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A B S T R A C T

The influence of acid rain on plant growth includes direct effects on foliage as well as indirect soil-mediated
effects that cause a reduction in root growth. In addition, the concentration of NO3

- in acid rain increases along
with the rapid growth of nitrogen deposition. In this study, we investigated the impact of simulated acid rain
with different SO4

2-/NO3
- (S/N) ratios, which were 1:0, 5:1, 1:1, 1:5 and 0:1, on Chinese fir sapling growth from

March 2015 to April 2016. Results showed that Chinese fir sapling height growth rate (HGR) and basal diameter
growth rate (DGR) decreased as acid rain pH decreased, and also decreased as the percentage of NO3

- increased
in acid rain. Acid rain pH significantly decreased the Chlorophyll a (Chla) and Chlorophyll b (Chlb) content, and
Chla and Chlb contents with acid rain S/N 1:5 were significantly lower than those with S/N 1:0 at pH 2.5. The
chlorophyll fluorescence parameters, maximal efficiency of Photosystem II photochemistry (Fv/Fm) and non-
photochemical quenching coefficient (NPQ), with most acid rain treatments were significantly lower than those
with CK treatments. Root activities first increased and then decreased as acid rain pH decreased, when acid rain
S/N ratios were 1:1, 1:5 and 0:1. Redundancy discriminant analysis (RDA) showed that the Chinese fir DGR and
HGR had positive correlations with Chla, Chlb, Fv/Fm ratio, root activity, catalase and superoxide dismutase
activities in roots under the stress of acid rain with different pH and S/N ratios. The structural equation mod-
elling (SEM) results showed that acid rain NO3

- concentration and pH had stronger direct effects on Chinese fir
sapling HGR and DGR, and the direct effects of acid rain NO3

- concentration and pH on HGR were lower than
those on DGR. Our results suggest that the ratio of SO4

2− to NO3
− in acid rain is an important factor which could

affect the sustainable development of monoculture Chinese fir plantations in southern China.

1. Introduction

With the rapid growth of the population and economy, China has
established the world's largest area of tree plantations during the past
few decades (Tang et al., 2016). Chinese fir (Cunninghamia lanceolata
(Lamb.) Hook), an economically valuable conifer with good wood
quality, high yield, and multiple uses, is a mainly indigenous tree
species that occupies approximately 25% of plantations in subtropical
areas of southern China (Duan et al., 2016; Li et al., 2017; Ma et al.,
2017). However, owing to the increasing seriousness of acid rain in
southern China, the total Chinese fir plantation areas damaged by acid
rain in seven provinces of South China were estimated to be
4.913× 105 ha (Fan and Wang, 2000; Blanco et al., 2012).

The southern region of China, where precipitation in the late 1980s
was found to have average pH's between 3.5 and 4.8, has become the
third region in the world seriously affected by acid rain (Fan and Wang,
2000; Singh and Agrawal, 2008; Sun et al., 2016). SO4

2− was the
dominant anion in precipitation as the majority of energy is generated
from coal combustion (Liang et al., 2016; Zhang et al., 2017). Ac-
cording to the data derived from the State Environmental Protection
Administration of China, total SO2 emissions in China has been in-
creasing compared to the mid-1990s (Tu et al., 2005). The effects of
acid rain on plants can be determined by the altering of the biochemical
and physiological processes, such as chlorosis and necrosis, nutrient
loss from leaves, variation of several enzyme activities (Yu et al., 2002;
Singh and Agrawal, 2008; Du et al., 2017). Cape (1993) reported that
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both conifers and broadleaved tree saplings showed subtle changes in
the structural characteristics of leaf surfaces after exposure to acid rain
at pH 3.5. Liao and Chen (1992) found that acid rain with pH 2.0 can
significantly inhibit the fine root growth of Chinese fir. Ramlall et al.
(2015) reported that acid rain with pH 3.0 caused leaf tip necrosis,
abnormal bilobed leaf tips, leaf necrotic spots and chlorosis, and re-
duced leaf chlorophyll concentration and root biomass.

Since the late 1990s, China has been implementing flue gas de-
sulfurization and phasing out small inefficient units in the power sector
(Chan and Yao, 2008), so sulfate ion (SO4

2−) in acid rain has decreased
significantly (Lv et al., 2014). However, the amount of motor vehicle
traffic has increased rapidly in China, and NOx is emitted into atmo-
sphere through tailpipes (Liu et al., 2018). Therefore, acid rain pollu-
tion is gradually changing from sulfuric acid dominated rain to nitric
acid dominated rain (Niu et al., 2014). Combining the acidification
effects of sulfate ion and nitrate ion, the benefits of SO2 reduction
would almost be negated by increased N emissions (Zhao et al., 2009).
Prior studies found that the inhibitory effects of nitric acid rain on litter
decomposition, soil microbial biomass, and most enzyme activities
were more significant than those of sulfuric acid rain in subtropical
forests of China (Lv et al., 2014; Liu et al., 2017). Liu et al. (2018)
reported that fine-root element contents and antioxidant enzyme ac-
tivities were significantly affected by the acid rain SO4

2−/NO3
− ratio.

However, there is still a lack of information on the effects of acid rain
with different SO4

2−/NO3
− ratios on Chinese fir growth. This funda-

mental knowledge would be useful for making informed management
decisions to promote sustainable development of monoculture Chinese
fir plantations in southern China.

To explore the effects of acid rain with different ratios of SO4
2− to

NO3
− on Chinese fir sapling growth, we established a series of pot

experiments. Our primary objective was to discuss the impacts of in-
creasing acid rain NO3

− concentration and decreasing acid rain pH
relative to control in terms of their effects on Chinese fir chlorophyll
content, chlorophyll fluorescence parameters, root activity and anti-
oxidant enzymes activities, which are sensitive indicators of forest
productivity. Based on the previous studies and reports, we hypothe-
sized that acid rain would depress the Chinese fir sapling growth, and
the inhibitory effects would increase with acid rain NO3

- concentration
increases.

2. Materials and methods

2.1. Plant material and treatments

The study was conducted in the intelligent greenhouse of Xiashu
Ecological Station of Nanjing Forestry University (31°7′ N, 119°12′ E),
Jiangsu Province, China, from March 2015 to April 2016. One-year old
Chinese fir saplings of uniform height were selected as our research
object. The average height and ground diameter were 27.15 ± 1.33 cm
and 5.03 ± 0.28 cm, respectively. The saplings were transplanted in
plastic flowerpots (25 cm height × 20 cm diameter) with yellow brown
clay soil collected from plantations nearby. The soil pH was
6.31 ± 0.01. These saplings had two months for recover after they
were transplanted. During recover period, we watered them with dis-
tilled water.

After two months, eighty saplings with healthy growth and uniform
height were selected for the simulated acid rain treatments. Five stock
solutions of acid rain were prepared by mixing 0.5mol L−1 H2SO4 and
0.5 mol L−1 HNO3 at molar ratios of 1:0, 5:1, 1:1, 1:5 and 0:1. The
experiment consisted of 16 treatments: CK (distilled water, pH = 7.0),
SAR treatments with 1:0 for SO4

2-/NO3
- (S1 pH = 4.5, S2 pH = 3.5, S3

pH = 2.5), SAR treatments with 5:1 for SO4
2-/NO3

- (S4 pH = 4.5, S5
pH = 3.5, S6 pH = 2.5), SAR treatments with 1:1 for SO4

2-/NO3
- (S7

pH = 4.5, S8 pH = 3.5, S9 pH = 2.5), SAR treatments with 1:5 for
SO4

2-/NO3
- (S10 pH = 4.5, S11 pH = 3.5, S12 pH = 2.5), SAR treat-

ments with 0:1 for SO4
2-/NO3

- (S13 pH= 4.5, S14 pH= 3.5, S15 pH=

2.5). The total amount of simulated acid rain was 670.38mm based the
annual average precipitation (1117.29mm) and acid rain frequency
(60%) (Liu et al., 2017). The monthly volume of simulated acid rain
applied to every flowerpot was 1754.16ml, which was calculated by
the monthly amount of acid rain (55.865mm) and the area of flowerpot
(314 cm2). Each sapling was sprayed four times a month from May
2015 to April 2016, and each time with 438.54ml of solution.

2.2. Growth measurement

Sapling height was measured using a tape rule from the base of the
stem to the terminal bud. Stem basal diameter was measured by a
Vernier caliper at the base of stem (Guo et al., 2016). Sapling height
and stem basal diameter measurements were taken in April 30, 2015
and April 30, 2016, respectively. The relative growth rate of height
(HGR) and basal diameter (DGR) were calculated using the following
equations (Mofunanya and Soonen, 2017):

= −HGR (H H )/H2 1 1 (1)

= −DGR (D D )/D2 1 1 (2)

where H1 is initial sapling height (cm), H2 is final sapling height (cm),
D1 is initial basal diameter (mm), D2 is final basal diameter (mm).

2.3. Chlorophyll content

The chlorophyll content was measured according to the procedure
described by Gassama et al. (2015). The amount of 0.1 g of leaf was
homogenized in a 10ml mixture with acetone and ethyl alcohol (1:1, v/
v) for 10 h in a darkroom, and then was centrifuged at 2500 rpm for
20min and supernatant was extracted. About 2.5ml of samples were
pipetted into microfuge and the chlorophyll content was measured by
using scanning spectrophotometer UV–VIS. The samples were read at
wavelength of 663 and 645 nm.

2.4. Chlorophyll fluorescence

Chlorophyll fluorescence (Fs) measurements were performed ac-
cording to the method of Osório et al. (2013) and Ying et al. (2014)
using a chlorophyll fluorescence imager (CF Imager, Technologica, UK).
Prior to the measurement of Fo and Fm (minimum and maximum
fluorescence), the leaves were dark-adapted for 30min and then the
light-adapted parameters of Fs, Fo′ and Fm′ were determined after
applying actinic light [500 μmolm−2 s−1] to the leaves for light
adaptation. The maximal efficiency of Photosystem II (PSII) photo-
chemistry (Fv/Fm = (Fm-Fo)/Fm), actual PSII efficiency (Fv′/Fm′), the
effective efficiency of PSII photochemistry (ΦPSII), photochemical
quenching coefficient (qP) and non-photochemical quenching coeffi-
cient (NPQ) were calculated using equations according to Wang et al.
(2017).

2.5. Root activity

Root activity was measured using the TTC (triphenyl tetrazolium
chloride) method (Zhang et al., 2015) and expressed as the deoxidiza-
tion ability (μg g−1 h−1). Dehydrogenase was expressed as the deox-
idized TTC quantity, which was an index of root activity. Ten milliliter
solutions of equal quantities of TTC (0.4%) and phosphate buffer were
added to root samples (0.5 g) and kept in the dark at 37 °C for 2 h. The
reaction was stopped with 1mol L−1 H2SO4. The roots were ground and
transferred into a tube with ethyl acetate to a total volume of 10ml. The
solution was measured at the absorbance of 485 nm using a scanning
spectrophotometer UV–VIS.
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2.6. Antioxidant enzymes activities

Prior to determination of antioxidant enzyme activities, a crude
enzyme extract was prepared by homogenizing 2–3 g leaf or fine root
tissues with 5ml of an ice-cold phosphate buffer (50mM, pH 7.8). The
homogenate was centrifuged at 15,000 g for 20min. All steps in the
preparation of enzyme extract were carried out at 4 °C. The supernatant
was used as the crude extract for the assay of activities of superoxide
dismutase (SOD), peroxidase (POD) and catalase (CAT), and the ac-
tivities of the enzymes were expressed as unit mg protein−1 min−1

(Khan et al., 2017; Liu et al., 2018). Protein content (Pro) was de-
termined according to Teisseire and Guy (2000) using bovine albumin
for calibration.

2.7. Statistical analyses

The Duncan test was used when one-way ANOVA (SPSS Inc.,
Chicago, Ill., USA) showed that acid rain treatment effects on Chinese
fir growth properties were significant. Two-way ANOVA was used to
test the main effects and interactions of acid rain pH, S/N ratios on
growth rates, foliar and roots properties by SPSS 19.0. Redundancy
discriminant analysis (RDA) was performed to reveal the relationships
between the acid rain pH, S/N ratios, growth rate, foliar traits and root
traits by using Canoco 5.0 (Microcomputer Power, Ithaca, NY, USA).
Structural equation modelling (SEM) was used to investigate how acid
rain S/N ratio and pH affected Chinese fir growth rates, foliar and root
properties in the short-term (one year). The model was used to test
whether acid rain S/N ratio and pH influenced the growth rate directly
or indirectly through modifying foliar characteristics and/or root
properties. SEM analyses were performed using AMOS 24.0 (SPSS Inc.,
Chicago, Ill., USA).

3. Results

3.1. Growth rate

Sapling height growth rate (HGR) first increased and then decreased
as acid rain pH decreased (Fig. 1A). However, no significant differences
of growth of height were found among different acid rain pH values
with the same S/N ratios. In contrast, the growth rate of sapling basal

diameter (DGR) significantly decreased as acid rain pH decreased
(Fig. 1B). In addition, there were significant differences for HGR
(p < 0.01) and DGR (p < 0.001) among acid rain S/N ratios in this
study. S13 and S15 significantly decreased HGR compared to CK
treatments (p < 0.05). DGR with CK treatment were significantly
higher than those with acid rain treatments (p < 0.05), except for
weaker acid rain treatments with S1, S4, S5 and S7 treatments.

3.2. Chlorophyll content

The contents of both chlorophyll a (Chla) and chlorophyll b (Chlb)
with stronger acid rain treatments (pH= 3.5, 2.5) were significantly
lower than those with CK treatments (p < 0.05, Fig. 2A,B). In addition,
the contents of Chla and Chlb decreased as acid rain pH decreased
(p < 0.001) and NO3

- concentration increased in this study. There
were significant differences for Chlb among acid rain S/N ratios
(p < 0.01). Finally, statistically significant acid rain pH and the in-
teraction of acid rain S/N ratio and pH influencing the ratio of Chla to
Chlb were found in our study (p < 0.05).

3.3. Chlorophyll fluorescence

The chlorophyll fluorescence parameters, the Fv/Fm ratio, Fv'/Fm'
ratio, qP, NPQ and ΦPSⅡ, varied with the acid rain S/N ratio and pH
doses compared with the control (Table 1). Two-way ANOVA revealed
that the interaction of acid rain S/N ratio and pH significantly affected
these chlorophyll fluorescence parameters in our study. Fv/Fm ratios
with CK treatments were significantly higher than those with acid rain
treatments (p < 0.05) and decreased with NO3

- concentration in-
creased in acid rain (p < 0.001). However, there were no significant
differences for Fv'/Fm' ratio, qP and ΦPSⅡ among acid rain pH values.
In addition, acid rain S/N ratio significantly influenced Fv'/Fm' ratio,
NPQ and ΦPSⅡ in our study.

3.4. Root activity

Two-way ANOVA revealed that acid rain S/N ratio, pH, and their
interaction significantly affected root activity (Fig. 3). When the SO4

2-

concentrations in acid rain were higher than NO3
- (S1, S2, S3, S4, S5,

S6), TTC values decreased as acid rain pH decreased. When acid rain S/

Fig. 1. Changes of the tree growth rates under different
simulated acid rain treatments. A, tree height growth rate;
B, basal diameter growth rate. The experimental treat-
ments are: CK=control check; S1= pH 4.5, S:N 1:0;
S2=pH 3.5, S:N 1:0; S3= pH 2.5, S:N 1:0; S4=pH 4.5,
S:N 5:1; S5= pH 3.5, S:N 5:1; S6= pH 2.5, S:N 5:1;
S7=pH 4.5, S:N 1:1; S8= pH 3.5, S:N 1:1; S9=pH 2.5,
S:N 1:1; S10= pH 4.5, S:N 1:5; S11=pH 3.5, S:N 1:5;
S12=pH 2.5, S:N 1:5; S13= pH 4.5, S:N 1:0; S14= pH
3.5, S:N 1:0; S15= pH 2.5, S:N 1:0. Different letters in-
dicate significant difference (p < 0.05) among different
acid rain acidity with the same acid rain S/N ratio and
same season based on one-way ANOVA, followed by a
Duncan test. S/N, acid rain S/N ratio; pH, acid rain pH.
Two-way ANOVA was applied to indicate significant dif-
ference among variances.
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N ratios were 1:1, 1:5 and 0:1, TTC values first increased (pH = 3.5)
and then decreased (pH = 2.5) as acid rain pH decreased.

3.5. Autioxidant enzyme activity

Sulfuric acid rain (S/N 1:0, 5:1) significantly increased foliar SOD
activity compared to CK treatment (Fig. 4A). When acid rain S/N ratio
was 1:1, there were no significant differences between acid rain treat-
ments and CK. As NO3

- concentration increased in acid rain, weaker
acid rain significantly increased foliar SOD activity (p < 0.05). In
contrast, root SOD activity with acid rain treatment (S9, S10, S12, S13,
S14) was significantly lower than that with CK (Fig. 4B). In leaves, POD
activity significantly increased as acid rain pH decreased (p < 0.05)

(Fig. 4C). However, there was no significant difference for POD activity
in roots among acid rain pH (p=0.816) (Fig. 4D). Stronger acid rain
(pH = 3.5 and 2.5) significantly increased CAT activity in leaves
(p < 0.05) (Fig. 4E). However, as acid rain NO3

- concentration in-
creased, CAT activities in roots with acid rain treatments (S8, S9, S10,
S14 and S15) were significantly lower than those with CK (Fig. 4F). In
addition, two-way ANOVA revealed that acid rain S/N ratio and the
interaction of acid rain S/N and pH significantly affected autioxidant
enzyme activity (Fig. 4).

Fig. 2. Changes of the content of chlorophyll in leaf under
different simulated acid rain treatments. A, chlorophyll A;
B, chlorophyll B; C, ratio of chlorophyll A to chlorophyll B.
The experimental treatments are: CK=control check;
S1=pH 4.5, S:N 1:0; S2= pH 3.5, S:N 1:0; S3=pH 2.5,
S:N 1:0; S4= pH 4.5, S:N 5:1; S5= pH 3.5, S:N 5:1;
S6=pH 2.5, S:N 5:1; S7= pH 4.5, S:N 1:1; S8=pH 3.5,
S:N 1:1; S9=pH 2.5, S:N 1:1; S10=pH 4.5, S:N 1:5;
S11=pH 3.5, S:N 1:5; S12= pH 2.5, S:N 1:5; S13= pH
4.5, S:N 1:0; S14= pH 3.5, S:N 1:0; S15=pH 2.5, S:N 1:0.
Different letters indicate significant difference (p < 0.05)
among different acid rain acidity with the same acid rain
S/N ratio and same season based on one-way ANOVA,
followed by a Duncan test. S/N, acid rain S/N ratio; pH,
acid rain pH. Two-way ANOVA was applied to indicate
significant difference among variances.

Table 1
Chlorophyll fluorescence images of maximum PSII photo-chemical efficiency (Fv/Fm), photochemical quenching coefficient (qP) and non-photochemical quenching
coefficient (NPQ) in Chinese fir leaf after addition of different acid rain treatments.

Treatments Fv/Fm Fv′/Fm′ qP NPQ ΦPSⅡ

CK 0.884 ± 0.010 f 0.655 ± 0.022cde 0.635 ± 0.045d 1.963 ± 0.152 f 0.375 ± 0.040b

1:0 S1 0.855 ± 0.009de 0.582 ± 0.065a 0.631 ± 0.067 cd 1.849 ± 0.124ef 0.359 ± 0.004ab

S2 0.866 ± 0.019e 0.659 ± 0.016cde 0.570 ± 0.031ab 1.605 ± 0.071bcde 0.370 ± 0.012ab

S3 0.854 ± 0.021de 0.650 ± 0.025bcd 0.571 ± 0.016ab 1.647 ± 0.090bcdef 0.367 ± 0.025ab

5:1 S4 0.854 ± 0.002de 0.707 ± 0.008ef 0.575 ± 0.007abc 1.638 ± 0.200bcdef 0.402 ± 0.008 cd

S5 0.821 ± 0.003c 0.615 ± 0.066abc 0.598 ± 0.054abcd 1.816 ± 0.179def 0.359 ± 0.008ab

S6 0.809 ± 0.006abc 0.627 ± 0.020abc 0.603 ± 0.023abcd 1.598 ± 0.186bcde 0.372 ± 0.004b

1:1 S7 0.841 ± 0.006d 0.649 ± 0.033bcd 0.579 ± 0.001abcd 1.580 ± 0.089bcde 0.372 ± 0.005b

S8 0.805 ± 0.002abc 0.654 ± 0.020cde 0.593 ± 0.010abcd 1.764 ± 0.118cdef 0.384 ± 0.004bc

S9 0.821 ± 0.004c 0.713 ± 0.018 f 0.581 ± 0.023abcd 1.897 ± 0.251ef 0.410 ± 0.010d

1:5 S10 0.813 ± 0.012abc 0.657 ± 0.009cde 0.583 ± 0.010abcd 1.455 ± 0.001abc 0.381 ± 0.002bc

S11 0.818 ± 0.005c 0.690 ± 0.013def 0.549 ± 0.001a 1.165 ± 0.186a 0.374 ± 0.006b

S12 0.796 ± 0.003ab 0.605 ± 0.017abc 0.623 ± 0.027bcd 1.831 ± 0.223def 0.374 ± 0.006b

0:1 S13 0.814 ± 0.010bc 0.653 ± 0.006cde 0.552 ± 0.001a 1.500 ± 0.039bcd 0.356 ± 0.005ab

S14 0.793 ± 0.018a 0.635 ± 0.009abcd 0.589 ± 0.033abcd 1.389 ± 0.376ab 0.370 ± 0.026ab

S15 0.803 ± 0.014abc 0.597 ± 0.010ab 0.582 ± 0.019abcd 1.951 ± 0.193 f 0.343 ± 0.006a

S/N 0.000*** 0.022* 0.696 0.037* 0.000***

pH 0.000*** 0.450 0.495 0.003** 0.793
S/N×pH 0.001** 0.000*** 0.016* 0.002** 0.000***

Note: The experimental treatments are: CK=control check; S1=pH 4.5, S:N 1:0; S2= pH 3.5, S:N 1:0; S3=pH 2.5, S:N 1:0; S4= pH 4.5, S:N 5:1; S5=pH 3.5, S:N
5:1; S6=pH 2.5, S:N 5:1; S7=pH 4.5, S:N 1:1; S8=pH 3.5, S:N 1:1; S9=pH 2.5, S:N 1:1; S10= pH 4.5, S:N 1:5; S11= pH 3.5, S:N 1:5; S12=pH 2.5, S:N 1:5;
S13=pH 4.5, S:N 1:0; S14=pH 3.5, S:N 1:0; S15=pH 2.5, S:N 1:0. S/N, acid rain S/N ratio; pH, acid rain pH. Different letters indicate significant difference
(p < 0.05) among different acid rain treatments on one-way ANOVA, followed by a Duncan test. Two-way ANOVA was applied to indicate significant differences
among variances. ***indicates significant difference at p < 0.001; ** indicates significant difference at p < 0.01; * indicates significant difference at p < 0.05.
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3.6. Linking sapling growth rates and Chl content, Chl fluorescence, root
activity and autioxidant enzyme activities

In the RDA of sapling growth rates with acid rain, leaf and root
properties as the explanatory variables Axis 1 accounted for 48.69% of
the variation in the dataset, with 10.23% of the variation accounted for
by Axis 2 (Fig. 5). High HGR with high TTC, SODr, CATr, Fv/Fm, Chla
and Chlb were found at the right-hand end of the ordination plots and
were associated with lower acid rain NO3

- concentration and PODr.
DGR, acid rain pH, Chla, Chlb, CATr, and Fv/Fm ratio increased along
the y-axis, whereas the CATf and PODf decreased.

3.7. SEM results

Fig. 6 shows the structural equation modelling (SEM) as estimated
by AMOS. Each of the observed variables is displayed in a rectangle (Liu
et al., 2018). The χ2 test showed that the model generated χ2 = 19.358,

df = 17, and p=0.308 (> 0.05). The goodness-of-fit index (GFI) was
0.924 (> 0.900), and the root mean square error of approximation
(RMSEA) was 0.056 (< 0.080). The direct effects of acid rain NO3

-

concentration (−0.70, p < 0.001) and pH (0.63, p < 0.001) on sap-
ling DGR were significant. However, the direct effects of acid rain NO3

-

concentration (−0.34, p < 0.05) and pH (−0.29, p < 0.05) on HGR
were lower than those on DGR. Both acid rain NO3

- concentration and
pH also altered DGR (0.17 and −0.01, respectively) and HGR (−0.14
and 0.31, respectively) indirectly through changes in the properties of
roots and leaves. Therefore, the total effects of acid rain NO3

- con-
centration and pH on DGR were − 0.53 and 0.62, respectively, and the
total effects on HGR were − 0.48 and 0.02.

4. Discussion

Rapid economic growth, increasing fossil fuel energy consumption
and the rapidly growing numbers of motor vehicles have resulted in

Fig. 3. Changes of the root activity (TTC) under different
simulated acid rain treatments. S/N, acid rain S/N ratio;
pH, acid rain pH. The experimental treatments are:
CK=control check; S1= pH 4.5, S:N 1:0; S2=pH 3.5,
S:N 1:0; S3= pH 2.5, S:N 1:0; S4= pH 4.5, S:N 5:1;
S5=;pH 3.5, S:N 5:1; S6=pH 2.5, S:N 5:1; S7=pH 4.5,
S:N 1:1; S8= pH 3.5, S:N 1:1; S9= pH 2.5, S:N 1:1;
S10=pH 4.5, S:N 1:5; S11= pH 3.5, S:N 1:5; S12= pH
2.5, S:N 1:5; S13= pH 4.5, S:N 1:0; S14=pH 3.5, S:N 1:0;
S15=pH 2.5, S:N 1:0. Different letters indicate significant
difference (p < 0.05) among different acid rain acidity
with the same acid rain S/N ratio and same season based
on one-way ANOVA, followed by a Duncan test. Two-way
ANOVA was applied to indicate significant difference
among variances.

Fig. 4. Changes of the foliar (green, A, C, E) and root (orange, B, D, F) enzymatic antioxidants under different simulated acid rain treatments. S/N, acid rain S/N ratio;
pH, acid rain pH; SOD, superoxide dismutase; POD, peroxidase; CAT, catalase. The experimental treatments are: CK=control check; S1=pH 4.5, S:N 1:0; S2=pH
3.5, S:N 1:0; S3=pH 2.5, S:N 1:0; S4= pH 4.5, S:N 5:1; S5=pH 3.5, S:N 5:1; S6=pH 2.5, S:N 5:1; S7= pH 4.5, S:N 1:1; S8=pH 3.5, S:N 1:1; S9=pH 2.5, S:N 1:1;
S10=pH 4.5, S:N 1:5; S11= pH 3.5, S:N 1:5; S12= pH 2.5, S:N 1:5; S13=pH 4.5, S:N 1:0; S14= pH 3.5, S:N 1:0; S15= pH 2.5, S:N 1:0. Different letters indicate
significant difference (p < 0.05) among different acid rain acidity with the same acid rain S/N ratio and same season based on one-way ANOVA, followed by a
Duncan test. Two-way ANOVA was applied to indicate significant difference among variances. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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large amounts of nitrogen oxide pollutant to be emitted into the am-
bient atmosphere (Hao et al., 2002; Liu et al., 2017). NO3

− in acid rain
would stimulate seedling growth as a nitrogenous fertilizer in the short
term (Lee and Weber, 1979; Mofunanya and Soonen, 2017). However,
the ability of exchange with hydroxyl groups (OH−) of NO3

− is lower
than that of SO4

2−, which would result in more severe soil acidification
(Lindberg et al., 1990). In our study, we found that the height growth
rates of Chinese fir sapling with acid rain treatments at S/N 0:1 and pH
4.5 and 2.5 were significantly lower than that with CK treatments, and
growth rates of basal diameter significantly decreased as NO3

− con-
centration increased in acid rain. It may be because acid rain directly
influenced soil properties and then indirectly affected plant growth
(Tamm et al., 1977). Earlier studies found that nitric acid rain had more
inhibitory effects on soil pH and microbial activity than sulfuric acid
rain (Lv et al., 2014; Liu et al., 2017), and nitric acid rain slowed down
soil carbon, nitrogen, and phosphorus mineralization (Lv et al., 2014).

Plants absorb energy by leaf chlorophyll from light to support
photosynthetic production (Krause and Weis, 1991; Du et al., 2017; Ren
et al., 2018). Therefore, leaf chlorophyll content shows a strong cor-
relation with plant growth. In our study, Chla and Chlb contents of
Chinese fir sapling significantly decreased as acid rain pH decreased.
This was in accordance with the findings that leaf chlorophyll content
showed a reduction of 6.71% per pH unit across 67 terrestrial plant
species in China (Du et al., 2017). In addition, we also found that the
ratios of Chla to Chlb were significantly affected by acid rain pH. Prior
studies pointed out that chlorophyll contents decreased by acid rain
may be due to foliar leaching of magnesium, which is one of the major
components of chlorophyll (Morrison et al., 1984; Liu et al., 2011).
However, acid rain S/N ratio only significantly affected the Chlb con-
tents in our study. What's more, under the stronger acid rain (pH= 2.5),
Chla and Chlb contents with acid rain S/N 1:5 were significantly lower
than those with S/N 1:0. This suggests that decreasing acid rain S/N
ratio would increase the inhibitory effects of acid rain pH on plant
growth. The induced Chl fluorescence as a kinetic parameter was an
ideal method to research and explore the effect of biotic or abiotic stress
on plants (Guo et al., 2016). Yu et al. (2002) reported that acid rain
treatments induced a significant decrease in the Fv/Fm ratio and ΦPSⅡ.
In this study, we found that Fv/Fm ratio and NPQ with most acid rain
treatments were significantly lower than those with CK treatments.
Plants would produce enzymatic antioxidants, such as SOD, POD and
CAT, to cope with acid rain stress (Kazemi et al., 2010; Liu et al., 2018).
In our study, stronger acid rain (pH = 3.5, 2.5) significantly increased
POD and CAT activities in leaves compared to CK treatments, which is
consistent with Velikova et al. (2000). In addition, under the strongest
acid rain treatments (pH = 2.5), POD activities in leaf with acid rain S/
N 5:1 and 0:1 were significantly higher than those with CK treatments,
which also indicated that increasing acid rain NO3

− concentration
would increase the stress of acid rain pH on plant growth.

Acid rain also would inhibit plant growth by leaching of soil nu-
trient cations and increasing the availability of toxic metals, such as
aluminum toxicity (Vanguelova et al., 2007; Du et al., 2017). Plant
roots would suffer from the toxicity of aluminum, as an effect of acid
rain. Liu et al. (2018) reported that fine root biomass significantly de-
creased with acid rain pH and S/N ratio decreased. In this study, we
found that root activity decreased as acid rain pH decreased when
SO4

2− concentration was higher than NO3
− concentration in acid rain.

Root activities first increased and then decreased with acid rain pH
decreased when acid rain S/N ratios were, respectively, 1:1, 1:5 and
0:1. This may be because the promoting effect of N fertilizers in nitric
acid rain on root activity is higher than the inhibitory impacts of acid
rain pH at acid rain pH 3.5. The RDA analysis showed that SOD and
CAT activities in roots had positive correlations with sapling growth
rate, whereas, POD activity in leaf had negative correlation with growth
rates and increased as NO3

− concentration increased in acid rain. This
suggested that sapling growth of Chinese fir could resist the stress of
acid rain by scavenging and detoxification of active oxygen species in

Fig. 5. Redundancy analysis (RDA) of sapling growth rates and acid rain, leaf
and root properties. The angle and length of the arrows indicate the direction
and strength of the relationship of sapling growth rates and acid rain, leaf and
root properties. HGR, sapling growth rate of height; DGR, sapling growth rate of
basal diameter; NO3

-, the percentage of NO3
- in total amount of SO4

2- and NO3
-

in acid rain; pH; acid rain pH; Chla, the content of chlorophyll a; Chlb, the
content of chlorophyll b; Chla/Chlb, the ratio of Chla to Chlb; Fv/Fm, the
maximal efficiency of Photosystem II (PSII) photochemistry; Fv'/Fm', actual
PSII efficiency; ΦPSII, the effective efficiency of PSII photochemistry; qP,
photochemical quenching coefficient; NPQ, non-photochemical quenching
coefficient; SODf, foliar superoxide dismutase activity; PODf, foliar peroxidase
activity; CATf, foliar catalase activity; TTC, triphenyl tetrazolium chloride, root
activity; SODr, root superoxide dismutase activity; PODr, root peroxidase ac-
tivity; CATr, root catalase activity.

Fig. 6. Structural equation models of acid rain S/N ratio (the ratio of SO4
2- to

NO3
-) and intensity (pH) effects on tree aboveground biomass (AB). (χ2 =

13.713; df = 9, p=0.133 >0.05; GFI = 0.930 > 0.900; RMSEA = 0.072).
Numbers on arrows are standardized path coefficients. The width of arrows
indicates the strength of the causal influence. Solid arrows mean a direct effect
on growth rate; dashes represent an indirect path to growth rate. HGR, sapling
growth rate of height; DGR, sapling growth rate of basal diameter; NO3

-, the
percentage of NO3

- in total amount of SO4
2- and NO3

- in acid rain; pH; acid rain
pH; Chla/Chlb, the ratio of chlorophyll a to chlorophyll b; NPQ, non-photo-
chemical quenching coefficient; CATf, foliar catalase activity; SODr, root su-
peroxide dismutase activity; PODr, root peroxidase activity; CATr, root catalase
activity.
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roots (Velikova et al., 2000). In addition, the SEM model indicated that
both the NO3

− concentration and pH in acid rain had stronger in-
hibitory effects on growth rates of Chinese fir sapling. It suggested that
the change of acid rain types further complicates the ongoing challenge
of Chinese fir plantation development in southern China.

It should be noted that we simulated acid rain only over one year in
greenhouse. In field, Chinese fir would experience a more complicated
environment. In the future, we should design a mesocosm experiment
for long-term study of the effects of acid rain S/N ratio on Chinese fir
growth.

5. Conclusion

Using a one-year greenhouse experiment, acid rain treatments with
different pH and S/N ratios changed Chinese fir sapling growth. In the
period of simulated acid rain, Chinese fir sapling height and basal
diameter growth rate decreased as acid rain pH and S/N ratios de-
creased. Both the contents of Chla and Chlb with stronger acid rain
treatments (pH= 3.5, 2.5) were significantly lower than those with CK
treatments. The chlorophyll fluorescence parameters, Fv/Fm ratio and
NPQ with most acid rain treatments were significantly lower than those
with CK treatments. Root activities first increased and then decreased as
acid rain pH decreased when acid rain S/N ratios were 1:1, 1:5 and 0:1.
The Chinese fir DGR and HGR had positive correlations with Chla, Chlb,
Fv/Fm ratio, root activity, CAT and SOD activities in roots under the
stress of acid rain with different pH and S/N ratios. In summary, acid
rain with high NO3

- concentration would change foliar and root prop-
erties and inhibit Chinese fir sapling growth. This inhibitory effect of
high NO3

- concentration in acid rain may seriously alter the sustainable
development of Chinese fir plantation in southern China.
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