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Abstract: Increasing levels of atmospheric nitrogen deposition have greatly affected forest trees. Acer trun-
catum Bunge has a large distribution in northern China, Korea and Japan and plays an important ecolog-
ical role in forest ecosystems. We investigated the responses of A. truncatum to a broad range of nitrogen 
addition regimes with a focus on seedling growth, biomass partitioning, leaf morphology, gas exchange 
physiology and chlorophyll fluorescence physiology. Moderate nitrogen addition promoted shoot height, 
stem diameter at ground height, total biomass, size of leaves and chlorophyll fluorescence and gas exchange 
performance, whereas extreme level of nitrogen addition did not result in such facilitation. Chlorophyll 
content, pattern of biomass partitioning, ratio of leaf length to width, leaf water content, and specific leaf 
area did not change among the addition regimes. The critical amount of nitrogen deposition should be 
defined in the context of a certain time period in a particular region for a certain species at a special devel-
opmental stage. The critical amount of N deposition that weakens total biomass facilitation in A. truncatum 
planted in mixed soil of yellow cinnamon soil and humic soil is approximately 10 g N m−2 y−1 during the 
first growing season. 

Additional key words: Morphology, Carbon assimilation, Chlorophyll fluorescence, Photosynthesis, High 
nitrogen load

Addresses: X. Guo, C. Wang, Y. Luo, Y. Yuan, W. Guo, Institute of Ecology and Biodiversity, School of 
Life Sciences, Shandong University, Jinan 250100, P.R. China; Shandong Provincial Engineering and 
Technology Research Center for Vegetation Ecology, Shandong University, Jinan 250100, P.R. China, 
e-mail: guo_wh@yahoo.com 
R. Wang, Institute of Ecology and Biodiversity, School of Life Sciences, Shandong University, Jinan 
250100, P.R. China; Shandong Provincial Engineering and Technology Research Center for Vegetation 
Ecology, Shandong University, Jinan 250100, P.R. China; Environment Research Institute, Shandong 
University, Jinan 250100, P.R. China 
R. Chang, X. Liang, Environment Research Institute, Shandong University, Jinan 250100, P.R. China



152 Xiao Guo et al.

Introduction
Emissions and deposition rates of nitrogen are pre-

dicted to double from current values by 2050, mainly 
due to anthropogenic activity which dominates the 
global nitrogen cycles, resulting more regions re-
ceiving potentially damaging levels of nitrogen in-
puts (Galloway et al. 2004; Phoenix et al. 2012). The 
amount of nitrogen deposition in the world varies 
remarkably among different regions (Dentener et al. 
2006; Pardo et al. 2011; Reay et al. 2008). 

Cellular and soil nitrogen status can be impacted 
by the rate and duration of nitrogen deposition, and 
deposition rates can exceed the capacity for nitrogen 
uptake by plants (Aber et al. 2003). Both positive and 
negative influences of nitrogen deposition on differ-
ent species have been reported (Thomas et al. 2010), 
depending mainly on whether nitrogen saturation 
occurs under certain deposition rate (Hyvönen et al. 
2006; Zhao and Liu 2009). However, the responses 
of forest trees (Elvir et al. 2006; Thomas et al. 2010) 
and shrubs (Bubier et al. 2011) to nitrogen deposi-
tion also depend on the physiological adaptations of 
the species present. 

Acer truncatum Bunge is a forest tree species native 
to northern China, Korea and Japan (White and More 
2003), and cultivated A. truncatum can also be found 
in Europe (White and More 2003) and northern 
America. As a characteristic species of temperature 
forest of China, it is important for its ecological, or-
namental, and medicinal functions (Ma et al. 2005). 
Since its broad distribution covering both nature and 
urban ecosystem, this kind of maple trees is likely to 
be exposed to diverse levels of nitrogen loads. Some 
research concerning the impact of nitrogen deposi-
tion on a few species of the Aceraceae family has been 
reported (Elvir et al. 2006; Thomas et al. 2010). A. 
truncatum were often not included in these studies, 
and the chlorophyll fluorescence and gas exchange 
traits in response to nitrogen deposition were not 
performed in these species of the Aceraceae family. 

The traditional concept of critical load was defined 
as the level of input of one or more pollutants be-
low which sensitive environmental elements would 
not be significantly and negatively impacted (Nilsson 
and Grennfelt 1988; Porter et al. 2005). Both empir-
ical and modeling approaches have been used to de-
termine the critical load of nitrogen deposition; the 
former method was considered as the more reliable 
estimate of the threshold (Fenn et al. 2008) and its 
advantage is that it is based on measurable ecosys-
tem responses to nitrogen loads (Pardo et al. 2011). 
We therefore established a pot experiment with the 
uniform growth substrates for plants among differ-
ent treatment before the experiment and the growth 
environment was the same through the research pe-

riod. Thus the divergence between treatments can 
only be attributed to different nitrogen loads. 

In this research, both morphological measure-
ments and physiological approaches were applied in 
investigating the responses of A. truncatum seedlings 
to nitrogen deposition by adding nitrogen to the 
growth substance. As atmospheric deposition of N 
is mainly emitted by fossil fuel combustion in form 
of NOX, and NH3 derived from agricultural activities 
(Rennenberg et al. 2010), NH4NO3 was applied to 
simulate nitrogen load. A broad range of nitrogen 
load form low to high was established to simulate 
current and predicted future deposition levels. The 
objectives of our study were to (1) investigate the 
morphological and physiological strategies of A. trun-
catum seedlings for adaptation to nitrogen deposition 
and (2) obtain basic data for evaluating the critical 
level of nitrogen to protect this widespread species. 

Materials and Methods
Study site and plant materials 

The research was carried out at Fanggan Research 
Station of Shangdong University in Laiwu, Shandong 
Province, China (36°26′N, 117°27′E). The site has 
a warm temperate monsoon climate, with an aver-
age temperature of 13 ± 1 °C, and an average an-
nual precipitation of 700 ± 100 mm, most of which 
falls during the summer (Zhang et al. 2006). The soil 
type is yellow cinnamon soil, and the parent materi-
al is limestone. Natural precipitation was avoided by 
conducting the whole experiment in the greenhouse; 
the greenhouse was well ventilated by rolling up the 
plastic side films. 

The seeds were purchased from Dacheng Seed 
Company (Jinan, China), where the seeds were col-
lected in the company garden (Jinan, China) in ear-
ly winter of 2010. The trees in this common garden 
which produced these seeds were also exposed to the 
atmospheric N deposition, which is equal to the trees 
in the forest. Furthermore, the common garden is 
not far (approximately 40 km) from the research sta-
tion where we grew the plants. Therefore these uni-
form seeds were not different from seeds produced 
by forest trees with respect to nitrogen deposition. 
The seeds were stored at 0–4 °C through the winter. 
Seeds were soaked in water for 24 h and preserved in 
wet gauze at 0–4 °C to stimulate germination in next 
May. The germinated seedlings were transferred into 
plastic pots (one seedling per pot) 320 mm× 290 
mm (height× diameter). Yellow cinnamon soil and 
humic soil were air-dried and mixed (2:1, v/v) to use 
as substrate in the pots. The total substrate weighed 
7.0 kg. Both the yellow cinnamon soil and humic soil 
were obtained in the local area near the station. 
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Experimental design 

Five nitrogen-addition treatments, 0 (no nitrogen 
added), 3, 6, 10, 20 g N m−2 y−1 (N0, N1, N2, N3, N4, 
respectively) were conducted during the period from 
June 8 to September 20. There were seven replicates 
in each treatment. These treatments represent refer-
ence, low, moderate, high, and extremely high nitro-
gen addition, respectively. Nitrogen was added in the 
form of ammonium nitrate (NH4NO3) solution every 
15 days during the experiment period. Ammonium 
nitrate was weighed, dissolved in 200 ml of water, 
and applied to each pot except for the reference pots. 
The reference pots were watered with 200 ml of wa-
ter without nitrogen when NH4NO3 was applied. All 
the seedlings were watered when necessary to avoid 
the influence of drought. 

Measurements 

Fully-expanded leaves (third or fourth leaves from 
the tip) were collected as the sample to measure pig-
ment concentration, gas exchange parameters, chlo-
rophyll fluorescence parameters, and leaf traits. 

Chlorophyll a and chlorophyll b were extracted 
and measured according to the method of Lichten-
thaler and Wellburn (Lichtenthaler and Wellburn 
1983), using a visible light spectrophotometer 722S 
(Leng Guang, Inc., ShangHai, China). Six replicates 
in every treatment were used to measure the concen-
trations of chlorophyll a and chlorophyll b. 

Light response curve were measured on the leaves 
in situ with a portable leaf gas exchange system (GFS-
3000, Walz GmbH, Effeltrich, Germany). 12 levels of 
photosynthetically active radiation (0, 20, 50, 100, 
150, 200, 300, 500, 700, 1000, 2000, 2500) μmol m−2 
s−1, were applied to the leaves of the seedlings with 
no nitrogen addition. Irradiance was increased grad-
ually to increase the incident PAR to 2500 μmol m−2 
s−1. The net photosynthetic rate was recorded when 
steady-state was reached. Light response curve were 
fitted according to (Ye 2007). Three consecutive data 
with 5 seconds interval were recorded under each 
light condition for every leaf. Three leaves were tak-
en from each seedling and three seedlings were taken 
in total (n=3). 

Gas-exchange characteristics, including net pho-
tosynthetic rate (A), transpiration rate (E), stomatal 
conductance (gs) and intercellular CO2 concentra-
tion (Ci) were measured in situ with the GFS-3000 
instrument as well. PAR of 1200 μmol m−2 s−1 (a 
PAR level that entitled the seedling reached relative 
high value of net photosynthetic rate, showed as the 
light response curve) was used in the measurement 
and provided by a red/blue light emitting diode. The 
characteristics were recorded when steady-state was 
reached. Instantaneous water use efficiency (WUEi) 

was calculated by formula WUE = A/E (Nijs et al. 
1997). Both light response curve and gas-exchange 
characteristics were measured between 9:00 and 
11:30 (24h) on sunny days. All data were measured 
at average temperature inside the chamber of 30 °C, 
relative humidity of 70% and CO2 concentration in-
side the chamber of ambient level (approximate 380 
ppm). 

Chlorophyll fluorescence parameters were mea-
sured using a pulse amplitude modulation chloro-
phyll fluorometer (Mini-PAM, Walz GmbH, Effel-
trich, Germany). Leaves were kept in dark for 30 min 
to ensure complete relaxation of all reaction centers 
before measurements on sunny days. Five replicates 
in every treatment were chosen to measure chloro-
phyll fluorescence parameters. The five replicates 
were included in the six replicates selected as chloro-
phyll content samples. The chlorophyll fluorescence 
parameters were measured before the leaves were 
collected to extract pigment. 

Maximum PSII quantum yield (Fv/Fm) was calcu-
lated as: Fv/Fm = (Fm−F0)/Fm, where F0 is the mini-
mum chlorophyll fluorescence, determined using a 
measuring beam, and Fm is the maximum chlorophyll 
fluorescence, recorded after 0.8 s saturating pulse of 
light (approximate 8,000 μmol m−2s−1). Maximum 
fluorescence in the light-saturated stage (F’

m) and 
fluorescence yield in the steady state (Fs) were deter-
mined after actinic light (approximate 402 μmol m−2 

s−1) was applied and lasted 50 seconds to drive pho-
tosynthesis. F0 and Fm were determined after the sat-
urating pulse of light following the dark acclimation 
while F’

m and Fs were determined in prevailing actin-
ic light after the F0 and Fm were recorded. Effective 
quantum yield (Yield) and relative photosynthetic 
electron transport (Etr) were calculated according 
to Genty et al (Genty et al. 1989). Photochemical 
quenching (qP) and non-photochemical quenching 
(qN) were calculated according to Schreiber et al 
(Schreiber et al. 1986). 

Leaf morphology was measured in the middle 
of August. Five leaves from each treatment were 
scanned with a scanner (Epson Perfection V700, 
Seiko Epson, Japan). Leaf length, width, area, and 
perimeter were calculated with an image analyzer 
(Image-Pro Plus Version 4.5, Media Cybernetic Inc., 
Silver Spring, MD, USA) using the scanned images. 
The leaves were weighed before and after oven-dry-
ing at 80°C for 48 hours to calculate the water con-
tent of the leaves and specific leaf area. 

At the end of the experiment, three seedlings in 
every treatment were chosen to record shoot height, 
stem diameter at ground height (approximate 1 cm 
above the ground line), and crown area. Then these 
seedlings were harvested and divided into six parts 
(fine lateral roots, coarse lateral roots, main root, 
stem, leaf blades and petioles). The main root was 
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Fig. 1 Comparisons of shoot height (A), crown area (B), stem diameter at ground height (approximate 1 cm above the 
ground line, C), total biomass (D), root to shoot ratio (E), fine lateral root to coarse root ratio (F) and main root to 
lateral root ratio (G) of A. truncatum seedlings under different nitrogen treatments at the end of the experimental pe-
riod. The data are means±SE (n=3). Different letters indicate significant differences (p≤ 0.05) with Duncan multiple 
range test
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defined as the root that developed directly from the 
seed, while the lateral roots were the roots that ex-
tended from the main root. Fine root was defined as 
the root with a diameter < 2 mm, and the coarse 
root was defined as the root with a diameter > 2 mm 
(Berger and Glatzel 2001). Every part was weighed 
after oven-drying in 80°C for 48 hours. 

Available soil nitrogen and available soil phospho-
rus before and after the experiment were analyzed 
using the alkali-diffusion method and Olsen meth-
od, respectively, at Shandong Agricultural Universi-
ty. The pH values were measured using a pH-meter 
(PHSJ-3F, Shanghai Precision Scientific Instrument 
Co., Ltd, Shanghai, China) before and after the ex-
periment as well. Six soil samples were selected be-
fore the experiment to represent soil background 
values. Soil samples from each pot (seven samples 
per treatment) were also collected after experiment. 

Statistical analysis 

One-way analysis of variance (one-way ANOVA) 
was applied to detect differences among the five 
treatments for every parameter. All one-way ANO-
VAs were accompanied by Duncan’s multiple com-
parison tests, performed at a level of significance of 
0.05. Before ANOVAs, data were checked for normal-
ity and homogeneity of variance. All of the statistical 
analyses were performed using the SPSS 13.0 soft-
ware package (SPSS Inc., Chicago, IL, USA) and the 
figure was drawn using SigmaPlot 12.5 (Systat Soft-
ware Inc., Chicago, IL, USA). Curve fitting in Figure 
1 was carried out using quadratic equation by Sigma-
Plot 12.5 (Systat Software Inc., Chicago, IL, USA).

Results 

The available soil nitrogen, available soil phospho-
rus and pH before the experiment were 57.64±1.34 
mg kg−1, 18.21±0.83 mg kg−1 and 6.68±0.058, re-
spectively. The available soil nitrogen, available soil 
phosphorus and pH after the treatment are displayed 
in Table 1. None of the three parameters was signifi-
cantly different among the five nitrogen load levels. 

Growth parameters and biomass parameters are 
shown in Fig. 1. Shoot height and stem diameter at 
ground height increased along with the increase of 
the amount of nitrogen addition and then decreased 
when the amount of nitrogen addition reached 20 g 
N m−2 y−1. The crown area illustrated the same trend 
although the differences among different treatments 
were not significant. 

Total biomass displayed similar trends as occurred 
in shoot height (Fig. 1a). However, no significant dif-
ference was exhibited between N0 and N4 seedlings. 
Root to shoot ratio and main root to lateral root ra-
tio (Fig. 1e, f) did not exhibit remarkable differences 
between different nitrogen addition treatments. The 
highest value of fine lateral to coarse lateral root ra-
tio appeared in the control treatment and decreased 
as the amount of nitrogen load increased. According 
to the fitted curves, the maximum values of shoot 
height, crown area, stem diameter at ground height 
and total biomass occurred when the nitrogen load 
was approximately 10 g N m−2 y−1 although some re-
gressions were not significant (Fig. 1b, d).

The results of main leaf morphological character-
istics under different nitrogen addition regimes are 
shown in Table 2. Leaf area and perimeter increased 
under moderate and high nitrogen addition and de-
creased to the reference level under the extreme high 
nitrogen load conditions. However, leaf length to leaf 

Table. 1 Available soil nitrogen, available soil phosphorus and pH after the experiment under different nitrogen deposition 
regimes

Nitrogen load level (g 
m−2y−1) 0 3 6 10 20 P

Available N (mg kg−1) 52.30±2.0 51.94±2.5 53.06±3.0 48.63±1.1 48.75±1.4 0.453ns

Available P (mg kg−1) 16.24±0.8 15.28±0.5 16.58±0.9 16.64±0.6 18.29±0.4 0.061ns

pH 6.66±0.06 6.67±0.04 6.63±0.03 6.66±0.03 6.52±0.05 0.104ns

The data are means±SE (n=7). Significance level: * 0.01 < P ≤ 0.05; ns P > 0.05  

Table. 2 Leaf morphological traits of A. truncatum seedlings under different nitrogen deposition regimes 

Nitrogen load level (g 
m−2y−1) 0 3 6 10 20 P

Leaf area (cm2) 26.6±5.1 ab 26.3±4.3 ab 36.3±2.3 a 39.5±6.3 a 21.1±15.0 b 0.035*
Leaf perimeter (mm) 411.5±53.8 ab 413.6±54.8 ab 550.3±32.7 a 526.2±60.4 a 359.3±21.2 b 0.042*
Leaf length to leaf width ratio 0.70±0.012 0.72±0.029 0.75±0.032 0.69±0.030 0.78±0.030 0.155ns

Leaf water content 0.64±0.016 0.66±0.016 0.62±0.024 0.66±0.004 0.61±0.022 0.246ns

Specific leaf area ( cm2/g) 205.4±14.0 220.2±22.4 197.3±11.1 202.5±8.3 188.8±16.8 0.696ns

 The data are means±SE (n=5). Different letters indicate significant differences (p≤ 0.05) with Duncan multiple range test. Significance 
level: * 0.01 < P ≤ 0.05; ns P > 0.05
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width ratio, leaf water content and specific leaf area 
did not display any significant differences. 

Amax (maximal net photosynthetic rate), Is (light 
saturation point), Ic (light compensation point), Rd 
(dark respiration rate) and R2 calculated from the light 
response curve are 13.99±0.020 μmol CO2 m

−2 s−1, 
1565.74±74.80 µmol m−2 s−1, 13.68±3.08 µmol m−2 

s−1, 0.86±0.44 µmol CO2 m
−2 s−1 and 0.996±0.0013 

(n=3), respectively. The curve becomes relatively flat 
when the photosynthetically active radiation reaches 
approximately 1200μmol m−2 s−1.

Physiological indexes, including concentrations 
of chlorophyll, gas exchange parameters, chlorophyll 
fluorescence parameters, are demonstrated in Ta-
ble 3. All gas exchange parameters and chlorophyll 
fluorescence parameters, except non-photochemical 
quenching and instantaneous water use efficiency, 
were significantly different among five treatments, 
displaying similar trend: an increase with the in-
crease in nitrogen supply and a slight decrease when 
addtion reached 20 g N m−2 y−1. Non-photochemi-
cal quenching initially increased and then decreased 
in high and extremely high nitrogen load condi-
tions. However, instantaneous water use efficien-
cy increased with the increase of nitrogen addition 
mount. Fv/Fm values fluctuated around 0.8 in five 
nitrogen addition conditions. Net photosynthetic 
rate, Fv/Fm, Yield, Etr and qP did not exhibit signifi-
cant differences between control and N4 conditions. 
None of the chlorophyll content parameters, includ-
ing chlorophyll a, chlorophyll b, and chlorophyll a to 
chlorophyll b ratio, were significantly different under 
various nitrogen addition conditions.

Discussion
Growth characteristics 

Leaf area and leaf perimeter represent the size of 
the leaf, which is the main part of a plant to receive 
the sunlight. Almost all the growth and biomass 
parameters displayed significant changes; only part 
of leaf traits showed such changes. The increased 
growth parameters, total biomass and leaf size in N2 
and N3 conditions indicated that the nitrogen supply 
can stimulate growth of plants to same extent. How-
ever, growth parameters, total biomass and leaf size 
dropped significantly in the N4 condition compared 
with that of N3. Thus the facilitation effect of nitro-
gen deposition was limited when nitrogen addition 
reached 20 g N m−2 y−1. Therefore, slight nitrogen 
deposition can promote the growth while facilitat-
ing decreases in the case of high nitrogen deposition. 
This phenomenon was accordant with previous re-
search (Nakaji et al., 2001). 

It has been reported that deposition of nitrogen 
would reduce the root to shoot ratio (Zhao and Liu 
2009; Zhou et al. 2011). However, it was not the case 
in our study where the biomass allocation character-
istics did not change significantly among different ni-
trogen addition regimes, which is agree with a study 
of aspen clones (Häikiö et al. 2007). We concluded 
that the biomass allocation pattern was less sensi-
tive than biomass in response to nitrogen supply, and 
that it will take a longer time for biomass allocation 
patterns to display the differences. 

Specific leaf area has a negative relationship with 
the leaf thickness; thinner leaves (leaves with larger 
specific leaf area) require less photosynthetic ma-
chinery per unit area (Burns 2004), hence increase 

Table. 3 Leaf physiological traits of A. truncatum seedlings under different nitrogen deposition regimes 

Nitrogen load level (g 
m−2y−1) 0 3 6 10 20 P

E (mmol H2O m−2 s−1) 2.42±0.126 a 2.44±0.243 a 2.65±0.221 a 2.22±0.213 ab 1.74±0.0805 b 0.030*

Gs (mmol H2O m−2 s−1) 181.86±16.64 ab 179.55±12.14 ab 205.86±13.89 a 166.32±9.48 bc 131.78±7.38 c 0.007**

A (umol CO2 m
−2 s−1) 13.92±0.57 b 14.95±0.89 ab 16.56±0.66 a 14.79±0.42 ab 13.05±0.60 b 0.014*

Ci (umol mol−1) 262.31±8.60 a 254.13±4.66 a 256.74±8.34 a 244.39±5.05 ab 229.96±8.13 b 0.037*

WUEi (mmol mol−1) 5.83±0.46 6.22±0.25 6.41±0.49 6.85±0.56 7.53±0.40 0.115ns

Fv/Fm 0.792±0.0039 b 0.792±0.0024 b 0.800±0.0049 ab 0.811±0.0018 a 0.798±0.0047 b 0.011*

Yield 0.31±0.0076 ab 0.30±0.014 b 0.35±0.0073 a 0.35±0.015 a 0.31±0.020 ab 0.038*

Etr 51.73±1.28 ab 50.72±2.41 b 58.86±1.24 a 59.20±2.61 a 52.07±3.45 ab 0.038*

qP 0.576±0.017 b 0.566±0.015 b 0.693±0.0089 a 0.661±0.011 a 0.565±0.034 b 0.000**

qN 0.700±0.010 0.701±0.022 0.747±0.0071 0.734±0.020 0.693±0.018 0.114ns

chlorophyll a (mg g−1) 1.41±0.134 1.56±0.120 1.43±0.068 1.42±0.096 1.49±0.151 0.884ns

chlorophyll b (mg g−1) 0.69±0.070 0.77±0.059 0.71±0.034 0.70±0.047 0.72±0.078 0.903ns

The data are means±SE (n=5 for gas exchange parameters and chlorophyll fluorescence parameters, n=6 for chlorophyll a and chloro-
phyll b). Different letters indicate significant differences (p≤ 0.05) with Duncan multiple range test. Significance level: * 0.01 < P ≤ 0.05; 
ns P > 0.05 
E, Transpiration rate; Gs, Stomatal conductance; A, Net photosynthetic rate; Ci, Intercellular CO2 concentration; Fv/Fm, maximum PSII 
quantum yield; Yield, effective quantum yield; Etr, relative photosynthetic electron transport; qN, non-photochemical quenching; qP, 
photochemical quenching
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the photosynthetic capacity. Leaf length to leaf width 
ratio and leaf water content represents the shape of 
the leaf and water regime of plant, respectively. Ni-
trogen precipitation has a remarkable impact on the 
size of the leaves but not on shape and physiologi-
cal properties such as the leaf length to width ratio, 
leaf water content, and specific leaf area. The indis-
criminate leaf water content among various nitrogen 
precipitation conditions demonstrated that nitrogen 
addition treatments have no effects on leaf hydrate 
condition of well-watered seedlings.

Leaf mass per area, the reciprocal of specific leaf 
area, was not influenced by N supply. In another 
study, moderate nitrogen deposition (6 g N m−2 y−1) 
resulted in an increased leaf mass per area for Mag-
nolia hypoleuca Siebold et Zucc. and an unchanged 
leaf mass per area for Quercus mongolica Fischer ex 
Ledeb. var. crispula (Blume) Ohashi, Carpinus corda-
ta Blume and Prunus ssiori F. Schmidt (Kitaoka et al. 
2009). Actually, specific leaf area decreased along 
the nitrogen load gradient in our study, although the 
differences were not significant. Specific leaf area is 
usually positively correlated with light use efficiency 
(Burns 2004). Furthermore, the potential for higher 
photosynthetic capacity of the thick leaves may be 
restricted owing to greater internal shading and dif-
fusion limitations caused by chloroplast stacking in 
these leaves (Reich et al. 1998). Thus, in the extreme 
nitrogen deposition situation, where carbon assim-
ilation was the smallest, specific leaf area was the 
lowest among the five load regimes. 

Physiological characteristics 

The chlorophyll content did not increase when ni-
trogen supply increased, similar to Cryptomeria japon-
ica (Nakaji et al. 2001), but not to other plants (Zhao 
and Liu 2009; Zhou et al. 2011). The unchanged 
chlorophyll content may be caused by the assimila-
tion of excess nitrogen by amino acids (Bubier et al. 
2011; Rennenberg et al. 2010) and polyamines (Bu-
bier et al. 2011) rather than allocation to chlorophyll. 
Moreover, excess nitrogen deposition can even lead 
to a decrease of chlorophyll content (Gaio-Oliveirao 
et al. 2004). The explanation of the various responses 
among different species may be that the N-sensitivity 
of species varied prominently (Nakaji et al. 2001). 

Fv/Fm, Yield, Etr, qP and qN reflect the maximal 
quantum yield of PSII (Boussadia et al. 2008), the 
practically quantum yield of PSII, the relative quan-
tity of electrons passing through PSII during steady-
state photosynthesis (Dai et al. 2009; Tezara et al. 
2003), the proportion of PSII reaction centers that 
are open (Dai et al. 2009; Maxwell and Johnson 
2000), and the degree of plants efficiently-dissipat-
ed energy trapped at PSII in the form of heat (Wu 
et al. 2008), respectively. It has been suggested that 

lower amounts of chlorophyll along with lower con-
tent of nitrogen can be the cause of lower basal Fv/
Fm (Jiménez et al. 2009). However, this was not the 
case in our study as the chlorophyll content did not 
show any significant changes (Table 3). The value 
of Fv/ Fm close to 0.8, which is considered the refer-
ence value for healthy leaves (Björkman and Demmig 
1987), revealed that the photosynthetic apparatus of 
A. truncatum is not destructively destroyed by high 
nitrogen addition. This may be the intrinsic reason 
of the reversibility of some effects derived from ni-
trogen deposition (Clark and Tilman 2008). 

The quantum yield of PSII is expected to be low-
ered when non-photochemical quenching (qN) in-
creases, as qN is associated with a thermal deactiva-
tion of PSII excitation (Boussadia et al. 2008; Weis 
and Berry 1987). However, our study did not support 
this expectation, as Yield was comparatively stable 
under moderate and high nitrogen conditions when 
qN increased. This may be due to the increase of qP, 
since high qP is advantageous for the separation of the 
electric charge in the reaction center, and is beneficial 
to electron transport and PSII yield (Dai et al. 2009; 
Guo et al. 2006). This observation was confirmed by 
the relatively high Etr of high and moderate nitrogen 
addition seedlings. Although chlorophyll content did 
not show any remarkable differences, the photosyn-
thetic efficiency of chloroplast displayed a variation 
trend, along with the similar variation trend of spe-
cific leaf area and biomass. 

Net photosynthesis rate increased initially and 
then decreased in severe nitrogen load condition, 
revealed that high nitrogen deposition restricted the 
facilitation effect. This trend is in accordance with 
Cryptomeria japonica and Pinus densiflora (Nakaji et al. 
2001) but contradict with Malcolmia   Africana and 
Bassia hyssopifolia where no decrease of net photo-
synthesis rate were observed (Zhou et al. 2011). The 
reductions in stomatal conductance and transpira-
tion rate and increase in water use efficiency caused 
by high nitrogen load suggest that high nitrogen 
load induced mild drought stress rather than severe 
drought stress in which the decreased net photosyn-
thesis rate of seedlings in severe drought condition 
was mainly due to non-stomatal limitations (Wu et 
al. 2008). Leaf water content did not change along 
the decreasing transpiration rate, stomatal conduct-
ance and net photosynthesis rate. Therefore, the 
seedlings under high nitrogen load stress prioritize 
optimization of water utilization in leaf rather than 
carbon sequestration, which can be seen as a kind of 
trade-off. This might be validated by instantaneous 
water use efficiency (Table 3), which kept increasing 
with the increasing load amount. 

Nitrogen deposition including both ammonium 
and nitrate could cause a nutrient imbalance and nu-
trient deficiencies in the plant (Berger and Glatzel 
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2001). The activity of Rubisco was closely correlated 
with certain ratios of nutrients, and nutrient imbal-
ance of P relative to N could deplete the protein syn-
thesis and quantity of Rubisco (Nakaji et al. 2001). 
Therefore the nitrogen to cation imbalance in the 
leaves may account for the reduction of photosynthe-
sis efficiency in N4 condition compared with the N3 
saplings, resulting in the reduction of total biomass 
as well. Furthermore, even low-level nitrogen dep-
osition would bring negative effects in a long term 
(Clark and Tilman 2008). Thus, we can infer that the 
growth of A. truncatum in N4 conditions might be re-
strained compared with the control seedlings if the 
amount of nitrogen deposition entered in the next 
growing season. 

Photosynthesis rate, Fv/Fm and Yield in N4 condi-
tion did not display lower values than the control, 
which indicated that the high nitrogen addition did 
not play a positive role but also did not restrict the 
efficiency of photosynthesis. This trend can be the 
cause of total biomass in N4 condition, which did 
not show significant differences between N4 and N0 
conditions. 

Threshold of nitrogen deposition for A. 
truncatum

Greenhouse pot experiments have been success-
fully used for investigations of the impact of nitrogen 
deposition on vegetation (Berger and Glatzel 2001; 
Flückiger and Braun 1998). Trees can increase pro-
ductivity in response to nitrogen fertilization by in-
creasing photosynthetic rates, and leaf area (Elvir et 
al. 2006). In our study, both of these two parame-
ters, i.e. the net photosynthetic rate and leaf area dis-
played the corresponding trend with that of biomass. 
Carbon sequestration by vegetation will be raised by 
nitrogen deposition when nutritional deficiencies 
occur in soil, and will decrease when nitrogen satu-
ration occurs (Hyvönen et al. 2006). The presented 
study does not fully support this view of point as the 
available soil nitrogen content did not reach satura-
tion (Table 1) although biomass and most growth 
parameters decreased in N5 condition. Whether nu-
trient deficiencies occur in the field will depend on 
both the chemical form of N inputs and the supply 
of a given nutrient from the soil and the atmosphere 
(Wilson and Skeffington 1994).  

Based on our observations, we conclude that there 
is a critical amount of nitrogen deposition for A. trun-
catum in its environment, leading to a threshold of 
nutrient imbalance that is harmful to plant growth. 
However, the significance of nitrogen load effects on 
some indicators may change with time (Häikiö  et al. 
2007; Magill et al. 2000; Yamaguchi et al. 2012); in 
fact, the critical load decreased with longer deposi-

tion (Fenn et al. 2008). The reason in all probability 
is that the nitrogen content in the soil and atmos-
pheric precipitation together determine the nitrogen 
condition of plants and the nitrogen can be accumu-
lated in the pedosphere (Phoenix et al. 2012). Be-
sides, the buffer capacity of soil can greatly affect the 
critical load (Bobbink et al. 2003) and more complex 
and interconnected processes in the forests results in 
a higher critical load than ecosystem partly due to the 
large nitrogen storage pool of forest ecosystems en-
titling a greater buffer capacity to nitrogen load (Par-
do et al. 2011). Furthermore, nitrogen acquisition of 
trees from the soil depends on both developmental 
factors and external factors (Rennenberg et al. 2010) 
and even low nitrogen load may induce effects in a 
long time scale though accumulating (Phoenix et al. 
2012). Thus, the traditional concept of critical load 
should be revised and be defined with a time criteri-
on. In our research, the critical load for suppressing 
the facilitation is approximately 10 g N m−2 y−1 for 
A. truncatum in this area of East Asia for the growing 
season of 2011. 

In most northern temperate and boreal forests, 
biomass production is chronically restricted by lack 
of N (Dentener et al. 2006; Vitousek and Howarth 
1991). In the year 2030, the ambient amount of ni-
trogen deposition in East Asia, Europe and northern 
America, will range approximately from 2 to 5 g N 
m−2 y−1 , with a maximum deposition greater than 
5 g N m−2 y−1 (by both current emissions legislation 
scenario and the SRES A2 emissions scenario) (Den-
tener et al. 2006; Reay et al. 2008). Thus, assuming 
the average nitrogen supply in the soil of Europe and 
Northern America are no more than that of East Asia 
and the soil conditions are similar, A. truncatum in its 
distribution area will probably get benefits from the 
deposition, at least for a short term. 

As the responses to nitrogen deposition of species 
(Nakaji et al. 2001; Yamaguchi et al. 2012) or clones 
of the same species (Häikiö et al. 2007) varied prom-
inently, and the degree of facilitation or suppression 
of nitrogen deposition differs among species (Pardo 
et al. 2011; Thomas et al. 2010) as did the regional 
heterogeneity of nitrogen load, it is likely that the 
composition of community vegetation is undergoing 
changes, possibly to more nitrophilic species (Pardo 
et al. 2011) in some places in the world, specially the 
regions with high nitrogen deposition. 

Extreme high nitrogen deposition can impose re-
strictions on the growth of A. truncatum, in both mor-
phological and physiological characteristics, com-
pared with low and moderate nitrogen deposition. 
This restriction did not devastate the photosynthetic 
apparatus during one growing season. Long-term re-
search is needed to confirm if the shoot to root ratio 
would change and element concentration of leaves 
should be measured to test our hypothesis. Further 
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measurements of adult trees should be applied to 
confirm our conclusion. 
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