthetic activity caused by a high
planting density?

2 Materials and methods
2.1 Plant materials and experimental design

In this study, 1-year-old C. lanceolata seedlings were collect-
ed from two populations (Hongya and Huitong). The Hongya
population was from the Hongya National Forest Farm locat-
edat29°38'Nand 102° 58’ E. The mean annual rainfall at this
site ranges from 2230 to 2550 mm, the average annual tem-
perature is 10.5 °C, and the mean altitude is 750 m. The
Huitong population was from the Huitong National
Research Station of Forest Ecosystems located at 26° 50' N
and 109° 36’ E. The mean annual rainfall at this site ranges
from 1200 to 1400 mm, the average annual temperature is
16.5 °C, and the mean altitude is 400 m. The two locations
are the major natural distribution regions of C. lanceolata in
southern China. Two types of soil were used in this study. The
soils that were continuously planted with Chinese fir were
collected from a 30-year-old Chinese fir plot. The soils that
were first planted with Chinese fir were collected from a sec-
ondary broadleaf forest plot. Both plots were located at the
Hongya National Forest Farm (soils were collected from a
depth of 2040 cm). The main nutrients in the two types of
soil are listed in Table 1.

The experiment had a two factor random design, namely
two types of soil x 2 planting densities (high and low density).
Each treatment included at least eight wooden boxes (100-cm
lengthx 100-cm width x 50-cm height), with at least four box-
es for each population. The seedlings in the “high-density”
stands were arranged in a regular chessboard pattern, approx-
imately equally spaced (arranged in rows of 4 x4 individuals).
Therefore, there were 16 C. lanceolata seedlings per box (one
square meter). For the “low-density” treatment, one seedling
was planted in each box. To obtain more low-density individ-
uals, eight additional boxes (each low-density treatment added
four boxes) were used. Therefore, there were total of 12 boxes
for each low-density treatment. All seedlings were grown in a
naturally lit greenhouse under ambient conditions with a day-
time temperature of 19-28 °C, a nighttime temperature of 12—
18 °C, and a relative humidity of 40-85 % at the Chengdu
Institute of Biology, the Chinese Academy of Sciences. The
seedlings were watered every day and were grown for one
growing season (from March to September).
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Table 1  The organic C, N, and P contents in the soils that were first
(control) and continuously planted with Chinese fir (rotation)

Soils Organic C (g kg ") N(gkg" P(gkg ")
Control 35.55+2.46 3.41+0.14 0.44£0.02
Rotation 24.01+£1.18 2.27+0.20 0.25+0.02
P value 0.000 0.002 0.000

The statistical significance was according to Student’s ¢ test (n1=3)

2.2 Growth measurements

Eight seedlings from each treatment (four seedlings for each
population, the same as the measurements below) were select-
ed from the center of each box and harvested at the end of the
experiment. They were divided into individual needles, stems,
and roots. Height growth measurements were based on the
length of the stem from the collar to the apex, and the stem
basal expansion was estimated from the stem diameter mea-
sured 3 cm above the collar using calipers.

2.3 Gas exchange measurements and response curves

Before harvest, eight seedlings were selected from each treat-
ment for gas exchange measurements. The net photosynthetic
rate (4), stomatal conductance (gs), and transpiration (E) were
measured using the LI-COR 6400 portable photosynthesis mea-
suring system (LI-COR, Lincoln, NE, USA). Gas exchange
measurements were taken between 08:00 and 11:30, and carbon
dioxide gas cylinders (LI-COR) were used to provide a constant
and stable CO, concentration. Prior to measurement, samples
were illuminated with saturating irradiance (1000 pmol m > s~
PPFD) provided by the LI-COR LED light source for 10 min to
achieve full photosynthetic induction. A standard LI-COR leaf
chamber (2% 3 cm?) was used. The parameters were as follows:
leaf temperature, 25 °C; leaf-to-air vapor pressure deficit, 1.5+
0.5 kPa; and CO, concentration, 400+5 umol mol . Because
the measured leaves did not fill the chamber (2x3 cm?), the
actual leaf areas were used to normalize the data. The leaves
in the chamber were bordered and photographed (600 dpi), and
leaf areas were calculated using a scanner (Canon Scanner
5600F, Chengdu, China) and imaging software (Image J,
National Institutes of Health, MD, USA).

The response of 4 to light was measured at 1800, 1600,
1400, 1200, 1000, 800, 600, 400, 300, 200, 150, 100, 80, 50,
30, and 0 umol m ?s~'. Response curves were modeled using
a nonrectangular hyperbola according to Prioul and Chartier
(1977). The light-saturated photosynthetic rate (4ax), appar-
ent quantum efficiency (®), and light compensation point
(Lcp) were determined by fitting the measured data to the
model function.

The response of 4 to changing CO, was measured at
400 pmol molfl, which was decreased to 300, 200, 150, 100,

and 50 umol mol ™', then returned to 400, and subsequently
increased to 500, 600, 800, 1000, and 1200 pmol mol ' under
saturating irradiance (1000 pmol m 2 s~' PPFD). The photo-
synthesis curve plotted against the intercellular CO, concentra-
tion (C;) was analyzed to estimate the CO, compensation point
(T), the maximum rate of RuBP carboxylation (V¢ ax), and
maximum rate of electron transport driving the regeneration
of RuBP (J,,.x) according to Long and Bernacchi (2003). The
normalized leaf areas were used when calculating these param-
eters. The mesophyll conductance (g,,,) was estimated based on
the hypothesis that g, reduces the curvature of the Rubisco-
limited portion of an 4/C; response curve (Ethier and
Livingston 2004; Duan et al. 2009). A/C; curves were fitted
with a nonrectangular hyperbolic version of the biochemical
model of C; leaf photosynthesis by Farquhar et al. (1980).

A = min{P., P,}—Ry4 (1)
—b + Vb*—4ac
P, :—2 (2)
a
a = _l/gm
b= (Vemax — Ra) /gm + Ci + Kc(1 + O/ K,)

¢ = Ri(Vemax(Ci + Kc(1 + O/Ko))) - chax(ci - F*)

—-b + Vb’>—dac
P, = — (3)
a
a = _1/gm

b= (J/4—Ry)/gn+Ci+ 2I"
¢ = Ry(Ci+ 2I")—J /4 (C;—T7)

where P, and P, are the RuBP-saturated and RuBP-limited net
CO, assimilation rates, respectively, J is the photochemical elec-
tron transport rate under RuBP-limited conditions, Ry is the
mitochondrial respiration under light conditions, '™ is the CO,
compensation point in the absence of mitochondrial respiration
under light conditions, K. and K, are the Michaelis—-Menten
constants for RuBP carboxylation and oxygenation, respective-
ly, and O is the oxygen concentration. In this study, for K. (1+
OIK,), a value of 736 pmol mol ' was used according to Duan
etal. (2009), while I'" was calculated according to Laisk (1977).

2.4 Foliar carbon isotope composition (6'>C)
Current-year leaves were selected for the §'°C analysis.

Samples were oven-dried at 70 °C for 24 h and homogenized
by grinding in a ball mill. The 5'*C in the combusted samples
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was measured using a mass spectrometer (Finnegan MAT
Delta-E) following Li et al. (2004). The overall precision of
the 4 values was higher than 0.1%o, as determined from re-
peated samples.

2.5 Chlorophyll pigment measurements

Current-year leaves (0.2 g) were extracted in 80 % chilled ac-
etone (v/v) after weighing. The absorbance of extracts was
measured using a Unicam UV-330 spectrophotometer
(Unicam, Cambridge, UK) at 470, 646, and 663 nm. The chlo-
rophyll concentrations were calculated from equations derived
by Porra et al. (1989). The total chlorophyll content (Tchl) was
the sum of chlorophyll a (Chl a) and chlorophyll b (Chl b).

2.6 Nutrient contents

Leaves were dried at 70 °C for 48 h, and soils were air-dried at
room temperature and then ground. Element contents were de-
termined following the methods of Graefe et al. (2010). The C
and N contents were determined using a C/N elemental analyz-
er (Vario EL 3, Fa. Elementar, Hanau, Germany). The phos-
phorus contents were analyzed by yellow dyeing with NH,VO;
and (NH4)¢sMo0-0,4 and subsequent photometric measurement
after digestion with 65 % HNO; at 195 °C. K, Ca, Mg, Fe, Mn,
Zn, and Al contents were determined by atomic absorption
spectroscopy (GBC932, GBC, Melbourne, Australian) after
HNO; digestion. The photosynthetic nitrogen use efficiency
(PNUE) is expressed as the ratio of 4. to the nitrogen con-
tent per unit of leaf area. Similarly, the photosynthetic phos-
phorus use efficiency (PPUE) is expressed as the ratio of A,
to the phosphorus content per unit of leaf area.

2.7 Statistical analysis

Eight biological replicates were used for each treatment. From
the previous analysis, we found that there was no difference

between the two populations. Therefore, in this study, the
results of the two populations were merged, and the effect of
population was ignored. All data were analyzed using SPSS
16.0 software (SPSS Inc., Chicago, IL, USA). Two-way anal-
yses of variance (ANOVAs) were used to test the overall ef-
fects of planting density, soils, and their interaction. All data
were checked for normality and the homogeneity of variances
and were log-transformed to correct deviations from these
assumptions when needed. Post hoc comparisons were tested
using Tukey’s test at a significance level of «=0.05.

3 Results

As shown in Table 1, the contents of organic carbon (C), N,
and P were lower in soils that were continuously planted with
Chinese fir than in soils that were first planted with Chinese
fir. The height growth; stem basal expansion; and root, stem,
leaf, and total biomass were smaller under the high planting
density than under the low planting density in both types of
soil (Table 2). Among of the four treatments, all of the growth
parameters were smallest in soils that were continuously
planted with Chinese fir under a high planting density.
Interestingly, under the high planting density, the ratio of
aboveground mass to belowground mass was larger in soils
that were first planted with Chinese fir but was smaller in soils
from continuous Chinese fir plantations.

The values of 4 and g, were smaller under the high planting
density in both types of soil (Table 3). In soils that were con-
tinuously planted with Chinese fir, the Chl @, Chl b, and total
chlorophyll contents were significant higher, but the ratio of
Chl a/Chl b was lower under the high planting density than
under the low planting density. However, in soils that were
first planted with Chinese fir, the chlorophyll pigment con-
tents were not different between planting densities.
Additionally, the values of C; and leaf 6'*C had no significant
differences under different planting densities or different soils.

Table 2 The growth parameters of C. lanceolata as affected by a high planting density under soils that were first (control) and continuously planted

with Chinese fir (rotation)

Soils Planting  Height (cm) Base stem Root mass (g)  Stem Leafmass (g)  Total Aboveground/
density diameter (mm) mass (g) mass (g) belowground ratio
Control Low 59.52+0.72d  10.52+0.12 ¢ 29.48+0.46b  20.78+0.34d  35.82+1.18¢c  8421+1.73¢  1.92+0.05b
High 47.17£093b  7.50+0.13 b 9.46+0.41 a 7.23+0.30 b 13.05+0.32b  29.74+0.68b  2.18+0.10 ¢
Rotation  Low 55.51£0.73 ¢ 10.21+0.12 ¢ 28.24+036b  18.01+0.36¢  33.16+1.23 ¢  81.28+093c¢  1.82+0.06 b
High 37.79+0.69a  6.95+0.12a 9.16£0.32 a 4.49+0.13 a 8.62+0.37 a 2227+0.68a 1.44+0.03 a
Pg 0.000 0.003 0.057 0.000 0.000 0.000 0.000
Pp 0.000 0.000 0.000 0.000 0.000 0.000 0.329
Ps «p 0.396 0.402 0.241 0.956 0.324 0.045 0.000

Each value is the mean+SE (n=8). Within a column, values followed by different letters are significantly different at P<0.05 according to Tukey’s test

Py soil effect, Pp density effect, Ps « p soil and density interaction effect
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the limitation of Rubisco carboxylation and RuBP regenera-
tion and further affected the activity of Rubisco and other
enzymes involved in the Calvin cycle (Long and Bernacchi
2003); the results of Vpax and Jyax in this study also support-
ed this conclusion. Therefore, g, and biochemical metabolism
traits (Vemax and Jiax) in C. lanceolata collectively explained
the low photosynthetic rate under the high planting density.

At the global scale, the photosynthetic capacity and nutri-
ents in leaves are the core physiological traits (Wright et al.
2004). N and P are generally considered the nutrients that
most strongly affect photosynthesis in leaves (Boyce et al.
2006). Numerous studies have reported that photosynthesis
is determined by the N and P concentrations or the N/P ratio
in leaves (Loustau et al. 1999; Utriainen and Holopainen
2001; Boyce et al. 2006; Cernusak et al. 2010; Garrish et al.
2010). The foliar N/P ratio above a certain threshold indicates
P limitations to biomass production, and below a certain
threshold, it indicates N limitation. In this study, the high
planting density did not cause a significant difference
in the N content or the C/N ratio, but it did cause a
significantly low P content and a high N/P ratio in the leaves,
suggesting that P was the limiting factor of photosynthesis.
These limitations were stronger in soils that were continuously
planted with Chinese fir.

The rates of photosynthesis per unit of leaf N and P, termed
the instantaneous photosynthetic N and P use efficiency
(PNUE and PPUE), have been considered important plant
functional traits used to characterize species in relation to their
leaf economics and physiology (Hikosaka 2004; Duan et al.
2008; Hidaka and Kitayama 2009). In this study, the low
PNUE and PPUE suggest that there were low photosynthetic
N and P utilization efficiencies under the high planting densi-
ty. Physiologically, a low PNUE may be caused by lower N
partitioning into Rubisco versus higher N partitioning
into cell walls (Hikosaka 2004; Takashima et al. 2004;
Hidaka and Kitayama 2009). A low PPUE can be explained
by an unbalanced allocation of P between cells containing P
biochemical compounds, e.g., foliar P fractions (Hidaka and
Kitayama 2011, 2013; Veneklaas et al. 2012). Therefore, a
high planting density may change the allocation and balance
of N and P in plant cells.

Magnesium is an integral component of the chlorophyll
molecule and the enzymatic processes associated with photo-
synthesis and respiration (Barker and Pilbeam 2007).
Magnesium is also an integral component of DNA and
RNA, and the role that this ion plays in many polynucleotides
cannot be replaced by other cations (Porschke 1995).
Therefore, a decrease in the Mg content in leaves may relate
to the decrease in photosynthetic activity under a high planting
density. In addition, it is possible that the increase in the con-
tents of Zn and Fe can suppress the accumulation of Mg in
leaves (Kaya et al. 2001). Therefore, the high Fe and Zn con-
tents in the leaves may lead to a further decrease in the Mg

content in soils that were continuously planted with Chinese
fir. In southern China, the soils that were planted with
C. lanceolata were acidic. Traditionally, acidic red soils are
always lacking in P, Ca, K, and Mg but are enriched in Fe, Zn,
and Al (Sun et al. 2000; Zhao et al. 2007; Cheng et al. 2009).
Therefore, the higher Fe, Zn, and Al contents in the leaves and
the lower P and Mg contents under the high planting density
may due to the initial conditions of the soil nutrients. It is
proposed that continuous planting with C. lanceolata on the
same site with the same nutrient resource demands, especially
of P and Mg, can limit plant growth and productivity.

The value of 5'°C has been used as an indicator that reflects
the long-term water use efficiency of plants (Warren et al.
2001; Duan et al. 2009; Dong et al. 2015). Our previous study
found that C. lanceolata saplings were sensitive to water use
efficiency (estimated from foliage 8'*C) when its partial later-
al branches were shaded in a field study (Dong et al. 2015).
However, in this study, foliage 5'>C values changed less, sug-
gesting that the long-term water use efficiency was not greatly
affected by a high planting density. The results reflected a
proportionate change between A4 and g, because leaf 5'°C
was related to the balance between them (Farquhar et al.
1989; Warren et al. 2001). On the other hand, water was prob-
ably not a limiting factor because there was a sufficient water
supply in this study. Therefore, the decline of photosynthesis,
as well as g, was not related to water competition, but rather
might have been related to light and (or) nutrient stress in a
high planting density.

We have to indicate that in this study, the report of the
productive yield (biomass accumulation) used the means of
the individual seedlings, and the measurement of photosyn-
thesis occurred at the leaf level. Therefore, the results may
differ from biomass calculations at the whole boxes level
and photosynthesis measurement at the canopy level. There
were more seedlings in the high planting density boxes, and
although the means of the individual biomass were lower, the
total biomass of whole stand was higher than at the low plant-
ing density. However, it is difficult to estimate the productivity
of the whole stand. In addition, in this study, 1-year-old seed-
lings were used. Photosynthesis, water utilization, and nutrient
allocation patterns may differ between young and adult trees.
Mature trees have larger canopies, complex structures, and
similar nutrient requirements. We believe that in addition to
differences between species, adult trees generally have higher
photosynthetic capacities and stomatal conductances than sap-
lings (Thomas and Winner 2002; Van Wittenberghe et al.
2012). Therefore, adult trees may show stronger competition
for resources than saplings in a typical forest situation.

In conclusion, individually, C. /lanceolata had low plant
growth, biomass accumulation, and photosynthesis under a
high planting density, and these values were lower in soils that
were continuously planted with Chinese fir. The lower photo-
synthesis at the leaf level caused by a high planting density
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was driven by lower amounts of P and Mg in the leaves, a
lower foliar N/P ratio, and limitations of Rubisco carboxyla-
tion and RuBP regeneration and mesophyll conductance.
The results from this study suggest that the main limi-
tations to growth and photosynthesis in young C. lanceolata
under a high planting density are light and nutrients, especially
P and Mg.
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